VL

Universit
s of Glasgowy

https://theses.gla.ac.uk/

Theses Digitisation:

https://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/

This is a digitised version of the original print thesis.

Copyright and moral rights for this work are retained by the author

A copy can be downloaded for personal non-commercial research or study,
without prior permission or charge

This work cannot be reproduced or quoted extensively from without first
obtaining permission in writing from the author

The content must not be changed in any way or sold commercially in any
format or medium without the formal permission of the author

When referring to this work, full bibliographic details including the author,
title, awarding institution and date of the thesis must be given

Enlighten: Theses
https://theses.qgla.ac.uk/
research-enlighten@glasgow.ac.uk



http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
https://theses.gla.ac.uk/
mailto:research-enlighten@glasgow.ac.uk

UNIVERSITY
of
GLASGOW

Characterisation of the Mycobacterium tuberculosis

DrrABC ATP-binding cassette transporter

By
Angus A. Nash B.Sc. (Hons)

A thesis presented for the degree of Doctor of Philosophy
in
The Faculty of Biomedical and Life Sciences

University of Glasgow

Faculty of Biomedical and Life Sciences

Division of Infection and Immunity

University of Glasgow

G12 8QQ September 2003



ProQuest Numlber: 10391037

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely eventthat the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

ProQuest.

ProQuest 10391037

Published by ProQuest LLC (2017). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, M| 48106 - 1346



GLASGGH™
UNIVERSITY
LIBRARY




The author was a recipient of an Engineering and Physical Sciences Research Council
studentship. Except where stated otherwise all resuits reported in this thesis were

obtained by the author’s own efforts

Angus Alisdair Nash 20" September 2003




Acknowledgements

I would like to give my greatest thanks to Prof. Adrian R. Walmsley for giving me a

chance and for his constant support and encouragement throughout this project.

None of the work presented here would have been achieved without the additional
assistance of a huge number of people. My particular thanks must go 1o members of our
research group past and present. Dr. Chris Gray, Dr. M. Ines Borges-Walmsley, Dr.
Gareth Evans and Dr. Kenny McKeegan have all been there with words of wisdom and
tremendous advice at times when they were most needed. Further thanks go to all the

research and technical staff from the universities of Durham and Glasgow.

Finally T would like to thank all of my family and friends who have had to put up with
me over the last few years. To my Mom, Dad and Brother, your love (and financial
support!) is what has kept me going through even the hardest times. Without you none

of this wonld have been possible.

“Iwent from animais to cells, from cells to hacteria,
from bacteria io molecules, from molecules to electrons.
This story has its irony since molecules and electrons
have no life at all.

Somewhere along the journey 1 lei life run out between

my fingers.”

Albert Szent-Gyorgi, 1972

This thestis is dedicated to my mother, Dr. Deirdre MacEachern, and to the memory of

Alexander Wade, a great friend, dearly loved and sorely missed.




Summary

Mycobacterium tubercudosis, the aetiological agent of pulmonary tuberculosis (TB), is a
re-emerging threat to global public health. TH continues to account for in excess of 2
million deaths annually with mortality and morbidity set to rise over the next decade as
a consequence of the global HIV/AIDS pandemic. Many of the problems associaied
with treating this ancient discase are related to the intrinsic drug resistance of the causal
organism, a factor that is compounded by the relatively small number of effective
chemotherapeutic agents available. The current situation is further exacerbated by the
emergence of multi-drug resistant steains of M. tuberculosis (MDR-TB) in certain parts
of south-east Asia und eastern Europe. The global spread of such straius, fuelied by the
increased availability of air travel, represents a serious threat to even the rich,
industrialised nations of the West since successful treatment of MDR-TB requires the

use of expensive and highly toxic drugs.

These various factors underline the urgent need for new and effective TB drug
treatments. The development of such agents will undoubtedly require a much-improved
vnderstanding of M. tuberculosis at the most basic biochemical and genetic levels. To
this end the compietion of the TB genome sequencing project in 1998 represents a
major breakthrough. The genome provides not only a detailed blueprini of cvery
potential drug target that might be uscd in treatment of the disease, but also cvery
conceivable drug resistance mechanism employed by the organism to evade our current

treatments.

Active efflux is one of the key strategies used by microorganisms to avoid the
deleierious effects of xenotoxic compounds, such transport processes being catalysed by
an array of membrane-associated proteins. The ATP-binding cassctte (ABC)
transporters have been identified as one of the largest and most widely distributed
families of such transmembrane transport systems. Virtually ubiquitous in nature, ABC
transporters have been found in the genomes of every organism {from the simplest
archaea through to man. Whilst the vast majority of ABC transporters mediate standard
cellular processes such as nufrient acquisition, a significant number have been shown to

exhibit a broad substrate range and the capability to ransport structurally diverse




molecules. Tt is the expression of these broad-substrate transporters that is most

commonly linked with dtug resistance phenotypes.

Little is currently known about the contribution of ABC transporter systems to the
intrinsic drug resistance of M. fuberculosis. In fact, despite the presence of a large
number of ABC transporters in the genome, very little is known about the biological
role of any M. tuberculosis ABC transporter. Against this background it was the remit
of this thesis to investigate the structure and function of just one such system. The A7
tuberculosis drrABC operon was identified during the genome sequencing project as
encoding a potential antibiotic resistance mechanism. The basis of this assumption was
a significant level of sequencc homology between the drrABC genes and those
encoding a known antibiotic efflux ABC transporter from the evolutionarily related
organism Strepfomyces peucetins, The overall experimental strategy adopted was to
clone and over-express the three genes of the drrABC operon in a non-pathogenic
heterologous host (E. coli). Tt was hoped that this approach might generate large enough
quantities of the individual proteins to investigate not only the biological function of the

DrrABC transporter but also the structure of isolated components.

Expression of the mycobacterial genes in E. coli proved to be a challenging undertaking,
differences in the genetics of the host and denor organisms making co-expression of all
three genes impossible. Expression of the individual proteins in isolation was somewhat
more successful, with the ATP-binding sub-unit of the transporter, the DrrA protein,
over-expressed and purified as a catalytically active fuston protein. The membrane-
associated DrrB protein was successfully expressed in E. coli yet proved highly unstable
and resistant to extraction from the membrane. The same problems applied to the
second membrane-bound component of the transporter, DriC. Issues of low expression
and protein instability are not uncommon when working with membrane proteins and it
appears that the M. tuberculosis DrrB and C proteins are no different in this respeci. The
over-expression and purification of DrrA allowed a partial characterisation of the
catalytic activity of the protein using traditional biochemical methods. As a caiion-
dependent ATPase DrrA was shown to exhibit biological activily broadly consistent
with a role as the catalytic sub-unit of an ABC transporter. As such DirA is only the

second M. tuberculosis protein for which such activity has been demonstrated.




The exact biological function of the DrrABC transporter remains a matter of some
doubt. Research by one group of scientists suggest that the transporler is indeed a
functional antibiotic efflux mechanism, whilst another group argue that its primary role
is the transmembrane transport of an important mycobacterial cell wall component.
Whilst these two roles are not mutually exclusive, they do suggest that DirtABC may yet
prove to be an atiractive target for drug intervention. Unambiguous demonstration of the
roles of this transporter, and the many other M. tuberculosis transmembrane transport
systems, will require a great deal of further research and the development of improved

expression systems.
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Chapter 1 — General Introduction — Tuberculosis and the myeobacieria

L1.1 The gtobal burden of tuberculosis

In April 1993 the World Health Organisation (WHO) declared tuberculosis (TB) to be a
“global health emergency”. The basis for this unprecedented action was a world-wide
resurgence in tuberculosis which, by 1998, was accounting for more than 2 million
deaths annually (WHO Fact Sheet 104, 2002). Whilst the global HIV/AIDS pandemic is
now believed to have overtaken TB as the leading cause of death due to an infectious
disease, tuberculosis still kills more adults each year than diarrhoea, malaria and all of
the tropical diseases combined. The vast majority of deaths due to TB still occur in the
developing world (Raviglione er al., 1995). However, the period 1985 to 1992 also saw
an increase 1n the number of new TB cases presented in the industrialised nations of the
West. For example, cases in the USA alone rose by 20% during this period (with New
York City at the centre of several serious outbreaks), reversing a gencral decline in new
cases of TB that had been taking place since 1953 (Cantwell et gf., 1994). A
combination of factors, some of which are discussed later, are thought to be responsible
for the observed global resurgence of TB. However, there is no doubt that the re-
emergence of T13 at the very heart of prosperous Western societies has prompted
governments and scientists alike to once again focus significant efforts into the control

and treatment of this disease.

1.1.2 Tuberculosis and the Mycobacteria

Famously described as “Captain of all the men of death” by evangelist Robert Bunyan,
tuberculosis had been known as a deadly disease since antiguity. Despite this, it was not
until 1882 that medical science was successfully able to identify and culturc the
ctiological agent of the disease. This breakthrough came with the description of'the
‘Tubercule bacillus’ by Robert Koch, the man now widely regarded as the father of
modern microbiclogy. We now know the organism as a member of the genus
Mycobacterium, the vast majority of which arc non-pathogenic, fiee-living,
environmental saprophytes. However, a number of species of mycobacteria have
evolved as either obligate or opportunistic pathogens capable of causing disease in both
humans and animals. In addition to Mycabacterium tuberculosis, the causal agent of
human TB, a second major pathogen of the genus is Mycobacterium leprae, the

organism respounsible for human leprosy (Sasaki er al., 2001). Whilst the mycobacteria




forim a relatively small and distinct genus, they are most closely related, in evolutionary
terms, to the genus Sireptomyces. Streptomycetes are a group of spore-forming,
filamentous bacteria, many of which produce a variety of biologically active secondary

metabolites e.g. antibiotics (Baltz, R.H., 1998).

1.1..3 The pathology of tuberculosis

Symptoms of ‘active’ TB include fits of coughing, sometimes bringing up blood, chest
pain, exhaustion, fever, profuse sweating at night and weight loss (Tattevin et al., 1999).
T eft untreated the discase causes progressive destruction of the lung tissues and
eventually death. The disease is transmitted when infected aerosols are expelled from
the lungs of patients and are subseguently inhaled by those around them (Bermudez and
Goodman, 1996). This mode of transmission means that the lungs are the most
frequently affected organs, although infection can then spread to other areas of the body
including the brain, blood and heart (von Reyn et a/., 2001). These extra-pulmonary

forms of TB are not widcly regarded as infectious.

Whilst it is estimated that up to one third of the world’s population may be infected with
Mycobacterium tuberculosis, only 10% of those infected ever develop the aclive disease
(Sudre et al., 1992). This is becanse the immune system of a healthy individual is
usually able to combat the infection. It does so by isolating infected cells, most
frequently lung alveolar macrophages, into thick walled, fibrous structurcs known as
granulomas (Bermudez and Goodman, 1996). Once 1solated in this fashion the bacteria
are unable to spread to other areas of the lung, nor are they expelled as in, the casc of
active TB (Sauvaders ef al., 1999). The bacteria are not necessarily destroyed within the
granuloma, and appear to have evolved mechanisms for avoiding clearance by the
immune system. A thick, waxy cell wall und a number of scavengmg molecules may
play a role in the ability of mycobacteria to survive in a dormant state whilst
encapsulated in this hostile environment (Couture ef al., 1999). The exact mechanisms
of host~pathogen interaction within the granuloma may one day represent a target for

drug intervention and treatment of T13,

1.1. 4 Risk factors and the spread of TB
The WHO has identified a number of factors thai have contributed to the global increase

in new TR cases. Social factors such as homelessness, poverty, malnutrition, drug




addiction and incarceration all have long been recognised as risk factors in the
development of TB. This may be because the immune system of these individuals is
significantly weskened, compromising their ability to fight of[ initial infection, or
facilitating the reactivation of a latent infection. Such social factors may also force
many susceplible people to live together in large groups, thereby allowing rapid spread

of infection via the acrosol route.

Severe immuno-compromisation due to HIV/AIDS is thought to be another of the major
factors fuelling the global increase in deaths due to TB, particularly in sub-Saharan
Aftica and South East Asia where TB now accounts for 40% of AIDS related deaths
{WHO fuct sheet 104, 2002). The two infections seem to have a deadly synergistic
effect, with AIDS leaving sufferers both more susceptible to initial infection and less
able to fight it. HIV co-infection may also allow reactivation of 4 dormant
myecobacterial infeclion, increase the chances of the disease spreading to other areas of
the body, and can leave patients open to opportunistic infection by other mycobacterial
species not usually recognised as major human pathogens (Zurawski ef al., 1997). A 31
month study amongst intravenous drag users 1. New York City has suggested that the
likelihood of developing active TB increases from a 10% lifetime chance in immuno-
competent patients, to a 7-10% yearly chance in HIV/TB infected paticnis (Selwyn ef
al., 1989). These ligures now make HIV infection the namber one risk factor in the

development of active TB disease.

The increasing availability of air trave! and large volumes of displaced peoples, such as
refugees, have facilitated the spread of TB across national borders and throughout the
world. These cases represent a significant reservoir of infection as they move from one
part of the world to another. In the industrialised nations, where TB is relatively rare, a
large proportion of TB cases are amongst foreign-born nationals. The WHO cites this as
another reason why the affluent nations of the West cannot aflord to ignore the growing
burden of tuberculosis (WHO Fact Sheet 104, 2002).

LLS5 Clinical diagnosis of M. fuberculosis infection
The identification of patients infected with M. fuberculosis, whether they exhibit active
disease or not, is of vital importance in controiling the spread of TB on both local and

global scales. The Tubercudin Skin Tests (TST), and variants the Mantoux and Heaf




tests, are the most commonly used tools for screening large populations for potential
exposure to M. tuberculosis. These tests rely upon a hypersensitivity reaction to an
intradermal injection of a protein mixture derived from autoclaved cultures of M.
tuberculosis. The extent of an individual’s immune reaction to the injected protein is
measured 48-72 hours after the injection. If a patient has latent M. tuberculosis
infection, there will be an extensive reaction due to the presence of antibodies in the
patient’s blood. A significant limitation of hypersensitivity testing of this type is that
false results, both positive and negative, are quite common. False positives may occur as
a result of the cross-reactivity of antibodies that have been produced as a result of
exposure to non-pathogenic, environmental mycobacteria. False negative results, a
particularly dangerous form of failure, can occur in elderly people, HIV infected
patients or very young children. This is because these groups of people display a
generally weakened immune response. The TST may also fail in patients who have
become infected with M. ruberculosis less than 10 weeks before testing. This is because
the bacteria grow slowly within the body and it can take 8-10 weeks for the bacterial
load to reach a threshold level capable of eliciting an immune response (Farr, B.M.,
2001). Regardless of the result of a TST, those patients exhibiting the symptoms of
active pulmonary TB should be given a chest X-ray. Usually, when a person has TB
disease in the lungs, the chest X-ray will appear abnormal. It may show infiltrates
(collections of fluid and cells in the tissues of the lung) or cavities (hollow spaces within
the lung that may contain bacilli). It is important to note that an X-ray is not a definitive
tool for diagnosis since other diseases can give rise to abnormalities, nor will an X-ray
detect the early stages of M. tuberculosis infection. Another problem is that X-ray
facilities are by no means widespread in certain areas of the developing world where TB

is now endemic.

Figure 1.1 — Lung damage caused by TB infection
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The *gold standard” for clinical diagnosis of M. tuberculosis infection is a complete
bacteriological examination. This entails collection of a clinical specimen (e.g. lung
sputum for suspected pulmonary TB), staining and microscopic examination of the
specimen, and culture of the infective organism. A useful diagnostic feature of the
mycobacteria is that they are acid fast to particular stains, i.e. remain strongly stained
even after a smear slide is washed in acid. The detection of many acid fast bacilli in a
sputum smear means that the patient is highly likely to be contagious since it is these
bacilli that may be aerosolised during fits of coughing. A variety of mycobacterial
species are acid fast, and thus the test is not necessarily a direct indication of M.
tuberculosis infection. However, since the results of a smear test are available to the
clinician within a day, this test may allow potentially infectious patients to be isolated
before they can pass the infection on to others. The final and definitive step of diagnosis
is the culture of organisms from the clinical specimen under conditions specific for the
growth of M. tuberculosis. Because of the slow growth of the organism a definite result
may take 4-6 weeks to obtain, a period in which the affected individual should ideally
be isolated in order that they do not infect anybody else. In certain instances drug
susceptibility testing may also be necessary in order to identify a drug regime that will
be effective in clearing the infection. Such investigations are performed by growing
clinical isolates on solid media in the presence and absence of antibiotics and can take

an additional 3 to 6 weeks to complete.

Figure 1.2 — Lung sputum smear showing acid fast bacilli

M. tuberculosis
cells




The slow growth of M. fuberculosis and the absence of reliable, specific
immmunodiagnostic tests represent major problems in the diagnosis of pulmonary 'I'3,
The same problem also contributcs to the high rates of morbidily arnd mortality
associated with disseminated and meningeal TB, where rapid diagnosis and treatment
are key factors in the prognosis of the patient. As a result of these problems, researchers
are developing novel molecular assays for identifying and typing mycobacterial
infections. It is hoped that these techniques, some of which are discussed below, will

allow diagnosis to become far more rapid and specific.

1.1.6 Molecular diagnostics

The increased risk of TB infection in the developed world, and the concomitant increase
in funding that basic research has received, has lead to some improved methods for the
catly detection and diagnosis of the disease. The advent of PCR in 1987 offered a
potential means for the rapid amplification of specific nucleic acid sequences from
clinical samples. Soon applied to TB, genomic techniques of this kind ultimately aim to
identify and amplify species-specific sequences that are not present in other closely
related bacteria. The first sequence successfully cmployed was that encoditig the 65 kDa
heat-shock protein (Hance et al., 1989). Subsequently a variely of amplification targets
have been described, including mycobacterial antigens, repetitive sequences and
ribosomal RNA genes (Woods, (G.1.., 1999). One of the most comnion targets is a
mobile genetic eleimient unique to 5 species of mycobacteria thial constitute the so-called
M. tuberculosis complex. Insertion sequence 6110 has the major benefit of being present
in multiple copies in the genome of thesc organisms. 186710 has also proven to be
useful in strain typing, with the number of repeats and restriction fragment length
polyitioiphisiiis associated with the sequerice indicative of individual sttains. The US
FDA currently approves three nucleic acid amplification tests for the identification of
M. tuberculosis in clinical samples. These tests have been found to be more sensitive
than staining and microscopy techniques, yet tend to perform worse than the gold '
standard culture procedure {Bonington ef al., 1998; Brown ef al., 1999; Scatparo et al.,
2000). Whilst problems exist with the use of these systems in poorer countries, in an
mdlustrialised setting they offer the major advantage that the results are usually available

within 24 hours and can detect the presence of mycobacteria in smear negative samples.




Progress has also been made in respect of culture techniques for the slow growing

mycobacteria. A radiometric system based upon the relcase of '*CQ; from labelled

liquid growth media by the action of mycobacterial metabolism was one of the first
systems to be licensed. More recently sysiems based upon oxygen consumption and

redox indicators have been employed to detect the growth of mycobacteria in liquid

culture. These latier methods enjoy the same advantages as the radiometric system

without the need for the use of radiochemicals ([Heifets ef a/., 2000, Liu ef al., 1999).

Sucl systems, combined with nucleic acid amplification tests, now allow the detection

of M. tuberculosis in 12-20 days, comparing favourably with conventional culture and

identification techniques which may takc up to 6 weeks (Katila ef af., 2000). Liquid
culture systems are also now being used for drug susceptibility profiling, replacing the

waditional solid media technique (Rusch-Gerdes ez al., 1999).

Basic rescarch has also spawned a genuinely novel system, currently under evaluation,

for the monitoring ol mycobacterial growth and drug susceptibilily profiling.

Engincered mycaobacteriophages producing fire-fly luciferase arc used to infect early
stage liquid cultures growing in the presence and absence of antibiotics. Viable bacilli

proliferate and produce light when luciferin is added to the culture media. The amount

of light produced by each culture is measured and provides an accurate guide to the
number of viable bucilli present. Susceptible cultures can exhibit as much as a 90%

decrease in the light signal produced (Riska ef «l., 1999).

As with all novel technologies, coulinual evaluation and innovation will be required if
molceular diagnostics arc cver to find widespread use. This is particularly relevant with
regard to TB diagnosis since the bulk of the global TB burden is located in third world
or developing countries where facilities, technical expertise and financial resources are

limited.

L1.7 Antimmycobacterial chemotherapy

Less than 60 years ago therc were no effective antimycobacterial drugs. Howevcr, the
beginning of the antibiotic era was a time of great optimisim since it heralded the
infroduction of the first effective treatments for TB. Streptomycin, discovered in 1944
by Selman Waksman, was initially found to be a highly successful treatment for those

suffering from tuberculosis. Unfortunately, it soon became apparent that treating the




disease with this drug alone was insufficient. Tt was found that complete elimination of
the bacillus was extremely difficult, requiring both high doses and long periods of
treatment. This in turn lead (o problems of streptomycin toxicity, and unpleasant side
effects such as hearing loss. In addition it was found that resistant strains of the
bacterium would develop rapidly, being preseni in approximately 80% of paticnts after
just 3 months of treatmeit with streptomyein. The problem of streptomycin resistance
was eventually overcome during the 1950°s. It was noted that treatment of patients with
p-aminosalycilic acid (PAS), a derivative of asprin, as well as streptomycin, was highly
effective in suppressing the emergence of sireptomycin resistant bacteria. This
discovery was a key factor in establishing ‘mullidrug’ or ‘combination’ therapy as the

most effective means of treating tuberculosis.

The next breakthrough in TB chemotherapy came in 1952 with the introduction. of the
synihetic drug Isoniazid. This drug, now known to be a highly effective inhibitor of
mycobacterial cell wall synthesis, is still the most commonly prescribed
antimycobacterial agent. In fact, isoniazid forms the cornerstone of most modern
multidrug treatment regimens used to treat tuberculosis and is still the most effective
drug for targeting actively dividing bacilli. At this point in time it was discovered that a
regimen of all three drugs, isoniazid, streptomycin and PAS, conld be used to
successfully treat pulmonary tuberculosis in just 18 months, without the emergence of

resigtant bacteria.

Rifampicin, a bacterial RNA polymerase inhibitor, was the next drug to be pressed into
service against tuberculosis infection. Rifampicin had the major advantage of being
active against dormant M. tuberculosis as well as actively dividing cells. It is the
incomplete elimination of “persisting’ bacilli of this type that is most commonly
responsible for patient relapses after the completion of a therapeutic course. A highly
lipophilic molecule, rifampicin 1s able to cross the thick cell wall of M. fuberculosis to
its site of action in the cytosol. Despite this, certain species of non-tuberculous
mycobacteria are intrinsically resistant to rifampicin. This feature is often atiribuled to
species-specific differences in cell wall structure and means that rifampicin and its
derivatives are not suitable for the treatment of all mycobacterial infections. As with

most antimycobacterial drugs, resistance arises rapidly if rifampicin is used alone, but,
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introduced as part of a multidrug therapy regime allows the period of treatment to be

shortened from 18 months 1o just 9.

Trom the 1960°s onwards, 2 nuunber of other drugs were tested against TB infection and
were found to have some efficacy. For example, pyrazinamide, like rifampicin, was
found to be active against dormant bacilli and those present inside macrophages. The
inclusion of pyrazinamide in the initial treatment regimen for pulmonary tuberculosis
has further shortened the treatment cycle to 6 months. Ethambutol, like isoniazid, is an
inhibitor of cell wall biosynthesis but s tess effective ai actually killing the bacterium. It
is however useful {or suppressing the emergence of resistance. Other drugs such as
ethionamide and cycloserine have both poor bactericidal propertics and troublesome
side effects but are useful back-up treatments in cases where resistance to the tront-line

agents is a problem.

Cure rates of up 10 95% can now be achieved through the use of the five front line anti-
tubercular drugs, but only when they form part of a well-defined and organised
treatment strategy. Failure to complete the entire course of chemotherapy can lead to
patient relapses and the emergence of resistance. To help prevent this from happening,
the WHQ now recommend Directly Observed Therapy (DOT) where patients are
administered the drug combinations in the presence of a health practitioner.
Iimplemented throughout the world, DOT is now producing much improved results in
the treatment of pulmonary tuberculosis, even in the poorest countries. DOT ensures
that a far higﬁer proportion of people complete the treatment schedule, and are thus
cured of M. tuberculosis infection, thereby preventing the spread of the disease (WHO
report on Global Tuberculosis Control, 2000). Table 1.3 and figure 1.4 show the front-
line and secondary drugs used in modern T'B treatment regimens and how they are used

in a typical 6 month DO'I" setting.
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Table 1.3 — Drugs used in the treatment of tuberculosis

Front-Line Drugs Secondary Drugs
Essential Supplemental Modern Era Older
Isoniazid Pyrazinamide Quinolones PAS
Rifampicin Streptomycin Ofloxacin Ethionamide
Ethambutol Sparfloxacin Cycloserine
Ciprofloxacin Capreomycin
Macrolide Kanamycin
Clarithromycin Thiocetazone

Figure 1.4 — A typical DOT drug regimen for the treatment of tuberculosis
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Drug resistance and MDR-TB

Since the beginning of the widespread use of antibiotics in the 1940°s the development

1.1.8

of resistance amongst pathogenic organisms has been a significant problem in the

effective treatment of clinical disease. As our arsenal of chemotheraputics has grown to
include novel and semi-synthetic compounds, as well as naturally produced antibiotics,
resistant organisms have emerged at every stage. In fact, the massive increase in the use

of antibiotics over the last 60 years has almost certainly hastened the emergence of

10




resistance by placing susceptible organisms under increased evolutionary pressure. As
molecular biology, biochemistry and genomics have provided insights into the
mechanisms of antibiotic action, so they have also led to an increased understanding of

how organisms evade antibiotic clearance.

The treatment of tuberculosis has not escaped the problems ol drug resistance, a
situation exacerbated by the relatively small number of effective agents. The use of
combination therapy has however proven to be highly cffective when adhered to
correctly. Significant problems do however arisc whep treatment regimens break down.
Wit the observed global increase in new TB cases, there is a major risk that the number
of drug resistant cases may also be increasing. The widespread emergence of Multiple
Drug Resistant TB (MDR-TB) is a real and serious threat. Minimally defined as
resistance to both isoniazid and rifampicin, the two most eflective drugs against TB
infection, new cases of MDR-TB are currently relatively small in number compared
with overall TB infection rates. In the year 2000 an estimated 273,000 cases of MDR-
TB were identified out of a total of 8.7 million new cases, just 3.2% (Dye et al., 2002).
The global distribution of MDR-TB cases is also currently rather restricted, with the
highest incidences in parts of China and Eastern Europe. Any serious spread of the
disease is however potentially disastrous. This is because the treatment of MDR-TB is
very dilficult and expensive and utilises drugs which arc poorly tolcrated. The cost of
{reating a single case of MDR-TB in the USA will normally run to tens of thousands of
dollars. Additionally, running at just 60-70%, curc rates for MDR-TB are significantly

lower then those observed for the fully sensitive disease.

In order to provent the possible spread of MDR-TB, research is being conducted in
order to further our understanding of the underlying mechanisms of mycobucterial drug
resistance. These efforts will hopefully yield new and effective drugs that circumvent
the problems of resistance. Molecular biology and biochemistry have identified 4 basic
mechanisins that contribute to drug resistance across all classes of pathogen (see table
1.5).




Table 1.5 — Mechanisims of drug resistance

(D) Enzymatic destruction or inactivation of the drug molecule
{(II)  Mutational akeration of the molecular target of the particular drug
(TfT)  Decreased permeability of the cell towards drug molecules

(IV)  Active efflux of drugs reducing cellular concentrations o sub-cytotoxic levels

All of these mechanisins have been shown to operate in mycobacteria and contribute, to
a greater or lesser extent, to the high levels of drug resistance exhibited by M.
tuberculosis. Of the above mechanisms mutational changes in drug targets are the most
clinically significant. 'The aminoglycoside class of antibiotics, of which streptomycin is
a member, operate by binding to the 30s ribosomal subunit and interfering with the
{ransition between the initiation and elongation phases ol prolein synthesis. M.
tuberculosis possesses only a single copy of the 16s rRNA gene and a number of
mutations in this gene seem to prevent strepfomyein from binding to the ribosome and
exerting its action. Additionally, mutations in the ribosomal S12 protein have a similar
effect and give rise to streptomycin resistance also (Yinken et al., 1993). Interestingly, a
class of aminoglycoside detoxifying enzmes called N-acetyltransferases have been
identified in the genomes of a number of mycobactcrial species, including AL
tuberculosis. As et there is no direct evidence supporting a role for these enzymes in
clinical drug resistance, and it seems likely that they perform some other physiological
[unction (Ainsa ef al., 1997).

Target site mutation is also the major mechanism by which M. ruberculosis is able to
escape the cffects of the [ront-line agents rifampicin and isoniazid. Rifampicin is an
inhibitor of bacterial RNA polymerase, a complex multi-subunit enzyme that mediates
DNA transcription. Mutations in the rpoB gene ihat encodes the [3-subunit of this
enzyme are responsible for most rifampicin resistance phenotypes observed for M
tuberculosis. Most of the relevant mutations in fact vceur in a very small locus of just
27 codons near the centre of the rpoB gene, and consist primarily of point mutations
(Cole, 8.T., 1994). In contrast, a great deal of literature regarding the exact modc of
action of isoniazid has been accumulated without ¢ver providing a complete, definitive
explanation for its anti-tubercular activity. It is known with some certainty that isoniazid

is a potent inhibitor of cell wall biosynthesis and that it inhibits one or more stages in
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fatty-acid metabolism. Tatty-acid compounds are a known to be a vital component of
the unique and highly complex M. fuberculosis cell wall structure (see next section). It
is also known that isoniazid, in its administered form, is a pro-drug. i.e. it is converted
inlo its active inhibitory form iz vive by the action of a bacterial enzyme. One proposed
model of isoniazid action has the drug converled to its active form through the action of
the catalase-peroxidase enzyme encoded by the karG gene, whereupon it binds to and
inhibils the InhA protein, an enoyl-ACP reductase (Mdluli ef af., 1998). This model is
supported by the fact that mutations in both the structural gene infiiA and the activator
katG have been correlated with isoniazid resistance (Rouse ef al., 1995). The
importance of the mycobacterial ccll wall is further underlined by the fact that another
of the front-line anti-tubercular agents, ethambuitol, is also a cell wall synthesis
inhibitor. Ethambutol targets the production of the arabinogalacian component of the
cell wall by inhibiting the activity of arabinosyl transferase enzymes {Telenti ef a/.,
1997}, The product of the embB gene is the most likely target of the drug in M.
wberculosis with over 60% of resistant organisms having a mutation in the codon for
Met306 (Sreevatsan et al., 1997). 'The fact that 40% of cthambutol resistant mutants
have no mutation in the embB gene raises the possibility that ethambutol, like isoniazid,

acts at multiple points in the biosynthetic pathway.

All of the above examples of clinically relevant resistance mechanisms are dependent
upon target site mutations, Despite this, it is almost certain that multiple mechanisms
contribute to M. iuberculosis drug resistance. For example, the unique structure of the
lipid-rich cell wall represents a major permeability barrier to hydrophilic drug
molecules, a feature which is discussed in the next section. Active efflux of drugs is
another mechanisim commonly employed by pathogenic organisms to avoid cytotoxic
effects. Whilst active efflux has yet to be demonstrated to be a ¢clinically relevant
registanice mechanisim in M. tuberculosis, the sequencing of the genome has shown that
a number of polential drug pumps are encoded. The various types of active efflux
pumps are discussed in greater defail in chapler 1.2, and it is the aim of this thesis to
investigate the role of one such potentiul pump, the putative ABC transporter encoded

by the M. tuberculosis drrABC genes,




1.1.9 The mycobacterial cefl wall

The mycobacteria fall into the class of Gram-positive prokaryotes, i.c. the cyloplasmic
membrane of the cell is surrounded by a thick cell wall that lends the cell its shape and
rigidity. However, significant differences exist between the mycobacterial cell wall and
those of other Gram-posilive organisins, such as the nocardia and corynebacteria, ta
which the mycobacteria are evolutionanly related. The differences are in fact so great
that the classic Gram stain, used to differentiate between Gram-positive and Gram-
negative organisins, works poorly on mycaobacterial cells. The mycobacterial cell wall is
the most complex of all organisms and is a structure essentially unique in nature. Its
major distingnishing feature is the unusually high lipid content. Lipids may account for
as much as 60% of the cell wall weight and include a number of molecnles unique to the
mycobacteria. The acid-fastness of mycobacterial cells, that is their resistance to
destaining by weak organic acids, is another feature attributable to the unusval
properties of the cell wall and 1s the basis of the Zichl-Neelsen stain used to diagnose

mycobacterial infection in lung sputumn samples.

Significant amounts of research have been conducted into the physical structurc and
biochemical components of the cell wall. Much of this interest is stimulated by the fact
the cell wall appears to play a large part in host-pathogen interactions and has a possible
rolc in pathogenicity. The currently accepted model was first proposed by Minnikin in
1982 and later modified by MeNeil and Brennan (Minnikin, 1982; McNeil and Brennan,
1991). This model, illustrated in figure 1.6, has the cell wall scaffold composed of three
covalently linked structures: peptidoglycans, arabinogalactans and mycolic acids. In
addition to these components are the linorabinomannans and the mycosides. The
mycosides are a heterogeneous group of species-specific, surface exposed, lipid-
containing molecules. Being the outcrmost layer of the mycobacterial cell wall they are
believed to have a bioclogical role analogous to the O-antigens of Gram-negative enterie
bacteria such as . coli i.c. account for such properties as agglutination serotype and
colony morphology. It should be noted that the mycosides are not covalently attatched
1o the underlying scaffold structure, and for this reason they may sometimes be texmed
‘extractable lipids’. The various components of the cell wall are now considered in

isolation and with reference to figure 1.6.
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Figure 1.6 — Schematic representation of the mycobacterial cell wall
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Peptidoglycan
The peptidoglycan layer of the cell wall is perhaps the simplest of the various

components and is the only part of the cell wall to bear any significant similarity to the
cell wall of other Gram-positive organisms. It is the innermost component of the wall,
i.e. lies closest to the cytoplasmic membrane of the cell. Biochemically, the
peptidoglycan consists of long chains of polysaccharide, cross-linked at various points
by tetra-peptide chains. The overall effect is to create a mesh-work or lattice around the
cell membrane that is responsible for cell morphology and rigidity. The polysaccharide
chains consist of alternating residues of N-acetyl glucosamine and N-glycolyl muramic
acid. This is very similar to the arrangement found in the peptidogylcan of other genera
except for the incorporation of N-glycolyl muranic acid rather than the more common

N-acetyl derivative.

Arabinogalactan

The arabinogalactan layer is the second innermost component of the cell wall and is

linked to the underlying peptidoglycan by phosphodiester bridges. Arabinogalactan




constitutes the major polysaccharide component of the cell wall, but its structure is
unusual i that it scems to lack repeating units (as is the casc for the peptidoglycan).
The structure is branched at many points, with the galactan portion of the molecule
lying parallel to the underlying peptidoglycan, and the arabinan portion projecting
perpendicularly from the branch points. The arabinose subunits branching from the
galactan are arranged into groups of six and are further modified by the addition of
mycolic acids 1o their reducing termini. The anti-tubercular ethambutol is believed to
inhibit the arabinosyl transferase enzyme(s) that construct the hexa-arabinose units. The
arabinogalactan portion of the cell wall essentially forms a “bridge’ between the

peptidoglycan below and the major hipid component of the cell wall, the mycolic acids.

The Mycolic acids

The mycolic acids are a complex group of long-chain, branched fatty-acids. They are
the largest (by weight) component of the mycobacterial ccll wall, and can contain as
many as 60-90 carbon units in M. tuberculosis. Mycolic acid synthesis has been shown
to be the biochemical target of the anti-tuberculur drug isoniazid (Mdluli ez ¢l., 1998).
The mycolic acids are attatched in groups of 4 to the reducing termini of hexa-arabinose
units that form part of the underlying arabinogalactan layer. Only about two-thirds of
these arabinose termini are modified by mycolation. 'The generalised structure of
mycolic acids is illustrated below in figure 1.7. The two branches of the mycolic acid
molecule are usually uneven in length with one arm containing significantly more
hydrocarbon units than the other. In addition, the longer (or meromycolate) branch may
contain functional group modifications such as oxygen containing groups, cyclopropane
groups or unsaturated bonds. The mycolic acids are proposcd to lic perpendicular to the
cell membrane, and despite their modifications possess a low degree of unsaturation.
Modifications occur at only two points in the mevomycolate arm with the shorter arm
always fully saturated. This allows the mycolic acids to pack tightly, forming a

significant barrier to the passage of hydrophilic molecules, including drugs.
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Figure {.7 — mveolic acid

CH;

(CHy) x——CH.OH ——~CH " - —COO(H)~ "™ Arabinose

CHs -——{CHa}y

X =40 -- 60 (meromycolate arm)
Y ~=20--25

Lipoarabinomannan (LAM)

Unlike the miycoliv acids and the arabinogalactan, the liporabinomannans of the
mycobacterial cell wall are not covalently linked with the basal peptidogycan Jayer.
Rather, these very long, branched sugar molecules are anchored directly in the cell
membrane by attachment to phosphatidyl-inositol phospholipids. Two sub-classes of
LAM?’s are known to exist, those thai terminate in arabinose residues, and those
{erminating with mammose. This distinction is relevant because AralLAM, but not
Manl.AM, is able to induce cytokine production by macrophage cells. In fact, LAM is
one of the immmunodominant antigens of M. fuberculosis and its structure may be an
important modulator of host-pathogen interactions and virulence (Roach et al., 1993).
LLAM’s are believed to stretch all the way across the cell wall from the cell membrane to
the outermost regions. In so doing, the LAM is believed to be an important ‘anchor’
molecule that helps o bind together components of the cell wall, such as the mycosides,

that are not covalently linked with the underlying structures.

The Mvcosides

Amongst the molecules exposed on the outer surface of the mycobacterial cell wall are a
group of complex lipids collectively termed mycosides. These molecules can be sub-
divided into two major classcs, the pepridogilveolipids, and the phenolic glycolipids. The
peptidoglyeolipids are built up from amino acids, sugars and lipid moieties, whilst the
phenolic glycolipids are lipid esters of the diol molecules phthiocerol or
phenolphthiocerol lacking any further amino acid modifications. The lipid moicty of
these molecules consists of lipids known as the mycoserosic acids. These are long chain
multiple methyl-branched fatty acids synthesised by a single multifunctional enzyme

encoded by the mas gene (Rainwater and Kolattukudy, 1985). The phenolic glycolipids
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are of particular interest currently since they have been identified as cell wall
components in only eight mycobacicrial species, seven of which are strict or
opportunistic pathogens and include M. tubercufosis (Azad ef al., 1997). Furthermore, it -
has been shown that mutations in the genes encoding the biosynthesis or transport of :
phenolic glycolipids result in attenuated virulence of M. tuberculosis in a mouse model

(Cox et al., 1999; Camacho et al., 1999). Certain experimental data also suggest that

phenaolic glycolipids may interact with the host immune system and cause activation of

human neutrophils. Once again, it appears that the lipid components of the

mycobacterial cell wall are key determinants of virulence, and that successful disruption

of cell wall biosynthesis may be an ideal target for new anfitubereular agents.

In addition to the major structural components of the mycobacterial cell wall given
above, significant quantities of other molecules have been identified. These are known
to include triacyl-glvcerols, acetylated trehalose molecules and sulpholipids. The exact
roles of the many components of the cell wall are yct to be tully elucidated and much is
still to be understood about how the various compenents contribute to physiological
properties of the cell such as virulence and colony morphology. Moreover, rescarchers
are still trying to isolate the various genes and biochemical pathways that are used in
construction of the cell wall. The genome sequences of the various mycobacterial
species completed so far will be of vital importance in future efforts to understand the
uniquely complex natwe of the cell wall structure. The above description of the
mycobacterial cell wall is by no means exhaustive, and many excellent reviews on the
subject have been written (e.g. see Liu ef al. and Baulard et al. in Mycobacteria —
Molecular Biology and Viralence, Eds. Ratledge and Dale, Blackwell, 2000).
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Chapter 1 — General infroduction — The ATP-binding eassetie transporters

1.2.1 {ntroduction to membrane transport

The cytoplasmic membrane forms a relatively impermeable barrier between a cell and
its surrounding environment. ‘The ability to selectively transport solutes across this
barrier is a fundamental requirement of all cells in order to perform such basic
funclions as the acquisition of nutrients and the export of metabolic wastes. These
transport processes are universally mediated by an array of integral membrane
proteins collectively known as membrane transport proleins. Membrane transport
proteins are currently the focus of intense research interest because a significant
number have been implicated as mediators of drug and multidrug resistance in

clinically important micrebial pathogens.

We now know that membrane transpori is dominated by (wo large protein
“superfamilies”, each one transporting solutes from one side of a membrane to the
other by a fundamentally different mechanism. The first group to consider arc known
as primary active transporters, membranc transport systems that use a direct source of
energy such as ATP hydrolysis or photon absorplion to drive substrate translocation
(Saier, 2000}). Amongst the primary active transporters by far the largest sub-lypc arc
those energised by ATP hydrolysis. These transporters all share a common structural
motit, the so-called 477-Binding Cassetie, a feature that has led this entire class of
transporter to become known as the ABC fransporter superfamily (Higgins, 1992).
Members of this family have been identified in archaea, eukaryota and prokatryota
alike, their universal disiribution hinting at the essential role of these transporters in
all forms of life, Indeed, ABC transporters are now known to contribute to such
diverse phenomena as microbial antibiotic resistance (van Veen and Konings, 1998)
and hurman inheriled genetic disease (Riordan ef al., 1989). Structural and functional
aspects of the ABC transporter superfamily, particularly their role as mediators of
microbial drug resistanee, are discusscd in far greater detail in subsequent scctions of

this thesis.

The sccond major grouping of transimembrane transport proteins is known as the
Muajor Facilitator Superfamily (MFS). These transporters operate by a variety of

mechanisms including substrate uniport, substrate/cation symport and substrate/cation
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antiport (Pao ¢f uf., 1998). MFS transporters have been identilied that catalyse both
uptake and eftlux reactions, the vast majority of which involve the transport of small
molecules such as sugars, amino acids, drugs and metabolic intermediates. Whilst
ABC transporters are known to be capable of transporting a similar range of small
molecules, they are also khown to catalyse the transporl ol much larger
macromolecules such as protein toxins (Koronakis and [Tughes, 1993). Another major
difference between the ABC transporters and the MFS concerns the structure and
genelic organisation of the systems. All MFS transporters are encoded by a single
gene producing a polypeptide chain of approximately 400 amino acids. The chain is
belicved to traverse the cyteplasmic membrane multiple times (either 12 or 14) with
the membrane-~spanning regions adopting au a-helical conformation (Huang e al.,
2003). This is in stark contrast to the ABC transporters which are frequently encoded
by multiple genes, the complete transporters often being the product of multiple,

discrete protein subunits (see subsequent scctions).

The MFS is now known to constitute at least 29 distinct sub-families of transporters,
cach family specific for a particular substrate or range of closely related substrates
(Saier ef al., 1999). Two particular sub-families of MFS transporter arc particularly
relevant in the context of this work, these proteins all being involved in the aclive
cfflux of drugs via a drug/proton antiport mechanism. The two families differ in their
transmembrane topology, one family constituting transporters which have 12
membrane-spanning helices, the other, smaller family including those transportets
with 14 membrane-spanning regions. Well characterised members of each family
include the TetA(B) fetracycline transporter of £, coli (12-hclix), and the 14-helix
TetA(K) tetracycline trausporter of Staphylococcus aureus (see Borges-Walmsley er
al., 2003)

Whilst the ABC transporters and MES account for more than 50% of all known active
efflux systems, they are by no means the only membrane (ransport proteins that
contribute fo the damaging phenomenon of antimicrobial drug resistance. Of the
approximately 250 identified families of membrane transport proteins at [east three
further families appear to play a significant role in the extrusion of toxic compounds
from the cytoplasm. These families include the Small Multidrug Resistance (SMR)

family, the Resistance-Nodulation-Division (RND} family and the newly
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characterised Muldtidrug And Toxic compound Extrusion family (MATL transporters).
The SMR and RND transporters seem to operate by a drug/proton antiport mechanism
similar to that exhibited by MFS drug efflux systems (Borges-Walmsley et af., 2003).
However, the less well characterised MATE (ransporters, exemplified by the NorM
multidrug transporter of Vibrio parahaemolyticus, function as drug/Na" anliporters

(Morita ef ad., 2000).

It is well beyond the scope of this introduction to embark upon a detailed analysis of
the structural and functional aspects of «// the different groups of transporters
involved in antimicrobial drug resistance, excellent reviews of these matters being
available elsewhere in the literature (for example see Borges-Walmsley ef al., 2003;
McKeegan ef gl., 2003). Howcever, it is worlh noting that significant advances in the
field of membrane protein structural biology are beginning to shed light on the
mechanisms by which certain drug efflux systems may operate. Foremosi among
these advances is the publication of the 3D crystal structure of the £. coli AcrB RND-
[arnily multidrug efflux pump (Murakami ef af., 2002). This stroctuce not only
provides researchers with their first glimpse of the detailed structure of a mullidrug
efflux pump, but also suggests a mechanisin by which a single (ransporter may be
able to recognise and extrude multiple, structurally unrelated compounds. The first
MEFS 3D crystal structures have also recently been published, those of the glycerol-3-
phosphate and lactose impori (ransporters of E. coli (FHuang ef al., 2003; Abramson ef
af., 2003) Whist neither of these transporters is involved in antimicrobial resistance,
both structures confirm the o-helical nature of the membrane-spanning regions and

also suggest possible transport mechanisms.

Much remains to be learned regarding the structure and mechanism of the many
different transport systems involved in antimicrobial resisiance, and many technical
challenges remain to be resofved. The following sections will go on to describe in
detail our current knowledge of the ABC transporter superfamily and the role that

these systems play in drug resistance phenomena.
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1.2.2 ldentification of the ABC transporter superfamily

The idenlification of the lirst ABC transporters can be traced back to the
investigations of L.eon Heppel and co-workers into the nature of nutrient uptake in
Escherichia coli. They noted that osmotically shocked cells exhibited dramatically
reduced transport rates for certain amino acids, whereas the import of others was
largely unaffected by this treatment. Subsequent studies revealed that the shock-
sensitive systems were inactivated due to the loss of periplasmic substrate binding
proteins (SBP’s} that perform a vital role in the function of these multi-component
transporters (Heppel, 1969). The shock-insensitive systems on the other hand
appeared fo function independently of SBP’s, their activily being mainlained in cell
free systems such as isolated cytoplasmic membrane vesicles, This led to the idea that

two distinct classes of fransporter were operaling in £. coll.

Further evidence for the existence of two distinct types of transporter was gathered

when the mechanisnis of energy coupling in the two groups of transporters were

investigated (Berger, 1973; Berger and Heppel, 1974). The activity of the shock-
insensitive transporters was found to be severely inhibited by chemical uncouplers of
oxidative phosphorylation, whilst the SBP-dependent transporters were able to
function in the presence of thesc agents provided that adequate supplies of glycolytic
substrates were supplied. Together these data suggested to Heppel and others that the
two groups of transporters operated by fundamentally different principles. The SBP-
dependent systems required phosphate bond energy in order to drive the transport
process, whilst the shock-insensitive systems were reliant on the presence of an
“energised membrane state” which we now know (o be the transmembrane ion

; . A . g
gradients generated via oxidative phosphorylation, 3

1982 saw a major advance in the study of ATP driven membrane transport when the
first complete nucleotide sequence of the genes encoding a SBP-dependenl transporter
was determined (Higgins et af., 1982). Once again the breakthrough was made in
studies of amino acid transport in a model prokaryote, in this case the histidine
transporter of Salmonella typhimurium. The multi-component nature of the SBP-
dependent transporters was confirmed by the presence of four structural genes
encoded in a contiguous operon. The first gene in the operon had previously been

shown to encode the periplasmic SBP, Hisl, whilst the remaining three structural
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gencs encoding the HisQ, M and P proteins were thought to form a complex present
in the cytoplasmic membrane via which the substratc might be transtocated. However,
the sequences of the genes and their presumed protein products did not suggest any

mechanism by which the transport process might be coupled to ATP hydrolysis.

Another SBP-dependent transport system under investigation at this time was the
maltose permease of E. coli. This transporter was known to comprise of a minimum
of five proteins encoded in two clustered but divergently transcribed operons
(Raibaud, 1979; Silhavy, 1979). Biochemical data suggested that the E. coli maltose
transport complex and the histidine transporter of S. iyphimurium shared certain
structural commonalties. Firstly there was the presence of a high affinity SBP
encoded by the malll gene. The products of two further genes in this operon, mall’
and malQG, were located to the cytoplasmic membrane along with the product of the
malK. gene present in the second operon (Bavoil ef al., 1980). The first suggestion that
the histidine and maltose transport systems were related at a genetic level came with
the sequencing of the £. coli malK gene (Gilson ef af., 1982a). The malK gene
product was shown to share extensive homology with the HisP protein of S.
typhimurium by alignment of their respective amino acid sequences, This process
demonstrated that 32% of the residucs occupying cquivalent positions in the two
proteins were identical, whilst an additionul 35% represented conservative
substitutions of similar amino acids (Gilson et al., 1982b). Interestingly, neither MalK
nor HisP exhibited a strongly hydrophobic character fypical of integral membrane
proteins, raising the prospect that they were peripherally associated with the transport
complex. These observations of sequence homology led to the formation of a number
of key hypotheses regarding the SBP-dependent transporters of prokaryotes. Firsty
the data suggested that transporters of structurally diverse solutes may have evolved
from a common cvolutionary ancestor, and sccondly that HisP and MalK might
perform a conserved function in the two transporters, possibly coupling transport to
ATP hydrolysis.

