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PROLOGUE

I never saw a Purple Cow
I never hope to ses cne:
But I can tell you, anybow,

I'd rather see than be one.

Frenk Geldbé Burgess



1.

- -

INTRODUCTICN




“5-

1.1, THE TERTIARY STRUCTURE OF PROTEINS.

YA protsin molecuie may be compared to an animal» in having a
three-dimensional'anatomy laid out to a definite plan, rigid in some
parts and flexible in others, with pérhaps some minor variatiorns in
different individuals of the same species. The nature of this anatomy
constitutes the central problem of protein chemistry {Pesrutz, 1962).
The basis of this thesis is an attempt to dissect the‘anatomy of one
protein, bovine plasma albumin (BPA).

The tertiary structure of a protein is the manner in which the
peptide chain is folded upon itself to produce a more order?d molecule.
An understanding of ihis aspect of protein chemistry is eésential in
order to explain why a protein can perform a given function. Tertiary
structure is maintained by secondary forcés which are generally
considered ds electrostatic and hydrophobic interactions, hydrogen
bonding, van der Waals forces and disulphide bridges.

A large amount of evidence has been accumulated (Anfinsen, 1972)
which indicates that the tertiary structure of a protein is determined
by the nature and order of amino‘acids in its peptide chain. As a
result of this, ons possible method, in the future, of determining
the tertiary struqture of a protein will probably be the prediction
of the shape of a protein by analysis of its primary structure.

This method is, however, still at a very early stage of development
and will suffer for soms time from insufficient data on which to base
i1ts models (Robson and Pain, 1971). At the present time, therefare,
other methods have to be employed in the study of the anatomy of
proteins.

The method: which gives the most direct evidence of the structure

of a protein is x~ray crystallography. To date nearly thirty



proteins have had their structures solved to near-atomic resolution

using this technique and many more are under study.



1.2, X-RAY CRYSTALLOGRAFPHY.

The basis of this technique is that when x-rays are shone through
a crystal, diffraction occurs and a three-dimensional lattice of
reflections is obtained. If the size of the lattice and the intensity
and phases of the reflections are known, then the shape of the protein
can b; calculated. In ths case of pm'teins, in order to measure the
phases of the reflections ;t is usually necessary to form crystals in
which a heavy atom is bound to the molecule. Comparison of the
diffraction pattern from this type of crystal with the normal patterxi
permits calculation of the phases of the reflections.

The major limitation of x-ray corystallography is in obtaining
well-ordered suitably-sized crystals,for, as yet, little is known
about the factors governing ths formation of protein crystals. The
degree of order of ths crystal is very important as it is this, more
than anything else, whici: limits the resolution of the final electron
density map.

Another problem of this technique i{8 that the conformation of
proteins in crystals might be different from that in solution. Two
lines of evidence have dispelled this concern : (1) the fact that
related proteins have similar shapes although they have been crystallised
in very different conditions., Ons example of this is the similarity
of ~ribonuclease A, crystan'iaad from ammonium sulphate solution |
(Wyckoff et al., 1967), and ribomiclease A, orystallised from a 5%
alcohol solution (Kartha e} al., 1967)., Several other groups of
proteins confirm this observation (Perutz, 1969). (2) Many enzymes
still combine with substrates and inhibitors when corystallized
{Doscher and Richards, 1963; Sigler st al, 196G) albeit at a reduced

4
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rate, in most cases.

A further problem of x-ray orystallography, at present, i1s that,
as larger proteins are studied, it is becoming difficult, in some
cases, to handle the large amounts of data involved. However, even
at a low level of resolution this technique can produce the overell
shape of a protein, the location of dinding sites, the molecular
woight and the molecular symmetry.

Although x-ray erystallography is the best method of obtaining
direct evidence of protein structure, it provides little information

about the involvemsnt of the tertiary structure in the function of the
molecule as the system being studied is not a dynamic ons. In order
to overcome this problem it is necessary to resort to less direct
methods of structural analysis which can be applied to a protein in
a more physiological situation. Such methods can be divided, to some
extent, into physical and chemical techniques. Most of the physical
techniques are based on thes absorbance of ensrgy by different groups
of the molecule. The nature of this absordbance reflects thes properties
of the groups under study. ‘

In the following section several i-elovant physical methods are
described. éhe f£irst of these are those based on the absorbance of
ecircularly polarised light by proteins. |
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1.3 PHYSICAL INVESTIGATION OF PROTEIN STRUCTURE.
1.3.1. Circular Dichroism and Optical Rotatory Dispersion.

Optical activity of proteins may be examined in two different
w;ys. The first is optical rotatory dispersion which measures the
dependence of opticel rotation on wavelength and the second is
circular dichroism which measures the difference between the
absorption ¢f left and right c:lrculaley polarised light. Circular -
dichroism t.'_*/x;lé, optical rotatory dispersion are different manifesﬁtions
of the sam«z. 'phenomenon and are related mathematically (Moseowitz, 1962).
In most cases circular dichroism is the preferred method as it ylelds
discrete spectral bands unlike optica; rbtatory dispersion which gives
rise to bands of infinite width, |

In studying ths éircular dichroism of protein, information about
the tertiary structure is principally obtained from the bands
corresponding to the amino acid side chains. These may reflect
Teatures of both the secondary and tertiary structurea, These bands
occur in the spectral region below 330 nm, Below 250 nm the side~
chain bands are more difficult to study, because of the presence of bands -
due to the peptide backbons. The main bands which are present are
due to tryptophan, tyrosine, phenylalanipe: and histidine residues
as well as disulphide bridges. The size of a band and its position
will depend on the conformation of the peptide backbone, the
environment of the side-chain and the ionization of the residue in
the case of tyrosine and histidine. As a result the side-chain
eircular dichroic spectra of protein are usually very complex
(Beychok et al, 1966) because of the overlap of closely positioned
bands. At present insufficient information is available from model



systems, and other sources, to permit a detailed analysis of such
spectra, but once the dataare available it is hoped that the
complexity of the circular dichroic spectra of proteins will provide
accurate results concerning their tertiary structure. Circular
dichroism is, however, currently being used to study, in detail,
changes in tertiary structure whichlhave been characterised using
other methods (Hess, 1969), One example of this is the way in
which the change in the circular dithoic spestrum of chymotryp-
8inogen, caused by its activation, can be analysed on the basis of
x-ray data and related to the movement of specific residues (McCann
et al., 1969).

A physical method which has required less study than c¢ircular
dichroism for its results to be capable of detailed analysis and
which is as a result, a more advanced and probably more productive
method of investigating the tertiary structure of proteins is

fluorescence spectroscopy.
1.3.2, . Fluorescence.

The basis of fluorescence is that certein molecules absord
energy from incident light and move from & ground state, which is
the lowest ensrgy state of a molecule, to an excited state.
Excitation occurs from the lowest vibrational level of the ground
state to the various vibrational levels of the excited state. 1In
solution the excess vibra%ional energy is lost by thermal exchange
with the solvent so that within about 10-12s the moleculs goes
to the lowest vibrational level of the excited state, from which
emission of fluorescence ocours a&s the molecule returns to one of

the vibrational levels of the ground state. In moving to the



lowest vibrational emergy of the ground state further ensrgy is
lost. Since vibrational energy is lost in the excited state,

the energy drop on emission of fluorescence will always be less
than or equal to the energy absorbed in excitation. As a result
the wavelength of fluorescence is normally longer than that of
excitation. Only one fluorescence band is observed as fluorescence
always occurs from one energy level.

Three types of fluorescent groups are used in protein studies.
Pirstly there are the three fluorescent amino acids which occur
naturally in proteins: tryptophan, tyrosine and phenylalanine.
Secondly there are certain enzyme cofactors which will act as
fluorescent chromophores. The third type of fluorescent molecule
used is one which can be artificially attached to the protein., The
advantage of the last group is that the area of the protein to be
investigated can be selected more precisely. o

Fluorescent probes can be used to measure the polarity of their
particular location as this affects the position of the emission
spectral band (Stryer, 1965). A further application of fluorescence
is in measuring the distance between groups within a protein,as the
proximity of two groups can be related to the efficiency with which
energy is transferred betwsen their excited states (Stryer & Haugland,
1967). A final method in which fluorescence can be applied to an
investigation of the tertiary structure of proteins is in measuring
the decay of tluorescenca/polarization. In this case the protein
solution is subjected to polarized radiation. This causes the
fluorescent chromophores which are parallel to the direction of
polarization to be preferentially excited. The intensities of

fluorescence parallel and perpendicular to the plane of the exciting



irradiation are measured as a function of tims., From this,
information on the rigidity of the protein and its molecular shape
can be obtained. It can be seen, therefore, that fluorescence
techniques can be employed as very useful prodbes of protein structure.

The next two methods to be considered are at present still very
mich at the developmental stage and sufficient data have not been
gathered to permit them to be used to a large extent in the study of
the tertiary structure of proteins. . They 4o, however, possess

great potential for development as sensitive techniques.

1.3.36 | Miclear Magnetic Resonance {N.M.R.} and Electron

Paramagnetic Resonance (E.P.R.)

