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A stra t
The alpha-2-macroglobulin superfamily consists of large multi-domain proteins that are
activated by protease cleavage. One arm of this family consists of protease inhibitors that
undergo a large conformational change upon protease cleavage, simultaneously
physically trapping the cleaving protease and covalently linking to it via a thioester bond.
However, there is little mechanistic understanding of how protease cleavage activates the
conformational changes that lead to protease inactivation. These protease inhibitors are
found in tetrameric, dimeric and monomer forms within eukaryotic blood/lymph fluid.

The recently described Escherichia coli alpha-2-macroglobulin (ECAM) is a periplasmic,
inner membrane anchored protease inhibitor. The gene encoding ECAM, yfhM, is found
within an operon alongside pbpC, which encodes penicillin binding protein 1C. These two
proteins have been proposed to function in defence and repair against host proteases
with ECAM acting to inhibit proteases that have breached the outer membrane and
Pbp1C repairing damage to the peptide linkages within the peptidoglycan layer.

This thesis describes the structural and biophysical characterisation of ECAM and an
investigation into the role of Pbp1C in ECAM function. In order to gain insight into the
mechanism through which protease cleavage activates ECAM we used a combination of
X-ray crystallography, small angle X-ray scattering and analytical ultracentrifugation to
characterise the conformational changes that occur on protease cleavage. The X-ray
structure of protease cleaved ECAM revealed a putative mechanism of activation and
conformational change essential for protease inhibition. In this competitive mechanism,
protease cleavage of the bait-region domain results in the untethering of an intrinsically
disordered region of this domain which disrupts native inter-domain interactions that
maintain ECAM in the inactivated form. Owing to the similarity in structure and domain
architecture of ECAM a d hu a α-2-macroglobulin, this protease-activation mechanism
is likely to operate across the diverse members of this group. Further to this, it was shown
that ECAM is processed in vivo, existing largely as truncated forms in growing E. coli cells.
Interestingly, Pbp1C plays a key role in ECAM processing, with cell lacking pbpC showing
an accumulation of full-length and dimeric forms of ECAM.
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1 I trodu tio
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Chapter 1

1.1

Alpha

a oglo uli supe fa il

The alpha macroglobulin superfamily is composed of globular proteins from a wide range
of species with varied function. There are two main functional subtypes described to
date with the first involved in inhibition of proteases through the formation of a complex
between the alpha macroglobulin and protease. The second is involved in defence against
pathogens, with the alpha macroglobulin covalently binding to the pathogen resulting in
lysis or clearance. Alpha macroglobulins that have a protease inhibitory role include the
eukaryotic proteins alpha-2-macroglobulin (α2M), pregnancy zone protein (PZP), CD109,
CPAMD8, A2ML1 and the more recently characterised bacterial α M BA2M) that is found
in a wide range of Gram-negative bacteria1–6. The second type of alpha macroglobulin
play an important role in the eukaryotic innate immune system including complement
proteins C3, C4 and C5 as well as TEP1 which has been described as having an important
role in arthropod innate immunity7–10. The two branches of the alpha macroglobulin
family have common evolutionary origins and although functionally distinct have similar
mechanisms of activation, via protease cleavage11,12. All alpha macroglobulins have a high
molecular weight of ~180 kDa and some form homomultimers, with monomers consisting
of a conserved order of domains albeit with some structural variation between species
and subtype2,13.
Comparisons between eukaryotic and BA2M have highlighted the strong similarity in the
domains present as well as particular motifs that are required to maintain the function of
these proteins (Figure 1-1)14. The structural differences seen between the proteins
highlight the change i fu tio

et ee o ga is , α M ha i g

a y lo g loops that a e

important for forming the tetramer structure and the extra MG domains seen in BA2M
are important for anchoring the protein to the inner membrane13,14. One feature that is
conserved in most alpha macroglobulins is the thioester bond within the thioester
domain (TED) which is important for covalently binding to the proteins corresponding
ta get, e it a pathoge fo

o ple e t α Ms a d TEP o the lea i g p otease fo α M

and BA2M10,13,14. Withi u a ti ated α Ms the thioeste is p otected from hydrolysis by
solvent by a hydrophobic pocket between the TED and the C-terminal macroglobulin
domain (CTMG) 14. The residues involved in the hydrophobic pocket protecting this
2

Chapter 1
thioester from solvent hydrolysis have been shown to differ between eukaryotic or
archaea and BA2Ms14. In the TEP1 structure there are three tyrosines and a methionine in
the CTMG orientated towards the thioester10,14,15. These residues although conserved in
all eukaryotic and archaea α Ms, however are not conserved within BA2M14. Instead in
BA2Ms conserved residues that are involved in formation of the hydrophobic pocket are
located in the TED itself14.
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Figure 1-1 Co pariso of do ai

o positio a d stru tures of

e

ers of the α-macroglobulin

superfamily.
a Do ai alig

e t of a te ial α-2- a oglo uli , thioeste p otei

o ple e t p otei s C , C a d C .

C ystal st u tu es of ati e a te ial α M, ati e TEP and

ethyla i e a ti ated α-2- a oglo uli alig ed usi g
a oglo uli do ai

, α-2-macroglobulin and

a oglo uli do ai

a te ial α M a d

TEP a d α M . Note the si ila ity in orientation of domains between bacterial

α M a d TEP a d diffe e e see i a ti ated α M. ANA, anaphylotoxin domain; BRD, bait region domain;
CTMG, C-terminal macroglobulin domain; CUB, complement protein subcomponent domain;
MG, macroglobulin domain; RBD, receptor binding domain; TED, thioester domain.
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1.1.1 Euka oti

a oglo uli s

α M is a large soluble protein found in high concentration within human blood that
functions as a broad spectrum protease inhibitor1,16,17. This protein was first purified from
blood in 1946 and was named alpha-2 due to the fraction of blood plasma in which it was
found and macroglobulin due to its high molecular weight18. α2M is produced mainly in
the liver with blood plasma concentrations of as much as 2 mg ml-1 1,18,19.This 720 kDa
molecular weight protein complex is a tetramer made of subunits of 180 kDa, each
comprised of 1451 amino acid residues16,17. This tetramer has been described as a
di er of di e s with two monomers being connected by disulphide bonds and the
secondary dimerisation interface forming via the interaction of bait regions
(Figure 1-2 a)16,20. Each of these tetramers have been found to inhibit proteases at a 1:1
or 1:2 ratio with variability found between protease types that are inhibited16,21. The
inhibition of proteases encompasses the four main classes of protease including serine,
cysteine, aspartyl a d

etallop oteases ia a Ve us flyt ap

e ha is

mechanism occurs where the α2M is clea ed ithi its ait egio

13,16,17

. This

and this results in a

large conformational rearrangement22. This rearrangement brings the normally buried βcysteinyl-γ-glutamyl thioester into contact with the cleaving protease forming a covalent
bond between the deaminated glutamine and surface lysines of the protease13,22. Once
the protease has been entrapped within α2M it is no longer able to cleave large
substrates due to steric hindrance of the active site. However, the protease active site
remains intact and able to interact with smaller substrates and inhibitors1,16. Without
cleavage of the bait region, conformational activation of α2M can be caused by chemical
cleavage of the thioester bond with methylamine to form a γ-glutamyl methylamide.
Treatment with small nucleophiles, such as methylamine, removes α Ms ability to inhibit
proteases17,23,24.
Two forms of α M have been defined in reference to the speed at which they move
during blue native electrophoresis with native α M moving slow and α M activated with
protease or small nucleophile moving fast20. Native and both chemically activated and
protease-a ti ated α M ha e ee

o pa ed usi g ele t o

i os opy EM a d it has

5
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been found that there is a distinct difference in shape between the native and activated
fo

s, ho e e , oth types of a ti ated α M a e i disti guisha le Figu e -2 b, c) 25.

Figure 1-2 Alpha-2-macroglobulin structures.
(a) The crystal structure of tetrameric α M with subunits shown in red, blue, green and orange (PDB:4ACQ,
13

Marrero et al 2012 ). The domain shown in cyan is the C-terminal macroglobulin domain only present as
part of the orange subunit. Electron microscope image of native (b) and trypsin activated (c) forms of α M.
Notice the similarity between the trypsin activated electron microscope image and the methylamine
25

activated crystal structure. Electron microscopy images from Tapon-bretaudiere et al .
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Although there is no native crystal structure fo α M pu lished to date, the structure of
methylamine activated α M has been determined to 4.3 Å resolution (Figure 1-2 a) 13.
Upon conformational activation the C-terminal macroglobulin domain (CTMG), also
known as the receptor binding domain, becomes exposed at the surface of the tetramer.
This CTMG domain has been shown to bind specific cell-surface receptors that result in
endocytosis of the activated complex and degradation by lysosomes. This process results
in clearance of activated α M from the blood within minutes of activation19,26.
α M has the ability to inhibit all four main classes of protease (serine, carboxyl, thiol, and
metalloproteases) and has been shown to inhibit natively produced proteases such as
chymase, a chymotrypsin-like protease produced by mast cells27. α M can also inhibit
proteases produced by bacteria and as such has been suggested in having a protective
role against infection from pathogens28. The ability of α2M to bind various cytokines such
as fibroblast growth factor, platelet-derived growth factor, nerve growth factor,
interleukin- β, a d i te leuki -6 also indicates that it has an important role in the
regulation of signalling29–33. With the ability to inhibit cytokines such as interleukin-6 it
has further been suggested as having a role within chronic o ditio s su h as C oh s
disease33.
Various homologous protease and cytokine inhibiting alpha macroglobulins have been
identified, some with specific targets. Pregnancy zone protein has been named as such
due to the increased levels of expression seen during pregnancy2. The levels of PZP
increase from normal levels of 0.01-0.03 mg ml-1 to 1 mg ml-1 during the third trimester of
pregnancy. With high sequence identity between α M and PZP of 72% it is thought PZP
has a similar protease inhibitory role even though PZP exists as a dimer. PZP has been
suggested as having a major role in controlling the activity of proteases that are released
during cellular turnover that would be elevated during pregnancy. Alpha-2-macroglobulin
like protein 1 (A2ML1) has strong similarity to α M and is expressed mainly in the
epidermis5. A2ML1 lacks the cysteines involved in the disulphide bridges in α2M,
involved in multimer formation, and is monomeric. Due to its expression in the epidermis
A2ML1 is thought to play an important role in the shedding of the outer skin.
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1.1.2 Alpha

a oglo uli do ai

o positio

The overall N-terminal to C-terminal domain architecture of α Ms consists of a series of
seven macroglobulin (MG) eta sa d i h do ai s that fo

a key i g shape ith a ait

region spanning the centre13,14,34. The macroglobulin domains are followed by a CUB
o ple e t C /C s, Uegf, B p o

o ple e t p otei su o po e t do ai )

arm that connects the TED to the eta key i g
i di g do ai

‘BD

26,35,36

ith a fi al C-terminal MG e epto

. The CUB do ai that li ks the TED to the

ai

key i g is a

sandwich of two beta sheets, half of which is before the TED and half is after leading to
the final RBD13. The TED is mainly α-helical and contains a conserved cysteine-glutamine
thioester present in most types of α M. This thioester forms a bond between the
Ɛ-cysteinyl-γ-glutamyl of the CXXQ motif23,37. When the glutamic acid from the thioester
comes into contact with lysine they form a covalent bond, linking the protease to the
α M13. The final macroglobulin domain in human α M is involved in clearance of the
protease cleaved activated form from the blood and as such is called the receptor binding
domain26. The bait region of α2M is cleavable by a wide range of proteases suggesting a
role in general housekeeping and regulation of proteases22,38,39. However, some
alpha macroglobulins do not carry a promiscuous bait region having a specified role in
clearance of targeted proteases, cytokines or enzymes2,5.
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1.1.3 Co ple e t alpha

a oglo uli s

The complement system involves a large network of proteins that results in the
opsonisation or lysis of pathogens as well as mediating inflammation and eventual
clearance of opsonised pathogens by phagocytosis40–43. The complement system obtained
its name in the 1890s when it was found that a heat-labile protein found in the serum
o ple e ted the killi g of a te ia y heat-stable antibodies42. There are three
complement proteins C3, C4 and C5 that are members of the alpha macroglobulin
superfamily and each plays a major role in the complement system of human innate
immunity. As part of the complement cascade these proteins are cleaved by various
convertases and proteases (Figure 1-3). This results in a conformational change and
activation of each protein forming C3b, C4b and C5b as well as releasing their respective
C3a, C4a and C5a anaphylatoxins44,45. This complement cascade can start through the
binding of antibodies, mannose-binding lectins (MBL) or complement C3b to the surface
of pathogens leading to three distinct pathways for complement cascade activation
(Figure 1-3).

The alternative pathway is initiated when C3b opsonin binds to carbohydrates, lipids or
proteins on the surface of pathogens. Upon C3b binding to a pathogen complement
factor B binds to form C3bB that can be cleaved by complement factor D resulting in C3
convertase34. C3 is always being hydrolysed to form C3b without requiring any other
enzymes to cleave C3 to C3a anaphylatoxin and C3b. The constant generation of C3b
allows the alternative pathway to begin without either of the other pathways being
initiated.
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Figure 1-3 Complement activation pathways and the involvement of alpha macroglobulin proteins.
Complement C3 has multiple roles, it is important in activating the alternative pathway, in turning C3
convertase to C5 convertase and in the downstream opsonisation of pathogens. Complement protein C4
has a role in the classical and lectin pathway, upon cleavage it can bind C2a to become C3 convertase,
which is able to cleave C3 and combine with C3 to become C5 convertase. Cleavage of C5 to C5b results in
the generation of the membrane attack complex. The activation of C3, C4 and C5 results in the release of
the anaphylatoxins C3a, C4a and C5a respectively leading to inflammation. Alpha macroglobulin proteins
are highlighted in yellow and pink indicating inactive and activated forms respectively. The activated form
of C4, C4b, becomes part of the C3 convertase complex resulting from the classical and lectin pathways.
Adapted from Ricklin, Lambris; 2007 and Vidya Sarma, Ward;2012

30,46

.
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The mannose-binding lectin pathway is triggered by MBLs or ficolin binding to
carbohydrates on the surface of pathogens47–52. MBLs and ficolin are normally bound to
MBL-associated serine proteases in circulation and upon binding to the surface of a
pathogen these become activated and cleave C4 into C4a anaphylatoxin and C4b45,53. The
MBL-associated serine proteases are also able to cleave C2 and the resulting complex of
C4b and C2a become the C3 convertase C4bC2a54.

The classical pathway is activated with antibodies binding to antigens on the surface of
pathogens. Complement C1q then binds the Fc (fragment , crystallisable) tail region of the
bound immunoglobulin G or immunoglobulin M, with the subsequent binding of C1r and
C1s proteins the new heteromultimeric protein becomes the C1 complex55. The C1s
subunit of the C1 complex is then able to cleave both C4, into C4a anaphylatoxin and C4b,
and cleave C2 resulting in the C3 convertase C4bC2a.
All three pathways converge in generating C3 convertase which has the ability to cleave
C3 into C3a anaphylatoxin and C3b opsonin (Figure 1-4). C3 convertase can also complex
with C3b to become C5 convertase. C5 convertase is able to cleave both C3 into C3a
anaphylatoxin and C3b opsonin as well as C5 into C5a anaphylatoxin and C5b 56. When
considering the generation of C3b opsonin being one of the end points of the
complement cascade and also the start of the alternative pathway there can be
considered an amplification loop that leads to the generation C3b.
All three anaphylatoxins C3a, C4a and C5a have multiple similar effects on inflammatory
response56,57. A major role is their ability to activate chemotaxis in neutrophils and
monocytes that bring these phagocytes closer to the complement activated cells to
enhance clearance58–61. These anaphylatoxins are also able to cause the release of
histamine for activating neutrophils and causing vasodilation as well as well as causing
cytokine release58.
With the activation of C5 to C5b begins the generation of the membrane attack complex
where complement proteins C6, C7, C8 form a complex with multiple copies of
complement C962,63. The membrane attack complex subsequently lyses the attacked
pathogen by inserting itself into the cells membrane and forming a pore.
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Complement proteins C3, C4 and C5 share a similar domain composition although C5
does not contain a thioester 8(Figure 1-1).

Figure 1-4 Crystal structure of C3, C3a anaphylatoxin, and C3b opsonin.
(a) A representation of the domains found in all complement alpha macroglobulins C3/4/5, C3/4/5a and
C3/4/5b. (b) Crystal structure of C3 (PDB:2A73) before activation with domains coloured as shown in (a).
(c) The anaphylatoxin C3a (PDB:2A73), with arrows indicating its location in C3, causes inflammation and
chemotaxis to the site of complement activation. The movement of domains is shown in (d) upon cleavage
44,64

of C3 to C3a and C3b (PDB:2I07)

. Note the release of the TED so that it moves to orientate towards the

pathogen surface for opsonisation. ANA, anaphylatoxin domain; CUB, complement protein subcomponent
domain; MG, macroglobulin domain; TED, thioester domain.
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Although there are striking structural similarities seen between α2M and the complement
proteins there are a number of features unique to complement proteins. All complement
alpha macroglobulins have an anaphylatoxin domain in place of their bait region which is
cleaved off of the remainder of the protein upon activation (Figure 1-4). Complement
proteins also have a C345C domain which is important for binding of the proteases that
are involved in cleaving off the anaphylatoxin domain. Another major difference between
o ple e t p otei s a d α M is the o fo
For α M, upo

atio al ha ge see upo a ti atio

34,44,64

.

lea age a d activation, domains move to encapsulate the cleaving

protease. In contrast in complement proteins, conformational reorientation of domains
occurs bringing the thioester domain towards the surface of the pathogen to covalently
bind to surface targets for opsonisation (Figure 1-4).
Li ks ha e ee

ade et ee the e olutio a y o igi s of α M a d o ple e t

proteins11,65. It is thought that α M p edates the e olutio of o ple e t p otei s a d
that the gradual evolution of the complement proteins predates the evolution of
antibodies11. The e has ee so e suggestio that a te ial α M has ee ho izo tally
acquired from eukaryotic hosts as an adaptive mechanism of defence to foreign
proteases66.

1.1.4 TEP
Thioester-containing protein 1 (TEP1) is a protein found in the malarial vector Anopheles
gambiae, that similar to complement plays a role in innate immunity against
pathogens10,15. It has been shown to mediate the binding and killing of the malarial
parasite Plasmodium berghei in conjunction with another heteroprotein, LRIM1-APL1C
complex upon TEP1 cleavage and activation15. The LRIM1-APL1C complex is thought to
stabilise the activated complex protecting the thioester to allow it to react with the
pathogen. The domain architecture of TEP1 is very similar to othe euka yoti α M ith
close similarity also being noted between unactivated TEP1 and u a ti ated “aα M10.
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1.1.5 Ba te ial Alpha- - a oglo uli s
α Ms have most recently been found in Gram-negative bacteria6,67. Where eukaryotic
α M a e solu le a d a e usually fou d i

ulti e fo

s, BA2M s a e membrane

anchored lipoproteins with evidence suggesting they are monomeric14,67,68.
Escherichia coli α M (ECAM) is the third biggest protein produced by Escherichia coli K-12
(BW25113) at 181 kDa, only surpassed only by a putative surface adhesin Yeej and
ferredoxin reductase69–71. ECAM is bound to the inner membrane located within the
periplasm with an N-terminal anchor. The gene encoding ECAM, yfhM is found alongside
the gene pbpC that encodes a penicillin binding protein. These two proteins have been
suggested as having a linked function in defence and repair in which proteases that have
breached the outer membrane are inhibited by ECAM, with PbpC repairing the damage
caused to the peptide component of peptidoglycan6 (Figure 1-5).
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Figure 1-5 Proposed defence and repair mechanism of bacterial α-2-macroglobulin and Pbp1C.
Host antibodies, complement or antimicrobial peptides breach the outer membrane allowing host
proteases and lysozyme entry to attack peptidoglycan elements. Host proteases are entrapped by bacterial
α-2-macroglobulin and Ivy lysozyme inhibitors disable lysozyme allowing Pbp1C to repair the peptidoglycan.
6

Figure elements not represented to scale and adapted from Budd et al 2004 .
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Within the E. coli genome, as well as yfhM, there is a second ECAM encoding gene6. The
second copy, yfaS is found in and operon with four other genes, yfaA, yfaT, yfaQ and
yfaP. The genes within this operon, however, have had little investigation into their
function. YfaS has only 15% amino-acid sequence identity with YfhM and does not
contain a thioester and so would not be expected to covalently bind to proteases6. The
yfhM and yfaS genes are conserved among a wide range of Gram-negative bacteria,
although often with only one copy within a genome. A copy of at least one α2M encoding
gene has been found within alpha, beta, gamma, delta and epsilon proteobacteria with
copies being found within various other phyla of bacteria6. An α M encoding gene has
been found within the genome of archaea however these appear to have closer similarity
to the euka yoti fo

of α M athe tha

a te ial α Ms14.

The Pseudomonas aeruginosa genome has only one BA2M encoding gene, magD, which is
within an operon that also contains the genes magA, magB, magC, magE, and magF68.
The proteins from this Mag operon have been suggested as having a role in bacterial
pathogenicity due to their coregulation at the post-transcriptional level with other
virulence factors72. magA mRNA has been shown to be a direct target of the RNA-binding
protein RsmA that has been shown to bind and downregulate the expression of various
genes important for synthesis of P. aeruginosa biofilms73,74. Two notable operons that are
downregulated by RsmA are psl and pel that are involved in exopolysaccharide72,74–76.
MagD has been suggested as not having direct interaction with the inner-membrane, but
is bound via interaction with MagB68. This complex is also thought to involve MagA and
MagF, as they can be identified along with MagB via immunoprecipitation for MagD
followed by proteomic analysis68. The ability of MagD to interact with human neutrophil
elastase suggests a similar function to YfhM as a protease inhibitor68.

16

Chapter 1

Figure 1-6 Structural models of ECAM from SAXS and EM.
Small angle X-ray scattering Ab initio models generated using GASBOR of (a) native untreated ECAM, (b)
methylamine-treated

(c)

chymotrypsin-treated

and

(d)

elastase-treated

ECAM.