In 1985 a third protein sharing significart sequence homology to the HisP and MalK.
proteins was identified. The product of the oppD gene of S. fyphimurium was known
to form one component of the S. fyphimurium oligopeptide permease. Once again this

transporter was encoded by multiple genes and dependent upon a periplasmic SBP.
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Close inspection of the sequences of the three proteins revealed two regions that were
particularly weli conserved. These sequences, now known as the “Walker A” and
“Walker B” motifs, had previously been identificd in a range of non-transport related
ATP-binding protcins and were believed to contribute to an adenine nucleotide
binding fold (Walker ef al., 1982). The identification of a consensus nucleotide
binding motif on these three proteins, each involved in the transport of a different
substrate, provided strong evidence that ATP was indeed the energy source driving
the transport process (Higgins ef al., 1985), With all of this indirect evidence in place,
it was not long before it was unambiguously demonstrated that HisP and MalK were
capable of binding nucleotide analogues (Hobson ¢/ al., 1984; Higgins et al., 1985),
and that ATP hydrolysis occurred during the transport cycle (Bishop ef 1., 1989).

As more and more gene sequences were completed, it became apparent that the ATP-
binding componcnts of the bacterial SBP-dependent transporters were just part of a
much karger family of proteins, all of which shared extensive amino acid homology
along their entire length (Higgins ef al., 1986). Not all of these hoimologous proteing
were involved in transmembrane iransport. For example, the UvrA protein of Z. coli,
known to be involved in DNA repair, showed a similar level of homology to ITisP as
HisP had shown 1o MualK (Doolittle ef al., 1986). Despite their various different
physiological functions, all of these proteins were thought to bind and/or hydrolyse
ATP, and in doing so were providing a means of energy coupling to diverse cellular
requirements, The ubiquitous nature of these ATPases was further underfined when
the first cukaryotic homologuc was identified, the mammalian multidrug resistance

protein, P-glycoprotein (Gerlach er al., 1986).

The term ABC (4A7P-Binding Cassette) transporter was {irst used in 1990 in
recognition of the similar structure adopted by the ATP-binding domains of the
transport related proteins (Hyde et af., 1990). Almost thirty years on from their
identification in model prokaryotes, members of the ABC transporter superfamily are
continually being discovered in archea, prokaryotes and eukaryotes alike. it is now
clear that these proteins catafyse both export and import of solutes across cellular
membrancs of all kinds, and that their substrate specificity can vary from a single ion
or small molecule to a broad range of large, structurally virclated, hydrophobic

molecules. Whilst much attention is currently being paid to those ABC transporters
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implicated in human disease, studies in model bacteria continue to feature heavily in
the literature. It is of note that the first complete atomic resolution structurcs of ABC
{ransporter core domains have all been from prokaryotic systems, the first of them

being the TisP ATP-binding protein of' S. fyphimurinm (Hung et al., 1998).

1.2.3 Universal distribution of the ABC transporters

Technical advances over the last decade in the ficlds of DNA sequencing and
bioinformatics have resulted in an extraordinary increase in the rate at which gene
sequences have been deposited in public databases. The complete sequencing of entire
bacterial genomes is hecoming almost “routine”, with numbers of completed
sequences growing monthly. Whilst this avalanche of raw data has presented cextain
challenges in terms of data storage, searching and retrieval, it has also spawned the
new diseipline of comparative genomics. Researchers hope that by comparing the
genomes of two or more different organisms they will be able to extract important
evolutionary and functional relationships between similar genes. Differences between
genomes are likely to prove just as instructive, revealing scquences that are important

in conferring such features as pathogenicity, host range or drug resistance.

The availability of complete genomes from all kKingdoms of life has revealed the true
extent of the ABC transporter superfamily, and the relative contribution that it makes
to membrane transport as a whale, The ability to identify genes as components of
ABC transport systems is madc rclatively simple by the highly conserved nature of
the ATP-binding cassette (see next section). lLiowever, prediction of the physiological
role of any given transpoiter is hampered by the lack of sequence conservation
amongst the membrane-associated components of the transporter complex. The rate at
which new transporters are being identificd through bioinformatic methods is far
outstripping the abilily ol researchers to verify computer-generated predictions of
function by experimental means. Furthermote, in a large number of cases, functional
assignment is impossible since no experimentaily verified substrate or physiological
role has been defined for a particular group of transporters. Nonctheless, a number of
comparative genomics projects have sought to classify the ABC iransporters into
various families as well as identifying homologous systems across spectes (Tomii and

Kaneshia, 1998).
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The complete genome of Escherichia coli K-12 (Blatiner, 1997) revealed (hat genes
encoding membrane transport systems accounted for almost 10% of the genes present.
Amnalysis of the various types of lransport systems present indicated that a full 4.9% of
the genome encoded components of ABC transporters. As such, the ABC transporters
were found to constitute the largest paralagous family of proteins present in the &, coli
genome (Linton and Higgins, 1998). Whilst this ligure undoubtedly establishes the
importance of ABC transporters in Ji. coli, what about other microorganisms? An
analysis of eighteen complete prokatryotic genomes revealed that whilst the ABC
transporters were indeed the most numerous of the transport systems as a whole, both
ihe total number of transporters in an organism and the relative proportion of
secondary and primary transporters exhibited large variations (Paulsen et al., 2000).
For example, Mycoplasma genitalium was found (o encode just twenty membrane
transport systems in total, whilst E. coli and Bacillus subtilis encoded 304 and 265
respectively. This large variation is not merely a function of genome size since E. coli
and B. subftilis also exhibited the highest numbers of transport systems per megabase
of genomic DNA. Paulsen has suggested that the increased transport capabilities of £.
coli and B. subtilis may allow these organisms to adapt readily to changes in their
external environment. The ability of these heterotrophs to make full use of all
available nutrients might contribute to the rapid growth of these organisms in complex
media. In this respect these commonly studied “model” organisms may not

necessarily be representative of all prokaryotes.

Paulsen also noted that the relative proportions of ABC transporters and MIS
transportcrs within an organism vary in relatioh to the organisms primary means of
energy generation. Strict aerobes such as Mycobacterium tuberculosis generate ATP
via an electron transport chain and subsequent oxidative phosphorylation. This form
of metabolism generates a strong transmembrane proton gradient that can be used to
drive secondary transpoiters directly. Conversely, those organisms with a strictly
fermentative metabolism (e.g. Mycoplasma genitalium and Treponema pallidum)
generate ATP via substrate level phosphorylation only. In the absence of strong jon
gradients these organisms are far more reliant on ATP driven ABC transporters. Thus,
the nummber of ABC transporters maintained in the genomes of different organisms is
likely to vary considerably, variations being a reflection of an organism’s mode of

metabolism and the ecological niche that it occupies.
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't he same bioinformatic methods that are used to identify members of the ABC
transporter superfamily can also be used to examine the evolutionary relationships
between transporters from different organisms. Such phylogenetic analysis can be
used to subdivide the large number of transporters into groups based on features such
as sequence similarity and substrate specificity. By comparing the sequences of ATP-
binding components of ABC transporters from many different species, both
prokaryotes and eukaryotes, a number of general features have emerged (Saurin ¢f al.,
1999; Dassa and Bouige, 2001). Firstly, the transporters divide into two broad groups
based upon their general function i.e, import vs. export (see figure on the next page).
The family of importers is dominated by prokaryotic SBP-dependent systems
exemplified by the E. ¢oli maltose importer. The absence of such nutrient uptake
systems from eukaryotic genomes probably accounts for the far larger numbers of
ABC transporters identified in prokaryotes (e.g. 67 in E. coli vs. 29 in S. cerevisiae).
On the other hand, the export related ABC transporters, have been found in all
genomes so far analysed. The high evel of sequence conservation amongst ABC
modules involved in both import and export suggests that these proteins are under
significant evolutionary pressure. The clustering together of homologous systenis
from archea, eubacteria and eukaryotes would suggest that these proteins are
cvolutionarily ancicent and that the functional division of the ABC transporters into
importers and exporters took place belore the three kingdoms of life diverged. The
only other possible hypothesis consistent with these observations is massive
horizontal gene transfer between organisms. The fact that ATP-binding proteins
associated with transport of similar substrates cluster together in these phylogenetic
analyses is a good indication: that sequence similarity is of predictive value in
assigning {unction to newly identified ABC transporters. This assertion is
strengthened when it is considered that, despite a much reduced level of sequence
homology, a similar clustering of related proteins is observed when the hydrophobic
components of ABC transporters are considered in isolation (Saurin and Dassa, 1994).
Saurin has proposed that the many different specilicities and architectures of ABC

transporters have arisen through multiple gene duplication and fusion events.

Phylogenetic analysis reveals that the importers and exporters can each be subdivided

many times over into groups of closely related transporters sharing similar function.
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Phylogenetic analysis of ABC transporter ATP-binding domains

Export related ATP-binding
domains

Import related ATP-binding
domains

The phylogenetic tree shown above is taken from Saurin et al., 1999. The tree clearly
shows early segregation of ATP-binding domains into two large families, those
associated with an export function (blue background), and those associated with an
import function (pink background). Each large family is then further sub-divided to
give a total of 34 distinct ATP-binding domain families, each one associated with the
transport of a particular substrate or range of substrates. A third class of ATP-binding
domain is shown in the tree (green background). These proteins are associated with
non-transport cellular processes such as DNA repait and regulation of gene

expression.
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The next section will go on to describe just a few of these groups in order to illustrate

the many roles of the ABC transporters,

1.2.4 Physiological roles of the ABC transporters

The enormous extent of the ABC transporter superfamily precludes an extensive
discussion of all of the various roles of these transporters. However table 1.8, giving
just a few examples of well characterised ABC transporters, illustrates the huge
substrate diversily observed amongst members of this superfamily. Substrates include
ions, amino acids, oligopeptides, proteins, mono- and disaccharides, lipids, vitamins,
steroids, pigments and complex carbohydrates. Most of the transporters listed are
specific for a single substrate or a range of closely related compounds. However a few
ABC transporters, particulatly those mediating export reactions, will transport a
variety of structurally unrelated molccules e.g. mammalian P-glycoprotein or the
LmrA transporter of Lactococcus lactis. Tt i3 broad-specificity transporters of this kind
that are most frequently associated with multidrug resistance phenotypes in
microorganisims and mamnthalian cancer cells (see below). Not only do the various
transport substrates possess markedly different physico-chemical properties, but they
are also very different in size. Understanding how the ABC transporters recognise and
transport such a widely differing array of molecules is onc of the key chailenges

facing researchers in this area.
In accordance with their wide range of substrates, the ABC transporters contribute to
a number of physidlogical processes within a cell. A few of these processes ate

described below using examples taken from table 1.8.

Nutrient uptake

The cubacterial and archeal SBP-dependent ABC transporters can be thought of as
low capacity, high affinity transporters that i)éffofm a vital scavenging role for
organisms growing and competing in a changing environment (Higgins, 1992). Under
conditions where nutrients are scarce the potential growth advaniage conferred by
such systems may be significant. For example the encrgetic cost of de rovo histidine
synthesis is 41 ATP equivalents, whereas the requirements of ABC transporters are
gencrally believed to be 1-2 ATP molecules consumed per transport cycle (Ames,

1986). The high affinity of the SBP-dependent importers also makes them ideal for
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the uptake of essential ions or co-factors that may be very scarce in the external
cnvironment. Examnples of such dedicated ransporters include the molybdenum
(ModBC) and vitamin B, (BtuCD) importers of E. coli (see table 1.8 for references).
The large numbers of SBP-dependent systems identified in bacterial genomes account

for a significant proportion of all known ABC transporters.

A number of proteins perform their biological functions extracellularly. The majority
of these secreted proteins are synthesized with a cleavable N-terminal leader peptide
which dircets their cxport via the Sec pathway (Mori, 2001). However, some proteins
lack the charaeteristic signal peptide and are thought to be transported via a non-
classical pathway involving ATBC transporters. Proteins exported in this Sec-
independent manner are often associated with ‘secondary’ functions such as
virulence. The best characterised of these is the haemolysin export ABC transporicr of
E. coli, HlyB (Holland ef al, 1990). The Afy operon encodes a number of other
proteins required for production and activation of the toxin, as well as an addilional
protein facilitating passage of the toxin molecule, HiyA, across the periplasmic space.
Such accessory proteins are commonly required in Gram-negative organisms since the
transport substratc has to be ¢cxported across both membranes that form the cell
envelope of these bacteria. A phylogenetically related system is utilised by the
phytopathogen Erwinia chrysanthemi to secrete several exiracellular metalloproteases
involved in the virulence of this organism. It is believed that the secretion signal for
both HlyA and the £. chrysanthemi proteases lics in a structural motif at the C-termini
of these proteins (Koronakis et al.. 1989; Binet ef al., 1997).

Export of structural and cell surface components

Both Gram-positive and negative cubacteria produce extracellular structurcs that they
present to the external environment. Some of these components are kndgwn to be of
importance in bacterial pathogenicity and interaction with hosts e.g. cells of the
mammalian immune system. The Gram-positive bacteria possess a thick
peptidoglycan ccll wail interwoven with teichoic acids, whereas the Gram-negative
bacteria have a much thinner cell wall surrounded by a second membrane, the outer
leaflet of which consists of lipopolysaccharides (ILPS). Additionally, some species of

hacteria secrete an extracellular matrix, or capsule, primarily composed of
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carbohydrates. Many ol the molecules thal make up these extracellular structures ave
synthesised in the cytoplasm and then transported across the plasma membrane by
dedicated ARC transporicrs. E. coli is known ta produce a number of antigenically
distinet polysaccharide capsule types, one of which, the K5 serotype, has been well
characterised. Rigg and co-workers were able to identifly as many as twelve genes in
three closely located operons thal are responsible {or biosynthesis and export of the
capsular carbohydrate. One of the operons, consisting of the kpsM and 4psT genes,
encodes an ABC transporter mediating export of the newly synthesised molecule from
the cytoplasm. Immunolocalisation experiments suggested that the biosynthetic
proteins and the ABC transporter formed a large macromolccular complex on the
inner surface of the cytoplasmic membrane (Rigg et «/., 1998). This system is another
example of genes encoding a biosynthetic function being closcly linked to those {or
export of the end product, similar to the E. coli 2y operon. Export ABC transporters
have also been characterised for Lipid A, a major component of Gram-negative [.PS,

and teichoic acids of the Gram-positive cell wall (table 1.8, MsbA and TagGIH).

Cellular signalling and differentiation

The Gram-positive organism Bacillus subtilis is one of a number of bacterial species
that produce hardy spores as a stress response to harsh envirommental conditions.
Such a response requires an array of systems that are constantly able to monitor the
presence of nutrients and the changing state of the external environment. B. subfilis
encodes an ABC transporter, YbdAB, that is believed to be responsive to external
conditions and plays a role in the initiation of sporulation. Whilst the exact nature of
the substrate is unclear, YbdA and B mutations result in decreased spore formation
and down regulation of a number of genes important in sporulation. These data
suggest that YbdAB may be a component of, or interact with, cellular signalling

pathways (Isezaki et al., 2001).

Members of the genus Rhizobium are nitrogen fixing symbiotic bacteria which form
nodules on the roots of leguminous plants. The forimation of nodules requires

intercellular signalling between the bacteria and their host. In the case of the rhizobia
this signalling is mediated by modified sugars (lipo-chitooligosaccharides) known as
Nod factors. Secretion of these signalling molecules from the cell requires the action

of an ABC transporter encoded by the nodlJ genes (Spaiuk et ¢f., 1995). Similar to the
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capsular polysaccharide exporter of £. coli, KpsM'L, the rodl) genes are closely
linked in the genome to those required for Nod factor synthesis and modification.
Phylogenetic analysis suggests that these two systems are closely related, possibly a

reflection of their similar substrate specificities (Reizer ef al., 1992).

Self protection in antibiotic producing oreanisms

Bacteria of the family Actinomycelales produce a large number of bioactive
secondary metabolites, many of which are medically useful antibiotics. In many
instances circumventing the toxicity of these compounds to the organism producing
them is ac‘hieved by the active transpo:t of the antibiotic substance out of the cell.
ABC transporters are frequently employed as a means of extruding these metabolites,
maintaining their concentrations at a level below which they become autotoxic
{(Mendez and Salas, 2001). DNA scquencing of antibiotic production loci frequently
identifies the presence of an ABC transporter associated with the biosvnthetic genes,
many of which have yet 1o be biochemically characterised. One of the better
characterised systems is the DrrAB transporter of Sireptomyces peucetius. This
organism produces the anthracycline antibiotics doxorubicin and davnorubicin, both
of which are used in the treatment of human cancers. The DrrAB pump has been
experimentally confirmed as a resistance determinant by expressing the genes in a

heterelogous host normally sensitive to the action of these compounds (Kaur, 1997).

Multidrog resistance

The phenomenon of multidrug resistance (MDR) is commonly defined as the ability
of a cell to withstand doses of more than one drug that are normally Jethal to non-
resistant cells (Brennan, 2001). MDR is of significant clinical importance as a cause
of chemotherapufic failure in the (reatment of bacterial infection and cancer. Research
info the molecular determinants of MDR in mammalian celis frequently pointed to the
activity of a 170 kDa plasma membrane protein, known as P-glycoprotein (Pgp), the
expression of which was found to be amplified in multidrug resistant ccll lines
(Riordan er al., 1985). When the gene for Pgp (MDRI1) was cloned it was Tound to
bear significant homelogy to bacterial transport genes that we now know eticode
members of the ABC transporter superfamily (Gerlach et al., 1986). Since its
discovery Pgp has been the focus of extensive research. Whilst most ABC

transporters are relatively specific, Pgp has been shown to pump an array of diverse
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molecules including anthracyline antibiotics, vinca alkaloids and paclixatel, all of
which are used in the treatment of cancer (Dean, 2001). Interestingly, Pgp has been
shown to pump drugs directly from the inner leaflet of the plasma membrane, rather
than from the cytoplasm suggesting that this transporier may interact with its
substrates on the basis of their hydrophobicity (Shapiro and Ling, 1997). Normally
expressed in the liver and at the blood-brain barrier, a full characterisation of the

natural substrates of the MDR1 gene product has yet to be completed. However, we

now know that MDR1 is just one ot a multigene family in humans, several of which
are involved in the cellular transport of hydrophobic compounds such as
phospholipids (MDR3) and bile salts (van Helvoort ef af., 1996; Borst et ¢f., 2000). It

has been suggested that the ability of this family to confer mullidrug resistance upon

cells may be a result of cross-specificity towards many different hydrophobic

molecules.

MDR phenotypes are not limited to human cancer cells. Analogous systems operate in
lower eukaryotes and prokaryotes. The best characterised of the prokaryotic ABC
transporters conferring multidrug resistance is the LmrA pump of Lacfococcus lactis.

ldentified by van Veen in 1996, LmrA shows remarkable conservation of both

sequence and [unction with mammalian Pgp (van Veen er al., 1996). Similar to Pgp,
LmrA is known to extrude multiple, structurally unrelated, hydrophobic drugs direcily
from the cytoplasmic membrane and has proven to be of great usc as a bacterial
imodel of Pgp function (van Veen and Konings, 1997). Homologues of LmrA have

i been identified in a number of pathogenic and non-pathogenic bacteria raising the

prospect that broad-substrate multidrug resistdnce determinants may be widely
distributed amongst prokaryotes (van Veen and Konings, 1998). This fact has
significant implications for the futurc cffcetivencss of antibiotic treatment of human

infections.

Yeasts have frequently been used as model organisms in the study of eukaryotic
cellular processes. The phenomenon of pleiotropic drug resistance (PDR) in yeast is
essentially analogous to mammalian MDR. PDR is dependent upon a complex
network of interacting proteins and genes which combine to control the expression of
a varicty of ABC transporters. Al the heart of this network are the S. cerevisiae PdrSp

and Sng2p ABC transporters, homologues of Pgp, which have been shown to confer
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resistance to literally hundreds of diverse drugs including the important azole class of
antifungals. Importantly, homologues of PdrSp have been identified in opportunistic
pathogenic yeasts such as Candida albicans, Cryptococcus neoformans and
Aspergillus nidulans. As such, these pumps have the potential to give rise to clinical
drug resistance (Bauer ¢f al., 1999). Additionally, work in our laboratory has recently
identified two ABC transporters from the thermally dimorphic fungal pathogen
Paracoccidioides brasiliensis. Expression of the genes encoding these transporters is
upregulated in response to exposure o azole antifungals, strongly suggesting a

potential function as drug resistance determinants (Gray ef al., 2003).

IntraceHular transport

A number of eukaryotic ABC transporters are associated with inlracellular
membranes. This is perhaps unsurprising given the proposed evolution of modern-day
organelles from putative endosymbiotic bacteria. The first mitochondrial ABC
transporter to be identified was the Atmlp transporter of S. cerevisiae. This protein is
believed to function as mitochondrial cxporter, probably transporting chelated Fe/S
clusters synthesised in the mitochondrial matrix and subsequently utilised by cytosolic
enzymes {Lill and Kispal, 2001). A human homologue of Atmlp, ABC7, has been
linked with inherited X-linked sideroblastic ancmia, a discase characterised by the
abnormal accumulation of iron within mitgchondria (Allikmcts ef al., 1999), Thus,
ABC transporters appear to play an important role in iron homeostasis in both yeast

and humans.

Mutations in one of three peroxysomal ABC transporter genes gives rise to the
disease X-linked adrenoleukodystrophy. This is a neurodegenerative disorder
characterised by defective oxidation of very long-chain fatty acids, a process that is
initiated in the peroxysome. This suggests that the ALLDP ABC transporter may play a
role in transporting fatty acids into the peroxysome (I.iu ef al., 1999). Interestingly the
ATP-binding domains of the ALDP transporter are exposed to the cytosol rather than
the interior of the peroxysome. This finding suggests that transport into the
peraoxysome is functionally equivalent to an export reaction taking place at the cell
surface (Contreras er al., 1996). The best characterised of the human intraceliular
ABC transporters is the transporter associated with antigen processing (TAP). This

ER-resident protein is responsible for transporting viral or bacterial peptides from the
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cytosol into the lumen of the ER where they are complexed with MHC class |
molecules. The antigen-MHC complex is then trafficked from the ER to the cell
surface where the foreign antigen is presented to the celfular immune system (Lankat-

Butigereit and Tampe, 2001).

CFTR - An unusual transporter

In addition to TAP and Pgp another hwnan ABC iransporter has become the focus of
significant resecarch attention, the Cystic fibrosis transmembrane conductance
regulator (CFTR). Mutations in this gene are a major cause of the most common
inherited diseasc amongst Caucasians, cystic fibrosis (CF). Cloning of the CF gene
showed it to be a member of the ABC transporter family, and yet a significant body of
evidence had built up suggesting that CF was caused by a defect in epithelial cell
chloride ion regulation (Riordan et af., 1989). We now know that CFTR is an unusual
member of the ABC transporter superfamily in that it operates as an ATP-regulated
channel, rather than u (ransporter per se. The passage of chloride ion across the apical
membrane of epithelial cells via CFTR is not dependent upon stoichiometric ATP
hydrolysis. Ilowever, the open/closed state of the channel is thought to be influenced
by ATP binding as well as the action of intracellular kinases and phosphatases that
interact with the CFTR protein (Gadsby and Nairn, 1999). It remains to be seen

whether other ‘apparent® ABC transporters are in fact nucleotide gated ion-channels.

1.2.5 Structural organisation of the ABC transporters

After thirty years of research we now understand the ABC transporter complex to be
highly modular in nature, with the generally accepted model consisting of four “core”
domains (Higgins ef al., 1992). Firstly, two hydrophobic domains span the membrane
multiple times and contribute to a transmembrane pathway via which solutes are
transported from one side of the membrane to the other. These integral membrane
components of the complex are thought to possess one or morc substrate binding sites
which affect the specificity of the transporter. The transmembrane topology of these
domains gives rise to their description as ‘membrane-spanning domains’ or M5D’s.
The remaining components of the complex are two relatively hydrophilic domains
that bind and hydrolysc ATP, providing energy for the transport process. These two
‘nucleotide-binding domains’, or NBID’s, arc closcly apposcd to the MSD’s at the

cytoplasmic face of the membrane barrier. The NBD’s contain the highly conserved
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ATP-binding cassette that lends its name to this class of transporter. This minimal
model of the ABC transporter complex is illustrated in figure 1.9. No ABC
transporters have yet been identified that are able to function without this minimal

complement of four domains.

Figure 1.9 — The four core domains of an ABC transporter

MSD2

Membrane bilayer

The arrangement illustrated in figure 1.9 indicates the situation most commonly
encountered in prokaryotic systems, each of the four domains being encoded
separately and the overall complex formed by four distinct polypeptide chains.
However, in many cases, particularly in eukaryotic systems, two or more of the
domains may be fused together and encoded by a single gene. This situation is
exemplified by the mammalian MDR1 gene, the product of which, P-glycoprotein, is
a single multidomain polypeptide. Another common arrangement of domains, once
again prominent in eukaryotic systems, is the so-called half-transporter. In these
cases a single gene encodes a two-domain protein in which one MSD is fused to a
single NBD. In fact, examples of virtually all conceivable arrangements of MSD and
NBD have been identified amongst members of the ABC transporter superfamily, a

few examples of which are illustrated in figure 1.10.

Genetic loci encoding ABC transporters may initially seem to contain fewer genes
than necessary to account for all four core domains of the functional transport
complex. For example, the core of the well-characterised S. typhimurium histidine
importer is encoded by just 3 genes, a NBD encoded by AisP, and two MSD’s

encoded by AisQ and AisM. In such cases experimental evidence suggests that one of
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the domains, in this case the NBD, operates as a homodimer, thereby generating the
complete four domain structure (Kerppola ef al., 1991). A similar situation exists
regarding the maltose transporter of E. coli where only one NBD gene is present in
the mal operon (Kennedy and Traxler, 1999). It should be noted that whilst both the
histidine and maltose transporters are SBP-dependent systems, the SBP itself is
reversibly associated with transport complex and does not constitute one of the four
core domains. Half-transporters, such as the LmrA multidrug transporter of L. lactis,
only possess two of the four domains required for a functional transport complex.
Consequently, these proteins must dimerise in order to complete the structure of the
transporter. Such systems may be homodimeric, as in the case of LmrA, or even
heterodimeric through combination with another half-transporter encoded elsewhere
in the genome e.g. the Tap1/Tap2 transporter (van Veen et al., 2000; Antoniou et al.,
2002).

Figure 1.10 — Molecular architectures of the ABC transporters

A

Un-shaded ovals
represent NBD’s

il OB

B C
%8 Shaded rectangles
represent MSD’s
D E F

A HisQMP; All modules encoded individually

B = RbsAC Fused NBD’s

& = P-glycoprotein All 4 domains fused, single polypeptide
D = HylB Homodimeric half-transporter

E = CFTR 4 fused domains plus regulatory domain
F FhuBC Fused MSD’s

After its initial proposal, and in the absence of high resolution structural data, various

biochemical and genetic means were used to test and refine the four domain
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hypothesis. For example, the use of computer algorithms to predict the topology of
MSD’s, backed-up by experimental techniques such as epitope mapping, suggested
that each MSD contributcs six membrane-spanning regions {o the translocation

pathway, a total of twelve forming the overall complex (Pearce et a¢f., 1992;

Gentschev and Goebel, 1992). By analogy with the archetypal membrane protein
bacleriorhodopsin, the membrane-spanning segments were predicted to be a-helical in
nature. The basic 4 domain model has also come to he known as the ‘two-limes-six’

model.

Unsurprisingly amongst such a large class of proteins, a aumber of ABC transporters
exhibit deviations from the four domain, two-times-six modcl. For example, the malF
encoded MSD of the E. coli maltose importer seems to possess eight membrane-
spanning segments. However, deletion of two of the a-helices at the N-terminal of
this protein can be achieved without affecting maltose accumulation. It has been
suggested that these additional helices may form a separaie domain, not directly
involved in transport, perhaps facilitating membrane insertion, packaging of the
helices or correct orientation of the protein within the membrane (Froshauer ef al.,
1988). CFTR, thc mammalian chloride channel, possesses an additional fifth domain
present between the first NBD and second MSD of this multidomain protein (figure
1.10). Reversible phosphorylation of this so-called ‘R-domain’ is thought to play an
important role in regulating the function of the channel (Gadsby and Nairn, 1999). In
fact, an entire sub-family of human ABC transporters, the MRI’ (multidrug resistance
protein) family, possess an additional N-terminal membrane-bound domain known as
TMDO. Bakos and colleagues were able to demonstrate that TMDQ contains as many
as four or five transmembrane o-helices that do not directly participate in substrate
transport (Bakos ef al., 1998). The presence of additional domains, even relatively
large ones such as TMD(), do not seem to affect the core function of ABC
transporters. These domains have probably evolved much later in evolutionary time,

performing some specific rele related to individual transporters,
As the various structural and functional models of ABC transporters were tested, a

great deal of biochemical and genetic data were accumulated in order to understand

how the various domains of the transporter contribute to its function. Site-directed
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mutagenesis and deletion experiments were particularly important in defining regions
and sub-domains of the transporter involved in key processes such as ATP binding,
substrate binding and pratein-protein interactions. The following sections will go on
to describe what is known about the individual components of the transporter
complex, and how recently available structural data have shed light on how the

various components interact to transport such a diverse array of molecules.

1.2.6 Conserved Sequences within the NBD

"The central role of the NBD within the ABC trausporter complex is to bind and
hydrolyse ATP, thereby providing the energy required for the transport of solutes
against potentially large concentration gradients. When two ABC transporters are
compared, the NBID’s are invariably the most highly conserved modules. Levels of
identity ranging from 30% to 50% are commonly observed between NBID’s from
evolutionarily diverse sources, much of this homology lying within a 215-230 amino
acid region that comprises the ATP-binding cassctte. Some of the most highly

conserved and intensely studied regions of the NBD are described here,

The Walker A sequence is a glycine-rich moiif with the consensus sequence
GxxGxGKS(T), where G represents glycine, x any amino acid and the final position
being occupied by cither serine or threonine (Walker ef al., 1982). Present in a variety
of nucleotide-binding proteins, residues within the Walker A motif are key 10
stabilising interactions belween the protein and the bound nucleotide. The Walker A
residues form a loop around the tri-phosphate moiety of the nuclcotide and cxtensive
hydrogen bonding interactions occur between main-chain nitrogen atoms of the
protein and oxygen atoms in the B- and y-phosphate groups of the NTP. Aliernatively
known as the phosphate or P-loop, this structure has been identified in a variety of
non-transport related proteins including proto-oncogene rasP21, RecA and the F1-
ATPase (Saraste ef al., 1990). The fine crystal structure of HisP, the NBD of the 5.
typhimurinm histidine ABC transporler, indicates an identical role for the Walker A
motif in the ABC transporters (Hung ef af., 1998).

The Walker B motif is always found further towards the C-terminal of the protein

than Walker A. The consensus sequence of this motif is far less rigid than that of
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Walker A, but generally conforms to ‘ffffD’ where f represents a hydrophobie amino
acid and D is a highly conserved aspartic acid residue. The role of the Walker B
motif, and the aspartic acid residue in particular, is to co-ordinate a Mg?' ion in the
active site of the NBD. This Mg*" ion plays a vital role in catalysing ATP hydrolysis.
Together the Walker A and B motifs constitute a nucleotide-binding fold present in
many nucleotide-binding proteins. Mutations of the residues within these highly
conserved sequences have differing effects, bul are in general poorly talerated and
often lead to the loss of ATP binding and/or hydrolysis. This is particularly true of the
lysine residue in Walker A and the aspartate of Walker B {Schneider and Hunke,
1998).

Whilst the Walker motifs are present in many different classes of proteins, the NBD’s
of ABC transporters possess a third highly conserved motif that is unique to the ABC
transporter superfamily. The so-called ‘ABC signature sequence’ or ‘linker peptide” is
found between the Walker A and B motifs, immediately upstream of Walker B, The
general consensus of this ABC transporier specific sequence is ‘LSGGQ’ and has
proven to be of use in identifying new members of the ABC transporter superfamily
(Higgins ef al., 1988). The residues between Walker A and R in the primary structure
of NBD’s are thought to form a separate o-helical sub-domain that folds
independently of the nucleotide-binding core. Recently published NBD crystal
structures, such as that of MJ0796 ATP-binding cassetic, support the presence of this
helical domain (Yuan ef al., 2001). Specific mutations within the signature sequence
of CFTR have been linked to cystic fibrosis, clearly suggesting that this motif plays
an important role in the function of the protein (Welsh and Smith, 1993). The exact
role of the helical domain and the signature sequence within it have been the source of
some controversy and will be discussed in (he context of recently derived crystal

struciures.

A number of shorter regions of homology, sometimes consisting of only one or two
highly conserved residues, have been described. One such imotif is known as the
‘switch region’. An invariant histidine residue is present at the end of this motif,
mutation of which has been shown to destroy the transport capabilities of a variety of

ABC transporters, for example the S. fyphimurium histidine permease. Mutations in
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the switch region do not affect ATP hydrolysis by the NBD, suggesting that residues
in this region play some alternative yet vital role in the transport eycle. It has been
proposed that the switch region may operate as a signal transduction domain,
propagating conformational changes induced by ATP hydrolysis to different

components of the complex (Shyamala ef af., 1991).

1.2.7 Biochemical properties of the NBD

Demonstration that NBD’s of ABC transporters are able to bind and hydrolyse ATP,
concomitant with transport, was a key stage in understanding how substrate
translocation is powered. Conformational changes occurring in the nucleotide-binding
domains of ABC transporters during their catalytic cycle arc of ceniral importance in
driving substrate transiocation. These changes are induced by ATP-binding and
hydrolysis and propagated to components of the translocation pathway through inter-
domain interactions. The biochemical parameters of ATP hydrolysis und the nature of
conformational change have been studied extensively using both isolated NBD’s and

iniact transport complexes.

Studying the biochemisiry of ABC transporters is dependent upon the ability of
researchers to develop systems for their expression and purification. This has been by
no means routing since ABC transporters are naturally present in low abundance
within the membrane, and recombinant systems for the overexpression of these
proteins often result in the production of insoluble, inactive protein (Wang et al.,
1999). The production of stable, soluble protein that maintains its biological activity
has been the limiting factor in the study of many ABC transporter systems. This is
particularly true with respect to structural determination using biophysical techniques
such as X-ray crystallography and NMR which require relatively large amounts of
highly pure protein (Duffieux et al., 2000).

Biochemical data regarding the activity of both isolated NBD’s and intact fransport
complexes has been accumulated for a nuniber of systems including the prokaryotic
histidine and maltose importers, and the medically important eukaryotic systems of P-
glycoprotein and CFTR (Schneider and Hunke, 1998). The affinity of ABC
transporters for ATP, as measured by their Michaelis constants, vary considerably, as

do the maximal rates of ATP hydrolysis. Expressed in the absence of their cognate
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MSD’s, purified NBD’s frequently exhibit a spontaneous, constitutive ATPase
activity (Nikaido et af., 1997; Morbach et al., 1993). For rcasons described below,
this constitutive activily is unlikely to be a true reflection of the behaviour of NBD’s
in the intact fransporter complex and care should be taken in interpreting results

derived from cxperiments using isolated components.

Using the well-characterised histidine permease of S. fyphimmurium as an example, the
ATPase activity the of NBID’s is under somewhat tighter control. Purified FlisP has an
intrinsic rate of ATP hydrolysis that is not exhibited by the intact transporter complex.
This obscrvation suggests that the membranc-spanning componcents of the transporter
complex imposc a ncegative regulation 'upc;n the ATPasc activily of the NBD.
Negative regulation is only removed and ATP hydrolysis initiated when the
transporter is able to interact with histidine, lipanded by the SBP HisJ (Liu and Aimes,
1997). The necessity for such down regulation of constitutive activity becomes
apparent in a physiologicul context. Unless controlled, the NBD’s of ABC
transporters would continually hydrolyse intracellular supplies of ATP in an
unproductive fashion, Such regulation in the intact transporter complex is indicalive
of a series ol inter-domain signalling processes. Firstly, histidine-liganded Hisl is
present in the periplasmic space, yet ATP hydrolysis is initiated by the NBD’s which
are located at the inferior face of the membrane. Interaction between the transporter
complex and the loaded SBP must take place at the exterior face of the complex,
implying the presence of a substrate binding site in the MSD’s of the transporter.,
Secondly this interaction must somehow be transmitted to the NBD’s which then
hydrolyse ATP and set in motion the conformational changes required to transport the
released histidine molecule from one side of the membrane to the other, An
essentially analogous scrics of events has been proposed by Davidsen and colleagues

regarding the activity of the E. coli maltose transporter (Davidson et al., 1992).

Induction of ATP hydrolysis through interaction with a substrate is not restricted to
the prokaryotic nutrient uptake ABC transporters, A similar phenomenon is also
cbserved i the mammalian multidrug transporter P-glycoprotein. Uhe rate of ATP
hydrolysis by the NBD’s of P-glycoprotein is stimulated several times over when the
ransporter is exposed to a number of the drugs that it expels (Scarborough, 1995).

Once again these interactions are only observed when all four domains of the
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muitidomain transporter are reconstituted together. When only two of the four
domains are expresscd a basal level of ATPase activity can be measured, but this
activity is not stimulated by drugs (Loo and Clarke, 1994). It seems that the ATPase
activily of P-glycoprotein is regulated in a similar manner to that of bacterial nutrient
importers, and that interaction between transporter and substrate ocours via the
MSD’s.

Conflicting evidence exists as to whether the NBD’s are able to interact directly with
the substrate of the transporter. For example, the ATPase activity of purified HisP is
largely unaffected by frec histidine, the SBP HisJ, or the histidine-HisJ complex. Nor
are the activity of P-glycoprotein NBD’s affected by the presence of drugs when they
arc cxpressed in isolation. However, Buche and colleagues have presented data
showing a direct interaction between a purified NBD and its transport substrate. OB
constitutes the NBD of a multi-component ABC transporter from the antibiotic
producing organism Streptomyces antibioticus. OleB binds directly to the transport
substrate, oleandomycin, the antibiotic produced and secreted by S. antibioticus
(Buche et al., 1997). Another recent example is the PotA NBD of the Z. coli
spermidine-preferential uptake system. Kashiwagi and co-workers have shown that
the ATPase activity of PotA decreases in the presence of the substrate, spermidine,
and that this interaction takes place specifically with a C-terminal region of the
protein, This mechanism has been proposed as a form of feedback inhibition imposed
upon the activity of the transporter, mediated via thc NBID’s (Kashiwagi ef ai., 2002).
Whilst observations of direct interactions of this kind are uncommon, they do perhaps
suggest that different types of ABC transporter may interact with their substrates in
differing ways. This is maybe unsurprising when il is considered that some ABC
transporters are importers, some export molecules from the lipidic environment of the

membrane interior, and others still export molecules directly from the cytoplasm,

Obviously the NBD must be able to bind and hydrolyse ATP. However, these
domains also commonly exhibit an affinity for other nucleotide triphosphates
including GTP, CTP and UTP. In general the affinity for these other molecules is
fower than thal shown towards ATP, and the accompanying rate of hydrolysis is
usually significantly lower. Nonetheless, the ability of NBD’s to utilise alternative

NTP’s is indicative of at least some degree of conformational flexibility within their

44




highly conserved structure. A number of inhibitors of AT hydrolysis have been
found to interact directly with NBD’s. Many ABC transporters are strongly inhibited
by the presence of ortho-vanadate at micromolar concentrations. The mechanism of
inhibition by vanadate involves the trapping of an ADP molecule in the active site of
the NBD. Unable to exchange ADP out of the active site, all subsequent steps in the
binding and hydrolysis cycle of the NBD are¢ blocked (Urbatsch et af., 1995). Another
inhibitor known io act directly on the NBD is N-ethylmalcimide (NEM). This
molecule covalently modifics the free sulphydril group present on cysteine residues.
A number of ABC transporters, including P-glycoprotein, possess a cysteine residue
in, or close to, the Walker A motif of the NBD. By modifyving this Walker A cysteine,
NIZM is able to block the access of ATP to the catalytic active site of the protein (Al-
Shawi et al., 1994). Replacing the reactive cystcine by mutagenesis or preincubating
the protein with high concentrations of ATP have hoth been shown to protect I'-
glycoprotein from the effects of NEM. Perhaps the most unusual inhibitor identified
to datc is the macrolide antibiotic Bafiliomycin Al. Shown to inhibit the activity of
intact {ransporl complexes such as P-glycoprotein and the S. typhimurium maltose
importer, the mechanism of inhibition by this molecule is yet to be elucidated
(Sharon1 ef al., 1995; Hunke ¢f al., 1995). In some instances both dinucleotides, such
as ADP, and non-hydrolysable nucleotide analogues, such as ATPyS, will act as

competitive inhibitors of ATP hydrolysis (Urbatsch ef al., 1994).

The binding and hydrolysis of nucleotides by the NBD are thought {o induce a series
of conformational changes within the transporter complex that are central to ihe
transport mechanism. A number of techniques have been used to probe these changes,
but perhaps the most commeonly uscd is fluorescence spectroscopy. The fluorescence
of individual tryptophan residues within the structure ol a protein are uniguely
sengitive to the tmmediate environment surrounding them. Thus, as the global
conformation of the NBD is altered through interaction with nucleotides, so the local
environment of individual tryptophan residucs changes. Typically, tryptophan
residues exposed to the aqueous environment exhibit a lower fluorcseence yicld than
those buried in the interior of the protein. This arises because buried residues are less
susceptible to the effects of collisional quenching by surrounding water molecules.

Additionally, the maximum wavelength of tryptophan fluorescence may also be blue-
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shifted as residues move towards a less polar environment. This technique has been
used fo demonstrate conformational changes in the structure of the  -helical domain
of MalK, a region of the molecule thought to be of importance in interactions with the

MSD’s ol the complex (Schneider et «l., 1994),

One of the major questions regarding the NBD’s of ABC transporters is not how they
interact with inhibitors, transport substrates or ATP, but whether or not the two
NBD’s present i {he intact transporter complex inferact with one another,

Conflicting data have emerged for different transporters, dependent upon

whether isolated NBD’s are studied or complete transporter systems. However, the
emerging consensus, supported by recent structural data, is that in the complete
membrane-associated structure o the ABC transporter, the two nucleotide binding
domains interact with one another and that this interaction is intimately linked with
the transport mechanism, In their studies of purified ITisP, Nikaido and colleagues
proposed that the active form of this NBD was most likely to be a dimer, consistent
with two copies of HisP being present in the functional transporter complex ITisQMP,
(Nikaido et al., 1997). Positive cooperativity for ATP hydrolysis between the two
NBD’s was also observed in the maltose transport complex Mall'GK; (Davidson ¢¢
al., 1996). Further evidence supporting interaction between the two NBD was
presented for P-glycoprotein on the basis of inhibitor studies. Urbatsch and colleagues
showed that vanadate-induced nucleotide trapping in the active site of one NBD
completely inhibits transport, suggesting that neither NBD can drive transport
independent of the other, and also that the two NBD’s are mechanistically linked
(Urbatsch et al., 1995). Interesiingly, purified MalK. is insensitive to the action of
vanadate whereas the mature transport complex is strongly inhibited. It is possiblc
that the action of vanadate is dependent upon the formation of the complete
transporter complex. The necessity for two functional NBD’s has also been
demonstrated using genetic means., Mulations in either one of the two Walker A
motifs present tn the NBD’s of P-glycoprolem completely abrogated the biological
activity of the protein (Azzaria et /., 1989). A similar requirement for two completely
functional NBD’s has been demonstrated for the MalFGK; transporter and the Ste6p
a-pheromone transporier of yeast {Davidson and Sharna, 1997; Berkower and
Michaclis, 1991). In addition to biochemical and genetic suggestion that the two ABC

transporter NBD’s interact with one another mechanistically, physical interaction of
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the two domains has been demonstrated. Chemical cross-linking agents can be used {o
identify residues in close proximity to one another, Such agenls demonstrated that
both MalK subunits of the maltose importer are in close proximity with one another
and with the two MSD’s, MalF and MalG. Moreover, upon the addition of
nucleotides, the relative positions of the various components were found to shift, as
reported by a change in the patiern of chemical cross-linking. These results strongly
support the idea that the two NBD’s of ABC transporters are closely linked, and that
nucleotide hinding/hydrolysis is accompanied by global conformational changes in all

components of the transporter (Hunke er ., 2000},

The stoichiometric coupling of ATP hydrolysis and substrate {ranslocation has been
investigated. Some estimates have suggested that as many as {ifty ATP molecules
might be nccessary to drive the export of a single molecule of the dye IToechst 33342
by P-glycoprotein (Shapiro and Ling, 1997). However, such a high ATP requirement
seems rather unlikely. As progress has been made in the development of artificial
systems for reconstituting complete ABC transporters, the estimates of ATP
requircment have steadily been revised downwards. Current best estimates place the
number of ATP molecules hydrolysed per transport cycle at between one and two
{e.g. see Patzlaff et al.,, 2003). Such estimates are far more consistent with the

presence of two NBD’s per transporter.

All of these various biochemical and genetic data have been used to propose a number
of models which link the events of nucleotide binding and hydrolysis to the process of
substrate translocation. The mechanistic details of these various models are beyond
the scope of this introduction and are reviewed elsewhere (van Veen ef «l., 2001,
Senior ef af., 1995). The details of the schemes differ for the various proteins for
which models have been presented. Whilst the conserved four domain structure of the
ABC transporters would imply a conserved mechanism of transport, this may not
necessarily be the case. CFTR is a prime example of a protein that to all intents and
purpeses resembles an ATP driven transporter, yet functions as a nucleotide-gated ion
channel. Consequently it is possible that the alternative models proposed lor dilferent
transporters represent genuine differences in the mechanisms of these transporters,

rather than an incomplete understanding of the processes taking place.




1.2.8 3D Structure of the NBD

Until relatively recently, high resolution structural data for nucleotide binding
domains has been scarce. This is perhaps a reflection of the difficulties encountered in
producing the large quantities of highly purified, soluble protein required for the
initiation of crystallisation trials. However, exhaustive efforts by a number of groups
and modern techniques for high-throughput expression/purification/crystallisation
have yielded crystals of several isolated NBD’s. These have in turn allowed the
structure of the NBD’s to be solved by X-ray crystallography.

The first fully described structure of an ABC transporter NBD was that of the HisP
protein from Salmonella typhimurium, published in 1998 by Kim and colleagues
(Hung et al., 1998). The molecule was shown to adopt an overall ‘L-shape’ with two
distinct arms. Arm-1, as it is described in the original publication, is a domain
composed of a mixture of a-helices and B-sheets and contains the invariant residues
of the Walker A and Walker B motifs. The overall fold in this region of the molecule
strongly resembles the nucleotide-binding core or the F1-ATPase. Interposed between
the Walker A and B sequences is a separate, predominantly a-helical, subdomain.
This region forms Arm-II of the L-shaped structure and is unique to the NBD's of
ABC transporters. Furthermore, it is this region of the molecule that contains the
residues of the ABC signature sequence. Crystallised in the presence of 10 mM ATP,
the bound nucleotide is clearly visible within the structure of HisP, and as predicted
interacts strongly with the residues of the Walker A sequence. The structure of the
HisP monomer, showing Arm-I, Arm-II and the position of the bound nucleotide is

illustrated in figure 1.11 below.

Figure 1.11 - The HisP monomer
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The comipletion of crystal structures for a number of other ABC transporter NBD’s,
including MalK from the archeon Thermococcus litoralis and two [rom
Methanococcus jannaschii, establishes the validity of the two domain structure
observed in the HisP monomer (Diederichs et al., 2000; Karpowich ez a/., 2001; Yuan
ef ai., 2001). Comparison of nucleotide-free and ADP bound forms of the M.
Jannaschii NBD’s MJ0796 and MJI1267 with the ATP bound structure of ITisP led the
authors to propose that a serics of intramolecular conformational changes occur
during nucleotide hydrolysis, [t is proposed that these changes result in movement of
the {wo domains with respect to one another and that they may facilitate nucleotide

cxchange in and out of the catalytic site.

Whilst intramolecular conformational changes within the NBD may be important
during the ATP binding/hydrolysis cycle, it is unlikely that these changes are, on their
own, large enough to drive substrate translocation via the MSD’s of the intact
transporier complex. Rather, it 1s interactions between the modules of the transporter
that are believed fo drive ransport. Biochemical data has long suggested that the two
NBD’s of ABC transporters interact not ouly with the MSD’s, bul also wilh one
another (Jones and George, 1999; Felsch and Davidson, 2002). The publication of the
various NBD structures has raised a number of questions regarding details of any
Interaction between the two NBD’s, and also raised the possibility that NBD:NBD

interactions may differ between transporters.