NJM,R. i8 a very sensitive method of investigating the structure
of proteins in solution. It is a form of spectroscopy based on the
absorbance of radio frequency electromagnetic radiation by atomic
mclei, having miclear spin (I) greater than zero, when placed in a
strong magnetic field. The absorption occurs when the muclei move
from a lower to a higher energy level,

An N.M R, spectrum can provide the following information about
the specles of atom being studied := (1) the chemical bonding of the
atom, (2) the number of identical muclei in neighbouring groups,-

(3) the mumber of nuclei in a given chemical configuration and (4)
the mobility of the muclei and their exchange between different
chemicel environments, ~

By far the most commonly studied nucleus in this field!is
the hydrogen mucleus (I =3). A high protein concentration is
required for good sensitivity in this case. Another problem is

that, as the size of the protein increases (above 20,000 MW.)



its mobility in the solution decreases leading to loss of resolution
of the NM.R. spectrum. Even when studying smaller proteins the
spectrum obtained is very complex, but sufficient data are now
becoming available to permit analysis of the results (Metcalfe, 1570).
Several methods exist of simplifying the N.M.R, study of proteins :
(1) by the use of proteins in which all but a few amino acids are
deuterated. The observed resonances will then be due to the
undeﬁteratad residues (Markley et al., 1968). (2) The changes

in the N.M.R. spectrum of a small moiecule when it is bound to a
protein can also be studied (Raferty et al., 1969). ~ (3) As about
30% of enzymes require a metal for their action, the spectrum of the
metal jon in the protein, where poss;ble, is another source of
information (Mildvan and Cohn, 1970). One good example of the
application of N.M.R. to the study of protein structure is in the
investigation of the binding sites for sugar molecules on lysozyme
(Raftery ot al., 1968).

B.P.R. is the absorbance of microwave frequency electromagnetic
radiation by unpaired electrons when placed in a strong magnstic
fields In this case the absorption is also due to a movement
between energy levels. The spectrum obtained will give mach more
localised information than that of N.M.R. a8 atoms containing free
electrons are not spread throughout a protein. The use of E.P.R. in
structural studies on proteins is confined to two areas: (1) metal
atoms containing an unpaired electron (Malmstrom et al., 1968) and
(2) the study of spectral changes ocouning when a small molecule
containing an unpaired electron is attached to a protein (McConnsell,
1971). Although magnetic resonance techniques are still being

developed they have the potential to supply a large amount of detailed



informtion about the tertisry structure of proteins.
Another method of spectroscopy used in the study of protein
structure i8 a technique which utilizes one of the better-known

types of absorbance found in proteins - ultraviolet absorbance.

1.3.4. Ultraviolet difference spectroscopy.

Ope way of overcoming th; complexity of the ultraviolet
absorbance spectra of proteins is to measure the difference in
absorbance of identical concentrations of a protein in different
environments. In this way all common features of the spectra are
cancelled out and only those chromophores whose absorption has been
changed by the alteration or perturbation of the environment will be
evident as positive or negative bands., The most extensively studied
residues in this type of experiment are tryptophans and tyrosines,

A sophisticated application of this technique has been developed
by laskowski (1966) and is known as solvent perturbation spectroscopy.
In this, the protein environment is perturbed by addition of a non-
aqueous component.  Only chromophores present on the surface of the
protein will have altered absorbances while those in the hydrophobic
interior will be unchanged. If the size of the perturbant is
altered the accessibility of chromophores in crevices in the protein
can be investigated, _

At present the topographé of & mumbex of proteins has deen
studied using this technique and {t has been shown that although
tryptophans and tyrosines are: normally hydrophobic at least some
of them are generally exposed to the solvent (Herskovits and

Sorensen, 1968).



1.3.5. Other Techniques.

There are physical techniques available to the protein chemist
other than those mentioned above for the~investigation of the
tertiary structure of proteins. These do not give detailed information
but rather give an idea of the general shape of the protein, whather
it is rod-like, spherical, eliipsoid etcs The most common methods
of providing this type of data are light-scattering, viscosity,
ultracentrifugation and electron microscopy.

The physical methods discussed so far can provide quite
detailed information about the gemeral structure and, in some cases,
the relationship between structure and function of a protein,
However, the methods described in the following section, the
chemical techniques of investigating protein structure, can often
provide more specific information about the tertiary structure of

proteins, especially the active site of an enzyme.
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l.4. CHEMICAL INVESTIGATION OF TERTIARY STRUCTURE.
l.4.1. Chemical Modification.

One useful application of chemical methods in the investigation
of protein structure is in intramolecular crosslinking. By using a2
~“bifunctional feagent to react with two residues on the protein's
surface, groups which are close neighbours can be identified and
the distance between such groups can be calculated, in some cases,
by breaking down the modified protein and studying the peptides
obtained (Wald, 1967).

Some more localised informatiom about the structure of proteins
can be obtained by chemically altering the active site of an enzyms.
co4ns:lderation of the effect of the modification on the activity of
the enzyme leads to a great deal of data about the groups involved
in, and the structure around the active site of an enzyme. A more
sophisticated application of this method is affinity labelling
(Wotsy et al., 1962) in which the modifying. reagent is structurally
similar to the enzymo substrate and, as a result, generally produces
a modification only at the active siﬁe. This method was used in a
study of the proteass chymotrypsin in which the affinity label L =
(1 = tosylamido - 2 = phenyl) ethyl chloromethyl ketons reacted
only with His 57 of the enzyms, implying that this residue was part -
of the active site (Ong et al., 1965).

The above two techniques are both very specialised applications
of one of the main chemical methods of investigating the shape of
proteins, chemical modification. |

The first aspect which must de coneidered in a study of the

chemical modification of proteins is the factors which affect the



reactivity of the functional groups on the protein, and of the

reagent used:

1) The polarity of the localised area of the reaction.

Since the reactivity of a functional group is measured by its
nucleophilicity, which 1s often related to its basicity, the pK
of the group is an important factor. However, it is difficult to
estimte the local polarity of a functional group from its pkK as

this is also affected by other factors.

2) The proximity of charged species.
These can alter the pK of the functional group and can also

attract or repel the modifying reagent (French et al., 1963)

3) The steric effect.

This can be of two types, either hindrance of the reaction
due to the presence of a bulky residue near the functional group on
the protein surface (Cohen and Jones, 1963) or inaccessibility of the

functional group due to being buried in the hydrophobic interior of
the protein.

4) Preferential adsorption.

The rate of chemical modification can be altered if the
modifying reagent is preferentially adsorbed to a particular region
of the protein (Fonda and Anderson, 1969).

There are other factors which could influence the reactivity of
functional groups in proteins but little, as yet, is known about them.

These include charge transfer, covalent bond formation, metal chelation
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and freedom of rotation of the functional groupe.

The factors listed above illustrate that the reactivity of
a functional group is very dependént on its environment., If the
1ndividua; reactivities of a given type of functional group are
studled using chemical modification, each group will provide some
data about the structure of its own particular location, As a
result, information can be deduced about the general tertiary
structure of the protein.

Any deductions that are made must be viewed with the knowledge
that there are several limitations inherent in the technique of
chomical modification. One such limitation 18 the fact that few
chemical modifiers are totally specific. Another prodlem is that
all modifications will cause some change in the protein structure.
Furthermore, ‘it is also difficult to assume that the effect of a
modifying compound will not vary from one protein to another.

Once a protein has undergone chemical modification, the extent
of the reaction is often measured, after isolation of the protein,
by methods such as isotopic label or absorbance of the modifying
species. Identification of the modified residues usually requires
degradation of the protein and amino acid analysis, For this reason,
modifications which give rise to unstable products can be unsuitable.
It 1s also difficult to produce a stable modification which will

emerge @s a discrete peak on amino acid analysis,
l.4.2. Results of Chemical Modification.

As long as the limitations of chemical modification mentioned
above are acknowledged and the results obtained are, therefore,

treated with due caution, a large amount of data can be collected
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concerning the degree of exposure of reactive groups in proteins,

One way in which this problem can be studied is by reaction of
the protein under constant conditions with an excess of reagent for
a suitable time and then determination of the degree of modification
of a certain type of residue. As the molar ratio of reagent to
protein used is increased the /mmbe_r of groups modified will increase
to a maximum value and no further, as those groups which are bturied
in the protein will not react at any concentration of reagent. In
this way, the nmumber of such groups in the protein can be calculated.

A second method of obtaining information from chemical modification
is to follow the rate of modification with a given reagent. The
curve obtained can be resolved into a series of first-ordsr slopes
which will provide a rate constant for the modification of, and an
1dea of the nmumber of different sub-sets in a given type of functional
group (Ray and Koshland, 1962). An example of chemical modification
1s seen in the work of Gounaris and Ottesen (1965) who found that
only ten of the eleven lysine residues in subtilisin could dbe
succinylated. X-ray studies of the protein (Wright et al., 1969)
show that only ten of the lysine residues lie on the surface of the
molecule., This could explain the different reactivities observed.

The classification of methods of investigating protein structure
into physical and chemical techniques is often an arbitrary decision.
. The last method to be described, hydrogen isotope exchange, has been
included under chemical techniques because the method of analysis

of the results obtained is simflar to that of chemical modification.

l.4.3. Hydrogen Isotop_e_ Exchaggg.

This technique of structural analysis is based on the fact that
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hydrogen atoms in e protein in solution are contimually exchanged
with hydrogen atoms in the solvent. Those bound to carbon atoms
exchange t0o slowly to be measured under normal experimental con-
ditions while most of those bound to sulphur, oxygen and nitrogen
atoms exchange too quickly to be detected. In fact only amide
hydrogens exchange at an intermediate rate and can be observed without
interference from other excha;ging species., The reason for studying
the exchange of amide hydrogens is that because they are linked to
the peptide backbone of the protein their exposure to the solvent
depends on the conformation of the backbone, and the degree of
exposure is reflected in the exchange rates.

The basic method of measuring the rate of exchange of hydrogen
atoms in a protein is to permit the proteln to exchange its protons
with one of the isotopes of hydrogen, either deuterium or tritium.
The amount of exchange which has occurred in a given tihe can then
be determined elther dy direct measuremsnt of the amount of isotope
in the protein, using infra-red or N,MiR.techniques, or by separating,
from a sample taken at that time, the solvent and protein, and
analysing either of them to obtain the amoﬁnt of isotope in the protein.

One commonly used type of tritium exchange is the technique
devised by Englander (1963) in which protein is separated from the
tritiated buffer by gel filtration.

Several attempts have been made to analyse hydrogen exchange
carves in terms of different classes of exchanging hydrogen atoms
(ottesen, 1971). TUnfortunately there is insufficient information
in such curves to permit a detailed analysis of the types of peptide
backbons present in the protein. The major use of hydrogen exchange

is in the detection of changes in the tertiary structure of a protein,



due to some alteration of its environment.