(e)

Isosurface

representations of the 3D reconstruction obtained for the methylamine treated form of ECAM with red
arrows highlighting regions of potentially greatest flexibility. Figure produced from figures shown in Neves
77

et al 2012 .
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Structural characterisation of ECAM was first attempted by small angle X-ray scattering
(SAXS) and electron microscopy (EM) where native ECAM was compared with ECAM
activated with methylamine, or the proteases elastase and chymotrypsin 68,77(Figure 1-6.
a, b, c, d respectively). These forms were compared due to expected similarity between
a te ial α M a d hu a α M i

o fo

atio al a ti atio

ia s all

ole ule a d

proteases. Within this work it was found that the envelopes generated after reaction with
methylamine and chymotrypsin and elastase showed distinct differences (Figure 1-6).
Fu the

o k as pe fo

ed usi g the P. ae ugi osa MagD α M that appea ed to sho

very similar envelope shape68. Although both of these SAXS studies using ECAM and
MagD found that there was a difference between native BA2M and methylamine reacted
BA2M the recently published crystal structure of Salmonella enterica spp. Typhimurium
α M “aA2M) (Figure 1-7) showed that there was no conformational change on
methylamine treatment14.
The high resolution model of SaA2M displays disti t si ila ity to α2M14. Although
SaA2M was described as being monomeric it was noted that a crystallographic dimer was
present. All of the do ai s see

ithi hu a α M a e p ese t in SaA2M, however,

there are an additional two N-terminal domains that anchor it to the inner membrane14.
These two domains also form part of the dimer interaction seen within the crystal with
contacts also found between these domains and the bait region. EM performed on
methylamine activated ECAM alongside the earlier SAXS work showed a loop region and a
flexible region, with similarities between the flexible region in this EM model and the Cterminus of complement 77(Figure 1-6 e).
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Figure 1-7 Domain organisation and crystal structure of unactivated Sal o ella α M.
(a) The domain composition including macroglobulin domains (MG) (highlighted C-terminal macroglobulin
domain), bait region domain (BRD), CUB domain and the thioester domain (TED) that contains the CLEQ
14

thioester. The crystal structure of Salmonella α M shown (PDB:4U48 from Wong, Dessen ) in (b) has been
coloured according to the domain arrangement seen in (a).
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1.1.6 Thioeste s i G a

positi e a te ia

Not only have thioesters been identified in alpha macroglobulins but also in Grampositive bacterial pilus adhesins (Figure 1-8 a)78. These exist as long macromolecular
filaments called pili that are important for bacterial virulence (Figure 1-8 b) 78. These
have been shown to allow bacteria to colonise host organisms and have been suggested
as being viable for development of vaccines 79–81. The thioester found in gram positive
pilin adhesins has been suggested as functioning in a similar fashion as complement
proteins in reacting with surface amines 82.
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Figure 1-8 The structure of Streptococcus pyogenes and its location in the pilus adhesin
(a) Shown is a ribbon representation of the middle, top, and bottom domain coloured red, blue, and green,
respectively; the termini are also labelled. Residues composing the thioester bond (Cys-426 and Gln-575)
are shown with their carbon atoms in magenta. Residues composing the intramolecular isopeptide bonds
(Lys-297 and Asp-595 in the middle domain, Lys-610 and Asn-715 in the bottom domain) are shown with
their carbon atoms in yellow. Regions connecting the domains are shown in grey. The missing Spy0125-NTR
(not expressed in the construct) would be positioned to the right of the middle domain. (b) A structural
model of an intact pilus is shown. Spy0125 is coloured as above except the thioester and isopeptide
residues are shown in red and grey. Two molecules of Spy0128 are shown (representing the polymerized
pilus, cyan and pink with intramolecular isopeptide bonds coloured as above). Spy0130 is presented as
a grey molecular surface. The location of the intermolecular isopeptide bonds are shown as solid lines.
Yellow and blue ovals represent cell wall and cell wall precursors, respectively. Figure reproduced from
78

Jonathan A. Pointon et al. J. Biol. Chem. 2010 .
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1.1.7 Thioeste ea tio
Alpha macroglobulin proteins require activation by proteolysis and domain movement,
which exposes the thioester bond, whereas pilins do not require activation (Figure 1-9)
14,37,82,83

. Alpha macroglobulins and pilins have a preference for amino groups however in

C4b and C3, a His/Asp substitution near the thioester bond changes the substrate
specificity and allows reaction with hydroxyl groups 14,37,82,83.

Figure 1-9 Thioester reaction with surface amines
Shown is a simplified scheme for the reactions of the thioester bonds in the thioester domain (TED, green)
of alpha macroglobulin proteins (including o ple e t, α M a d BA M a d pili adhesi s ith su fa e
82

amines (dark red). Figure modified from Linke-Winnebeck et al 2014 .

22

Chapter 1

1.2

Pe i illi

i di g p otei s

Penicillin binding proteins (PBPs) are enzymes that catalyse the expansion of the murein
sacculus by addition of a heterodimer glycan subunit with a pentapeptide side chain that
is cleaved from lipid II84–88. The name penicillin binding protein comes from their ability to
covalently bind to penicillin as well as other β-lactam antibiotics89. The interaction of βlactams and PBPs is due to the similarity in structure between β-lactam antibiotics and
the D-alanine-D-alanine termini of the pentapeptide sidechain found on peptidoglycan 90–
92

. Du i g this i te a tio the β-lactam amide bond is cleaved forming a covalent bond

with the serine residue in the PBP active site. PBPs have various functions in the synthesis
and regulation of peptidoglycan structure. There are three main classes of PBP, Class A, B,
and C. Class A PBPs are bifunctional transglycosylase/transpeptidases (TGase/TPase)
murein synthases84,87. Their TPase is the target of β-lactam antibiotics and functions in
crosslinking pentapeptide sidechains between glycan chains84,87. Class B PBPs are
monofunctional TPases without the TGase activity found in Class A PBPs. Class C PBPs
have several subclasses consisting of carboxypeptidases (CPases) and endopeptidases
(EPases) that are involved in the regulation of peptidoglycan turnover84,87.

1.2.1 Mu ei s thesis
Synthesis of murein subunits occurs within the cytoplasm of Gram-negative bacteria
through the action of a number of enzymes. Biosynthesis begins with the conversion of
uridine diphosphate N-acetylglucosamine (UDP-GlcNAc) from fructose-6-phosphate by
the sequential action of glucosamine-6-phosphate synthase (GlmS), phosphoglucosamine
mutase (GlmM) and glucosamine-1-phosphate acetyltransferase and
N-acetylglucosamine-1-phosphate uridyltransferase (the final two processes performed
by the GlmU bifunctional enzyme)92–97. The next main step involves the conversion of
UDP-GlcNAc to uridine diphosphate N-acetylmuramic acid (UDP-MurNAc) by the enzymes
MurA and MurB98,99. The addition of the pentapeptide sidechain is then catalysed
sequentially by MurC, MurD, MurE and MurF100–103. The anchoring of UDP-MurNAcpentapeptide to an inner-membrane monophosphorylated undecaprenol is catalysed by
23

Chapter 1
MraY to form lipid I101. The final step of addition of a GlcNAc to the lipid I to form a lipid II
for transport to the periplasm is performed by MurG104,105. Transport of lipid II from the
cytoplasm across the inner membrane was long considered to be performed by either
FtsW or RodA however recently it was discovered that a flippase enzyme MurJ is
responsible for lipid II transport106. Once transported across the inner membrane lipid II
has undecaprenyl-diphosphate cleaved off and the new subunit is polymerised into the
murein sacculus by murein synthases (Figure 1-10).
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Figure 1-10 Murein sacculus synthesis.
Peptidoglycan subunits (Lipid II) are synthesised in the cytoplasm and transported to the periplasm by
flippase MurJ and glycosyl chains are extended by transglycosylases (TGase). DD-transpeptidases (DDTPase) further crosslink peptide sidechains to form the lattice of the peptidoglycan murein sacculus.
Uncrosslinked peptides are cleaved by DD-, LD- and DL-carboxypeptidases (CPases), and crosslinks are
cleaved by DD- and LD-endopeptidases (EPases). Peptides are removed from the glycan chain by amidases,
and exo- endo-specific lytic transglycosylases (LTs) cleave the glycan chain to form 1, 6-anhydro-Nacetylmuramic acid (anhMurNAc) residues that are characteristic of the ends of glycan chains. The
anchoring of the peptidoglycan sacculus to the outer-membrane is catalysed by LD-TPases forming
crosslinks to outer-membrane lipoprotein (Lpp) as well as the catalysis of integration of unusual D-amino
acids to the peptidoglycan. The number of known enzymes identified in Escherichia coli are shown in
brackets although not all enzymes involved are known or characterised yet. GlcNAc, N-acetylglucosamine;
meso-Dap, meso-diaminopimelic acid; MurNAc, N-acetylmuramic acid. Figure recreated and modified from
107

Typas et al 2012 .
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1.2.2 Mu ei s thases
There are several types of enzyme that work together to synthesise the peptidoglycan
network within the periplasm, including bifunctional TG/TPases, monofunctional TPases,
and monofunctional TGases84,108. There are two types of TPase enzyme within murein
synthesis, DD-TPases and LD-TPases. DD-TPases form crosslinks between the mesodiaminopimelic acid of one sidechain and D-alanine of another109,110. LD-TPases form
crosslinks between the meso-diaminopimelic acids of two side chains111.

Class A Penicillin binding proteins are large, ~80 kDa, inner membrane bound periplasmic
proteins involved in the synthesis of the murein sacculus112–114. These have both a TGase
domain for crosslinking new subunits into the peptidoglycan and TPase domain for
crosslinking peptides between chains. Three members have been identified within
Escherichia coli, Pbp1A, Pbp1B and Pbp1C with a double knockout of Pbp1A and Pbp1B
being lethal.

Penicillin binding protein 1A (Pbp1A) is encoded by the gene ponA (mrcA) whose single
deletion results in minimum effect on cell growth or morphology115. This protein has been
shown to be a major target fo β-lactam antibiotics as strains lacking Pbp1B are more
tole a t to β-lactams. An outer membrane activating protein LpoA, which interacts
directly with Pbp1A, is required to activate Pbp1A function110. Pbp1A also functions
alongside Class B PBPs to form a complex anchored to cytoskeletal elements within the
cells cytoplasm through Mre and Rod proteins116,117. These proteins have a role in
dispersed elongation of the cell as well as preseptation elongation near the central point
where septation occurs118. Pbp1A has a small cytoplasmic region and spans the innermembrane with a TGase domain at the inner-membrane interface showing the five
conserved motifs seen in TGase domains (Figure 1-11). The C-terminal domain has DDTPase function for crosslinking peptides within the peptidoglycan (Figure 1-10)112,119.
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Figure 1-11 Penicillin binding proteins and their domain structure
(a) Orientation and domain composition of proteins involved in peptidoglycan synthesis. (b) Classes of
penicillin binding protein and domains found in each type. Adapted from Vollmer, Bertsche 2008

108

.
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Penicillin binding protein 1B (Pbp1B) has th ee isofo

s α, β, a d γ

hich have varying

lengths of the N-terminal cytoplasmic region (Figure 1-11)114,120–122. Similar to Pbp1A an
outer membrane activating protein, LpoB, is required for activation of Pbp1B enzyme
function and a complex is formed with Pbp3 as well as Fts proteins, linking to the
cytoplasmic cytoskeleton110. Pbp1B has both TGase and DD-TPase function (Figure 1-10).

Penicillin binding protein 1C (Pbp1C) has been shown to have TGase function and has the
ability to bind moenomycin as do Pbp1A and Pbp1B123. Moenomycin has structural
similarity to peptidoglycan subunits and is shown to bind and inhibit TGases123. Pbp1Cs
TPase function is only inferred from the sequence identity to Pbp1A and Pbp1B
(Figure 1-11) 123. Upon knockout of pbpC, the gene encoding Pbp1C, no notable change in
growth or morphology is found and the presence of this gene is not able to compensate
for the double knockout of mrcA and mrcB (encoding Pbp1A, Pbp1B, respectively) 123.
P p C has ee sho

to ha e lesse affi ity to β-lactams than other PBPs with notable

binding to the β-lactam antibiotics oxecephalosporin latamoxef and a Bolton/Hunter
derivative of ampicillin123. It is also said that as there is varied specificity to β-lactams and
the lack of compensation of TPase function lost by the other Class A PBPs, that Pbp1C is
no longer a functioning TPase enzyme123. Pbp1C has been suggested to function as part of
a complex as it can interact with Pbp1B, PBP2, PBP3 and MltA123. Although LpoA and LpoB
have been identified as essential for function of Pbp1A and Pbp1B respectively no
equivalent has been identified for Pbp1C to date.

Class B penicillin binding proteins have 2 major domains with the N-terminal domain
having some similarity to the TGase domain seen within Class A PBPs however without
any direct TGase function84,107,124. This N-terminal domain functions in the formation of
peptidoglycan synthesis complexes with other PBPs and cytoskeletal elements. The
second domain has DD-TPase function.

Pbp2 is an enzyme with DD-TPase activity essential for cell elongation in E. coli and for the
characteristic rod shape seen (Figure 1-10, 1-11)117,118. The gene encoding Pbp2, pbpA, is
found within an operon alongside the gene rodA, which encodes RodA, a protein that
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spans the inner-membrane and is also essential for extension of the cylindrical wall of the
E. coli rod117,118. When cells are grown ith

e illi a , a P p spe ifi β-lactam

antibiotic, they form spheres instead of rods and are not able to form colonies117,118. The
exposure of bacteria to mecillinam to generate resistant mutants results in strains that
can tolerate deletion of the gene encoding Pbp2117,118. As this specific inhibition shows
that Pbp2 is essential for cell elongation it has also been suggested as having an essential
function in regulation of septation117,118. When Pbp2 is tagged with green fluorescent
protein it appears within the lateral cylindrical wall as well as at the site of cell division
disappearing just before the cells divide117,118. Cells that have been exposed to mecillinam
are only able to divide for several generations before lysing which can be extended for
further generations by overexpression of FtsZ which is involved in the division machinery
of the cell117,118. As a reduction of Pbp2 would result in spherical cells it is thought that
upon inhibition of its function the demand for FtsZ is greater117,118.

The monofunctional DD-TPase Pbp3 was once thought to have bifunctional TGase/TPase
activity however the TGase like domain only has some of the conserved binding motifs
found in TGase enzymes (Figure 1-11)113,125,126. Pbp3 is encoded by the gene ftsI and is
temperature sensitive, not functioning when grown at high temperatures. In the presence
of the antibiotic aztreonam which has very high affinity for Pbp3, as well as at high
temperatures that restrict enzyme function, cells grow in long filaments and are unable to
divide127. It is accepted that Pbp3 is an essential TPase involved in cell division that forms
a complex with several proteins for peptidoglycan enlargement and cell division.

Monofunctional TGases although not penicillin binding proteins have a major role in the
synthesis of the murein sacculus114. These enzymes catalyse the addition of lipid II
peptidoglycan subunits to the generating peptidoglycan chain. Once the subunit has been
added to the chain the diphosphorylated undecaprenol has a phosphate removed and the
monophosphorylated undecaprenol returns to the cytoplasm for further transport of
subunits. Monofunctional TGase enzymes like MtgA from E. coli are bound to the inner
membrane and have five conserved motifs that are found within other enzymes with
TGase function (Figure 1-11)114. Although the mtgA gene can be knocked out, this is
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associated with reduced virulence within pathogenic bacterial strains and abnormal
growth under laboratory conditions114.

1.2.3 Mu ei h d olases
Murein hydrolases encompass all enzymes that cleave covalent bonds within the murein
sacculus including muramidases that cleave between sugar subunits, peptidases that
cleave between amino acid residues and amidases that cleave between sugar and peptide
crosslinks128–132.
Muramidase enzymes cleave between sugar subunits with lysozyme cleaving the
β 1,4-bond between MurNAc and GlcNAc subunits in glycan chains and lytic
transglycosylases (LTases) cleaving the glycosidic bond between them forming a
concominant 1,6-anhydro bond on the MurNAc residue128,129,133,134. In E. coli five
outermembrane lipoproteins (MltA, MltB, MltC, MltD, and EmtA) LTases have been
identified in addition to one soluble LTase (Slt70)135–138. Endo-LTases such as EmtA cleave
sugars within the chain whereas exo-LTases (Slt70, MltA and MltB) cleave the
disaccharide subunits from the 1,6-anhydroMurNAc glycan end of the chain (Figure 1-10).
There are various types of peptidases associated with murein hydrolysis.
Carboxypeptidases (CPases) cleave amino acids from peptide side chains. Endopeptidases
(EPases) hydrolyse the bridge formed between peptide chains by TPases139,140. DD-CPases
cleave between the D-alanine-D-alanine end residues of a pentapeptide sidechain and LDCPases cleave between the meso-diaminopimelic acid and D-alanine (Figure 1-10). An
important protein for recycling of peptidoglycan is LdcA which is an LD-CPase found
within the cytoplasm. DD-EPases cleave the bridge formed between the mesodiaminopimelic acid and D-alanine of two side chains and LD-EPases cleave the bridge
formed between two meso-diaminopimelic acids of two side chains (Figure 1-10). MepA
is a protein 30 kDa in size that is found in the periplasm and has been shown to have both
DD-EPase activity and LD-EPase activity141.
Class C penicillin binding proteins are peptidases with one main enzymatic domain that
include both DD-CPases and DD-EPases. Pbp4 and Pbp7 are both located in the periplasm
and have been shown to be membrane associated with DD-EPase activity; however Pbp4
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has also been shown to have some DD-CPase activity (Figure 1-11)142–144. Pbp5, Pbp6, and
Pbp6B have been shown to have DD-CPase activity and although they do not have a
membrane anchor, are thought to be associated with the inner-membrane
(Figure 1-11)131,145. These DD-CPases play an important role in cell shape with
abnormalities seen upon combination of deletions between these and other enzymes
involved in peptidoglycan synthesis and hydrolysis127.
The third type of murein hydrolases, amidases, cleave the bond between glycan strand
and peptide side chain (Figure 1-10). N-acetylmuramyl-L-alanine amidases AmiA, AmiB
and AmiC all have an important role in cell separation during cell division 130,146. The fourth
amidase identified, AmiD, is expressed in the cytoplasm and is involved in recycling of
peptidoglycan subunits147.

1.2.4 Mu ei st u tu e
The murein sacculus is a large hetero-polymer structure found within the periplasm of
Gram- egati e a te ia that

ai tai s the a te ia s shape a d is esse tial to p e e t

uptu e y the a te ia s i te al tu go

148

. This is made up of subunits consisting of a

disaccharide of N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc) with a
pentapeptide sidechain extending from the MurNAc sugar 111,149(Figure 1-12). This
pentapeptide usually consists of a chain of L-alanine, D-glutamate, meso-diaminopimelic
acid, followed by two D-alanine (Figure 1-12) with the D-glutamate residue linked via its
y-carboxyl group to the L-centre of meso-diaminopimelic acid150,151. These subunits are
synthesised within the cytoplasm and cross the cytoplasmic membrane to the periplasm
in the form of lipid II and the peptidoglycan subunits are cross-linked into the existing
peptidoglycan by penicillin binding proteins107. The GlcNAc end of the subunit is crosslinked to the existing MurNAc chain by TGases and the peptide chains are then
cross-linked by TPases, shortened by CPases or removed by amidases. The two ends of
the glycan strands are either GlcNAc or 1,6-anhydroMurNAc, which is a modified MurNAc
with a C-1, C-6 ether-linkage111.
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Figure 1-12 Schematic of the primary structure of peptidoglycan pentapeptide subunit.
Circles represent the amino acids labelled that are attached to MurNAc. GlcNAc, N-acetylglucosamine;
meso-DAP, meso-diaminopimelic acid; MurNAc, N-acetylmuramic acid.
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Several models have been suggested of how this network of glycan chains with peptide
crosslinks forms the peptidoglycan network. Initial work gave evidence for glycan chains
following a perpendicular angle to the direction of the rod shape with peptide links
forming parallel to the rod shape 148(Figure 1-13. a). The NMR structure for a dimer of the
peptidoglycan subunit has been modelled with suggestion that the glycan chain is
orientated to form chains between membranes forming a hexagon of peptide crosslinks
hi h allo s fo the
152

⁰ a gle of otatio

easu ed et ee peptide ossli ks

(Figure 1-13. b, c). This fits well with the model of the outermembrane protein TolC

that fits within this hexagonal network to span both the outermembrane and the
peptidoglycan layer (Figure 1-13. d). At the same time as this work electron
cryotomography was performed on the purified sacculus of gram-negative bacteria added
evidence away towards a disordered circumferential layered model of peptidoglycan. The
disordered circumferential layered model has glycan strands arranged perpendicular to
lengthwise rod shape of the bacterium 153. This perpendicular model of glycan strands to
the rod shape of bacterium was further confirmed using atomic force microscopy (AFM)
of whole cells of Lactococcus lactis 154. The use of AFM and super resolution fluorescence
microscopy on purified sacculus later suggested that the synthesis of new peptidoglycan
is limited to areas with pores in the peptidoglycan allowing new growth 155,156.
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Figure 1-13 Electron micrograph of murein sacculus of E. coli and the three dimensional structure of
peptidoglycan.
(a) Black dots within the electron micrograph show 6 nm gold particles bound to anti-murein antibody
bound to the sacculus. Model on right shows an area approximately 30 x 30 nm. (b) Sphere representation
of the three dimensional model of N-acetylglucosamine (GlcNAc), N-acetylmuramic acid (MurNAc) chain in
teal and peptide sidechains in pink. With each peptidoglycan subunit there is a 120 rotation along the
GlcNAc-MurNAc disaccharide axis between peptide crosslinks. (c) Top down view of model of sacculus. (d)
“te eo ie

of peptidogly a

ith TolC β-barrel domain in a hexagonal pore of the peptidoglycan, the

p ot udi g β-barrel would be bound in the outer membrane. Image in (a) was reproduced from Vollmer,
Bertsche 2008

108

. Structural model of murein used in (b), (c) and (d) provided on request by Shahriar

152

Monbashery .
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1.3

Ai s of the p oje t

The overall aims of this project were to develop functional and structural understanding
into ECAM and Pbp1C. These two proteins that are encoded together within an operon,
have been described as functioning alongside each other, with ECAM inhibiting proteases
and Pbp1C repairing peptidoglycan however we further set out to determine if there was
any direct interaction between these proteins. At the outset of this work there had been
limited biophysical characterisation of either ECAM or Pbp1C with only some minor
analytical ultracentrifugation performed on ECAM. At the outset of this work a crystal
structure of methylamine activated human α M had been published at 4.3 Å resolution.
However, there had been o ati e α M st u tu e pu lished o a α M st u tu e that
had been activated through protease cleavage. Further it was hoped that through the use
of knockouts and western blotting the behaviour of these proteins in vivo could be better
understood.
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2 Materials a d Methods
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Reage ts

2.1

All chemicals and reagents used within this work were purchased from Melford, Sigma
Aldrich or Thermo-Fisher Scientific unless stated otherwise.

Ba te ial st ai s, plas ids a d g o th

2.2

edia

Bacterial strains and plasmids used in this work are shown in Table 2-1 and Tables 2-2, 2-3
respectively. Bacteria were grown in Lysogeny broth (LB;10 g NaCl, 10 g tryptone, 5 g
yeast extract per litre in dH2O adjusted to pH 7.5) at 37°C. Bacteria were grown on agar
plates and stored short term at 4°C and stored long term in 50% glycerol at -80°C.