When expressed and purified independently of the other components of an ABC
transporter complex, NBD’s are monomeric. This is true for [HisP, MalK and the MJ
NBD’s. Bven in the presence of ATP, stable NBD dimers have yet to be purified in
the absence of MSD's. It 1s against this background of either weak or transient
interaction between isolated NBD's that the crystal structures of the NB1Y’s must be
considered. For example, the crystallographic unit cell of HisP contained a dimer,
with the two L-shaped molecules oriented in a ‘back-to-back’ manner and the
nucleotide-binding folds facing away from one another (sces figure 1.12 below), In
the view of the dimer shown below, it is the upper surface of the dimer that is

proposed to interact with the MSD’s.
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Figure 1.12 — The HisP dimer

The dimer observed in the MalK crystal structure is however very different from that
in HisP. In the MalK dimer the two nucleotide- binding folds are facing one another,
and the monomers contribute to a much more compact, interlocking structure. Unlike
the HisP dimer, the two subunits of the MalK dimer are not related by a perfect 180°
two-fold symmetry. The MalK dimer is shown below in figure 1.13, and as with HisP,
the dimer surface proposed to interact with the MSD’s is shown uppermost. Each

monomer is shown in a different colour.

Figure 1.13 — The MalK dimer

The enormous amounts of biochemical data obtained with respect to both the maltose
transporter and the histidine transporter can be pressed into service in defence of both
of these possible dimerisation models. However, perhaps the best dimer model for the

relevant physiological NBD:NBD interaction is based upon ABC domains not from a
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transporter, but from a DNA repair protein called Rad50. The structure of the Rad50
dimer of Pyrococcus furiosus is illustrated below (Hopfner et al., 2000). Each

monomer is coloured differently, and 2 bound ATP molecules are shown in green.

Figure 1.14 — The Rad50cd dimer

Note that in the Rad50 dimer structure, the bound ATP is present at the dimer
interface. In fact ATP is not only bound by residues of the Walker A and B motifs
from one NBD monomer, but also by residues present in the signature sequence motif
of the opposite NBD. This observation is consistent with the fact that unlike other
NBD’s the Rad50 dimer forms and remains stable in the presence of ATP and its
analogues (Hopfner, et al., 2000). The interlocking domain structure is more similar
to that observed for the MalK dimer than for HisP. It has been suggested that the
MalK and HisP dimers observed in their respective crystal structures are artifactual,
that is they do not represent physiologically relevant dimers but form in response to
intermolecular forces present within the crystal. As discussed in the final section of
this chapter, the Rad50 type NBD:NBD interaction has received significant
experimental support with the publication of the complete structure of the BtuCD

transporter.
1.2.9 The membrane-spanning domains

The membrane-spanning domains of ABC transporters have been far harder to study

than their cognate NBD’s. Naturally present at low levels, significant difficulties
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surround purification of membrane proteins from the far more abundani and
numerous cytoplasinic proteins. Added to this problem is the fact that genetic systems
designed to overexpress cytoplasmic proteins are far less efficient at overexpressing
membrane proteins. Purification of membrane proteins necessitates their removal
from the membrane environment, a process which requires the use of mild detergents.
Such detergents may not sufficiently stabilise the structure of the protein which can
lead to aggregation or disruption of the protein’s native structure, Despite these
technical challenges regarding the study of membrane proteins in general, significant
progress has been made in understanding the contribution of the MSD’s to the

function of the ABC transporter complex.

Primary amino acid sequence data is of little use in predicting the detailed function of
ABC transporter MSD’s. This likely reflects the ability of many different amino acid
combinations to support the o-helical architecture of the MSD within the membrane.
Levels of homology between MSD’s are often higher between the two MSD’s of an
individual transport complex than between those of different transporters, This
supports the hypothesis that the two MSD’s of a transporter have often evolved
through gene duplication events. Despite the limited level of homology between ABC
transporter MSID)’s, it is believed that some structural constraints are imposed upon
these domains by the nature of the substratc which they transport. This is reflected in
the fact that the MSD’s of ABC transporters with similar subsirales olten cluster

together in phylogenetic analyses.

The prokaryotic permeases, those ABC transpottets involved in nutrient uptake,
possess one moderately conserved region known as the ‘EAA-L.oop’. This region
extends over approximately twenty amino acids and conforms to the consensus
‘EAA---G-----n-- I-LP’. Mutations in this motif were shown (o have variable effects
when introduced individually into the MalF and MalG MSD’s of the £. coli maltose
permease. [Towever, simultaneous mutation of identical residues in both EAA motifs
resulted in decreased maltose accumulation (Mourez e/ af., 1997). Located in a
cytoplasmic loop of the MSD, this scquence is thought to be involved in the
interaction of the MSDD with the a-helical sub-domain of the NBD. This notion is

supporied by the observation that specific mutations in the helical domain of MalK
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can suppress the phenotypic effects of mutations in the EAA motif,

In order to transport a molecule from one side of the membrane to the other, the
MSD’s of an ABC transporter must physically interact with their substrate.
Interactions between substrate and MSIY s are still peorly understood for most ABC
transporters. These interactions are probably dependent on the overall structure of the
translocation pathway, rather than the presence of locally conserved sequence motifs.
In this way residues distant from one another in the primary sequence of the MSD’s
may beconie juxtaposed with onc another in the fully folded, membrane-bound
complex and contribute to a composite substrate binding site. A detailed
understanding how the two MSD’s of the ABC transporter interact with one another
and their substrate is of particular importance with regard to the multidrug
transporters such as LmrA and P-glycoprotcin, Any pharmaceutical agent aimed at
blocking or modifying the activity of these transporters must presumably interact
specifically with their MSD’s.

Iixactly how MSD’s interact with their substrates is likely to vary significantly
between different families of ABC transporters. For example P-glycoprolein is known
to export many amphipathic substrates directly from the interior leaflet of the
cytoplasmic membrane. This implies that the substrate binding site(s) of P-
glycoprotein must be exposed to the interior of the lipid bilayer. Qu and Sharom have
recently demonstrated the presence of such a lipid-exposed substrate binding site (Qu
and Sharom, 2002). On the other hand, the substrate binding sites of the bacterial
petmeases must be exposed {o the exterior of the cytoplasmic membrane in order to

interact with their liganded SBP’s.

Lower resolution techniques have been employed to study the structure of the MSD’s
of certain ABC transporters. 2D cryo-clcetron microscopy and single particle analysis
have been nsed to construct projection maps for mammalian P-glycoprotein,
mammalian MRP1, and the YvcC ABC transporter of Bacillus subtilis (Rosenberg ef
al., 1997, Rosenberg ef al., 2001; Chami ef ¢/., 2002). The map of P-glycoprotein
indicates the presence of two arc shaped electron densities, related to one another by
pseudo-two-fold symmetry. At the centre of the structure lies an asymmetric ‘pore’

that is exposed to the extracellular face of the membrane. Each of the two arc shaped
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domains consists of three major electron densities that are proposed by the authors to
represent paired clusters of transmembrane helices. This observation is consistent
with a model in which each homologous half of P-glycoprotein contributes six MSI’s
to a translocation pathway, and the overall structure being generated by a total of
twelve helices. It should be noted that in this structure the two arc shaped domains are
not arranged totally symmetrically and that gaps between the domains may allow
access to the central cavity from the interior of the lipid bilayer. Once again, these
observations are consistent with the ability of P-glycoprotiens to extrude drugs

directly from the inner leaflet of the membrane.

An alternative model to the ‘two-times-six’ paradigm for the arrangement of ABC
transporter MSD’s was proposed by Jones and George (Jones and George, 1998). In
this radically different model the anthors proposed that the MSD’s interact to generate
two membrane-embedded 16-stranded beta-barrels which form the transmembrane
transiocation pathway. However, the recent publications of the structures of the
BtuCD ABC transporter and the MsbA transporter scem to discount this hypothesis
and support the two-times-six-model. Indeed, these two structures, discussed in the
final section of this chapter, have provided the grealest cver insight into how the
varions components of the ABC transporter complex interact with one another and

even suggested possible mechanisms by which the transporters may operate.

1.2.10 Structure of the ABC transporter complex

The recent publication of two complete ABC transporter structures represent major
breakthroughs in our understanding of these proteins. The first publication was the
structure of the F. coli MsbA transporter, 4 lipid ‘flippase’ that catalyses the transport
of lipid A trom the cytoplasmic side of the bacterial cell membrane to the outer leaflet
(Chang and Roth, 2001). The extreme difficulties encountered when trying to
crystallise membrane fransport proteins are well illustrated by the work leading up to
the publication of the MsbA structurc. A total of 20 different proteins from 14
organisms were tested for expression and purification before the authors conducted an
astonishing 96,000 crystallisation trials! Initial screens produced MsbA crystals
diffracting to just 6.5 A, insufficient to trace the complete backbone of the protein.
After a further round of refinement produced crystals diffracting to 4.5 A resolution

which werc then uscd to solve the struciure.
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The MsbA structure confirmed such fundamental hypotheses as the a-helical nature of
the membrane-spanning domain, and that the MSD forms the translocation pathway
across the membrane. Although less well resolved than the MSD’s, electron densities
corresponding to the NBD’s could be seen at positions near to the cytoplasmic face of
the membrane. Furthermore, two MsbA subunits were required to generate the
complete 4 domain transporter, consistent with predictions, and the fact that the MsbA
protein is a half-transporter. The crystal structure of the MsbA dimer is shown in
figure 1.15. It illustrates that the two a-helical MSD’s are tilted towards one another
at an angle of 30-40° with respect to the plane of the membrane generating an overall
cone shape. The dimer interface occurs primarily between transmembrane helices 2
and 5 of each monomer at a position corresponding to the outer leaflet of the
membrane. No crystal contacts between monomers are observed at the base of the
cone shaped structure, the NBD’s apparently separated by a distance of approximately
50 A. As a consequence of their tilted orientations, the MSD’s of the two monomers
form a conical chamber within the inner leaflet of the membrane bilayer. A
concentration of positively charged residues in this region suggests that the interior of

the chamber may be a relatively polar environment.

Figure 1.15 — The MsbA homodimer
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An unexpected feature of the crystal structure is the presence of a bulky ‘intracellular

domain (ICD)’ folded between the MSD and NBD of each monomer. The ICD is
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formed from extended loops that connect the a -helical segments of the MSD at the
intracellular side of the membrane. The ICD forms extensive crystal contacts with
both the NBD below and the MSD above, and packs directly above the ABC
signaturc-scquence motif of the NBD. This raises the possihility that the ICD) plays a
part in signal (ransduction within the dimer, connecting the molecular cvents of ATP
binding and hydrolysis to structural rearrangements within the MSD. The presence of
the ICD’s causes the NBD’s to project awuy from the cytoplasmic surface of the
membrane, rather than packing directly against it. The ICD’s effectively extend the
cone shaped chamber formed by the MSD’s well into the cytoplasam. At its base the
conical cavity is now wide enough to allow access of lipid A to the interior chamber

of the transportet.

Chang and Roth have suggested a possible transport mechanism based upon the
structure of MsbA. They propose that lipid A cnters the base of the conical cavily
from the inner leaflet of the bilayer, iriggering ATP binding/hydrolysis by the NBD’s,
This process drives structural rearrangements within the dimer, possibly involving
association of the NBD’s, eventually allowing lipid A access to the outer leaflet of the
membrane. The final propescd stage involves nucleotide exchange at the NBD's and a
‘resetting” ol the dimer complex to its initial statc. The authors even propose that a
similar mechanism may drive multidrug transporters. Such a mechanism would be
consistent with the ability of MDR pumps such as P-glycoprotein and LinrA to
extrude drugs directly from the inner leaflet of the cytoplasmic membranc.
Additionally, the presence of a relatively large chamber able 1o accommodate
molecules of varying sizes and shapes may account for the observed broad substrate

range of the MDR pumps.

The second complete ABC transporter structure (0 be published was that of the F. coli
vitamnin By, transporter, BtuCD (Locher et al., 2002). Unlike MsbA, which is a
homodimeric exporter/{lippase, BwCD is a SBP-dependent importer. The transport
complex consists of two molecules of BtuC (forming the MSD’s) in association with
two molecules of BtuD, the ABC protein. Once again the crystallisation process was a
tour~de-force effort involving 28 different ABC transporters, the BtuCD complex
evenlually yielding the best results. The published structure of BmCD is resolved Lo

3.2 A with all important regions of the molecule clearly visible within the structure.




Shown in figure 1.16 below, the BtuCD structure is somewhat different from that of
MsbA.

Figure 1.16 — The BtuCD transporter
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The first immediate difference of note is that the BtuC subunits each traverse the
membrane 10 times, rather than the 6 times more commonly predicted for ABC
transporter MSD’s. In common with MsbA, the membrane-spanning regions are -
helices. The 10 helices of each BtuC protein are not all oriented in the same direction,
as is the case in MsbA, and pack together in a rather intricate manner. Each BtuC
monomer forms contacts with the opposite monomer, thereby contributing to the
presumed translocation pathway, and also with the BtuD subunit below. In the
structure of BtuCD it should be noted that there is no region analagous to the ICD
observed in the structure of MsbA. Each BtuD subunit packs directly against the MSD

above it, close to the plane of the membrane.

Perhaps the most significant difference between the two structures regards the nature
of the association between the NBD’s in the BtuCD structure. In MsbA, the two

NBD’s are separated by as much as 50 A whereas in BtuCD the two BtuD monomers
are packed in direct contact with one another. Moreover, the nature of the association

between the two NBD’s is very similar to that observed in the Rad50cd




crystaliographic dimer. in both structures, the ABC signature motif of one monomer
is juxtaposed with the Walker A motit of the second monemer. This results in the
formation of a ‘composite’ nucleotide-binding site which likely stabilises the dimer
structure. Crystal contacts between the two monomers include a number of
moderately conserved motifs, including residues of the so-called D-loop and swiich
regions. Such contacts involving conserved residues suggest that all ABC transporter
NBD’s may interact in this manner. The dimer interface between the two Btul)
subunits is relatively small when compared with other dimeric complexes, just 740
A%, However, the assaciation of both NBI)’s with the MSD above is likely to further
stabilise the interaction. The authors also suggest that the small dimer interface may
be the reason why isolated, purified NBD’s do not purify as dimers. In the absence of
their MSI)’s, the weak forces holding the dimers together may be insullicient to
maintain the dimer structure and explain the different crystal forms of the MalK and

HisP dimers.

The interface between each BtuD monomer and the BtuC subunit above is an
interaction worthy of note. A relatively tong cytoplasmic loop belween
transmembrane helices 6 and 7 of BtuC folds into two short a:-helices called L1 and
L2 (yellow in figure 1.16). L1 and L2 contribute the bulk of the interfacial area
between the two proteins. Interestingly, the L1 and L2 regions align with the
conserved ‘EAA’ sequence motif present in the MSD’s of the bacterial importers, as
well as residues that are known to be important in the function of P-glycoprotein and
CFTR. Locher and co-workers hypothesise that regions of other MSD’s
corresponding to the position of L1 and L2 helices may be important mediators of

inter-subunit inleractions.

The most likely region of the complex to form the translocation pathway is a V-
shaped cleft between the two BtuC subunits (see figure 1.16). the cleft spans
approximately two-thirds of the width of the membrane, and is formed by an anti-
parallet association of helices 5 and 10 of each monomer (4 helices in total). It should
be noted that this is only a putative potential binding site since the crystals were
generated in the absence of bound substrate, The cleft is however exposed to the

periplasmie side of the membrane, facilitating interaction with the substrate-loaded
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SBP. The cleft is closed at its base by two serine residues and two threonine residues,
a pair of each contributed by each monomer, This ‘gate region’ is believed by the
authors to control access of the substrale to a large hydrophilic cavity at the interface

of all four subunits.

Once again, the authors propose a perfecily plausible transport mechanism based upon
a series of binding and structural rearrangements coupled to ATP hydrolysis by BtuD.
The differences in the structures of BtuCD and MsbA highlight one of the limitations
of X-ray crystallographic techniques as mechanistic tools. Each crystal structure is
essentially a snap-shot in time of one of the structures that the complex adopts during
the catalytic cycle. So, whilst the two structures presented may look very dissimilar at
certain points during transport, they may also adopt similar structures at other times.
As such, crystallography may provide clues to the molecular events occurring during
the transport cycle, but it is the more traditional biochemical and biophysical

techntques that will eventualty complete the mechanistic picturc.
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Chapter 2

Materials and Methods

2.1 Laboratory reagents and equipment
2.1.1 Sources of reagents

General laboratory reagents such as salts and buffers were purchased in the highest
available grade from Sigma (UK) Ltd. Microbiological growth media were variously
sourced from Oxoid, Difco and Melford Laboratories. Except where otherwise stated

enzymes used in molecular biology protocols were purchased from Promga (UK) Ltd.

The sources of additional reagents used in specialised applications are detailed in

association with specific protocols.

2.1.2 Preparation of solutions

All solutions, including microbiological growth media and melecular biology reagents,
were prepared using high quality distilled, deionized water, Gross quantities of reagents
were weighed out on a Sartorius digital balance whilst smaller quantities were measured

using a Mettler Toledo digital analytical balance.

2.1.3 Sterilisation techniques

Where possible materials were sterilised by autoclaving. A typical protocol, such as that
used for the sterilisation of growth media, involved heating to 121 °C for 15 minutes at 4
atmospheres pressure in a Priorclave elcetrically heated autoclave set on liquid cycle.
Solutions of heat labile reagents, such as antibiolics, were sterilised by filtration through
0.22pm syringe [ilters. Certuin plasticware unsuitable for autoclaving was sterilised by

washing thoroughly in 100% ethanol before drying in a laminar flow hood.

2.1.4 Centrifugation

Standard room temperature centrifugation of 1.5 ml microcentrifuge tubes was performed
in & Sigma benchtop microfuge fitted with a 24 place fixed angle rotor. Where there was

a requirement for cooling a Jouan CR3 refrigerated benchtop centrifuge was used. Larger
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volumes of liquids were processed in a Beckman-Coulter Avanti J-I refrigerated
cenirifuge which accommodated a several difterent fixed angle rofors. A Béckman JA-10
rotor was used to process volumes vp to 3 litres in 500 ml plastic containers, whilst a
Beckman JA-21 rotor was used to process up to 400 ml in 50 ml tubes. High-speed
ultracentrifugation was performed in a Beckman L8M ultracentrifuge using a Beckman

Ti50 fixed angle rotor.

2.2 Growth and storage of bacteria

All bacterial strains used and their associated genotype ave listed in table 2.1 on the next

page.

2.2.1 Growth media

Liquid cultures of the Escherichia coli strains listed were propagated using two main

types of growth media: -

Luria-Bertani (LB) medium 2% YT medium

NaCl 10g/litre NaCl Sg/litre
Tryptone 10g/litre Tryptone 16g/litre
Yeast extract Sgflitre Yeast extract 10g/litre

Solid growth medium was prepared by adding 1.5% w/v agar to liquid LB medium prior
to autoclaving. LB medium was used for the growth of most bacterial strains, whilst the
richer 2x YT medium was used in expression cultures because of its ability to support

higher cell densities.

2.2.2 Growth conditions

Liquid cultures were initiated by inoculation of a suitable volume of sterile medium with
a single bacterial colony transferred from solid medium. Except where otherwise
indicated, liquid Z. coli cultures were grown at 37 °C with rotary shaking between 170

and 225 rpm. Incubation times varied from several hours to overnight. Solid cultures of

61




Table 2.1 — Bacterial strains nsed in these studies

Strain Genotype Origin Application

E. coli NovaBlue | endAl hsdR17(ry,7 myz' ) Novabiochem | General cloning
supB44
thi—1 recA” gyrA96 relAl
lac [F’, proAB lacl"ZAMI1S
Tnl0 (Tet®) ]

L. coli IM109 endAl hsdR17(tg 2 gy ) Promega Gengeral cloning
supb44 Site dirceted
thi recAl gyrA96 relAl A~ mutagenesis

‘ A(lac-proAB) [ F°, traD30,
‘ proAB, laclPZAM15 ]

E. coli TOP10 [ merA A(mrr-hsdRMS-merBC) | Tavitrogen General cloning
L80 lucZAM15 AlacX74 deoR ) ]
endAl recAl nupG Protein expression
araD 139 Alara-leuy1697 gal/U
galX ypsL.

E. coli BL21 E. coli BF ompT hadS (g my) | Siratagene Protein expression

(DE3) dem” Tet® gal endA

F. coliLMG194 | F" AlacX74 galF thi rps]. Invitrogen Protcin cxpression
AphoA {pyu 11) Aara714
{en::Tnl0

E. coli BMH 71- | thi supE A(lac-proAB) Promega Site directed

18 mutS [#2e£S::Tnl10] [, proAB, mutagenesis
lacl"ZAM15 |

E. coli WD2 msbA mutant Gift of W.T | Complementation

Doerrler studies
L. coli N43 AacrA mutant E. coli Complementation
Genetic studics

Stock Centre
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E. coli were prepared by spreading or streaking organisms ontoe the surface of the
solidified medium using disposable plastic microbiological loops or spreaders. Plates
were allowed to dry in a laminar flow hood before being covered and incubated at 37 °C

in ap inverted position overnight.

2.2.3 Storage of bacterial strains

Stock cultures of each bacterial strain used were prepared in order to maintain their fong
term intcgrity and viability. Stocks were typically prepared by mixing 800ul of an
overnight liquid culture with 200pl of sterile 80% glycerol. The mixture was then
transferred to a sterile cryovial for storage at -80 °C. Strains stored in this manner were
retrieved by scraping a small amount of the frozen stock from the cryovial using a sterile

loop, and then streaking this material onto solid growth medium for overnight incubation
at 37 °C.

2.2.4 Use and preparation of antibiotics

Many bacterial strains, particularly those bearing recombinant vectors, required the
presence of antibiotics in their growth media in order to retain their genetic integrity and
prevent contamination by extraneous microorganisms. Antibiotic stocks were routinely
prepared at 1000 times concentration in water or ethanol as required and filter sterilised
before use. Such stocks were stored in aliquots at -20 °C. Stock concentrations:
ampicillin 100mg/ml, carbenicillin 100mg/ml, kanamycin 100mg/ml, tetracycline
25mg/ml (50% ethanol), doxorubicin 2mg/mi (PMSQ).

2.3 Nucleic acid purification and analysis
2.3.1 Agarose gel electrophoresis

The results of nucleie acid manipulations were routinely analysed by agarose gel
electrophoresis. High purity agarose (Roche Molecular Biochemicals) was dissolved in
TAE bufler* at an appropriate concentration (typically in the range 0.8-2% w/v) by
heating the mixture in a microwave. The molten agarose solution was allowed to cool
slightly before the addition of the DNA staining reagent ethidium bromide at a final

concentration of 0.1pg/ml. The solution was then poured into a horizontal gel-tray and

63




allowcd to set solid by cooling, Wells for sample loading were set in to the agarose slabs
by (itting a comb info one end of the molten agarose solution. Once set, the agarose slabs
were placed into electrophoresis tanks and submerged in TAE buffer prior to sample
loading. Fach DNA sample to be anatysed was mixed with 6x loading buffer* and loaded
into a separate well in the agarose gel. A sample of a commercially available DNA
marker was usually loaded into one well of the gel. Comparison of cxperimental samples
with such markers facilitatcs cstimation of size and gquantity of DNA present. Application
of an approximately 100V potential difference across the gel promotes migration of the
DNA in the samples towards the anode pole of the electrophoresis tank. Progress of DNA
through the gel was monitored by the migration of the xylene cyanol and bromophenol
blue dyes present in the loading buffer. Once the samples had migrated a sufficient
distance, DNA was visualised by exposure to a UV light trans-illuminator. In those
instances where a permanent record of the experiment was required the entire gel was
photographed using a Polaroid MP4 camera fitted with UV filters and Polaroid 677 black

and white fiim.

* Bufter compositions

1x TAE 6x DNA loading buffer

4.84g Tris base t00mM EDTA (pH 8.0)

1,142ml glacial acetic acid 1% w/v SDS

2ml 0.5M EDTA (pH 8.0) 0.1% w/v bromophenol blue

Made up to 1L with distilled water 0.1% w/v xylene cyanol
50% glycerol

2.3.2 Puritication of plasmid DNA

Small-scale purification of plasmid DNA from L. coli host strains was performed using
the QIAprep Spin Miniprep Kit (Qiagen) according to the protocols provided. A
modification of the well known alkaline lysis procedure, the (echnique is summarised

below.
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Cells rom a S5ml overnight ligutd culiure are harvested by centrifugation and the culture
medium decanted away from the cell pellet. The cell pellet is resuspended in 2501 of
buffer P1 supplied with the kit and transferred to a 1.5mi microcentrifuge tube. The cells
are then lysed by the addition of 2504l of buffer P2 containing SDS and NaQOH. The
suspension is thoroughly mixed by 1nverting the tube several times, thereby cnsuring
complete lysis, The mixture is then neutralised by the addition of 350l of butfer N3.
The addition of this solution causes cellular proteins and genomic DNA to precipitate out
of solution, whilst plasmid DNA remains soluble. Insoluble and soluble components are
separated by centrifugation of the mixture at 12,000 rpwu for 10 minutes. The supernatant
fraction, containing the soluble plasmid DNA, is next loaded onto a spin miniprep
column mounted in a 2ml collection fube. The mini-columns contain a positively charged
silica-based matrix upon which plasmid DNA becomes immobilised. The supernatant is
spun through the resin bed and into the collection tube by centrifugation at 12,000 rpm
for 1 minute. The immobilised plasmid DNA 1s then washed with 750yl of buffer PE
(buffered 80% ethanol) by repeating the loading and centrifugation steps. Excess
remaining ethanol buffer is removed from the imumobilised plasmid by decanting the
contents of the collection tube and performing a turther 1 minute centrifugation step.
Finally, the immabilised plasmid is eluted by transferring the spin column to a clean
1.5ml microcentrifuge tube and adding 50p1 of molecular biology grade water. The
column is allowed to sit at room temperature for 5 minutes before a final | minute
cenirifugation. The eluled plasmid collects in the microfuge tube whilst the spin column
discarded. Purified plasmid DNA is then analysed by agarose gel electrophoresis or used
in subsequent procedures. Plasmid DNA purified in this manner is stable for long periods

of titme if stored frozen at —20 °C.

2.3.3 Extraction of DNA from agarose gels

A number of common molecular biology procedures, e.g. cloning reactions, require the
extraction of DNA fragments from agarose gels after their analysis. Extraction was
commeonly performed using the QlAquick Gel Extraction Kit (Qiagen). Once again the

manufacturer’s protocols were adopted as summarised below.
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DNA bunds to be extracted were visualised by exposing the gel on a UV transilluminator.

Slices of the gel containing a desired DNA fragment were excised using a clean scalpel
blade, weighed, and transferred to a microfuge tube for extraction. The QIAquick Kit
allows for processing of gel slices of up to 400mg in weight. The gel slice is mixed with
a solubilisation buffer (buffer QG), with 30l of buffer added per 10mg of gel. The slice
is then dissolved in the QG buffer by incubation in a 50 °C water bath for 10 minutes
with occasional mixing. Next, the DNA/buffer mixture is applied to a spin column
containing a silica matrix upen which the dissolved DNA becomes immobilised. The
column, in a 2m! collection tube, is subjected to 1 minute of cenirifugation at 12,000
rpm. The DNA becomes immobilised whilst the buffer passes through to the collection
tube. The DNA is treated with a further S500ul of QG buffer to remove any remaining
| traces of agarose which may interfere with subsequent steps. The immohilised DNA is
| washed with 500pl of an ethanol wash bufler (buffer PE) by applying this to the coluinn
‘ and repeating the centrifugation process. The collection tube is emptied and the column
centrifuged for 2 minutes more in order to remove traces of ethanol from the immobilised
DNA. Finally, the DNA is eluted by the addition of 50ul of high purity water to the spin
column. The column is incubated at room temperature for 5 minutes before being
transferred to a clean 1.5ml microfuge tube. The column is centrifuged for 1 minute to
collect the purified DNA solution. Once again, for the majority of subsequent

applications, DNA purified in this manner is stable if stored frozen at —20 °C.

2.4 DNA amplification, cloning and sequencing
2.4.1 The Polymerase Chain Reaction (PCR) __;-%5

PCR was uscd cxtensively throughout this work as a means of amplilying and modifying

specific genes from M. fuberculosis genome. The technique requires the use of oligo-

deoxynucleotides as a means of priming PCR amplification. All oligonucleotides used

were obtained from a commercial source (Invitrogen Custom Primers) and supplied on a r
50nmol scale. Stock solutions of oligonucleotides, supplied in a desalted, lyophitiscd

form, were prepared by resuspending the DNA in high purity waler at a concentration of

60pmol/pl. Working solutions of primers were prepared from stocks by dilution to a

concentration of 12pmaol/pl. Both stocks and working solutions were stored frozen at —20
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°C. All possible care was taken to avoid cross-contamination of primer solutions. Primers

were generally designed to be between 18 and 27 nucleotides in length and have melting

temperatures in the range 55-70 °C.

The names and sequences ot all oligonucleotides used in this work are presented in table

2.2 on the next page.
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Table 2. 2 — Oligonucleotides

Primer Name Sequence (5’ to 3%) Use (reference)
AitAF CAT ATG CGC AAC GAC GAC ATG PCR {(chupter 3)
GCG GTG
derAR AAG CTT TCG CGC GGA CCC CGA. PCR (chapter 3)
CAC CAG
derBF CAT ATG AGC GGC CCG GCC ATA PCR (chapter 3)
GAT GCG
daBR AAG CTT TGG CCG CCT AGC CAA PCR {chapter 3)
AAC AAT
derCF CAT ATG ATC ACG ACG ACA AGT PCR (cllapter 3)— )
_ CAG GAA
; SRR dnCR e e A‘AG CTTATGCGTGCT GGCCCC;_ I PCR (Cha‘;t;:”_
; TCG GTA
K48E GGG CCC CAA CGG GGC CGG CGA I\'Iutagené;i;
GAC GACCATG (chapter 6)
G478 GGG CCC CAA CGG GGC CAG CAA | L_Iutagcnes1s___
GAC GACCATG (chapter 6)
Y1i7TW TTA ACG GGG TTC GCA AAG CCT Mutagenesis - F
GGG GCAAGG A (chapter 6)
WI10G CCG CGG ACTTGC TCA GTC CCC Mutagenesis I[
CCA GAC GACC (chapter 6) l
WI180G CGG CAA GCT ATT GGG GAT CTG Mutagenesis
G1G (chapter 6) |
Y141W GTG GGC ACC TGG TCC GGC GGA Mutagenesis
ATG CGC (chapter 0)
Tex2W CTG GTT GAT TIC GGG GCA CAC Mutagenesis
GGG TGC GGT CCG (chapter 6)

Oligonucleotide numes ending with ‘F" and ‘R’ represent pairs of PCR. primers, forward and reverse, used

for the amplitication of specific M. rubercufosis dri genes. The underlined sequences ‘CAT ATG’ and

‘AAG CTT correspond to Neel and HindIll restriction enzyme sites that were incorporated into amplicons

in order to facilitatc downstream manipulation of the amplificd scquences.
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2.4.2 Preparation of PCR experiments

PCR reactions were performed using HotStar ‘1'aq*™ DNA polymerase, a recombinant,
thermostable, derivative of Thermus aguaticus DNA polymerase (Qiagen). The enzyme
18 supplied with buffers and additional reagents oplimised for use with HotStar Taq. The

enzyme requires a 15 minute incubation performed at 95 °C before it hecomes active.

This feature of TTotStar Taq minimises the chances of non-specific priming and extension

during the preparation of PCR reactions, Cycling parameters used in PCR reactions were
variable depending upon the primer pairs used and the nature of the template DNA,
However, the examples ol reaction mixture preparation and cycling parameters detailed

below are typical of those used throughout this work.

All PCR reactions were performed in sterile, thin walled, 0.5m1 capacity PCR tubes firee
of DNase and RNase contamination (Axygen). Where stocks and dilutions were prepared

water of the highest available quality was used.

PCR reaction component Volume Stock concentration
10x PCR Buffer (Qiagen) 10u] /

dNTP’s* 2ul 10mM each

Primer 1 Sul 12pmol/pl

Primer 2 Sul 12Zpmol/pnl

HotStar Taq 0.5ul 5 units/pl

Template DNAT Variable Variable

Water Up to 100 pi /

*deoxyribonucleotides dATP, dTTP, dCTP and dGTP were obtained from Promega
(UK) 1.td. as 100mM stock solutions. A mixture of the 4 ANTP’s was prepared with each

one at a concentration of 10mM.

TA typical PCR reaction used less than |jig of template DNA.
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1n certain instances the proprietary reagent O-Solution (supplied with HotStar Taqg DNA
polymerase) was added to reaction mixtures at a concentration of 20% v/v. This reagent
alters the melting properties of duplex DNA and was found to be useful when PCR

amplification using standard rcaction conditions was poor or failed altogether.

Typical Cycling Parameters

Step 1 1 cycle 95 °C 5 minutes (activation)
Step 2 30 cycles 94 °C 45 seconds

50-65 °C* 45 seconds

72 °C 1-3 minutes
Step 3 1 cycle 04 °C 45 seconds

50-65 °C 45 seconds

72 °C 10 minutes

*Thce temperature at which the annealing phase of the PCR was performed was the most
highly variable parameter since it was dependent upon the particular primer pair in use.
Wherever possible primer pairs with similar melting temperatures (T,,) were designed
and used. In initial experiments with any given primer pair an annealing temperature was

chosen at 5 °C below that of the primer T,,’s.

Thermal cycling was performed in either an Eppendor{ Gradient Thermocycler or a
Techne Cyclogene Thermocycler. Both of these PCR machines were fitted with heated
lids to prevent evaporation of the reaction mixture during the cycling process. The lids
‘are pre-heated to 105 °C before cycling commences. Exact details of reaction parameters

arc provided in the text associated with specific experiments.
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2.4.3 Cloning of PCR. products

The success of PCR reactions was analysed directly by agarose gel electrophoresis, In the
event that a PCR product of the desired size was obtained, the product was purified by
gel ex(raction in order to produce a solution of DNA fiee of interfering substances (such
as protein and free nucleotides). The purified DNA was then cloned into a multi-copy
vector, allowing the amplified gene sequence to be maintained in a stable formina

licterologous host (£. colr).

The vector of choice for the initial cloning of PCR products was the pGEM-T Easy
system (Promega). Tag DNA polymerase exhibits a non-template directed activity that \
results in all PCR products having a single base overhang at the 3” end. This additional
base is virtually atways an adenine residue. As such, PCR products readily ligate into
lincarised vectors possessing complimentary 3° single base thymidine overhangs, The
pGEM-T Easy vector used here is just one of many such commercially available vectors.

Reuactions were performed in 0.5ml microfuge tubes and contained the following

components:-

Linear pGEM-T Easy vector DNA Ll (=50ng)
2x Rapid Ligation Buffer 51l

Purified PCR amplicon 3ul

T4 DNA Ligase Ll {5 Units)

Ligation is highly efficient in this particular type of clening reaction and a large number
of recombinant vector molecules are oflen produced after incubation of the reaction
nmixture at room temperature for just 1 hour. Alternatively, ligation reactions were

allowed to proceed overnight at 16 °C,

2.4,4 DNA sequencing

DNA sequencing of recombinant vectors was performed by BaseClear (Leiden, The

Netherlands). Sequencing reactions were performed on ABI377 or LiCor automated
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DNA sequencers. Sequence data were returned as both text files and chromatogram files.

Data was analysed using Vector NTI 6.0 bioinformatics software (InforMax Inc.).

2.5 Enzymatic DNA manipulation

2.5.1 Use of restriction endonucleases

The use of restriction endonucleases was central to the production and analysis of
rccombinant DNA molecules. Except where otherwise indicated, DNA digestion was

performed in sterile 0.5ml microfuge tubes at a temperature of 37 °C. Enzymes and their

appropriate reaction buffers were obtained from Promega (UK) Lid.

Typicully, simgle enzyme restriction digests were performed in a total volume of 20l and

contained the components listed below: -

10x restriction enzyme buffer 2ul

Experimental DNA sample 2-5ul (up to 1.5ug)
Restriction enzyme Il (2-10 Units)
MilliQ water Up to 20ul

Digestion reactions were allowed to proceed for variable lengths of time depending upon
downstream processes. For example, mapping of plasmids by restriction digestion (to
verify the presence of a recombinant fragment) could typically be achieved with
digestion times of 1 hour. However, where DNA was to be sub-cloned from one vector (o
another, digestion times of up to 4 hours were used in order to ensure that the reaction
bad proceeded to completion. Additionally, directional sub-cloning of DNA fragments
often required the use of two restriction enzymes simultaneously. Such reactions were
also allowed to proceed for longer periods of time, once again up to 4 hours. Reaclions
were terminated by the addition of DNA loading buffer and subsequently analysed by

agarose gel electrophoresis.
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2.5.2 5’-Dephosphorylation of vector DNA ends

5’-Dephosphorylation of vector DN A ends has been shown to reduce the background of
false positives in cohesive end cloning reactions. To this end, pre-digested vector DNA
to be used in cohesive end cloning was routinely treated with shrimp afkaline
phosphatase (SAP). Appropriate quantities of enzyme and associated buffer were added
to gel purified vector DNA solutions and incubated for 10 minutes at 37 °C. The enzyme
was then inactivated by incubating the solution for a further 15 minutes at the clevated
temperature of 65 °C. This second incubation prevents carry-over of phosphatase activity

into the subsequent ligation reaction.

2.5.3 Cohesive end DNA cloning

The production of recombinant vectors for heterologous protein expression required that
PCR amplifed M. tubercuiosis DNA be cut out of the pGEM-T Easy vector and ligated
into several differeat £, cofi expression vectors. DNA excised from pGEM-T Easy by
restriction enzyme digestion was ligated into linearised, dephosphorylated expression
vectors that had been digested with the same enzyme(s) such that the two DNA
fragments possessed complimentary ends. The ligation of the two fragments was

performed using T4 DNA ligase (Promega, 10 Units/pl). Reactions in a total volume of

10u1 contained the following components: -

10x Ligase buffer Iul
T4 DNA ligase Ll
Vector DNA ) Ll
Insert DNA 3l
MilliQ water 4ul

The relative proportion of vector and insert DNA’s used in ligation reactions is known to
affect efficiency of the reaction. Whilst the exact amounts of DNA used in ligation
reactions were rarely formally quantitied, a 3:1 molar excess ot insert over vector was

approximated and generally found to be sufficient. Cohesive end cloning reactions were
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incubated at 16 °C overnight to maximise the number of recombinant DNA molecules

generated.

2.5.4 5’-Phosphorylation of oligonucleotides

5’-Phosphorylated oligonucleotides were generated for use in site-directed mutagenesis
protocols since they are known to improve the efficiency of mutagencsis (sce chapter 6).
Unphosphorylated mutagenic oligonucleotides were purchased from Invitrogen Custom
Primers and then modified using T4 polynucleotide kinase (Promega). Reactions were
performed in 0.5ml thin-walled PCR tubes at 37 °C for 30 minutes. The reaction

mixtures contained the following components: -

Unphosphorylated oligonucleotide 100pmol

10x T4 kinase buffer 2.5ul

T4 polynucleotide kinase 2.5n1 (5 Units)
10mM ATP | 2.5ul

MilliQ water Up to 25 pl

After incubation, the T4 polynucleotide kinase was inactivated by heating the reaction to
mixture to 70 °C for 10 minutes. Phosphorylated oligonucleotides were used immediately

for the mutagenesis reaction.

2.6 Usc of chemically compcetent E. coli
2.6.1 Sources and production of chemically competent E. coli

Recombinant plasmids used for both maintenance of heterologous DNA and the
expression of heterologous protein were transformed into chemically competent £. cofi
strains. In many instances these strains were obtained from commercial sources in single
use aliquots (see lable 2.1). However, in other instances it was necessary to produce
chemically competent cells in the laboratory. The chemical treatment procedure used to

induce competence is outlined below: -
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Cells of the desired strain were grown in 50ml liquid LB medium at 37 °C in a baffled
conical flask with rotary shaking at approximately 225rpm. When the cell suspension
reached an ODggp of 0.5 they were immediately transferred to an ice bath and left to cool
for two hours. During the cooling period a fresh 50ml preparation of competence
solution’ was made, filter sterilised and allowed to cool in the same ice bath. After two
hours the cooled cells were pelleted in a refrigerated centrituge and the culture medium
discarded. The cell pellet was then resuspended in 45ml of the ice cold competence
solution and returned to ice for a further 45 minutes. After this final incubation period the
cells pelleted once more in a refrigerated centrifuge and the excess solution poured off.
The final stage of the procedure entailed resuspending the cells in 3ml of ice cold
competence solution pius 2ml of sterile 80% glycerol. This mixture was then split into
50ul aliquots (in thin-walled 500ul PCR tubes) and indivildua] aliquots flash-frozen in a

dry ice/ethanol bath. Competent cells produced in this manner were stored at -80 °C.

TCompetence solution — [00mM calcium chloride, 70mM manganese chloride, 40mM

sodium acetate, pH 5.5.

2.6.2 Transformation of chemically competent E. coli

Recombinant plasmids were generally transformed into competent cells according to the
manufacturer’s protocols. Whilst each protocol differs slightly. an outline of the general
procedure used is given below. Competent cells produced in the laboratory by the

previously described procedure were also transformed according to this protocol.

Aliquots of cells were removed from storage at —80 °C and allowed to thaw on ice. 50-
500ng of plasmid DNA (or ligation mixture) was then added to the cells which were
gently stirred with the tip of a pipette. The mixture was incubated on ice for 30 minutes.
After the incubation period the cells were subjected to heat-shock in a 42 °C water bath
for a period of exactly 45 sceonds. Alter heat-shock the cells were returned to ice for 2
minutes, 3001 of liquid LB growth medium was then added to the cell suspension and
the newly transformed cells incubated at 37 °C in a rotary incubator shaking at

approximately 225rpm for a period of 1 hour. Subsequently varicus volumes of cells
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were spread onto solid growth medium containing appropriate selection

antibiotics/reagents and incubated in an inverted position overnight at 37 °C.

2.6.3 Selective screening for recombinant bacterial clones

All plasmid vectors used in these studies carried antibiotic resistance determinants as a
means of screening for transformed clones. Only successtully transformed bacterial
clones carry these determinants, conferring upon them the ability to grow in the presence
of the selective antibiotics, whereas non-transforined cells are unable to do so. After this
initial screening stage plasmids were isolated from the cclls and analysed by restriction
digestion and/or DNA sequencing to confirm the presence of the recombinant insert. ‘The
most commonly used vectors carried the gene for ampicillin resistance and transformed

cells were selected on LB-agar medium containing 50-100ug/ml of the antibiotic.

Blue/white screening for recombinant pGEM-T Easy bearing clones

One of the advantages of using the pGEM-T Easy system for the cloning of PCR
products was the ability to screen for recombinant plasmids on the basis of insertional
inactivation of the fi-galactosidase gene. Cells bearing recombinant plasmids are unable
to hydrolyse the artificial lactose analogue X-Gal (5-bromo-4-chloro-3-indolyl- p-D-
galactoside), whereas those cells with non-recombinant plasmids (where the fi-
galactosidase gene has not been disrupted) are able to do so. Cells metabolising X-Gal
contain a blue pigment, a by-product of the metabolic process, whilst cells with a
disrupted f-galactosidase gene remain white in colour. E. co/i transformed with pGEM-T
Tasy constructs were plated onto solid media, the surface of which had been spread with
40ul of 2% w/v X-Gal. Ampicillin (100pg/mtb) was added to the medium to select for
suceesstul transformants, whilst IPTG was included at a concentration of 1mM to induce
expression of B-galactosidase. After 16 hours of growth cells bearing recombinunt

plasmids remmained white in colour and were selected for further analysis.
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2.7 Topoisomerase mediated T-A cloning

The pTrx-DrrA expression construct (see chapter 5) was generated using the
‘PBAD/TOPO ThioFusion Expression Kit” (Invitrogen). This kit allows rapid generation
ot cxpression constructs through topotsomerase mediated 1-A cloning of Tug-
polymerase-amplified PCR products. Briefly, a fresh PCR reaction was used to amplify
the M. tuberculosis drrA gene from a plasimid lemplate. The approximately 1 Kb PCR
amplicon isolated from an agarose gel slice by standard techniques following

electrophoretic separation. The amplified gene was then cloned into the pBAD/TOPO

ThioFusion vector in a 5 minute, room temperature reaction performed according (o the

manufacturer’s protocol:-

TOPO cloning reaction components

Fresh PCR product {(drrA gene) 3ul
Salt solution” 1l
TOPO vector 1ul
dHO 1l

*Salt solution = 1.2M NaCl, 60mM MgCl,

After completion of the TOPO cloning reaction 2l of the reaction mixture was used to
transform chemically competent E. coli TOP10 cells according to standard protocois.
Recombinant colonies were isolated by plating the transformation reaction on to solid
LB-agar medium supplemented with 100pg/m] carbenicillin. Transformation plates were

incubated overnight at 37 °C.
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2.8 Site-directed mutagenesis

The ‘GeneEditor in vitro Site-Directed Mutagenesis System’ (Invitrogen) was used to
perform all sited directed mutagenesis experiments described in this work, There follows

a brief summary of the mutagenesis protocol:-

A — Prepatation of template DNA

Single stranded plasmid DNA was the template for all mutagenesis reactions. This was
produced by alkaline denaturation of double stranded plasmid, The denaturation reaction

contained the following components:-

Plasmid DNA Sul (approx. 2ug)
2M NaOH, 2mM EDTA 2pl

dH,0 13pl

This mixture was incubated at room temperature for 5 minutes before single stranded
DNA was precipitated by the addition of 2pul of 2M ammonium acetate (pH 4.6} and 75ul
of 100% ethanol. The mixture was then incubated at —80 °C for 30 minutes. Precipitated
DNA was collected by centrifugation at 13,000rpm in a bench-top centrifuge tor 15
minutes. The ssDNA peliet was washed in 2001 of 70% ethanol, re-collected by
centrifugation and then air-dried. The pellet was dissolved in 100pl of dII,O and a 10Gpul

aliquot was analysed by agarose gel electrophoresis in order to estimate yields.

B - Annealing of mutagenic oligonucleotides

Up to 4 mutagenic oligonucleotides could be annealed to the single stranded plasmid
DNA simultaneously. All mutagenic oligonucleotides were 5’-phosphorylated as
described in section 2.5.4. Each annealing reaction contained a ‘Selection
oligonucleotide’ provided in the kit which introduces specific mutations into the vector
encoded B-lactamase gene. These mutations alter the substrate range of the 3-lactamase

enzyme and allow selection of clones carrying mutated plasmids on the basis of
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resistance to a proprietary antibiotic mixture. The annealing reactions were prepared as

follows:-
Template DNA [0ul
Selection oligonucieotide [pl

Mutagenic oligonucleotide  xpl (1.25pmol each})
10x annealing bufter 2ul

dt,0 up to 20l

The annealing reaction was heated to 75 °C and then allowed to cool to room

temperature slowly. During this period the oligonucleotides anneal to the template DNA.

C — Mutant strand synthesis and ligation

Various components were added to the annealing mixture in the order shown below.

These reagents completed synthesis and ligation of the mutated plasmid DNA.

dH,O Sul

10x synthesis buffer 3l

T4 DNA polymerase [l (10 Units)
T4 DNA ligasc {ul (3 Units)

The reaction mixture was incubated at 37 °C for 90 minutes to allow mutant strand

synthesis.

D — Transformation of BMH 71-18 mutS E. coli

This E. coli strain, provided with the kit, has a mutation in the mufS DNA repair gene
which allows the cells to tolerate plasmids with small double strand mismatches. The

cells were transformed with 3l of the mutant plasmid mixture prepared in second C
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above. Transformation was performed by a standard heat-shock protocol. Rather than
plating the transformed cells onto solid medium, the entire mixture was incubated m 4iml
of LB medium containing the proprietary selection antibiotic overnight (37 °C). This
allows time for plasmid replication and segregation in such a way as to enhancc the

number of cells carrying the mutated plasimid.

E — Plasmid Miniprep and selection of mutanis

The final stage ol the selection procedurc was Lo prepare total plasmids from the
overnight culture. This was done by standard plasmid mini-prep (see section 2.3.2).
Mutant plasmids were transformed into chemically competent IM109 E. coli and cells
carrying mutated plasmids were selected on solid 1.B-agar medium containing the

sclection antibiotic (overnight incubation, 37 °C).

IMT109 clones resistant to the antibiotic selection mixture were used to prepare plasmids

by mini-prep. The successful introduction of specific mutations was determined by DNA

sequencing.
2.9 Recombinant Protein Expression
2.9.1 Expression of recombinant proteins from pET series plasmids

A number of experiments were performed to express recombinant M. tuberculosis
proteins n the heterologous host £, coli using the pET scrics expression plasmids
(Novagen). pET expression constructs were typically transformed info the host strain
BL21(DE3), the DE3 lysogen encoding an IPTG-inducible bacteriophage T7 RNA
polymerase required for transcription from the pET-scrics plasmids. A single
recombinant clone, from either a fresh fransformation or streaked from a glycerol slock,
was selected afier overnight incubation at 37 °C on solid LB-agar medium supplemented
with the appropriate selection antibiotic. The clone was used to inoculate a liquid starter
culture (typically Smlin T.B medium) which was grown ovemnight at 37 °C with vigorous
shaking. Starter cultures were used to inoculate larger expression cultuges grown at a
variety of lemperatures depending upon the experiment in question (16-37 °C). All

expression cultures were grown in baffled flasks with rotary shaking between 170-
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220rpm to promote acration. Cultures were supplemented with the appropriate antibiotics
required for maintenance of pET expression plasmids. Growth of all expression cultures

was monitored spectroscopically by changes in optical density at 600nm.