One important fact which emerges from & survey of the techniques
for the study of protein structure, both physical and chemical, is
that, because each method involves a different principle it is much
more rewarding to study a protein using a variety of methods rather
than just one. This approach is, in fact, synergistic,for when
when the results of one method are viewed in the light of results
from a second method, the information which can be deduced is
greatly increased,

Having considered the many methods of inveatigating the tertiary
structure of proteins, it would be useful to describe, to some extent,
theb information available enthe properties of the protein under
study in this thesis before going on to formilate a way in which its
structure may be investigated.



1.5. PLASMA ALBUNMIN.

l.5,.1. Qccuwence and Purification.

Plasma albumin is found in the blood of reptiles and all
higher species (Peters, 1970). It is, however, difficult to be
rigorous about this as the ph:/rsical and chemical properties of plasma
albumin vary slightly from species to species and since the protein
bhas no defined function, its classification can sometimes prove
troublesonme.

Albumin is by far the most abundant protein in blood, normal
levels in mammals being about 60 - 70 g/l (Engle and Woods, 1960).
Because of this high concentration and the ease of isolation of the
protein, albumin was one of the first proteins to be studied. This
is reflected in the similarity of its name to the word albumen, an
early name for proteins. In fact albumin was first studied by
Liebig and Milder in the iate 1820's when the term "protein" had
Just been introduced, and by 1894 a procedure had been drawn up for
the crystallisation of horse plasma aldbumin (Girber, 1894). From
that time, until the present day, albumin has been the subject of
more research than almost any other protein.

Albumin is prepared commercially by a variation of the cold-
ethanol method devised by Cohn et al.,(1950) during World War: II.
This method involves the fractionation of plasma proteins by -
precipitation with ethanol at low temperatures. In the course of |
the fractionation, pH, temperature, ionic strength and ethanol
concentration are all varied to produce a good separation. Using

this method albumin can be precipitated in about 96% purity.

Albumin produced in this manner can then be used to prepars ths



crystalline form of the protein., Crystallization occurs most
readily from concentrate@.isiutions at a pH just on the alkaline

side of the isoelectric point of the protein.
1.5.2. Metabolism

Although albumin is uaually associated with plasma, a slightly
higher total weight is, in fact, found in the interstitial fluid
of mammals than in the blood and, to some degree, albumin permeates
all extracellular fluids and is found in all secretions and
excretions (Sciltze and Heremans, 1966). Albumin synthesis appears
to take place in the liver and amounts to about a th{rd of the protein
production of that organ (Schultze and Heremans, 1966), There is
some evidence (Peters et al., 1968) that the synthesis of plasma
albumin may be regulated by altering the mumber of liver cells which
are actually producing the protein rather:.than altering the rate of
synthesis,

Although the catabolism of circulating aldbumin is by no means
completely resolved, the evidence available suggests that thes protein
is bfoken down by nearly all of the tissues of the body as a source
of amino acids in addition to those derived from the plasma
(Radovich et al., 1963), The rates of synthesis and catabolism
are such that about one-twentieth of the total albumin mass is
destroyed and replaced daily, Compared with other plasma proteins,
it has wuite a long half-life dbut the mass of protein involved is
vory mich larger in the case of albumin. This turnover rate may
be significant in a control process but it is difficult to say;
just as it is difficult to see why tissues require to break down
elbumin as another source of amino acids.

The regnlation of albumin synthesis and catabolism is affected



by three main factors: (a) the plasma albumin level, (b) dietary
protein intake and (¢) the action of certain hormonss (Peters, 1970).
Abnormal levels of albumin in plasma are in many cases closely

related to disease or.injury (Meindok, 1967).

1.5.3 Physical and Chemical Properties.

s/

BPA 48 a one-chain globuler protein. The gensrally accepted
value for its molecular weight is around 65,000 (Koenig arnd Perrings,
1952) although estimates have gone as high as 70,000 in some cases.
Sedimentation and diffusion data suggest that the molecule is a
prolate ellipsoid of revolution with a major axis of 14 nm and a
minor one of 4 nm (Squire et al., 1968), The amino acid composition
of EPA is shown in Table 1. The hydrogen ilon titration curve for .
the protein measures the ionizable groups on the molecule. From
the amino acid analysis it appears that almost all the possible groups
are capable of ionizing as the mumber of titratable groups in EPA
(Tanford et al., 1955) are lex=carboxyl, 99 B-, ¥=-carboxyl,

16 imidazole, 1 e<~amino, 57 ¢-amino, 19 phenolic and 22 guanidins
residues., One anomalous} factor in the hydrogen ion titration is
that the B- and¥-carboxfl groups and theg¢~lysine groups have an
abnormally low intrinsic pK while the value for the phenolic groups
is higher than expected.

The primary sequence of BPA is, at present, under study. One
group of workers has produced what is virtually the complete sequence
of the protein but one or two regions remain to be characterised
(Brown et al., 1971). King and Spencer (1972) are also. in the
process of sequéncing the peptides they obtain on cleavage of BPA
with cyanogen bromide., It appears prdbable that the complete amino

acid sequence of BHPFA will be resolved in the near future,



TABLE I.

The Amino Acid Composition of EPA.

The amino acid analysis of BPA {s taken from the results of
King and Spencer (1970). The numbexr of residues of each amino
acid per mole of EPA 1s expressed in terms of the nearest integer
and is the average of three determinations. The composition
shown here is in close agreement with other literature values

(Stein and Moore, 1949; Spahr and Edsall, 1964),
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AMINO ACID RISIDUES FPER MOL BPA
Lysine | 58
Histidine 17
(Ammonia) - (27)

 Arginine d 23
Aspartic acid 54
Threonine 32
Serine 26
Glutamic acid _ 80
Proline . 28
Glycine 15
Alanine 44
Half-cystine 35
Valine _ 35

| Methionine 4
Isoleucine 14
Leucine 58
Tyrosine 19
Phenylalanine 26
Tryptophan 2
Total . 570
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1.5.4. The Suleg!g;!l Groug.

One interesting aspect of the protein BPA is that only
~ about two-thirds of the albumin molecules in a typical preparation
have a measurable thiol group (Hughes, 1950)s According to the
amino acid analysis, i1f one assumes that the maximum mumber of
disulphide bridges are formed, every molecule should have one free
sulphydryl group. The albumin molecules containing a free
sulphydryl group were separated from the remaining molecules by
Hughes (1947)., This was achieved by forming a dimer of the protein
containing the thiol group using mercury. After separation, the
mercury can be removed by reduction. As a result the albumin
containing a free sulphydryl group is known as mercaptalbumin,
Jensen (1959) and others have also purified msreaptalbumin by
chromatography on DEAS ecellulose,

The cause of the variation in the sulphydryl content of HEPA
was shown by Andersson (1966) to be the fact that in one-third of
"the molecules the ﬁhiol group is masked by disulphide bridge

formation with cysteins and, to a lesser extent, glutathione,

1.5s5. ° Iow - g Behﬂ'j.ouzo

Another umsual charscteristic of the EPA moleculs is its
abnormal behaviour at low pH, Evidence from a wide variety of
physical studies (Tanford, 1950; Weber, 1952; Yang and Foster,
1954) suggested that the protein molecule underwent a molecular
expansion below pH4. EHarrington et al. (1956) showed that the
results could not be explained by dissociation of EPA into smeller
molecules at acid pH and that the expansion could be repressed
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by increasing ionic strength suggesting that it was electrostatic

in origin. Tanford and Buzzell (1956) proposed that the expansion
took place through an intermediate forme. The accepted model, at
present, is that, as the pH is lowered, the native form of EPA
(called N) isomerises to an intermediate form (celled ¥) with no
change in hydrodynamic volume and that.dt 1s the F form which
undergoes molecular expansion as the pH is lowered further (Acki

and Foster, 1957)., Foster and Clark (1962) concluded that the
"anomalous titration behaviour of EPA, originally thought to be due
to the acid expansion, was,. in fact, related to the N-F transition.-
They also showed that the trensition involved the normelization of
the abnormally low pKs of up to fifty carboxyl groups in the protein.
The cause of the umisual pKs is uncertain but may be connected with
a second isomsrization of the molecule at alkall pH, for which there

is soms evidence (Harmsen et al., 1971: leonard et al., 1962),

1.5.6. Heterogeneity.

Another aspecf of BPA which has been studied in great detail is
the heterogeneity of the protein. Apart from the more obvious types
of heterogeneity of HPA which are the presence of a sulphydryl group
(1.5.4.), polymerisation (Andersson, 1966) and ths N and F forms
(1.5.5.), there exist slight differences in albumin molecules which
are much more difficult to detesct. This has been called the micro-
heterogeneity (Colvin et al, 1954) of EPA. The phenomenon can be
detected by chromatography on DEAE cellulose (Noel and Hunter, 1972),
solubility studies (Foster et al., 1965) and equilibrium salting out

(Wong and Foster, 1969) as well as several other sensitive physical
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téohniques. Although the majority of the microheterogeneity appears
to reside in the rion-mercaptalbumin component (Kaplan and Foster, 1971),
Hagenmaier and Foster (1971] showsd that microheterogeheity can be
demonstrated in mercaptalbumin using solubility studies and reversible
boundary spreading.

There are several possible explanations for this dbserved
microheterogeneity: (1) anions bound to the BPA. This is
becoming less likely eas purification techniques for the protein are
improved. (2) Alteration of the protein side-chains e.g. acetylation
deamidation or amidation (Spencer and King, 1971). (3) Intra-
molecular disulphide interchange. There is a larger amount of
evidence for this possibility (Andersson, 1966). It is suggested
that the free sulphydryl group (1.5.4.) catalyses the interchangs.
(4) Differences in the primary structure of the protein. At present
there are no data to support this suggestiod.