Table 2-1 E. coli strains and knockouts
E. coli strain

DH α

Noted characteristics
F- Φ

la )ΔM

,Δ la )YA-argF), U169, recA1, endA1,

hsdR17(rk-, mk+), phoA, supE44, thi- , gyrA
fhuA [lo ], o pT gal λ DE

BL21(DE3)

Source

[d

, relA λ-

], ∆hsdS,λ DE = λ

sBa HIo, ∆E oRI-B int::(lacI::PlacUV5::T7 gene1) i21,
∆ i

T7 Express Crystal
Competent E. coli

K-12 (BW25113)

fhuA2 lacZ::T7 gene1 [lon] ompT gal sulA11 R(mcr73::miniTn10--TetS)2 [dcm] R(zgb-210::Tn10--TetS)
e dA

etB Δ

F-, Δ araD-araB

rC-mrr)114::IS10
, Δla )

::rr B- , λ-, rph-1,

Δ rhaD-rhaB)568, hsdR514

Invitrogen

New England
Biolabs

New England
Biolabs
Coli Genetic Stock
Center, Yale (Keio
collection)

K-12 mutants
ΔyfhM
yfhM766(del)::kan
(JW2504-1)
Δp pC
pbpC765(del)::kan
(JW2503-1)

F-, Δ araD-araB
ΔyfhM

::rr B- , λ-,

::ka , rph- , Δ rhaD-rhaB)568, hsdR514

F-, Δ araD-araB
Δp pC

, Δla )

, Δla )

::rr B- , λ-,

::ka , rph- , Δ rhaD-rhaB)568, hsdR514

Coli Genetic Stock
Center, Yale (Keio
collection)
Coli Genetic Stock
Center, Yale (Keio
collection)
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ΔytfN
ytfN770(del)::kan
(JW4180-1)
ΔytfM
ytfM769(del)::kan
(JW4179-1)
ΔyfaA
yfaA784(del)::kan
(JW2224-1)
ΔytaP
yfaP779(del)::kan
(JW2219-1)
ΔytaQ
yfaQ780(del)::kan
(JW2220-1)
ΔytaS
yfaS781(del)::kan
(JW2221-1)
ΔytaT
yfaT783(del)::kan
(JW2223-1)
Δ r A
mrcA731(del)::kan
(JW3359-1)

F-, Δ araD-araB
Δ rhaD-rhaB
F-, Δ araD-araB
Δ rhaD-rhaB
F-, Δ araD-araB
ΔyfaA

F-, Δ araD-araB

mrcB765(del)::kan

Δla )

(JW0145-1)

hsdR514

pbpG760(del)::kan
(JW5355-1)
Δa pC
ampC777(del)::kan
(JW4111-2)
Δda A
dacA771(del)::kan
(JW0627-1)

::rr B- , λ-,

, Δla )

::rr B- , λ-,

, Δla )

::rr B- , λ-,

, Δla )

::rr B- , λ-,

, Δla )

::rr B- , λ-,

,Δ r B

::ka ,

Coli Genetic Stock
Center, Yale (Keio
collection)
Coli Genetic Stock
Center, Yale (Keio
collection)
Coli Genetic Stock
Center, Yale (Keio
collection)
Coli Genetic Stock
Center, Yale (Keio
collection)
Coli Genetic Stock
Center, Yale (Keio
collection)
Coli Genetic Stock
Center, Yale (Keio
collection)
Coli Genetic Stock
Center, Yale (Keio
collection)
Coli Genetic Stock
Center, Yale (Keio
collection)
Coli Genetic Stock
Center, Yale (Keio
collection)

, Δla )

::rr B- , λ-,

::ka , rph- , Δ rhaD-rhaB)568, hsdR514

F-, Δ araD-araB
Δ rhaD-rhaB
F-, Δ araD-araB
Δda A

, Δla )

::rr B- , λ-, rph- , Δ rhaD-rhaB)568,

F-, Δ araD-araB
Δp pG

::rr B- , λ-,

::ka , rph- , Δ rhaD-rhaB)568, hsdR514

Δ r B

Δp pG

, Δla )

::ka , hsdR

::ka , rph- , Δ rhaD-rhaB)568, hsdR514

F-, Δ araD-araB
Δ r A

, ΔytfM

::rr B- , λ-, rph-1,

::ka , rph- , Δ rhaD-rhaB)568, hsdR514

F-, Δ araD-araB
ΔyfaT

, Δla )

::ka , rph- , Δ rhaD-rhaB)568, hsdR514

F-, Δ araD-araB
ΔyfaS

::ka , hsdR

::ka , rph- , Δ rhaD-rhaB)568, hsdR514

F-, Δ araD-araB
ΔyfaQ

, ΔytfN

::rr B- , λ-, rph-1,

::ka , rph- , Δ rhaD-rhaB)568, hsdR514

F-, Δ araD-araB
ΔyfaP

, Δla )

, Δla )
, Δa pC
, Δla )

::rr B- , λ-, rph-1,
::ka , hsdR
::rr B-3),

::ka , λ-, rph- , Δ rhaD-rhaB)568, hsdR514

Coli Genetic Stock
Center, Yale (Keio
collection)
Coli Genetic Stock
Center, Yale (Keio
collection)
Coli Genetic Stock
Center, Yale (Keio
collection)
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Δda B
dacB789(del)::kan
(JW3149-1)
Δda C
dacC739(del)::kan
(JW0823-1)
ΔopgH
opgH720(del)::kan
(JW1037-2)
Δpr
prc-755(del)::kan
(JW1819-1)

F-, Δ araD-araB
Δda B

, Δla )

::rr B- , λ-,

::ka , rph- , Δ rhaD-rhaB)568, hsdR514

F-, Δ araD-araB
ΔopgH

::rr B- , λ-,

::ka , rph- , Δ rhaD-rhaB)568, hsdR514

F-, Δ araD-araB
Δda C

, Δla )

, Δla )

::rr B- , λ-,

::ka , rph- , Δ rhaD-rhaB)568, hsdR514

F-, Δ araD-araB

, Δla )

::rr B- , λ-, Δpr -

755::kan, rph- , Δ rhaD-rhaB)568, hsdR514

Coli Genetic Stock
Center, Yale (Keio
collection)
Coli Genetic Stock
Center, Yale (Keio
collection)
Coli Genetic Stock
Center, Yale (Keio
collection)
Coli Genetic Stock
Center, Yale (Keio
collection)

Table 2-2 Protein expression vectors

Plasmid

Noted Characteristics
r

pET21-a(+)

Ampicillin , cloning/expression vector, promoter; T7

pET28-a(+)

Kanamycin , cloning/expression vector, promoter; T7

pBAD18-kan

Kanamycin , cloning/expression vector, arabinose induced

pKM54

r

r

Source
Invitrogen
Invitrogen
Coli Genetic Stock
Center, Yale

pET21-a(+) with yfhM bases 48-4962 (ECAM residues 17-

Dr Khedidja

1653) inserted into NdeI/XhoI sites, N-terminal His6 tag

Mosbahi

pET21-a(+) with yfhM bases 55-4959 (ECAM residues 19pCF1 (ECAM)

1653) inserted into NdeI/XhoI sites, C-terminal His6 tag, 6

This study

mutations noted
pET21-a(+) with yfhM bases 55-4959 (ECAM residues 19pCF2 (ECAM)

1653) inserted into NdeI/XhoI sites, C-terminal His6 tag, 5

This study

mutations noted
pET21-a(+) with yfhM bases 55-4959 (ECAM residues 19pCF3 (ECAM)

1653) inserted into NdeI/XhoI sites, C-terminal His6 tag, 4

This study

mutations noted
pCF4 (Pbp1C)

pET28-a(+) with pbpC bases 1-2313 (Pbp1C residues 1-770)
inserted into XhoI/KpnI sites, N-terminal His6 tag

This study
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pET21-a(+) with yfhM bases 55-4959 (ECAM residues 19pCF5 (ECAM)

1653) inserted into NdeI/XhoI sites, 2 mutations noted with

This study

deletion resulting in no C-terminal His6 tag

Table 2-3 Complementation vectors
Plasmid

ppbpCc

Noted Characteristics
pBAD18-kan with pbpC bases 1-2313 (Pbp1C residues 1770) inserted into EcoRI/KpnI sites

Source

This study

pBAD18-kan with pbpC bases 1-2310 (Pbp1C residues 1ppbpCo

770) inserted into EcoRI/KpnI sites, N-terminal stop codon

This study

excluded

2.3

P epa atio of he i all

o pete t ells

Magnesium chloride buffer (MCB; 0.1 M MgCl2) and calcium chloride buffer (CCB; 0.05 M
CaCl2; 15% glycerol added post-autoclave) were autoclaved and chilled in iced water.
Strains of E. coli cells (50 ml) were grown to approximately 0.6 OD600 nm in LB and pelleted
at 4°C by centrifugation at 4000 g for 15 minutes. Cell pellets were washed and
centrifuged twice using ice-chilled MCB before being resuspended in 2 ml CCB. Chemically
competent cells were aliquoted in 200 µl fractions, frozen in liquid nitrogen and stored at
-80°C.
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2.4

Mole ula

iolog

All restriction, DNA polymerase, and T4 DNA ligase enzymes were purchased from New
England Biolabs (NEB).

2.4.1 Pol

e ase hai

ea tio

PCR

PCR was used to amplify the targeted gene using the reaction protocol shown in Table 2-4
using components in Table 2-5 with PCR products electrophoresed on agarose gel.
Table 2-4 Amplification PCR reaction

Temperature (°C)

Step

Time (s)

95

Initial denaturing

30

95

Denaturing

45

52-60

Annealing

45

72

Extension

60/kb

~

Go to Denaturing step
for 30 cycles

~

72

Final Extension

600

10

Hold

~

Table 2-5 Amplification PCR reaction components

Component

Stock Concentration

Volume
(µl)

Phusion DNA
polymerase

2 units/µl

1

Reaction buffer

5x

10

Reverse primer

1 nM

5

Forward primer

1 nM

5

Template

Variable

1-5

dNTPs

5 mM

1

dH2O

100%

23-27

Total

50
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Mutagenesis primers MutP1-P4 (Table 2-8) were used to perform PCR mutagenesis to
correct four mutations in the ECAM clone pCF3 (Table 2-2). The four mutations were to
base numbers 655, 1817, 4760 and 4782 resulting in t-c, a-g, g-a, t-c base changes
respectively. The first three mutations resulted in amino acid changes of S-P, Q-R, S-N,
respectively with the final mutation being silent. PCR mutagenesis was performed
following the mutagenesis PCR reaction protocol shown in Table 2-6 using components in
Table 2-7 with PCR products electrophoresed on agarose gel.

Table 2-6 Mutagenesis PCR reaction

Temperature (°C)

Step

Time (s)

95

Initial denaturing

30

95

Denaturing

30

55

Annealing

60

68

Extension

60/kb

~

Go to Denaturing step
for 18 cycles

~

72

Final extension

600

10

Hold

~

Table 2-7 Mutagenesis PCR reaction components

Component

Stock Concentration

Volume
(µl)

Phusion DNA
polymerase

2 units/µl

1

Reaction buffer

5x

10

Reverse primer

1 nM

5

Forward primer

1 nM

5

Template

2.5 nM

1

dNTPs

5 mM

1

dH2O

100%

27

Total

50
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2.4.2 Oligo u leotide p i e s a d se ue i g
Primers used within this work were synthesised by Eurofins Operon 157. Sequencing was
performed by Source BioScience 158.
Table 2-8 yfhM (ECAM) primers
Primer

Restriction
enzyme site

Sequence 5' to 3' (restriction
site bold)

Purpose

YfhMNdeIF

NdeI

TAGTAGTACATATGGACAACA
ACGATAACGCGCCAAC

cfyfhMns

XhoI

TTTGACGTCTCGAGCGGTCTGA
CAATCAGCAGATC

YtfMCFseq1

n/a

ACGAAAAAACTATAACTACCCG
CG

YtfMCFseq2

n/a

CCCAGCAAGGAATTGAAGTCTC

YtfMCFseq3

n/a

CGAAGATTTTATGCCAGAGCGC

YtfMCFseq4

n/a

CCGCTTTTGACATCGTTTATAG
C

YtfMCFseq5

n/a

CCGGTCGATAAAACCTGGAATC

YtfMCFseq6

n/a

CAGGGCGAAGGCTCGGTTA

YtfMCFseq7

n/a

CCGGCGGATGGATTGCAAAAC

YtfMCFseq8

n/a

CGCTGGTGTTGGCCCGTC

yfhM (ECAM) -54 bases
for signal sequence,
cloning forward
yfhM (ECAM) -3 base
stop codon, cloning
reverse
yfhM (ECAM)
sequencing primer 1,
forward
yfhM (ECAM)
sequencing primer 2,
forward
yfhM (ECAM)
sequencing primer 3,
forward
yfhM (ECAM)
sequencing primer 4,
forward
yfhM (ECAM)
sequencing primer 5,
forward
yfhM (ECAM)
sequencing primer 6,
forward
yfhM (ECAM)
sequencing primer 7,
forward
yfhM (ECAM)
sequencing primer 8,
forward

MutP1aF

n/a

CAAAGTCTGGAAAACGGCGCG
GCCCAG

ECAM mutation repair
mutagenesis forward 1

MutP1bR

n/a

CTGGGCCGCGCCGTTTTCCAGA
CTTTG

ECAM mutation repair
mutagenesis reverse 1

MutP2aF

n/a

GCCCAGCAAGGAATTGAAGTC
TCTTTATTAAATGAGAAAGGG

ECAM mutation repair
mutagenesis forward 2

MutP2bR

n/a

CCCTTTCTCATTTAATAAAGAG
ACTTCAATTCCTTGCTGGGC

ECAM mutation repair
mutagenesis reverse 2

MutP3aF

n/a

GTAGTGTTCGTTTCTGGGCTGG
CTATAGC

ECAM mutation repair
mutagenesis forward 3
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MutP3bR

n/a

GCTATAGCCAGCCCAGAAACG
AACACTAC

ECAM mutation repair
mutagenesis reverse 3

MutP4aF

n/a

GATGGAGAAATTCAGGCCACC
ATTAGCGGG

ECAM mutation repair
mutagenesis forward 4

MutP4bR

n/a

CCCGCTAATGGTGGCCTGAATT
TCTCCATC

ECAM mutation repair
mutagenesis reverse 4

Table 2-9 pbpC (Pbp1C) primers
Primer

Restriction
enzyme site

Sequence 5' to 3' (restriction
site bold)

Purpose

CFPbpCNde1-105F

NdeI

GCAACCATATGCTGCATGAAGT
CAATCCCGC

pbpC (Pbp1C) -105 base,
cloning forward

CFPbpCNde1-135F

NdeI

GCAACCATATGGTGGCGCAGG
ATGGTACG

pbpC (Pbp1C) -135 base,
cloning forward

CFPbpCNde1-165F

NdeI

GCAACCATATGTTCGCCGATGC
TGACGGC

pbpC (Pbp1C) -165 base,
cloning forward

CFPbpCXho1R

XhoI

TACTACTCGAGCTATTGCATGA
CAAATTTCACTGTC

pbpC (Pbp1C) cloning
reverse

cfpbpCssXho1F

XhoI

TAGTAGCTCGAGATGCCTCGCT
TGTTAACCAAACG

pbpC (Pbp1C) cloning
forward

cfpbpCssKpn1R

KpnI

CATACTGGTACCCTATTGCATG
ACAAATTTCACTGTCG

pbpCEcoR1F

EcoRI

GCTGCTGAATTCATGCCTCGCT
TGTTAACCAAACG

pbpCKpn1RA

KpnI

GCTGCTGGTACCCTATTGCATG
ACAAATTTCACTGTCGCG

pbpCKpn1RB

KpnI

GCTGCTGGTACCTTGCATGACA
AATTTCACTGTCGCGA

pbpC (Pbp1C) cloning
reverse
pbpC (Pbp1C) cloning
forward,
complementation vector
pbpC (Pbp1C) cloning
reverse,
complementation vector
closed
pbpC (Pbp1C) -3 base
stop codon, cloning
reverse,
complementation vector
open for including myc
tag

2.4.3 DNA est i tio e z

e digest

Purified DNA (10-20 µg) was added to 20 units of appropriate restriction enzymes and
1 µl of 10x Cutsmart buffer (NEB, UK) and made to a final volume of 15 µl. Restriction

44

Chapter 2
digests were incubated at 37°C for 3-4 hours and separated by agarose gel
electrophoresis.

2.4.4 Aga ose gel ele t opho esis
Agarose was melted by microwave at 0.8% (w/v) agarose in TBE buffer (0.17 M Tris, 0.2 M
borate, 5 mM EDTA, pH 8). The melted agarose was cooled to approximately 50°C and
GelRed (Cambridge Bioscience, UK) was added (1:10000) and poured into the
electrophoresis apparatus. The set gel was submerged in TBE buffer and samples mixed
with 5x DNA loading dye (Bioline, UK) were loaded onto the gel alongside a 1 kb+ DNA
ladder (Invitrogen) as a base pair size reference. The gel was run for 40-60 minutes at
60 V and visualised using a UVIpro Gold transilluminator (UVItec, UK).

2.4.5 Aga ose gel DNA e t a tio
Extraction of DNA from agarose was performed using a Qiagen gel extraction kit (Qiagen,
UK) following the manufacturers protocol. DNA was eluted using elution buffer (10 mM
Tris, pH 8.0) and stored at -20°C.

2.4.6 DNA ligatio
A ligation reaction containing 3:1 ratio of digested PCR insert to digested plasmid
alongside 5 Units of T4 DNA ligase and 1X T4 DNA ligase buffer with a total final volume of
15 µl. DNA ligation reaction was incubated overnight at room temperature with 5 µl being
used fo t a sfo

2.5

atio i to he i ally o pete t DH α ells.

T a sfo

atio of he i all

o pete t E. oli ells

Chemically competent E. coli cells (50-100 µl) were thawed on ice with 50-100 ng of
plasmid. DNA ligation transformations consisted of 5 µl of ligation reaction added to 5045
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100 µl of chemically competent cells. Cells were incubated on ice for 30 minutes before
being heat shocked at 42°C for 45 seconds. 500 µl of LB was added and cells were allowed
to recover at 37°C for 60 minutes and were then plated out onto LB agar plates
containing appropriate antibiotics and grown overnight at 37°C.

2.6

P otei o e e p essio a d pu ifi atio

2.6.1 Clo i g e p essio a d pu ifi atio of ECAM
The gene for ECAM, yfhM from E. coli K-12, was amplified by PCR using primers
YfhMNdeIF and cfyfhMns, and cloned into pET21a vector using NdeI and XhoI restriction
sites. The first 22 residues from the N-terminus of the gene, containing the signal
sequence identified using SignalP, were excluded from the construct. The stop codon was
also excluded, resulting in a protein containing residues 23-1631 and a C-terminal 6xHistag (LEHHHHHH). The first plasmid generated pCF1, was sequenced using primers
YtfMCFseq1-8 and found to have 6 base mutations resulting in 6 amino acid changes. The
second plasmid cloned, pCF2, was found to have 5 mutations and the third plasmid, pCF3
contained 4 mutations. ECAM plasmid pCF3 was mutated using MutP1a/b-4a/b however
only the MutP1a/b primers were successful and resulted in plasmid pCF5 which contained
two mutations and a deletion resulting in no 6xHis-tag. As the three amino acid residue
changes identified in pCF3 (detailed on page 39) were not expected to cause change in
protein function it was decided to use pCF3 for all future expression of ECAM. ECAM was
expressed in E. coli BL21 (DE3) grown in LB to 0.6 OD600nm and induced using 1 mM Disopropyl-β-thiogalactopyranoside (IPTG) with cells grown for a further 6 hours. The cell
pellet was collected by centrifugation at 4,400 g for 15 minutes and cells were resuspended in binding buffer (20 mM Tris, 10 mM imidazole, 500 mM sodium chloride, pH
7.5) and lysed by sonication with 2 mg ml-1 lysozyme in the presence of protease
inhibitors (Complete Mini, Roche). Cell debris was removed by centrifugation at 46,000 g
fo

i utes at °C. Cell supe ata t as the loaded o to a HisT ap™ HP olu

GE

Healthcare) and bound protein was eluted with elution buffer (20 mM Tris, 500 mM
imidazole, 500 mM NaCl, pH 7.5) using a linear gradient increasing from 10 mM to 500
mM. Fractions containing ECAM were pooled and dialysed overnight at 4°C into 50 mM
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Tris, 200 mM NaCl, pH 7.5 and run on a Superdex S200 gel-filtration column (GE
Healthcare). Central fractions from the peak were combined and concentrated using a
100 kDa molecular weight cut off centrifugal concentrator.

ECAM was later nickel affinity purified in the presence of TCEP using a binding buffer and
elution buffer supplemented with 5 mM TCEP (tris(2-carboxyethyl)phosphine) that was
dialysed out prior to SEC.

ECAM was expressed for crystallography in T7 Express Crystal Competent E. coli
(methionine auxotrophic strain, New England Biosciences), using an inducible T7
promoter and 1 mM IPTG as the inducer. Bacteria expressing selenomethionine-labelled
ECAM were grown using M9 minimal media (35 mM Na2HPO4, 22 mM KH2PO4, 8.5 mM
NaCl, 18.7 mM NH4Cl, 2 mM MgSO4, 0.2 mM CaCl2, 0.2% D-glucose (anhydrous))
supplemented with 50 mg L-1 selenomethionine and 20 mg L-1 of each of nine essential
amino acids (excluding methionine). Cells were grown at 37°C to an OD600 of 0.6 and
protein production was induced by addition of 1 mM IPTG and cells were grown for a
further 6 hours.

2.6.2 Clo i g e p essio a d pu ifi atio of P p C
Full length Pbp1C was initially expressed using plasmid pKM54 that uses ampicillin as a
sele tio a ti ioti . Pe i illi

i di g p otei s a e i a ti ated y β-lactam antibiotics such

as ampicillin and so pbpC was re-cloned into pET28a as this plasmid uses kanamycin as a
selection antibiotic. Primers cfpbpCssXho1F and cfpbpCssKpn1R were used to amplify full
length pbpC and was transformed into pET28a generating plasmid pCF4. Pbp1C was
expressed in E. coli BL21 (DE3) grown in LB to 0.6 OD600nm and induced using 1 mM IPTG
with cells grown for a further 6 hours. The cell pellet was collected by centrifugation at
4,400 g for 15 minutes and cells were re-suspended in binding buffer (20 mM Tris, 10 mM
imidazole, 500 mM sodium chloride, pH 7.5) and lysed by sonication with 1 mg ml-1
lysozyme in the presence of protease inhibitors (Complete Mini, Roche). Cell debris was
removed by centrifugation at 46,000 g for 30 minutes at 4°C. As Pbp1C expression
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resulted in inclusion bodies without any soluble protein a protocol was followed to
solubilise, refold and purify.

2.6.2.1 Solubilising Pbp1C
The inclusion body pellet containing Pbp1C was first suspended in 40 ml of wash buffer 1
(50 mM Tris, 200 mM NaCl, pH 7.5 with 0.1% lauryldimethylamine N-oxide (LDAO)) before
being centrifuged at 4400 g to form a pellet. The pellet was washed twice using wash
buffer 1 and once with wash buffer 2 (50 mM Tris, 200 mM NaCl, pH 7.5). For every 750
mg of washed wet pellet, 100 ml of Solubilisation Buffer (50 mM Tris, 200 mM NaCl, pH
7.5, 5% Sarkosyl) was added and resuspended until the pellet was soluble and no pellet
could form through centrifugation.

2.6.2.2 Refolding and purification of Pbp1C
Solubilised Pbp1C was refolded by dialysing overnight at 4°C into Refolding Buffer (0.4%
LDAO, 0.1 M L-arginine, 50 mM Tris, 200 mM NaCl, pH 7.5) and subsequently dialysed
into SEC buffer (200 mM NaCl, 50 mM Tris, 0.1% LDAO, pH 7.5) for purification by size
exclusion chromatography. Size Exclusion Chromatography (SEC) was performed on an
ÄKTA purifier. Pbp1C samples to be purified were loaded onto S200 SEC Superdex
column with Pbp1C SEC buffer (200 mM NaCl, 50 mM Tris, 0.1% LDAO, pH 7.5).

2.6.3 P otei

o e t atio

ECAM and Pbp1C were concentrated using Vivaspin 20 (Sartorius) concentrator tube (100
kDa molecular weight cut off) by centrifugation at 4400 g.

2.7

P otei

o e t atio dete

i atio

The ExPASy online program ProtParam was used to calculate the molar extinction
coefficient of proteins 159,160. Protein samples then had their absorbance measured at 280
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nm wavelength over a path length of 1 cm, and these values were applied to the formula
below to calculate protein concentration.

�=
2.8

� = Protein concentration

�

� = Absorbance of sample measured at 280 nm wavelength

�

over a path length of 1 cm

� = Molar extinction coefficient

SDS-PAGE

Bacterial pellets or protein samples were mixed with Laemmli buffer (200 mM Tris, pH
6.8, 8% (v/v) SDS, 0.4% (v/v) bromophenol blue, 40% (v/v) glycerol, 4.7% (v/v)
β-mercaptoethanol) at a 4:1 ratio, heated at 95°C for 5-10 minutes and centrifuged (500
g) for approximately 1 minute and loaded onto the gel alongside a broad range molecular
weight marker (2-212 kDa (NEB, UK) or 3-260 kDa (Novex prestained marker, Thermo
Fisher Scientific)). SDS-PAGE was performed using tris-glycine running buffer (0.02 M Tris,
0.25 M glycine, 5% (w/v) SDS) at 30 mA until the buffer front reached the bottom of the
gel (approximately 45-60 minutes).
For samples to be analysed by mass spectrometry analysis of protease cleaved ECAM,
crystals were washed in reservoir solution before being dissolved in deionised water and
heated to 95°C in Laemmli buffer for 5 minutes. These were then were run on NuPAGE®
Novex® 4-12% Bis-Tris gel (Invitrogen) and visible bands were cut for proteomic analysis.