When each culture reached an ODgyg of approximately 0.6 (cuorresponding to mid-log
phase), expression of recombinant protein was initiated by the addition of IPTG to a final
concentration ranging between 100puM and 1mM. The addition of IPTG to Z. coli
BL2(DE3) initially results in expression of the chromosomally encoded bacteriophage
T7 RNA polymerase. This enzyme then drives expression of heterologous genes cloned
in [ront of the T7 promoter sequence present in the recombinant pET plasmid. Where
necessary, for example during time-course experiments, Iml samples were removed
ascptically from cxpression cultures and heterologous prolein expression analysed by
SDS-PAGE.

2.9.2 Expression of recombinant protein from pBAD plasmids

Recombinant expression constructs based upon the pBAD-TOPO ‘ThioFusion vector
(Invitrogen)} were transformed into one of the two host strains recommended by the
manufacturer, £. coli TOP10 or £. coli LMG194. Recombinant clones were isolated by
plating onto solid LB-agar medium supplemented with carbenicillin at 100pg/ml. Single
clones were used to inoculate overnight starter cultures in Sml of LB medium. Starter
cultures were again grown at 37 °C with vigorous shaking. These cultures were then used
to inoculate large-scale expression cultures in cither LB or 2x Y} medium supplemented
with 100pg/ml carbenicillin. Cultures were grown at a variety of temperatures between
17 and 37 °C in baffled flasks with rotary shaking at 170-220rpnt. As with the pET

expression cultures, growth was monitored by an increase in ODgg.

Expression of recombinant protein from pBAD plasmids was initiated by the addition of
a filter-sterilised arabinose solution. Various arabinose concentrations between 0,0002%
and 2% (w/v) were tested in order to identify the optimal concentration required for
expression of soluble protein. Protein expression was induced when the cells reached

mid-log phase (ODgg approx. 0.6). Once again expression of recombinant protein was
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monitored by withdrawing 1ml samples from the cultures at various time-points before

and after induction. Samnples were then analyscd by SDS-PAGE.

2.10 Analysis of recombinant cxpression
2.10.1 Preparation of total cell protein for analysis by SDS-PAGE

In order to monitor expresston of recombinant proteins 1ml samples of culture were
removed both prior to induction and at various time points thereafter. Cells were
harvested by centrifugation at 13,000rpm in a bench-top microcentrifuge and the
supernatant discarded. Pelleted cells were solubilised directly in an appropriate volume
of SDS-PAGE sample buffer (typically 100-300ul). Each sample was boiled for 5
minutes in a water bath to ensure complete solubilisation. Samples were loaded into

separate wells of an SDS-PAGE gel and analysed as described below.

2.10.2 SDS-PAGE

SDS-PAGE was used extensively as a means of monitoring both recombinant protein
expression and the efficacy of protein purification procedures. All SDS-PAGE
experiments were performed using pre-cast Bis-Tris polyacrylamide gels obtained from a
commercial source (Nulage gels, Invitrogen). Two different gel types were used
dependent upon the protein samples under analysis; 4-20% polyacrylamide gradient gels
for samples containing proteins of widely variant molecular weights, and uniform 12%

polyacrylamide gels for less complex samples.

Protein samples were mixed with an appropriate volume of 10x sample buffer (sce
below) and loaded into the wells of a vertically mounted gel. Pre-stained molccular
weight standards were loaded into one well of each gel to allow estimation of protcin
sizes and to allow visualisation of protein separation (SeeBlue Markers, Invitrogen). The
entire gel, once loaded, was clamped vertically into an electrophoresis apparatus and both
the inner and outer buffer chambers filled with 1x NuPage MOPS running buffer (see
below). Samplcs werce scparated by the application of a 200V current for approximately

45 minutes.
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After completion of the electrophoresis procedure each gel was removed (rom the
apparatus and rinsed gently for 10 minutes in de-ionised water to remove the running
buffer, Separated proteins were visualised by staining with ‘Gelcode Blue’ protein stain
(Picree). After rinsing each gel was immmersed in 20mli of Gelcode Blue contained in a
[0cm square petri dish. The gel was placed on a rocker-table for approximately 1hr to
allow staining to reach completion. After 1hr the stain was discarded and the gel re-
immersed in 20ml of de-ionised water for destaining. Following the destaining procedure

protein bands could be clearly visualised and photographed.

10 x Sample Buffer 20 x NuPAGE MOP'S Running Butfer
4 ml dH,O 1M MOPS (104.6g)

1ml 0.5M Tris-HCI (pH 8.6) 1M Tris base (60.6g)

1.6ml 10% SDS (w/v) 69.3mM SDS (10.0g)

0.4m! f-mercaptoethanol 20.5mM EDTA (3.02)

0.05% bromophenol blue (w/v) dI>0 up to 500mi

2.10.3 Western blotting

A number of Western blots were performed during this work in order to deteet the
expression of recombinant proteins. Firstly, the protein sample under analysis was
separated by SDS-PAGE as described above. Following electrophoresis the gel was
washed extensively in several aliquots of dH»O to remove traces of running buffer. The
gel was then soaked in 1 x NuPAGE transfer buffer prepared according to the

manufacturer’s protocol:-

1 x NuPAGE transfer buffer

Bicine 4.08g Methaneol 100ml
Bis-Tris 5.23g dH,O 900ml
EDTA 0.29¢

Whilst the gel was soaking several pieces of Whatman 3M filter paper were cut to the

same size as the separating gel (8cm x 10cm). A similar sized piece of PVDF blotting
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membrane (Amersham) was also prepared. Both the membrane and filter papers were

soaked in transfer buffer.

‘I'he blotting apparatus was assembied as follows. Firstly two abrasive nylon {ibre pads
were soaked in transfer buller and placed into the cathode chamber of the blotting tank.
‘Two picces of pre-soaked filter paper were fayered on top of the blotting pads. Next the
SDS-PAGE gel was placed on top of the filter papers and all air bubbles removed. The
gel was then covered with the PVDF blotting membrane followed by two further picces
of filter paper. Finally two more nylon fibre blotting pads were placed on the
gel/membrane sandwich. The blotting cassette was sealed and placed into an empty
electrophoresis tank. Both the anode and cathode chambers of the blotting apparatus were
filled with 1x transfer buffer and transfer of proteins from the gel to the membrane was
achieved by the application of a 30V current for a period of 1 hour. After transfer the
apparatus was disasscmbled and transfer of proteins to the membrane verified by the

effective transfer of the pre-stained SeeBlue molecular weight standards.

Following transier of separated proteins to PVDF membrane all blots were processed
using the ‘lmmun-Star Chemiluminescent Protein Detection System’ (Bio-Rad) and
associated protocols. The membrane was first washed at room temperature with 25ml of
Tris-buffered saline (TBS; 20mM Tris base, SO0mM NaCl, pH 7.5). After 10 minutes the
wash solution was decanted and the washing proccdure repeated with a second 25ml
aliquol of TBS. After washing the membrane was ‘blocked” with 25ml of 0.2% w/v non-
fat dried milk in TBS. Blocking was performed over a period of 1 hour at room
temperature with gentle agitation provided by a rocker table. After the blocking stage of
the procedure the membrane was washed twice with 25ml of TBS for ten minutes at

room temperature to remove unbound protein,

All blots performed in this work were designed to detect the presence of the His-Tag
sequence. This was achieved through the use of a commercially available mouse
monoclonal antibody raised against the His-Tag (Sigma). The primary antibody was
diluted I in 3000 into 25 ml of blocking solution and incubated with the transfer

membrane for 2 hours. This period was generally long enough to allow efficient binding
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of the mouse monoclonal antibody to His-Tagged proteins. After binding the primary
antibody solution was decanted and the membrane washed three times with separate
25ml aliquots of TBS. The second stage of the detection procedure used a goat anti-
mouse [gG secondary antibody conjugate to amplify the signal from the primary
antibody. The secondary antibody conjugate was diluted 3 parts in 10 in blocking bufler
and incubated with the membrane for up to 2 hours. Finally the membrane was washed

with three more 25ml aliquots of TBS,

Blot development was performed as follows. The membrane was removed from the TBS
wash buffer and placed on a flat surface. The surface of the blot was covered with 3ml of
a chemiluminescent substrate solution and incubated for 5 minutes. The membranc was
then drained of excess liquid and sealed in a heat-sealable plastic bag. The bag was fixed
to the interior of an X-ray film cassette and a piece of film placed over the blot under
darkroom conditions. Finally, the film was exposed for time periods of between [ and 10

minutes until a suitably strong signal was obscrved.

2. 11 Protein purification and miscellaneous methods
2.11.1 Cell Iysis and sub-cellular fractionation by differential centrifugation

Sub-cellular fractionation was [requenily performed as an initial crude puritication
procedure and alse as a means of identifying the cellular location of particular proteins.
Bacicrial cells from cxpression cultures were initially separated from the growth medium
by centrifugation at 4000-6000rpm (Beckman JA-10 rotor). The bacterial pellet was then
re-suspended in an isotonic buffer to prevent osmotic lysis of the cells. Such re-
suspension buffers typically contained 100-400mM NaCl, 10% glycerol and a buffering
salt (e.g. Tris-HCI) at 50mM. The pH of such solutions was generally maintained at pH
8.0 s0 as to inhibit the action of ecllular acid protecases. Protease aclivity was further
prevented by the addition of EDTA-free protease inhibitor tablets to the re-suspension
buffer (Roche Molecular Biochemicals, 1 tablet/50ml of bufter). Cell pellets were

typically resuspended with Sml of ice-cold buffer per gram (wet weight) of cells.

Once re-suspended, cells were lysed by mechanical disruption in a Constant Systems Cell
Disruption apparatus. This device uses a hydraulic ram to force bacterial cells through a

very small aperture at high pressure (20-30 KPa). Upon passing through the aperlurc the



cells impact upon a fixed target which is believed to cause lysis. The celi lysate then
drains by gravity flow into a separate chamber where it is collected. Af all stages after

disruption cell lysates was kept on ice to reduce proteolysis.

The initial crude lysate thus gencrated consists of three basic components that can be
separated by differential centrifugation; dense insoluble material such as fragments of the
cell wall, solubie cytosolic components ot the cell, and an emulsion ol small hydrophobic
lipid/protein/carbohydrate vesicles derived from cellular membranes. Cell wall material
was not required in any of the studies presented here and was removed from lysates by
centrifugation at 4000-6000rpm in a Beckman JA-10 rotor. The supernatant liquid,
containing soluble proteins and membrane vesicles, was carefully decanted so as not to
disturb the pelleted material. The supernatant was further fractionated where necessary
into membrane and soluble components by high-speed ultracentrifugation at 100,000x g
for 1.5 hrs (43,000rpm, Beckman Ti-50 rotor). This procedure resulted in the generation
of a supernatant containing cytosolic proteins and small molecules and a pellet of
membraneous material. The supernatant was decanted off and analysed by SDS-PAGE or
used as the starting material for protein purification. The membrane pellet could be
emulsified in a small volume of buffer by repeated passage through a syringe needle. At
this point integral membrane proteins could be cxtracted from membrane lipids through
the addition of buffer containing a biclogical detergent {c.g. DDM). The detergent
solubilised membrane proteins were then used as the starting matcrial for purification
procedures, Alternatively, total membrane protein was analysed by SDS-PAGE afler
solubilisation in SDS-PAGE sample buffer.

2.11.2 Purification of His-Tagged proteins by IMAC chromatography

Throughout this work IMAC chromatography was used as the primary means of protein
purification. All heterologous expression constructs were designed in such a way as to
encode a string of six consccutive histidine residues at cither the N- or C-terminus of the
recombinant protein. This so-called ‘His-Tag’ sequence exhibits a high affinity for
immeobilised divalent cations and forms the basis of the IMAC puritication procedure
(Porath et af., 1975).

86

\ Y




The basic IMAC purification protocol relies upon the specific binding of recornbinant
His-Tagged proteins (o a metal affinity resin loaded with Ni** fons. In this work two
different metal affinity resins were used, Ni-NTA agarose resin (Qiagen), and Ni-IDA
sepharose resin (Amershani-Pharmacia). The vast majority of non-tagged proteins do not
interact with these materials and thus pass straight through the resin bed. Non-
specifically bound proteins can be removed by washing the resin with buffers containing
low concentrations of imidazole, a structural analogue of the histidine residues that
constitute the affinity tag. Finally, His-Tagged proleins are eluled from the resin material

by the addition of buffers containing a much higher imidazole concentration.

An enormous number of variations on the basic IMAC procedure are possible and
include the use of different affinity resins, binding methods, washing protocols and
butfer compositions. In fact, all of these factors were found to be important variables in
the optimisation of the purification procedures used here, The exact experimental details
of the various purification prolocols used in this work arc deseribed in association with
individual experiments (see chapters 4 and 5). The resulls of the various protein

purification experiments were analysed by SDS-PAGE.

2.11.3 Protein dialysis and concentration

In a number of instances, particularly following IMAC chromatography, dialysis was
used 1o remove small maolecules from protein preparations. This was necessary because
even low levels of contamimants were found to have a significant bearing on the outcome
of downstream experiments. For example the presence of even tiny amounis of inorganic
phosphate ions was found to interfere with ATPasc assays, and imidazole molecules gave
rise to high background readings in measurements of intrinsic protein fluorescence.
Purified proteins were dialysed in ‘Slidalyzer’ dialysis cassettes (Pierce, 10 kDa
MWCQO). The loaded cassettes were generally dialysed against approximately 3 litres of
dialysis buffer cooled to 4 °C. Dialysis was continued for 3 hours in a cold room with
continuous stirring ol the buffer to promote rapid equilibration. Following dialysis,
protein solutions were either concentrated (see below), used directly for biochemical

experiments, or snap-frozen in dry-icefethanol and stored at —80 °C,
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Concentrated protein stocks were prepared using ‘Centricon’ centrifugal filter devices
{Millipore). Protein concentration in these devices is achieved by ultrafiliration of the
protein sample through a membrane that allows the passage of only low molccular
weight solutes. In this way solvents and small molecules pass through the membrane,
whilst high molccular weight melccules such as proleins are retuined in a much reduced
volume. The ultrafiltration process is driven by centrifugal force. Generally up to 2mi of
dilute protein solution was transferred into the upper chamber of a device and subjccted
to centrifugation at 5000 x g in a Beckman JA-21 fixed angle rotor. Centrifugation times
were varied depending upon the desired protein concentration and the ability of the
protein to remain in solution. At 4 °C 2ml of the initial solution could be reduced to
approximately 200ul in a period of 1 hour. After the concentration procedure protein
concentration was determined using the BCA protein assay (see next section) or frozen at

—80 °C.

2.11. 4 Protein concentration measurements — The BCA protein assay

All protein concentration determinations were performed using the ‘BCA Protein Assay
Kit’ (Pierce). This is a colorimetric assay in which proteins react quantitatively with a
reagent solution to produce an increase in absorbance at 562nm., The assay maintains
linearity over a wide range of protein concentrations from 20-2000pg/ml. Bricfly, 100}l
of the protein sample under investigation is transferred to a 2.5mi plastic cuvette and
mixed with 2ml of the BCA working reagent. The reaction is then incubated at 37 °C {or
30 minutes to allow colour development. After the incubation period reactions were
cooled to room temperature and Abssgann measured against a dH,O blank. Protein
concentrations were determined by comparison with a series of standard reactions
containing known concentrations of BSA (0-2mg/ml). This allowed the generation of a
calibration curve of protein concentration vs. Abss¢am. All standard and experimental

reactions were performed in duplicate and corrected for background absorbance.

2.12 Biochemical Assays
2.12. 1 ATPase assay — EneChek Phosphate Assay System

‘I'he EnzChek Phosphate Assay System (Molecular Probes) was used (o conduct a

number of ATPase activity assays (sce chapter 6). The system relies on the
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spectrophotometric detection of inorganic phosphate (P;) released in to the assay medium
by the activity of ATPase enzymes. P;release is enzymatically coupled to phosphorolysis
of an artificial substrate (MESG). The phosphorolysis reaction generates a molscule with
a strong absorption at 360nm, the production of which can be monitored in real-time. The
components ol the reaction mixture {see next page) were prepared in 1.5mi plastic
cuvettes. Generally, ATPase activity was initiated by the addition of MgCl; to the
reaction mixture. ATPase activity was monitored as an increase in absorbance of the

reaction mixture at 360nm over time (using a dH,O blank as the reference sample).

ATPase rcaction components

MESG substrate solution 200pul

Purine nucleotide phosphorylase 10l (1 Unit)

ATP x ul
MgCl, y ul
Experimental enzyme zul
MOPS buffer (50mM) 790 —x~y—z ul

It is the purine nucleotide phosphorylase component of the reaction mixture which

couples release of P; by the ATPase enzyme to phosphorolysis of the MESG substrate.

2.12.2 The ‘Malachite green’ P; release assay

This assay was uscd extensively throughout this work. The methodology described below
is essentially a modification of the ATPase assay developed by Harder and colleagues
(Harder ef al., 1994). The technique once again relies on the spectrophotometric
detection of P; released by ATPase enzyme activity. Inorganic phosphate is found to react
quantitatively with an acidified mixture of ammoniwm molybdatc and the dyc malachite
green to produce a phosphomolybdate-malachite green complex which absorbs light

strongly in the range 600-630nm.
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ATPasc reaction mixtures were prepared in 800u! volumes containing the following
components at appropriate concentrations (see chapter 6): ATP, buffer, experimental
ATPasc cnzyme, MgCl,. Typically each reaction would be prepared in the absence of
MgCl, and pre-incubated for 10 minutes at 37 °C in a thermostatically controlled heating
block. ATPasc activity would then be initiated by the addition of Mg”" to the reaction
mixture. Immediately after induction of ATPase activity, and at various time points
thereafter, 4511 samples of the reaction mixture were withdrawn and mixed with 5pul of
500mM EDTA in a separate well of a microtitre plate. The purpose of the high EDTA
concentration is to rapidly chelate Mg® ions and immediately halt further ATPase

activity.

Afier collection of a complete set of samples (typically 12 samples collected over a 10
minute period) the amount ot inorganic phosphate in cach sample was analysed by the

addition of 100ul of malachite green detection reagent (components shown below).

Malachite green P; detection reagent

3 parts 0.045% w/v malachite green (in dH,0O)
[ part 4.2% w/v ammonium molybdate (in 6N HCI)

0.01% v/v Tween 20

The addition of detection reagent to P;-containing samples resulted in the rapid formation
of a green coloured malachite green-phosphomolybdate complex. The absorbance of
each sample was measured at 610nm in a plate reader. Measurement of absorbance was
performed as rupidly as possible after the addition of the detection reagent since the low
pH of this reagent might cause acid hydrolysis of un-hydrolysed ATP. The absorbance of
the zero time point sample was subtracted from all subsequent absorbance readings to

corrcet for non-enzymatic Pjrelease and P; contamination in reagents.

P; in cach sample was accurately quantitied by the use of standard curves prepaced in

parallel with each set of ATPase reactions. Various known quantities of P; were mixed

with 5ul of 500mM EDTA in a separate well of a microtiter plate and the total volume
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brought up to 50ul with MOPS reaction buffer (S0mM MOPS, 100mM NaCl, pH 7.4).
The amount of P;in the standards was typically 0-1500 picomolcs. 100ul of detection
reagent was added to each standard sample and the absorbance at 610nm mecasured at the
same time as the experimental samples derived from the ATPase assay reaction mixture.

A typical standard cwrve produccd by this technique is shown in figure 6.1,

The amount of phosphate present in the various experimental samples was used to
calculate the enzymatic ATPase activity in terms of nanomoles of P; released/minute/mg

of protcin.

2.12.3 Steacly-state protein fluorescence measurements

Measurements of intrinsic protein fluorescence were perforimed at room tempevature in a
Jasco FP-750 fluorescence spectrophotometer. Excitation lght at 285nm was selecled via
a series of chromating mirrors and fluorescence of the sample measured at right-angles to

the direction ol incident light using a photomultiplier tube to amplify the signal.

For the purpose of the experiments described here reaction mixiures were prepared in a
total volume of 200u] and transferred to a Hellma Suprasil quartz fluorescence cuvette.
Protein fuorescence specira were collected at wavelengths between 295 and 400nn.
Both the excitation and emission band-~widths were set to Snm. T'he detection sensitivity

of the photomultiplicr tube was set to medium.

The effects of ligand binding to proteins were measured as changges in protein
fluorescence spectra resulting from the addition of small volumes of concentrated ligand
1o the protein solution. The ligands used during the studies were ATP (100mM stock
solution in dJ1,0) and MgCl, (100mM stock solution in dH20). ATP is known to absorb
both incident light and emitted light and can cause a significant decrease in the intensity
of fluorescence emission specira, This phenomenon, known as an inner [filter effcct, was
a complicating factor in measuring the effect of ATP binding on intrinsic protein
fluorescence. 'I'he magnitude of the inner filter effect caused by various concentrations of

ATP was determined by placing a second fluorescence cuvetie in the excitation beam
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between the light source and the protein sample. This cuvette was filled with reaction
buffer and an emission spectrum collected in the absence of ligand. ATP was then added
at various concentrations to the control cuvettc and the effect on emission spectra
determined as a percentage decrease in fluorescence. Such data was used to correct the

[luorescence specira observed when ATP was mixed with protein directly.

2.12.4 Stopped-tlow fluorescence spectroscopy

Stopped-flow tluorescence data were collected in an Applied Photophysiscs stopped-flow
device. Experiments were designed to measure transient changes in protein fluorescence
caused by the binding of ligands such as AT and magnesium ions. Interactions between
protein and ligand occurred in a mixing chamber maintained at 22 °C. Delivery of
protein and ligand to the mixing chamber was achieved by forcing equal volumes of each
solution (approx. [00ul) in to the chamber from external reservoirs using nitrogen-driven
hydraulic plungers. Excitation light at 285nm was provided to the mixing chamber by
means of an argon lamp and two serially connected monochromators. A photomultiplier
tube was used to collect and measure the intensity of emission light at right-angles to the
incident excitation beam. Cut-off filters placed over the window of the detection
photomultiplicr tube were used to sclect the wavelengths above which fluorescence data
were collected. When measuring changes in tryptophan fluorescence a 320nm cut-off
filter was used. When measuring changes in the fluorescence of the external probe
MANT—ATP. a 420nm filter was chosen. Changes in fluorescence were obscrved as an
alteration in the output signat from the photomultiplier tube. Fluorescence data following
mixing of protein with ligand were collccted over logarithunic time-bases ranging from

10 seconds to 1000 seconds.
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Chapter 3
Initial cloning and scquence analysis of the Mycobacterium tuberculosis drirABC

operon

The drABC operon was initially identified by Cole and colleagues during the M.
twberculosis genome sequencing project (Cole ef al., 1998). During the annotation phase
of the project all gene sequences, and the proteins encoded therein, were scanmed for
homology to sequences of known function. The genes of the drr operon were identificd
as being likely compoenents of a transmembrane efflux system, with drrA bearing
sequence molils typical of ABC transporters, and the drrB and C genes exhibiting
characteristics typical of transmembrane proteins. Moreover, the genes seemed to encode
proteins homologous to those of a known efflux transporter, the DirAB system of
Streptomyces peucelius. 1n this organism two genes, drrA and B, encode the ATP-
binding and transmembrane domains of an ABC transporter mediating producer self-

protection against the antibiotic molecules duunorubicin and doxorubicin (Kaur, 1997).

These observations raise a number of interesting questions with regard to the biology of
M. tuberculosis. For example, is it possible that M. tuberculosis is producing and
secreting one or more as yet unidentified bioactive secondary metabolites? Is it possible
that ABC transporter efflux systems contribute to the high level of intrinsic drug
resistance exhibited by M. tuberculosis? Could it be that the dirABC system has some

alternate but uncharacterised physiological function?

This chapter reports the initial stages of an investigation into the function of the M.
tuberculosis drrABC genes. The genes were first amplified from M. fitberculosis
genomic DNA, cloned, re-sequenced and then compared with the published sequence
data from the M. tuberculosis genome sequencing project. An in silico analysis of the
protein sequences encoded by the drrABC genes was used to identify homologous
systems in related mycobacterial pathogens and suggcst possible physiological roles for
the transporter. Finally, the amplified dr+ genes were used to generate recombinant

expression vectors suitable for the production of Drr proteins in the heterologous host

Escherichia coli.




3.1 PCR amplification of the drrA, B, and C genes from M. tuberculosis
genomic DNA

The published sequences of the drrA, B and C genes were used to design oligonucleotide
PCR primers for the speeific amplification of the genes from genomic DNA. The three
genes constituting the drrABC operon are located on scgment 129 of the M. tuberculesis
genome, deposited in the GenBank dalabase under accession number Z83857. The
operon occupies a total of 2689bp of the genome (drrA = 996bp, drrB = 870bp, drrC =
831bp). M. tuberculosis (strain H37Rv) genomic DNA was a kind gift from Dr, S. Ali
(Dept. of Biochemistry, University of Glasgow).

The PCR primers used for amplification, dctailed in table 2.2, were also used to introduce
additional nucleotides at the 5° and 3 ends of each gene. These additional sequences
encoded restriction enzyme recognition sites to allow excision of the sequences from the
initial cloning vector. This was done in order to simplify the process of sub-cloning the
amplified sequences from the initial cloning vector into expression vectors. Bach of the 3’
primers were designed to eliminate the native stop codon of the gene and introduce a 3°
HindIIl recognition site. The 5 primers maintained the native ATG start codon of each

gene ag part of an Ndel site.

Figure 3.1a shows the successful amplification of three genomic sequences with sizes
consistent with those published for drrA, B and C. Figure 3.1b shows the amplification of
the complete region of the M. tuberculosis genome predicted to contain all three drr
genes. Once again, the approximately 2.7Kb amplicon is consistent wilh the predicted

size of the drrABC operon.

In order to maintain and propugate the amplitied sequences, each one was extracted from
the agarose gel and ligated into the commercially available T-A cloning vector pGEM-T
Easy. The ligation reaction was then used to trangform competent . coli NovaBlue cells.
Transformed cells were selected on the basis of ampicillin resistance, and recombinant
clones identified by blue/white screening. For each of the four sequences cloned, up to

six recombinant colonics were selected for further analysis.
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Figurere 3. 1a PCR amplification of the drrA, B and C genes

A B C

Lane A = drrA amplified using primers
AF/AR

Lane B = drrB amplified using primers
BF/BR
2Kb —» Lane C = drrC amplified using primers

/
1Kb CF/CR

0.5Kb —»>

94°C 1 min — denaturation

54°C 1 min — annealing I 30 Cycles
72°C | min - extension

Figure 3.1b PCR Amplification of the drrABC operon

Operon

Operon amplified using primers AF/CR
3Kb —»

2Kb —»

94°C 1 min — denaturation
54°C | min — annealing 30 Cycles

72°C 2.5 min — extension
1Kb —»
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Plasmids were recovered from recombinant clones by mini-prep and further analysed by
restriction digest to check for the presence of the inserted sequence. Digestion of isolated
pGEM-T Easy plasmids with EcoR1 allowed [or simple identification of recombinant
clones due to the presence of EcoR1 sites either side of the T-A cloning site. Figure 3.2a
illustrates the analysis of 6 pGEM-T Easy plasmids digested with EcoR 1, all of which
contain the inserted drrA amplicon. The slightly increased size of the excised fragment
compared with the amplified sequence is due to the presence of small amounts of vector
DNA between the T-A cloning site and the FcoR | sites. Figure 3.2b shows isolated
recombinant plasmids bearing the dr+B and C amplicons and the complete drrABC
genomic region. Plasmids were submitted for automated DNA sequencing using standard
vector directed sequencing primers (M 13 Forward and Reversc). The data generated was

[urther analysed to confirm the identity of the cloned sequences.

3.2 Sequence analysis of the cloned drr genes

The nucleatide sequences of the four cloned PCR amplicons were entirely consistent with
those of the published drr genes (with the exception of the 5 and 3’ mutations introduced
by oligonucleotide directed mutagenesis). These data confirmed the success of the initial
genomic PCR reaction and allowed the amplified sequences to be maintained as E. coli
glycerol stock cultures. A detailed in silico analysis of each cloned sequence was
performed and used to test the hypothesis of Cole and collcagucs that the M. iuberculosis

genome encodes a daunorubicin/doxorubicin effltux ABC transporter.

Sequence analysis of drrrA
The drrA gene, in its native form, is 996bp long encoding a protein of 331 amino acids.

There is a marked G+C bias in the coding sequence of drrA of 63%. This 1s close to the
overall GC-bias in the M. tuberculosis genome of 65% (Cole er al., 1998). The translated
sequence of 4r7A contains a number ot highly conserved protein motifs strongly
suggesting that the protein is the ATP-binding subunit of an ABC transporter (see figure
3.3a). The first major indicator that DrrA is a nucleotide-binding protein is the presence
of the Walker A motif (PROSITE entry: PS00017). This glycine-rich motif has been
identified in a large number of ATP/GTP binding proteins from such evolutionarily

diverse species as bacteria and man.
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Figure 3. 2a Restriction analysis of 6 pGEM /drrA plasmids

<— PGEM-T Easy
vector DNA

3Kb —»
2Kb —»

<4— Inserted drrA
PCR
fragment

1IKb —»

Figure 3. 2b Restriction analysis of drrB, drrC and drrABC clones

pGEM/ pGEM/

drrB drrC pG EM/drrABC

pGEM-T Easy » 3Kb—p pGEM-T Easy

2Kb—»
V\ drrABC

drrB amplicon p <+—1Kb operon

drrC amplicon

The EcoR1 digests above were performed in a total volume of 20ul using 10U of

enzyme. Digests were incubated at 37 °C for lhour.
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Crystallographic studies of proteins containing the Walker A sequence show that the
residues of the motif form a flexible loop that interacts extensively with bound NTP’s
through a network of hydrogen bonds (e.g. Hung et al., 1998). The Walker A motif,
highlighted in red in figure 3.3a, is found towards the N-terminus of the M. tuberculosis
DrrA protein. The most highly conserved residues of the motif include the invariant
glycines at positions 42 and 47 and the lysine at position 48. The sccond part of the ATP-
binding site is formed by the Walker B motif, always found down-sequence from Walker
A. Walker B includes an invariant aspartic acid residue (D172 in DirA) that is believed to
co-ordinate a Mg®™ ion in the active site of the protein. The magnesium ion bound at this
site s a vital component catalytic complex and must be present for ATP hydrolysis to
occur. The Walker A and B motifs have been identified in a variety of non-transport
related proteins, e.g. the E. coli DNA repair enzyme UvrA, and are not necessarily
definitive markers of ABC transporters (Thiagalingam and Grossman, 1991). However,
located between the Walker A and B sites of M. tuberculosis DrrA, approximately 100
residues downstream of Walker A, is the so-called *ABC transporter signature sequence’
(PROSITE entry: PS00211). The presence of this motifin DrrA, combined with the
presence of Walker A and B siles, 1s 4 very strong indication that DrrA is the ATP-
hydrolysing subunit of'an ABC transporter complex. The ABC transporter signature
sequence is often described in the literaturce as the ‘LSGGQ’ motif since these five amino
acids are most commeonly found at the start of the sequence. It should be noted however
that a degree of degencracy is observed at all positions of the motif, except for a
conserved glycine residue at position four, This glycine residue is conserved in DrtA as
part of the sequence “YSGGM’ (see figure 3.3a). As described in chapter 1.2, the exact
function of the signature sequence is a matter of some debate. Some studies suggest that
it may form part of a composite ATP-binding site in a dimeric model of the ABC
transporter NBD’s, whilst others suggest a role in inter-domain communication. ABC
transporter NBD’s often exhibit 30-40% sequence homology to one another, irrespeetive
of their substrates, due to the highly conserved nature of the Walker A, B and signature
scquence motifs. However, much higher degrees of sequence hamology that extend
outwith the core ATP-binding region can be a good indication that NBD’s share a similar
function. A BLAST search was used to screen protein sequence databascs for
homologues of the M. tuberculosis DirA. protein in order to identify proteins that may be

cvolutionarily or functionally related {Altschul et al., 1997).
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3,3a

(1}
(41}
(813
(121)
{161)
{201)
(241)
(281)

(321)

Wallker A

3.3b

Aceession #

Translation of the M. tuberculosis drrA gene showing conserved sequence

maotifs.

MRNDDMAVVV
LGPNCAGETT
RRSIMVTGQQO
ARELLEQESL
VATLDEPTTG
EEADATLSDRT
RDLKDT, DAYV
RMLVEAARRT

SLTHLVSGSA

flalker

BlastP search results using M. tuberculosis DrrA as the query sequence.

Deseription

NGVRKTYGKG
MVDITSTLUIR
VAVDDALSGE
VHAGKRRVGT
LDPRSROAIW
TTLTDHGIITA
AALGSLLPEH
DEARIELADI

R

KIVALDDVSF

PDAGSAITAG

CNLVLEGRLW

YEGGEMRRRID

DLVASFKKLG

FEGTANETKHR

HRAMLTFDSD

ALRRPSLDHV

RKVRRGEVIGL
YDVVSEPAGY
GLSKSAARKR
IACGLYVQPQ
IATLLTTQYL
AGDTFCEIVP

RITMPAPDGI

FLAMTTDPTHE

B ARC Cransporter signalbure gsequence

QOrganism

(240}

(280}

{320}

(331)

P-Value

gil2145829
£i4416482
gila808357
2i[29831196
gill 1346307
£il1 0129760
2i[20520964
gi|11141834
4i[29832484
£i|399405

Daunarubicin resistance protein drrA*

Daunorubicin resistance protein A*

ABC fransporter ATP-binding component*

Putative ATD binding protein®

ABC transporter ATP-binding protein®
Probable ABC-type transport proteih*

ABC transport system. ATP-binding protein*
ARC transporter ATP-binding protein*

ABC transporter ATP-binding component®

Dauntorubicin resistance ATP-binding protein

* Pulative funclional assignment
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M. leprae

M avium

S. coelicolor

S. ervermitilis

S. ceelicolor

S. coelicolor

S. coelicolor

S. viridochromo
S. avermitilis

S. peucetivs

le-146
3¢-74
7e-66
9e-60
le-59
1e-59
2e-59
2e-59
4e-59
2e-57




A scarch of the NCBI non-redundant sequence database using the BlastP algorithm
produced hits to a large number of putative ABC transporter NBD’s. A modified version
of the BlastP output showing the top ten database hits is shown in figure 3.3b. In cominon
with M. fuberculosis DrrA, the vast majority of the hits were uncharacterised proteins
identified during genome sequencing projects. As such, these data cannot be used to infer
an unambiguous function for the M. ruberculosis DrrA protein, The top hit was to a
Mycobacterium leprae protein which exhibited an astonishing 85% identical residues, the
overall homology rising to 90% when conservative amino acid substitutions were taken
into account. The second most homologous protein was also from a pathogenic
mycobacterial specics, M. avium. This protein shared 51% identity to M. tuberculosis
DrrA and 63% simifarity. These levels of homology would suggest that the proteins
almost certainly perform a similar function in all three specics of mycobacteria. The
remainder of the top ten database hits were all proteins from various Streptomyces
species, including a number of antibiotic producing organisms. One of these hits, the S.
peucefius DrrA protein, is the only homologue which has been experimentally
characteriscd. This protein, known to energise the transmembrane efflux of thé
daunorubicin and doxorubicin antibiotics, is 42% identical to the M. tuberculosis DitA
protein. A gapped sequence alignment of the M. tuberculosis and . peucetins DitA
proteins is shown in figure 3.4. From these data it is difficult to draw firm conclusions as
to whether the sequence homology between the mycobacteriul and streptomycete proteins
is a genuine reflection of conserved function, i.e. antibiotic transport. The homology may
equally well reflect the common evolutionary roots of the streptomycetes and the
mycobacteria. It is entirely possible that the ABC transporters with which these NBD’s

are associated may have evolved different [unclions affer divergence of the two genera.

Seqguence analysis of the &3 and drrC genes

The dryB and drrC genes are 870 and 83 [bp in length respectively. Each of the open
reading frames display a positive GC-bias (drrB ~ 59%, drrC ~ 57%) that is just slightly
lower than that of the complete M. fuberculosis genome (63%). The proteins encoded by
the dr#B and dr#C genes are predicted to be 289 and 276 amino acids long. Both proteins
contain more than 50% hydrophobic amino acids (A, I, L, F, W, V) strongly suggesting
that they arc associated with the cell membrane. This observation is consistent with a

potential role for the DirB and DirC proteins as the MSD’s of an ABC
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Figure 3. 4 Sequence alignment of the S. peucetius and M. tuberculosis

DrrA proteins

S.peu DrrA (1) MNTQPTRAIETSELVEVENG--TREBVEGLDLNEPAGLY YE 1 BEENEEEK s
M.tb DrrA (1) -MRNDDMIVWNIVR]TIGKGKIV!LIDVSFKIRRlBlIlL_T

Conserved (1) A G KY V G V G LGPNGAGK

S.peu DrrA  (49) ETIRMEARELEEBGETERvFEHEETEERDTHRERE SIS YASYREGETE
M.tb DrrA  (50) EMVDIESEETREBABSHIIAEYDNVSERAGERRSEMUREOOVAVBDAESE |

Consensus (81 E L TL RPD G A G DV SEP VRR I VTGQ VD L G

S.peu DrrA  (99) TENENMMEREOEYEWARBRERABEE DGEGEGDERDEL L KENSEEMRRRL
M.tb DrrA (100) EQONENLFEREWELSKSABRKRANEELEOFSEVHAGKERVGENSGEMERA 1

Consensus (101) NLV GRL GS AR RAAEL F L A R TYSGGMRRR |

S.peu DrrA (149) BEBAsIENTEDLLEEDERRISEDERSENOVEDINRALVDASTTVEEEION
M.tb DrrA (150) BESCGLENOPOVAFREDERTEGEDRRSROATWRDLVASFKKLEIATEIRIOY

Consensus (151) DIA VvV P FLDEPTTGLDPRSR WD V G LLTTQY

S.peu DrrA (199) EDEMBOEABREAVEDNERVENEEETGEERSSLESNVLRLRLHBAQSRAEA
M.tb DrrA (200) IE-Als-IL-II-AN-HRAIDTFCEIVPRILKDLDAI

Consensus (201) L EAD L DRI IDHG IAEGT ELK

S.peu DrrA (249) ERLESAEEGVTIHRDSDETALSARIDDE---BOGMRELAELSRTHLEVRS
M.tb DrrA (250) VAAEGSLEPEHHRAMLTEDSDRITMPAEDGIBMLVEBARRIDEARIBLAD
Consensus (251) L L P P R A E

S.peu DrrA (296) FsSHGQSSEPEVEIALECHEADDRSTEEAAEEEKVA ;

M.tb DrrA (300) IAERRPSEBHVEEBBMETDETESLTHLVSGSAR---
Consensus (301) L SLD VFLA T P

The sequence alignment above shows the degree of amino acid homology between the
DrrA proteins of M. tuberculosis and Streptomyces peucetius. Conserved residues are
shown in red. The regions of highest homology include the Walker A nucleotide-binding
motif, the Walker B region and the ABC transporter signature-sequence. The overall
homology between the two proteins is 42% identical residues rising to 57% when

conservative substitutions are taken into account

101




transporter complex. The original ‘two-times-six” model of ABC transporter MSD’s
predicted that the proteins possess multiple, hydrophobic, membrane-spanning a-helices.
This model was recently confirmed by the high resolution structures of the MsbA and
BtuCD ABC transporters. In order to assess whether the DrrB and C proteins might
possess similar structural features, their scquences were submitted for analysis by the
TopPred sequence analysis program. This web-based sequence analysis server makes
predictions of membrane protein topology based upon primary amino acid sequence data
(http://bioweb.pasteur.fi/cgi-bin/seqanal/toppred.pl, von Heijne, G., 1992). The output
data for the DrB and C proteins is summariscd in figures 3.5 and 3.6. The topology
predictions for the proteins suggest that they both have six membrane spanning helical
segments. These data further support a modcl of the M. fubercuiosis DirABC transporter

in which the DB and C proteins contributce to a heterodimeric transmembrane pathway.

As described in chapter 1.2, the sequence homology between ABC transporter MSD’s is
often very limited, even when two transporters sharc a similar substrate. Despite this, a
search of the NCBI non-redundant protein sequence database was performed in order to
identify any potential homologues of the DrrB and DrrC proteins. The searches produced
a relatively small number of database hits, with two or three results being of particular
interest. The genomes of the pathogenic mycobacteria M. leprae and M. avium appear to
encode homologues of both DB and DrrC. The M. leprae proteins exhibit an
extraordinary level of sequence conservation for ABC transporter MSD’s (DB — 77%,
DrrC - 75%). The M. avium homologues have a lower, but still significant level of
homology, 42% for DrrB and 49% for DitrC. These results reflect those obtained when
the database was searched using the DrrA protein sequence. [t seems very likely that both
M. avium and M. leprae encode a DirABC transport system similar to M. tuberculosis,
the very high level of sequence homology suggesting that all thrce systems perform a
similar physiological function. Exactly what the function of the mycobacterial DitABC
systems 1s remains unclear. Hits to proteins with a characterised function were few, but,
in the case of DrtB, included the ORF2 protein of S. rockei and the DrrB protein of S,
peucetius. Both of these proteins arc known MSD components of ABC transporters
associated with antibiotic resistance (Fernandez-Moreno et af., 1998; Kaur, 1997). These
data would seem to support the hypothesis that the M, fubereulosis DirB and C genes

constitute the MSD’s of a novel antibiotic efflux ABC transporter.
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Due to the low level of sequence homology between the MSD’s of ABC transporters
conserved sequence motifs ave rare. The major exception to this nitle is the so-called
‘BEAA’ motif identitied in a subsct of substrate-binding protein dependent nutrient uptake
ABC transporters (Moure. et al., 1997). However, a second motif known as the ‘ABC-2
integral membrane protein signalure’ (PROSITE entry: PS00890), has also been
identified in a small number ot bacterial ABC transportlers associated with the export of
antibiotics and ccll wall components (Reizer ef af., 1992). Interestingly, this motit'is
present in both the DB and C proteins of M. auberculosis and in the S. peucetius DrrB
protein. The motif itself is somewhat extended and has a high degree of degeneracy
throughout, the only absolutely conserved residue being a proline ten resicues from the
C-terminal end. In the M. ruberculosis DirB protein the ABC-2 motif spans residues 203
to 239 inclusive, with the conserved proline at position 230. In the case of DrrC, the motif
extends from residues 181 to 220 and the conserved proline occurs at position 211. The
presence of this motif in DrrB and C is further evidence the DrrABC system is an efflux-

type ABC transporter.
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Figure 3.5

Candidate membrane-spanning segments: 6 segments found
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TopPred sequence analysis of M. tuberculosis DrrB
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MSGPAIDASP
APSLLNGEVL
GVASNLGQYI
RFQSMPMAPL
RFHRGALYIV
LPLLSLPILI
VAALRALAGD

STIVLARRP

ALTFNQSSAS
TTVGAPIIFM
TPLVTLQAVS
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GFCLLVIAIG
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VGFYIPFAIP
FAAIGSGFRA
VDRCFTGLVI
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LKLFPHWIHP

PVMAPTLTWL

104

OMWVLYRRFA
WNQFVGGASS
ATDSLLGVNR
SLVCGYVIGF
GTVTRNPDAM
FVRNQPISQF

FAFVVILALS

(40)

(80)

(120)
(160)
(200)
(240)
(280)

(289)



Figure 3. 6

TopPred sequence analysis of M. tuberculosis DrrC

Candidate membrane-spanning segments: 6 segments found
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Primary sequence of DrrC — putative transmembrane helices shown in red
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MITTTSQEIE LAPTRLPGSQ NAARLFVAQT LLQTNRLLTR (40)
WARDYITVIG AIVLPILFMV VLNIVLGNLA YVVTHDSGLY (80)
SIVPLIALGA AITGSTFVAI DLMRERSFGL LARLWVLPVH (120)
RASGLISRIL ANAIRTLVTT LVMLGTGVVL GFRFRQGLIP (160)
SIMWISVPVI LGIAIAAMVT TVALYTAQTV VVEGVELVQA (200)
IAIFFSTGLV PLNSYPGWIQ PFVAHQPVSY AIAAMRGFAM (240)
GGPVLSPMIG MLVWTAGICV VCAVPLAIGY RRASTH (276)
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3.3 Sub-cloning of the M. fuberculosis drr genes

With a significant amount of sequence data supporting the hypothesis that the cloned drr
genes do indeed encode a novel efflux ABC transporter, the next stage ot the
investigation involves analysing the biochemical properties of the proteins themselves.
M. tuberculosis is a particularly slow growing organism and, due to its pathogenicity,
requires special facilities for its growth and handling. These features make working with
live M. tuberculosis particularly undesirable. As such, it was decided that a biochemical
study of the DirA, B, and C proteins would require their expression in a heterologous
host. E. coli was selected as the heterologous host since it has been used to successfully
overexpress an enormous number of proteins from biologically diverse species. In
addition, genetic systems for the expression of heterologous protein in E. coli arc well

developed and characterized.

Myriad different plasmid based expression systems are available for use with E.coli. The
commercially available plT-series plasmids (Novagen) were chosen for the expression of
the drrA, B and C genes since these vectors possess a number of highly desirable
features. Firstly, the transcription of the heterclogous gene is under the control of the very
strong bacteriophage T7 promotor. Since . coli RNA polyinerase does not interact with
this promoter, background or ‘leaky’ expression of the target protein is minimized in the
uninduced state. The transcription of the heterologous gene is achieved by transforming
the expression construct into a host cell that possesses a chromosomal copy of the T7
RNA polymerase, itself under control of the JacUV5 promotor, The expression of the T7
RNA polymerase is induced by the addition of IPTG to a log phase culture. This in turn
results in massive transcription of the target gene sequence. The manufacturers suggest
that virtually all of the cell’s resources become involved in expression of the heterologous
protein and that it may constitute up to 50% of the total cell protein after just a few hours
(pET System Manual, ninth edition, Novagen). In addition to the tightly controlled and
high level of expression achieved through use of the pET plasmids, the vectors also
encode one or more ‘His-Tag’ sequences. This is a sequence of six consecutive histidine
residues placed at either the N- or C-terminus of the recombinant protein. The Tisg
sequence acts as both an epitope-tag, enabling the expression of the recombinant protein
to be monitored by immunogenic means, and an affinity purification tag. The six
consecutive histidine residues bind strongly to certain divalent cations, particularly Ni**,

enabling efficient purification of the recombinant protein using ‘immobilised metal
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alfinity chromatography’ (IMAC). Detection and purilication of the recombinant Drr

proteins will be discussed in greater detail in following chapters.

The basic sub-cloning strategy used for all of the cloned drr sequences is iliustrated in
figure 3.7, and the techniques involved are described in chapter 2. Unigue restriction
enzyme sites incorporated into the 5* and 3’ ends of the drr genes during the initial PCR
reaction enabled the genes to be precisely and selectively excised from the pGEM-T Easy
constructs using Ndel and HindlIL Isolated dr gene fragments were then purified from
vector DNA by agarose gel electrophoresis and isolated by gel extraction (figure 3.8a).
The non-recombinant pET vector, with unique Ndel and AHindIIl sites forming part of the
multiple cloning site (MCS), was treated in an identical fashion. After digestion, the ends
of the linearised plasmid have non-complimentary, single-stranded overhangs which
prevent the vector ends from ligating to themselves. However, incomplete digestion of
the vector is difficult to detect. In order to reduce the chances of vector sclf-ligation, the
isolated vector DNA was treated with shirimp alkaline phosphatase. The
dephosphorylated vector DNA was then purified by electrophoresis and gel extraction
(see higure 3.84a).