It has been shown that the microheterogeneity is not due to
differences between individuale ( Spencer and King, 1971) and the most

probable explanatioh is a combination of the factors listed above,

1.5.7. JTon-binding.

BPA has the ability to bind a wider range of compounds than probably
any other protein. " Some examples of this property are listed in
Table 2. The most significant of these interactions are : (1) the
binding of copper ions, for which theiinitial binding site is well
characterised (Peters, 1970), (2) the binding of bilirubin,(3) the
binding of fatty acids and (4) the binding of L - tryptophan. It

is also 'interesting to note that, in the case of human albumin, acetyl



TABIZ 2.

Substances which Bind to EPA.

The list of substances which will bind to BPA is taken from
an article by Putnam (1965). The list does not claim to be
complete. It is merely representative of the diversity of such

compounds.
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ca** , G.l‘", Znt*
Bilirubin
Uric Acid
Vitamin C
Acetylcholix@
Cholinesterase ~
Adenosine
Aureomycin
Barbiturates
Chloromycetin
Digitonin
Fatty Acids
Suramin
Atedbrine
Erythrocytes
Neosalvarsan
Penicillin
Salicylate
Sulphonamides
Streptomyecin
Histamine
Triiodothyronine
Thyroxine

Tryptophan



salicylate (aspirin) not only binds to the protein but also acetylates

a specific lysine residue (Hawkins et al, 1969).
1.5.8. Fanction.

The function of BPA has not yet been clarified but it seems
probable that the protein does, in fact, '‘have several functions.
Plasma albumin is not essential for life as some rare individuals
can survive with, apparently, no such protein in their blood (Watson,
1965). Despite this the protein does appear to have several
physiological functions: (1) 4t accounts for about 80% of the
colloid osmotic pressure in blood and also contributes largsly to
the Donnan effect of blood due to its high negative charge, (2)

BPA has an important transport function in blood due to_its wide
capacity for binding small molecules. (1.5.7.), (3) EPA is also
an important source of amino?acids as it is broken down in large
amounts throughout the body {1.5.2.). These ars the main properties

attributed to BPA but furthetr functions for this protein may yet be

discovered.



1l.6. THS TERTIARY STRUCTUNE CF  BPa.

The one aspeet of BPA which has not been discussed so far
is the tertiary strmucturs of the proteine. A study of this problem
forms the basis of this thosis.

Although the binding sites of several of the small molecules
which interact with EPA have been characterised to some extient
(Pcters, 1976; Noel and HMuatsr, 1972), the only information about
the general tertiary structure of tho protein has coms from two main
sources; (1) +the formulation of models for the protein based on
physical measurements, and (2) the cleavage of the intact protein using
mild conditions,

Cne of the first models propoged for the structure of IBPA is that
of Toster (1960) based on elechrophoretic, titration and dctergent
binding messuremsnts (Fig. 1). The model consists of four
"pseudosuv-units" or globular regions linked by lengths of thLe peptide
chain. In the F form of the HPA (1.5.5.) the hydrophobic surfaces
are exposed. The holes around the edge of:the model represent the
16 or 12 strong detergent bindiﬁg sites which are destroyed in the F
form. Although some of the observations on which the model was based
have since been withdraw. (Foster et al., 1965) there are still
sufficlent datu to support a model of two or more pseudosub-units
(Adkins end Foster, 1965). A second model cHtained from physical
studies is that of Bloomfield (1966) which is based on hydrodynamic
and low-angle x-ray scattering data (Fig. 2). This model consists
of three spherical regions with the dimensions shown (Fig. 2),

The type of model wiich can bLe obtained by s.udying the products

obtained on cleavage of the BPA by various methods is shown in Fig. 3.



FICUKE 1.

The Tertiary Structure of BPA {I).

\

This médel for the tertiery structure of BPA was proposed by

Foster (1960). F' represents an intermediate form which can be

detected electrophoretically,
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FIGURS 2o

The Tertiary Stracture of BPA (II).

Bloomfield (1966) based the calculations for this model for the
tertiary structure of BP4. on hydrodynamic and low-angle x-ray scattering

datas The dimensions of the pseudosub-units are showrne
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FIGURE 3.

The Tortiary Structure of BPA (ITI).

This model for the tertiary structure of BPA is taken from the
work of Peters (1970). The dimensions of the proposed pseudosub-
units are shown abm_re the diagram and the number of amino acids in

each is shown below,
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This model again has a paeudosub-unit structure and is based on ths
results observed by several workers (Peters, 1970).

. In order to try and obtain further Information about the general
tertiary structure of BPA it was decided to.investigate the reactivity
of certain functional groups on the protein using the method of
chemical modification (1.8%.). It was further hoped that the methodology
developed in this way would be applicable to the study of the structufe
of other proteins.

The theory put forward is that, allowing the limitations of chemical
modification mentioned earlier (1.4.), if & group in a protein is
chemically modified by a reagent which is unable to penstrate the interior
of the'protein then such a group will lie on ths outside of the protein.
I the modifiéd residue can then be located in the primary sequence of
the protein an idea can be obtained of the tertiary structure ofithe
molecule from the distribution of mddified groups, if a Teasonable
number are present. Further information can be obtained about the
binding sites of various molecules on the protein by observing whether
their presence alters the distribution of modified groups or not.

It vas decided to use the reagent Dns-Cl in this investigation for
several reasons: (1) Dns-Cl reacts with the ¢ -lysine amino group,
the o=-tyrcsine hydroxyl group and the imidazole group of histidine 'in
proteins. It will}also react with the ¢-amino group of the protein
and thiol groups if present (Gray, 1967). The reactivity of Dns-Cl,
is, therefore, reasonably selesctive but it will modify sufficient groups
to provids useful information about the relative reactivities of the
functicnal recidues, (2) the reaction of Dns-Cl with amino acids has
already been well characterised (Gray, 1967; Gros and laboussss, 1969),

(3) peptides containing modified residues can be easily identified by



wd4w

their fluorescence or absorbance at 330 nm, (4) the fluorescence of

the Dns group can be used to quantitate the amount of modified amino

acid present, (5) the modified residues are easily identified (Woods and
Wang, 1967) and (6) the Dns group appears unlikely to penetrate the
interior of the protein for it has been shown that if this happens it
involves a large, easily detec?gd change in the structure of the protein
(Okabe and Takagi, 1971). The reasons outlined above suggested that
Dns-Cl would be a suitable reagent for the investigation of the tertiary
structure of EPA by the technique of chemical modification.

The work which follows falls into three main areas, all of which
have to be investigated before the information obtained can be used to
form an impression of the tertiary structure of EPA. Firstly the reaction
between Dns-Cl and the protein has to be studied in order to determine
the mumber of residues modified and the effect of experimental
conditions on that mumber. Secondly it must be shown that extensive
modification of the protein does not alter the structure of the protein
to a significant extent. Finally the modified residues must be
located in the primary sequence of the protein. Once these problems
have been solved, the data obtained can then be used in an attempt

to probe the tertiary structure of HEFPA,



2. MATERIALS AND METHODS
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2.1. MATZRIALS.
2.1.1. Reamnts.

All reagents used were Analar grade unless otherwise stated.
In all experiments distilled, deionised water was used. This was
obtained by passing distilled water directly through an Elgastat
deioniser (Elga Products, Ltd., Railwaey Place, london, S.W.19, U.K.).
Dns~Cl and standard Dns;amino acids were purchased from B.D.H,
Chemicals, ltd., Poole, Dorset, BH12 4NN, UK. This company also
supplied the Aristarcgradeacetone which was used in all experiments.
Apalar pyridine was redistilled over ninhydrin before use. N-sthyl

morpholine was also redistilled prior to use.

2.1.2, Dialysis and Filtration Apparatus.

Dialysis was carried out in Visking tubing obtained from the
Scientific Instrument Centre Ltd., )l lLeeke St., london, W.C.l, U.K.
The tubing was boiled before use for 4 h in 0.05 NaOH containing
2.5 g/1 EDTA to remove impurities. The tubing was then thoroughly
washed and stofed in distilled, deionised water. Protein solutions
woere concentrated in a Diaflo ultrafiltration apparatus using a PM10

membrans (Amicon Ltd., 57 Queens R4d., High Wycombe, Bucks., U,K,).

21430 Chromatographic media.

Sephadex G10 and G50 fine were obtained from Pharmacia Fine
Chemicals AB, Upsalla, Sweden. Whatman No. 1 Chromatography paper
(46 cm x 57 om) was purchased from W. & R, Balston Ltd., Maidstone,
Kent, U.K. Analytical_ grade anion exchange resin, AG2 - 18,

100-200 mesh, was supplied in the chloride form by Bio Rad
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laboratories, Richmond, California, U.S.A. B.D.H. Chemicals
Ltd., Poole, Dorset, BH12 4NN, U.K,, supplied polyamide layers.
All resins and gols were prepared for uée in accordance with the

manufacturers! instructions.

2.1.4. Proteins.
s

The proteins used, and the companies which provided them are

listed below:

Protein Batch No. Supplier
Crystallised BPA SLI370,TE0370 Armour FPharmaceutical
Co. Ltd., EZastbourne, U.K,
TPCK=-Trypsin 91C Worthington Biochemical
Corp., Freehold, New Jersey,
U.S.A,
o¢= Chymotrypsin ' CD1 '8LK as above
Pepsin, crystallized 23 Pentex Biochemicals,

Kankakee, Illinois
60901, U.S.A,

Thermolysin, 3x . 200077 Calbiochem, San Diego
crystallised . Califr. 92112, U.S.A,
Bacitracin as above
Insulin crystalline Sigma London Chemical Co.Ltd.,
Norbiton Station Yard,
Kingston-upon~Thames,
Surrey, KT2 7BH, U.K.
Ribonuclease A Typs X-A as above
2.1.5. Radiochemicals.