2.9

Weste

lotti g

For immunoblotting samples, bacterial pellets that had been run by SDS-PAGE were
transferred onto nitrocellulose membranes using an ECL semi-dry transfer unit at 7 mA
overnight. Transferred membranes were blocked using blocking buffer (20 mM Tris, 200
mM NaCl, 0.01% (v/v) Tween 20, 5% (w/v) skimmed milk (Marvel, UK) on a shaker for an
hour at room temperature. Blocking buffer was poured off and rabbit anti-ECAM primary
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antibody was diluted 1 in 3000 with Wash buffer (20 mM Tris, 200 mM NaCl, pH 7.2,
0.01% Tween 20) and added to the nitrocellulose and placed on a shaker for 1 hour. The
nitrocellulose membrane was then washed 3 times for 20 minutes while on shaker using
wash buffer. Goat anti-rabbit secondary antibody coupled with horseradish peroxidase
(HRP) was then diluted 1 in 20,000 and incubated with the nitrocellulose membrane for
30 minutes on a shaker at room temperature. The nitrocellulose membrane was then
washed three times 20 minutes while on shaker at room temperature. The Western blot
was developed using enzyme-linked chemiluminescence Western BrightTM Sirius
chemiluminescent substrate (Advansta, USA) on film.

2.10 Mass spe t o et
Peptide fragments from trypsinated excised bands were separated by liquid
chromatography and subsequently had their mass to charge ratio measured by Orbitrap
XL Mass spectrometry. These peptide fragments were then compared to a database of in
silico digested proteins identifying proteins and fragments within excised bands. Samples
were digested by trypsin and analysed by LC-MSMS (Orbitrap XL), performed at the
Fingerprints Proteomics Facility at the University of Dundee 161.

2.11 Ci ula di h ois

CD spe t os op

Far-UV CD was carried out on Pbp1C (6 M in 0.1 M sodium phosphate pH 7.5 with 0.1%
(v/v) LDAO using a Jasco J-810 spectropolarimeter. Spectra were collected in 0.02 cm path
length quartz cuvettes. Data were analysed with the CONTIN procedure that is available
from the Dichroweb server 162,163.

2.12 Rea tio of ECAM ith p oteases
Purified ECAM was reacted at a 1:1 molar ratio with porcine elastase (MP Biomedicals) in
50 mM Tris, 200 mM NaCl, pH 7.5 on ice for 5 minutes before being loaded onto a
Superdex S200 gel-filtration column (GE Healthcare). The two major peaks from gel
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filtration were concentrated to 16 mg ml-1 separately using a 100 kDa molecular weight
cut off centrifugal concentrators and used in crystallization trials.
Purified ECAM was reacted at a 1:1 molar ratio with chymotrypsin (Sigma-Aldrich) in 50
mM Tris, 200 mM NaCl, pH 7.5 on ice for 5 minutes before being loaded onto a Superdex
S200 gel-filtration column (GE Healthcare). The major peak from gel filtration was
concentrated to 4.0 mg ml-1 using a 100 kDa molecular weight cut off centrifugal
concentrator for AUC and SAXS experiments.

2.13 Rea tio of ECAM ith

eth la i e

Purified ECAM was reacted with a final concentration of 5 mM methylamine (SigmaAldrich) in 50 mM Tris, 200 mM NaCl, pH 7.5 on ice for 5 minutes before being loaded
onto a Superdex S200 gel-filtration column (GE Healthcare). The peak from gel filtration
was concentrated to 4.6 mg ml-1 using a 100 kDa molecular weight cut off centrifugal
concentrator for AUC and SAXS experiments.

2.14

A al ti al ult a e t ifugatio

AUC

Sedimentation velocity (SV) experiments were carried out in a Beckman Coulter Optima
XL-I analytical ultracentrifuge using an An-50 Ti eight-hole rotor. ECAM concentrations
ranged from 0.078 mg ml-1 to 5.0 mg ml-1 ECAM (purified with TCEP) concentrations
ranged from 0.2 mg ml-1 to 6.0 mg ml-1 ECAM (with TCEP) concentrations ranged from
0.09 mg ml-1 to 5.4 mg ml-1 ECAM reacted with methylamine concentrations ranged from
0.073 mg ml-1 to 4.6 mg ml-1 and ECAM reacted with chymotrypsin concentrations ranged
from 0.06 mg ml-1 to 4.0 mg ml-1. Samples were loaded into 12 mm path-length charcoalfilled epon double-se to e t epie es

l pe sa ple a d the highest o e t atio

sample was loaded into a 3 mm path-length centrepiece

l a d spu at 49,000 rpm

for ~9 h at 4°C. The outer sector of centrepieces had equivalent volume of buffer that the
protein samples were dialysed against previously. Scans were collected every 7 minutes
using both interference and absorbance optics (280 nm; a radial range of 5.8 - 7.2 cm, and
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radial step-size of 0.005 cm were used). SEDNTERP164 was used to calculate the partial
specific volume (from the amino acid sequence of ECAM), the buffer density and viscosity
at 20°C and 4°C (Table 2-10).

Table 2-10 ECAM partial specific volumes, buffer densities and viscosities calculated using SEDNTERP for
the analysis of SV data

Buffer

Partial specific volume
(ml/g)

Buffer density
(g/ml)

Buffer viscosity
(P )

50 mM Tris, 200 mM
NaCl, pH 7.5

0.728 (4°C)

1.010 (4°C)

0.0162 (4°C)

0.735 (20°C)

1.008 (20°C)

0.0104 (20°C)

0.728 (4°C)

1.010 (4°C)

0. 0162 (4°C)

0.735 (20°C)

1.008 (20°C)

0.0104(20°C)

50 mM Tris, 200 mM
NaCl, 5 mM TCEP, pH 7.5

Data were analysed using SEDFIT to obtain the apparent sedimentation coefficients of
ECAM using the continuous c(s) distribution model 165. The apparent sedimentation
coefficients were then used to calculate the concentration-independent � 0 20,� by plotting
sample versus apparent �20,� and extrapolating the graph to infinite dilution. Ultrascan

SOMO was used to compute theoretical sedimentation coefficients from high-resolution
X-ray structures 166.

2.15

P otei

stallisatio a d data olle tio

Several hundred crystallization conditions were tested including JCSG-plus, MIDA“™ a d
Morpheus® screens (Molecular Dimensions) for both concentrated peaks from reaction of
ECAM with porcine elastase. A Cartesian Honeybee 8 + 1 (Harvard Bioscience) robot was
used with 96 well plates dropping 0.5 µl of reservoir solution with 0.5 µl of protein
sample. Subsequent scaled up crystal growth was performed using 2.5 µl of reservoir
solution with 2.5 µl of protein sample. The initial crystal was grown in conditions
containing 0.1 M potassium chloride, 0.1 M HEPES, 25% SOKALAN® CP 7, pH 7.0 and upon
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optimisation the pH was adjusted to 7.5 for larger crystal growth. Crystals were grown
using equal volumes of porcine elastase cleaved ECAM and reservoir solution using sitting
drop vapour diffusion with crystals appearing after 2 days at 16°C for the second fraction
and after 2 weeks for the first fraction. Cryoprotection was optimised with a 3:2 ratio of
xylitol saturated reservoir solution to reservoir solution. Crystals were briefly soaked and
flash cooled in liquid nitrogen for data collection. The best diffraction obtained was 3.8 Å,
a d

ole ula epla e e t ith

ethyla i e a ti ated α M PDB: ACQ

as

unsuccessful most likely as sequence identity with the human homologue was low (12%)
and due to the difference in domain orientation between structural models 13. Further
expression was performed using a methionine auxotrophic strain of E. coli BL21 (T7
Express Crystal Competent E. coli, New England Biolabs) and purification and
crystallization screens were repeated using selenomethionine labelled protein. As
repeating the previous protocol with selenomethionine protein was unsuccessful, in situ
proteolytic cleavage screening was performed using porcine elastase. Successful
crystallization was achieved using a 1:100 ratio of porcine elastase to selenomethionine
labelled ECAM. Crystallization was successful in the same condition as used previously
with the crystal having a similar appearance and the same space group as previous
unlabelled crystals. These crystals diffracted to 3.65 Å and phases were obtained using
single-wavelength anomalous diffraction (SAD).

Data were collected for ECAM crystals at the I02, I03 and I24 beamlines at Diamond Light
Source (Didcot, United Kingdom) at 100 K at the selenium K-edge

= .

Å usi g a

Pilatus 6M detector. A high redundancy SAD data set was processed and scaled using XDS
and AIMLESS from the CCP4 suite of programs 167–170. Selenium sites were located using
Shelx C/D with the best substructure solution consisting of 19 sites although the full
length ECAM structure was predicted to have 23 selenomethionines 171. These selenium
sites were input with the SAD dataset to Autosol within the Phenix package to perform
phasing and electron density modification 172. Density modification in Autosol was
sufficient to break phase ambiguity, due to the high solvent content of the crystal
(69%)172. This yielded interpretable, low resolution, maps in which density corresponding
to secondary structure elements and larger amino acid sidechains were visible. Initially,
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the α-helical TED as uilt i COOT usi g idealised α-helical sections 173. The loops
between these sections were connected where density was visible. The 6
selenomethionine sites in this domain provided the start sites for the building of amino
acid side chains in the whole TED, although due to the relatively low resolution, initially
only larger side chains and those where continuous sequence could be determined were
built. In addition to the building of the TED, a u

e of α M de i ed poly-alanine MG

domains were rigid body fitted into their corresponding density and manually real-space
refined in COOT 173. As with the TED, where possible, side chains were fitted using the
positions of selenomethionine Se atoms as start sites. This initial building yielded a partial
model which was then used, in conjunction with the selenomethionine substructure to
rephase experimental data using MR-SAD phasing in Phaser EP169. This process led to
phase improvement and the appearance of new features in the map, which were
modelled and the process was repeated iteratively. Partway through the building process
the atomic coordinates for SaA2M (which shares 82% sequence identity with ECAM)
were published and the domains from this model provided validation for MG domain
placement and sidechain modelling in our experimentally phased map (PDB: 4U48 14). The
SaA2M model also provided a template for building the more difficult sections of the
model. At this point restrained TLS refinement using REFMAC5 was found to stably
improve both Rwork and Rfree. Such refinement was performed and the model improved
and was finished manually in COOT 173,174. Electron density for the thioester bond
indicated that the deaminated glutamine has no covalent bond with the cysteine. Before
submission of the final model, quality of the structure was assessed using the Molprobity
webserver 175. The atomic coordinates and structure factors were deposited in the
Protein Data Bank (PDB: 4RTD).

2.16

S all a gle X- a s atte i g SAXS

SAXS was carried out on the X33 beamline at the Deutsches Elektronen Synchrotron
(DESY, Hamburg, Germany). Data were collected on samples of ECAM and ECAM reacted
with chymotrypsin at concentrations in the range of 0.4-6 mg ml-1. Scattering curves for
buffer were acquired before and after each sample and an average of the buffer
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scattering was subtracted from the sample scattering. The data obtained for each sample
were analysed using PRIMUS, merging scattering data for low concentration samples at
low angles with high angle data for high concentration samples176. The distance
distribution function, p(r), was obtained by indirect Fourier transform of the scattering
intensity using GNOM 176. A Guinier plot (ln I(s) vs s2) was used to determine the
molecular weight and radius of gyration, Rg, of ECAM. Ab initio models of the protein in
solution were built using DAMMIF177–179. DAMMIF models were averaged using
DAMAVER and filtered using DAMFILT177,179. CRYSOL was used to compute theoretical
scattering curves from high-resolution X-ray structures 180.
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3 O ere pressio , purifi atio a d hara terisatio of
ECAM

Small angle X-ray scattering data was collected by Inokentijs Josts.
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3.1

I t odu tio

It has been suggested that ECAM and PbpC function as a defence and repair mechanism
against host proteases, with ECAM functioning as a protease inhibitor and PbpC repairing
proteolytic damage to the peptidoglycan layer6. Among the various eukaryotic α Ms,
some have been shown to form tetramers with others forming dimers and monomers
16,17,21

. In contrast, ECAM is monomeric prior to protease activation, although once

cleaved exists as a mixture of monomer, dimers and trimers in solution, with the
formation of these multimeric forms being concentration dependent67. In addition
reaction of ECAM with methylamine does not cause a change in conformation as seen for
α M67. The high resolution X-ray crystal structures of native and methylamine-activated
SaA2M show that methylamines only effect on SaA2M is localised to the thioester region
of the TED14. This high resolution model of SaA2M was suggested as being a monomer
however a crystallographic dimer was also present within its crystal lattice14. In order to
begin structurally characterising ECAM sedimentation velocity (SV) experiments were
performed to determine the oligomeric state of the protein in solution. SAXS was further
used to characterise ECAM in solution.
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3.2

Results

3.2.1 E p essio a d pu ifi atio of ECAM
The gene encoding ECAM, yfhM, was cloned minus the region encoding the signal
sequence and including a C-terminal 6-histidine tag. The gene amplified by PCR was
cloned into pET21a using NdeI and XhoI. This plasmid was transformed into BL21(DE3)
Escherichia coli cells for inducible expression. Cells were grown at 37°C to an OD600 of 0.6
and 0.1 mM IPTG was added to induce ECAM expression. Cells were grown for a further
four hours, lysed, and purified by Ni2+-affinity chromatography (Figure 3-1 a). Fractions
containing purified ECAM were pooled and dialysed against 50 mM Tris-HCl, 200 mM
NaCl, pH 7.5 and further purified on a Superdex S200 gel-filtration column (Figure 3-1 b,
c). ECAM eluted as two peaks, with the first eluting at 147 ml and the second at 169 ml
with the second peak approximately 8 times larger (Figure 3-1 c). The presence of two
peaks on SEC was the first indication of potential oligomerisation in solution. When both
peaks were compared by SDS-PAGE at the same concentration they have an identical
composition with major bands at 260 kDa and 160 kDa (Figure 3-1 c). This suggests that
there is a monomer and a dimer with a dimer being visible after SDS PAGE due to an
interaction that survives heating and denaturation. Fractions from the main peak (169 ml)
were collected and pooled for further experiments (Figure 3-1 c).
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2+

Figure 3-1 Purification of ECAM by Ni --affinity chromatography and size exclusion chromatography (SEC)
with SDS PAGE.
2+

(a) An elution buffer (blue) gradient eluting ECAM (red) from a Ni -affinity column. (b) Highlighted fractions
2+

2+

corresponding to the Ni -affinity elution fractions seen in (a). (c) Size exclusion chromatography of Ni affinity purified ECAM with inset image of main pooled fraction of purified protein around 169 ml volume.
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Published purification protocols for ECAM in general include reducing agents such as DTT
in buffers during cell lysis and Ni2+-affinity purification67,77. To determine the effect of the
inclusion of a reducing agent on the purification of ECAM, cells expressing ECAM were
lysed in buffer containing 5 mM TCEP and purified by Ni2+-affinity chromatography (Figure
3-1 a, 3-2 a). ECAM was then dialysed to remove TCEP and imidazole before further
purification by SEC where ECAM eluted as a single peak with an elution volume of 152 ml
(Figure 3-2 b). This is considerably earlier than the major peak from SEC of ECAM purified
in the absence of TCEP (169 ml) but is closer to the elution volume of the presumed
dimeric species (147 ml) (Figure 3-2 b). The apparent difference in the oligomeric state of
ECAM under different conditions was further investigated by SV.
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2+

Figure 3-2 Purification of ECAM in the presence of TCEP by Ni -affinity chromatography and size
exclusion chromatography (SEC) with SDS PAGE.
2+

(a) An elution buffer (blue) gradient eluting ECAM (red) in the presence of 5 mM TCEP from a Ni -affinity
2+

column. (b) SEC of ECAM that had been Ni -affinity purified in the presence of 5 mM TCEP (blue) compared
to ECAM without TCEP (red).
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3.2.2 ECAM is i a

o o e -di e e uili iu

i solutio

Sedimentation velocity (SV) enables the oligomeric state of proteins to be determined as
well as providing information on protein conformation. ECAM purified using the
purification protocol in the absence of any reducing agent was analysed by SV. The
absorbance traces are indicative of the presence of two species, due to two shoulders
emerging during sedimentation(Figure 3-3).

Figure 3-3 Raw absorbance of ECAM during sedimentation velocity experiment.
The absorbance boundary representing the protein at a radial position within the cell moves further out in
radial position during sedimentation. The two shoulders present within the purple line indicate multiple
species within the solution.
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Integrating the particle distribution profiles revealed two distinct populations which were
observed at every ECAM concentration and a third species at the highest protein
concentrations (Figure 3-4 a). Determination of the sedimentation coefficient at infinite
dilution, at twenty degrees in water (� 0 20,� ) for species 1 and species 2 gave values of
7.49 S and 11.20 S respectively (Figure 3-4 b). A third species was noted at the highest

concentrations with an �20,� of approximately 15 S. The presence of multiple species in

solution confirmed the multiple species previously seen by SEC and SDS-PAGE (Figure 3-1
c, 3-2 b).

Figure 3-4 AUC analysis of ECAM showing a monomer-dimer mixed population.
(a) continuous c(s) distribution for a range of ECAM concentrations shows three species, possibly monomer
dimer and trimer, for which the ratio of % multimer to % monomer increases at higher concentrations. (b)
Extrapolation of values to obtain the infinite dilution sedimentation coefficient �0 20,� for ECAM.
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When ECAM purified in the presence of TCEP was analysed by SV two species were again
present in a similar ratio to those observed for ECAM purified in the absence of TCEP
(Figure 3-5 a, 3-6). � 0 20,� values for species 1 and species 2 of ECAM purified in the

presence of TCEP are 7.53 S and 10.94 S respectively with no third species observed
(Figure 3-5 b).

Figure 3-5 AUC analysis of ECAM purified with TCEP showing a monomer-dimer mixed population.
(a) continuous c(s) distribution for a range of ECAM concentrations shows a two species with a gradual
decrease in S for species 2 as concentration increases. (b) Extrapolation of values to obtain the infinite
dilution sedimentation coefficient �0 20,� for ECAM.
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As the concentration of ECAM increased there was an increase in the ratio of species 2 to
species 1 with only a minor difference seen with the ECAM purified in the presence of
TCEP (Figure 3-6). Using the ratio of dimer to monomer the Kd was calculated as 1.695 µM
(using dimer molarity).

Figure 3-6 Increase in dimer with concentration
Percentage of dimer present in ECAM and ECAM purified with TCEP increases as concentration increases
with 65% dimer at 13.7 µM and 70% dimer at 16.5 µM respectively. Kd calculated at 1.695 µM
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During the course of this work the crystal structure of an ECAM homologue from
Salmonella enterica was published181. Although this structure (PDB: 4U48) was submitted
to the PDB as a monomer it was noted that there is an entwined crystallographic dimer
with a buried surface area of 9155 Å2 14 (Figure 3-7).

Figure 3-7 Crystal structure of Salmonella enterica alpha-2-macroglobulin
14

(a) monomer form of SaA2M PDB: 4U48 with (b) entwined dimer described as a crystallographic artefact .
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Using SOMO within Ultrascan, a hydrodynamic bead model of the high resolution
monomer and dimer models were generated and used to compute their sedimentation
coefficients 166 (Table 3-1). The � 0 20,� values determined for monomeric and dimeric

SaA2M are 7.99 S and 12.54 S respectively (Table 3-1). The � 0 20,� values determined for
species 1 of ECAM purified in the presence and absence of TCEP (7.53 S and 7.49 S,

respectively), are within 10% of the � 0 20,� value calculated for the high resolution model
of the monomer SaA2M (7.99 S) (Table 3-1). The � 0 20,� values determined for species 2

of ECAM purified in the presence and absence of TCEP (10.94 S and 11.20 S respectively),
are within 15% of the � 0 20,� value, and 12.54 S as calculated for the high resolution model
of the dimer (Table 3-1). The similarity in the sedimentation coefficient values confirms

the presence of a monomer and dimer species for ECAM in solution (Table 3-1). However,
the lower sedimentation coefficients seen for experimental ECAM data indicate that in
solution both the monomer and dimer are less compact and elongated, with a larger
surface area resulting in a slower sedimentation compared to the high resolution models.
The decrease in sedimentation coefficient for the dimer (species 2) as concentration
increases is due to a crowding effect resulting in faster sedimentation (Figure 3-4, 3-5).

Table 3-1 Experimental and computed sedimentation coefficient (S)
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3.2.3 S all a gle X- a s atte i g of ECAM a d o pa iso
esolutio

ith high

odels

Previous SAXS analysis described ECAM as a monomer in solution and modelled an
envelope based on this assumption68,77. With the monomer-dimer equilibrium of ECAM
noted at even low concentrations, further analysis by SAXS, taking into account the
dimeric species could provide further understanding of ECAM composition in solution.
When ECAM was analysed by SAXS there was a distinct difference in intensity at low
angles when comparing low and high concentration samples that may be due to the
monomer-dimer exchange seen by SV (Figure 3-8). Normally small angle, low
concentration data can be merged with wide angle high concentration data, however, as
SV shows that ECAM is 65% dimer at 6.04 mg ml-1 and 50% at 0.72 mg ml-1 the merging of
these data is not valid.

Figure 3-8 Comparison of raw SAXS data for ECAM at high and low concentrations.
The differences seen at small angles are distinct when comparing high and low ECAM concentrations. Inset
graph shows a clear difference at low angles.
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Guinier analysis of the raw scattering data for ECAM at 6.04 mg ml-1 was used to
determine the overall size of ECAM calculating the radius of gyration (Rg) as 5.66 ± 0.009
nm (Figure 3-9 a, b).

Figure 3-9 Raw SAXS data for ECAM with Guinier fit.
-1

(a) Raw scattering curve for ECAM at 6.04 mg ml . (b) Guinier fit to the raw scattering data in the Guinier
region determines an Rg of 5.66 ± 01 nm. The linearity of the residuals indicates the absence of aggregation.

The pair-distance distribution function curve, plotting r against p(r), shows distances
between electrons within the macromolecule in real space (Figure 3-10 a). From this p(r)
plot the most frequent distance observed is 6.0 nm and the maximum distance measured
(Dmax), taken from where p(r) reaches 0 for a second time, is 18.8 nm. The bell-shaped
curve seen for the p(r) plot is normally indicative of a globular protein, however as this is
a mixture of two species this is less clear (Figure 3-10 b). The slight hump with a tail
remaining low at high q values for the Kratky plot can be interpreted as a multi-domain
protein with a rigid structure (Figure 3-10 b).
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Figure 3-10 Distance distribution function p(r) analysis and Kratky plot for ECAM indicate a globular
particle in solution.
-1

(a) p(r) distribution of ECAM at 6.04 mg ml has a most frequent distance between electrons of 6.0 nm and
a Dmax of 18.8 nm. (b) The Kratky plot is a bell-shaped curve confirming a globular protein with a hump
indicating multiple domains and a tail remaining low suggesting a rigid structure.

The SaA2M monomer and dimer high resolution models previously used to generate
hydrodynamic bead models for modelling sedimentation coefficients were likewise used
to model SAXS Rg and Dmax values using SOMO within Ultrascan14,166 (PDB:4U48;
Figure 3-7, Table 3-2).