The two isolated DNA fragments, possessing complimentary 5” and 3’ single strandcd
overhangs, were ligated together using T4 DNA ligase. Recombinant expression vectors
gencrated in this way were recovered by transforming the ligation mixture into high
elficiency NovaBlue cells. Transformants were selected on the basis of vector encoded
antibiotic resistance. Recombinant expression plasmids were isolated by mini-prep and
checked for the presence of the ingerted drr gene by restriction digest (sec figure 3.8b).
Four recombinant expression vectors were generated by these reactions, one for each of
the amplificd drr sequences. They were termed pDrrA, pDrB, pDrrC and pDrrABC. The

details of each of these plasmid constructs are described in subsequent chapters.
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Figure 3.7 Generalised sub-cloning strategy

2 drr amplicon
Ndel HindIIl

Ndel
Recombinant pET-ser.ies ¥
| pGEM-T Easy expression MCS
| plasmid plasmid
HindIIl

Restriction digest and gel extraction Restriction digest and gel extraction
to isolate cloned drr gene to isolate pET plasmid DNA

Ligation of
cohesive ends
- T4 DNA ligase

pT7

S

Recombinant pET plasmid
with drr gene expression under
the control of the T7 promotor.
Inserted sequence is fused to
Hisg purification tag

Recombinant pET
expression construct

Hisg
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Figure 3. 8a Gel purification of linearised pET-33b and drrABC insert after
restriction digestion with Ndel and HindIll

Linearised pET-33b vector
DNA digested with Ndel
and HindIII (5.5Kb)

2.7Kb drrABC operon
fragment excised from
pGEM vector

The fragments shown above were ligated together using T4 DNA ligase and the mixture
was transformed into competent E. coli NovaBlue. Recombinant clones were isolated and

checked for the presence of the inserted fragment by restriction enzyme analysis (see

below).
Figure 3.8b Restriction analysis of recombinant pET expression plasmids
pDrrA pDrrABC
pET-33b —
pET-21a (5.5Kb) —»
(5.5Kb)
Inserted drr ——»
operon
Inserted (2.7Kb)
drrA gene
(1Kb)

Ndel/Hindlll double digests above were performed in a total volume of 20ul using 10U

of each enzyme. Digests were incubated at 37 °C for 1hour.
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3.4 Discussion

With tuberculosis still a major threat to global public health, the completion of the M.
tuberculosis genome sequence represents a major step forward in our understanding of
the biology of this organism. Unsurprisingly, given the almost ubiquitous distribution of
thesc systems in nature, the M. tuberculosis genome appeass to encode a significant
number of ATP-binding cassette transporters. The active transmembrane eftlux of
chemotherapeutic agents is a known contributor to the growing levels of drug resistance
observed amongst pathogenic microorgamisms and human cancer cells. Whilst active
efflux of drugs by ABC transporters has yet to be demonstrated as a clinically relevant in
the treatment of mycobacterial disease, the presence of such systems in the M.

tuberculosis genome is an indication that this may yet prove to be the case.

Analysis of the M. fuberculosis genome reveals the presence of three genes, drrA, B, and
C, that bear many of the characteristics of known efflux ABC transporters. The three
genes are arranged in an operon structure in which the stop codon of drrA overlaps the
start codon of drrB, and the stop codon of drrB overlaps the start codon of drrC. This
feature of the operon, known as transcriptional-linkage, is common amongst bacterial
systems in which the protein products of the linked genes are functionally related. The
current models of bacterial ABC transporters comprise a minimum of four protein
domains, two nucleotide-binding domains which energise the transport process, and two
membrane spanning regions that comprise the translocation pathway. We propose a
model of the M. tuberculosis DirABC transporter in which two copies of the DrrA,
protein function as NBD’s, whilst the drrB and C genes encode the membrane-spanning
translocation pathway. A similar organisation of genes and proteins, in which just three
genes encode all four fimetional domains of'an ABC transporter complex, has been
demonstrated for a number of systems including the MalFGK; maltose permease of £.

coli and the HisQMP; histidine permease of Salmonella typhimurium,

In support of this model of DrrABC, and indeed its role as an ABC transporter, are a
number of protein sequence motifs encoded by the genes. Firstly, the DrrA protein
features the Walker A and B sequences common in a wide variety of nucleotide-binding
proteins. Perhaps more importantly, DrrA also exhibits the characteristic ABC transporter
signature sequence, a protein mofif unique to the nucleotide-binding domains of ARBC

lransporters. ‘The drrB and C genes on the other hand appear to encode highly
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hydrophobic proteins, each of which possesses a possiblic six membranc-spanning o-
helical segments. These fealures are consistent with the ability of DrrB and C to
intercalate into the cell membrane and form a trans-bilaycr protein complex. Additionally
both the DB and C proteins contain one of the few conserved protein motifs yet
identified amengst the MSD’s of ABC transporters, the so-called ABC-2 signature

SEQUENCC,

In an effort 1o identify functional homologues of M, twberculosis DrrABC, databasc
searches revealed the presence of highly similar systems in the genomes of both
Mycobacterium leprae and Mycobacterium avium. The presence of drirABC genes in
these pathogenic mycobacterial species suggests that this transporter plays a vital and
conserved role in the biology of all three organisms. Sequence homologues of DirA, B
and C are rare outside of the mycobacteria, the most similar proteins being found
amongs! various species ot Strepromyces. Whilst the exact function of the streptomycete
homologues has yet to be unambiguously demonsiraled 1in most cases, many are
implicated in the role of antibiotic and secondary metabolite export. This further raises
the possibility that the M. tuberculosis genome has retained antibiotic transport
capabilitics that were present in ancestral actinomycetes. Amongst the sequence
homologues with known function are the Streptomyces peucetins DirA and B proteins,
These are the NBD and MSD components respectively of an ABC transporter responsible
for the efflux of the antibiotics daunorubicin and doxorubicin from the organism which
praduces them. Whilst the 8. peucetius DirAB system is cncoded by just two genes, and
is believed to function as a DirA;B; tetramer (Kaur and Russell, 1998), the homology
between the two systems is enough to at least suggest a conserved function. In particular,
the §. peucetius Drr3 protein, in common with the M. tuberculosis DreB and C proteins

contains the ABC-2 signature motil,

Perhaps the greatest insight into the function of the M. tuberculosis DrrABC system
comes from examination of its location within the genome, and additionally from gene
knockout experiments. The 57 end of the drrA gene is [ound just 11bp downstrcam of a
very large biosynthetic system, the ppsABCDE operon. This cluster of genes occupies
almost 50Kb, making it one of the largest operons in the entire M. tuberculosis genome.
The pps genes encode the components of a modular (type I) polvketide synthase that is

involved in the biosynthesis of the molecules phenolphthiocerol and phthiocerol. Thesce
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two diol molecules are found at the exterior face of the mycobactcrial cell wall esterified
to mycoserosic acid (Azad et al., 1997). The very short distance betweeun the ppsABCIIE
operon and the drrABC operon, and the absence of any obvious intervening promotcr
sequence to drive the transcription of the drrABC genes, suggests that the two gene
clusters may be ranscribed in a single polycistronic mRNA. The cluslering together of
biosynthetic and transport functions has been obscrved in other bacterial species,
particularly in the biosynthesis and export of cell wall components, One well
characterised example of this type genetic linkage is the kps gene cluster of E. coli that
encodes both the synthesis of polysialic acid, and an ABC transporter for its export to the
cell surface (Rigg ez al., 1998). A role for the DrrB and C proteins in the export of cell
wall components is supported by the presence of the ABC-2 motif. This sequence is
primarily found in the integral membranc components of ABC transporters associated
with the export of capsular polysaccharides and cell surface O-antigens (see PROSIE
entry: PS00890).

Random transposon mutagenesis experiments aimed at identifying important virutence:
gene clusters in the M. tuberculosis genome implicated the region containing the drrABC
and ppsABCDE operons as an important mediator of in vive pathogenicity. Knockouts in
the pps promoter region and also in the drrC gene itself were shown to markedly reduce
the growth and viability of the organism in a mouse model of pulmonary tuberculosis
(Camacho et al., 1999, Cox ef al., 1999). The knockouts in the pps promoter region were
shown to reduce the synthesis of the phthiocerol esters that arc found in the cell wall,
suggesting that these complex lipids may be important virulence factors. It should be
noted that knockouts in a number of other genes found in this region of the genome also
resulted in attenuated virulence. This data suggests that the synthesis and export of
phthiocerol esters is a complex process involving a large number of proteins, any of

which may, in the (uture, represent useful targets for drug intervention.

The fact that the DrrABC transporter may play a physiological rolc in the export of
complex lipid species to the mycobacterial cell wall does not prectude the possibility that
the transporter has a dual function. For exampie, much evidence suggests that the primary
function of the human MDR1 gene product, P-glycoprotein, is as a phosphelipid flipase
controlling the asymimetric distribution of phospholipids in the cell plasma membranc

{Romsicki and Sharom, 2001). As well as its primary function, this ABC transporter is an

112




important mediator of multidrug resistance because of its ability to excrete a wide variety
of structurally diverse, amphipathic molecules. Included amongst the substrates of P~

glycoprotein are the imporlant anti-cancer agents doxorubicin and daunorubicin. As such,
the DrrABC transporter of M. tubercitlosis may prove be of use as a prokaryotic model of

the dual function ABC transporters that cause failure of cancer chemotherapy in humans.

This chapter reports the successtul cloning of the M. fuberculosis drrABC genes, an
analysis of their potential function, and finally their transfer into vectors suitable for
overexpresion of the proteins in a heterologous host. Fxpression and purification of large
guantitics of these proteins are necessary in order to further our understanding of the
biochemical, structural and physiological properties of ABC transporters in general and

the function of the M. tuberculosis DitABC system in particular.
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Chapter 4
Heterologous expression of the DrrA, B and C proieius using pT7 based plasmids

Bioinformatic methoeds have proven to be of great use in identifying potential members of
the ABC transporter superfamily and in the assignment of putasive functions. Despite
this, a more complete understanding of ABC transporters at a biochemical and structural
level requires the expression and purification of the proteins concerned. Such studies
take on an added importuance when particular ABC transporters are implicated in
clinically and biologically significant processes such as drug resistance, microbial
pathogenesis, and virulence. Since the completion of the M. rubercuiosis genome
sequence very little functional research has emerged regarding the role of ABC
transporters in the biology of this pathogen. Two notable exceptions include partial
characterisation of ABC transporters involved in phosphate and sulphur acquisition
(Sarin ef al., 2001; Wooit et al., 2002).

The potential importance of the DirABC transporter as a mediator of virulence and/or
antibiotic resistance marks it out as a system worthy of further study given the wrgent
medical requirement for new anti-tubercular agents and drug targets. This chapter reports
a series of experiments in which recombinant expression was used as a tool to express
and purify the individual proteins of the M. ruberculosis DrrABC transporter using the
heterologous host E. coli. Results of these experiments were contrasting, and in many
respects mirrored the results of other groups in their efforts to overcxpress the
components of ABC transporter complexes. The presuined ATP-binding protein, DrrA,
was expressed at very high levels in £, cofi, but unfortunatcly the vast majority of the
protein produced was in the form of biologically inactive aggregates known as inclusion
bodies. In contrast, successful over-expression of the membrane associated components
of the transporter, DrrB and DrrC, proved difficult to establish and maintain. These latter
results reflect the continuing difficulties assoctated with over-expression of membrane-
bound proteins, a process which has long been a bottle-neck in research aimed at
increasing our understanding of transmembrane transport. These resulls, and the
problems encountered, are analysed in the wider context of ABC transporter research in

general in the discussion section at the end of this chapter.
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4.1 Propertics of the pDrrA expression plasmid

The pDrrA expression plasmid was generated by sub-cloning a fragment of pGEM/drrA,
containing the M. tuberculosis drrA gene bounded by Ndel and HindlIIl restriction sites,
into the MCS of a pET-2 la expression plasmid. This resulted in the generation of a
1032bp open reading frame in which the native drrA gene (lacking the 5° termination
codon) is fused to a short 57 sequence encoding a His-Tag. The 3” ATG start codon of the
drrA gene is located downstream of a bacteriophage T7 promoter, a lac operator
sequence and an optimised F. coli ribosome binding site. These elements together ensure
maximal repression of protein expression in the uninduced state, whilst driving high
levels of transeription when the plasmid is transformed into a suitable host strain and
induced with IPTG. A schematic representation of the pDrrA expression plasmid is

shown in figure 4.1.

The drrA open reading frame encodes a 344 amino acid fusion protein with a predicted
molecular weight of 37.4 KDa. The vector encoded N-tferminal region of the protein adds
an additional 13 amino acids to the native DrrA sequence, the last six residucs
constituting the Hisg-1ag. ‘T'he protein encoded by this open reading frame is

sﬁhsequently referred to as DrtA-Hisg,

4,2 Recombinant expression of DxrA-Hisg

Simail-scale expression trials were initiated in order to test for expression of the
recombinant DrrA protein. The pDirA expression construct was first transformed in to
the manufacturer’s recommended host strain, E. co/i BL21(DE3). Certain features of the
BL21(DE3) strain make it ideal for the expression of recombinant proteins from pET-
based expression plasmids. Firstly, the strain lacks two major cellular proteases, Lon and
OmpT, which may otherwise interfere with the expression and purification of intact, full-
length, recombinant protein. Secondly, the DE3 lysogen, stably incorporated into the £.
coli chromosome, encodes an IPTG inducible bacteriophage T7 RNA. polymerase. It is
induction of this T7 RNA polymerase that ultimately drives (ranscription of the
recombinant gene sequence. Freshly transformed BL21(DE3) cells were selected on the
basis of carbenicillin resistance {vector encoded) and used to prepare 5ml starter cultures

for expression trials. A similar culture of BL21(DE3) cells, transformed with the non-
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Figure 4.1 Key features of the cloning and expression region of pDrrA

Ndel site including
drrA initiation codon

Lacl repressor bound CATATG - - -
to operator region

Optimised E. coli

Hindlll site, end of
native drrA gene
- - - AAGCTT

Stop codon
TGA

Vector encoded

Bacteriophage T7 E. coli lac ribosome binding M. tuberculosis drrA N-terminal region
Promotor operator Site geAe and His-Tag
AAGGAG

Additional vector encoded features include: -

Transcriptional start immediately after T7 promotor

Constitutively expressed bla gene — ampicillin/carbenicillin resistance marker
Bacteriophage T7 transcriptional terminator downstream of His-Tag sequence

Constitutively expressed lacl gene — maximal repression in uninduced state

13 amino acid extension
to native DrTA
- - -KLAAALEHHHHHH




recombinant pET-2a plasmid, was grown in order to provide an expression negative
control. Trials were started by diluting 1ml ¢f each overnight starter culture into 50ml of
1.B medium containing {resh seiection antibiotic. Cells were grown at 37°C with rotary
shaking until the cultures reached an O.D.gy 01 0.6. At this point, 1ml samples of each
culture were withdrawn as zero time-point controls. Immediately afterward, cxpression of
recombinant DrrA was induced by the addition of ImM IPTG to each culture. 1ml
samples were withdrawn from the two cultures at { hour intervals, up to three hours, and
the cells harvested by centrifugation. Each sample was prepared for analysis by SDS-

PAGE. Figure 4.2 illustrates the SDS-PAGE rcsults tor one of the first expression trials.

Cells carrying the pDrrA plasmid appear to accumulate a protein of approximately 40kDa
over the course of the experiment that is not expressed in the control culture. This protein
is found in neither of the cultures prior to induction and appears only in rcsponse to the
addition of IPT'G. Taking into account experimental limits, the accumulated protein is
well within the size range of that expected for recombinant DrrA-Hisg (37.4 kDa).
Considered togcther, these results make a strong case for the apparent 40kDa protein

being DrrA-Hisg.

4.3 ‘Western blot identification of PrrA-Hisg

In order to further test the hypothesis that the candidate 40kDa was indeed DrrA-}iss, use
was made of the immunogenic nature of the His-Tag epilope to perform a Westemn blot.
The same samples from induced pDrrA bearing cultures shown in figure 4.2 were
separated by SDS-PAGE, transferred to a PVDF mcembrane by electroblotting and then
probed using a mouse monoclonal primary antibody raised against the His-Tag epitope.
The blot was developed using an cnzyme conjugated secondary antibody in conjunction
with a chemiluminescent subsirate following the manufacturer’s recommended protocol
(BioRad Jmmune-Star Chemiluminescent Detection Kit, sce chapter 2). The results of
this Western blot are shown in figure 4.3 and clearly indicate that the 40kDa candidate
protein reacts strongly with the anti-Hiss monoclonal antibody. Moreover, the reaction
seems to be highly speeific and docs not reveal the presence of any further candidate
proteins. Taken in conjunction with the expression profile of this protein, and its absence
from control cultures, these resuits strongly indicate the successtul over-expression of a

recombinant form of the M. fuberculosis DrrA protein.
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Figure 4. 2 Expression time course of DrrA-Hisg in E. coli BL21(DE3)
analysed by SDS-PAGE

Time after induction (hours)

| < 30

pET-21a pDrrA

Control (pET-21a) and experimental (pDrrA) cultures were induced with 1mM IPTG and
samples withdrawn at the time points indicated. Amount of protein in each lane was
normalized using O.D.g of the culture at the time each sample was taken. A candidate
DrrA-Hisg protein can be seen accumulating over time in the experimental culture. The
same protein is absent in the control cells transformed with non-recombinant pET-21a
plasmid. Molecular weight markers (right hand lane, MW) show the candidate protein to
be approximately 40 kDa in size, similar in size to that predicted for the recombinant
DrrA-Hisg protein (37.4 kDa).
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Figure 4.3 Anti-Hiss Western blot to confirm expression of the

recombinant DrrA protein

Time after induction (hours)

0 1 2 3 M.W. (kDa)

DrrA-Hisg —» |

f<+— 30

The Western blot above illustrates the strong reaction between an anti-Hisg monoclonal
antibody and an approximately 40 kDa protein that accumulates after induction of
expression cultures bearing the pDrrA plasmid. The same reaction is not observed prior
to induction (lane 0), nor is it observed in negative control cultures (data not shown).
These data serve as a positive identification of the accumulated protein as recombinant

M. tuberculosis DrrA.
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4. 4 Sub-cellular fractionation of cells expressing DrrA-Hisg

In a number of instances the overexpression of ABC transporter NBD’s, in the absence of
their associated MSD’s, has caused large amounts of the NBD to accumulate as & soluble
cytosolic protein (e.g. HisP, Nikaido et af., 1997; ArsA, IIsu and Roscn, 1989). This
effect is particularly desirable since it enables efficient purification of the protein for
further biochemical and stractural studies, In order to determine the sub-cellular
localisation of recombinant DirA-Hisg, cells expressing the protein were lysed by
mechanical disruption and fractionated by differential centrifugation (see Chapter 2). An
initial low-speed centrifugation step (16,000 rpm; Beckman JA-21 rotor) was used to
pellet dense materials, such as cell wall fragments and large insoluble proteins, whilst
retaining cytosolic proteins and membrane vesicles in the supernatant. These two initial
‘crude’ fractions were then analysed for protein content by dissolving in SDS-PAGE
sample buffer and subsequent electrophoresis. The results of the initial analysis are
shown in figure 4.4, SDS-PAGE of the two fractions indicated that the vast majority of
the overcxpressed DrrA-Hisg protein sedimented during the low-speed centrifugation
phase, whilst 2 much smaller amount may be present in either the cytosolic fraction or
associated with membrane vesicles. This suggested that the recombinant Drr-Hise protein
was aggregating into high molecular weight complexes during expression. The formation
of such complexcs, often described as inclusion bodies, is not uncommon when
attempting to express large quantities of a recombinant protein using strong promoters
and multi-copy plasmid vectors. Inclusion bodies are thought to form when the host cell’s
capacity for correctly folding proteins is overwhelmed by the very large amounts of
recombinant protein being synthesised. The incorrectly folded proteins ravely retain any
biclogical function and are therefore of little use in biochemical studies. Inclusion body
formation has been observed during atfcnipts to express a number of ABC transporter

NBD’s, e.g. the S, fyphimurium MalK protein (Walter ef af., 1992),

Despite the fact that the majority of the DirA-Hisg was found to be present as inclusion
bodies, the SDS-PAGE analysis showed that a small amount of the protein expressed
may have survived in a soluble, or possibly membrane associated form (figure 4.4., left
arrow). This phenomenon has been observed previously, and, through further
manipulation of the expression conditions, has allowed uscful quantities of soluble

protein to be expressed and purified.
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Figure 4.4 Preliminary fractionation of BL21(DE3) cells to determine sub-

cellular localisation of DrrA-Hisg

CS I

CS = Crude Soluble

Fraction

I = Insoluble Fraction

Possible

<4—— DrrA-His
DrrA-Hisg 3

(40 kDa)

Figure 4.4 illustrates an SDS-PAGE analysis of protein fractions derived from
BL21(DE3) cells harboring the pDrrA expression plasmid. Lane CS shows proteins
present in a crude cytosolic extract (including membrane fragments), whilst Lane I shows
the proteins present in the ‘insoluble fraction’. The two fractions are derived from the
supernatant and pellet fractions, respectively, following low-speed centrifugation of
disrupted cells. DrrA-Hisg is seen to accumulate primarily in the insoluble fraction where
it accounts for greater than 90% of the total protein present. This is a strong indication
that the protein has formed inclusion bodies. The arrow to the left of the figure indicates
the position of a small amount of DrrA-Hise that has potentially remained soluble in the

cytosol or is associated with membrane vesicles.
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Since these initial results were the product of low-speed fractionation experiments, the
possibility existed that any DrrA-Hisg observed in the crude soluble fraction might be an
experimental artefact caused by cross-contamination of the fractions. In order to further
assess this possibility, and morc accurately determine the sub-cellular localisation of

DrrA-Tliss, a second round of fractionation experiments were performed.

Disrupted cells were first subjected to two rounds of low-speed fractionation in order to
reduce the possibility of insoluble proteins mixing with the crude soluble extract. The
soluble extract was then further fractionated mto cytosolic and membranous components
by high-speed ultracentrifugation (100,000 x g, 1 hour). This technique generated three
protein tractions; insoluble, cytosolic and membrane associated. A sample of each was
dissolved in SDS-PAGE sample buffer and analysed by cleetrophoresis. A Coomassie
blue stain of the SDS-PAGE gel once again showed the presence of large amounts of the
DrrA-Hisg protein in the insoluble fraction. Strong bands corresponding to DrrA-Hisg
were observed in neither the cytosolic nor membrane associated protein fractions (data
not shown). This suggcested that expression of scluble DirA-Hisg was either very low, and
consequently masked by the protein background, or that a soluble form of the protein was
not expressed at all. As a further stage in the analysis, a Western blot of cach fraction was
performed using an anti-Hiss monoclonal antibody to detect the presence of DrrA-His.
Since immuno-affinity detection techniques are significantly more sensitive and selective
than simple protein staining, it was hoped that a Western blot might succeed in detecting
even very low levels of soluble DrrA-His, expression. The results of the Western blot are
shown in figure 4.5. The results confirm ihat DrrA-Flisg expressed under these conditions
accumulates almost exclusively in the insoluble fraction. Interestingly, absolutely no
reactive protein was detecled in the cytosolic fraction, whilst a small amount was found
to be associated with the membranes. Since the experiments werc performed in such a
way as to minimise cross contamination of fractions, the presence of small amounts of
DrrA-Hise associated with the membrane was considered a genuine possibility despite the
predicted hydrophilic nature of the protein. In fact, Kaur noticed a similar phenomenon
when examining the sub-cellutar localisation of the S. peucetius DrrA protein over-
expressed in £. coli. Whilst those experiments yiclded a significant amount of soluble,
cytosolic DrrA, as much as 60% of the total DirA protein was found associated with the

membrane (Kaur, 1997). Together these results suggest that the DrrA proteins retain
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Figure 4.5 Western blot of protein fractions from BL21(DE3)/pDrrA cells

expressing DrrA-Hisg

I = Insoluble fraction

C = Cytosolic fraction

M = Membrane fraction

. «—— DrrA-Hisg

Western blot of the three primary sub-cellular fractions generated by differential

centrifugation (probed using an anti-Hiss monoclonal antibody). The overwhelming

majority DrrA-Hise was detected in the insoluble fraction (lane I), whilst a small amount

could be detected in the membrane associated protein fraction (lane M). The experiment

indicates that, under the conditions used, expression of soluble DrrA-Hiss cannot be

detected, even by very sensitive techniques.
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some degree of hydrophobicily, a feature which may contribute to the association of the
NBD with membrane embedded, hydrophobic MSD’s.

4.5 Modulation of DrrA-Hisg expression conditions to improve yield

The above experiments showed that, under standard conditions for growth and induction
of E. coli expression cultures, insignifican{ quantitics of soluble DrrA-Hise were
produced. Since the ultimate aim of the expression experiments was the generation of
stable, soluble, active DrrA-Fis; suitable for biochemical and structural studies, a series
of cxpression trials were performed under different conditions aimed at increasing (he

yield of soluble prolein.

The documentation supplied with the pET series vectors suggested a number of routcs
that might lead to increased yield of soluble protein (piT System Manual, Ninth Edition,
Novagen). The methods described include lowering the temperature at which expression
cultures are grown and induced, and also lowering the concentration of inducer (IPTG)
added to the expression cultures. Both of these methods are thought to slow down the rate
at which the heterologous protein is synthesised, thereby allowing the protein to fold

correctly and assumc a stable, globular conformation.

Initial trial cultures had been grown at 37 °C, induced with 1mM IPTG and grown over
time periods of 3 hours. Optimisation experiments were performed at lowered growth
temperatures of 30 °C (6 hours) and 20 °C (overmight). Reduced IPTG concentrations of
300uM and 50uM were also tested. Whilst some improvement of soluble DirA-Hisg yield
was observed, particularly when the expression cultures were grown at low tempceraturc
(20 °C) and induced overnight, yields did not improve to the point that even large-scale
expression experiments might provide suitable quantities of the soluble protein (data not
shown). Given the failure of these techniques to provide the basic material required for

further studies, an allernative route of investigalion was pursued.

4.6 Purification of DrrA-Hiss under denaturing conditions

Despite the inactive nature of proteins isolaled rom inclusion bodies, their formation
does give rise to certain advantages. Firstly, inclusion bodies represent a very
concentrated and relatively pure form of the expressed protein (sce figures 4.4 and 4.5).

Secondly, proteins sequestered in inclusion bodies are largely protected from degradation
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and proteolytic attack, and thirdly, inclusion bodies are easily isolated from cultures in
large quantities by low-speed differential centrifugation. Techniques for solubilisation of
inclusion bodies, and strategies for refolding the protein into an active conformation,
have advanced significantly over the last decade and have been successfully employed in
a number of instances. Perhaps the best example in the context of this work is the
successful application of refolding techniques in the isolation of soluble, active MalK, the

NBD component of the S. typhimurium maltose ABC-transporter (Walter ez al., 1992).

The inclusion bodics isolated from DrrA-Hisg expression cultures appeared to contain
greater than 90% of the target protein, with relatively few contaminating proteins (sec
figure 4.4). However, since the conformation of the His-Tag sequence is not an important
factor in determining its affinity for Ni*" affinity resins, an initial purification step
performed under denaturing conditions was tested as a means of further enhancing the
purity of the initial inclusion body preparation. Inclusion bodies were prepared by
growing a 1L culture of BL2 L{(DE3)/pDrrA cells at 37 °C for 3 hours after induction
with lmM IPTG. Cells were harvested by centrifugation and resuspended in 50ml of
disruption buffer (50mM Tris-HCI, 300mM NaCl, 10% glycerol; ptl 8.0). The ¢clls were
then lysed by a single rovnd of mechanical disruption. Inclusion bodies were recovered
[rom the pellet following low-speed centrifugation of the ciude lysate (16,000rpm;
Beckman JA-21 rotor). Typical yields of DrrA-Hisg inclusion bodies were in the range of
100-300mg per litre of culture.

Inclusion body solubilisation requires the use of strong denaturants to completely
separate and unfold the aggregated protein. Reagents employed for this purpose include
buffered solutions of either 6M guanidine-HC] or 8M urea. In these experiments a
solution of 8M urea in 50mM Tris-HC, 300mM NaCl (pH 8.0) was uset as the
denaturant. 50mg of inclusion body pellet was solubilised in 10ml of this buffer by
stirring at room temperature for | hour. A further round of centrifugation at 16,000rpm
removed material that remained insoluble. The inclusion body solution was then mixed
with lml of IMAC Ni*" affinity resin (Ni-NTA, Qiagen) and agitated gently for 1 hour at
room temperature in order for the Hisg-tagged protein to bind to the resin. The solution
was then loaded into 2 0.8cm diameter gravity fed chromatography column and the resin

allowed to settle. The flow-through solution was collected for further analysis.
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Figure 4. 6 Purification of denatured DrrA-Hiss by IMAC column
chromatography

FT W1 W2 W3 W4 W5 W6 2

DrrA-Hisg (240 kDa)
FT = Column flow-through Base Buffer (pH 8.0)
W1+ W2 = 20mM imidazole washes 50mM  Tris-HCI
W3 + W4 = 30mM imidazole washes 300mM NaCl
W5+W6 = 40mM imidazole washes 8M Urea
El + E2 = 300mM imidazole elutions

A Coomassie blue stained SDS-PAGE gel showing various stages in the purification of
DrrA-Hisg by IMAC chromatography. The source material used was DrrA-Hisg inclusion
bodies, and the entire purification procedure was performed under denaturing conditions
(8M urea). Lane FT clearly shows that a large quantity of solubilised DrrA-Hiss did not
bind to the IMAC resin, possibly as a result of saturation. Lanes W1-W6 show the
removal of background contaminants under a stepped imidazole gradient. The final two
lanes show the elution of DrrA-Hise from the resin using a buffer containing 300mM
imidazole. The two elutions contained highly purified, denatured DrrA-Hisg.
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The resin was washed with 10ml of the initial solubilisation buffer in order to remove any
unbound protein. Extensive washing was performed at this and subsequent stages since
the amount of protein loaded onto the resin (hominally 50mg) fuar exceeds the known
binding capacity of 1ml of Ni-NTA resin (=1 0mg/ml). The resin was washed a further 3
times using 10ml of buffers supplemented with 20mM, 30mM, and 40mM imidazole.
These washes were aimed at removing non-specifically bound background proteins and
loosely bound aggregates. At all stages of the washing procedure Sml fractions were
collected for analysis. Finally, specifically bound, denatured DrrA-Hisg was cluted [rom
the column using 10ml of solubilisation bulter supplemented with 300mM imidazole.
The eluate was collected in two fractions of 3ml each. At the end of the procedure all

fractions collected were analysed for protein content by SDS-PAGE.

The results of the denaturing purification are 1llustrated in figure 4.6, The
chromatography procedure was essentially successful, yielding a highly purified solution
of denatured DrrA-Hisg ideal for usc in subsequent refolding experiments. However, as
can be judged from the SDS-PAGE analysis, significant losses in yicld occurred, and
only a small proportion of the starting material was recovered in the tinal elutions. The
yield losses incurred were almost certainly due to the limited binding capacity of the

small resin volume used.

4.7 DrrA-Hisg refolding experiments — Part I - IMAC

The demonstration that inclusion body-derived DitA-Hisg was able (o bind (o the IMAC
resin in a denatured form was the starting point for the first sct of refolding experiments
undertaken. Most forms of protein refolding require a reduction in the concentration of
denaturant, allowing time for individual protein molecules to adopt a number of
intermediate conformations before reaching their final, flly folded state. However, many
of the intermediate protein conformations are likely to be unstable, Interactions between
these unstable folding intermediates can lead to protein aggregation and/or eventual
precipitation. Physical separation of the molecules, for example by immobilising them on
an IMAC resin, is thought to reduce the possibility of unfavourable protein-protein
interactions occurring during the refolding process. This technigue was used successfully
during the early MalK refolding experiments, albeit using a different method of
immobilisation (Walter ef @, 1992), and has even been applied to the refolding of

membrane proteins (Rogl e al., 1998).
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Urea solubilised DrrA-Hise inclusion bodies were prepared for refolding as described in
section 4.5 with the exception of two changes. Firstly, the solubilisation process and all
subsequent steps were performed at 4 °C rather than at room temperature in order to
reduce the possibility of protein hydrolysis or damage. Secondly, the NaCl concentration
in all butfers was raiscd from 300mM to 0.5M. The increase in ionic strength of the
buffer was designed to reduce non-specific protein-protein interactions during refolding,
particularty as the urea concentration was reduced. A batch binding procedure was once
again uscd to immobilise the solubilised D1'1'A»I--fi35, this {ime onto a somewhat larger
volume of resin (4ml) in order to improve yields. After 1 hour of binding at 4 °C the
IMAC resin was loaded into a chromatography column and the resin allowed to pack

under gravity flow.

The refolding procedure began by washing unbound protein out of the resin using 20ml
of solubilisation buffer. Subsequent stages involved washing the resin in 16 separaic 5l
aliquots of buffer, the urea concentration in each buffer being reduced by 0.5M each time
(from 8 to OM), The aim was to generate a stepped gradient that gradually reduced the
urca concentration to zero whilst allowing the immobilised protein time to refold into a
native conformation. Finally, refolded, seluble DrrA-Hisg was released from the column
by washing with 2 number of 1ml aliquots of elution buffer (OM urea, 300mM

imidazole).

One of the major problems encountered during the various refolding trials performed was
a dramatic reduction in the flow rate of the column that occurred as the urea
concentration approached the 3-4M range. This was believed to be cuaused by protein
aggregation within the matrix, sometimes manifesting itself as a white coloured
precipitate. Despite a number of modifications to the procedure, including shallower
gradients and allowing extended periods of time between buffer changes, vields of
soluble protein were rarely significant. A typical result from one of these refoldiﬁg
experiments, illustrating the low yield of DrrA-Hisg recovered, is shown in figure 4.7.
Furthermore, whilst SDS-PAGE analysis of the clution fractions shows monomeric,
apparently soluble DirA-Hisg, no biological activity could be detected for the protein (for
exampic in ATPase activity assays). This suggested that the elutions were merely
releasing inactive protein aggregates from the colummn matrix which were then being re-

solubilised by the detergent present in SDS-PAGE sample buffer.
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Figure 4.7 IMAC-based refolding of immobilised DrrA-Hisg

Eluted
40kDa —» DrrA-Hisg
Gradient Buffer: 50mM Tris-HCl Elution Buffer: 50mM Tris-HCI
500mM NaCl 500mM NaCl
8-OM Urea (in 0.5M steps) 300mM Imidazole
pH 8.0 pH 8.0

Example of a Coomassie blue stained SDS-PAGE gel showing 4 x 1ml elution fractions
(E1-E4) recovered from a typical IMAC refolding experiment. Whilst the eluted DrrA-
Hisg runs as a monomeric protein of high purity, it displays no detectable ATPase
activity. This data, combined with evidence of protein precipitation during the urea
gradient, suggests that the eluted protein is unable to adopt a native conformation under

the experimental conditions used.
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The IMAC based method of protein refolding described above failed to recover any
biological activity from urea solubilised DirA-Hisg inclusion bodies. Nevettheless, only a
single buffer system was tested during the procedure. Given that large quantities of'a
relatively pure, easily isolated starting material were available, an alternative approach

was adopted in order to identify optimal refolding parameters.

4.8 DrrA-Hisg refolding experiments — Part 11 — The FoldIt Screen

The efficiency of protein refolding is known to be intluenced by a large number of
external conditions, as well as by the individual physica-chemical propetties of the
protein under investigation. Since there is, as yet, no rational framework for predicting
ideal refolding conditions, it is necessary to establish the parameters empirically. A
number of kits are commercially available that help to identify optimal refolding
conditions. One such kit, the FoldIt Screen (Hampton Research), was used in an effort to
identify the various conditions that might affect the efficiency of DrrA-His, refolding.
The screen is factorial in nature, using 16 different basic buffer conditions in combination
with a number of additives known to promote successful refolding. The identification of
the basic parameters can then be used to further optimise the refolding process. The
various optimisation parameters tested in the refolding of DirA-Hisg are shown in table

4.8 on the next page.

Inclusion bodies for use in the Foldit screen were prepared as described in section 4.5 and
solubilised in a buffer of 8M Urea, 50mM Tris-IICI, 50mM NaCl, pH 8.0. The reduced
salt concentration in the solubilisation buffer was deemed necessary because ionic
strength is a variable in the screen. DrrA-Hisg inclusion bodies were solubilised at a
nominal concentration of 20mg/ml and insoluble material was removed from the
preparation by centrifugation at 12,000rpm in a bench-top microfuge. In contrast to the
IMAC based refolding protocol described in the previous section, where the
concentration of denalurant was reduced gradually, the FoldIl screen utilises rapid
dilution in order to reduce denaturant concentration. Reactions were performed in 1.5ml

micro-centrifuge tubes and initiated by the addition of a small volume of the




Table 4. 8 - DirA-Hisg refolding parameters tested

Protein concentration 0.lmg/ml vs. 1.0mg/mi

Presence of polar additive +/- 550mM L-Arginine

Presence of detergent /- 30mM Lauryl Maltoside

pH pH 6.5 vs. pH 8.2

RedOx potential 100mM DTT vs. 100mM GSH

Presence of chaotropic salt +/- 550mM Guanidine Hydrochloride

Ionic strength 264mM NaCl +11mM KCI  vs.
10.56mM NaCl + 0.44mM KCI

Presence of cations or chelator 2.2mM CaCl + 2.2mM MgCl  vs.
1.1mM EDTA

Presence of osmolyte +/~ 0.055% (w/v) PEG 3350

Presence of non-polar additive | +/- 440mM Sucrose

concentrated DrrA-Hisg inclusion body preparation 1o & much larger volume of the
various refolding buffers. Typically either 5 or 50ul of inclusion body solution was added
to 950pl of refolding butfer in order to achieve final DrrA-Hisg concentrations of
0.1mg/ml and Tmg/ml, The fubes were capped and incubated at 4 °C with gentle agitation

for a period of 4 hours.

Afier 4 hours each of the 16 refolding reactions were examined visually for signs of
protein precipitation. A degroe of precipitation was observed in all cases, particularly at
higher protein concentration. However the extent the visible precipitate varied widely
belween different tubes, suggesting that certain refolding solutions represented a mare
beneficial environment for refolding than others. ‘'he polar additive L-arginine, present in
8 of the 16 reactions, appeared to exert a particularly posilive influence in terms of

minimising the amount of visible precipitate present.

At this stage, the ideal situation would have been to remove precipitates by
centrifugation, and then assay cach solution for the predicted ATPase activity of correctly
folded DrrA-Hisg. Unlortunately, a number of the reagents present in the FoldIt buffers,

for example L-arginine, divalent cations and EDTA, are known to interfere with hoth
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spectroscopic protein quantitation techniques (Aazgo, BCA assay) and ATPase assays. This
made a meaningful comparison of enzymatic activity in each of the 16 samples
impossible at this stage. In order to make such a comparison possible, all 16 samples
were transferred into separate dialysis tubing and dialysed against 2L of a buffer
consisting of SOmM Tris-HCI (pH 8.0), 150mM NaCl, 10% glycerol (v/v}. This dialysis
procedure appeared o resull in the removal of reagents that were enabling DrrA-Hisg to
remain soluble, leading to further extensive precipitation. The Foldlt screen
documentation suggests that yields of 30-70% soluble protein aficr the dialysis procedure
are typical where refolding has been successful. Unfortunately, such yields were not
observed for DrrA-Hisg and no ATPase activity could be detected in any of the 16
samples tested (using the Molecular Probes spectroscopic Pi assay, sce chapter 2). The
failure of this screen to identify suitable refolding conditions for DrrA-Hise led to the
abandonment of inclusion bodies as a suiluble source material for further biochemical
studies of the recombinant M. tuberculosis DrrA protein. An alternative method for

obtaining correctly folded, native DrrA was sought, as described in subsequent chapters,

4.9 Heterologous expression of the M. ruberculosis DrrB and DrrC

proteins — the pDrrB3 and pDrrC expression constructs

Integral membrane proteins, such as those mediating the majority of transmembrane
transport processes, are notoriously difficult {o over-express and purify. Ordinarily
present at only low concentrations within cel{ular membranes, their over-expression can
result in toxic side effects for both heterologous and homologons hosts. Another problem
frequently encountered is the failure of heterologously expressed membrane proteins to
be carrectly targeted to the appropriate compartment, a process that may require host
specific signal-sequences or protein factors. Furthcrmore, the conformation of
transmembrane proteins is intimalely linked to the hydrophobic environment of the
membraze interior. Removal of integral membrane proteins from their Hipidic
environment, for example by the use of detergents, can dramatically affcet their structure
and function. The difficulties associaled with memmbrane protein over-expression and
purification largely account for the paucity of high-resolution structural information
avalluble for this biologically important class of profeins. The problems are however not
insurmountable, as demonstrated by the recent publication of 3D crystal structures for

the E, coli MsbA and BtuCD ABC transporters (Chang and Roth, 2001; Locher ef ai.,
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2002), and the ActB multidrug resistance protein (Murakami ef af., 2002). Advances in
detergent chemistry have created whole series of molecules specifically designed for the
gentle extraction of proleins from biclegical membranes whilst maintaining their
functional conformation. Methods for reconstituting transport proteins into artificial
membrane environments, for cxample proteoliposomes, have enabled the development of
novel membrane (ransport assays, Hand-in-hand with these advances have come a variety
of new reagents used to probe the conformation and transport capabilities of membrane
embedded proteins, With this knowledge in hand, attempts were made to over-express

and purify the DB and DrrC components of the M. tuberculosis DirABC {ransporter.

Expression constructs for both the DrrB and DirC proteins were generated by subeloning
Ndel/Hind{ll fragments from recombinant pGEM-T Eusy plasmids into the pET-21a
expression vector. The two plasmids thus generated, pDirB and pDirC, are essentially
analogous fo the pDrrA expression construct used for the expression of DirA. The pDirB
plasmid encodes a 302 amino acid protein with a predicted molecular weight of 32.5 kDa.
The [irst 289 amino acids are encoded by the cloned dr#B gene, whilst the remaining 13
amino acids at the C-terminal end arc vector encoded and include a His-Tag sequence,
The pDrrC plasmid encodes a slightly smaller protein of 289 amino acids (M.W. 28.1
kDa) with the same 13 amino acid extension appendced to the C-terminal of the native

drrC coding sequence.

Both the pDiB and pDarC plasmids were transformed in to the expression strain
C41(DE3). This strain 1s an undefined mutant derived from £, cofi BL2 (DE3) that
possesses certain advaniages for the expression of membrane proteins. Identified by
Miroux and Walker, C41(IDE3) appears to be more resistant to the toxic effects ol IPTG
than its parent strain (Miroux and Walker, 1996). As such, C41(DE3) cultures grow to
higher cell densities in liquid media and {thus generate a higher yield of recombinant
protein per litre of culture. This is advantageous when the target protein under
Investigation expresses only at low levels, as is the case for most membrane proteins.
Because of the lower cxpression levels expected for the recombinant DerB and C
proteins, expression experiments were performed using larger culture volumes, typically
3-6L, and cells were grown in the rich 2xYT medium to enhance growth. A flow charl
showing the progress of an cxpression experiment from cell cullure to isclation of

membrane material is shown on the next page.
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Phasc-1 — Starter culture

Phase-2 — Culture growth

Phase-2 — Harvesting

Phase-4 — Membrane

Isolation

Following high-speed centrifugation the supernatant fraction (containing cytosolic

proteins) was discarded. Membrane pellets were then resuspended in an ice-cold,

Single C41(DE3)/pDriB colony used
{o inoculate a Sml starter culture.
Cells grown overnight at 37 °C with
rolary shaking.

S5ml of overnight starter culture used
to inoculate O6x1L flasks o[ 2xYT
medium, Cells grown at 30 °C with
rotary shaking until O.D oo reaches
0.6.

Protein expression induced by the
addition ot IPTG to a concentration

of 1mM.

Cultures harvested after 3 hours by
centrifugation at 6000rpm (Beckiman
JA-10), Culture medium discarded
and cells resuspended in buffer of
50mM Tris-HCI, 300mM NaCl, 20%
(v/v) glycerol, pH 8.0,

Resuspended cells lysed by
mechanical disruption. Cell debris
removed by centrilugation (16,000
rpm, Bockman JA-21).

Membrane vesicles sedimented by
high-speed centrifugation
{43,000rpm, Beckman Ti-50)

detergent free bufler (S0mM Tris-HCI, 300mM NaCl, 20% glycerol, pH 8.0)

supplemented with EDTA-[ree protease inhibitor tablets. Resuspension of the

hydrophobic membrane material in an aqueous butter required the pellet to be broken up
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and passed through a syringe needle many times in order to generate a smooth emulsion
of vesicles. Membranes were resuspended using 5ml of huffer per litre of culture. At this

point membrane suspensions were either stored at —80 °C or processced immediatel y.

4.1¢0 Dectergent extraction of membrane proteins

Purification of membrane proteins requires their extraction from the membrane
environment. This is generally performed using biclogical detergents at concentrations
high enough to distupt the membrane siructure whilst not destroying protein
conformation. Solubilisation is a complex, muti-phasic process, the end result being the
generation of hoth mixed lipid/detergent micelles, and lipid/detergent/protein micelles, It
is the hydrocarbon “tails’ of detergent molecules that are thought to associate with
integral membrane proteins, thereby mimicking the hydrophobic environment of the
membrane interior, and also preventing protein aggregation. The detergent dodecyl-
maltoside (DDM) has been used successfully in the extraction of a number of membrane
proteins, including human MDRI1 (FHoward and Rocpe, 2003), and was used here in

attempts to solubilise DrrB and DirC.

Resuspended membrane vesicles were solubiliscd by the addition of an equal volume of
ice-cold resuspension buffer supplemented with 4% w/v DDM and protease inhibitors. A
final concentration of 2% DDM was found to be more than enough to completely
solubilise a typical membrane preparation. Solubilisation was enhanced by gentle mixing
of the solution for a period of 1 hour at 4 °C. Low temperatures, protease inhibitors and
pH of 8.0 were used at all times during protein extraction. These {aclors are all known to
inhibit the action of proteases (to which solubilised membrane proteins become
particularly susceptible). After detergent extraction any remaining insoluble matcrial was
removed by a further round of ultracentrifugation (100,000 x g, 1 hour). T'he quantity of
sedimented material al (his stage was used to judge the efficiency of the solubilisation
process. The supernatant fraction, containing detergent-solubilised proteins, was used as

the starting material for the purilication procedure,

4.11 IMAC purification protocols for the DerB and DrrC proteins
Both the pDriB and pDirC expression constructs were designed to append a C-terminal
His-Tag sequence to the recombinantly expressced proteins. This provided a means of

selectively purifying the proteins by IMAC using Ni-NTA affinity resin. The purification
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procedure was slarted by adding 1mi of Ni-NTA-agarose to the solubilised membrane
protein solution and allowing binding to proceed for 1 hour at 4 °C with gentle stirring.
The mixture was then loaded into a 1.5cm diameter gravily flow chromatography column
and the resin allowed to settle. The flow-through fraction containing unbound proteins
was collected for analysis. 'I'he following washing and elution steps, containing different
concentrations of imidazole, were then used as a starting point to identify fractions

containing the recombinant proteins: -

Wash 1. 20ml buffer* containing OmM imidazole to wash out unbound
protein.
Wash 2. 20ml buffer containing 25mM imidazole, removal of loosely

bound contaminants.

Wash 3. 20ml buffer containing 40mM imidazole, removal of more tightly

associated background proteins.

Elutions 5x lml butler containing 300mM imidazole to clute specifically

bound His-Tagged proteins.

* A variety of Tris-based buffers were tested during purification trials. Glycerol
concentration was maintained at 20% v/v in all buffers tested in order to promoie
membrane protein stability. NaCl concentrations tested varied between 50mM and
400mM. Detergent concentration and formulation were two further variables tested, After
the solubilisation process, in which the majority of lipids are stripped away from
membrane proteins, much lower concentrations of detergent (e.g. 0.1% w/v) were used to
maintain proteins in solution. Dilferent detergents with alternative head groups and chain
Iengths were also tested for their ability to promote protein stability and reduce

background contamination e.g. Qctyl-glucoside and nonyl-maltoside as well as DDM.

4.12 Purification of recombinant DrrB-Iisg
Unlike recombinant DrrA-Hisg, induction of DrrB-Hisg expression with 1mM IPTG did
not lead to the formation of inclusion bodies. In fact, simple SDS-PAGE analysis of the

various sub-cellular fractions obtained from DrrB-TTisg expression cultures did not reveal
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the obvious prescnce of a protein exhibiting particularly high expression levels (data not
shown). Attempts to demonstrate the expression of DiB-Hisg by Western hlot aiso
proved unsuccessful, primarily hindered by the large number of background proteins in
the crude fractions. Together these observations led to the conclusion that DrrB-Hiss .
expression levels were far lower than those observed for the recombinant DirA protein.
Such a result might be predicted based upon the generally low levels of expression
observed for integral membrane proteins. An altcrnative explanation was that no Dn'B-
Iise was being expressed at all. Causes of such negative resuits might include toxicity of
the DrrB-His, protein. Another potential reason for a low expression might be the large
evolutionary separation between the Gram-negative expression host E. coli and the
Gram-positive donor organism M. tuberculosis. Such evolutionary separation can lead to
differences in codon usage between the host and donor organisms, which in tarn are
reflected in the relative abundance of tRINA species. This may be relevant when
attempting to cxpress GC-rich mycobacterial genes in L. coli, an organism that possesses

a slightly AT-biased genome.

Nonetheless, working on the hypothesis that DrrB-IHiss would be localised in the cell
membrane, attempts to purity the protein from this fraction were initiated using the
protocols described in section 4.10. After a number of different trials, a candidate DrrB-
Hise protein was partially purified from DIDM solubilised membrancs. An SDS-PAGE
analysis of one successtul procedure is shown in figure 4.8. The figure illustrates the
absence of any obviously over-expressed protein in the solubilised membranes prior to
purification, but also the specific elution of two major protein species in the 300mM
imidazole fractions. The molecular weight of the smaller protein was approximately 28
kDa (judged by comparison with molecular weight standards). This value is slightly
lower than the calculated size for DreB-Flisg, 32.5 kDa. However, since many
hydrophobic proteins display a greater than expected electrophoretic mobility, the
possibility remained that this protein was indeed DrrB-Hise. The larger protein present in
the eluate fractions purified in similar quantities to the lower band, suggesting that it too

was specifically bound to the affinity resin, rather than being present as a
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Figure 4. 8 IMAC purification of recombinant DrrB-Hisg

A FT W M E1 E2 K3

Possible DrrB-Hisg
<4— dimer (approx. 50
kDa)

e " o Candidate DrrB-Hiss
(approx. 28 kDa)

Coomassie blue stained SDS-PAGE gel showing partial IMAC purification of candidate
DrrB-Hisg protein(s) from DDM solubilised membranes. Lanes A and FT show the
samples applied to the IMAC column and flow-through collected, respectively. Lane W
shows the fraction obtained after extensive washing of the column to remove non-
specifically bound protein (60ml of buffer containing 40mM imidazole). Lanes E1-E4
show elution fractions (4x 1ml) generated by washing the column with buffer containing

300mM imidazole. Arrows mark the positions of candidate proteins.