Tritiated Dns-Cl (7.0Ci/mmol) and tritiated water (0.36 mCi/m mole)

were purchased from The Radiochemical Centre, Amersham, Bucks., U.K.



2¢1.6, Instrumentation.

Absorption spectra were measured using a Cary 15 recording
spectrophotometer (Cary Instruments, 2724 South Peck Rd., Monrovia,
Calif. 91016, U.S.A.) or a Pye Unicam SP8000 ultraviolet recording
spectrophotometer (Pye Unicam }td., Cambridge, U.K.). Other
absorption measurements were carried out on a Beckman DB spectrophoto-
meter (Beckman Instruments Ltd., Glenrothes, Pife, U.K.). Circular
dichroism was measured using a Cary 60 spectropolarimeter (Cary
Instruments, 2724 South Peck Rd., Monrovia, Calif. 91016, U.S.A.).
Fluorescence studies were carried out on a Hitachi Perkin-Elmer
MPF - 2A fluorescence spectrophotomster (Perkin-Zlmer, Norwalk,
Connecticut, U.S.A.). All pH measurements were obtained using a
Pye Unicam model 290 pH meter (Pye Unicam Ltd., Cambridge, U.K.).
Electrophoresis was carried out using a 10KV cooled plate electrophoresis
unit (Miles Hivolt Ltd., Shoreham, Sussex, U.K.) Fluorescent
derivatives were visualised, on paper, using ultraviolet irradiation
produced by a Chromatolite portable ultraviolet lamp (Hanovia Lamps,
Slough, U.K.). All scintillation counting was carried out on an
Isocap 300 liquid scintillation system (Nuclear-Chicago Corporation,
333 East Howard Ave,, Des Plaines, Illinois 60018, U.S.A.).



2ele MATHODS
2.2,1. Praparation of Dns - BPA,

The chemical modification §f BPA using Dns-Cl was performed
using the method of Weber (1953). The essential features of this
method are outlined in Fig. 4. After preparation, the protein
conjugate was stored at - 10°C in the lyophilised form or in frozen

solution.

2e2e20 Determination of the Molar Ratio of Dns Groups to BPA,

THroe - msthods of determining the number of Dns groups bound to
each molecule of DPA were tested in order to f£ind a suitable one.
The techniques used are listed in Table 3. All the methods are
based on tHe direct determination of the relative concentrations of
Dns groups and of BPA in a given sample.

The first method was based on the observation by lagunoff and
Ottolenghi (1966) that ratio of the absorbance of the Dns group at
1ts maximum (310 - 330 nm) to that at 280 nm was close to 2. This
can be seen from the absorbance spectrum of the Dns group (Fig. 5).
In this case the absorbance maximum is about 315 nm but r.1 binding of
the roagent to protein the maximum shifts to 330 nm. From this
observation the following expression was deduced for the number of

Dns groups bound per molecule of BPA.

Ezz0nm exs

E2g0nm = % E3z0nm €,

where E is the absorbance at the wavelength indicated by the subindices,



FIGURE 4,

Preparation of Dns - BPA,

Dns-EPA was prepared according to the msthod of Weber (1953) with
some modification. The method illustrated ussi a weight of Dns-Cl

which gave the maximum degree of labelling.



100 mg EPA in 100 ml 0.1M phosphate buffer pH 7.5

40 mg Dns-Cl in 5 ml acetons

A 4

React at 0°C for 18 h

L 4
Centrifuge at 20,000g for % h

R 4
Dialyse supernatant against 0.066M phosphate buffer pH 7.0 for 24 h at 0°C

Pass slowly through a column of AG2-x8 equilibrated with 0,066M phosphate
buffer pH 7.0

Dialyse against distilled, deionised water and lyophilise



TABLE 3,

Assays for the Molar Ratio of Dns Groups to EPA,

Several different techniques were examined in order to
produce an accurate assay for the molar ratio of Dns groups

to BPA in the modified protein.



MEASUREMENT OF COMNCN. MZASUREMENT OF CONCN.
OF DNS GROUPS OF EPA

1. Eaap Eog0

2. ESSO Biuret

3. Tritiated Dns - Cl

Biuret




FIGURE S.

The Absorbance Spectrum of the Dns Group.

The spectrum is taken from the results of laganoff and
Ottolenghi (1968)s The structure of the reagent Dns-Cl is

shown above the diagram.
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€y is the molar extinction coefficient of BPA at 280 nm and €5 is the
molar extinction coefficient of the Hns group at 330 nm (Okabe and
Takagi, 1971). 1In this way, the protein concentration was measured
by the absorbance at 280 ni, corrected for the contribution of the
Dns group, and the concentration of the latter specles was measured
by absorbance at 330 nm where there is po‘linterference from the
protein absorbance.

All measurements using this method were performed on Dns-EPA
dissolved in NET buffer pHB8.0. In this buffer, QB was measured and
found to be 4.114 x 104 litre mol~lem~l, Okabe and Takagi (1971)
suggested a value, for€ p, of 4.3 x 103 1itre ml-lem~l, FHowever,
Hartley and Massey (1956) proposed a values for€p of 3.0 x 10° litre
mol=lem=1 based on studies with Dns-ovalbumin conjugates. This
appears to be a more accurate value as the former is based on studies
with simple molecules (Weber, 1952).

The second method in Table 3 involved measurement of the
concentration of Dns groups as in the previous method. The protein
concentration, howevér, was measured by the biuret method which, in
this case, involved mixing 1 ml of sample with 4 ml of biuret reagent
and reading the absorbance at 550 nm of ~1:he mixture after 30 min at
room temperature, The biuret reagent consisted of 1.5 g of
CuSO4. 5 H20 and 6 g yor sodium potassium tartrate dissolved in 500 ml
of water to which was added §00 ml of 2.5 M NgOH, This solution was
then made up to 1 1 before use. The standard curve obtained using
this method is shown in Fig. 6. The protein concentration was
measured using this technique because it has been shown (Lagunoff ang
Ottolenghi, 1966) that the Dns group will interfere with other methods
of protein estimation but has no effect in this case. |



FIGURE 6.

Standard Curve for Biuret Method.

EPA was dissolved in NET buffer pHB8.0 to give samples of
known protein concentration. These ware then tested according
to the biuret method of determining protein concentration.
After the reaction the samples wore mesasured for absorbance at

550 nm.
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The final way in which the mumber of Dns groups bound to
BPA could be. assayed was by measuring the protein concentration by
the biuret method and measuring the number of Dns groups by a
radiochemical methode In the last case & smal) amount of tritiated
Dns-Cl was added to non-radioactive Dns-Cl, berorg mixing with BPA,to
give a known specific activity.,  The Dns-BEFA was then prepared as
usual (2.2.1.) and an aliquot of known protein concentration was
taken for scintillation counting (2.2.3). The concentration of Dns
groups could then be caleculated from the activity of the sample,

One other possible iathod of determining the degree of binding
of Dns groups %o HPA would be to devise an assay system based on the
fluorescent properties of Dns compounds. Such an assay would prove
difficult to use in the system under study as the fluorescent properties
of the Dns groups are dependent to a large extent on the environment of
the particular group (Chen, 1967; Parker et al., 1967) and it would
be unlikely that all the Dns groups bound to EPA would occupy equivalent

positions. As a result such an assay system was not investigated.

2230 Scintillation Counting.

All scintillation counting was carried out on an Iﬁécap 300 liquid
scintillation systemf 200)*1 of sample was mixed with 10 ml of
scintillation fluid ﬁnd counted for 10 min. against an external standard.
The pumber of counts obtained for each tritiated sampls were converted
to d.p.me using a quench curve prepared earlier. The scintillator
used consisted of 0.5%. 2,5 - diphenyloxazole in toluens mixed with
2 - methoxyethanol in the proportions 60 : 40 (v/¥j. In some cases,
because of the colour quenching due to high concentrations of Dns
groups, the measurement of d.p.m. was carried out using an internal

standard.



2.2.4. itium Exchange.

o ——

The tritium exchange method used was the two-column technique
of Englander (1963). Using this technique of tritium exchange the
amount of tritium remaining in the protein after a given time of
exchange with non-radicactive buffer is measured by separating the
free tritium from that bound to/protein and determining the radio-
activity of the latter. It was decided to use Sephadex G100 instead
of the G25 normally used in an attempt to obtain a faster separation of
the protein and tritiated water. One large column (6.0 cm x 2.5 cm)
and five smeller columns (6.0 cm x 1.0 c¢m) were set up, equilibrated
with NET buffer pH 8.0. EPA or Dns-BPA was then dissolved in 0.l
M N-ethylmorpholine pH 9.6 to give a solution containing 4 mg/ml
protein. 1 ml of this solution was added to 100/‘1 of tritiated
water (20 mCi/ml) and incubated at 25°C for 20 hr in order to achieve
a complete tritiation of all labile hydrogens.

When tritiation vms complete the pH of the solution was adjusted
to pH 8.0 with 10% (v/v) acetic acid. The sample wae then transferred
to the large Sephadex column which was eluted at 120 ml/h and 1 ml
fractions were collectsd mamally., The fractions were measured for
absorbance at 280 nm and those containing protein were pooled, after
200 ),.1 of each had been removed for séintillayion counting, and
incubated at 25°C once more.

At a series of time intervals from 0.5 h to 24 h after the
initial separation, 300 /Al of the sample were placed on one of the
smaller columns, eluted with NET buffer pH 8.0 and 300 }_.1 fractions
were collectede The protein concont?ation of each fraction was
determined from the absorbance at 280 nm and 200 };1 of those containing
protein were taken for the measurement of radioactivity. In each

experiment, the Ejag of the protein was calculated using an aliquot



of the original solution, after adjusting the pH to 8.0 as before.
THhe protein concentration was measured by the buiret method.