Table 3-2 Experimentally determined and computed ECAM biophysical properties
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The zero angle intensity (�0 ) can be calculated from the Guinier fit of the SAXS curve and

used to approximate the molecular weight of a sample. The molecular weights calculated
from �0 as 240 kDa and 271 kDa for ECAM at 0.72 mg ml-1 and 6.04 mg ml-1 respectively

do not match the molecular weight of either monomer (181 kDa) or dimer (362 kDa)

(Table 3-2). However, considering that the sample is in equilibrium between monomer
and dimer, the average of these monomer-dimer molecular weights being 271.5 kDa is a
closer match to that seen experimentally based on �0 (Table 3-2). The POROD volume can
also be used to estimate the molecular mass of a protein by dividing by ~1.7 176. The

calculated POROD volume for ECAM at 6.04 mg ml-1 is 685, when divided by 1.7 gives a
molecular mass of 403 kDa just over 10% greater than a dimer, 362 kDa. An observed
increase in Rg and molecular weight calculated from �0 following an increase in

concentration can be indicative of aggregation or multimerisation182. As such the
presence of a monomer-dimer equilibrium that increases in dimer composition with
concentration follows this trend. The Rg of 5.35 nm and the Dmax of 17.14 nm for the
SaA2M dimer high resolution model is not a good fit to the experimentally determined Rg
of 5.66 nm and Dmax of 19.4 nm for ECAM (Table 3-2). The larger Rg and Dmax seen
experimentally indicate a more elongated molecule than the high resolution model would
suggest.

CRYSOL was used to calculate SAXS curves for the SaA2M monomer and dimer highresolution models (Figure 3-11)180. The CRYSOL fit of the monomer high-resolution model
to the raw scattering curve for ECAM at 6.04 mg ml-1 shows that there are distinct
differences in the small angle and mid-range angle with a χ of 11.867 (Figure 3-11)180. The
dimer high-resolution model CRYSOL fit has a closer match to the raw scattering curve
than the monomer model, with a distinct match in the small and the wide angle regions
and a χ of 5.471 (Figure 3-11)180. The dissimilarity between the CRYSOL curves for both
monomer and dimer high-resolution models and raw scattering curve are expected as the
protein solution is a mixture of both monomer and dimer (Figure 3-11).
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Figure 3-11 Comparisons between ECAM experimental scattering and CRYSOL generated unreacted
SaA2M monomer and dimer high resolution model curves.
-

ECAM experimental scattering (black circles, 6.04 mg ml 1) compared with monomer (blue) and dimer (red)
CRYSOL curves of SaA2M high resolution model PDB: 4U48

14,180

.

Ab initio model generation of particles in solution based on the scattering of X-rays can be
performed using various programs as part of the ATSAS suite of programs resulting in an
envelope representing the low resolution model of the protein176. However, generation
of envelopes was not deemed suitable as the sample is a mixed species of
monomer-dimer.
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3.3

Dis ussio

Previous work has suggested that ECAM forms multimers on activation by proteases but
is monomeric in its unactivated form67. In this work, when ECAM was analysed by SEC
there was clearly two species present when purified in the absence of any reducing agent
(Figure 3-1). This monomer and dimer population is also seen by SDS-PAGE (Figure 3-1).
SV analysis confirms the multiple species seen with sedimentation coefficients are similar
to the simulated sedimentation coefficients from high resolution models (Table 3-1). SV
analysis also shows that as the concentration of ECAM increases, more dimer is present
(Figure 3-6). Upon SAXS analysis the increase in Rg and MW calculated from �0 also
indicate an increase in multimerisation as concentration is increased

(Figure 3-8, Table 3-2). When sedimentation coefficients are computed for the monomer
and dimer high resolution models for SaA2M, the higher values than experimental species
indicate that ECAM is more elongated in solution (Figure 3-12, Table 3-2).

Figure 3-12 ECAM dimer has a larger conformation than SaA2M high resolution model
The lower sedimentation coefficient and higher Rg and Dmax for experimental ECAM data values indicate
that ECAM dimer has a larger conformation than seen in the crystallographic dimer for SaA2M.
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Further, the higher Rg and Dmax seen experimentally by SAXS when compared to SaA2M
model computed Rg and Dmax values again indicates a less compact elongated formation
(Figure 3-12, Table 3-2). The characterisation of ECAM in solution has shown that the
native protein that has not been reacted with protease is in a monomer-dimer
equilibrium that increases in dimer ratio with increase in concentration.

This monomer-dimer mixed species can be observed by SEC, SDS PAGE, AUC and
o fi

ed th ough C‘Y“OL o pa iso of a

ystallog aphi di e

ith “AX“ a

scattering curve. Further analysis of the high resolution models through simulated
hydrodynamic parameters confirms the presence of monomer-dimer mixed species seen
through AUC and SAXS180. The differences seen in CRYSOL curve of SaA2M dimer and
experimental scattering curve and envelope generated can be explained by the
monomer-dimer equilibrium shown to be present and the flexibility within a dimer and
the fluctuation that would be expected between monomer and dimer forms
(Figure 3-11)180. The dimer form that is seen at high concentrations of protein may form
under In vivo conditions due to crowding by heterogeneous proteins. ECAM is also a
membrane anchored protein and when movement is limited to a two dimensional plane
rather than three dimensions seen in solution it would be expected that dimerization
could occur at lower protein concentrations than observed in solution (Figure 3-13).
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Figure 3-13 ECAM model of interaction with inner membrane within periplasm.
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4 Cr stallisatio a d stru ture

odel uildi g of protease

lea ed ECAM
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4.1

I t odu tio

Although, a structure for methylamine activated HA2M has been solved, this is a low
resolution structure and provides little information on the mechanism of activation of
α Ms. I o de to u de sta d this

e ha is

e atte pted to elu idate the structural

changes that occur on protease activation of ECAM. As elastase had been used previously
for characterisation of ECAM and has known cleavage targets within the bait region of
ECAM this was considered a good candidate for activating ECAM.

4.2

Results

4.2.1 C stallisatio of po i e elastase a ti ated ECAM
Purified ECAM was reacted at a 1:1 molar ratio with porcine elastase and purified by SEC
with fractions from the two largest peaks being pooled separately for crystallisation trials
(Figure 4-1). The fractions from the two main peaks are likely to be digestion products of
ECAM as they elute after full length ECAM. The fractions from these two peaks were
individually concentrated to 16 mg ml-1 and crystallisation trials were set up using the
Molecular Dimensions crystallisation screens MORPHEUS®, MIDASTM, JCSG-plus, and
PACT premier. Crystal growth was only observed for protein from peak 1, in one condition
fo

the MIDA“™ s ee

ith a ese oi solutio

o tai i g . M potassiu

hlo ide,

0.1 M HEPES, 25% SOKALAN® CP 7, pH 7.0. For optimisation of crystallisation, the
concentrations of KCl, HEPES, and SOKALAN® were varied as was the pH.
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Figure 4-1 Size exclusion chromatography of ECAM and ECAM reacted with porcine elastase.
ECAM purified by size exclusion chromatography shown in blue and ECAM reacted with elastase shown in
red. Numbered peaks highlight the fractions collected from ECAM reacted with elastase and subsequently
used for crystallisation trays. ECAM used had previously been purified by Ni

2+

affinity chromatography in

the presence of TCEP.

The condition resulting in the crystal growth with the largest crystals was similar to the
initial hit with only a change in pH to 7.5 (Figure 4-2 a). Variation of ratio of protein to
reservoir solution was also trialled for both SEC protein peaks although crystals were only
seen in the initial screen for peak 1. A 1:1 ratio of protein solution and reservoir solution
was found to be the best ratio for crystal growth with crystal appearance within 2 days
for protein from peak 1. Crystals with similar morphology appeared after 3 weeks for
protein from peak 2. Upon the appearance of crystals, growth significantly slowed after a
week, after which time crystals were tested for diffraction on the home beam.
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Figure 4-2 Crystals from ECAM reacted with porcine elastase and their diffraction.
(a) Individual rods were separated from the clusters of crystals grown and used for data collection. (b) X-ray
diffraction image collected at DIAMOND synchrotron light source from crystals of unlabelled porcine
elastase reacted ECAM; the data set obtained extended to 3.5 Å.
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As the intention of reacting ECAM with proteases before crystallisation was to obtain
crystals of ECAM bound to protease, crystals were picked and run on SDS-PAGE and
bands analysed by trypsin digest and liquid chromatography (LC) followed by mass
spectrometry (MSMS) of peptides (Figure 4-3). SDS-PAGE showed a faint band at 120 kDa
and three stronger bands at 90, 75 and 27 kDa. LCMSMS of the peptides obtained by
trypsin digestion of the bands indicated that there was no porcine elastase present. The
band at 120 kDa showed peptide hits for the whole protein minus MG domains 1, 2, 3,
and 7. The bands at 90 kDa and 75 kDa showed peptide hits for all domains between
MG8 to the CTMG domain. The band at 27 kDa had peptide hits for domains MG4 and
MG5 (Figure 4-3).

Figure 4-3 Elastase treated ECAM crystals on SDS-PAGE and LC MSMS peptide coverage from bands.
Peptide coverage was found from the corresponding domains upon trypsin digestion and LC MSMS. The
band at 120 kDa (blue) had peptide coverage from the all domains seen in the crystal structure and the
bands at 90 and 75 kDa (pink) had peptide coverage from the N-terminus seen in the crystal structure. The
band seen at 27 kDa (green) had peptide coverage from domains MG4 and 5.
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The standard reservoir solution that produced crystal growth provided no cryoprotection
and so it was mixed with various cryoprotectants. Glycerol, ethylene glycol, and PEG
(various small molecule sizes) were trialled at various ratios, however all of these
cryoprotectants resulted in the solution obtaining an opaque viscous appearance. As this
may have a detrimental effect on cryoprotection or stability of crystals, sugars were then
tested as cryoprotectants. The reservoir solution was mixed with either sucrose or xylitol
resulting in a saturated sugar reservoir solution. The addition of xylitol was successful at
providing cryoprotection with a 3:2 ratio of xylitol saturated reservoir solution to
reservoir solution. Crystals were picked and briefly dipped in the xylitol cryoprotectant
solution before being tested for diffraction on the home source with the best diffraction
of ~8 Å found using larger crystals with >500 µm in length and >60 µm in thickness. It was
found that larger crystals cracked upon being added to the cryoprotectant and this could
be avoided by soaking crystals in solutions that gradually increases xylitol content until
the 3:2 ratio that provided cryoprotection. From the diffraction data obtained on the
home beam it was possible to determine a space group of H3 and cell dimensions of
176.06, 176.06, 161.13 (a, b, c (Å)), 90, 90, 120 α, β, γ (°)). Multiple crystals were stored for

future data collection at the DIAMOND synchrotron light source (Figure 4-2 b). Data were
collected for ECAM crystals at the I02, I03 and I24 beamlines at Diamond Light Source
(Didcot, United Kingdom) at 100 K at the selenium K-edge

= .

Å usi g a Pilatus

6M detector.
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4.2.2 Phasi g a d

odel uildi g of po i e elastase a ti ated ECAM

Upon successfully collecting a complete data set to 3.5 Å resolution for native porcine
elastase activated ECAM crystals, molecular replacement phasing of this data was
attempted using previously published crystal structures of α2M. Although only having
12% sequence identity between ECAM and α2M, we decided that as the expected
activated domain orientation should be similar this may work for phasing our data
through molecular replacement, however this was unsuccessful. The Phyre 2 protein fold
recognition server was used to generate a model that had the activated domain structure
of α2M with 100% sequence identity to ECAM, however, this was also unsuccesful183. For
phasing heavy metal derivatisation was also attempted to allow single-wavelength
anomalous diffraction (SAD) or multiple-wavelength anomalous diffraction (MAD).
Crystals were soaked in multiple gold, platinum and palladium salts and although crystals
changed in colour upon soaking without obvious damage to the crystals, no diffraction
could be detected. Using selenium labelled protein was the next method attempted to
provide phase information.

A methionine auxotrophic strain of E. coli (T7 Express Crystal Competent E. coli (New
England BioLabs)) supplemented with selenomethionine and other essential amino acids
were used to express ECAM. The previous method of crystallisation after reacting ECAM
with porcine elastase and purifying by SEC was attempted, however this was
unsuccessful. After several purifications still resulting in no crystals, unreacted
selenomethionine labelled ECAM (SeMetECAM) was mixed at a ratio of 100:1 ratio of
SeMetECAM to porcine elastase using the MORPHEUS®, MIDASTM, JCSG-plus, and PACT
premier Molecular Dimensions crystallisation screens used previously. Crystals were
formed with a similar morphology as seen previously under identical crystallisation
conditions (0.1 M KCl, 0.1 M HEPES, 25% SOKALAN® CP 7, pH 7.0) as for porcine elastase
reacted unlabelled ECAM protein. This in situ proteolysis was repeated with the
optimised condition (0.1 M KCl, 0.1 M HEPES, 25% SOKALAN® CP 7, pH 7.5) with
successful crystal growth. These crystals grew as pointed rods as large as 1 mm long with
0.1 mm diameter and diffracted to 3.65 Å (Table 4-1). Several high redundancy SAD data
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sets were collected from one well diffracting crystal and processed, scaled and merged
using programs XDS and AIMLESS from the CCP4 suite of programs 167,168,170.
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Table 4-1 Data collection and refinement statistics (single-wavelength anomalous diffraction) for
protease cleaved ECAM

PDB: 4RTD
a

Data Collection
Space Group
Cell Dimensions
a, b, c (Å)
α, β, γ (°)
Resolution (Å)
Solvent Content (%)
No. of unique observations
CC1/2
Rmerge (%)
Rp.i.m (%) b
Mean I/ơ I)
Completeness (%)
Redundancy
Anomalous completeness (%)
Anomalous redundancy
DelAnom correlation between half-sets
Mid-slope Anomalous Normal
Probability
Refinement statistics
Rwork/ Rfree (%)
No. of atoms
RMSD of bond lengths (Å)
RMSD of bond angles (°)
Mean/Wilson plot B-value (Å2)
Ramachandran plot (%) c
Favoured/Allowed/Outliers

H3
176.06, 176.06, 161.13
90, 90, 120
46.87-3.65 (4.0-3.65)
69
20753 (4991)
0.998 (0.675)
39 (378.0)
7.7 (74.4)
13.2 (2.1)
99.9 (99.9)
26.6 (26.7)
99.9 (99.3)
12.8 (12.8)
0.335 (0.011)
1.245

17.7/23.8
8699
0.01
1.53
142.1/100.7
90.7/7.9/1.3

Data collected from one crystal
a
Values in parentheses refer to the highest resolution shell.
b

Rp.i.m = Σhkl[1/(N - 1)]1/2Σi|Ii(hkl) - <I(hkl >|/ΣhklΣiIi(hkl)
c
Percentages of residues in favoured/allowed regions calculated by the program
Molprobity175
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Upon processing the data and building the model, statistics for data collection,
experimental phasing and refinement are presented in Table 4-1. The final electron
density map is of very high quality for a resolution of 3.65 Å, with sidechains clearly
defined (Figure 4-4). This high quality is due to the phasing obtained from a strong highly
redundant data set (Table 4-1).

Figure 4-4 Stereo i age stru ture ithi

σ ele tro de sit e

elope.

(a) Electron density matches the backbone of whole protein structure within electron density envelope
da

at

σ le el. (b) Thioester region within electron density envelope d a

at

σ le el

ith lea

sidechains apparent at 3.65 Å.
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Within our protease-activated ECAM structure the distance between the sulphur atom of
C

a d the γ-carbon of Q1190 is 4.6 Å indicating that the thioester bond may not be

intact (Figure 4-5). However, we cannot rule out the possibility that there is a mixed
population of molecules some of which possess an intact thioester bond. Due to this
ambiguity we have represented the thioester without a covalent bond between C1187
and the γ-carbon of Q1190 and have also omitted the oxygen from the deaminated
glutamine that would be formed on hydrolysis of the thioester bond (Figure 4-5).

Figure 4-5 Cleaved thioester of protease-cleaved ECAM.
The S-Cγ dista e et ee C

a dQ

is see to e . Å, suggesti e of a lea ed thioeste

o d.
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4.2.3 O e all st u tu e of p otease-a ti ated ECAM
Upon completion and validation of the model for protease-activated ECAM, the number
of Ramachandran outliers (1.3%) remaining was appropriate for a crystal structure with a
resolution of 3.65 Å. Although Rmerge and Rpim values were high, this can be explained by
the highly redundant dataset used, but with a CC1/2 of 0.675 in the highest shell these
data used were judged to be acceptable 184,185. Similar to the domain architecture of
native SaA2M, un-cleaved ECAM consists of 10 MG domains, with a bait region that is
predicted to be largely disordered found within MG8, a TED that houses the reactive
thioester bond and a CUB domain (Figure 4-6 a, b). Elastase-cleaved ECAM, (Figure 4-6 b)
adopts a conformation similar to that of methylamine-a ti ated hu a α M
(Figure 4-7 a), but distinct from the unactivated form of SaA2M (Figure 4-7 b). Despite the
lo se ue e ide tity et ee hu a α M a d ECAM

% , the r.m.s.d et ee α-

carbons (when using equivalent domains within ECAM structure) for these proteins is
14.1 Å while for SaA2M and ECAM, which share 82% sequence identity, is 22.1 Å. Most
notably, in the structure of the protease cleaved ECAM, interactions between the TED
and CTMG domain, which protects the thioester bond in unactivated SaA2M, are not
present. Instead, the thioester region of TED is solvent exposed and faces the expected
location of the attacking protease, as it would be positioned when cleaving the bait
region of ECAM (Figure 4-6 b). Electron density for elastase, in addition to that for MG
domains 1, 2, 3 and 7, was absent in 2Fo-Fc maps of cleaved ECAM as was electron
density for 20 amino acid residues (R923 – L942) within the bait region (Figure 4-6).
Although there is space within the crystal packing to accommodate the presence of
elastase the lack of any elastase observed upon SDS-PAGE of crystals confirmed the lack
elastases presence (Figure 4-3). Porcine elastase I has been shown to have specificity of
cleavage between alanine-alanine and alanine-glycine residues with porcine elastase II
having specificity between leucine-alanine, leucine-glycine, phenylalanine-alanine,
phenylalanine-glycine, tyrosine-alanine and tyrosine-glycine residues 186. The absence of
domains MG1,2,3 and MG7 as well as elastase from the crystal structure could be due to
elastase not being inhibited by ECAM and proceeding to cleave in various places beyond
the bait region. The bait region has a RLAALR motif between R941 and R946 within the
87

Chapter 4
bait region with a likely cleavage between L942 and A943 as no density is present for
residues prior to A943. This bait region cleavage site is very close to the cleavage site seen
in the trypsin cleaved ECAM structure (PDB: 4ZIQ) between residues G948 and G949 187.
There is a likely cleavage location in the linker of MG3 and MG4 between residues A379
and G380 with electron density appearing shortly after at S385. With the absence of MG7
likely cleavage locations for porcine elastase could be between G751 and A752 and L852
and G853.
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Figure 4-6 Cr stal stru ture of por i e elastase lea ed Es heri hia oli α M ECAM .
(a) Schematic representation of the 13 domains of ECAM showing the macroglobulin domains (MG)
including the C-terminal MG (CTMG) domain, bait region domain (BRD), complement protein
subcomponent domain (CUB), and the thioester domain (TED) containing the CLEQ motif. White boxes
represent domains in full length ECAM however not present within crystal structure. (b) The structure of
elastase cleaved ECAM with the individual domains coloured as in (a) shown in two views from opposing
directions. Smaller van der Waals surfaces in both views are also presented. In the lower view the alphahelical TED is orientated with the CLEQ thioester (drawn as red van der Waals spheres) positioned above
the pocket, which is thought to accommodate the attacking protease.
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Figure 4-7 Comparison between trimmed ECAM, SaA2M, and HA2M.
(a) Structural alignment of methylamine t eated hu a α M PDB: ACQ

o o e ti

ed to do ai s

present in cleaved ECAM) and elastase cleaved ECAM (PDB: 4RTD) in green and red, respectively. (b)
Structural alignment of native SaA2M (PDB: 4U48 trimmed to domains present in cleaved ECAM) and
elastase cleaved ECAM (PDB: 4RTD) in blue and red, respectively. Structural alignments were performed
using the MG domain containing the bait region shown in orange.
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4.2.4 I te a tio of the BRD ith CTMG
Although it is known that protease cleavage of the largely disordered bait region of both
hu a a d a te ial α Ms gi es ise to a la ge o fo

atio al ea a ge e t a d

activation of the thioester bond, the mechanism through which this is mediated was
unclear 20,77. However, the structure of protease cleaved ECAM provides a putative
mechanism for this process. Thioester bond release may be achieved by the untethering
of a large region of an unstructured polypeptide chain upon cleavage of the BRD that
forms new interactions with the CTMG domain, thereby preventing the protective
interaction with the TED. Specifically, in the elastase-cleaved form of ECAM, additional
residues (F947 – N963) of the BRD are observed that are disordered in the uncleaved
SaA2M structure. All of these residues in the protease cleaved ECAM structure are
ordered, owing to the formation of new binding interface between the BRD and the
CTMG domain upon protease cleavage (Figure 4-8 a). Critically, the region of the CTMG
domain that is involved in BRD binding substantially overlaps with the region of the CTMG
domain that forms the binding interface with the TED in the uncleaved form of the
protein (Figure 4-8 b). The buried surface area between CTMG and TED in SaA2M is 1972
Å2 with 3 hydrogen bonds between these domains whereas the buried surface area
between the elastase cleaved BRD and CTMG in ECAM is 1438 Å2 with 5 hydrogen bonds
between domains.

91

Chapter 4

Figure 4-8 Bait region interactions with the CTMG domain.
(a) Hydrogen bonding between the cleaved bait region (blue) and CTMG domain (grey), shown as dashed
yellow lines. Note the interaction between R956 and M1634, with the CTMG methionine normally involved
in the hydrophobic pocket found in un-cleaved native SaA2M. MG4 and MG9 are shown in yellow and red
respectively. (b) Surface representation of the CTMG domain bound to TED in SaA2M (blue) overlaid (by
superposition of CTMG domains) with the previously disordered bait region bound to the CTMG domain in
elastase cleaved ECAM (red). The thioester bond within the TED is shown using dark blue van der Waals
spheres.
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In the protease cleaved ECAM, hydrogen bond formation between residues of the CTMG
domain and cleaved bait region involves the highly conserved RDDR and EXMY motifs
(Figure 4-9). Interestingly, it is residues within these motifs that also form hydrogen
bonds with the TED in the uncleaved SaA2M protein (Figure 4-9; 14).

Figure 4-9 Sequence alignments of conserved motifs involved in thioester pocket and conformational
activation.
Highlighted in yellow are tyrosines important for maintaining the hydrophobic pocket protecting the
thioester bond (CXEQ motif, also shown in yellow). The tyrosine within the C-terminal macroglobulin
(CTMG) domain which is also involved in protecting thioester is highlighted in blue as well as it is the
glutamate (in CLEQ) that it coordinates with in the native SaA2M structure (PDB: 4U48). The conserved
proline found near the thioester is highlighted in green along with the arginine that it coordinates in
unactivated SaA2M. The residues highlighted in pink orange and red in the CTMG domain coordinate with
residues N963, G958 and R956 respectively, in the cleaved bait region of elastase cleaved ECAM.
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4.2.5 BRD lea age i du ed o fo

atio al shift

To characterise the conformational change seen between the unreacted SaA2M structure
and porcine elastase activated ECAM structure these structures were compared by
aligning the MG8 domains, which contains the bait region (Figure 4-7 b). Equivalent
residues were compared between structures in order to determine the movement in Å
shown in table 4.2 with averages represented in figure 4-10. We propose that the loss of
the TED interaction with the CTMG domain is sufficient to enable both the large TED
movement observed in the cleaved ECAM structure, relative to the unactivated SaA2M
structure, and exposure of the thioester bond (Table 4-2, Figure 4-10 a, b, Movie 1). The
movement of the TED shows an overall shift of 36 Å, with the MG6 domain moving by 50
Å (Table 4-2, Figure 4-10 a, b, Movie 1). Both the MG6 and TED arms move in to hug the
position of where the attacking protease would be located when cleaving the BRD. We
also looked at the position of the domains not present in porcine elastase ECAM and
noted that if they remained in the position seen in the SaA2M structure, relative to MG8,
there would be no clashes with the moving domains (Table 4-2, Figure 4-10 a, b, Movie 1).
In addition to these global conformational changes, protease cleavage leads to localised
changes in the environment of the thioester bond that likely lead to its activation.