Membrane solubilisation buffer -  50mM Tris-HCI (pH 8.0)
150mM NaCl
20% (v/v) glycerol
2% (w/v) DDM

Column buffers: - 50mM Tris-HCI (pH 8.0)
150mM NaCl
20% (v/v) glycerol
0.1% (w/v) Nonyl-maltoside
Imidazole: 60 mM (wash), 300mM (elution)
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contaminant, The observed molecular weight of this protein, approximately 50 kDa,
suggested that it might be a dimeric or aggregated form of the smaller protein. Since
ABC transporter MSD’s are known to cxist as dimers in the functional complex, the
possibility remained that DrrB-Hisg might form a stable homodimer in the absence of

DrrC. This would account for co-purification of this higher molecular weight species.

In order to further characterise the candidate proteins, a Western blot was performed
using an anti-Hisg monoclonal antibody. This experiment was aimed at identifying which,

if either, of the two major protein species eluted from the IMAC column possessed a His-

Tag. The results of this Western blot are shown in figure 4.9.

Both of the major protein species reacted strongly with the anti-Hisg antibody. Similar
positive reactions were not observed for the low abundancc contarninants released from
the IMAC column at the swme time. This result provided confirmation not only of the
identitics of both protein species as DrrB-Ilisg, but also of the membrane localisation of
the recombinantly expressed DrrB protein. Such a result was consistent with the
hypothesis that the M. mberculosis drrB gene encodes a membrane-spanning component

of a novel mycobacterial ABC transporter.

Despite the successful expression and purification of DirB-Hise, further manipulation of
the protein proved difficult. Such basic technical proccdures as dialysis, necessary to
remove imidazole from the preparation, or concentration of the protein led to
precipitation. This suggested that the isolated DrrB-Hiss protein became unstable after its
extraction from the cell membrane. A search for more suitable elution buflers that might
stabilise the protein ultimately proved finitless. Attempts were made to reconstitute the
protein into artificial proteoliposomes in order to increase its stability. Unfortunately the
reconstitution process required extensive dialysis of the protein preparation in order to
remove detergent and promote incorporation of the protein into lipid vesicles. The
dialysis procedure invariably resulted in aggregation and preeipitation. The presence of
imidazole in the preparations, necessary tor elution of the proten from the IMAC
column, presented a further experimental problem. Imidazole exhibits strong absorbance
and fluorescence in the same range of wavelengths as native proteins. Present at 300mM
in a typical DrrB-Hise preparation, imidazole would mask any of the subtle spectroscopic

effects that might be induced by interaction of DirB-Hissg
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Figure 4.9  Western blot of heterologously expressed DrrB-Hisg

M.W. (kDa)

Possible DrrB-Hisg

< —_—
dimer

DrrB-Hiss monomer ——»

An anti-Hiss monoclonal antibody was used to determine the presence of His-Tagged
proteins in elutions from an IMAC purification column aimed at purifying DrrB-Hisg.
The above Western blot illustrates that the two major protein species eluted from the
IMAC column (see figure 4.8) react strongly with the antibody. Molecular weights of the
reactive proteins are consistent with monomeric and dimeric forms of the heterologously

expressed DrrB-Hisg protein.
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with potential substrates (such as doxorbicin). Given these experimental problems, a
further characterisation of DirB function proved impossible. It was hypothesised that
Di1rB stability might be dependent upon the co-expression and purification of its

presumed partner, DrrC.

4.13 Attempted expression and purification of DrrC-Hisg

‘The sequence homology between the M. tuberculosis DirB and DirC proteins suggested
that a similar set of cxperimental parameters might be of use in purifying both of the
proteins. As such, initial DirC-Hisg expression trials were performed using identical
conditions to those used for the expression and purification of the DreB protein,
C41(DE3)/pDurC cells were grown at 30 °C in 2x YT medium and induced by the
addition ol lmM IPTG. As had been the case with recombinant DrrB, no obviously over-
expressed protein could be identified by simple fractionation the cells. The decision was
made to progress directly to a series of IMAC purification trials. . coli membranes were
prepared from C41(DE3)/pDrrC cells as described in section 4.8.

By using a slight modification of the DrrR-Hisg purification protocel a potential DrrC-
His, protein was soon identified. An SDS-PAGE analysis of the IMAC purification
procedure is shown in figure 4.10 along with the experimental conditions. The candidatc
DrrC-Hisg protein eluted as a single species trom the IMAC column exhibiting an
apparent molecular weight of slightly less than 28 kDa. In common with the previously
identitied DrrB protein, the recombinant form of DrrC exhibited a marginally higher
electrophoretic mobility than might be expected for a 28.1 kDa protcin. Once again this
discrepancy was put down to the likely hydrophobic nature of the DrrC-Hisg protein. The
candidate DrrC-Hisg protein was, as expected, slightly smaller than the previously
purified DirB-Hise protein. Uulike the DrrB protein however, the candidate DrrC-Hisg
showed no evidence of dimerisation or formation of higher order aggregates.
Additionally, the candidate protein showed a lower affinily for the Ni-NTA resin than
DrrB3-Hisg had done. Figure 4.10 illustrates how some of the target protein was lost during
washing of the IMAC resin with buffer containing 60mM imidazole. Under similar
washing conditions DrrB-Hisg had remained fully bound to the column matrix. The
decreased yield of target protein compared with DirB-Hiss was deemed an acceptable
trade-~off given the increased purity achicved and the clution of only a single protein

species,
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Figure 4. 10 Purification and SDS-PAGE analysis of a candidate

DrrC-Hisg protein

A FT W1 W2

Solubilisation buffer: -

50 mM Tris-HCI (pH 8.0)
150mM NaCl

20% glycerol (v/v)

2% DDM (w/v)

W3 M ElI E2 E3 E4

— 64
- 51
M.W.
- 39  (kDa)
- 28
S
Q 19

Candidate DrrC-Hisg protein

IMAC purification buffers:-

50 mM Tris-HCI (pH 8.0)

150mM NaCl

20% glycerol (v/v)

0.1% Nonyl-maltoside (w/v)

Imidazole (20mM, 40mM, 60mM: washes)
Imidazole 300mM (elution buffer)

A Coomassie blue stained SDS-PAGE gel showing the purification of a candidate DrrC-

Hisg protein. The purification shown used total cell membranes isolated from 3L of

C41(DE3)/pDrrC cell culture. The candidate protein elutes as a single species of high
purity with an apparent M.W. slightly lower than the predicted 28.1 kDa. Lanes A and FT
represent applied and flow-through fractions respectively. Lanes W1-W3 are 20ml wash

fractions containing increasing concentrations of imidazole (20mM, 40mM and 60mM).

Lanes E1-E4 are 4x 1ml eluate fractions of a buffer containing 300mM imidazole. The

candidate protein is present in only the first eluate fraction. However a significant

quantity of the target protein appears to have been stripped from the IMAC column by the

60mM imidazole wash (lane W3).
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The candidate DirC-Hisg protein proved to be considerably more stable than its
comterpart, DirB. The protein could be dialysed safely to remove imidazole without
significant precipitation. This observation was somewhat surprising given the highly
unstable nature of the homologous DirB-Hisg protein. Minor modifications to the
purification protocol produced much larger yields of the target protein. These
modifications included processing larger quantities of isolated membranes in a single
purification step (c.g. tolal membranes isolated from 6 litres of cell culture). Additionally,
less stringent column washes were employed in an attempt to reduce target protein losses
during the purification. The lower s{ringency washes only caused a minor increase in the
levels of contaminants co-eluting with the target protein. Elution fractions from the

enhanced purification protocol are shown in figure 4.11.

The high purity of the cluted protein and {he increased quantities available enabled the
protein to be identified by direct N-terminal amino acid sequencing. Samples of the target
protein were sent to the University of T.eicester for analysis by automated N-terminal

Edman degradation. 10 cycles of analysis were performed generating the following

results: -
Cycle 1 2 3 4 5 6 7 8 9 10
Residue M K \Y A L D L A% AY4 S

Comparison of this N-terminal sequence with that encoded by the native M. fuberculosis
drrC gene reveals similarily al only 1 position, the initiation methionine at the extreme N-
terminus. The predicted N-terminal sequence of DrrC-His, should have read
MTI'T'ISQEIE. This data suggested that a major contaminant protein was purifying in
preference to any DrrC-Hisg that might be present, and that DirrC-Hisg expression levels
were very low, An examination of the NCBI protein database revealed the identity ol the
contaminating protein, and also provided an explanation for its high affinity for the Ni-
NTA resin. The 10 N-terminal amino acids of the contaminant exhibited 100% homology
with those of the native . coli protein SlyD (GenPept accession no.P308356). This protein
normally functious as a peptidyiproline cis-trans-isomerase, one of a number of
chaperone-like proteins that facilitale correct protein folding (Hottenrott ef a/., 1997). The

protein has been identified as a major contaminant in a number of Ni-NTA based IMAC
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Figure 4. 11 Modification of the purification procedure enhances the yield
of the candidate DrrC-Hisg protein

El. E2 E3 EA

191

M.W. (kDa)
39

28 Candidate DrrC-

Hisg protein

19

Buffer compositions : -

50mM Tris-HCI (pH 8.0)

150mM NaCl

20% (v/v) glycerol

0.1% (w/v) Nonyl-maltoside

Imidazole (40mM in wash buffer, 300mM in elution buffer)

SDS-PAGE analysis showing elution of increased quantities of the candidate DrrC-Hisg
protein. Total membranes were isolated from 6L of C41(DE3)/pDrrC, solubilised in
buffer containing 2% DDM, and the target protein purified by IMAC. The increased yield
shown in this preparation (c.f. figure 4.10) was also enhanced by a reduction in the
imidazole concentration present in the column washing buffer. The 1ml IMAC resin bed
volume was washed just once with 20ml of a 40mM imidazole wash buffer prior to
elution of the target protein. Elution was achieved by the addition of 4x 1ml aliquots of
buffer containing 300mM imidazole (lanes E1-E4). The purified protein shown in this

figure was sent for N-terminal protein sequencing.
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1999 and Mukherjee e/ af., 2003). SlyD exhibits a high affinity for Ni** ions based upon
the presence of an extremely histidine rich C-terminal region. SlyD is just 196 amino
acids in length, yet includes 15 histidine residues amongst the last 45 amino acids. It is
the histidine-rich region of the protein that allows SlyD to compete with His-Tagged
proleins for chelated Ni** ions present in the Ni-NTA IMAC resin. In the event that no
His-Tagged proteins are present in a given sample, SlyD will bind to Ni**-charged IMAC

resin preferentially.

The undesired purification of SlyD was taken as a strong indication that little or no DrrC-
His, expression was occurring. Modification of basic cell growth and induction
parameters, such as lowered temperature and inducer concentrations, failed to produce
any improvement in the observed results. Polential reasons for the failure of this protein
to express effectively include toxicity of the protein to host E. co/i cells, or extreme
instabiltty of the protein which might prevent its extraction from the cell membrane.
Instability within the membranc duc to the absence of its heterodimeric partner DirB is

another potential reason for the difficuliies associated with the purification of this protein.

4, 14 Discussion

Sequence analysis of the M. tuberculosis drrABC operon suggests that these genes
encode an efflux-type ABC transporter playing an essential role in mycobacterial cell
wall biosynthesis and/or drug resistance. However, a deeper understanding of the
structure and function of this pump requires the study of its protein componcnis at a
biochemical level. This chapter describes various attempts to over-express and purify the
DrrA,B and C proteins using the heterologous host £. coli, the aim being to provide
suitable quantities of the proteins for basic biochemical analysis. The commonly used
pET vectors were chosen for cloning and expression of the M. tuberculosis protéins since
they have been used to successfully over-express and purify proteins from a wide variety
of heterologous organisms. Moreover, the pET vectors also contain features that provide
for high levels of target protein expression combined with specific immuno-affinity and
purification tags. Each of the three mycobacterial genes were cloned into the pET-21a
vector downstream of the strong bacteriophage T7 promoter and upstream of a short C-
terminal fusion sequence encoding a His-Tag. The His-Tag provides a simple and
ellicient means of detecting and purifying heterologously cxpressed proteins against the

background expression of E. coli proteins.
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Expression of DrrA-Hiss, the presumed ATP-binding protein of the M. tuberculosis ABC
transporler, was uchieved at high levels in the heterologous host. The high expression
levels occurred despite a large separalion, in evolutionary terms, between the Gram-
negative host organism £. coli, and source of the heterologous protcin, the Gram-positive
M. tuberculosis. This suggested that codon usage differences between the two organisms
would not be a barrier to heterologous expression, and that E. coli would be a suitablc
host for expression and purification of all three DrrtABC transporter components. In a
number of previous studics, over-cxpression of both eukaryotic and prokaryotic ABC
transporter NBD’s in isolation, that is in the absence of their cognate MSD’s, has lead to
the stable cytosolic aceumulation of the NBD protein (e.g. ArsA, the ATP-binding
component of the £. coli arscnical transporter; Hsu and Rosen, 1989). A similar sub-
cellular Jocalisation might also have been expected for the heterologously expressed DirA
protein which, sequence analysis suggests, exhibits a predominantly hydeophilic
character. However, upon investigation, the DirA-TTisg fusion protein was found to
accumulate almost exclusively in the form of insoluble protein aggregates, known in £,
coli as inclusion bodies. The protein present in inclusion bodies, whilst relatively pure
and easy to isolate, is believed to be incorreetly folded, and thus devoid of biological
activity. In their 2001 paper reporting the cryslal structure of the Methanococcus janschii
MJ0796 ATP-binding cassette, Yuan aud colleagues suggest that cerfain structural
foatures of ABC transporter NBD’s may make these protein particularly prone to
aggregation. A key structural element present in the Fi-type ATP-binding core of the
NBD, a conserved [3-sheet elenient, is able to form non-physiological pairings with
similar elements in other molecules, eventually leading to aggregation (Yuan ef al,
2001). Such cvents might be favoured in a situation where the NBD, normally a
component of a stable multisubunit complex, is expressed in isolation. Under such
circumstances the proiein could expose to the environment certain cavities and structural
elements that would normally be sequestered away from non-physiclogical intcraclions.
It should be noted that sub-cellular localisation experiments identified a small quantity of
DrrA-Hisg as being associated with the cell membrane, & phenomenon that was also
observed for the 8. peucetiug DirA protein. This suggests that the mycobacterial DrrA
protein may possess certain surface-exposed hydrophobic regions. These regions may be
involved in association of the NBD with the predominantly hydrophobic MSD’s in the

intact transporter complex. Attempts to solubilise and refold the DrrA-Hisg inclusion
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body protein ullimately proved [ruitless, as did attempts to modify the growth and
expression conditions in such a way as to promote the synthesis of a soluble, active form
of the protein. These experiments did however demonstrate that a C-terminal located His-
Tag was a suitable affinity tag for the purification of the DrrA fusion protein by IMAC
chromatography on Ni-NTA resin. Given the failure of the pET system to provide a
biologically active form of heterologonsly expressed DrrA for biochemical analysis, an
alternative route to soluble protein expression was sought. These experiments are

described in subsequent chapters,

Analysis of the DirB primary sequence prior to expression suggested that this
hydrophobic protein would locate to the £. coli cell membrane, the normal location of
ABC transporter MSD’s. Low expression levels are typical of transmembrane proteins,
even when their expression is driven by a strong promoler such as the bacteriophage T7
promoter of the pET system, A low expression level for the DirB fusion protein may
have been responsible for the difficultics associated with detecting its expression in crude
sub-cellular fractions. Even when Western blotting was uscd to probe for the presence of
the DB His-Tag in these fractions, definitive results were hampered by the large number
of native . coli proteins present in the crude fractions, leading to a high background in
the bl;)t results. Despite problems detecting DrtB-His, expression in crude fractions, the
protein was eventually partially purified from detergent solubilised £. coli membranes by
IMAC affinity chromatography. Positive identification of DrrB-Hiss was achieved by
Western blolling, using an anti-Hisg monoclonal antibody to probe {or the presence of the
His-Tag sequence in IMAC column eluate fractions. The DB protein purified as two
predominant species, a monometic and dimeric form, both species heing present in
approximately equal quantities. It was unelear as to whether the dimneric species formed
in a response to the absence of the DirC protein. Bacterial ABC transporter MSD’s are
believed to function as cither homo- or helerodimeric complexes, each protein
contributing six transmembrane helices to an overall lwelve helix substrate translocation
pathway. This hypothesis was confirmed by the publication of the complete X-ray crystal
structures of the BtuCD and MsbA ABC transporters (Lochcer ef al., 2002; Chang and
Roth, 2001). Unfortunately, further attempts to manipulate either form of the purified
DrrB-Hisg protein proved unsuccessful due to problems with protein stability. Any
attempt to dialyse or concentrate the protein for further experiments caused the detergent-

solubilised DrrB-Hiss to aggregate and precipitate. This problem persisted despite a
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Irials inowhich tifferept. detergents and bulfer conditions were used.

. . Membrana protein ingtalility has been a major problem associated with ABC transporter

. studics, espeeially where hieterplogous expression has been the route to obtaining lhe

ranspartersystems homelogously expressed m E.cofi (e.g. MalFGK; Lippincott

e, 1,997). Biven. when such condilions are met, as was the case for the £. coli

. MsbA transporier; aneaorrnous number of trials were necessary in order to identify

.Suilable condiiious for expression and purification of the protein for structural studies.

C i‘hol.l]lyﬁpt-lmﬂbcd izt working with isolated DrrB-Hisg perhaps reflects the
nutlh.'if;:_u%%1I11_,_.1j___1|;____|1_1l__s|!._'t';_1r;e Qf.p:_&l;'m'yotic ABC transporters. Expresscd in the absence of the
otllér démains, indi’?ﬂual subanits may become unstable and prone to aggrogation,
making [urther analysis of their propettics impossible. This intrinsic instability, and the
interdependence of ABC transporter subunits on one another for correct function, was
shown for the S, peucetius DrrAB doxorubicin efflux system. Kaur demonstrated that
mainternance of the DrrB protein within the host cell membrane was entirely dependent
upon the presence of the DitA ATP-binding subunit. Additionally, the 8. peucetius DrtA
protein appeared (o be unable to bind ATP in the abscnce of DreB, suggesting that the
conformation of DrrA was linked to its association with the DB protein (Kaur, 1998).
Whilst-this_ does not appear to be the case for M. tuberculosis DrrB-Hisg, as evidenced by
the ability to purify it from the membrane, its stability once extracted seems to be

severely impaired.

The interdependence of the DrtABC transporter subunits for stability may also account
for the failure of experiments aimed at expressing a recombinant DrrC protein. No
evidence was found for the ekpression of this protein anywhere within the £. coli host
cell, In the absence of any. His-Tagged proteins, IMAC chromatography led to the
purification of a histidine rich £. coli protein called SlyD. This protein has been identified
as & major contaminant in a number of IMAC pracedures where £. colf has been used as
the host organism for hetecrologous expression (e.g. see Finzi ef al., 2003; Mitterauer et

al., 1999).

I'he various experimental problems described here required that alternative approaches be

investigated as a means of purifying sufficient, active and stable forms of the M.
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tuberculosis DrrA, B and C proteins. These methodologies included attempts to co-
express all three components of the transporter in order to improve expression levels and
stability of the individual proteins. The high expression levels associated with DirA-Hisg
were viewed as a posilive sign that an altermative expression system may be of use in

producing significant quantities of this NBD for biochemical analysis.
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Chapter 5

Soluble expression of the M. tubercuiosis DrrA protein by construction of a N-

terminal fusion to . celi thioredoxin

The inefficiency of the pET-based expression system with regard to generating soluble,
recombinant DrrA necessitated a scarch for an alternalive expression system. An in vitro
expression system was considered as a potential means of producing DrrA for further
studies, but was eventually rejected because of the high costs and relatively low yields
associated with the technique. A system based upon the use of a more closely related
Gram-positive expression host, Strepfonivees lividans, was also investigated.
Unfortunately a number of technical difficultics associated with the growth, handling and
genetic manipulation of these organisms, combined with a lack of expertise and
experience within the laboratory, led to the curtailment of these experiments. Instead, a
series of E. coli cxpression vectors possessing features believed to promote protein

solubility were selected for further investigation.

Transcriptional fusions of heterologous proteins to native E. coli proteins have been used
as a means of improving both the expression level and solubility of the heterologous
protein. Commonly used fusion partners include glutathione S-transferase (GST), maltose
binding protein (MBP) and thioredoxin. All of these proteins are non-toxic when
expressed at elevated levels in E. coli and provide the additional benefit of being highly
soluble. Moreover, certain fusion partners may act as an affinity tag to facilitate
purification of the protein by chromatographic means (e.g. purification of MBP fusions
by amylose affinity chromatography). Many protcins have been expressed and purified in
this way but a particularly pertinent cxample is the OleB protein of Strepromyces
antibioticus. This protein, the A'TP-binding domain of the oleandomycin efflux ABC
transporter, was successfully characterised when expressed as a MBP-fusion (Aparicio et
al., 1996). A similar MBP-fusion was used to produce a soluble form of the first NBD of
the human MDR1 gene product (Wang et al., 1999),

Each of the various fusion protein vectors available differ not only in the size and nature of
the fusion partner, but also in the promoters used to drive expression and the presence of
additional affinity tags. Of all of the systems investigated, the “pBAD-TOPO ThioFusion”

vector (Invitrogen) was considered to otfer the largest number of positive benefits. £. coli
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thioredoxin is able to accumulate Lo approximately 40% of the total cell protein whilst
ramaining soluble, improves the efficiency of translation when present at the N-terminal,
and is also relatively small in size compared with DrrA (11.7 kDa). An additional benefit
of using thioredoxin is that the protein has no known nocleotide/drug/lipid binding
functions that may bave interfered with snbsequent biochemical assays of the fusion
protein. A relatively small fusion partner for DrrA was preferved because of the proximity
of the Walker A nucleotide-binding residues to the N-terminai of the protein. A large
fusion partner, such as MBP(42 kDa), may have had the potential to interfere with correct
folding of the DirA moiety, or perhaps have caused steric effects with regard to DrrA’s
presumed nucleotide-binding activity. The use of the pBAD-ThioFusion system also
presented the opportunity to test a different promoter to drive DrrA expression (the
araBAD promoter) whilst maintaining a C-terminal His-Tag sequence for effective

purification of the fusion protein.

5.1 The pTrx-DrrA expression construct

The pBAD/TOPO ThioFusion vector was obtained from a commercial source
(Invitrogen) and used to generate 4 recombinant expression construct for DrrA according
to the manufacturer’s instructions (see chapter 2). The key teatures of this construct,
pTrx-DrrA, are shown in figure 5.1. The vector contains a 1455bp open reading frame
encoding a protein of 485 amino acids with a predicted molecular weight of 52.5 kDa.
The first 110 amino acids of the fusion protein constitute the E. coli thioredoxin moiety.
There then follows a short 13 amino acid ‘linker sequence’ before the beginning of the M.
tuberculosis DirA moiety (334 amino acids). The remaining 28 amino acids of the
protein are a C-terminal extension to DrrA containing the His-Tag sequence. One of the
major differences between the new construct and those generated previously was that
expression of the heterologous protein was under the control of & promoter native to .
coli, the araBAD promoter. This promoter has the advantage that it is regulated by a non-
toxic inducer, arabinose, and that levels of transcription from the promoler are tightly
linked to inducer concentration (Guzman et al., 1995). It was hoped that by using this
promoter the levels of fusion protein production could be more fincly tuned than had
been possible with the pET-21a construct. Under such control it may be possible to
identify those conditions in which soluble protein expression is enhanced and inclusion

body formation reduced or prevented altogether.
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Figure 5. 1 The pTrx-DrrA expression construct

M H D M : : o
Linearised pTrx-DrrA
(5456bp)
5kb
2 kb
1 kb

1002bp drrA gene

Restriction enzyme digestion of the pTrx-DrrA expression construct:

The pTrx-DrrA expression plasmid totals 5456bp in size (4454bp vector, 1002bp drrA
insert). The vector contains only a single HindIIl restriction site which was introduced by
PCR to the 3’ end of the drrA amplicon. Digestion of the plasmid with this enzyme (Lane
H above) results in linearization of the plasmid. The plasmid contains two Ndel
restriction enzyme sites, one at the 5° end of the drrA insert, the second within the vector
itself. A double digestion of the plasmid with both Ndel and HindlIll (Lane D above)
results in the generation of three DNA fragments, two of which are derived from the
vector, the third being the 1002bp drrA amplicon. The digests above were performed in a
total volume of 20ul using 10U of each enzyme. Digests were incubated at 37 °C for

1hour.

Schematic representation of pTrx-DrrA C-terminal Hisq-Tag

v

— TGN

| !

pBAD E. coli thioredoxin M. ruberculosis
promoter  coding sequence drrA gene
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5.2 Expression trials using pTrx-DrrA

The newly generated expression construct was transformed into the manufacturer’s
recommended host strain £. coli TOP10 (see table 2.2, chapter 2 for genotype).
Transformed colonies were selected on the basis of vector-encoded ampicillin resistance,
and isolated plasmids screened for the presence of the inserted DreA sequence by
restriction digestion (see figure 5.1). A single recombinant colony was used to initiate
expression trials and to determine those conditions lcading to maximal expression of the
Trx-DrrA fusion protein. The recombinant colony selected was used to prepare a Sml
liquid starter culture which was grown overnight at 37 °C in LB medium with vigorous
shaking. The next day 0.1m! samples of the starter cullure were used to inoculate four
separate Sml cultures, cach of which was grown to an ODgpo of 0.6 before induction with
arabinose. Each culture was induced with a different concentration of arabinose ranging
between 0.2% w/v and 0.0002% w/v. The 1000-fold difference in inducer coneentration
was designed to identify optimal induction conditions. After 3 hours of growth samples
were withdrawn from cach culture and changes in protein expression were analysed by
SDS-PAGE and by comparison with uninduced samples. The results of this analysis are

presented in {igure 5.2.

The expression trials demonstrated the accumulation of a protein with a size consistent
with that predicted for Trx-DrrA. The same protein was expressed in all four trial cultures
and was apparently absent prior to induction with arabinose. The concentration of
arabinose added to each culture had a moderate effect, the greatest level of expression
being observed in cultures induced with either 0.02% or 0.002% arabinose. In all future
experiments using the pTrx-DirA expression construct 0.02% w/v arabinose was used to
induce expression. A Western blot against the C-terminal His-Tag was uscd to confirm
the ideniity of the 52 kDa protein as Trx-DrrA. Samples of total cell protein taken before
and after induction with 0.02% arabinose were scparated by SDS-PAGI and transferred
to a PVDF membrane before being probed with an anti-Hiss monoclonal antibody. The
results of the blot, shown in Ligure 5.3, clearly show the positive reaction of the 52 kDa
protein, and that it is only present in the culture affer induction. This result was
interpreted as a positive indication that the expressed 52 kDa protein was tndeed

recombinant Trx-DrrA.
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Figure 5. 2 Expression trials using the pTrx-DrrA fusion protein construct

Concentration of arabinose (% w/v)

0.2 0.02 0.002 0.0002 M.W.
| L 1 | (kDa)
191
64
51
39
28

Time after induction (hours)

A Coomassie blue stained SDS-PAGE gel showing induction of Trx-DrrA expression.
Each lane shows total cell protein isolated from E. coli TOP10/pTrx-DrrA prior to
induction, or 3 hours post induction. Amounts of protein loaded in each lane were
nomalised by ODgp at the time the samples were taken. The concentration of inducer
(arabinose) added to each culture varied over a 1000-fold range. A protein of
approximately the predicted size for Trx-DrrA (52 kDa) can be seen to accumulate in all
four cultures 3 hours after induction. Maximal levels of Trx-DrrA synthesis were

observed in cultures induced with 0.02% and 0.002% arabinose.
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Figure 5.3 Western blot to show expression of Trx-DrrA

Time after induction (hours)

M.W. (kDa) 0h 3h
191 ' sy i

51 <«— Trx-DrrA (52.5 kDa)

39

28

Anti-Hiss Western blot to show arabinose induced expression of the 52.5 kDa Trx-DrrA
fusion protein. The blot was performed on total cell protein isolated from E. coli
TOP10/pTrx-DrrA cells immediately prior to induction with 0.02% w/v arabinose (Lane
0), and after growth at 37 °C for three hours (Lane 3). Cells were grown in LB medium
supplemented with 100pg/ml carbenicillin and induced at ODgg = 0.6.
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5.3 Sub-~ecellular localisation of Trx-DrrA

Sub-cellular fractionation cxperiments, in line with those deseribed in chapter 4, were
used in order to determine the physical [ocation of Trx-DrrA within the cell. A 1 Titre
culfure of TOP10/pTrx-DirA was grown in LB medium at 37 °C with shaking. Trx-DrrA
expression was initiated with 0.02% arabinose when the culture reached an ODggp of 0.6,
1ml samples were removed from the culture prior to induction, and at hourly intervals
thereafier, in order to monitor expression of Trx-DitA over the course of the experiment,
After 3 hours of growth the cells were harvested by centrifugation and resuspended in a
buffer of 50mM Tris-HCI, 300mM NaCli, 10% glycerol w/v, and lysed by mechanical
disruption. Cytosolic, membrane and insoluble fractions were prepared as described
previously and solubilised in SDS-PAGE sample buffer for analysis. The results of the

expression time-course and fractionation experiments are shown in figures 5.4a and 5.4b.

The time-course experiment demonsirated that maximal levels of Trx-DrrA were

achieved after just one hour (figure 5.4a). However, as the culture continued to grow over

the entire length of the experiment, monitored by an increase in ODygqp, it was assumed
that Trx-DirA expression was non-toxic. As such, the overall yield of Trx-DrrA was
believed (o increase throughout the entire growth period. Fractionation experiments
(figure 5.4b) revealed that a significant quantity of the Trx-DrrA synthesised was once
again present in the insoluble fraction. This result was sucprising given the known
solubility of E. coli thioredoxin, but was perhaps a consequence of the high levels of
expression seen within the first hour of growth after induction. A small quantity of Trx-~
DrrA was found to be present in the cytosolic fraction, an indication that the N-terminal
fusion of thioredoxin to DrrA was having a positive effect on DrrA solubility, even when

the cells were grown at 37 °C.

Following identification of sofuble Trx-DrrA a number of optimisation experiments were
performed in order to improve the yield of soluble protein. These experiments primarily
involved induction of Trx-DitA expression at much. lower temperatures and using much
longer periods of growth. These measures were designed to slow down the rate of Trx-
DrirA synthesis after induction, and to allow the fusion protein to fold into a native
conformation. At the same time the growth medium was changed from L.13 to the richer

2x YT medium, promoting culturcs to grow to greater cell densities.
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Figure 5. 4a Time-course of Trx-DrrA expression

Time after induction (hours)

Trx-DrrA
(=52 kDa)

3 M.W. (kDa)

191

64

51
39

28

Total cell protein isolated from TOP10/pTrx-DrrA before and after induction with 0.02%

w/v arabinose. Trx-DrrA expression is fully induced after 1 hour.

Figure 5. 4b Sub-cellular fractionation of cells expressing Trx-DrrA

Trx-DrrtA —» |

M M.W. (kDa)

191

64
51

39
28

I = Insoluble
fraction

S = Cytosolic
fraction

M = Membrane
fraction

Sub-cellular fractions isolated from cells expressing Trx-DrrA at 37 °C. The majority of

Trx-DrrA is found in the insoluble fraction (lane I), whilst a small amount is visible in the

soluble or cytosolic fraction (lane S).
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Optimal cxpression of solubie Trx-DrrA was found to occur when using the following

growth and induction scheme: -

Starter culture:

Single TOP10/pTrx-DrrA colony used to inoculate
20ml of fresh LB medium containing 100g/ml
carbenicillin. Culture grown overnight at 37 °C
with shaking.

Pre-induction growth period:

Sml of starter culture used to inoculate 1 litre of
fresh 2x YT medium containing I00pg/ml
carbenicillin. Growth continued at 37 °C until
culture reaches an ODgyg 0 0.4.

l

Cooling of culture and induction;

At an ODgyp of 0.4 the incubator is switched to 17 °C
and the cultures allowed to cool for 1 hour. Shaking
of the cultures is stopped to reduce aeration. During
this period the growth of the culture slows rapidly.
After 1 hour the cultures reach an ODyggq of ~0.8.
Arabinose added at 0.02% w/v and shaking switched
hack on.

Qvernight growth and expression:

Cultures grown overnight (=16 hours) at 17 °C with
shaking. Growth over this longer time period and at
low temperaturc allows maximal expression of
soluble Trx-DrrA. At the end of the growth period
cells are harvested by centrifugation before further
processing,

Following harvesting the cells were resuspended in a buffer of 50mM Tris-HCI (pH 8.0),
300mM NaCl, 10 % glycerol (v/v). Cells were resuspended using 40ml of buffer per litre
ol cell culture. At this point cells were either stored at -80 °C for future use, or used

immediately for the purification of soluble Trx-DirA (see next section).
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5.4 Initial purification of seluble Trx-DrrA by IMAC chromatography
The presence of the C-terminal His-Tag on ['rx-DirA had previously been demonstrated
by Western blot (figure 5.3). This feature of Trx-DrrA was then used in attempts to
1solate and purify the fusion protein by IMAC chromatography. Resuspended cells were
lysed by mechanical disruption and insoluble material removed from the lysate by
centrifugation (16,000 rpm, Beckman JA-21 rotor). Cells and lysates were kept on ice at
all times in order to reduce proteolysis. EDTA-free protease inhibitors were added to the
cleared lysate in order to further reduce proteolytic damage to the fusion protein. 1ml of
Ni-NTA IMAC resin was added to the lysate along with imidazole at a final
concentration of 10mM. The addition of imidazole at this stage was designed to reduce
non-specific binding of E. coli proteins to the IMAC resin. Trx-DirA was allowed to bind
to the resin for a period of 2 hours at 4 °C whilst the mixfure was gently agitated on a
blood wheel. At the end of the binding period the mixture was loaded into a 1.8cm

diameter chromatography column and the resin allowed to settle under gravity flow.

The IMAC resin was then washed wilh a series of buffers containing increasing
concentrations of imidazole in order to remove non-specifically bound proteins, followed
by elution of Trx-DrrA using a buffer containing a high concentration of imidazole. The

washing and elution conditions used to prepare Trx-DrrA are shown below:-

Buffer A (samc as resuspension buffer):-

50 mM Tris-HCI (pH 8.0)

300mM NaCl

10% glycerol (v/v)

Wash T : 50ml Buffer A

Wash I : 50ml Buffer A + 25mM imidazole
Wash 1II : 25ml Buffer A -+ 50mM imidazole
Ehution : 5 x Iml Buffer A + 300mM imidazole

Protein samples were collected throughout the purification procedure for analysis by
SDS-PAGE. Results obtained using the purification protocol detailed above are shown in

figure 5.5.
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Figure 5. 5 Initial purification of soluble Trx-DrrA

Fraction

El W1 W2 W3 M El E2 E3 EA

Trx-DrrA
(= 52 kDa)

SDS-PAGE analysis of protein fractions obtained during initial purification trials of

soluble Trx-DrrA. Column chromatography was performed according to the protocol

described in section 5.4. Fractions: FT = column flow-through, W1-W3 = washes to

remove non-specifically bound protein, E1-E4 = Elutions of the Trx-DrrA fusion protein.

Significant quantities of Trx-DrrA are released from the IMAC resin using the 300mM

imidazole elution buffer (lanes E1-E4). However, despite extensive washing of the IMAC

resin during the early stages of the procedure (lanes W1-W3), a large number of

contaminating proteins are seen to co-elute with Trx-DrrA. The contamination is

particularly evident in the first two elution fractions where the majority of Trx-DrrA is

found.
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Figure 5.5 iltustrates that the low temperature growth and induction protocol employed
was sufficient to generate acceptable quantities of soluble Trx-DrrA for further
experiments. However, both biochemical studies and crystallisation trials require the
availability of protein samples having purity levels in the region of 90-95%. The IMAC
purification of Trx-DrrA shown in figure 5.5 vielded protein with a purity of little more
thun 60%, well below the level required for any meaningful analysis of biochemical

activity,

A number of variations on the basic gravity-fed column chromatography procedure were
tested as a means of enhancing Trx-DrrA purity. ‘These variations included processing of
increased quantities of cell lysate in a single purification experiment so as to saturate the
IMAC resin with specifically bound Trx-DitA, thereby reducing the availability of
binding sites for contaminating proteins. Alternative host strains for the pTrx-DirA
expression plasmid were also tested in order to identify a strain capable of generating
higher yiclds per litre of culture. Whilst soine minor improvements in yield were
observed when £, cofi LMG194 was used as the cxpression host, this variablc had little
effect on the purity of Trx-DirA. Since the major problem with the procedure lay in the
co-elution of contaminating proteins, a number of variations in the colunn washing
protocols were adopted. These included washing the IMAC resin with both increased
volumes of wash buffer and the nse of more stringent buffers (containing higher
concentrations of imidazole), Figure 5.6 illustrates how all of these factors combined led
to significant increases in both the purity and yield of Trx-DrrA obtained by this
methodology. Despite the observed improvements, figure 5.6 also illustrates the
limitations of this particular form of IMAC. Lane W4, a sample obtained whilst washing
the IMAC resin with a buffer containing 75mM imidazole, contains a low concentration
of Trx-DrrA and few if any contaminants. This suggests that an imidazole concentration
of 75mM was sufficient to cause the leaching of Trx-DrrA from the resin, whilst not

completely removing contaminating proteins (scc lanes E2 and E3).

The experiments described above served as an important ‘proof-of-principle’ for the
purification of soluble Trx-DrrA by IMAC, yet had failed to produce protein of sufficient
purity for further analysis. Given the problems encountered, an alternative purification
procedure was adopted. This modificd procedure, described in the next section,

eventually led to the generation of highly purified Trx-DirA.
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Figure 5. 6 Improved yields of Trx-DrrA generated by a modification of
the basic IMAC procedure

Fractions

e
Tt ] 2

W2 W3 W4 M El E2 E3 E4

P

Coomassie blue stained SDS-PAGE gel showing purification of Trx-DrrA by gravity
flow IMAC chromatography. A number of modifications to the basic protocol were used
in attempts to increase the purity and yield of Trx-DrrA. The above analysis shows
protein purified from a 6 litre culture of LMG194/pTrx-DrrA cells grown and induced at
17°C.

FT = Flow-through, W1-W4 = Wash fractions (see below), M = Molecular size markers,
E1-E4 = Elution fractions

Basic buffer : 50mM Tris-HCI (pH 8.0), 300mM NaCl, 10% glycerol (v/v)
W1 = Buffer + 25mM Imidazole (20ml)

W2 = Buffer + 40mM Imidazole (20ml)

W3 = Buffer + 50mM Imidazole (20ml)

W4 = Buffer + 75SmM Imidazole (20ml)

E1-E4 = Buffer + 300mM Imidazole (4 x 1.5ml)
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5.5 Effective puriflication of soluble Trx-DrrA using an enhanced

chromatography procedure

Up to this point all attempts to purify soluble Trx-DrrA had been performed using
Qiagen’s ‘Ni-NTA-agarose’” IMAC resin. The purification procedure itself had involved
two distinet phases, an initial bulk binding phase followed by gravity flow column
chromatography. In the following series of experiments an alternative procedure was
adopted. Purification was performed using a pre-packed IMAC matrix purchased from a
commercial source, and all binding, washing and elution phases were performed under

positive pressure provided by a peristaltic pump.

1ml “HiTrap Chelating HP” columns were purchased from Amersham Pharmacia Biotech
and were loaded with Ni** jons according to the manufacturer’s instructions (see chapter
2). A gingle Lml column, loaded with Ni*", served as the chromatography matrix in all of
the following experiments. The major diffcrence belween this matrix and the Ni-NTA
matrix used previously is the nature of the ligand group to which Ni** ions are bound. In
the case of the HiTrap columns Ni*" ions are bound to a Sepharose matrix through an
iminodiacetic acid (IDA) ligand, rather than being bound to agarose beads via a
nitrilotriacetic acid (NTA) ligand. The experiments described below show how this
relatively small ditference led to vastly improved yields and purity levels during the

preparation of Trx-DirA.

A trial experiment using the Ni~IDA matrix was performed according to the following
protocol. 1 litre culture of £. coli LMG194/pTrx-DrrA was grown using the low
teraperature growth and induction procedure described in scction 5.3, These cells were
resuspended in 50ml of an ice-cold buffer containing 50mM Tris-HCl (pH 8.0), 400mM
NaCl, 10% glycerol and EDTA-free protease inhibitors. The cells were disrupted and a
cleared lysate containing soluble Trx-DitA was prepared by centrifugation. The elevated
NaCl concenlration used in all buffers was an attempt to reduce non~specific interactions
between the column matrix and protcins present in the cleared tysate. Trx-DrrA was
immobilised by pumping the cleared lysate (approx. 45ml) through a pre-equilibrated
IMAC column at a constant flow-rate of 0.8ml/minute. This and all subsequent stages of
the procedure were performed at 4 °C in a cold-room. Aller the completion of the

binding phase unbound protein was removed from the coluwmn matrix by passing 25ml of
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resuspension buffer through the column at the same flow-rate. Non-specifically bound
contaminants were removed from the resin by washing with 75ml of the same buffer
supplemented with 60mM imidazole. The final stage of the procedure involved elution of
the bound Trx-DrrA using buffer supplemented with 250mM imidazole. 10ml of this
clution buffer was pumped through the column at a flow rate of 0.8ml/minute and 1.5 ml
{ractions collected. The results of the experiment deseribed above were analysed by SDS-
PAGE as shown in figure 5.7.

The use of a pre-packed Ni-IDA column and a peristaltic pump clearly resulted in a
vastly improved preparation of soluble Trx-DrrA. Little background contamination was
evident in the elution fractions and the protein was estimated to be approximately 90%
pure, ideal for subsequent biochcmical assays. The experiment illustrated in figure 5.7

was performed using a cleared lysate prepared from just t litre of cell culture.

Following the success of the initial purification (rials, larger scale purification
experiments were initiated in order to provide the necessary quantities of Tex-DrrA
required for subsequent studies. The purification protocols developed previously were
simply applied to cleared lysates obtained from larger cell cultures. Figure 5.8 shows the
large scale purification of Trx-DrrA from a 3 litre culture of LMG194/pTrx-DrrA cells.
Exactly the same IMAC binding, washing and elution steps as had been performed in the
smaller scale experiments were used here also. Figure 5.8 shows that the purification
methodology developed was robust, reproduciblé and able (o yield Trx-DrtA of the
required purity (greater than 95%) for further studies. In addition, the protein purified in
this manner proved o be stable at 4 °C for up 1o a week, and could be dialysed without

risk of precipitation.
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Figure 5. 7 Enhanced purification of Trx-DrrA using a Ni-IDA
chromatography matrix

Fractions
__FE M El 2__3 E4 E5

Trx-DrrA
(=52 kDa)

A Coomassie blue stained SDS-PAGE gel showing IMAC purification of soluble Trx-
DrrA. Purified protein was isolated from a 1 litre culture of LMG194/pTrx-DrrA grown
and induced as described in section 5.3. Column chromatography was performed using a
pre-packed 1ml Ni-IDA-Sepharose column loaded and developed at a flow rate of
0.8ml/minute. Trx-DrrA prepared by this method was estimated to be approximately 90%
pure. This represented a significant improvement in the quality of the Trx-DrrA protein
preparation when compared with previous gravity-flow IMAC experiments.

Column Buffer:  50mM Tris-HCI (pH 8.0), 400mM NaCl, 10% glycerol (v/v)
W1 = Buffer + 0mM Imidazole (25ml)

W2 = Buffer + 60mM Imidazole (75ml)
E1-E5 = Buffer + 300mM Imidazole (5 x 1.5ml)
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Figure 5. 8 Large-scale purification of soluble Trx-DrrA

Elution fraction

1 2 3 4+ 5 6 M 7 8 9

A Coomassie blue stained SDS-PAGE gel showing purified soluble Trx-DrrA. The above
protein was purified from 3 litres of LMG194/pTrx-DrrA cells grown and induced at 17
°C. Cleared lysate from these cells was applied to a Iml HiTrap Chelating IMAC column
at a constant flow rate of 0.8ml/minute using a peristaltic pump. Wash and elution buffers
(see below) were applied to the column in the same fashion. Trx-DrrA purified by this
technique was estimated to be greater than 95% pure, suitable for further biochemical

analysis. Protein samples were stored at -80°C.

Purification protocol: -

Column Buffer 50mM Tris-HCI (pH 8.0), 400mM NaCl, 10% glycerol (v/v)
Wash 1 Buffer + OmM Imidazole (25ml)

Wash 2 Buffer + 60mM Imidazole (75ml)

Elutions Buffer + 300mM Imidazole (15ml, collected in 1.5ml fractions)
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5.6 Discussion

Recombinant protein over-expression and purification is a complex process, the success
of which 1s influcneed by a wide range of variables. Factors such as the source of the
recombinant protein, the expression host, and the nature of the expression system
employed may all have a significant role in determining the outcome of experiments. All
previous attempts to express a soluble form of recombinant M. fuberculosis DrrA using
the pET-based expression system had failed due to the formation of inclusion bodies.
However, as the data in this chapter demonstrates, such problems can be overcome by

careful modulation of variables known to affect protein expression and solubility.

The eventual production of soluble M. fuberculosis DyrA was achicved through
introduction of multiple, sequential changes to expression and purification protocols. The
exact degree to which each variable influenced the eventual outcome is difficult to
assess. However, modifications to the expression system, growth conditions, bacterial
strains and chromatography techniques were all shown to contribute to the improved
results. Perhaps the greatest improvements in DrirA expression were derived from the use
of an alternative expression vector. The pBAD-ThioFusion system not only provided
high levels of expression (as the pET vector had done), but also had a significant
influence on the sub-ceilular localisation of the protein. Whereas cells carrying the pDrrA
plasmid had cxpressed the protein in the form of inseluble aggregates, pTrx-DrrA led to
accumulation of the fusion protein in the . ¢oli cytosol. The use of fusion proteins is
becoming an increasingly common strategy when attempting to improve the solubility of
ABC transporter NBD’s. The technique has been applied to proteins from both
eukarvotic and prokaryotic sources, most commonly employing MBP as the fusion
partner (e.g. see Gartner ez ¢/, 2003; Honisch and Zumft, 2003). The data presented here
suggesls that £. cofli thioredoxin may be an equally effective fusion partner for some
bacterial NBD’s. The proximity of the structurally important Walker A nucleotide-
binding motif to the N-terminal of DrrA was a major factor in the choice of thioredoxin
as the fusion partner. It was considered possible that the presence of a high molecular
weight protein, such as MBP, ncar to the nucleotide-binding fold might influence the
biochemical properties of the ATPase. This may be even more of a consideration in the
light of structural data suggesting that important functional interactions between ABC

transporter NBD’s are mediated by juxtaposition of two nucleotide-binding folds (Chang,
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G., 2003). Determining whether or not this is a valid concem will require the availability

ol high resolution structural data for a NBD fusion protein.

The guantity of soluble Trx-DrrA produced was strongly influenced by the growth
temperature of expression cultures. Rapid growth at 37 °C was shown to promote the
formation of insoluble aggregates similar to those produced by the pET system, whilst
growth at 17 °C generated primarily soluble, cytosolic protein. Clearly the speed at
which heterologous proteins are synthesised in £. cofi can have a major effect on the
efficiency of protein folding, especially when so many of the cell’s resources are being

used to this end.

Having established conditions suitable for the expression of soluble Trx-DrrA, further
analysis required development of an efficient purification protocol. Previous experiments
using C-terminal His-Tagged DrrA had shown that IMAC was an acceptable means of
purification. However, further iterative alterations to the basic IMAC protocol were
required to identify optimal purification parameters. Initial experiments using a
combination of batch-binding and gravity flow column chromatography were only
partially successfiil in the purification of 'I'rx-DirA. Whilst acceptable levels of Trx-DirA
were recovered using this technique, the purity of the preparations was deemed to be
insufficient for subsequent biochemical analysis. By switching to an alternative metal
affinity resin and using larger quantitics of starting material the problem of protein
impurily was virlually eliminated (see figure 5.8). Once again a relatively small change

in experimental methodology had produced a significant improvement in results.

The expression and purification protocols described here were used to produce Trx-DrrA
for a range of biochemical experiments described in the next chapter. Yields of the highly
purified protein were estimated to be 2-3mg/litre of culture, and the protein could be

stored at -80 °C for extended periods of time without significant loss of function or

aggregation,
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Chapter 6

Biochemicalk analysis of the Trx-DrrA fusion protein

Sequence analysis of the M. fuberculosis drrABC operon (presented in chapter 3)
strongly suggests that DrrA constitutes the NBD of an ABC transporter complex. Having
established a suitable means of over-expressing and purifying the protein using E. coli as
the host organism, the next stage of analysis was to examine the biochemical properties

of the protein.