The number of tritium-labeled hydrogens per mole of protein (N)
is calculated from the equation .

wo.s x& x

N = /Go A

where@b {8 the molar extinction coefficient of the protein, Co is the
radiocactivity of the incudbation mixture measured in d.p.m, per zoojkl,
A 1s the absorbance of the sample, C is the radioactivity of the sample,
measured as for Co and 110.8 is the molar concentration of hydrogen in

water,
2:2¢04 Circular Dichroism,.

All circular dichroism measurements were carried out on a Cary 60
spectropolarimeter using a 0.5 mm path length, cylindrical quartz cell,
The protein solutions studied were made up in 0.1M phosphate pH 8.0
to a concentration of approximately 0.075% (w/v). The sensitivity
control was set such that a full-scale deflection corresponded to 0,1°
ellipdcity. All the samples studied were scanned at 25°C at a chart
speed of 9 nm/min. The spectra were measured in duplicate and the
averege values have been reported., The circular dichroism was
calibrated with d-camphorsulphonic acid, assuming a circular dichroic

absorption coefficient of 2.2 at 290 nm,
2.2.6. Fluorescence

Samples for fluorescence measuremsnt were dissolved in 5% (v/v)

pyridine and then studied using a Hitachi Perkin-Elmer fluorescence



spectrophotometer. The sample chamber was maintained at a temperature
of 28°C for all experiments by circulation of water from a thermostatted
bath. In the experiments where fluorescence was used as a means of
measuring the amount of fluorescent materialiin peptids hydrolysates,

the spectrophotometer was calibrated with a standard sa.niple of ) Dns
lysine (1 nmol/3ml), A 1 cm x 1 cm quartz cell was used in all

fluorescence measurements,

2.2.7. Aminoethylation.

Theke.minoethylation of EPA and modified BPA was carried out by a
modification of the method of Cole (1967). The method was altered
because 1t was difficult to dissolve the BPA in the 8M urea, 1 M Tris
buffer used in the original technique.

100 mg EPA were dissolved in 2.5 ml 4 M Tris buffer pH 8.6. This
solution was then added to 7.5 ml 12M urea and nitrogen was bubbled
through the solution for 20 min. Then 100 /4 Pmrcaptoethanol were
added and the solution was left at room temperature under nitrogem for
four hours. Three 0.2 ml aliquots of ethylenimine were added at 10 min-
intervals and the reaction was allowed to proceed for a further hour.
The reagents were removed by repeated dialysis. Amino acid analysis
of the aminoethyl EPA showed that between 80% and 90% of the cysteins
residues had deen converted to aminoethylcysteins residues. As it is
aifficult to obtain a 100% recovery of aminocethyleysteine on amino acid
analysis, the actual extent of conversion is probably nearer 100% than

indicated by this method.
2.2.,8, Performic Acid Oxidation.

Performic acid was prepared by mixing 5 volumes of 30% (v/v)
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hydrogen peroxide with 95 volumes of 99% (v/v) formic acid. The
reaction mixture was then left at 25°C for 2 h in a closed container.
10 ml of performic acid and a solution of Sj;mol BPA in 5 ml 99% (v/v)
formic acid, 1 ml methanol, were then permitted to stand at -5°C for
30 min. The solutions were mixed and allowed to react at =50C for
150 min. The reaction was terminated by the additlon of 400 ml of
ice-water followed by lyophilisation. This process was repeated

once more,

2.2.9. Amino Acid Analysis.

For amino acid analysis, 1 mg of protein was dlssolved in 2 ml
5.7 M (constant boiling) hydrochloric acid. The sample was then
hydrolysed for 22 h at 110°C in an evacuated, sealed tube. After
hydrolysis, the sample was dried, redissolved in distilled, deionized
water and analysed on a Jeol JLC 5 AH amino acid analyser (Japan Electron
Optics labdoratory Co. Ltd., Chiyoda-du, Tokyo) using a two-column system

and step-wise elution.

2.2.10, Proteolytic Digestion.

Aminoethyl Dns-EPA was broken down by several different proteases
in order to find a method suitable for the production of peptides
containing the Dns groups. The conditions used in each case are

outlined below:

(1) Chymotrypsin.
100 mg of protein was dissolved in 10 ml of 1% (w/v) ammonium
bicarbonate. 1 mg of chymotrypsin dissolved in 1 ml of 0,001 M

hydrochloric acid was added to this solution. The pH was adjusted to
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8.0 and the reaction allowed to take place at 25°C for 6 h with stirring.
The solution was then centrifuged to remove any precipitate and the

reaction was stopped by the addition of 1 ml of glacial acetic acid.,

(2) Pepsin.

100 mg of protein was dissolved in 11 ml 5% (v/v) formic acid
and to this was added 10 mg peps;.n dissolved in 1 ml of the same
solvent. The reaction mixture was then left at 37°C for 17 h with :::

stirring.

(3) Trypsin and Thermolysin.

Both these proteases were allowed to attack the protein under
identical conditions. 100 mg of protein was dissolved in 10 ml NET
buffer pH 8,0, To this was added 2.0 mg of protease dissolved.in
the same buffer. The aminoethyl Dns-EPA was digested, with stirring,
for 17 h at F°C. | |

In all the above cases the reaction mixture was lyophilised on

completion of the reaction.

22,11, Ghromtogragh! of PQEtides;

In order to obtain an estimate of the molecular weight distribution
of the peptides produced by peptic digestion of aminoethyl Dns-BPA, gel
chromatography was carried out. A column (115 cm x 1 cm) of Sephadex
G50 fine was set up, equilibrated with 5 (v/v) formic acid and eluted
at 35 ml per bour. 1 ml fractions were collected. The column was
calibrated with the following molecular weight markers, detecting the

presence of protein in the eluate by its absorbance at 280 nm:



Molecular weight

Ribomiclease A 13,683

Insulin 5,733
Bacitracin 1,411
Tryptophan 204

20 mg of aminoethyl Dns~EPA which had been digested with
persin (2.2.10.) was then applied to the column and chromatographed,
In this case, the protein concentration of the fractions was

determined by the buiret method (2.2.2.).

2.2.12, Peptide Analyeis,

The mixture of peptides produced by peptic digestion of amino-
ethyl BPA (2.2.10.) was fractionated by ion-exchange chromatography
on Chromobead P resin using a Technicon peptide analyser (Technicon
Instruments Ltd., Hamilton Close, Houndmills, Basingstoke, Hants.),
?,Lmol of the mixture was applied to the column and eluted at 27 ml
per hour with one of two gradients of pyridine-acetate buffers. The
rirst gradient gave a rise from 0.2 M to 2.0 M pyridino-acétate and
from pH 3.1 to pH 6.5 while the second went from 0.1 M to 2.0 M buffer
and from pH 2.75 to pH 6.5. 4.5 ml fractions were collected. As the
eluate emerged from the column, a small amount was continuously
monitored by the analytical system for protein concentration. This
was achieved by measuring the colour produced on reaction of the sample
with ninhydrin, before and after hydrolysis. The fractions were also
tested for absorbance at 330 nm which indicates the presence of Dns
groups. The relative fluorescence of the samples was checked by
spotting an aliquot of each on Whatman No. 1 paper and comparing the
spots under an ultraviolet lamp. The fractions containing Dns~-peptides

were pooled and lyophilised.



2.2.13, Electrophoresis.

The electrophoretic separation of peptides was carried out on a
water-cooled flat-bed apparatus. Thé samples were applied to an
origin on a sheet of Whatman No. 1 paper along with two standard
mixtures of known amino acids. The paper was then wetted with the
buffer being used and electropho;esis was carried out, normally at
3,000V, for & given time., At the end of the separation the paper

was dried in a fume cupboard.

2.2.14, Staining and Elution of Peptides.

Peptides were visualised, after electrophoresis, by staining with
a ninhydrin-cadmium acetate reagent. The paper was dipped in a
aolution containing 100 ml ninhydrin (1% (w/v) in acetone) and 15 ml
of a cadmjum acetate solutibn made by dissolving 5g cadmiﬁm acetate
in 750 ml 3% (v/v) acetic acid. The paper was then dried for 20 min
at 60°C and the ninhydrin positive spots were easily seen.

In the case of preparative paper electrophoresis, the areas
containing Dns-peptides were visualised under an ultraviolet lamp,

cut out and eluted from the paper using 5% (v/v) pyridine.

2.2.15. . Jdentification of Dns-Amino Acids.

Dns-amino acids were identified by thin layer chromatography
on polyamide sheets (5 cm x 5 cm) using the solvent systems of Woods
and Wang (1967). The positions of unknown Dns-amino acids were
compared with those of standard Dns-anino acids run in the same

system. |
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It has been pointed out earlier (1.6.) that the sbtudy of the
tertiary structure of BEPA using chemical modification by Dns-Cl
falls into three areas: (1) a study must be mads of the factors
influencing the reaction of the protein with Dns-Cl and the extent
of the modification occuming. (2) The tertiary structure of
Dns-EPA must be examined in order toshow that the reaction has not
significantly altered the original shape of the protein, otherwise
any deductions made about the modified protein cannot be related
to its native structure. (3) In order to make such deductions tﬂe
residues with which the Dne-C)l has reacted mst be isolated, identified
and located in the primary structure of the protein.

To simplify the presentation of the results obtained in the course

of this research they will be grouped under these three areas of

investigation,
Bele THE REACTION OF DNS-CL WITH EFPA.
Jelole . The Preparation of Dns-BEPA.