94

Chapter 4

Table 4-2 Movement of domains upon elastase activation

Domain
MG4
MG5
MG6
MG8
MG9
CUB
TED

MG10

ECAM Amino acid
reference

Distance
moved (Å)

SaA2M Amino acid
reference

R398
Q420
M487
H581
E684
A706
N985
D998
D1048
L1062
N1153
Q1482

1
1.1
14.4
36.1
46.4
57.9
2.8
2.1
3.8
10
19.9
37

R390
Q412
M479
H573
E676
A698
N993
D1006
D1040
L1054
N1145
Q1473

D1259
Y1311
L1391
Average of TED
N1540
V1651

39.6
35.4
32.5
35.8
20.1
14.5

D1251
Y1303
L1382
R1531
V1642
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Figure 4-10 Conformational shift of TED relative to MG6 domain of protease-activated ECAM.
(a) Superposition of protease cleaved ECAM (red) and SaA2M (blue) showing 36 Å shift of the TED. (b)
Superposition of protease cleaved ECAM (red) and SaA2M (blue) showing 52 Å shift of MG6 domain.
Structures overlaid by superposition of MG8 containing the BRD.
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4.2.6 Thioeste

o d a ti atio of α Ms

In the unactivated SaA2M structure, the conserved methionine and tyrosine side chains
(M1625 and Y1626 in SaA2M) from the CTMG domain form part of the hydrophobic
pocket, at the interface with the TED, that has been shown to be important in
maintenance of the thioester bond (Figure 4-9, 4-11)14. The loss of these key side-chain
interactions and the movement of the additional sidechains which constitute the
protective hydrophobic pocket (Y1175 and Y1177 in SaA2M, and Y1183, Y1185 in ECAM)
from the TED expose the thioester bond to the solvent allowing hydrolysis or covalent
bond formation with the attacking protease (Figure 4-11). As there are no contacts
present from the CTMG domain providing a hydrophobic pocket to protect the thioester
from hydrolysis by water, the thioester bond could be cleaved and the deaminated
glutamine (Q1190) would be converted to glutamic acid.
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Figure 4-11 Mo e e t of residues ithi thioester upo protease a ti atio of a terial α M.
Overlaid are elastase-cleaved ECAM (red) and native SaA2M (blue) TEDs. Tyrosines thought to protect the
thioester region from hydrolysis in native SaA2M (Y1175 and Y1177) are orientated away from the
protease-activated ECAM thioester region (Y1183 and Y1185 in protease-activated ECAM).
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4.2.7 Bioph si al ha a te isatio of ECAM ea ted ith h

ot psi

When ECAM is reacted with proteases, a conformational change occurs that may lead to
encapsulation and inhibition of the reacting protease. It has been suggested that ECAM
functions as an inhibitor of proteases that may include host gut proteases. Within the
following work the cleavage of ECAM by the human digestive protease chymotrypsin was
investigated. ECAM was reacted with chymotrypsin and purified by SEC with the intention
of characterising ECAM in complex with chymotrypsin. Protein from the main peak
following reaction of ECAM with chymotrypsin was collected and pooled for AUC and
SAXS analysis (Figure 4-12).

Figure 4-12 Purification by SEC of ECAM reacted with chymotrypsin.
SEC of ECAM that has been reacted with chymotrypsin for 5 minutes on ice and reacted with PMSF
protease inhibitor before being loaded onto a Superdex S200 SEC column. The main peak indicated was
pooled for analysis by analytical ultracentrifugation and SAXS. ECAM purification shown in black with ECAM
reacted with chymotrypsin shown in red.
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ECAM reacted with chymotrysin and purified by SEC was concentrated for analytical
ultracentrifugation sedimentation velocity as was previously performed for ECAM. Similar
to unactivated ECAM, as the concentration of protease-activated ECAM is increased the
concentration of a second species increases with species 2 becoming distinct between 2-4
mg ml-1 (Figure 4-13 a)67. The sedimentation coefficient � 0 20,� determined for ECAM

reacted with chymotrypsin is 5.85 S for species 1 and 8.88 S for species 2 (Figure 4-13 a, b,
Table 4-3). When the crystal structure of porcine elastase activated ECAM (PDB:4RTD) is
analysed hydrodynamically using SOMO within Ultrascan 2.0, an � 0 20,� of 6.68 S is

calculated which lies between experimental values for species 1 and 2 of ECAM reacted
with chymotrypsin, 5.84 S and 8.88 S respectively 166(Table 4-3). The two species
observed are likely monomer and dimer as have been mentioned for ECAM reacted with
proteases previously67. The calculated sedimentation coefficient of 6.68 S for crystal
structure of protease activated ECAM is just under 15% higher than monomer species 1
(5.84 S) indicating that in solution protease reacted ECAM may have more flexibility and
elongation than the rigid crystal structure.
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Figure 4-13 AUC analysis of ECAM reacted with chymotrypsin.
(a) Continuous c(s) distribution of ECAM reacted with chymotrypsin at various concentrations. (b)
Integrated sedimentation coefficient values at 20°C in water against concentration of ECAM reacted with
chymotrypsin.

Table 4-3 Experimental and computed sedimentation coefficient (s) for ECAM reacted with proteases
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4.2.8 S all a gle X- a s atte i g of ECAM ea ted ith h
o pa iso

ith

ot psi a d

stal st u tu e of ECAM ea ted ith po i e

elastase
Dimer formation does not become significant until between 2-4 mg ml-1 and so ECAM
reacted with chymotrypsin was analysed by SAXS at concentrations between 0.24 mg ml-1
and 2.3 mg ml-1. The small angle, low concentration data was merged with the wide angle
high concentration data for better data analysis and a representative envelope of ECAM
reacted with chymotrypsin in solution. The scattering curve for chymotrypsin activated
ECAM is representative of a globular protein (Figure 4-14 a). Using the Guinier fit the Rg is
calculated as 4.01 nm and reveals no particle interference due to the linearity of the
residuals (Figure 4-14 b). Considering the Kratky plot, the protein in solution is globular
(Figure 4-14 c). The p(r) plots also show a bell shaped curve indicating a globular protein
with a Dmax of 11.92 nm (Figure 4-14 d).
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Figure 4-14 SAXS data for ECAM reacted with chymotrypsin.
(a) Raw scattering curve for ECAM (reacted with chymotrypsin) using merged high concentration
-1

-1

(2.3 mg ml ), wide angle and low concentration (0.24 mg ml ), small angle data. (b) Guinier fit to the raw
scattering data in the Guinier region determines an Rg of 4.01 nm. The linearity of the residuals indicates
the absence of inter-particle interference. (c) Kratky plot indicates a globular protein. (d) The p(r)
distribution analysis indicates a globular protein with a much smaller D max (11.92 nm) as seen for ECAM
(18.80 nm).

When the scattering curve of ECAM reacted with chymotrypsin is compared with the
crystal structure of ECAM reacted with porcine elastase using CRYSOL, the curves appear
very similar at small to wide angles and have a χ value of 0.825 (Figure 4-15)180. This χ
value is a significantly better match to the curve than that seen for either monomer or
dimer ECAM (11.867 and 5.471, respectively). The �0 calculated molecular weight for

chymotrypsin reacted ECAM is 102 kDa and does not match the molecular weight of the
porcine elastase reacted molecular weight of 127 kDa. The SOMO simulated Rg and Dmax
values for porcine elastase reacted ECAM of 3.8 nm and 12.42 nm are close to the
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experimental values seen for chymotrypsin reacted ECAM of 4.01 nm and 11.92 nm
(Table 4-4)166. However, the larger Dmax seen for the crystal structure indicates that the
chymotrypsin sample in solution is slightly more compact (Table 4-4). The close CRYSOL
fit and similarity in Rg and Dmax values seen between experimental and simulated crystal
structure confirm that the protein sample in solution is representative of the crystal
structure.

Figure 4-15 CRYSOL comparison between elastase activated ECAM crystal structure and chymotrypsin
activated ECAM SAXS curve.
-1

(a) Chymotrypsin activated ECAM (Black, merged wide angle data at 2.3 mg ml and small angle data at
-1

0.24 mg ml ) comparison with porcine elastase activated ECAM crystal structure (red, PDB: 4RTD) follows
scattering data. SAXS data comparisons with crystal structures performed using CRYSOL with a χ value of
180

0.825 .
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Table 4-4 Experimentally determined and computed ECAM biophysical properties

The low resolution envelope generated using DAMMIF for ECAM reacted with
chymotrypsin has a very similar shape when compared to the crystal structure of ECAM
reacted with porcine elastase (Figure 4-16)179.

Figure 4-16 Crystal structure of elastase treated ECAM overlaid with SAXS envelope of chymotrypsin
treated ECAM.
Elastase treated ECAM crystal structure (PDB: 4RTD) aligned within SAXS envelope generated using DAMIF
-1

with SAXS data collected from Chymotrypsin treated ECAM (merged wide angle data at 2.3 mg ml and
-1

176

small angle data at 0.24 mg ml ). DAMFILT envelope shown in yellow and DAMAVER envelope in blue .
Models aligned manually in Pymol.
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4.3

Dis ussio

Although it has ee suggested that s all

ole ule a ti ated hu a α M ese

les the

conformation of the protease cleaved form, there has to date been no detailed structural
data to confirm this
ith

25

. The similarity in overall conformation of protease cleaved ECAM

ethyla i e a ti ated hu a α M o fi

he i ally a ti ated fo

s that the p otease cleaved form and

of hu a α M are structurally equivalent. In addition, these

data suggest that the entrapment of cleaving proteases likely occurs in a similar manner
fo BA Ms as has ee p oposed fo hu a α M

13,188

. However, there are clearly key

differences in the details of the interactions that maintain the inactive conformation of
BA Ms a d hu a α M, si e the e e t st u tu es of u a ti ated a d

ethyla i e

activated SaA2M show that chemical cleavage of the thioester bond does not in this case
lead to global conformational changes

13,14

. This difference is likely due to the domain

location of the side-chains that comprise the thioester protecting pocket (Figure 4-17).
For BA2Ms, this pocket comprises of 2 tyrosine side chains from the TED and a tyrosine
a da

ethio i e side hai f o

the CTMG do ai

he eas i euka yoti α Ms all fou

residues (3 tyrosine side chains and one methionine side chain) are found in the CTMG
domain. When SaA2M is reacted with methylamine no conformational change is seen,
but Y1175 from the TED is displaced
Y

fo

TEP

14

. The structural counterpart of this side chain

i euka yoti α M fa ily

e

e s is, ho e e , fou d

ithi the

CTMG domain (Figure 4-17)10.
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Figure 4-17 Co pariso of the thioester prote ti g po ket i eukar oti a d a terial α Ms.
The thioester pocket highlighting conserved residues from the TED (magenta) and CTMG domain (cyan) of
(a) SaA2M and (b) the euka yoti α M fa ily

e

e TEP

PDB D

; Le et al.,

. Highlighted side

hai s a e o se ed a o g a te ial a d euka yoti α Ms, espe ti ely.
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It is presumably the rearrangement of this side chain and perhaps other CTMG side chains
that comprise the thioester protecting pocket, which leads to loss of TED-CTMG domain
binding and subsequent global conformational changes. The buried surface area seen
between TED-CTMG in native SaA2M is 27% higher than the surface area buried on
formation of the BRD-CTMG in protease cleaved ECAM, however, the number of
hydrogen bonds increases from 3 to 5 (Figure 4-8). Although there is a decrease in the
buried surface area, the movement in residues involved in the hydrophobic pocket
protecting the thioester is what triggers conformational change releasing TED allowing
subsequent interaction with a cleaving protease.

The role of BA2Ms, which are inner membrane anchored periplasmic proteins, has been
suggested as protease inhibitors that inhibit exogenous proteases that have breached the
outer membrane. During the course of this work a crystal structure of trypsin activated
ECAM was published187. This crystal structure showed distinct similarity to porcine
elastase activated ECAM although all domains were present minus the first N-terminal
MG domain (Figure 4-18 a). With an r.m.s.d between porcine elastase activated ECAM
and trypsin activated ECAM of 0.711 using 761 α-carbons, these two forms of
protease-activated ECAM display very similar structures regardless. The interaction of the
cleaved bait region with CTMG is also observed in the trypsin activated ECAM structure
although not analysed within their paper (Figure 4-18 b). Importantly the BRD R956 is also
seen to hydrogen bond with M1634 confirming the interaction seen within the elastase
activated crystal structure. In the trypsin activated structure, trypsin was present within
the crystal lattice, however, not forming a repeating pattern that could diffract. Another
difference noted was a slightly rotated TED that could be due to this domain being bound
to a protease molecule in trypsin activated ECAM (Figure 4-18 a).

Investigation of ECAM reacted with chymotrypsin by SAXS resulted in a scattering curve
that closely matches the CRYSOL simulated curve for ECAM reacted with porcine elastase
(Figures 4-14, 4-15, 4-16, Table 4-3, 4-4). This indicates that regardless of the identity of
the cleaving protease the conformational changes in ECAM are similar and closely
resemble those in HA2M.
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Figure 4-18 Alignment of protease-activated ECAM structures.
The alignment of porcine elastase activated ECAM (Red, PDB:4RTD) and trypsin activated ECAM (Cyan,
PDB:4ZIQ)

187

. The full structures shown in (a) have a very similar orientation with an r.m.s.d of 0.711 (using

761 α-carbons) between structures however, a slight difference in orientation of the TED and extra domains
for the trypsin activated ECAM are observed. (b)Trypsin activated ECAM displays similar interactions
between the cleaved bait region and the CTMG as porcine elastase activated ECAM. In trypsin activated
ECAM a BRD is observed with a slightly shorter length however maintaining the important residue contacts
seen in porcine elastase activated ECAM.
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Comparison of the structures of unactivated SaA2M and protease cleaved ECAM
illustrates how protease induced conformational changes may enable protease
entrapment (Figure 4-14).
The movement of the TED arm and MG6 domain arm around the central pocket above
the ait egio is si ila to the

o e e t see i

ethyla i e a ti ated hu a α M.

When accounting for the domains not present in the protease-activated ECAM structure,
no clashes are seen between the moving arms and the absent domains

13

. The

entrapment of proteases would limit the proteolysis of smaller substrates as has been
suggested fo hu a α M a d ould p e e t the lea age of i po ta t la ge su st ates
such as the peptide component of the peptidoglycan layer or large proteins (Figure 4-19)
16

.

Figure 4-19 Putative mechanism of protease entrapment and inhibition by ECAM.
ECAM with membrane anchor within the periplasm of bacteria encounters protease and forms a covalent
complex upon cleavage, inhibiting the protease from cleaving large substrates. The main body of ECAM
anchored to the inner membrane is shown in grey and contains the domains showing little movement
(MG4, 8 & BRD) between native and protease-activated structures or that are not present in the
protease-activated structure (MG1-3 &7). The blue TED arm (TED, CUB, CTMG & MG9 domains) and green
MG6 arm (MG5 & 6 domains) entrap the protease with the blue arm containing the thioester that forms a
covalent bond.
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Although we cannot be sure why the covalently bound elastase is not present in our
structure, this may be due to a lack of available and correctly positioned lysine side chains
on the surface of the protease, since the thioester bond is preferentially cleaved by this
side chain 13. The lack of MG domains 1, 2, 3 and 7 within the crystal lattice is likely due to
the MG domains being cleaved by elastase. With both the native SaA2M structure and
the trypsin activated structure showing a dimer there is likely a physiological importance
to this.

The structure of protease-activated ECAM suggests a competitive mechanism of
activation in which cleavage of the BRD allows the normally intrinsically disordered region
of this domain to outcompete the TED for CTMG domain binding. Loss of the TED-CTMG
domain interaction leads to a large conformational rearrangement of ECAM and exposure
of the reactive thioester bond. The structural similarity between methylamine activated
hu a α M and protease cleaved ECAM suggests that similar mechanisms likely operate
across the diverse members of the α M fa ily.
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5 The role of Pe i illi - i di g protei

C i the fu tio

of ECAM

Circular dichroism data was collected and processed by Sharon Kelly.
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5.1

I t odu tio

Escherichia coli possess two genes encoding a te ial α M type proteins. As discussed in
previous chapters ECAM, one of these two proteins, has been characterised previously6,67
(Figure 5-1). The gene encoding ECAM (yfhM) exists in an operon with pbpC which
encodes the nonessential penicillin binding protein Pbp1C (Figure 5-1). It has been
suggested that these proteins constitute a defence and repair mechanism, with ECAM
inhibiting invading host proteases and Pbp1C repairing any proteolytic damage to the
peptidoglycan6,67,123.

Figure 5-1 Bacterial α-2-macroglobulin operons and a schematic representation of their expressed
proteins localized to the bacterial envelope.
a Ba te ial α M ope o s ECAM a d Yfa“ a e fou d i Escherichia coli and Yfas equivalent operon MagD is
found in Pseudomonas aeruginosa. (b)Within E. coli, ECAM and Pbp1C are both translocated to the
periplasm across the inner membrane. MagD in P.aeruginosa, is translocated across the inner membrane to
the periplasm and is associated with the inner membrane, possibly through interactions with MagB, which
harbours one transmembrane domain in its C-terminus. The orientation of the MagB in the inner
membrane was chosen arbitrarily. MagA and MagF, encoded by the same operon, are also partners of the
68

membrane associated Mag complex. Figure 5-1 b reproduced from Robert-Genthon et al.2013 .
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Pbp1C has been shown to have transglycosylase (TGase) function however although a
putative transpeptidase (TPase)domain has been suggested no TPase activity has been
observed123. Previous characterisation of Pbp1C was performed on protein purified from
membranes and sepharose columns covalently bound with Pbp1C retained Pbp1B,
Pbp2,3123. Although Pbp1C is not essential and cannot replace murein production in
[Pbp1A, Pbp1B] double knockouts, deletion of Pbp1C results in an altered production of
murein123. Compared to wildtype E. coli, the knockout of pbpC resulted in a decrease in
peptidoglycan synthesis by 75%123. There was also noted a change in peptidoglycan
composition with a 371% increase in dimeric subunits that were crosslinked between a
tetrapeptide disaccharide and a pentapeptide disaccharide123. This was suggested as
occurring due to Pbp1Cs functioning as a complex with other peptidoglycan synthesis
proteins such as Mgt and Pbp1B123.

Within the genome of E. coli K12 there is a second operon including a gene encoding a
a te ial α M, yfaS. This operon also contains further genes, yfaA, yfaT, yfaQ and yfaP,
with no characterisation of the encoded proteins performed to date. Pseudomonas
aeruginosa o tai s o ly o e opy of a te ial α M, similar to E. coli yfaS, called MagD
(Figure 5-1). The MagD operon contains all of the proteins found in the E. coli yfaS operon
and an additional gene upstream of the homologue magB (Figure 5-1).

The family of penicillin binding proteins includes several enzymes with varied function,
with class A having both transglycosylase and transpeptidase function, class B having
transpeptidasease function and class C having carboxypeptidase or endopeptidase
function. In this chapter in vivo characterisation of ECAM and Pbp1C through western
blotting and the purification and characterisation of Pbp1C is described. This work was
undertaken in order to gain insight into the possible function of Pbp1C both individually
and in concert with its operon partner ECAM.
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5.2
5.2.1 I

Results
i o a al sis of ECAM

ECAM is a member of the α2M superfamily and has been suggested to inhibit proteases
in a similar fashion to α2M14,67,77. To test this hypothesis the behaviour of ECAM in vivo
was investigated. Western blotting was performed using anti-ECAM antibodies on whole
cell lysate. When wild type (WT) E. coli K12 cell extracts were blotted using the anti-ECAM
antibody five distinct bands were observed at 260, 180, 160, 120 and 100 kDa
(Figure 5-2). The bands at 260 and 180 kDa could be dimer and monomer species
respectively, as seen for purified ECAM (Figure 5-2, 3-1 c).

Figure 5-2 Wild-type phenotype loses ECAM cleavage upon pbpC knockout and returns upon
complementation.
Wildtype (WT) E. coli K12 has four significant bands present at 260, 180, 160, 120 and 100 kDa. The ECAM
k o kout st ai , ΔyfhM, has lost all four major bands with only a faint band present at 100 kDa. E. coli K12
with pbpC k o ked out ΔpbpC) has no band at 160 kDa and has lost the major band at 100 kDa with an
i

ease i i te sity i

a ds see at

a d

kDa. Δpbp1C has further bands at various molecular

weights between 160 and 180 kDa. Bands seen in wildtype at 160 and 100 kDa and that are absent in
pbp1c knockout are restored on complementation with plasmid based pbpC but remain absent in the
presence of pBAD18-kan vector control. Cell extracts were analysed by Western blotting using anti-ECAM
antibodies.
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Since the most intense band is at 100 kDa this suggests that ECAM is present mostly in a
cleaved form in growing cells. One possibility is that there is processing of ECAM by
unidentified bacterial proteins. Since yfhM is generally linked to the gene encoding Pbp1C
(pbpC), the effect of loss of Pbp1C on processing of ECAM was considered. Interestingly in
a Δpbpc strain the intense band (at 100 kDa) representing cleaved ECAM is absent and
bands at 180 and 260 kDa show increased intensity (Figure 5-2). In addition, a number of
bands between 180 and 260 kDa are also apparent that are absent in WT E. coli. Thus
Pbp1C is required for processing of ECAM although from these experiments it is not
possible to determine if this requires the proteins to directly interact. The laddering effect
seen between 260 and 180 kDa i the ΔpbpC strain may be due to ECAM covalently
attaching to proteins in close proximity upon heat denaturation prior to SDS-PAGE
(Figure 5-2).

In order to confirm that Pbp1C is involved in ECAM processing, the gene encoding Pbp1C
including the lipid anchor was cloned into the pBAD18-kan vector and used to
o ple e t the ΔpbpC strain. Two plasmids were generated, one without a stop codon
in order to subsequently add a Myc-tag (ppbpCo), the second with a stop codon (ppbpCc).
Both o ple e tatio plas ids e e su essful i

etu i g the ΔpbpC strain to the WT

phenotype with the most intense ECAM band observed at 100 kDa (Figure 5-2).
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5.2.2 Role of othe P ps o ECAM p o essi g
To determine if ECAM processing is specific to Pbp1C, Western blotting with anti-ECAM
antibodies of cell lysates from strains lacking other penicillin binding proteins and
proteins involved in peptidoglycan synthesis was performed. In strains lacking the class A
penicillin bindi g p otei s P p A a d P p B ΔmrcA and ΔmrcB respectively) processing
of ECAM was similar to WT with an intense ECAM band observed at 100 kDa by western
blotting with anti ECAM antibodies (Figure 5-3). The knockout for the gene encoding the
EPase P p
P p

ΔpbpG) as well as knockouts for genes encoding CPases Pbp4, Pbp5 and

ΔdacA, ΔdacB and ΔdacC respectively) also display a wild type phenotype

(Figure 5-3). The knockouts for genes encoding a β-lactamase, the monofunctional TGase
a d a pe iplas i p otease ΔampC, ΔopgH and Δprc respectively) all maintain a wild type
phenotype with 160 and 100 kDa ECAM cleavage products present (Figure 5-3).