A significant body of experimental data has accrued regarding the biochemical properties
of ABC transporter NBD’s. Much of this data relates to the medically important
eukaryotic ABC transporters, CFTR and P-glycoprotein, and to model bacterial systems
such as the nutrient uptake transporters. Despite this, a definitive picture of NBD
behaviour has yet to emerge. Whilst certain fundamental properties of these proteins
remain constant, for example their ability to bind and hydrolyse ATP, other properties
show a marked degree of variation. Variables identified include the sensitivity of ATPase
activity to a range of inhibitors, whether or not activity is stimulated by transport
substrates, and the proposed multimeric state of these protcins. Differences in the
experimental systems used by different groups to over-express, purify and assay the

activity of NBD’s no doubt contribute to this variability.

The data presented in this chapter show the biochemical activity of the Trx-DrrA fusion
protein o be broadly compatible with a functional role as the NBD of a mycobacterial
ABC transporter. A partial characterisation of the protein was achieved through the use of
tracditional biochemical assays to determine features of the protein such as its enzymatic
activity and substrate preference. Efforts to describe more detailed features of Trx-DrrA
behaviour using sophisticated techniques such as stopped-flow fluorescence spectrascopy
were essentially unsuccessful. Possible reasons for the failure of these experiments are

described at the end of the chapter.
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6.1 Trx-DrrA exhibits cation dependent ATPase activity

The ability to bind and hydrolyse ATP is a fundamental property of all ABC transporier
NBD proteins identified to date; the phosphate bond energy released being used to drive
the substrale translocation process. Many ABC {ransportcr NBD’s have been shown to
retain their ATP-binding/hydrolysing properties even when expressed and assayed in
isolation, i.e. in the absence of associated membrane-spanning components of the
transporter complex (e.g. see Nikaido et al., 1997). The high level of sequence homology
between M. tuberculosis DrrA and other NBD proteins suggested that this protcin should
demonstrate a similar ATPase activity. In fact, establishing such activily was considered
to be a vital first step in demonstrating not only the efficacy of the expression and
purification protocol developed, but also in confirming the hypothesis that DA does

indeed constitute the NBD of a novel mycobacterial ABC transporter,

The ATPase activity of recombinant Trx-DrrA was initially assayed using a modification
of the protocol developed by Harder and colleagues. The technigue relies upon the use of
a chromogenic reagent in order to detect inorganic phosphate (Py) released into the assay
medium through the activity of the ATPase enzyme. The detection reagent, a mixture of
malachite green and acidified ammonium molybdate, teacts quantitatively with P; to form
a green coloured complex absorbing strongly at 610nm (sce chapter 2 and Harder ef al.,
1994). Performed in 96-well microtitre plates, the assay provides cxccllent sensitivity and
linearity of response when testing samples containing a range of P; concentrations (rom 1
to 30 uM (50 to 1500 picomoles of P;). Standard curves were prepared in parallel with
each ATPase assay in order to quantify the amount of P; released. Figure 6.1 shows the

data generated for a typical standard curve.

To date, the ATPase activity of virtually all ABC transporter NBD’s has been shown to
be dependent upon the presence of a divalent cation, most usually magnesium. Indeed,

the function of the highly conserved aspartate residue in the Walker B ATP-binding motif
is believed to be co-ordination of the divalent cation. The presence of this cation is
thought to be absolutely vital to the mechanism of ATP hydrolysis and a number of ABC
transporter NBD’s show dramatically reduced ATPase activities when the conserved

aspartate is removed by sife directed mutagenesis (e.g. see Zhou und Rosen, 1999).
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Figure 6. 1

Standard Curve for Malachite Green P Assay
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The standard curve above shows the response of the malachite green P; assay over the

range 50 to 1500 picomoles of P;. Standard sumples containing various amounts of

phosphate were prepared by diluting a 1mM stock of Nall,PO, into assay buffer (5S0mM
MOPS, 100mM NaCl; pH 7.4). A 45ul aliquot of each standard sample was then mixed

with Sul of 500mM EDTA in a separate well of a 96-well microtitre plate. The assay was

developed by the addition ol 100ul of malachite green detection reagent to each well and

the absorbance of samples at 610nm measured in a plate reader.
Detection reagent: 3 parts 0.045% w/v malachite green

I part 4.2% w/v ammonium molybdate in 6N TICI
0.01% v/v Tween 20
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The first ATPase assays performed were designed to identify whether or not the Trx-
DrrA fusion protein was capable of ATP hydrolysis, and also whether such activity was
dependent upon the presence of Mg*" ions. Two identical reaction mixtures, detailed in
figure 6.2, were prepared and incubated at 37 °C for 10 minutes in a thermostatically
controlled heating block. After this initial cquilibration period the reaction in one of the
two tubes was initiated by the addition of MgCls to a final concentration of ImM. A
stmilar volume of water was added to the second reaction mixture (the negalive control).
Over the ensuing ten minutes 43l samples of each reaction mixture were withdrawn at
various time points and mixed with 5pl of 500mM EDTA in a separate well of a
microtitre plate. The role of the high concentration EDTA was to rapidly chelate Mg”"
ions, thereby immediately halting cation-dependent ATD hydrolysis in each sample. After
a complete set of samples had been collected for both the experimental and control Lubes,
the phosphate content of each withdrawn sample was analysed by the addition of 100pl
of'inalachite green detection reagent. The results were analysed immediately after the
addition of the detection reagent by measuring absorbance at 610nm. This was done as
quickly as possible in order to reduce the interfering effect of acid-hydrolysis of ATP

caused by the fow pH of the detection reagent.

The results of these initial experiments are shown in figute 6.2. The Trx-DrrA fusion
protein clearly shows ATPase activity, as measured by an increase in P; content of the
assay mixture over time. A similar level of ATPase activity is absent from the control
sample indicating that aclivity is, as expected, dependent upon the presence of a divalent
cation. Whilst a small increase in phosphate content is observed in the ncgative control
reaction over the course of the experiment, it is many times lower than that observed for
the magnesium-containing sample. This small increase can perhaps be atiributed to
spontancous ATP hydrolysis occurring over the total 20 minute period of the experiment.
The assay was performed under ‘steady-state’ conditions, i.e. the concentration of
substrate (SmM ATP) was far in excess of that of the enzyme (1.2uM, based upon a
calculated M.W. of 52 kDa for Trx-DrrA). Under such conditions the enzyne would be
expected to display lincar ATPase activity. Although some deviation from linearity wus
observed in the carliest time-points, overall the activity was a good fit to a straight line
(R?=0.98).
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Figurce 6. 2 Magnesium-dependent ATP hydrolysis by Trx-DrrA
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Two identical reaction mixturcs {(sce below) were incubated at 37 °C for ten minutes prior
to the addition of 1mM MgCl, (filled circles), or H>O (open circles). 45 ul samples were
withdrawn from the reaction mixtures at the time points indicated and ATPase activity
quenched by mixing with Sul of 500mM EDTA. Samples were analysed for P; conlent by
measuring absorbance at 6 0nm after the addition of 100l of malachite green detection

reagent. Absolute quantities of P; in each sample were calculated by comnparison with a

standard curve.

Reaction conditions

Assay buffer = 50mM MOPS (pH 7.4), 100mM NaCl
[ATP] = 5mM

[Trx-DrrA] = [.2uM

[MgCl;] = ImM (filled circles), 0mM (open circles)

173




The gradient of the activity curve indicated that P; was being released into the reaction
mixture at a rate of 209 picomoles/min/45ul sample analysed. By subtracting the
apparent rate of spontaneous ATI® hydrolysis observed in the control reaction (11
picomoles/min/45ul) a corrected figure of 198 picomoles/min/45) was derived. ATPase
data is more commonly presented in terms of aclivity/minute/mg protein. In order to
allow cffcctive comparison of Trx-DirA with other NBD proteins the activily datua was
converted to these alternative units using the calculated M. W of the protein and the fact
that the assay was carried out in a total volume of 8001, On this basis, the ATPase
activity of Trx-DirA, under the conditions described, was found to be 56.41 mmoles
Pi/minute/mg protein. The only other mycobacterial NBD protein for which ATPase
activity data is available is PstB, the ATPase domain of the phosphate-specific transporter
(Sarin et al., 2001). The activity of this protein was found to be 122 nmoles Pi/min/mg,
approximately twice that observed for Trx-DirA. The significance of this and other

comparisons are considered in the discussion section at the end of this chapter.

A second means of mecasuring the ATPase activity of Trx-DrrA was also tested in order
to confirm the results of the malachite green P;release assay. This second assay, the
EnzChek Phosphate Assay system (Molecular Probes, see chapter 2), had the advantage
that P; accumulation could be monitored in real-time by spectroscopic means, This feature
of the assay allowed both the stimulatory effect of Mg** ions and the quenching elfect of
EDTA to be shown directly. It also provided a further demonstration that the steady-state
hydrolysis of ATP by Trx-DrrA was indeed linear, and that the devialions from linearity
observed in the early time-point samples of the malachite green P; assay were artefactual.
Figure 6.3 shows that virtually no ATP hydrolysis is observed in the sample prior to the
addition of 1mM MgCl, (0-60sec, blue line). Thereafter, the P; content of the sample
increased linearly over the period 77-387sec (red ling) as measured by the increase in
absorbance of the sampie at 360nm. Finally, EDTA was shown to completely halt the
ATPase activity of Trx-DrrA when added to the reaction mixture at a final concentration
of 5mM (green line). The data produced by this assay were not directly quantified
because of the need to use large quantities of the expensive assay reagents in order to

generate P; standard curves.
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Figure 6. 3

Direct observation of ATP hydrolysis by Trx-DrrA using a

continuous spectroscopic assay

Abs. 360nm

06 F  1mM MgCl, _,-#"d

o."-f’!/-/
05 b /
¥ 5mM EDTA
04 F
0.3 i 2 1 " 1 4 1 4
0 100 200 300 400 500

Time (Seconds)

The EnzCheck Phosphate Assay system (Molecular Probes) was used to monitor the

continuous hydrolysis of ATP by Trx-DrrA in a spectroscopic assay. The assay mixture

was prepared according to the manufacturers directions and the generation of P;

monitored as an increase in absorbance of the sample at 360nm (see below and chapter

2). ATPase activity was induced by the addition of ImM MgCl, to the sample cuvette,

left hand arrow, and stopped by the addition of the chelator EDTA, right hand arrow.

Between these points the rate of ATP hydrolysis by Trx-DrrA was essentially linear and

entirely dependent upon the availability of free Mg®" ions. The assay was performed at 22

°C in a 1.5ml cuvette with a 1cm path length. Increase in absorbance of the experimental

sample was calculated with respect to an identical cuvette containing dH,O.

Assay Component

MOPS (pH 7.4), 100mM NaCl

PNP

ATP (100mM stock)
MESG

Trx-DrrA (300pg/ml)

MgCl; (100mM stock)

Volume (total 1ml)
720u1

10pu1

10p1

200pl1

50ul

10pl
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6.2 Dependence of Tr-DrrA ATPase activity on ATP concentration —

Determination of V. and K,

Having established that the purified Trx-DrrA fusion protein was indeed a functional
ATPase, a series of experiments were performed in order to determine some of the basic
kinetic parameters of the enzyme’s activity, thereby allowing meaningful comparison
with other NBD proteins. The malachite green P;release assay was used to determine the
rate-dependence of ATP hydrolysis upon ATP concentration (under steady-state
conditions). ATPase activity data was collected over a 150-fold range of ATP
concentrations from 10PM to 1.5mM. The Trx-DrrA concentration used in all assays was
1uM (52pg/ml). Figure 6.4 shows that the rate of ATP hydrolysis varicd in a hyperbolic
manner with increasing AT concentration, indicative of simple Michaelis-Menten type
kinetics. Non-linear regression analysis (Sigma Plot 4.01, SPSS) showed that the data
was a good fit to a single hyperbolic function indicating that Trx-DirA had a V,,, of 52.4
& 2.3 nmoles Pi/min/mg and a K, of 84.8 + 6.3 pM.

Whilst regression analysis of this kind is undoubtedly the best way of accurately
determining kinetic parameters from untransformed rate data, indirect, graphical means
are also available. The same rate data illustrated in figure 6.4 were re-plotted in a straight
line form according to the method of Hanes and Woolf. The values of the gradient and x-
intercept were used to calculate ¥,y and K, respectively (see figure 6.5). Using this
graphical means Trx-DitA was shown to have a ¥, of 52.4 nmoles Py/min/mg and a X,
ot 85.5uM, both figures showing excellent correlation with thosc derived by non-linear
regression. This calculated V., value of 52.4 £ 2.3 nmoles Pymin/mg for Trx-DrrA also
shows good correlation with the carlier ATPase data described in section 6.1, This
previous assay, performed using a very high ATP concentration of 3mM (= 60 times X)),
suggested an activity of 56.4 nmoles Pi/minute/mg protein, a figure that is in good overall
agreement with the calculated value described here. Comparison of these data with those
obtained for other prokaryotic ABC transporter NBD’s is discussed in section 6.11 at the
end ot this chapter.
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Figure 6. 4 ATPase activity of Trx-DrrA as a function of [ATP]

Kinetics of ATP hydrolysis by Trx-DrrA
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The malachite green P; release assay was used to determine the ratc of ATP hydrolysis by
1M (52 pg/ml) Trx-DrrA in the presence of various ATP concentrations ranging from
f0uM to 1500uM, ATPase assays were performed at 37 °C in a thermostatically
controlled heating block and initiated by the addition of MgCl to a final concentration of
ImM. All assays were conducted in a total volume of 800u1 with 45u] samples analysed
for P; content at 1 minute time intcrvals over a time course of 10 minutes. A P; standard
curve was used to convert P; accumulation data to rate data in the format nunoles

Pi/min/mg protein.

The rate data were fitted to a single hyperbolic (Michaclis-Menten) function of the iype:
y=a.x
b+tx
where the co-cfficicats a and b correspond to kinetic parameters V. and K, and x and y
refer (o the substrate concentration and measured rates respectively. The values for Vg
and K, returned by the Sigma Plot 4.01 non-linear regression sofiware are shown on the

graph.
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Figure 6. 5 Hanes-Woolf determination of V.. and X, for Trx-DrrA
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The ATPase activity data shown in figure 6.4 were re-plotted according to Hanes and
Woolf (above). The data were an excellent fit to a straight line with the equation: -

y = 0.01907x + 1.63 (R*= 0.998). The Hanes-Woolf plot is a re-arrangement of the
hyperbolic Michaelis-Menten. plot and can be used to determine the kinetic parameters
Vuax and K, by graphical means. The gradieat of the straight line fit corresponds to the

value 1/V,,.., whilst solving the linear equation tor y = 0 provides the - £, value,.

Evaluated by this means, the ATPase activity of Trx-DerA was shown (o have a Fiya 0f
52.4 nmoles Py/min/mg of protein and a X, of 85.4pM. Both of these figures are in
excellent agreement with those calculated for the same parameters by non-linear

regression analysis of the untransformed data.
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6.3 The Trx-DrrA fusion protein does not display positive cooperativity

with regard to ATP hydrolysis

The [act that Trx-DrrA appeared to hydrolyse ATP according to simple Michaelis- |
Menten kinelics suggested the absence of any physical or mechanistic interaction
between protein sub-units during the ATP hydrolysis cycle. Indeed, a Hill plot of the
kinetic data indicated that individual Trx-DrrA molecules behave completely

independently of one another (L1ill coefficient = 1.01, see figure 6.6). However,

interaction between NBD’s has become an increasingly central feature of models
regarding ABC transporter function (¢.g. see Locher ef a/., 2002 ). It was considered that
up to this point alt ATPase activity had been measured at low enzyme concentrations,
conditions which reduce the likelihood of protein/protein interactions, particularly if the
affinity of sub-units for one another is weak. In order to investigate whether protein
concentration might be a factor in the formation of Trx-DrrA dimers (or higher order
multimers), a series of ATPasc assays were conducted using increasing concentrations of
protein whilst maintaining a constant A'TP concentration. Protein concentration in the
ATPase assays was varied over a 50-fold range from 1 to 50 uM. This upper limit was
largely determined by the ability to produce solutions of Trx-DrrA up to a maximum
concentration of approximately 3mg/ml (before incurring protein precipilation and loss of
activity). The EnzChek phosphate assay system, rather than malachite green P; assay, was
used to measure ATPasc activity for a number of reasons. Firstly, the continuous assay
retains linearity of response over a wider range of P; concentrations (0-100nmoles), and
secondly, the rate of reaction could be inferred directly from the continuously monitored

absorbance at 360nm with out the need to transform the data.

The results of these experiments are illustrated in figure 6,7, The plot of ATPasc activity
vs. Trx-DrrA concentration is essentially lincar, once again suggesting that Trx-DitA
molecules hydrolyse ATP independently of one another, i.e. ATP hydrolysis by Trx-DrrA
is a non-cooperative process. These results initially appear to be at odds with a significant
amount of experimental data concerning the behaviour of both eukarvotic and prokaryotic
ABC transporters. For example, the MalFGK; and HisQMP;, transporters, from £, cofi

and S. typhimurium respectively, were both shown to display
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Figure 6. 6 Trx-DrrA hydrolyscs ATP in a non-cooperative manner
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The Hill plot of Trx-DrrA ATPase activity shown above indicates that ATP hydrolysis
occwrs with a Hill coefficient of 1, i.e. it is a non-cooperative process. This dala suggests
that each Trx-IrrA molecule binds and hydrolyses ATP independently of all others and
that increasing concentrations of ATP do not drive the formation of Trx-DrrA dimers or

multimers that behave differently from the monomeric species.
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Figure 6. 7 Dependence of ATPase activity on protein concentration
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The rate of ATP hydrolysis by Trx-DrrA was shown to vary linearly with increasing
protein concentration (top). Assays were performed using the EnzChek phosphate assay
system in which the hydrolysis of ATP (and hence the accumulation of P;) is monitored
by a change in absorbance at 360nm (bottom). All assays were pre-incubated at room
temperature with ImM ATP before the reaction was initiated by the addition of 1mM
MgCls. The fact that the top plot does not pass through the origin suggests a small
amount of spontaneous ATP hydrolysis occurred over the 10 minute time-course of the

assay.
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positive cooperativity with regard to ATP hydrolysis when the activity of the intact
transporter complex was measured (Davidson et a/., 1996; Liu ef al., 1997). Cooperative
interaction between NBD’s has also been demonstraled for the human multidrug ABC
transporter P-glycoprotein/MDRI (Qu and Sharom, 2001). However, in some cases, the
behaviour of purified NBD’s assayed in dilute solution appears to vary from that
displayed by the same proteins when they are present as part of an intact {four domain)
ABC transporter complex. For example, neither the MalK nor HisP NBD’s show strong
evidence of cooperative ATP hydrolysis when their activity is assayed in solution
{Nikaido et al., 1997; Morbach et a/., 1993). In response to this apparent contradiction
Nikaido and collcagues proposed that removal of HisP from the ABC transporter
complex may result in structural rearrangements that affect the enzymatic properties of

the protein.

Only recently has direct evidence of ATP-driven dimerisation of isolated N31)’s been
presented. Moody and colleagues used very high resolution gel filtration chromatography
to demonstrate that the soluble M. jannaschii ATP-binding cassette, MJ0796, forms
stable dimers specifically in response to ATP-binding (Moody ef al., 2002). The
formation of NBD dimers was shown to be highly dependent upon the ionic strength of
the assay medium, a factor which suggests electrostatic interactions are important
mediators of NBD-NBD association. The authors go on to propose a model of ABC
transporter function in which ATP-~driven association of NBD's is a vital first stage in
coupling the event of ATP binding to the structural changes in the transporter complex
necessary for substrate translocation, Upon ATP hydrolysis subtle electrostatic and
structural effects result in dissociation of the dimer and the transporter returns to its initial

state.

The biochemical behaviour of the Trx-DrrA fusion protein appears to mirror that of the
isolated HisP and MalK NDBD’s, rather than that of MJ0796. However, the data presented
here does not preclude the possibility that the native mycobacterial DrrA NBD behaves
diffcrently when it is part of a complcte ABC transporter. Indeed, it illustrates rather weil
that subtle effects such as enzymatic cooperativity may be difficult to identity when the
components of multi-protein complexes are treated in isolation. Whilst in some instances
simple biochemical data may hint at the vnderlying mechanism of an enzymatic reaction,

in others a more sophisticated analysis may be necessary. Increasingly, both biochemical
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and structural data ave beginning (o suggest that ABC transporter function is highly
dependent upon interactions between the various domains of the complex. As such, a
complete understanding of their function may require rescarchers to adopt a ‘systetns-

approach’ to their analysis, rather than more traditional techniques.

6.4 The Walker A structural motif in Trx-DrrA is vital for efficient ATP
hydrolysis

The presence of the Walker A and B nucleotide-binding motifs in the mycobacterial DirA
protein is one of the key indicators that the enzyme is an ATPasc, and possibly the energy
transducing sub-unit of a novel mycobacterial ABC transporter. Crystallographic studies

have shown that the amino acid residues of the Walker A motif in particular mediatc vital

hydrogen bonding interactions between the NBD and associated nucleotide (e.g. see
Hung et al., 1998). Mutations to rcsidues within this motif are usually very poorly
tolerated and can lead to complete loss of catalytic activity of ABC transporter NBD
proteins (e.g. Saveanu ¢/ af., 2001). In order to asccrtain whether the Walker A residues
of M. tuberculosis DirA arc similarly vital in the observed ATPase activity of protein,
two different amine acid niutations were introduced into the motif by site directed
mutagenesis (sce chapter 2). The mutations introduced at key positions in the motif are

illustrated below (most highly conserved residues are bold): -

Mutant 1 (G478) 42-GPNGASK'T 49
Native DirA Walker A motif 42-GPNGAGKT-49
Mutant 2 (K48E) 2-GPNGAGET-49

Each mutation introduced was designed to significantly alter the chemical nature of the
amino acid present at a given location in the motif. In the first mutant the small, apolar,
glycine residue at position 47 is changed to the larger hydroxyl-containing amino acid

serine. The second mutation introduced changes the positively charged lysine residue at

position 48 to a negatively charged glutamate.
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native Trx-DrrA fusion protein. The mutations appeared to have no significant effect on

the cxpression levels, solubility or purity of the protein.

The hiochemical effect of the Walker A mutations was assessed in terms of the ATPase
activity displayed by the mutant proteins. Under conditions sunilar {o those used for the
initial characterisation of the native Trx-DirTA protein, i.e. ImM ATP, lmM MgCly, 1 M
protcin, no cation stimulated ATPasc activity was detectable for either mutant using the
malachite green P; release assay. However, when the ATP concentration in the assay was
increased to SmM, a limited degree of Mg?* stimulated activity could be detected for both
proteins. The results of these assays and an analysis of the data are presented in [igure
6.8.

Similarly to the native protein, both the G478 and K48E mutants werc shown Lo
hiydrolyse ATP in a lincar manner, ATPase activity being dependent upon the presence of’
Mg ions. When the rate of ATP hydrolysis by each mutant protein was calculated in
lerms of a specific activity, significant differences emerged both between the mulunis,
and in comparison with vative Trx-DrrA. The K48E mulant showed the lowest level of
activity, 2.86 nmoles Py/min/mg. This represents just 5% of the activity of the native Trx-~
DrrA protein assayed under the same conditions. The G478 mutant was a little more
active, displaying a specific activity of 7.96 nmolcs Py/min/ing. Noncthcless, this activity
still represented just 14% of that of the native protein. The very low activity of the two
mutant proteihs precluded a rigorous analysis of the kinetic propertics of these enzymes
e.g. determination of K, and ¥, values. However, it is apparent from these empirical
data that both the G478 and K48E mutations result in dramatically reduced enzymatic

activity.

The experiments provided important confirmation that the ATPase activity of Trx-DrrA
was at least 95% attributable to the mycobacterial DrrA moicty of the fusion protein.
Furthermore, ATP-binding appeurs to be dependent on the same nucleotide/protein
interactions as occur in other well-characterised ABC transporter NBD’s, The dramatic
deercascs in ATPase activity of the mutant proteins almost certainly reflect a reduced
afTinity for ATP caused by structural distortion or physico-chemical alteration of the

nucleotide hinding fold.
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Figure 6. 8 Mutations in the Walker A motif of Trx-DrrA result in reduced
ATPase activity
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Protein Specific Activity % Activity
Wild-Type 56.4 nmoles Py/min/mg [00*
Mutant K48E 2.86 nmoles Py/min/mg 5
Mutant G47S 7.96 nmoles Py/min/mg 14

* see section 6.1

The malachite green P;release assay was used to calculate the ATPase activity of mutant

Trx-DrrA proteins. Assays were performed at 37 °C in a lotal volume of 800ul.

Each assay contained 1pM mutant protein, 5aM ATP and was initiated by the addition of

MgCl, to a final concentration of lmM. 45ul samples of the assay mixtures were

withdrawn at the time-points indicated and mixed with Sul of 500mM EDTA to quench

the reaction. Phosphate content of each sample was analyscd by Absgonm after mixing

with 100pl of malachite green detection reagent. Reaction rates measured in terms of

SAbsg s (see figure) were converted to specific activities using a Py standard curve.

Neither protein exhibited activity in the absence of Mg®* (data not shown).
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6.5 Neither Poxorubicin nor Daunorubicin activate the rate of

ATP hydrolysis by the Trx-DrrA fusion protein

A number of ABC transporters exhibit significantly enhanced ATPase activities when
exposed to their transport substrates, e.g. mammalian P-glycoproteins, and the ArsAB
arsenite/antimonite efflux transporter of E. coli (Scarborough, 1995; Kaur, P., 1999).
However, as with so many other features of ABC transporter research, this property is by
no means universal and the mechanism by which it occurs is a matter of some
controversy. For example the ArsA ATPase was shown by X-ray crystallography to
posscss three metalloid binding sites, occupancy of which can be correlated with
increases in the ratc of ATP binding and hydrolysis by this protein (Zhou ef al., 2000).
On the other hand, only scant evidence exists to suggest that the NBD’s of P-
glycoproteins possess similar substrate binding sites. To add further complexity to the
picture, neither free histidine nor the liganded soluble receptor HisJ, affect the ATPase
activity of purified HisP, whilst spermidine, the substrate of the PotA ABC transporter,
actively inhibits the ATPase activity of this NBD (Nikaido ef of., 1997; Kashiwagi ef al.,
2002). Despite this apparent complexity of regulation, which may involve the presence of
substrate hinding sites in either the NBD or MSD components of a lransporter, it was
decided to analyse whether or not the ATPase activity ol the Trx-DrrA fusion protein was
affected by the presence of the potential transport substrates doxorubicin and
davnorubicin. An obvious stimulatory effect caused by the presence of these antibiotic
molecules might be interpreted as an indication that the DrrABC transporicr is indced an
antibiotic cfflux system, and that M. fuberculosis retains some of the antibiotic transport

capabilities widely distributed amongst other members of the actinomycetacles.

ATlase assays were performed using the EnzChek phosphate assay system. 40uM ‘I'rx-
DrrA was pre-incubated in the presence of ImM ATP and doxorubicin or daunorubicin at
varying concentrations between 0 and 100pM. After a five minute incubation period
ATPase activity was initiated by the addition of 1mM MgCly. ATPase activity was
monitored spectroscopically by a change in absorbance of the assay mixture at 360nm

over a period of five minutes.

Figure 6.9 shows the results of two such ATPase assays, onc conducted in the absence of

antibiotic (blue line), and the second in the presence of 100puM daunorubicin (green line).
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Figure 6. 9 The ATPase activity of Trx-DrrA is unaffected by

anthracycline antibiotics
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The ATPase activity of Trx-DrrA monitored in the presence and absence of the
potential transport substrate daunorubicin (Dnr). ATPase assays were performed at
room temperature using 40uM Trx-DrrA (approx. 2mg/ml) and ImM ATP. Assays
were prepared in a total volume of 1ml according to the manufacturers instructions (see
chapter 2). Dnr was added to the assay by microdilution of a concentrated stock solution
prepared in DMSO. After a five minute pre-incubation period ATP hydrolysis was
initiated by the addition of MgCl; to a final concentration of ImM. The rate of ATP

hydrolysis was monitored by the increase in absorbance of the assay mixture at 360nm.

The gradients of the two activity curves above were used as a direct measure of ATPase
activity. In the first assay, conducted in the absence of daunorubicin, the ATPase _
activity corresponded to a 8Absseo of 0.0182 units/minute (blue line). The second assay,
conducted in the presence of 100uM daunorubicin, showed a §Absig of 0.0192
units/minute (green line). The difference between these two figures represents that a less
than 5% increase in ATPase activity occurring in response to the presence of the
antibiotic. This very small figure suggests that anthracycline antibiotics have little or no

effect on the ATPase activity of Trx-DrrA.
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Clearly, the presence of the antibiotic has no significant effect on the rate of ATP
hydrolysis by Trx-DrrA, even at this highest concentration tested, One possible
intcrpretation of these results is that the Trx-DrrA fusion protein does not possess a
binding site(s) for doxorubicin/daunorubicin. Alternatively the results may simply
suggest that any interaction between the NBD and the anthracycline antibiotics has no
stimulatory etfect on the rate of ATP binding or hydrolysis. However, two interesting
counterpoints to these data are have been presented in the literature. In her initial studies
on the S. peucetius DirAB antibiotic efflux system Kaur was able to demonstrate that
35uM doxorubicin significantly enhanced the binding of radiolabelled ATP to DrrA
(Kaur, P., 1997). In this experimental system radiolabelling was performed using whole
cell membranes from a recombinant L. coli strain expressing both the DrrA and B
proteins, rather than using the purified NBD. Kaur suggests that the data can be
interpreted in two alternative ways. The first, simplest, interpretation is that the NBD
proiein DrrA is an allosteric enzyme with binding sites for doxorubicin that, when
occupied, directly enhance ATP binding. The second interpretation proposes that
binding of doxorubicin to the MSD component of the transporter, DrrB3, enbances ATP
binding to DrrA through conformational changes transmitted from one domain to the

other.

A second, and perhaps more significant contradiction to the ATPase activity data
presented here was published by Choudhuri and colleagues in 2002, This group, also
working on the M. tuberculosis Dry proteins, developed an artificial operon for
simultaneous recombinant expression of both DrrA and DB in £.coli (Choudhuri et
al., 2002). Much of the research published by this group is discussed in the next chapter
which considers the possible physiological roles of the M. tuberculosis DrrABC system.
However, in a series of experiments essentially similar to those performed by Kaur, this
group were able to demonstrate that ATP binding to DrrA was again enhanced by both
doxorubicin and daunorubicin (40uM) when binding activity was measured in whole
cell membranes. Choudhuri uses these, and other data presented in the same work, to
argue that the mycobacterial DirA and B proteins together constituie a functional
daunorubicin/doxorubicin efflux transporter. It should be noted however that they chose
to cxpress only two of the three genes present in the transcriptionally linked AL

* tuberculosis drrABC operon.
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Nonetheless, both the experiments of Kaur and Choudhuri further suggest the potential
importance of inter-domain interactions between the various components of prokaryotic
ABC transporters. The fact that the ATPasc activity of the soluble Trx-DrrA {usion
protein is independent of daunorubicin concentration would seem to suggest that any
enhancement o’ ATP-binding must be the product of antibiotic binding to a component of

the transporter other than DirA.

6.6 Trx-DrrA displays a marked preference for purine nucleotides

The ability to bind substrates other than Mg  ATP has been demonstrated for a number of
ABC transporter NBD’s (e.g. see Buche et al., 1997). Whilst this ability is unlikely to be
of physiological significance, it is indicative of a degree of conformational flexibility
within the NBD core. In order to ascertain whether Trx-DirA possesses a similar degree
of conformational flexibility the malachite green P; release assay was used to test
alternative nucleotide-triphosphates as potential substrates. GTP, CTP and TTP were all
tested at imM concentrations and their rate of hydrolysis compared with that of ATP (see
figure 6.10).

The results indicated that Trx~-DrrA was capable of hydrolysing the purine nucleotide
GTP, whilst displaying virtually no activity towards the pyrimidine substrates CTP and
TTP. The rate of hydrolysis of GTP was approximately 40% of that observed for the
same concentration of ATP, suggestive of a lower affinity for this substrate. A similar
ability to bind GTP was demonstrated for the S. peucetius DitA protein (Kaur, P, 1997).
The ouly other mycobacterial NBD protein for which similar data is available is PstB, the
NBD subunit of the phosphate specific uptake transporter (Sarin ef al,, 2001). This
protein was able to hydrolyse not only ATP and GTP, but also the pyrimidine CTP. In
fact the affinity of this protein for CTP was higher than that for GTP (&K,[CTP] = 130uM,
K[GTP] = 211uM). Generally speaking there is very little consistency in the literature
regarding the ability of different ABC transporter NBD’s to bind and hydrolyse
alternative NTP’s. Differences appear to be case specific although GTP is by far the most
common alternative substrate. Whilst the Fi-type ATP-binding core of ail NBD proteins
is thought to adopt a highly conserved structure, it is possible that minor differences in
the amino acid residues in and around the ATP-binding fold affect the ability of different

NBD’s to utilise alternative substrates.
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Figure 6. 10 Hydrolysis of alternative NTP substrates by Trx-DrrA
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Substrate Specific activity* % activity vs. ATP
ATP 42.08 100
GTP 16.66 39.6
CTP 0.29 0.7
TTP 0.35 0.8

* nmoles P;/min/mg Trx-DrrA

NTPase assays were performed at 37 °C in a total volume of 800ul using 1uM Trx-DrrA
and ImM NTP. Reactions were initiated by the addition of ImM MgCl,. 45l samples
were withdrawn from each reaction at 1 minute intervals over a 10 minute period and
analysed for P; content as described in chapter 2 and elsewhere in this chapter. Specific
activities with regard to each substrate were calculated and normalised by comparison to
ATP. Whilst ATP is clearly the preferred substrate, Trx-DrrA is also able to bind and
hydrolyse the structurally similar molecule GTP. The fact that neither CTP nor TTP are
effective substrates indicates there is only a limited degree of conformational flexibility

in the ATP-binding core of the mycobacterial DrrA protein.




Conformational flexibility of sccondary structural elements in the region of the ATP-
binding fold may also have a significant effect. These experiments suggest that the Trx-

DrrA NBD has only a limited ability to bind and utilise alternative substrates.

6.7 Both Mn®" and Co*"ions will support ATP hydrolysis by Trx-DrrA
The data presented in section 6.1 demonstrated that the catalytic activity of Trx-DrrA was
entirely dependent upon the presence of Mg ions. In order to ascertain whether
alternative divalent cations might substitute for Mg®" in the reaction mechanism of Trx-~
DrrA a series of ATPase assays were performed in the presence of different salts. The
same series of experiments were also used to determine the rate dependency of the
ATPase reaction upon the concentration of the various ions tested. The dichloride salts of
manganese, cobalt, zinc and calcium were all tested for their ability to support ATP
hydrolysis. The concentration of each salf was varied over a range from 100uM to 3mM
and ratc data presented as percentage of the maximum rate of ATPase activity supported
by Mg?* (see figure 6.11). All ATPase assays were conducted at 37 °C using the
malachite green P;release assay and constant concentrations of Trx-DorA and ATP of

1pM and 1mM respectively.

The dala shown in figure 6.11 clearly indicate that Mg®" ions suppost the highest level of
ATPase activity across all concentrations tested. The optimal concentration for Mg®* ions
appears to lie in a broad range between 0.5mM and 2mM. Only at the highest
concentrations tested do Mg®* become inhibitory to the ATPase activity of Trx-DrrA. On
the basis of this data 1m™M MgCl, was used in ail further ATPase assays. The next best
stimulator of ATPase activity was cobalt dichloride. Co®" jons produced 53% maximal
ATPase activity at a concentration of 0.5mM with stimulatory activity dropping-off
sharply above this concentration. Manganese ions were also able to support ATP
hydrolysis by Trx-DrrA, a maximal stimulation of 42% occurring at a concentration of
1mM. Neither Zn** nor Ca®* jons were able to support ATPase activity.

The physical and mechanistic implications of the fact that a range of divalent cations can
support ATP hydrolysis by ABC transporter NBD’s are unclear. Structural and
biochemical data suggest that the divalent cation is liganded by the highly conserved
aspartate residue of the Walker B motif (e.g. see Huny ef al., 1998). The presence of'a

divalent cation at this site is clearly central to the catalytic mechanism of ABC
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Figure 6. 11 Cation dependency of ATP hydrolysis by Trx-DrrA
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The divalent cations Mg>*, Mn’*, Co?*, Ca”" and Zn®* were all tested for their ability to
stimulate the ATPase activity of Trx-DrrA. All assays were performed at 37 °C in a total
volume of 800pl. The ATP concentration in each assay was constant at ImM and Trx-
DrrA concentration was maintained at 1uM. ATPase activity was initiated by the addition
of dichloride metal salts at the concentrations indicated. The malachite green P; release
assay was used to calculate the rate of ATP hydrolysis in each experiment and all data is
presented as a percentage of the maximal rate of ATP hydrolysis observed.

Mg”" ions were the most effective stimulators of ATP hydrolysis (100% at 1mM), whilst
both Mn”* and Co®* produced a moderate stimulatory effect at concentrations between
0.5 and 1mM. Neither Zn>* nor Ca®" produced any stimulatory effect at any of the
concentrations tested (data for Zn>" not shown as it overlaps with that of Ca™).
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transporters since mutations to the Walker B aspartate are poorly tolerated and
frequently lead to complete loss of ATPase activity. The behaviour of Trx-DrrA with
respect to the different cations tested is broadly similar to that observed for model NBID)
proteins such as IIisP. Optimal concentrations of cation lie in the range 1-2mM with
Mg™*, Mn*" and Co*" fons all supporting ATP hydrolysis to a greater or lesser extent
{Nikaido et af,, 1997). It should perhaps be noted that the mycobacterial PstB NBD
exhibits some highly unusual properties with regard to its use of cations. Mg”" ions over
arange of concentration 10uM to 100mM were reperted to have absolutely no effect on
ATPase activity of the enzyme. ATPase aclivity could even be detected in the complete
absence of Mg*" ions. Even more strangely Mn”" ions appeared to actively inhibit the
ATPase activity of the enzyme. At the same time, mutation of residue Aspl 1§, the
Walker B aspartic acid, to lysine, dramatically deercasced the observed ATDPase activity
(Sarin et al., 2001). These two groups of data are very difficult to reconcile with one
another and with what is known about the activity of ABC transporter NBD’s in

general. The highly vnusuval behaviour of this mycobacterial protein awaits clarification.

6.8 Intrinsic tryptophan fluorescence studies of Trx-DrrA

Tryptophan fluorescence spectroscopy has proven to be a powerful too! for investigating
the properties of both ABC transporter NBD'’s and complete transporter complexes (see
Borgss-WalmsIey et al., 2003). The technique relies upon the observation that the
fluorescence properties of individual tryptephan residues within a protein are uniquely
responsive to even small changes in their microenvironment. Consequently,
conformational changes in a protein, induced by events such as ligand binding, can
frequently be correlated with a change in the measured tryptophan fluorescence.
Collected under steady-state conditions, protein fluorcscence data can be used to
calculate important biochemical parameters such as the equilibrium dissociation constant
of a particular protein-substrate interaction. The rate of change of tryptophan
fluorescence linked to a particular event can also be used te determine similarly important
rcaction parameters. Walmsley and colleagues have successfully used a combination of
these techniques to develop a detailed kinetic mechanism describing the activity of the of
the E. coli ArsA ATPase. Conformational changes associated with ATP binding,
metalloid binding, ATP hydrolysis and product relcase were all detected through changes
in the tryptophan tluorescence of the protein {Walmsley ez 4i., 2001).
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In order to ascertain whether similar conformational changes might be detected during
the ATP binding and hydrolysis cycle of Trx-DrrA, steady-state tryptophan emission
spectra were collected for the protein both in the presence and absence of nucleotide. The

resulting spectra are shown in figure 6.12.

In the absence of nucleotides Trx-DiTA exhibits an emission maximum of 109 Units at a
wavelength of 334nm. The addition of ImM ATP to the protein resulted in a large
quench in the measured fluorescence (64% decrease), and the subsequent addition of
1mM MgCl; to the mixture caused a further quench of 4%. Neither addition had any
effect on the A, value which remained constant at 334nm. These data initially suggested
that one or more of the four Trp residues in Trx-DrrA was reporting a nucleotide induced
conformational change in protein structure. However, the adenine ring of ATP 1s known
to interfere with. [luorescence measurcments by absorbing photons, thereby reducing the
intensity of both the excitation beam and of the observed emission spectrum, This
phenomenon, known as an inner filter effect, is clearly an important considcration when
measuring the steady-state flucrescence of ATP-binding proteins. After a series of careful
controls in which the magnitude of the inner [filfer effect was caleulated for different
concentrations ot ATP, it was determined that the observed 64% decrease in Trx-DrrA
fluorescence was entirely attributable to an inner filter effect. Given the magnitude of the
inner filter effect it was considered that any small changes in the tryptophan fluorescence
of Trx-DrrA, occurring as a result of specific interactions with ATP, were unlikely to be

detected by this technique.

6.9 Construction of single tryptophan Trx-DrrA mutants

In order to enhance the detectability of any fiunorescent signal associated with ATP
binding to Trx-DrrA a site-directed mutagenesis approach was adopted. Firstly, it was
known that Trx-DirA contained a total of four I'rp residues, Trp30 and Trp33 in the
thioredoxin moiety of the fusion protetn, and Trp1 10 and Trp180 in the DrrA protein. It
was consitdered that neither of the tryptophan residues in the thioredoxin moiety was
likely to be involved in the binding and hydrolysis of ATP by the fusion protcin. As such,
whilst these two residues were undoubtedly contributing to the overall fluorescence of the
protein, their lack of response in any binding assay would merely produce a background
fluorescence that would lower the overall signal-to-noise ratio. As a result of these

considerations it was decided that both Trp30 and Trp33 could be
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Figure 6. 12 Tryptophan fluorescence emission spectra of Trx-DrrA

130
100
50
0 1 X
295 350 400
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The fluorescence emission spectrum of 2.5uM Trx-DrrA measured at room temperature
in a buffer of 50mM MOPS, 100mM NaCl, pH 7.4. Tryptophan fluorescence was excited
at a wavelength of 285nm and emission data measured between 295 and 400nm. Data

were collected on a Jasco FP-750 spectrofluorimeter with emission and excitation

bandwidths set at Snm. The response of the detection photomultiplier tube was set to

medium.

1) 2.5uM Trx-DrrA

2) 2.5uM Trx-DrrA + ImM ATP

3) 2.5uM Trx-DrrA + ImM ATP
+ 1 mM MgCl,

Amax = 334 nm Peak height = 109 Units
Amax = 334 nm Peak height = 39.1 Units
Amax = 334 nm Peak height = 33.9 Units
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safely mutated to alternative residues without affecting any possible ATP binding signal.
This was achieved by using oligonucleotide directed mutagenesis; the single primer
“I'rx2 W’ being used to simultaneously mutate fryptophan residues 30 and 33 to glycine
residues (see chapler 2). A comparison of the primary sequence of DirA with those of
structurally detined NBD’s was used to determine the likely location of tryptophans 110
and 180. Trp110 is in a region of the protein between Walker A and the ABC transporter
signature-sequence motif, In structuraily characterised NBD’s this region is generally
poorly conserved and contributes o the transitional region belween the F-lype ATP-
binding core of the protein and the ABC transporter-specific a-helical domain.
Tryptophanl 80 on the other hand lics slightly downstream of the Walker B sequence, a
region of the protein believed to be involved in cation coordination. Using the published
structures of HisP and the MJ0796 NBD’s as a guide, Trpl180 is likely to be at some
distance from the ATP binding site in another weakly conserved region of the NBD.
Givcen the likely presence of the two DrrA Trp residues in catalytically inactive regions of
the protein, the decision was made to mutate these residues to non-fluorescent glycines
(using oligonucleotides W110G and W180G, see chapter 2). The combined result of
these mutational experiments was the construction of a tryptophan-free Trx-DrrA
molecule in which all four tryptophan residues were replaced by glycines (see figure
6.13). DNA sequencing ot the pTrx-DrrA expression plasmid was used to confirm the

successtul introduction of all four mutations.

The tryptophan-free Tix-DrrA molecule was used as a low fluorcseence background into
which two alternative mutations were introduced. Each mutant protein was designed to
have a fluorescently reactive Trp residue in a structurally and/or mechanistically active
region of the protein. The structures of HisP and MalK hoth contain aromatic residues at
positions close to the N-terminal of the NBD. These residues, Y16 in HisP and W13 in
MalK, are thought to contribute to an important aromatic-stacking interaction between
the protein and the adenine ring of a bound ATP molecule, thercby stabilising ATP
binding (Hung et al., 1998; Walter et al., 1992). The equivalent of this restdue in M.
tuberculosis DirA is tyrosinei 7. It was hoped that mutating this residue to tryptophan
would result in the generation of a Trx-DirA molecule that was spectroscopically active
in response to ATP binding. Indeed, working with MalK, Schneider and colleagues were
able to demonstrate a 37% decrease in protein fluorescence in response to the addition of

ATP, possibly a dircet result of the stacking interaction between W13 and ATP
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(Schueider et al., 1994). A second single-tryptophan Trx-DirA mutant was also produced.
The so-called ABC signature-sequence motif is one of the most highly conserved regions
of all ABC transporter NI3D’s. It generally conforms to the consensus ‘LSGGQ’ and 15
found in the ABC transporter-specific ct-helical sub-domain of the NBD. A numbcr of
crystallographic NBD dimers suggest this motif is part of a composite ATP binding site
tormed by juxtaposition of one NBD’s Walker A motif with the signature-sequence motif
of a second molecule. In M. tuberculosis DrrA the signature-sequence motif is
degencerated to the sequence “YSGGM’. Mutation of the motif’s initial tyrosine residue
(Y141) to a potentially fluorescently active tryptophan residue is particularly attractive
because this region of the protein may well be intimately involved in both dimerisation of

the NBD and the mechanism of ATP hydrolysis.

The two single-lryptophan Trx-DrrA mutants Y14IW and Y17W were produced by
oligonucleotide directed mutagenesis of a plasmid encoding the tryptophan free molecule
(see chapter 2). Both molecules were overcxpressed in similar quantities to the wild-type
protein and demonstrated essentially identical ATPase activity (data not shown). The

positions of all relevant mutations are shown in figure 6.13.

6. 10 Stopped-flow fluorescence spectroscopy of ATP binding to single-
tryptophan mutant Trx-DrrA proteins

Stopped-flow fluorescence spectroscopy allows the very rapid deteetion of changes in
protein fluorescence in response to ligand binding. Unlike measurement of changes under
stcady—statc conditions, the use of the Stopped—ﬂow system negates inner filter cffects
because any reduction in signal due to the presence of ATP occurs prior to the onset of
data collection. A second advantage of the system is that cven very small and rapid
changes in fluorescence that may be missed under steady-state conditions can be detected
and time-resolved to reveal mechunistic details of the interaction (e.g. see Walmsley ef
al., 2001).

Fluorescent signals produced by mixing the two mutant proteins with 1mM ATP and

ImM MgCl; in the stopped flow instrument are shown in figures 6.14. All data were

collected at 22 °C in an Applied Photophysics stopped-flow device (see chapter 2).
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Figure 6. 13
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Positions of mutations introduced into pTrx-DrrA by oligonucleotide directed

mutagenesis (section 6.9 and chapter 2). Mutated residues shown in bold.
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Light at 285mm was selected for specific excitation of tryptophan fluorescence using two
serially connected monochromators. Changes in protein fluorescence above 320 nm were
measured using a 320nmn cut-off filter covering the window of the detection

photomultiplier tube. All changes in fluorescence were measured relative to an initial 4

Volt signal to allow percentage changes in protein fluorescence to be calculated.

As the data in figure 6.14 show, the ATP binding signal for both proteins was extremely
low, a change of much less than 0.1% ot the total protein fluorescence in both cases.

Whilst minor differences in quality and size of signal can be seen for the two proteins,

notably on the time-scales over which they oceur, little useful information can be derived
trom such data. The major probiem encountered during data collection was a consistently
low signal-to-noise ratio. Neither the magnitude nor rate of changes in tryptophan
fluorcscence could be shown to vary systematically with changes in the concentration of
ligand (ATP). As such, the small decreases in protein fluorescence observed proved

impossible to unambiguously assign as being the direct result of protein binding to ATP.

In an attempt to circumvent the problems of the low signal-to-noise ratio observed in the
tryptophan fluorescence cxperiments an alternative approach was adopted. MANT-ATP
is a fluorescent analogue of ATP whose fluorescence above 420nm increases in direct
response to being bound to proteins. Using the serial monochromators MANT-ATP
ﬂuorescenge was specifically excited at 255nm in the stopped-flow mixing chamber.
Emission data were collected above 420nm using an appropriate cut-off filter. However,
as the data in figure 6.15 shows, very little signal was observed upon mixing 100pM
MANT-ATP with Trx-DrrA (10uM) in the stopped-flow device. A similar lack of signal
was observed when the same mixing experiments were performed in a standard

spectrofluorimeter under steady-state conditions (data not shown).