‘The method used for all preparations of Dns-BFA was basically |
that of Weber (1953). The only modification normally mede to this
method was to greatly increase the amount of Dns-Cl used, although
in some experiments several different factors in the reaction were
altered. The steps involved in the preparation of Dns-HPA are
outlined in Figure 4. When the Dns-Cl solution was added to the
reaction mixture a very fins suspension of the reagent was formsd as
Dns~Cl is virtually insoluble’ in water. As the reaction proceeded
the turbidity'gmdually cleared. When large volumes were betfng

used in the reaction, the solution was normally stirred. However,
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whether the mixture was stirred or not had no influence on the degree
of modification. The centrifugation step was included in the
preparation of Dns-EFA to remove any remaining traces of the insoluble
Dns-Cl. It was thought, at one point, that this step might lead to
erroneous results for the molar ratio of Dns groups to BEPA in the
product if heavily-modified protein precipitated in the course of the
reaction. This was shown not to be the case by measuring the protein
concentration in the initial solution and after the centrifugation,
using the biuret method. The remaining steps in the preparation were
involved in the removal of any adsorbed reagent molecules from the
protein. BEPA dpes, in fact, appear to adsorb the reagent molecules
more strongly than most proteins (Weber, 1952). Non-covalently bound
Dns groups, which will be in the sulphonic acid form, can be removed
from the protein by ion-exchange chromntograﬁhy using a column of

AG2 = x8 resin. In preparations where the volume involved is large,
the 1on-éxehange'procesa can be equally well carried out using a bateh
technigue,

Since it was essential, from the point of view of all subsequent
experiments, that all the adsorbed Dns-OH was removed from the modified
protein, two methods of testing for complete removal were used. The
first of these was devised by Weber (1953), He separated the free
Dns=0H from the Dns-BFA using paper chromatogrephy with a solvent
system consisting of ethanol and 0,2M acetate buffer pH 4.8 (55:45, v/v),
In this system, the free Dps groups had an Rp value of 0,9 while Dns-BPa
did not move from the origin., The spots present on the cﬁiomatogram

could be easily located under an ultraviolet light. Using this method



thé presence of free Dns groups in the Dns-~BPA preparation can be
simply detected.

The second method used was designed in an attempt to ensure that
no Dns-0H was absorbed in the hydrophobie sites known to exist in EPA
(Jonas and Weber, 1971). 20 mg of Dns-BPA was dissolved. in 10 ml NET
burfer pH 8.0 which was then made 8 M with respect to urea, The solution
was filtered in an Amicon ultrafiltration cell containing a FM 10 membrens.
The fluorescence of the filtrate was compared with that of a standard
solution of Dns-Cl in the same solvent. Only free Dns-OH will be able
~ to pass through the membrane as molecules larger tham 10,000 molecular
weight will be retained. The amount of fluorescent material released
was less than 5% of the total fluorescence of the Dns-BPA. This
corresponds to the release of less than ons Dns group per molecule of
BFA.

Both the methods outlined ai:ove indicated that the Dns-EPA was
free from a significant amount of adsorbed reagent. Once prepared,
the Dns-BEPA can be stored, either in the lyophilised state or frozen
as a solution in buffer pH 8.0, for long periods of time, at -1o°c,
with no detectable alteration.

Bele2, Determination of the Molar Ratio of Dns Groups to
EPA in the Modified Protein.

Several methods were examined in order to find a suitable technique
for measurement of the molar ratio of Dns groups Yo BPA. These have
been outlined previocusly (2.2.2.). To ensure that the effect of
increasing amounts of bound Dns groups was taken into consideration
each of the asgay methods was carried out on the samples obtained from

an experiment in which the amount of Dns-Cl in the reaction mixture was



gradually increased over a wide concentration range (1-250 moi Dns-Cl
per mol EPA),

The first method to be attempted was that used by Okabe and Takagi
(1971) in their studies on Dns-lysozyms. This method relied entirely
on the ultraviolet absorbances of the Dng-group and of BPA (2.2.2.).
The results obtained using this method are shown in Figure 7.

Since the above technique depended on the absorbances of the
compounds involved and because these could alter as more Dns groups
were bound to EPA, due to intramolecular interactions, it was felt
that other methods of measuring the molar ratio of Dns groups to BFA
should be investigated.

The second method examined (Table 3) eliminated one of the
absorbance measurements by determining the protein concentration using
the biuret method (2.2.2.). TUse of th‘is method assumed that the
absorbance of the Dns group at 330 nm was not affected by an increase
in the molar ratio of Dns groups to EPA. Although this assumption
could prove invalid the method mérited investigation because of 'its
simplicity. The results obtained using this method are a.léo shown
in Pigure 7. There was a large difrerenée between the results fron
this method and those of the previous method, suggesting that the
absorbance at 280 nm ér Dns-BPA could not be used to accurately
determine the protein concentration of the sample,

The third method outlined in Table 3 was devised in order to
remove the requirement to measure the concentration of Dns groups by
their absorbance at 330 nm. In this case, the concentration of protein
was still measured using the biuret method but the concentration of

Dns groups was measured by using radioactive Dns-Cl in the reaction



FIGURE 7,

Determination of the Molar Ratio of Dns Groups to EPA in Dns-EPA.

The three methods outlined previously (2.2.2.) for the
determination of the mumber of Dns groups which bind per
molecule of EPA were applied to samples obtained in an
. experiment to study the effect of the concentration of Dpns-Cl
in the reaction mixture on the molar ratio of Dns groups to EPA,
This psrmits study of the influence of increasing amounts of

Dns groups on each assay method.

Motlod of assay

Dns group conén. BPA conen.
o — E 330 Biuret
A A' Trﬁiated Dns=Cl Biuret
fo) ° E 330 E 280
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mixture and counting the radioactivity present in the modified
protein, I;he results obtained using this method of measurement
are also shown in Figure 7.

In the assay technique using radiocactive Dns-Cl outlined above
the d.p.m. values for the samples of Dns-BFA were calculated from the
¢.p.m. values using an external standard source of radioactivity to
measure the quenching of the sample and comparing the result with a
solvent quench curve prepared earlier. However, since the Dns groups
are coloured, there is a possibility of quenching in addition to that
caused by the solvent because the coloured compound can absorb the
light emitted by the scintillator. It is generally assumed that
colour quenching follows the curve obtained for solvent quenching.
Ir this is the case, the d.p.m. values obtained using the external
standard method will be correct. To ensure that this is, in fact,
what happens in the system under consideration the following experiment
was carried out. Several samplés were selected for which the d.p.m.
values had already been calculatdd using the external standard method
and the solvent quench curve. To dach sample was added a known amount
of tritiated toluene. The volume added was very small (5,1) and,
as such, should not alter the quenching characteristics of the sample,
The samples were then counted again and, from the increase in c.p.m.
obtained, the efficiency of counting of the sample and its d.p.m.
value could be worked out. The results obtained are shown in Table &,
These indicate that any colour quenching due to the Dns groups must
follow the solvent quench curve as the differences betwsen the values
obtained by the two methods of calculating d.p.m. are well within

experimental error, On the basis of this, the d.p.m. values obtained



TABLE %,

A Comparison of Counting Methods for Dns-BPA.

In order to examine the effect of colour quenching of Dns
groups in Dns-EPA prepared from tritiated Dns-Cl, two methods of

| calculating the d.p.m. values were applied to the same samples,

In the first method, the external standard method, an external
standard source of radiocactivity was used to measure the quenching
of the sample and from this the efficiency of the counting was
calculated using & solvent queanch curve prepared previously.

The samples were then used for the second method, the internal
standard method, in which the ericiency of counting was measured
by adding a known amount of radiﬁactivity to the samples and

counting them again.



SAMPIE D.P.M,
INTERNAL STANDARD EXTERNAL STANDARD
1l 5129 5286
2 11376 11301
3 20694 21811
4 45656 44257




by the external standard method can be taken as correct.

A comparison of the third assay method, outlined above, with the
second method described in Table 3 demonstrates that the absorbance,
at 330 nm, of the Dns groups cannot be used to calculate their
concentration in the determination of the molar ratio of Dns groups
to EBPA in the modified protein. This is probably because the molar
extinction coefficient of the Dns groups at 330 nm is altered as the
degree of modification of the protein is increased. The most likely
caﬁse of such a change is interactions between the Dns groups or
between the Dns groups and the protein (4.l.).

Due to its methods of measurement, the third technique was, by
far, the most accurate of the three tested. However, in oxrder to
avoid excessive use of radiochemicals and to provide a simpler method
of assay it was decided td use the second method described (Table 3)
es the results obtained could be readily converted to the trus values
using the graph shown in Filgure 'f. This method had the added
advantage that it also gave the tmc protein concentration of the

sample, unlike the first technique.

SeleSe The Effect of Different Concentrations of Dns-Cl
in the Reaction Mixture on the Degree of lodjification.

Having devised a suitable method for determining the molar ratio

. of Dns groups to EPA in Dns-BPA, the next step in a study of the reaction
of Dns-Cl with BPA is to investigate the factors which affect the

degree of modification of the protein. This is necessary if any
structural information is to be derived from the residues which are
modified and those which are not. It must be shown that less than
complete modification is not due to the reaction conditions but is due,

instead, to the structure of the protein.
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It was thought that one important influence on the molar ratio
of Dns groups to BPA in the modified protein would be the relative
concentrations of the reagents in the initial reaction. In order to
study this, the degree of modification obtained was measured for samples
of Dns-EPA prepared using different concentrations of Dns-(C)l in the
reaction mixture. The results obtained are shown in Figure 8., This
shows that as the concentration of Dns-Cl added to EPA is increased to
about 70 moles per mole BPA, the degree of mddification increases. The
curve then becomes horizontal and even using mach higher initial
concentrations of Dns--.Cl has no effect on the degree:of modification
- produced, This tends to'indicate that all the possible reactive
residues in the protein are not equivalent.

3.1.4. The Wavelength of Maximum Absorbance of the Dns
Group in tke Modified Protein.

Since the assay used to dalculateithe degree of modification
depends on the absorbance of éhe Dns group at 330 nm, it is essential
that the wavelength of maximuh absorbance of the group does not vary
significantly as more Dns groups are bound to the protein. This was
examined for a mumdber of different molar ratios of Dns groups to EPA
(Fig. 9). Although the results indicate'that the wavelength of
maximim absorbance is around 335 nm for most of the samples examined,
it was decided to contimue to assay the Dns groups by measuring thelr
absorbance at 330 nm as the peak of absorbance in this region is»
comparatively broad and any errors introduced by readings taken at a

8lightly lower wavelength than the maximm will be negligible.