Figure 5-3 Strains lacking genes involved in the synthesis of peptidoglycan maintain a wildtype ECAM
processing phenotype.
Class A Pe i illi

i di g p otei k o kouts ΔmrcA a d ΔmrcB retain the 160 and 100 kDa bands seen in WT

E. coli. The WT phenotype is also maintained across various peptidase penicillin binding protein knockouts
as well as the monofunctional murein synthase (opgH) and prc that encodes a periplasmic protease. Cell
extracts were analysed by Western blotting using anti-ECAM antibodies.
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Class C penicillin binding proteins include endopeptidases such as Pbp7 and
carboxypeptidases such as Pbp4. The domain that is inhibited by penicillin in these Pbps is
very similar in structure to the domain found in class A and class B Pbps. Whe β-lactams
such as ampicillin react with Pbps they covalently link to the active site residue of the
peptidase domain and inactivate catalytic function be it transpeptidase, carboxypeptidase
or endopeptidase. Our hypothesis was that by adding ampicillin at a concentration just
above the minimum inhibitory concentration Pbp1C would be chemically `knocked out
resulting in a similar phenotype as seen in the ΔpbpC strain, with respect to ECAM
processing (Figure 5-3). On addition of ampicillin there is an increase in intensity of bands
at 180 and 260 kDa however the cleavage product bands do not disappear indicating
partial inhibition of Pbp1C function (Figure 5-3).

Figure 5-4 Chemical inhibition of Pbp1C in WT shows similar phenotypic characteristics seen in ΔpbpC
Bands at 260 and 180 kDa appear when WT is grown in the presence of a minimum inhibitory concentration
-1

of ampicillin (4 ug ml ) indicating less cleavage of ECAM and a build-up of monomer and dimer as seen in
ΔpbpC. Cell extracts were analysed by Western blotting using anti-ECAM antibodies.
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5.2.3 P p C e p essio , efoldi g a d pu ifi atio
In order to determine if Pbp1C directly interacts with ECAM and is involved in ECAM
processing I attempted to purify Pbp1C. The gene encoding Pbp1C, pbpC, was cloned
including an N-terminal 6-histidine tag. The gene amplified by PCR was cloned into
pET21a using NdeI and XhoI. This plasmid was transformed into BL21(DE3) E. coli cells for
inducible expression. Cells were grown at 37°C in LB, to an OD600 of 0.6 and 0.1 mM IPTG
was added to induce Pbp1C expression. Cells were grown for a further four hours and
lysed. Although Pbp1C was being expressed at high levels these were not soluble and
even with modification in levels of IPTG and growth temperature, the protein remained
insoluble as a white inclusion body. Several gradual N-terminal domain truncations were
cloned in order to attempt to obtain a soluble Pbp1C however these all resulted in similar
inclusion bodies.

At this time I showed that ampicillin inactivates Pbp1C, therefore I decided to use
kanamycin as a selection marker (Figure 5-4). The pbpC gene was cloned into pET28a
which uses kanamycin for selection. However, the protein remained insoluble, forming
inclusion bodies under various expression conditions.

It was therefore decided to attempt to solubilise, refold and purify Pbp1C from inclusion
bodies expressed from the plasmid pCF4, consisting of full-length pbpC within the pET28a
kanamycin vector. The inclusion body was washed using low concentrations of detergent
and solubilised in 5% sodium lauroyl sarcosinate (sarkosyl), 50 mM Tris-HCl, 200mM NaCl,
pH 7.5. This solubilised protein was then dialysed into 0.5% Triton X100 50 mM Tris-HCl,
200mM NaCl, pH 7.5 at 4°C overnight. This protocol resulted in soluble PbpC with a good
level of purity. However, due to the various problems associated with Triton X100 such as
significant absorbance at the wavelength used to measure protein concentration (280
nm), several other detergents were tested. The refolding protocol was performed with
TWEEN

, βOG

-O tyl β-D-Glucopyranoside), CHAPS (3-[(3-

cholamidopropyl)dimethylammonio]-1-propanesulfonate), DDM (n-Dode yl β-D119
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maltoside), deoxycholic acid and LDAO (Lauryldimethylamine oxide) used at the
respective critical micelle concentrations for dialysis in order to find an alternative
detergent to triton X100. Detergent solubilised Pbp1C samples were run on an analytical
S200 size exclusion column to compare how these detergents performed in refolding
Pbp1C. Equal weights of inclusion body were used with each detergent in order to
compare refolding yield. The detergents CHAPS, deoxycholic acid and TWEEN 20 all
resulted in multiple peaks and so were not considered further for refolding. DDM had a
very low yield and so was also not considered further. The two best candidates for
refolding Pbp1C were LDAO and BOG. LDAO resulted in a sharp peak and was used for
future experiments (Figure 5-5).

Figure 5-5 SEC of LDAO refolded Pbp1C.
A small analytical S200 column was used to purify Pbp1C refolded using various detergents. Shown is the
chromatogram of Pbp1C refolded using LDAO (Lauryldimethylamine oxide). Pbp1C runs by SDS-PAGE at a
molecular weight of approximately 75 kDa.
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In order to further confirm that Pbp1C had been successfully refolded, circular dichroism
spectroscopy was performed to estimate secondary structure present using the
Provencher & Glockner method (Figure 5-6 a)162. YASPIN and Jpred online secondary
structure prediction servers were used to predict the secondary structure for Pbp1C
(Figure 5-6 b)189,190. The calculated secondary structure based on CD is 26.6% α-helix and
25.3% β-sheet. This is in good agreement with the predicted secondary structure of PbpC
from YASPIN and Jpred.

Figure 5-6 Circular dichroism spectroscopy indicates that Pbp1C has native secondary structure.
(a) Far-UV spectrum of Pbp1C (6 µM) in 0.05 M sodium phosphate, 0.1% LDAO, pH 7.5 shows that greater
than 50% of the protein has secondary structure elements. Estimates are based on the average of all
matching solutions and calculated using the Provencher & Glockner method

162

. (b) Table showing the

results from CD calculated secondary structure elements compared to the primary sequence predicted
secondary structure using the YASPIN and Jpred online servers

189,190

.
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Further structural characterisation of Pbp1C that had been refolded with LDAO was
attempted by SAXS however due to the presence of detergent micelles the data was not
suitable for analysis. Any attempt to dialyse the LDAO out resulted in aggregation of the
protein. Crystal screens were also set up at 10 and 20 mg ml-1 Pbp1C using the Molecular
Dimensions crystallisation screens MORPHEUS®, MIDASTM, JCSG-plus, and PACT premier
however the few crystals that appeared were salt.
As Pbp1C was successfully refolded it was decided to see if Pbp1C is directly responsible
for the cleavage of ECAM observed in vivo by Western blotting. To test this, 2.5 µM of
Pbp1C was reacted with 2.5 µM of ECAM in 50 mM Tris, 200 mM NaCl, pH 7.5 with 0.1%
LDAO at room temperature for 15 minutes. This reaction resulted in no apparent cleavage
of ECAM indicating that there is no cleavage of ECAM by Pbp1C under these conditions
(Figure 5-7). This lack of cleavage may be due to the fact Pbp1C may not have been
refolded into an enzymatically active state. The experiment was repeated including a final
concentration of 1 mM of magnesium, calcium or potassium within the buffer, however
no cleavage was observed.

Figure 5-7 Refolded Pbp1C shows no processing of ECAM in vitro
The combined sample of ECAM with Pbp1C shows the same composition as the proteins individually with
no cleavage products.
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5.3

Dis ussio

The work discussed in this chapter sought to determine if Pbp1C is involved in the
function of ECAM. Interestingly, deletion of pbpC results in a significant change in ECAM
processing, such that cleaved ECAM species that are present in WT E. coli are absent in a
ΔpbpC strain. Instead the bands representing full length and dimeric ECAM, show
increased intensity. The western blots are performed on denatured samples and so any
dimers would be expected to denature and appear as a single band, however due to the
presence of a thioester able to form a covalent linkage, denatured ECAM could be
covalently binding to a second molecule of ECAM (Figure 5-2). Alternatively, it may be
that during denaturation of the dimer form seen in solution, this becomes entangled
resulting in the observed dimer by SDS-PAGE. The covalent binding of ECAM to other
proteins upon denaturation could also explain the laddering seen between 260 kDa and
180 kDa (Figure 5-2). The various bands seen between the 180 kDa monomer and 260
kDa dimer upon deletion of pbpC could be proteins that form a complex with ECAM and
Pbp1C under normal conditions (Figure 5-2). These proteins, in close proximity to native
ECAM become covalently bound upon denaturation of ECAM.

The bands seen at 160 kDa and 100 kDa within wildtype cells are cleavage products due
to the processing of ECAM in vivo and the bait region is where ECAM is cleaved by
proteases in vitro (Figure 5-2)14. Upon denaturation prior to SDS-PAGE this cleavage
would result in two fragments of ECAM, the N-terminus to bait region domain and BRD to
C-terminus (100 kDa and 80 kDa respectively). The bands seen by Western blot using antiECAM antibodies of wild type cells resulted in major bands at 260 kDa, 180 kDa, 160 kDa
and 100 kDa. As mentioned previously the 260 kDa band could be a dimer of ECAM
covalently bound via the thioester during denaturation and the 180 kDa band a monomer
of ECAM. There remains a question of what the 160 kDa and 100 kDa bands consist of?
From our data showing the knockout of the gene encoding Pbp1C results in the loss of
cleavage products of ECAM it could be the case that Pbp1C is directly responsible for the
processing of ECAM. As such, the 160 kDa band could represent Pbp1C (calculated 85 kDa
by sequence, 75 kDa by SDS-PAGE) covalently bound to the 80 kDa BRD to C-terminus
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fragment of ECAM (Figure 5.8). The 100 kDa band could represent the N-terminus to BRD
fragment upon cleavage at the bait region or may be a protease (approximately 20 kDa in
size) that cleaves ECAM and has been covalently bound to the BRD to C-terminus
fragment (Figure 5.8).

Figure 5-8 Possible composition of bands seen by Western blot.
The band seen at 260 kDa may be a dimer of two ECAM molecules that have covalently bound by thioester
bond upon denaturation as they are in close proximity natively. The band seen at 180 kDa is full length
ECAM. Pbp1C may cleave ECAM at the bait region the 80 kDa C-terminus that contains the thioester
covalently binds Pbp1C resulting in a 160 kDa complex. As the protein sample has been denatured the 100
kDa N-terminus of ECAM separates or may be a complex between an unknown protease (~20 kDa in size)
covalently bound to the C terminal fragment of ECAM.

The possible interaction of ECAM and Pbp1C may constitute a regulation mechanism,
which through steric hindrance limits a ess to the P p C t a speptidase a ti e site.
Instead of Pbp1C being a transpeptidase, crosslinking sidechains within the peptidoglycan
network, the peptidase domain may cleave peptide sidechains similar to a LD- or DDCPase. This enzyme could have specificity for the bait region of ECAM allowing
conformational activation encapsulating Pbp1C, limiting the cleavage of side chains to the
subunits Pbp1C has incorporated via its transglycosylase domain (Figure 5-9). The
peptides found at the terminus of the pentapeptide subunit are D-amino acids whereas
the peptides within ECAM are L-amino acids suggesting that if Pbp1C is cleaving ECAM it
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would not have enzyme activity for peptidoglycan pentapeptides, however further work
is required to investigate this.

Figure 5-9 Model of how Pbp1C and ECAM function in live cells.
Pbp1C functioning as a LD- or DD-carboxypeptidase cleaves ECAM resulting in a complex that limits the
function of Pbp1C to cleave peptides from subunits transported by its transglycosylase (TGase) domain.

The refolding of Pbp1C appears to have been successful as CD data show secondary
structure comparable with that predicted by secondary structure (Figure 5-6). The lack of
any cleavage of ECAM by refolded Pbp1C however, if cleavage is directly mediated by
Pbp1C, could indicate that the active site is not functional (Figure 5-7). The requirement
of detergent in order to keep Pbp1C stable is most likely due to the transglycosylase
domain normally interacting with the membrane. The lack of any cleavage of ECAM by
refolded Pbp1C adds evidence against its direct involvement in ECAM processing, and
further work is required to confirm or disprove the hypothesis that Pbp1C directly cleaves
ECAM. As the peptidase domain may be involved with the cleavage of peptides from
peptidoglycan, it may be possible to purify this isolated domain as a soluble protein to
directly test this hypothesis.
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6 Co ludi g re arks
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O e

a h of the α M supe fa ily a e p otease i hi ito s that act by covalently linking

to the attacking protease and sterically hindering its ability to bind substrate. ECAM is a
e

e of this

a h of α M fou d i E. coli that has been predicted to form a defence

and repair mechanism alongside Pbp1C, a protein involved in peptidoglycan synthesis 6,67.

Using analytical ultracentrifugation sedimentation velocity we have shown that unreacted
ECAM exists in a monomer-dimer equilibrium (Figure 3-2 b, 3-3, 3-4, 3-5). Both the ECAM
monomer and dimer are more elongated in solution when compared to the native crystal
model of SaA2M, a Salmonella enterica homologue of ECAM (Table 3-2). Further
investigation of the monomer and dimer of ECAM by SAXS confirms the presence of a
monomer and dimer species in solution that is more elongated than the crystal dimer of
SaA2M (Table 3-2).

There remains a question of why ECAM exists in a monomer-dimer equilibrium within the
periplasm. The bait region within the dimer high resolution model of SaA2M is buried,
forming an interface with the MG domains (MG1 and MG2) involved in binding to the
membrane (Figure 6-1 a). Since in the SaA2M dimer structure these MG domains block
access to the bait region the dimer form is most likely an inactive form, perhaps acting as
a reservoir available to replace cleaved monomeric ECAM (Figure 6-1 b).
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Figure 6-1 Availability of bait region for cleaving proteases.
Surface representation of SaA2M as dimer with main MG body coloured grey, MG6 arm coloured green,
TED arm coloured blue and bait region coloured red. (a) SaA2M dimer showing the limited availability of the
14

bait region in the dimer. (b) SaA2M monomer with a bait region clear of obstruction. (PDB: 4U48 )

Although attempts to crystallise a native unreacted form of ECAM were unsuccessful,
crystals of elastase cleaved ECAM were obtained (Figure 4-2 a). This protease-activated
form not only matches the domain orientation of the small molecule activated form of
HA2M but also has an almost identical domain arrangement to trypsin activated ECAM
with only a small amount of movement apparent by the TED (Figure 4-7 a, 4-18 a).
Although no evidence could be found that crystals of porcine elastase activated ECAM
contained elastase within the lattice, trypsin activated ECAM contains trypsin within its
crystal lattice although the protease is not ordered enough to give strong diffraction 187.
The difference in orientation of the TED between trypsin and elastase activated structures
may be due to trypsin being bound to this domain. SAXS analysis of ECAM cleaved by
chymotrypsin resulted in a low resolution envelope that appears very similar to the high
resolution model of ECAM reacted with porcine elastase (Figure 4-15, Table 4-4). Further,
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the CRYSOL curve generated for porcine elastase reacted ECAM closely resembles the
experimental scattering curve for ECAM reacted with chymotrypsin (Figure 4-14)180. This
shows that upon protease cleavage a similar conformational change occurs regardless of
the protease that cleaves ECAM.

In porcine elastase cleaved ECAM, the cleaved bait region interacts with the CTMG.
Importantly this interaction includes a residue that normally interacts with the TED to
form a hydrophobic pocket that protects the thioester from solvent (Figure 4-17). The
interaction of the cleaved bait region with the CTMG is also seen in trypsin activated
ECAM187. The presence of this interaction between CTMG and cleaved bait region in both
high resolution models of cleaved ECAM (trypsin and porcine elastase cleaved ECAM)
adds further evidence that the disruption of the TED-CTMG interaction is the trigger for
o fo

atio al a ti atio i

e

e s of the α M family (Figure 4-18 b).

Previous work has suggested that ECAM functions alongside Pbp1C as a protease inhibitor
that defends against host proteases breaching the outer-membrane with Pbp1C repairing
any damage to the peptidoglycan6,67. In this work it was shown that Pbp1C is involved in
ECAM processing, although a direct effect could not be demonstrated in vitro. We show
that in wild type cells cleavage of ECAM occurs in the absence of exogenous proteases
(Figure 5-2). The cleavage products seen in wildtype ECAM are not observed in a strain
lacking pbpC but return upon complementation of the ΔpbpC with plasmid based pbpC
(Figure 5-2). The loss of these breakdown products in this deletion mutant could indicate
that Pbp1C is involved in the regulation of ECAM. The lack of any interaction seen upon
addition of ECAM to refolded Pbp1C suggests that the relationship is indirect; however,
the lack of interaction may be due to incorrect/incomplete refolding of Pbp1C. It could
also be suggested that Pbp1C cleaves ECAM in vivo at the bait region forming a complex
between the two (Figure 5-8). The band seen at 160 kDa could be the complex between
Pbp1C and the C-terminal ECAM fragment (that contains a thioester covalently linking
both) and the band at 100 kDa could be the remaining N-terminal fragment (Figure 5-8).
Simila to α M, ECAM has ee sho

to i hi it p oteases th ough o ale tly i di g to

the cleaving protease and restricting the proteases access to larger substrates, however
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allowing access to small substrates67. If the hypothesis that ECAM forms a complex with
Pbp1C is correct then ECAM may act as a regulator of Pbp1C function, limiting access of
certain substrates to the active site (Figure 6-2). Although the suggestion of Pbp1Cs
cleavage ECAM could explain the observed processing of ECAM further work is required
to confirm if this is the case (Figure 6-2). To confirm that Pbp1C is able to cleave ECAM,
mutagenesis on the active sites of the transpeptidase and transglycosylase domains could
be performed.

Figure 6-2 Model of ECAM reacting with Pbp1C and proteases.
Native monomer ECAM available for cleavage could react with Pbp1C limiting its function to small subunits
or inhibition of invading protease.
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Bacterial -2-macroglobulins have been suggested to function in defence as
broad-spectrum inhibitors of host proteases that breach the outer membrane.
Here, the X-ray structure of protease-cleaved Escherichia coli -2-macroglobulin is described, which reveals a putative mechanism of activation and
conformational change essential for protease inhibition. In this competitive
mechanism, protease cleavage of the bait-region domain results in the
untethering of an intrinsically disordered region of this domain which disrupts
native interdomain interactions that maintain E. coli -2-macroglobulin in
the inactivated form. The resulting global conformational change results in
entrapment of the protease and activation of the thioester bond that covalently
links to the attacking protease. Owing to the similarity in structure and domain
architecture of Escherichia coli -2-macroglobulin and human -2-macroglobulin, this protease-activation mechanism is likely to operate across the
diverse members of this group.

1. Introduction
-2-Macroglobulins ( 2Ms) are found in eukaryotic blood,
invertebrate haemolymph, the eggs of birds and reptiles, and
the bacterial periplasm, where they are thought to play a role
in the restriction of proteolytic cleavage (Sottrup-Jensen,
1989; Lin et al., 2002; Budd et al., 2004; Li et al., 2004; Doan &
Gettins, 2008). Eukaryotic 2Ms have been shown to play
important roles in regulating the proteolytic cleavage of a
wide range of proteases and are involved in processes such as
fibrinolysis and coagulation (De Boer et al., 1993). Bacterial
2Ms (BA2Ms) are produced by a wide range of Gramnegative bacteria ranging from human pathogenic and
commensal strains to plant pathogens and marine bacteria
(Budd et al., 2004). Escherichia coli 2M (ECAM) contains
the conserved thioester bond that is characteristic of the 2Ms
and which is essential for covalent binding to cleaving
proteases (Budd et al., 2004; Doan & Gettins, 2008; Neves et
al., 2012).
The gene encoding ECAM, yfhM, is frequently found in an
operon with pbp1C, which encodes penicillin-binding protein
1C (Pbp1C; Budd et al., 2004; Doan & Gettins, 2008). Pbp1C is
predicted to be a bifunctional transpeptidase and transglycosylase owing to its homology to Pbp1A and Pbp1B, which are
both essential for the synthesis of the peptidoglycan layer
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(Schiffer & Höltje, 1999; Budd et al., 2004). Both ECAM and
Pbp1C are periplasmic proteins that are anchored to the inner
membrane and have been proposed to function together in
defence and repair against proteases that damage the bacterial
cell wall (Budd et al., 2004). Specifically, it has been postulated
that the host proteases produced in defence against bacterial
infection, which gain access to the periplasmic space, are
inhibited by ECAM, with Pbp1C acting to repair damage
(Budd et al., 2004).
The overall structure of 2Ms comprises a series of -sheet
sandwich macroglobulin (MG) domains forming a ‘keyring’
shape, a bait-region domain (BRD) spanning the body of the
ring, a mostly helical thioester domain (TED) connected to
the ‘keyring’ by a complement protein subcomponent (CUB)
domain, and a C-terminal MG (CTMG) domain (Janssen et al.,
2005; Marrero et al., 2012; Wong & Dessen, 2014). Within
eukaryotic 2Ms there are eight MG domains including
CTMG, which is also known as the receptor-binding domain
(MG1–MG7, CTMG), while BA2Ms contain ten MG domains
including two N-terminal MG domains anchoring the protein
to the inner membrane within the periplasm (MG1–MG9,
CTMG) (Huang et al., 1998; Doan & Gettins, 2007; Marrero
et al., 2012; Wong & Dessen, 2014). The TED contains a
conserved CXEQ motif where a thioester bond is formed,
which on activation can covalently link the 2M to lysine
residues on the surface of the attacking protease (SottrupJensen et al., 1980, 1989; Osterberg & Malmensten, 1984;
Jacobsen & Sottrup-Jensen, 1993; Janssen et al., 2005; Abdul
Ajees et al., 2006; Marrero et al., 2012; Wong & Dessen, 2014).
2Ms are activated through the protease cleavage of a largely
disordered bait region, which results in a conformational
change that both traps the protease in a cage-like structure
and exposes the highly reactive thioester bond (Travis &
Salvesen, 1983; Sottrup-Jensen, 1989; Sottrup-Jensen et al.,
1989; Doan & Gettins, 2008).
In human 2M, chemical cleavage of the thioester bond by
methylamine results in a large conformational change that has
been interpreted by electron microscopy as similar to that
observed on protease cleavage (Sottrup-Jensen et al., 1980;
Tapon-Bretaudiére et al., 1985; Dodds et al., 1996; Dodds &
Law, 1998; Marrero et al., 2012). In contrast, the recently
elucidated structures of the BA2M from Salmonella enterica
serovar Typhimurium (SaA2M) in its unactivated and
methylamine-activated forms show that although the overall
domain structure of BA2Ms is highly similar to that of human
2M, there is no major conformational change of the bacterial
form on chemical cleavage of the thioester bond (Doan &
Gettins, 2008; Neves et al., 2012; Wong & Dessen, 2014). In the
structures of both bacterial and eukaryotic 2Ms the thioester
bond lies close to the surface of the TED, but is protected from
hydrolysis by a hydrophobic pocket at the interface between
the TED and the CTMG domain (Janssen et al., 2005; Le et al.,
2012; Wong & Dessen, 2014).
Owing to a lack of detailed structural information on
protease-cleaved forms of 2M, the mechanism through which
cleavage of the BRD activates 2M is not known. However, it
has been suggested that upon cleavage within human 2M the
Acta Cryst. (2015). D71, 1478–1486

cleaved BRD interacts with MG2 (MG4 in BA2M), resulting
in conformational activation (Marrero et al., 2012). Alternatively, within human 2M it has been suggested that the bait
region interacts with the TED, the MG6 (MG8 in BA2M) and
the CUB domains (Marrero et al., 2012). However, in the
absence of a crystal structure of a protease-cleaved form of
2M the mechanism of protease-induced activation remains
speculative.
To elucidate the mechanism of protease-induced 2M
activation, we crystallized and solved the X-ray structure of a
porcine elastase-cleaved form of ECAM, a close homologue of
SaA2M (81% amino-acid sequence identity) for which the
structure of the unactivated form was recently solved (Wong
& Dessen, 2014). Interestingly, the structure of proteaseactivated ECAM is highly similar to that of chemically activated human 2M (12% amino-acid sequence identity) and
reveals a clear mechanism of how conformational rearrangement is triggered on protease cleavage. Key to activation is
the untethering of the intrinsically disordered bait region on
cleavage, allowing this disordered region of polypeptide to
outcompete the domain–domain interactions that normally
maintain the thioester bond in its unactivated form. This
suggests a general mechanism through which members of the
large and important 2M superfamily are activated.