The failure of the stopped-flow experiments to generate usable data is difficult to
reconcile with the known ATP-binding properties of Trx-DirA (as demonstrated by its
ATPase activity). Possible explanations for these observations are put forward in section
6.11.
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Figure 6. 14 Changes in protein fluorescence of Trx-DrrA(Y17W) and Trx-
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Figure 6. 15 Changes in MANT-ATP fluorescence upon mixing with Trx-
DrrA
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Stopped-flow fluorescence trace generated by mixing 10uM Trx-DrrA (wild type) with
100uM MANT-ATP + 1mM MgCl, (mixing chamber concentrations). MANT-ATP
fluorescence was excited at 255nm and emission data collected above 420nm (Amax
MANT-ATP = 448nm). All reagents were prepared at twice the mixing chamber
concentration in a buffer of 50mM MOPS (pH 7.4), 100mM NacCl.
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6.11 Discnssion

Many ol the data presented in this chapler support a working hypothesis in which the A4
tuberculosis DrrA protein comprises the ATP-binding sub-unit of an ABC transporter.
ixpressed as a soluble fusion protein in the absence of its cognate MSID’s DB and
DirC, DrrA was shown to retain a number of biochemical characteristics typical of ABC

transporter NBD proteins.

Firstly, Trx-DrrA displayed a measurable catalytic activity consistent with a role in
energising trunsmembrane transport. The protein was shown to be a cation dependent
ATPase capable of binding and hydrolysing ATP in a similar manner to the NBD
proteins of well-characterised prokaryotic ABC transporters. Whilst Choudhust and
colleagucs have previously shown the native DrrA protein is able to bind ATDP
(Choudhuri et ¢l., 2002), the data presented here are the first (o show functional A'TP
hydrolysis. The calculated V,,,,. of ATP hydrolysis by Trx-DrrA was somewhat lower
than that described for other prokaryotic NBD proteins, However, the affinity of the
protein for ATP, as measured by the X, value, lies in & very similar range to those same
NBD’s (see table 6.16 below).

Table 6. 16

Protein K, (M) Vies Reference
Trx-DrrA 84.8 52 This Study

HisP (S. 1yphimurinm) 205 500 Nikaido ef al., 1997
PstB (M. ruberculosis) 71.5 122 Sarin et al., 2001
MalK (. coli) 23.9 322 Morbach ef al., 1993

¥ nmolcs Pi/min/mg

On the basis of the kinetic analyses performed we were not abie to find any direct
evidence of cooperativity with regard to ABC hydrolysis, 1rx-DixrA appeariag to behave
as a typical Michaclis-Mcenten type enzyme. Whilst such cooperativity sas been
demonsirated for a few isolated NBD proteins, ¢.g. Mdllp from 8. cervevisiae (Janas ef
al., 2003), it is by no means a universal property of all NBD’s assayed. For exampie,
neither the MalK nor HisP proteins display cooperative ATP hydrolysis when assayed in
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isolation, yet appear to behave cooperatively when part of an intact transporter complex
(Nikaido ef al., 1997). This raises the important point that NBD behaviour assayed in
isolation may not necessarily be a true reflection of their behaviour when forming part of
a complete ABC transporter complex. A great deal of data now suggest that ATP
hydrolysis is performed by NBD dimers which adopt a simifar structure to the RadS0ed
dimer crystallised by Hopiner and colleagues (Hopiner ef al., 2000 ). Excellent evidence
in support of such a model was provided by Janas et al. in their examination of the Mdlip
NBED. They successfully demonstrated the existence of stabie NBD dimers trapped at
various stages in the ATP hydrolysis eycle (Janas ef al., 2003). The formation of such
dimers, in which a composite ATP-binding site is formed by juxtaposition of the Walker
A region of one NBD with the ‘LSGGQ’ motif of a second NBD, is further supported by
the work of Davidson and Tetsch. This group used photocleavage experiments to
demonstrate the proximity of these two structural motifs during ATP hydrolysis by MalK
(Fetsch and Davidson, 2002), The relatively low ATPasc activity of Trx-DrrA, and the
absence of cooperativity, may be perhaps explained in terms of a reduced ability of the
protein to form ATPase competent dimers. The presence of the thioredoxin moiety near
to the N-terminal of DirA, where the Walker A sequence is located, is potentially a steric
hindrance to the formation of dimers. The reduced ATPase activity of the Trx-DirA
Walker mutants G47S and K48E clearly demonstrates the importance of this particular
region of the protein to the overall ATPase mechanism. An alternative explanation for the
low activity and absence of cooperativity is that DrrA monomers have a very weak
aftinity for one another. Under such circumstances dimer formation may require very
high localised concentrations of the NBD monomers, these conditions only being

satisfied in the complete transporter complex.

The failure to demonstrate antibiotic stimulated ATPase activity for Trx-DrrA provides
another example of the potential benefits of working with complete ABC transporter
complexes. Choudhuri and colleagues successfully demonstrated enhanced ATP binding
to native M. tuberculosis DrrA in the presence of doxorubicin, one of the potentiat
antibiotic substrates of the transporter. This work was however performed using
membrane vesicles containing both DrrA and one of the putative MSD components of the
transporter, DirB. Combination of that data with the absence of substrate stimulated
ATPase activity presented here suggests that any transporter-substrate interactions take

place via the MSD, Under such circumstances enhancement of ATP binding must
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presumably be achieved via conformational changes transmitted from one domain to the

other.

Fluorescence spectroscopy has proven to be a powcrfol tool in the characterisation of
ABC transporter behaviour. The combined use of intrinsic protein fluorescence and
cxternal fluorescent probes has allowed researchers to gather important data regarding
reaction mechanisms, substrate binding, transport rates and the inter-domain interactions
of ABC transporters (e.g. see Borges-Walmsley ef al., 2003). Unfortunately, the Trx-
DrrA fusion protein proved remarkably resistant to investigation using these techniques.
The major problem encountered in both the steady state and transient binding studies
using Trx-DrrA was that the protein exhibited a very low signal-to-noise ratio during the
investigations. Despite adopting a rational approach to the constraction of single-
tryptophan mutant proteins, this problem was never sufficiently overcome to allow the

generation of useful data.

A number of scenurios can be put forward to explain the failure of thesc experiments.
Firstly, it remains possible that no significant structural rearrangements take place during
the ATP-binding and hydrolysis cycle of DrrA. This however seems unlikely given the
functional role of ABC transporter NBD’s, i.e. the transduction of energy from ATP
hydrolysis into the gross conformational changes of the transporter required to drive
transmembrane transport. Additionally, differences in the crystal structures of ATP and
ADP bound forms of NBD proteins suggest the existence of specific nucleotide-induced
structural alterations (Yuan ez af., 2001). Moreover, structuril changes induced in the S,
typhimurium MalK protcin upbn ATP binding have been correlated with a change in
proteolytic cleavage pattern, once again suggestive of significant conformational
rearrangements (Schneider ef al., 1994). A second, more plausible, explanation for the
lack of u strong signal upon ATP binding to Trx-DirA relates to the presence of the
thioredoxin moiety and the low ATPase activity of the protein. If NBD dimers arc indeed
the functional form giving rise to ATPase activity, it may be that only a small proportion
of molecules in a given situation are able dimerise due to the steric effects of the
thioredoxin moiety. Under such circumstances most molecules would not contribute to
the observed ATPase activity (or give rise to a fluorescent signal). Any observed binding

signal or activity may be attributable to a much smaller number of active ATPasc dimers.
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This interpretation is supported by the absence of a strong signal for the binding of the

cxternal fluorescence probe MANT-ATP to Tix-DirA (see section 6.10).

On the whole it seems likely that the M. fuberculosis DirA protein is indeed the NBD of
an ABC transporter, both sequence data and biochemical data supporting this
interpretation. However, a more complete understanding of its catalytic behaviour will
probably require the overexpression and purification of a native form of the protein
lacking an N-terminal fusion partner. To this end, the publication by Choudhuri and
colleagues of a system for producing native DrrA in Z, coli is of particular interest,
especially given that the same system may potentially be adapted Lo co-express the

MSD’s of the transporter.
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Chapter 7

Investigating the physiological function of the M. tuberculosis DrrABC system

Previous chapters have described attempts to over-express and purify the M. tuberculosis
DrrABC proteins as individual entities. However, the fact that all three genes of the drr
system are present in a single, transcriptionally-linked operon suggests that the
physiological roles of the Drr proteins are closely tied to one another at a functional levcl
as well as a genctic one. Biochemical cvidence presented in the previous chapters, such
as the membrane localisation of DrrB and the catalytic activity of DirA, support a model
of DrrABC function in which DirA constitutes the energy transducing sub-unit of an
ABC transporter (the NBD), whilst DrrB contributes to a transmembrane {ranslocation
pathway. Expression of the third gene, drrC, could not be unambiguously demonstrated
in £. cofi, however its presence in the same operon strongly suggests that it too is part of
the same transposter complex. The hydrophobic nature of the DrrC protein, and its
homology to DB (see chapter 3), is an indication that this protein may well be a second
transmembrane component of the transporter, Given the fact that all ABC transporters
characterised to date have a minimum of four functional domains, the M. tuberculosis
DrrABC system seems most likely to operate as ‘A2BC’ complex similar to the MalK,FG

and HisP.MQ transporters of £. coli and S. fyphimurium respectively.

The experiments described in this chapter were aimed at establishing simultaneous co-
expression of all three M. tubercidosis drr genes in the heterologous host £.cofi. In an
attempt to identify possible physiological roles of the DrrABC transporter, use was made
of mutant £. coli strains defeclive in certain transmembrane transport capabilities.
Throughout this work a number of experimental difficuliies were encountered, primarily
relating to the large evolutionary distance hetween £2. coli and M. tuberculosis. Much of
the work in this chapter was performed before the publication of an *artificial operon’
system designed for co-expression of the DrrA and B proteins {Choudhuri ef ¢/., 2002). A
number of interesting parallels can be drawn between the work presented here and the
results of Choudhuri and colleagues. These comparisons also demonstrate how
differences in experimental systems used to measure ABC transporter activity can have a

significant bearing on the results obtained.
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7.1 Heterologous co-expression of DrrA, B and C in . cefi using the pE1-

based expression construct pDrrABC

Initial attempts to achieve co-expression of the Drr proteins were performed using the
pDirABC expression construct described in chapter 3. This plasmid, based upon the pET-
33 vector, contained the entire 2.7Kb M. tuberculosis drrABC operon cloned between the
Ndel and Hindl1! restrictions sites of the vector MCS. Whereas expression of the
individual Drr proteins had used pET-21 based plasmids which encode a single C-
terminal His-Tag, pET-33 allowed for tagging of two of three genes present in the
DrABC operon. DirA, the first gene of the operon, was fused to a vector-encoded N-
terminal His-Tag sequence, whilst DrrC, the final gene, was fused to a similar tag at its
C~tenﬁinal end. A schematic representation of the pDrrABC construct is shown in figure
7.1. As is the case with all pET-series vectors, transcription of the inserted operon was to
be diiven by a bacteriophage T7 promoter located upstream of the cloned sequence. In
previous studies the DitT3 protein had been shown to be prone to aggregation when
expressed and purified in isolation, whilst no conclusive evidence for successtul over-
expression of DrrC had ever been obtained. These results suggested that the membrane
bound components of the transporter were particularly unstable and/or sensitive to
degradation within the cell. It was hoped that co-expression of all three genes might lead
to improved stability of these proteins. Similar co-expression studies have in the past
facilitated the purification of complete ABC transporter complexes and allowed for
demonstration of ATP-dependent transport activity in cell-free systems (Ames et ¢/,
2001).

Expression trials were conducted by transforming the pDrrABC plasmid construet into
the £, coli host strain BL21(DE3), the DE3 lysogen providing the IPTG inducible T7
RNA polymerase necessary to drive transcription of the recombinant DNA sequence.
Recombinant colonies were selected on solid LB-agar medium containing kanamycin at
50ug/ml. A single recombinant colony was used to inoculate 100m! of fresh liquid 1.B
medium containing kanamycin at the same concentration. ‘The liquid culture was grown
at 30 °C with rotary shaking at approximately 200rpn. It was considered that a reduced
growth temperature might help to improve the stability of the PrrB and C proteins whilst

reducing inclusion body formation by the aggregation prone DrrA.
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Expression of the drrABC operon was induced by the addition of 1mM IPTG to the
liquid culture when the cells reached an ODggo of 0.6 (mid log phase). Aller induction the
cells were grown for a further 3 hours at 30 °C before being harvested by centrifugation

(6000rpm, Beckman JA-10 rotor).

Both structural and over-expression studies suggest that, in a complete four-domain ABC
transporfer complex, the NBID’s are peripherally associated with the cytoplasmic
membranc through specific interactions with the MSD’s. As such, successful over-
expression of the drr operon might be expecied to result in the presence of a membrane-
localised complex containing all three Drr proteins. To determine whether or not this was
the case total cell membranes were isolated from the expression culture as described in
chapter 2. All membrane bound proteins were solubilised in a buffer containing 8M urea
and then separated by SDS-PAGE. Given the low expression levels of the DrrB and DinC
proteins encountered in previous studies, the decision was made to probe for the presence
of the membrane bound complex by Western blot. 'he SDS-PAGE separated proteins
were transferred to a PVDE membrane by electro-blolting and probed using an anti-His,,
monoclonal antibody to detect the His-tagged DirA and DrrC proteins. The resul(s of this

blot along with experimental details of its preparation are shown in figure 7.2,

The results of the Western blot were initially encouraging. A strong signal was observed
at approximately 40 kDa, a size consistent with His-tagged DrrA. The presence of
significant quantities of DrrA being associated with the cell membrane was also an
indication of successful expression of the membrane bound DrrB and C proteins. Two
much smaller signals were also observed at a size just below 30 kDa, Either of these
signals might possibly be attributed to smaller quantities of His-tagged DrrC being

present in the £, coli membrane.

The need to confirm the identity of the proteins giving rise to positive Western blot
signals led to a number of attempts to purify the proteins concerned by IMAC
chromalography. The small signals observed below 30 kDa, putatively assigned to DirC,
suggested that expression levels of this protein were very low. This factor, combined with
the known instability of purified MSD’s, dictated that purification experiments be

performed under denaturing conditions so as to limit yield losses due to proteolysis or
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Figure 7. 1 The pDrrABC expression construct

E. coli lac Ndel site, start of Hhindlll site. enid of

operator drrA gene drrC gene

drrA

N-terminal His-Tag C-terminal His-Tag

M. tuberculosis drrA
E. coli ribosome binding gene
site AAGGAG

T7 promoter

Additional pET-33 vector encoded features include: -
Transcriptional start immediately after T7 promotor
Constitutively expressed kanamycin resistance marker

Bacteriophage T7 transcriptional terminator downstream of C-terminal His-Tag




Figure 7.2 Western blot of total cell membrane protein isolated from a

pDrrABC expression culture

Membrane localised
Hisg-DrTA

Possible DrrC-Hisg
proteins

Membrane associated proteins from a 100ml pDrrABC expression culture were extracted
into Sml of the following buffer: -

50mM Tris-HCI (pH 8.0), 300mM NaCl, 8M Urea.

The high urea concentration of the buffer resulted in disruption of the lipid membranes
and solubilisation of associated proteins. 30ul of the urea extract was mixed with 10pul of
SDS-PAGE sample buffer and the proteins separated by electrophoresis on a 12%
polyacrylamide gel. Separated proteins were transferred to PVDF membrane by electro-
blotting and the resulting blot probed with an anti-Hiss monoclonal antibody. The blot

was developed using the ImmuneStar chemiluminescence detection system (see chapter
2)
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aggregation. A number of purification conditions were tested; typically using total cell
membranes isolated from a 1 litre expression cultures. Membrane proteins were extracted
and solubilised in 8M urea buffer and the resutting preparations applied to Ni-NTA spin
columns. The column resin was washed extensively according to the manufactures
recommended protocols before bound protein was finally eluted in urea butfer
supplemented with 600mM imidazole (see chapter 2). The results of one such purification

experiment are shown in figure 7.3.

A 40kDa protein, believed to be His-tagged DitA, was consistently isolated from
membrane extracts prepared from cclls containing the pPrrABC plasmid. However,
neither of the approximately 30 kDa proteins identified in Western blots of the same
membranes could be purified from these extracts. A number of explanations for these
apparently conflicting results can be suggested. Firstly, the failure to purify any His-
tagped DrrC may simply be a reflection of its extreme instability both within the ccll and
onge it is removed from the membrane environment. A sccond and perhaps more likely
explanation is that the 30 kDa Western blot signals arc experimental artefacts, and thal
tittle or no DvrC expression occurred using this expression construct. Thig latter
interpretation is supported by the earlier results presented in chapter 4 where apparently
positive Western blot signals attributed to DirC were later confirmed as being the result
of a histidine-rich £. cofi protein. The failure of the pDiTABC expression construct to
express all three mycobacterial genes might also be explained in terms of genetic
differences between E. cofli and M. fuberculosis. A vector-encoded T7 promoter drives
transcription of the drrABC operon from pDirABC via an IPTG induced RNA
polymerase. ITowever, translation of the mRNA signal is entirely dependent on the host
cell ribosomal machinery. The overlapping nature of the drrABC operon means that
translation of the drB and dr+C genes would require 7Z. coli ribosomes to recognise
binding sites encoded within the mycobacterial DNA. The failure of £. co/i ribosomes to
recognise mycobacterial binding sites would simply result in the ribosomes “falling-off®
or failing to bind the mRNA transcript, thereby leading to loss of expression, Translation
of drrA would be unaffected by this problem since an optimised E. coli ribogsome binding

site is encoded in the vector sequence upstream of drrA.
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Figure 7. 4 Attempted co-purification of the DrrA and DrrC proteins by
IMAC chromatography under denaturing conditions

M El1 E2

4OkDa |- Hiss-DrrA

30kDa —»
' Candidate DrrC-Hisg
proteins absent

Total membrane proteins from a 1 litre expression culture of BL21(DE3)/pDrrABC
were solubilised in S5ml of a buffer containing 50mM Tris-HCI (pH 8.0), 300mM NaCl,
8M urea. The resulting extract was applied to a Ni-NTA spin column and unbound

protein removed by washing with 5x 800ul of the same buffer. Non-specifically bound
proteins were removed by washing the column resin with 5x 800pul of buffer
supplemented with 50mM imidazole. Finally, Hiss-tagged proteins were eluted from the
resin by washing twice with 400ul of buffer containing 600mM imidazole. Eluted
proteins were separated by SDS-PAGE and visualised by Coomassie blue staining (Lanes
El and E2).
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‘I'he results show elution of the 40 kDa N-terminal His-tagged DrrA only. No His-tagged
proteins with molecular weights less than 30 kDa were purified by this method. These
results suggested that therc was little or no expression of C-terminal ITis-tagged DrrC in
these cultures. All of the expression and purification experiments described here were
performed before the publication of Choudhuri and colleagues. This group encountered
an exactly analogous series of problems during their attempts to express just two of the
M. tuberculosis drr genes, A and B. Expressed independently of one another using pET-
based constructs, DrrA was found exclusively as inclusion bodies, and the DirB protein
localised to the membrane yet was impossible to extract dve to its instability. Thesc
results are very similar to those described in chapter 4 of this work. Additionally,
expression of the drrA and B genes in tandem with one another resulted in the detectable
expression of only the drrA gene product. To circumvent the co-expression problem
Choudhuri constructed an artificial operon in which the drA and B genes were separated
from their native overlapping structure and an artificial £. coli ribosome binding site
incorporated between the end of the drrA gene and the beginning of drrB. Only when
this construct was used were they able to demonstrate the stable, membrane associated

expression of both the DrrA and B proteins (Choudhuri ef af., 2002). '

The experiments of Choudhuri and colleagues are very interesting in that they not only
describe a potentially successiul route to the heterologous co-expression of all three A
tuberculosis drr genes, but also further demonstrate the interdependence of ABC

transporter sub-domains on one another for stability. Additionally their work illustrates
that differences in the genetics of £. coli and M. tuberculosis can be responsibic for the

failure ot heterologous expression.

7.2 Antibiotic sensitive E. cofi bearing the pDrrABC plasmid do not

exhibit increased resistance to anthracycline antibiotics

Despite failure to co-purify the components of a membrane bound DirABC complex, a
number of further experiments were performed lo investigate whether co-expression of

the DrrABC proteins might be detected on a phenotypic basis. Sequence homologies

between the DrrABC proteins and components of the S. peucetius doxorubicin/

daunorubicin eftlux transporter are one indication that the two transporters may share a

similar function. In order to identify whether cells carrying the pDirABC plasmid
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exhibited increased resistance to the anthracycline antibiotics, a host strain sensitive to
their action was required. Standurd laboratory L. coli strains are intrinsically resistant to
both doxorubicin and daunorubicin by virtue of their possessing a number of
chromosomally encoded multidrug cfflux pumps. Foremost among these is the AcrB
multidrug resistance pump, a member of the RND family of secondary transmembrane
transporters (Ma et af., 1995). Two further accessory proteins are vital to the function of
this pump, the AcrA membrane fusion protein and the TolC cuter membrane channel
(Clkins and Nikaido, 2003). £. coli strains deleted for any of these three proteins exhibit
massively increased susceptibility to a wide range of antibiotics. [n a systematic study of
the contributions different efflux systems make to the intrinsic drug resistance of £. cofi,
Sulavik and colleagues report that both AacrAB and Ato/C knockout strains exhibit

doxorubicin resistance levels of below 1pg/ml. This compares with a resistance level of

>R0ug/ml for wild-type strains (Sulavik et a/., 2001).

In order to cnable a direct comparison with the S. peucetius DerAB transporter, a AacrA
E.coli strain called “N43” was chosen as the host organism for the pDrrABC plasmid.
This strain had been successfully used by Kaur to demonstrate the antibiotic transport
capabilities of the S. peucetius doxorubicin cfflux pump (Kaur, 1997), £ coli N43 does
not posscss a chromasomal copy of'the DE3 lTysogen requived to drive transeription from
pET-scrics plasmids. This was provided by co-transformation of the mutant strain with a
second compatible plasmid called pT7 (Aldema et al., 1996), This plasmid encodes an
IPTG inducible T7 RNA polymerasc as well as an ampicillin resistance marker (o enable
selection of doubly transformed cells. Both the pDrrABC and pT7 plasmids were
transformed into chemical ly competent N43 ;md recombinant colonies were selected on

solid LB-agar medium containing 25pug/ml kanamycin and 50pg/ml ampicitlin.

The antibiotic susceptibilities of both the parent N43 strain and the transformed strain
were delermined in terms of a Minimum Inhibitory Concentration (MIC). An MIC is
defined as the lowest concentration of antibiotic that causes a particular bacterial strain to
cease growing. MIC’s were determined by the broth microdilution method recomunended
by the National Commiltee for Clinical Laboratory Standards (see chapter 2). Antibiotic
susceptibilities with regard to a range of structurally unrelated compounds were tested.

The resuits of these experiments ace shawn in table 7.5.
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Table 7.5 MIC Determinations

' Strain MEC (ug/ml)

Drug N43 N43/pDrrABC (-) | N43/pDrrABC (+)
Doxorubicin 4 4 4
Daunorubicin 4 4 4
Erythromycin 4 : 4 2
Rhodamine-6G 16 18 8

Ethidium Bromide 80 40 40

SDS 100 100 50

* +/- 1mM IPTG

The data presented above represent average values from between 4 and 6 independent y

experiments with cach drug.

The MIC data obtained suggested that the presence of the pDrrABC plasmid had no
positive effect on levels of antibiotic resistance. In some cases, ¢.. the dyes thodamine-
0G and cthidium bromide, the plasmid even appeared to cause a lowering of the MIC.
Addition of TmM IPTG to the cultures had no effect. The MIC’s of daunorubicin and
doxorubicin were both in the. region of 4pug/ml, a value consistent with that reported by
Kaur for E. celi N43. These data would tend to support the idea that there 1s little or no
expression of a complete/functional DrrABC transporter from the pDirABC plasmid.

At this point it is worth comparing these data with those obtained by Choudhuri and
colleagues. Using their artificial operon system for co-expression of the drrA and B
genes, this group report apparent incrcases in resistance towards both doxorubicin and
daunorubicin. The MIC for doxorubicin rose from 20pg/ml to 40ug/ml, while the MIC
for daunorubicin increased from 20pg/ml to 60pg/ml. Co-expression of DrrA and B also
enhanced resistance towards ethidium bromide (where the MIC increased from 20pg/ml
to 60pg/mi). It should be noted however that these experiments were performed using a

standard E. coli host strain, BL2 1(DE3), and that the MIC figures reported arc all
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somewhat Towcr than those generally accepted for laboratory strains of £. coli (Kaut,
1997, Sulavik ef al., 2001).

7.3 The pDrrABC plasmid does not complement a temperature sensitive

mutation in the E. coli MsbA ABC transporter

The MsbA ABC fransporter is a homodimeric halt-transporter responsibie for export of a
major lipid component of the E. coli outer membrane, ‘Lipid A’. In 2001 Chang and Roth
produced a high-resolution crystal structure for the MsbA homodimer making it the first
ABC transpotter for which such information wag available (Chang and Roth, 2001). In a
further attempt to identify u specific transport function associated with the M.ruberculosis
drrABC genes, use was made of a temperature sensitive MsbA mutant. This strain,
identified by Doerrler, grows normalily at 30 °C but is unable to do so at the elevated
temperature of 44 °C. The biochemical basis of this growth defect was identified as a
[ailure to target MsbA io the cytoplasmic membrane at the higher temperature (Doerrter
et al., 2001), Although E. coli and M. tubercufosis are evolutionarily diverse bacteria
with very different cellular structures, the broad substrate specificity of some ABC
transporters towards lipophilic molecules suggested that the DirABC transporter might be

able to complement the temperature sensitive defect in Lipid A export.

The temperature sensitive mutant strain, WD2, was co-transformed with the pDitABC
and pT7 plasmids as described in the previous section. Transformants were selected on
solid LB-agar medium containing 25ug/ml kanamycin and 50pg/ml ampicillin. The
temperature sensitive nature of the WD?2 strain required that fransformation plates be

incubated at 30 °C rather than the norimal 37 °C.

A single colony of the doubly transformed WD?2 strain (WD2+) was used to inoculate
10ml of fresh LB medium supplemented with both kanamycin and ampicillin. At the
same time an un{ransformed WD2 colony was used to prepare a control culture (LB
only). Both liguid cultures were incubated at 30 °C with rapid rotary shaking. Growth of
the cultures was monitored by an increase in ODgyy with measurements taken at 30
minuie intervals. The cultures were allowed to grow for 2.5 hours at 30°C in order to

establish that their growth was normal at the permissive temperature. At this point sach
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culture was difuted [0x into fresh medivm pre-warmed to 30 °C and 1mM ['Y'G was
added to the WD2+ strain. After a further 30 minutes of growth at 30 °C both liquid
cultures were transferred to a 44 °C incubator and the effect on growth monitored by

changes in ODgpg. The growth curves obtained for bath cultures arc shown in figure 7.6.

As the data show, the pDirABC plasmid had no effect on the growth of WD2 at either the
permissive temperature or the elevated temperature. Both the test and control strains
stopped growing almost immediately after they were warmed to 44 °C. The same
experiment was repeated a number of times with essentially no difference in the results
observed. These data can only be interpreted as either failure of the DirABC transporter
to support Lipid A export, or, more likely 1n the light of similar results, a failure of the

pDrrABC expression construct to produce all three mycobacterial proteins.
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Figure 7. 6 Growth of E. coli lipid efflux mutants WD2 and WD2+
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E. coli strains WD2 (blue line) and WD2+ (pink line) were grown at 30 °C in 10ml liquid |
cultures. Growth of the cultures was monitored by increases in ODggp (y-axis). After 2.5 |
hours each culture was diluted 10x into fresh, pre-warmed medium (in order to prevent

the emergence of revertant organisms), and 1mM IPTG was added to the WD2+ culture
to induce expression from the pDrrABC plasmid. At 3 hours the cultures were shifted to
44 °C and the effect on growth was monitored for a further 3 hours. All OD figures after :

2.5 hours are corrected for the dilution effect.

Both cultures ceased growing almost immediately after the shift to 44 °C indicative of
incorrect targeting of the E. coli MsbA Lipid A transporter. The presence of the
pDrrABC plasmid in the WD2+ organisms clearly had no effect on growth rate of the
culture either before or after the shift to 44 °C. These data suggest either a lack of
expression from the pDrrABC plasmid, or an inability of the mycobacterial DrrABC
proteins to support E. coli Lipid A efflux.
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7.4 Discussion

The various negative results reported in this chapter can largely be attributed to failure of
the pDrrABC expression construct. They do however demonstrate some of the wider
difficulties associated with ABC transporter research and with heterologous expression
systems in general. ABC transporters are distributed throughout all biological kingdoms
and (heir activity has been correlated with a range of processes having a direct impact on
human health. The emerging phenomenon of bacterial multidrug resistance, the

failure of anticancer chemotherapy and human genetic diseases have all been linked to
the function of members of the ABC transporter superfamily. An ability to combat these
problems will increasingly rely on detailed structural and functional data relating to ABC
transporter activity. Such data can only be generated if sufficient source material is
available for scientists to work with, and, as the work presented here and elsewhete has
shown, generating such source material is far from routine. Researchers are still heavily

reliant on E. cofi as a host for recombinant protein expression, yet this organism is by no

means ideal for the expression of proteins from evolutionary diverse sources such as
cukaryotes or the mycobacteria. Moreover, ABC transporters are by their very nature
multi-domain proteins, the function and stability of the various domains being closcly
tied Lo one another. If researchers are to coantinue to rely on E. cofi as a vehicle for
recombinant expression then improved systems for co-expression and correct targeting of

multi-protein complexes must be developed.

The work of Choudhuri and colleagues is an example ot a modified expression system
that proved to be very eftective for the co-expression of the M. fuberculosis drrA and B

gencs (Choudhuri ef al., 2002). Their experiments clearly establish successful expression +

of both the mycobacterial drrA and drrB genes in E. coli through the usc of an artificial
operon system. Moreover, the DrrA and B proteins produced were shown 1o form a
complex associated with the cytoplasmic membrane, an architecture entirely consistent
with the hypothesis that these proteins constitute components of an ABC transporter

complex.

Building on the strength of their expression data, Choudhuri and colleagues presented

additional experimental results that suggested a possible finctional role for the DrrA and
B proteins. Firstly, the accumulation of ['*C]doxorubicin in . coli cells co-expressing

DrrA and B was shown to be significantly lower than in control strains, Moreover,
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accumulation of [ “*C]doxorubicin was shown to revert to control levels when cells
expressing DrtAB werc exposed to sub-lethal concentrations of reserpine, a known
inhibitor of ABC transporter function (Choudhuri, 2002). These data would seem to
indicate that the mycobacterial DrrA and B proteins form a functional ABC transporter
complex very similar to the S. peucetins DrrAB transporter described by Kaur i.e. an

cfflux ABC transporter capable of extruding anthracycline antibiotics (Kaur, 1997).

A second series of experiments described in the same paper lend further weight to the
hypothesis that the DitAB complex is a functional efflux transporter. The probe molecule
BCECF-AM is a non-fluorescent, neutral compound able to diffuse freely across ccllular
membranes. Once inside a cell BCECF-AM js rapidly hydrolysed to a free acid (BCECF)
that is fluorescent and no longer able to cross the cytoplasmic membrane. The change in
fluorescence of a cellular preparation to which BCECF-AM has been added can thercfore
be used as a direct measure of the intracellular accumulation of BCECF. When BCECF-
AM was added to E. coli cells co-expressing the mycobacterial DrrA and B proteins,
BCECF accumulation was markedly reduced compared with controf ceils. Once again the
ABC transporter inhibitor reserpine was shown to reduce the magnitude of this effect.
Choudhuri and colleagucs intcrpret these data as an indication that BCECF-AM is a
substrate of the DrrAB transporter complex. This raises the interesting possibility that the
DrrAB transporter is capable of mediating the efflux of at feast two distinct substrate
types i.e. cationic, hydrophobic molecules such as doxuvrubicin ard neutral compounds
such as BCECF-AM.

The reduced accumulation of [ *C]doxorubicin, reduced accumulation of BCECT and
increased antibiotic resistance exhibited by £. coli cells co-expressing DreA and B are all
strong indications that these two mycobacterial proteing combine to generate a functional
ABC efflux transporter. Given the four-domain architecture of all known ABC
transporters, Choudhuri’s observations imply the formation of a DrrA,B; tetramer exactly
analogous to that proposed by Kaur for the S. peucetius doxorubicin transporter.
However, such a model does not take inlo account the presence of the drrC gene in the
same operon as drrA and B, and nor does it correlate with observations of Azad and
colleagues snggesting that the DrrC protein plays a vital role in the export of

mycobacterial cell wall lipids (Azad ef «f., 1997).
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The two groups of experimental data regarding the physiologieal function of the M.
tuberculosis DrrABC transport system are somewhat difficull to reconcile. Whilst it
remains possible that the transport complex may be able to adopt two or more different
stoichiometries, this phenomenon has not previously been described amongst members of

the ABC transporter superfamily.

A more complete understanding of the physiological role of the DirAB(C) transport

system could ideally be achieved by studying the expression of the genes and proteins in

their native host, M. tubcerculosis. However, given the difficulties associated with the
growth, handling and genetic manipulation of this organism, it scems likely that
researchers will remain reliant on E. coli as a vehicle for expression and functional
studies. Against this experimental background, the co-expression and assay systems
reported by Choudhuri and collesgues represent significant advances. Similar systems
may eventually allow for simultaneous co-expression ot all three M. fuberculosis drr

genes and the development of new assays to assess the true tunction of this transporter,
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Chapter 8

Iinal Discussion

More than 50 years after the discovery ol the first effective anti-tubercular agents,
pulmonary tuberculosis remains the leading cause of mortality duc to a bacterial
pathogen. Around 2-3 million deaths annually can be attributed to M. tuberculosis
infection, a situation that is likcly to worsen over the next decade as a result of the global
HIV/AIDS pandemic. Once considered to have been virtually eradicated in the rich,
industrialised nations of the West, TB has re-emerged in new and deadlier drug-resistant
forms, The increased availability of air travel and a growing number of displaced people
have allowed the bacterium to spread rapidly and with no respect for geographical
borders. Together these various factors have forced national governments and the
scientific community to focus significant cfforts on the control and treatment of
tuberculosis, Many of the current problems associated with TB treatment are rclaled to an
over-reliance on a limited number of chemotherapeutic agents. The four drugs forming
the cornerstone of most modern anti-lubercular therapy were all first used in the middle
of the last century. Worse still, incorrect usage of these drugs has resulted in the
emergence of new MDR strains thal have the potential to become untreatable. Halting the
spread of TB clearly requires the development of new and effective 'I'B treatments and

the introduction of a prophylactic vaceine,

The publication of the complete M. tuberculosis genome sequence was a major miestone
in TB research (Cole ef al., 1998). The genetic sequence of the organism esscatially
represents a detailed map of every possible drug target and antigen thal might be used to
combat the spread of the disease. However, this genetic data is not, in itself, cnough to
ensure the eradication of TB when even some of the most basic tacels of myvcobacterial
physiclogy remain poorly understood. How are the organisms able to avoid immune
clearance and survive within the hostile intracellular environment? Which factors affect
mycobacterial dormancy and rc-activation of latent infection? Why does M. ruberculosis
display such a high level of intrinsic drag resistance? Answers to these questions, and
many more facing the TB research community, will require a sustained international
effort involving scientists in every field from basic microbivlogy to X-ray
crystallography. The work presented in this thesis aimed to address just one liny aspect of

the M. ruberculosis puzzle; what is the role of the drrABC operon?
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The M. tuberculosis genome sequencing project revealed the existence of as many as 37
potential ABC transporter systems (Braibant e a/., 2000). These versatile, multi-domain
transmembrane transport systems have been identified in all kingdoms of life, from
archea through to man, so their presence in the M. tuberculosis genome is far from
surprising. However, at the outsct of these investigations little or nothing was known
about the role that ABC transporiers play in the biology of M. tuberculosis. Much of the
interest in ABC transporters derives from their many physiological roles. ABC
transporters from various organisms have been shown to be involved in nutrient
acquisition, virulence factor export, antibiotic resistance and cellular assembly (see
chapter 1.2). Any or al} of these processes may yet prove to be important determinants of

M. tuberculosis pathogenicity.

Of all the potential ABC transporters encoded in the M. tuberculosis genome the drrABC
system was revealed to be particularly interesting on a number of levels. Bioinformatic
tools such as primary scquence analysis were used to show that the proteins encoded in
drrABC operon bear significant homology to an antibiotic efflux transporter from the
evolutionarily rclated actinomycete Strepicmyces peucetius. Active efflux of antibiotics is
not known to be one of the major drag resistance mechanisms employed by M.
tuberculosis, yet the possibility remains that it may be a contributory factor. A second
potential function of the drrABC genes was identified by the presence ot a pootly
conserved but narrowly distributed amino acid sequence known as the ‘ABC-2’ motif.
Found in both the DrrB and C proteins, ABC-2 is restricted to the transmembrane
components of ABC transporters involved in the assembly of exiraceflular structures such
as the cell wall and glycocalix (Reizer ef al., 1992). Could it be that the drrABC system
is somehow involved in transport of molecules contributing to the complex and unique
mycobacterial cell wall? This latter hypothesis was lent a great deal of credence by the
work of Camacho and colleagues who demonstrated that genetic disruption of the
drrABC operon resulted in decreased transport rates for one particular class of complex
lipids (Camacho et al., 1999). Perhaps even more importantly, this transport deficiency
could be correlated with decreased virulence of the mutant organisms in a mouse modcl

of pulmonary tuberculosis (Cox et al., 1999).

222




Both potential roles of the drrABC system marked this ABC transporter out for further
study. On one hand d»rABC is in itself an attractive drug target because of a possible role
in cell wall assembly, on the other hand an improved understanding of the basic
mechanisms of mycobacterial drug resistance may help us to design effective new
chemotheraputics. However useful bioinformatic approachcs arc for identifying members
of the ABC transporter superfamily and identifying potentiaf functions, it is at the
biochemical level where the most valuable information is to be gained. To this end most
of the work presented thesis was aimed at overexpressing and purifying the protein

products of the M. tuberculosis drrABC operon.

FFrom the earliest days of recombinant DNA technology and the development of
techniques for the overexpression and purification of proteins, researchers have relied
heavily on the use of particular model organisms. In the case of prokaryotic protein
expression £. coli is invariably the organism of choice as no other bacterium is so well
characterised at a genetic, biochemical or physiological level. Given the extensive
availability of genctic systems for protein overexpression in £. coli, this organism was
selected as a heterologous host for studies of the M. tuberculosis DerABC proteins.
Whilst the usc of a rapidly-growing Gram-negative organism as a means of producing
proteins native to a slow-growing, Gram-positive pathogen is clearly far from ideal, few
other options were available because of the many problems associated with working with

live M. tuberculosis.

ABC transporters are highly modular in nature and consist of a minimum of four
functional domains, two ATP-binding/hydrolysing domains and two membrane-spanning
domains (Higgins ¢ ef., 1986). The exact mode of expression of these domains varies
enormousiy between different members of the ABC transporter superfamily but amongst
the prokaryotic systems a different gene usnally encodes each domain. In the case of the
drrABC operon, sequence analysis indicated that drrA gene encoded the nucleotide-
binding domains of the transporter, whilst drB and C each encoded membrane-spanming
domains. Throughout the history of biochemical research it has been common practice to
investigate the properties of individual components of a system before analysing how the
various components contribule to the whole. Such an approach has been highly successful
in studies of the ABC transporter family, particularly in understanding how the various

domains contribute to substrate translocation (Davidson et al., 1996). For this reason the
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same approach was initially adopted with regard to the DrrABC proteins. Each protein
was treated as an individual entity to be expressed in isolation using a separate expression
construct. In the case of the DrrA protein this technique initially yielded huge quantities

of recombinant protcin (using the pET-based construct pDirA). However, as is so often

the case with recombinant overexpression sysicms, the vast majorily of the DirA 3
produced was insoluble, inactive inclusion bodies. The lack of biological function
associated with this form of the protein prevented further biochemical analysis of native
DrrA. Various attempts were made to refold the inclusion body aggregates into an active
conformation. Unfortunately these cfforts ultimately proved abortive. Inclusion body
formation is in fact a rather common phenomenon when overexpressing the NBD
proteins of ABC transporters. Yuan and colleagues have suggested that certain structural
features of the NBD promote non-physiological interactions between individual
molecules, a process that ultimately results in aggregation and insolubility (Yuan et al.,
2001).

An entirely different set of problems were encountered when attempting to overexpress
the MSD’s, DitB and DrrC. In many respects these problems were typical of those facing
all researchers working with integral membrane proteins and are mostly related to low
levels of expression and protein instability. DrrB was successlully expressed and purificd
as a C-terminal His-tagged protein but proved to be highly unstabie once removed {rom
the membrane environment. ‘This instability primarily manifested itseif as low yields
during the purification procedure (even when large culture volumes were used {or protein
preparation), and a tendency towards spontancous aggregation and precipitation. DirC on
the other hand proved impossible to express using a similar pET-based expression
system. Although a candidate protein was isolated, N-tenminal amino acid sequencing
identified it as a histidine-rich protein native to E. coli, SlyD. The fact that the protein
structure databases contain far fower cxamples of inlegral membrane protein structures
than of soluble proteins is an indication of just how difficult working with these proteins

is. After almost forty years of ABC transporter research and despite huge advances in

detergent chemistry, only three complete ABC transporter structures are available, two of
these being varlants of the same transporter from different organisms (Chang and Roth,
2001; Locher ef al., 2002; Chang, 2003). A number of groups have suggested that MSD
stability is only a property of complete ABC transporter complexes, i.e. the varjous

domuins are highly dependent upon one another, and possibly also the membrane itself,
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to maintain a stable conformation. Both Kaur and Russell and Choudhuri and colleages
have reported stmilar MSD instability in their attempts to overcxpress the DrrB proteins
of S. peucetius and M. tuberculosis respectively (Kaur and Russell, 1998; Choudhuri et
af., 2002).

Having failed to express DirA as a native protein, an alternative mode of expression was
sought. By expressing the mycobacterial protein as a translational fusion to . coli
thioredoxin a stablc soluble DirA was eventually produced in uselul quantities. Similar
techniques have been used extensively in the heterologous overexpression of both
prokaryotic and eukaryotic ABC transporter NBD’s. The Trx~-DrrA fusion protein was
shown to exhibit cation dependent ATPase activity, a featurc consistent with the proposel
role of DrrA as the energy transducing sub-unit of a mycobacterial ABC transporter.
ATPase activity was shown to be dependent upon the structural integrity of the ‘Walker
A’ nucleotide-binding moltif. Two mutant proteins in which this moftit was disrupted by
site-directed mutagenesis both exhibited dramatically reduced levels of ATP hydrolysis.
This data is the first to show that the M. tuberculosis DrrA protein is a functional ATPase
and only the second M. tuberculosis ABC transporter NBD to have been characterised in

this way (the other being the PstB NBD, Sarin ef al., 2002).

The availability of significant quantities of Trx-DitA allowed the ATPase activity of the
protein to be investigated in greater detail. Trx-DrrA was shown to have K, and V),
parameters broadly similar to those of other isolated NBD’s although the maximal rate of
ATP hydrolysis was somewhat lower than might have been expected. Trx-DrrA was
shown to exhibit a degree of substrate promiscuity with regard to both nucleotide
triphosphates and cation usage. Such promiscuity is very common amongst isolated
bacterial NBD’s and, although unlikcly to be of physiological relevance, is an indication
that Trx-DrrA behaves as a typical NBD protein. A growing body of biochemical and
structural data suggest that the ATPase competent forin of ABC transporter NBD’s is a
dimer similar in structure to the Rad5Qcd dimer crystallised by Hopfner and colleagues
(Hopther ef al., 2000; Moody ef al., 2002). In fact, a number of researchers have
proposed that ATP-dependent NBD dimerisation may be a key first stage in driving the
substrate translocation process. Despite several attempts to identify Trx-DrrA dimer
formation, no biochemical data in support of such a model was obtained. In all respects

Trx-DirA behaved as a simple Michaelis-Menten type enzyme hydrolysing ATP with a
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Hill coefficient of 1. This data is consistent with that produced for a number of NBD
proteins and is an indication that the behaviour of isolated NBD’s may be different from
that which they exhibit when forming part of an intact ABC transporter complex. A
second interpretation ot this data is that the low ATPasc activity of Trx-DrrA may be a
reflection of a reduced ability to form ATPasc active dimers as a direct consequence of
steric hindrance by the thioredoxin moiety. In order to ascertain this we intend to test an
alternative expression system in which the thioredoxin molecule is fused at the C-
terminal end of DirA, rather than the N-terminal end where the Walker A nucleotide-
binding motifis located. The possibility that the DrrA fusion protein displays non-
physiological activity when assayed in isolation is a strong argument in favour of treating
ABC transporters as complex, interdependent multi-component systems. A complete
understanding of the ABC transporter translocation mechanism will undoubtedly require
such an approach and hegg the question as to how much useful information can be

derived from investigating the behaviour of individual components.

Having argued that ABC transporter aclivily should be treated as a multi-domain
phenomenon, one aspect of NBD activity that is open to investigation in isolation is the
mechanism of ATP hydrolysis. Intrinsic tryptophan fluorescence spectroscopy is a
powerful tool for detecting even minor changes in protein structure that may be linked to
the catalytic cycle of an enzyme (Walmsley et al., 2001), Unfortunately the ATPasc
activity of Trx-DrrA proved impossible to study by this means despite extensive attempts
to optimise any signal through the construction of single-tryptophan mutant proteins. It
was considered that the lack of a strong fluorescence signal during ATP-
binding/hydrolysis might be a further manifestation of the low activity of the protein. In
order to address this question, and if time allows, we intend to produce further mutant
proteins with tryptophan residues inserted at different points within the primary sequencc.
Such an approach may eventually lead to the generation of a speclroscopically active
protein. It will also be interesting to see if moving the thioredoxin moiety of the protein
from one end of the molecule to the other has any effect on the fluorescence properties of
the protein. The ATPase activity of Trx-DitA was shown to be totally unaffected by the
presence of the potential DrirABC substrates doxorubicin and daunorubicin. This would
seem to argue against the presence of an antibiotic binding site or sites anywhere on the
DrrA molecule. Whilst many ABC transporters exhibit substrate modulated activity, this

is yel another example of a property that may largely be confined to the intact ABC
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transporter complex. Under such circumstances, and with a few notable cxccptions such
as the E. coli ArsA protein, ABC transporters should not be regarded as typical allosteric
enzymes. It is more likely that the ATPase activity of the NBD is modulated by
conformational changes brought about through interaction with the substrate-bound
MSD’s of the transporter, rather than by direct interaction with the transport substrate

itsclf.

Clearly demonstration of interdomain interactions requires the ability to co-express morc
than one domain of an ABC transporter simultancously in the same organism. We
altemped to achicve this goal by using a very simple system in which the entirc drrABC
operon was cloned into a single expression vector. Unfortunately these efforts were
abortive due to differences in the mycobacterial and 77. el translational machinery. The
data presented in chapter 7 seems (o indicate that . coli ribosomes arc unable to interact
with the embedded ribosome binding sites present in a transcriptionally linked A,
fubercuiosis operon. As such, only lhe (rst gene in the operorn, drrA, was correctly
transtated and expressed, whist there was no cvidence for expression of the downstream
genes drrB and drrC. In 2002 Choudhuri and colleagues, also recognising the potential
importance of the M. tuberculosis drr system, developed a systemn for co-expression of
both the DrrA and B proteins in E. coli (Choudhuri ¢f ¢f., 2002). By scparating the
overlapping genes, and inserting an £. coli ribasome-binding site upstream of drrB, this
group were able to effect simultaneous co-expression of both DirA and Drrl3. Whilst this
group acknowledged the probable role of the DrrA and B proteins in mycobacterial lipid
export, their work focussed largely on the rele of the proteins as possible mediators of
antibiotic resistance. [t 1s rather unclear as to why they chose to express only two of the
three drr genes but present an argument that DrrA and B3 alone are able (o function as
doxorubicin/dauncrubicin efllux system. Some of the data presented should perhaps be
regarded with a degree of scepticism since the use of an intrinsically drug resistant 7. coli
strain to demonstrate antibiotic resistance is not necessarily an entirely appropriate

experimental sysiem,

The work of Choudhuri does however serve an important proof-of-principlc. It seems
entirely plausible that extending their artificial opcron system to inciude not only the
drrA and B genes, but also di+C, may provide 4 route to successful co-expression of all

three components of the M. tuberculosis ABC transporter, Under such circumstances it
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may eventually be possible to co-purify the entire ABC transporter complex and perhaps
reconstitute it into a cell free system. Similar experiments have allowed extensive
characterisation of the transport capability and catalytic activity of a number of ABC
transporters, most notably the MalFGK; maltose permease of £. coli (Davidson ef al.,
1996). Another possible advantage ot such a co-expression system is a likely

improvement in stability of the DB and C MSD’s.

In conclusion, much remains to be learned about the M. fuberculosis DirABC transporter
and the role of mycobacterial ABC transporters in general. The studies described in this
work represent only a tiny advance in our knowledge of these systems yet hint that much
more remains to be discovered. The multi-domain nature of ABC transporters scems to
lie at the very heart of their activity but also contributes to the difficulties asseciated with
studying them. After forty years of ABC transporter research the publication of three
complete, atomic-resolution, ABC transporter structures within the last three yeurs should

serve as a major encouragemeont to all researchers working in this field.
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