2. Materials and methods
All chemicals were purchased from Sigma unless mentioned
otherwise.
2.1. Cloning and protein purification of ECAM

The gene for ECAM, yfhM from E. coli K-12, was amplified
by PCR and cloned into pET-21a vector using NdeI and XhoI
restriction sites. The first 22 residues from the N-terminus of
the gene, containing a signal sequence identified using
SignalP, were excluded from the construct. The stop codon
was also excluded, resulting in a protein consisting of residues
23–1631 and a C-terminal 6His tag (LEHHHHHH). ECAM
was initially overexpressed in E. coli BL21(DE3) cells and
subsequently in T7 Express Crystal Competent E. coli cells
(methionine-auxotrophic strain, New England Biosciences)
using an inducible T7 promoter with 1 mM isopropyl -d-1thiogalactopyranoside (IPTG) as the inducer. Bacteria
expressing ECAM were grown in lysogeny broth; selenomethionine-labelled ECAM was obtained using M9 minimal
medium supplemented with 50 mg l1 selenomethionine and
20 mg l1 of each of nine essential amino acids (excluding
methionine). Cells were grown at 37 C to an OD600 of 0.6,
protein production was induced by the addition of 1 mM
IPTG and the cells were grown for a further 6 h. The cell pellet
was collected by centrifugation at 4400g for 15 min and the
cells were resuspended in binding buffer [20 mM Tris, 10 mM
imidazole, 500 mM sodium chloride, 5 mM tris(2-carboxyethyl)phosphine (TCEP) pH 7.5] and lysed by sonication with
1 mg ml1 lysozyme in the presence of protease inhibitors
(Complete Mini, Roche). Cell debris was removed by centriFyfe et al.
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Table 1
Data-collection and refinement statistics (single-wavelength anomalous
diffraction) for protease-cleaved ECAM.
Data were collected from one crystal. Values in parentheses are for the highest
resolution shell.
Data collection
Space group
Unit-cell parameters (Å,  )
Resolution (Å)
Solvent content (%)
No. of reflections
CC1/2
Rmerge (%)
Rp.i.m.† (%)
hI/(I )i
Completeness (%)
Multiplicity
Anomalous completeness (%)
Anomalous multiplicity
DelAnom correlation between half sets
Mid-slope of anomalous normal probability
Refinement
Rwork/Rfree (%)
No. of atoms
Average B factor (Å2)
R.m.s. deviations
Bond lengths (Å)
Bond angles ( )
Ramachandran plot‡ (%)
Favoured
Allowed
Outliers
PDB code

H3
a = b = 176.06, c = 161.13,
= = 90, = 120
46.87–3.65 (4.00–3.65)
69
20753 (4991)
0.998 (0.675)
39.0 (378.0)
7.7 (74.4)
13.2 (2.1)
99.9 (99.9)
26.6 (26.7)
99.9 (99.3)
12.8 (12.8)
0.335 (0.011)
1.245
17.7/23.8
8699
144
0.01
1.53
90.7
7.9
1.3
4rtd

P P
P
1=2 P
† Rp.i.m.
=
i jIi ðhklÞ  hIðhklÞij=
hkl
i Ii ðhklÞ.
hkl f1=½NðhklÞ  1g
‡ Percentages of residues in favoured/allowed regions calculated by MolProbity (Chen
et al., 2010).

fugation at 46 000g for 30 min at 4 C. The cell supernatant was
then loaded onto a HisTrap HP column (GE Healthcare) and
the bound protein was eluted with elution buffer (20 mM Tris,
500 mM imidazole, 500 mM sodium chloride, 5 mM TCEP pH
7.5) using a linear gradient increasing from 10 to 500 mM.
Fractions containing ECAM were pooled and dialysed overnight at 4 C into 50 mM Tris, 200 mM sodium chloride pH 7.5
and run on a Superdex S200 gel-filtration column (GE
Healthcare). Central fractions from the peak were combined
and concentrated using a 100 kDa molecular-weight cutoff
centrifugal concentrator.
2.2. Crystallization and structure building

Purified ECAM was reacted in a 1:1 molar ratio with
porcine elastase (MP Biomedicals) in 50 mM Tris, 200 mM
NaCl pH 7.5 on ice for 5 min before being loaded onto a
Superdex S200 gel-filtration column (GE Healthcare). The
two major peaks from gel filtration were concentrated to
16 mg ml1 separately using 100 kDa molecular-weight cutoff
centrifugal concentrators and used in crystallization trials.
Several hundred crystallization conditions were tested,
including the JCSG-plus, MIDAS and Morpheus screens
(Molecular Dimensions), for both concentrated peaks. A
Cartesian Honeybee 8+1 (Harvard Bioscience) robot was used
with 96-well plates, dispensing 0.5 ml reservoir solution and
0.5 ml protein sample. Subsequent scaled-up crystal growth
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was performed using 2.5 ml reservoir solution and 2.5 ml
protein sample. The initial crystal was grown in conditions
consisting of 0.1 M potassium chloride, 0.1 M HEPES, 25%
Sokalan CP 7 pH 7.0, and upon optimization the pH was
adjusted to 7.5 for larger crystal growth. Crystals were grown
using equal volumes of protease-cleaved ECAM and reservoir
solution using sitting-drop vapour diffusion, with crystals
appearing after 2 d at 16 C for the second fraction and after
two weeks for the first fraction. Cryoprotection was optimized
with a 3:2 ratio of xylitol-saturated reservoir solution to
reservoir solution. Crystals were briefly soaked and flashcooled in liquid nitrogen for data collection. The best
diffraction resolution obtained was 3.8 Å, and molecular
replacement with methylamine-activated 2M (PDB entry
4acq) was unsuccessful, most likely as the sequence identity
with the human homologue was low (12%) and owing to the
difference in domain orientation between the structural
models (Marrero et al., 2012). Further expression was
performed using a methionine-auxotrophic strain of E. coli
BL21 (T7 Express Crystal Competent E. coli, New England
Bioscience) and the purification and crystallization screens
were repeated using selenomethionine-labelled protein. As
repeating the previous protocol with selenomethioninelabelled protein was unsuccessful, in situ proteolytic cleavage
screening was performed using porcine elastase. Successful
crystallization was achieved using a 1:100 ratio of porcine
elastase to selenomethionine-labelled ECAM. Crystallization
was successful in the same condition as used previously, with
the crystal having a similar appearance and the same space
group as previous unlabelled crystals. These crystals diffracted
to 3.65 Å resolution and phases were obtained using singlewavelength anomalous diffraction (SAD).
Data were collected for ECAM crystals on the I02, I03 and
I24 beamlines at Diamond Light Source, Didcot, England at
100 K at the Se K edge ( = 0.97939 Å) using a PILATUS 6M
detector. A high-redundancy SAD data set was processed and
scaled using XDS and AIMLESS from the CCP4 suite of
programs (Evans, 2006; Kabsch, 2010; Winn et al., 2011).
Selenium sites were located using SHELXC/D, with the best
substructure solution consisting of 23 sites (Sheldrick, 2010).
These selenium sites were input along with the SAD data set
to AutoSol within the PHENIX package to perform phasing
and density modification (Terwilliger et al., 2009). Density
modification in AutoSol was sufficient to break the phase
ambiguity owing to the high solvent content of the crystal
(69%). This yielded interpretable, low-resolution maps in
which density corresponding to secondary-structure elements
and larger amino-acid side chains was visible. Initially, the
-helical TED domain was built in Coot using idealized
-helical sections (Emsley et al., 2010). The loops between
these sections were connected where density was available.
The six selenomethionine sites in this domain provided the
starting sites for the building of amino-acid side chains in the
TED domain, although owing to the resolution initially only
larger side chains and those where continuous sequence could
be determined were built. In addition to the building of the
TED domain, a number of 2M-derived polyalanine MG
Acta Cryst. (2015). D71, 1478–1486
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domains were rigid-body fitted into their corresponding
density and manually real-space refined in Coot (Emsley et al.,
2010). As with the TED domain, where possible side chains

were fitted using the positions of selenomethionine Se atoms
as starting sites. This initial building yielded a partial model,
which was then used in conjunction with the selenomethionine

Figure 1
Crystal structure of porcine elastase-cleaved E. coli 2M (ECAM). (a) Schematic representation of the 13 domains of ECAM showing the macroglobulin
domains (MG) including the C-terminal MG (CTMG) domain, the bait-region domain (BRD), the complement protein subcomponent (CUB) domain
and the thioester domain (TED) containing the CLEQ motif. (b) The structure of elastase-cleaved ECAM with the individual domains coloured as in (a).
Smaller van der Waals surfaces in both views are also presented. In the left view the -helical TED is orientated with the CLEQ thioester (drawn as red
van der Waals spheres) positioned above the pocket which is thought to accommodate the attacking protease. (c) Structural alignment of methylaminetreated human 2M (PDB entry 4acq monomer trimmed to the domains present in cleaved ECAM) and elastase-cleaved ECAM (PDB entry 4rtd) in
green and red, respectively. (d) Structural alignment of native SaA2M (PDB entry 4u48 trimmed to the domains present in cleaved ECAM) and elastasecleaved ECAM (PDB entry 4rtd) in blue and red, respectively. Structural alignments were performed using the MG domain containing the bait region
(shown in orange).
Acta Cryst. (2015). D71, 1478–1486
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substructure to rephase the experimental data using MR-SAD
phasing in Phaser (McCoy et al., 2007). This process led to
phase improvement and the appearance of new features in the
map, which were modelled, and the process was repeated
iteratively. Partway through the building process the atomic
coordinates for SaA2M were published (PDB entry 4u48;
Wong & Dessen, 2014), and the domains from this model
provided validation of the MG-domain placement and sidechain modelling in our experimentally phased map. The
SaA2M structure also provided a template for building the
more difficult sections of the model. At this point restrained
TLS refinement using REFMAC5 was found to stably improve
both Rwork and Rfree, and refinement was performed and
the model was improved and finished manually in Coot
(Murshudov et al., 2011; Emsley et al., 2010). Electron density
for the thioester bond indicated that the deaminated glutamine forms no covalent bond to the cysteine. Before submission of the final model, the quality of the structure was
assessed using the MolProbity webserver (Chen et al., 2010).
The atomic coordinates and structure factors were deposited
in the Protein Data Bank (PDB entry 4rtd). Statistics for data
collection, experimental phasing and refinement are presented
in Table 1. For mass-spectrometric analysis of proteasecleaved ECAM, crystals were washed in reservoir solution
before being dissolved in deionized water and heated to 96 C
in bromophenol blue sample buffer for 5 min. The sample was
then run on a NuPAGE Novex 4–12% bis-tris gel (Invitrogen)
and visible bands were cut for proteomic analysis. Samples
were digested by trypsin and analysed by LC-MS/MS (Orbitrap XL) performed at the Fingerprints Proteomics Facility at
the University of Dundee.

disordered bait-region domain found within MG8, a TED
that houses the reactive thioester bond and a CUB domain
(Fig. 1a). Elastase-cleaved ECAM (Fig. 1b) adopts a conformation similar to that of methylamine-activated human 2M
(Fig. 1c) but distinct from the unactivated form of SaA2M
(Fig. 1d). Despite the low sequence identity between human
2M and ECAM (12%), the r.m.s.d. between C atoms for
these proteins is 14.1 Å, while that for SaA2M and ECAM,
which share 82% sequence identity, is 22.1 Å. Most notably, in
the structure of the protease-cleaved ECAM, interactions
between the TED and the CTMG domain, which protects the
thioester bond in unactivated SaA2M, are not present.
Instead, the thioester region of TED is solvent-exposed and
faces the expected location of the attacking protease, as it
would be positioned when cleaving the bait region of ECAM
(Fig. 1b). Electron density for elastase, in addition to that for
MG domains 1, 2, 3 and 7, was absent in 2Fo  Fc maps of
cleaved ECAM, as was electron density for 20 amino-acid
residues (Arg923–Leu942) within the bait region. Analysis of
elastase-cleaved ECAM by SDS–PAGE and mass spectrometry confirms that MG domains 1, 2, 3 and 7 are absent from

3. Results
3.1. Overall structure of protease-activated ECAM

To determine the structural changes that occur on protease
cleavage of ECAM, we performed protease digestion with
porcine elastase and used the major products from gel filtration of cleaved ECAM to perform crystallization trials. This
yielded diffracting crystals in 0.1 M potassium chloride, 0.1 M
HEPES, 25% Sokalan CP 7 pH 7.0 with cleaved ECAM. In
order to obtain phase information, we attempted to repeat this
process with selenomethionine-labelled ECAM, but this failed
to yield crystals. However, an alternative strategy of in situ
proteolysis and crystallization with selenomethionine-labelled
ECAM was successful. This method yielded crystals that
diffracted to 3.65 Å resolution. Upon completion and validation of the model of protease-activated ECAM, the number of
Ramachandran outliers remaining was appropriate for a
crystal structure with a resolution of 3.65 Å. Although the
Rmerge and Rp.i.m. values were high, this can be explained by the
highly redundant data set used; with a CC1/2 of 0.675 in the
highest shell, these data used were judged to be acceptable
(Karplus & Diederichs, 2012; Diederichs & Karplus, 2013).
Similar to the domain architecture of native SaA2M,
uncleaved ECAM consists of ten MG domains, with a largely
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Figure 2
Bait-region interaction with the CTMG domain. (a) Here we show
hydrogen bonding between the cleaved bait region (blue) and the CTMG
domain (grey) as dashed yellow lines. Note the interaction between
Arg956 and Met1634, with the CTMG methionine normally involved in
the hydrophobic pocket found in uncleaved native SaA2M. MG4 and
MG9 are shown in yellow and red, respectively. (b) Surface representation of the CTMG domain bound to the TED in SaA2M (blue) overlaid
(by superposition of CTMG domains) with the previously disordered bait
region bound to the CTMG domain in elastase-cleaved ECAM (red). The
thioester bond within the TED is shown as dark blue van der Waals
spheres.
Acta Cryst. (2015). D71, 1478–1486
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the crystallized protein (Supplementary Fig. S1). Two bands at
90 and 75 kDa on SDS–PAGE have similar peptide coverage,
encompassing the same domains (Supplementary Fig. S1).
However, the reason for the difference in apparent molecular
weights between these two species is not known.

3.2. Interaction of the BRD with the CTMG domain

Although it is known that protease cleavage of the largely
disordered bait region of both human and bacterial 2Ms
gives rise to a large conformational rearrangement and activation of the thioester bond, the mechanism through which
this is mediated was unclear (Barrett et al., 1979; Neves et al.,
2012). However, the structure of protease-cleaved ECAM
provides a clear mechanism for this process. Thioester bond
release is achieved by the untethering of a large region of an
unstructured polypeptide chain upon cleavage of the BRD
that forms new interactions with the CTMG domain, thereby
preventing the protective interaction with the TED. Specifically, in the elastase-cleaved form of ECAM additional residues (Phe947–Asn963) of the BRD are observed that are
disordered in the uncleaved SaA2M structure. All of these
residues in the protease-cleaved ECAM structure are ordered
owing to the formation of a new binding interface between
the BRD and the CTMG domain upon protease cleavage
(Fig. 2a). Critically, the region of the CTMG domain that is
involved in BRD binding substantially overlaps with the
region of the CTMG domain that forms the binding interface
with the TED in the uncleaved form of the protein (Fig. 2b).
The buried surface area between the CTMG domain and TED
in SaA2M is 1972 Å2, with three hydrogen bonds between
these domains, whereas the buried surface area between the
elastase-cleaved BRD and the CTMG domain in ECAM is
1438 Å2, with five hydrogen bonds between the domains. In
the protease-cleaved ECAM, hydrogen-bond formation
between residues of the CTMG domain and the cleaved bait
region involves the highly conserved RDDR and EXMY
motifs (Fig. 3). Interestingly, it is residues within these motifs

that also form hydrogen bonds to the TED in the uncleaved
SaA2M protein (Fig. 3; Wong & Dessen, 2014).
3.3. Cleavage-induced conformational changes and thioesterbond activation of a2Ms

We propose that the loss of the interaction of the TED with
the CTMG domain is sufficient to enable both the large TED
movement observed in the cleaved ECAM structure relative
to the unactivated SaA2M structure and the exposure of the
thioester bond (Fig. 4a, Supplementary Movie S1). The
movement of the TED domain shows an overall shift of 36 Å,
with the MG6 domain moving by 50 Å and with both the MG6
and TED arms hugging the position at which the attacking
protease would be located to cleave the BRD (Fig. 4a,
Supplementary Movie S1). In addition to these global
conformational changes, protease cleavage leads to localized
changes in the environment of the thioester bond that are
likely to lead to its activation. In the unactivated SaA2M
structure the conserved methionine and tyrosine side chains
(Met1625 and Tyr1626 in SaA2M) from the CTMG domain
form part of the hydrophobic pocket at the interface with the
TED that has been shown to be important in maintenance of
the thioester bond (Wong & Dessen, 2014). The loss of these
key side-chain interactions and the movement of the additional side chains which constitute the protective hydrophobic
pocket (Tyr1175 and Tyr1177 in SaA2M and Tyr1183 and
Tyr1185 in ECAM) from the TED exposes the thioester bond
to the solvent, allowing hydrolysis or covalent-bond formation
with the attacking protease (Fig. 4b). As there are no contacts
present from the CTMG domain providing a hydrophobic
pocket to protect the thioester from hydrolysis by water, the
thioester bond could be cleaved and the deaminated glutamine (Gln1190) would be converted to a glutamic acid. Within
our protease-activated ECAM structure the distance between
the S atom of Cys1187 and the C atom of Gln1190 is 4.6 Å,
indicating that the thioester bond may not be intact (Supplementary Fig. S2). However, we cannot rule out the possibility
that there is a mixed population of molecules, some of which

Figure 3
Sequence alignments of conserved motifs involved in the thioester pocket and conformational activation. Highlighted in yellow are tyrosines important
for maintaining the hydrophobic pocket protecting the thioester bond (CLEQ motif, also shown in yellow). The tyrosine within the C-terminal
macroglobulin (CTMG) domain, involved in protecting the thioester, which coordinates to the glutamate within the CLEQ motif in the native SaA2M
structure is highlighted in blue (PDB entry 4u48). The conserved proline found near the thioester is highlighted in green along with the arginine that it
coordinates in unactivated SaA2M. The residues highlighted in pink, orange and red in the CTMG domain coordinate to residues Asn963, Gly958 and
Arg956, respectively, in the cleaved bait region of elastase-cleaved ECAM.
Acta Cryst. (2015). D71, 1478–1486
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possess an intact thioester bond. Owing to this ambiguity, we
have represented the thioester without a covalent bond
between Cys1187 and the C atom of Gln1190 and have also
omitted the O atom from the deaminated glutamine that
would be formed on hydrolysis of the thioester bond.

4. Discussion
Although it has been suggested that small-molecule-activated
human 2M resembles the conformation of the proteasecleaved form, there have to date been no detailed structural
data to confirm this (Tapon-Bretaudiére et al., 1985). The
similarity in the overall conformation of protease-cleaved
ECAM to that of methylamine-activated human 2M confirms
that the protease-activated and chemically activated forms of
human 2M are structurally equivalent. In addition, these data
suggest that the entrapment of cleaving proteases is likely to
occur in a similar manner for BA2Ms as has been proposed
for human 2M (Marrero et al., 2012; Meyer et al., 2012).
However, there are clearly key differences in the details of the
interactions that maintain the inactive conformations of
BA2Ms and human 2M, since the recent structures of
unactivated and methylamine-activated SaA2M show that
chemical cleavage of the thioester bond does not lead to
global conformational changes in this case (Marrero et al.,
2012; Wong & Dessen, 2014). This difference is likely to be
owing to the domain location of the side chains that comprise
the thioester-protecting pocket (Supplementary Fig. S3). In
BA2Ms this pocket comprises two tyrosine side chains from
the TED and a tyrosine and a methionine side chain from the

CTMG domain, whereas in eukaryotic 2Ms all four residues
(three tyrosine side chains and one methionine side chain) are
found in the CTMG domain. When SaA2M is reacted with
methylamine no conformational change is seen, but Tyr1175
from the TED is displaced (Wong & Dessen, 2014). The
structural counterpart of this side chain (Tyr1307 from TEP1)
in eukaryotic 2M family members is, however, found within
the CTMG domain (Supplementary Fig. S3; Baxter et al.,
2007). It is presumably the rearrangement of this side chain
and perhaps other CTMG side chains that comprise the
thioester-protecting pocket which leads to the loss of TED–
CTMG domain binding and subsequent global conformational
changes. The buried surface area seen between the TED and
the CTMG domain in native SaA2M decreases by 27%
compared with that of the BRD and the CTMG domain in
protease-cleaved ECAM; however, the number of hydrogen
bonds increases. Although there is a decrease in the buried
surface area, it is the interaction between important residues
for protecting the thioester that would be expected to trigger
conformational change releasing TED and allow subsequent
interaction with a cleaving protease.
The role of BA2Ms, which are inner membrane-anchored
periplasmic proteins, has been suggested as protease inhibitors
that inhibit exogenous proteases that have breached the outer
membrane. Comparison of the structures of unactivated
SaA2M and protease-cleaved ECAM illustrates how proteaseinduced conformational changes enable protease entrapment
(Fig. 5). The movement of the TED-domain arm and MG6domain arm around the central pocket above the bait region
is similar to the movement seen in methylamine-activated

Figure 4
Conformational shift of the TED and thioester of protease-activated ECAM. (a) Superposition of protease-cleaved ECAM (red) and SaA2M (blue)
showing a 36 Å shift of the TED. Structures were overlaid by superposition of MG8 containing the BRD. (b) Overlaid elastase-cleaved ECAM (red) and
native SaA2M (blue) TEDs. Tyrosines thought to protect the thioester region from hydrolysis in native SaA2M (Tyr1175 and Tyr1177) are orientated
away from the protease-activated ECAM thioester region (Tyr1183 and Tyr1185 in protease-activated ECAM).
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Figure 5
Putative mechanism of protease entrapment and inhibition by ECAM. ECAM with a membrane anchor within the periplasm of bacteria encounters
protease and forms a covalent complex upon cleavage, inhibiting the protease from the cleavage of large substrates. The main body of ECAM anchored
to the inner membrane is shown in grey and contains the domains showing little movement (MG4, MG8 and BRD) between native and proteaseactivated structures or that are not present in the protease-activated structure (MG1–MG3 and MG7). The blue TED arm (TED, CUB, CTMG and MG9
domains) and green MG6 arm (MG5 and MG6 domains) entrap the protease with the blue arm containing the thioester that forms a covalent bond.

human 2M; when accounting for the domains that are not
present in the protease-activated ECAM structure no clashes
are seen between the moving arms and the absent domains
(Marrero et al., 2012). The entrapment of proteases would
limit the proteolysis to smaller substrates, as has been
suggested for human 2M, and would prevent the cleavage of
important larger substrates such as the peptide component of
the peptidoglycan layer or large proteins (Fig. 5; SottrupJensen, 1989). Although we cannot be sure why the covalently
bound elastase is not present in our structure, this may be
owing to a lack of available and correctly positioned lysine
side chains on the surface of the protease, since the thioester
bond is preferentially cleaved by this side chain (Marrero et
al., 2012). The lack of MG domains 1, 2, 3 and 7 within the
crystal lattice is likely to be owing to the MG domains being
cleaved by the elastase.
In summary, the structure of protease-activated ECAM
shows a competitive mechanism of activation in which cleavage of the BRD allows the normally intrinsically disordered
region of this domain to outcompete the TED for CTMGdomain binding. Loss of the TED–CTMG domain interaction
leads to a large conformational rearrangement of ECAM and
exposure of the reactive thioester bond. The structural similarity between methylamine-activated human 2M and
protease-cleaved ECAM suggests that similar mechanisms are
likely to operate across the diverse members of the 2M
family.
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