3.1.5. The Effect of Reaction Time on the Degree of Modification,

Another important experimental factor which could affect the moler



FIGURE 8.

The Effect of Different Molar Ratios of Dns-Cl to BPA on the
Degree of Modification.

Flasks were set up containing 100 mg BPA dissolved in 100 ml
0.1 M phosphate buffer pH 7.5. To each was added a different
weight of Dns-Cl dissolved in 5 ml acetone., The reaction was
then allowed to procéed and the modified protein isolated as
described earlier (Fig. 4). The molar ratio of Dns groups to
BPA in the modifried protein was measured using three samples

from each reaction mixture.
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FIGURE 9,

The Effect of the Degree of Modification on the Wavelength of
Maximum Absorbance of the Dns Group.

In the course of ths previous experiment (Fig. 8), the
wavelength of maximum absorbance of the Dns group was measured
for each sample of Ims-BPA produced by a given weight of Dns-Cl
in the reaction mixture. Measurements were confined to the

peak occuring betwesen 300 nm and 350 nm.
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ratio of Dns groups to BPA ie the length of time of the reaction.
This was examined by setting up a preparation of Dns-BPA and taking
samples at various times after starting the reaction (Fig. 10).

The results show that initially about ten molecules of Dns-Cl raaét
very rapidly with BPA, This is followed by a slower increage in
the degree of modification over the next ten hours to attain the
maximum value. The effect of the time of the reaction on the ratio
of Dns groups to BPA could suggest that there are two different sub-
sets of functional groups on the protein which vary in the rate at
which they react with Dns=Cl (1.4.2.). However, it is difficult

to obtain any detailed information from the results available,

3ele6e Other Factors which Alter the Degree of Modification.

Several preparations of Dns-EPA were carried out in which
experimental parameters, otl;er than those discussed above, were
altered in order to study téeir i{influence on the molar ratio of Dns
groups to BPA in the modifie;d protein. In this set of experiments,
because a greater degree of modification may be obtained than that
shown in Figure 7, and as this would make it impossible to use the
assay decided on previously (3.1.2.), the radiochemical method of
determining the molar ratio of Dns groups to BPA was used (2.2.2.),
The results obtained are shown in Table S.

The effect of inereasing the pH of the reaction mixture is shown
in the first preparation outlined in Table 5, In this case, the pH
of the phosphate buffer used in the experiment was PH 9.1. After
the reaction had been carried out, the product was found to contain

about 25 moles of Dns groups per mole of BPA, Although carrying



FIGURE 10,

The Effect of Reaction Time on the Degree of Modification.

Dns-BPA was prepared as described previously (Fig. 4). At
several time intervals after the addition of the Dns-Cl, a 5 ml sample
of the reaction mixture was removed and z’vze modified protein was
isolated, The molar ratio of Dms grou;g_at to BPA was measured in the

samples of Dns=-EPA prepared in this way,
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Other Factors which Alter the Degree of Modification.

In order to examine the effect of several factors on the degree
of modirication of BPA using Dns~Cl, a number of different reaction
mxtires were set up in which one experimental parameter was varied
in each case. The reaction was then carried out and the modified
protein isolated as described earlier (Fig. 4) unless otherwise

stated. The molar ratio of Dns groups to BPA in the isolated

protein was measured.



REACTION CONDITIONS

MOILAR RATIO OF DNS
GROUPS TO EPA

1.
2.

Se
4.

Se

6.

7.

8.

Reaction carried out at pH 9.1

Concentrations of BEPA and Dns-Cl
reduced by half

Reaction carried out at 25°C
Reaction carried out in 8 urea buffer

Reaction carried out in 6 guahidino
hydrochloride buffer

Reaction carried out in 1% (w/v) sodium
dodecyl sulphate buffer

Reaction carried out using performic
acid oxidised EPA

Reaction carried out using the conditions
of Cros and Labouesse (1969)

2643

19.6

2l.9
6.1

10,7
15.4
17.4

80,9

24,3

19.7

22.6
5.8

0.8

15.5

16.3

8l.4
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out the reaction at a higher pH gave a greater désree of modification,
it was felt that it would be more meaningful to study the structure of
the protein under the conditions of the original preparation procedure
(Fig. 4), as the pH used was mich nearer physiological pH. A second,
and perhaps more important reason for studying the protein at the lower
pH is that a considerable amount of evidence is accumlating which
indicates that BPA undergoes a structural change, similar to the
N—P transition (1.5.5.), at alkalins pH (leonard ¢t al., 1963).
As a result, structural studies at pH 9.1, for example, may lead to
erroneous conclusions about the native shape of the protein.
Preparation 2 in Table % demonstrates the effect of reagent
concentration and reaction volume on the extent of the chemical
modification. It was felt that, since the Dns-Cl is only very
sparingly soluble in water, its solubility in the reaction mixture
might alter the ratio of Dns groups to BPA in the Dns-BPA, 1In
preparation 2, the concentrations of the protein and the Dns-Cl were
halved, The mumber of Dns g:r:;;upa bound to each molecule of EPA
was only slightly increased and it was felt that the increase dia
not justify using much more dilute reaction mixtures as it would de
more difficult to handle the larger volumss.
The third experimental parameter which was ealtered in this geries
of experiments was that of temperature, The results of preparation 3
in Table & show the effect of raising the temperature at which the
reaction was carried cut. The higher temperature gave rise to a
slightly higher molar ratio of Dns groups to BPA in the product.,
Despite this, it was felt that carrying out the reaction at room

temperature had little extra advantags, as at the higher temperature .
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there was a possibility that intramolecular transfer of the Dns-groups
after the original reaction might occur, and cause a change in the
protein structure. Transacetylation, for example, can occur in
proteins after modification (Cohen, 1970). Although carrying out
the reaction at 0°C does not preclude such a transfer, it might
reduce its extent and, since the increase in the number of Dns-groups
bound at room temperature is only slight, 1t was decided to continue
to prepere Dns-BPA at 0°C,

All the remaining preparations in Table O were carried out in
an attempt to achieve the modification of all the reactive groups
present in the BPA molecule. Preparations 4,5 and 6 were carried
out under conditions which can cause denaturation of proteins. In
all three cases a lower molar ratio of Dns groups to BPA in the
product is obtained in the presence of dexaturing agents than in
their absence, Preparation 7 demonstrates that, if Dns-Cl is reacted
with a sample of EFA in which the disulphide bridges have been broken
by performic acid oxidation (2.2.8.), the degree of modification is
the same as that obtained using the native prrotein. In the final
preparation technique used (Table &) the reaction was carried out
using the conditions of Gros and Labouesse (1969). In this method,
the pH of the reaction mixture drops from pH 9.4 to pH 8.7 during
tha course of the reaction. The modification 1s carried out at room
temperature, and the reaction miiture contains 4¥ urea and 254 (v/v)
dimethylformamide., It appears, from the results, that this method
will bring about nearly complete modification of all the reactive
groups in the protein since, on the basis of the amino acid analysis

of BPA (1.5.3.), the mumber of groups which can react with Dns-Cl can



be estimated as about 95.

The final set of experiments in this section, outlined below,
was not directly concerned with an investigation of the reaction of
Dns-Cl with EPA dut it may help explain some of the results observed

earlier (4.l.)s For this reason it is included in this section.

3.1.7, The Fluorescence of Dns-BPA,

As part of an investigation of the fluorescent properties of
Dns-BPA, the maximum fluorescence emission and its wavelength were
measured on several samples of Dns-BPA which had different molar
ratios of Dns groups to BPA (Fig. 11). In all cases the protein
concentration was the same. .The wavelength of the exciting light
was 285 nm, the maximm fluorescence emission occurring around 500 nm.
This is well separated from thé fluorescence due to the protein, which

is present around 340 nm, Tiis the fluorescence observed at 500 nm

can be attributed solely to t%e Dns groups. It was found that as the
molar ratio of Dns groups to BPA increased the fluorescence did-likewise
up to a point, but then began to decrease again. At the same time,

the wavelength of maximum fluorescence moved gradually to longer
wavelengths as the degree of modification increased.

This concludes the section of experiments designed to investigate
the factors influencing the reaction of BPA with Dns-Cl and the extent
of the modification occurring. Now that the best method of preparing
suitably modified protein has been elucidated, before any deductions
about the structure of the protein can be made from the manner in

which the Dns-Cl reacts with BPA, it is essentiai to demonstrate that

the native shape of the protein is not significantly altered by the



FIGURE 11,

uworescence of Dns - BPA.

—

The maximim wavelength of fluorescence emission and the
fluorescence intensity at maximum wavelength were measured for
several samples of Dns - BPA, each of which contained a different
molar ratio of Dns groups to EPA, | The exciting light had a
wavelength of 285 nm, The samples used all had the same protein
concentration. The wavelength of maximum emission is noted beside

each point on the graph.
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_ Dns groups bound to it. The following section deals with this

aspect of the study.



el STRUCTURAL CHANGEZS ON THE FORMATION OF Dns-BPA,

The basic problem in studying what, if any, structural changes
occur on the formation of Dns~EPA by the reaction of Dns-Cl with BPA
is in deciding which methods to use in the investigation, Most of
the methods which could be utilised have been discussed in the
introduction to this thesis, X=ray crystallography can be ruled out
as a possible technique because of the time involved and also because,
a8 yet, nobody appears to have been able to even produce suitable
crystals of EPA, let alone the modified protein. Since the binding
of such relatively high amounts of Dns groups to the protein results
in a large increase in its molecular weight (about 5,000 daltons)
end, presumably, a concomitant increase in molecular volume, hydrodynamic
techniques would also be unsuitable for the detection of changes in
structure occurihg on modification of the protein. The absorbance
of the Dns groups in the regions in which protein chromophores also
absorb would prodbably complicate any attempt to use difference
spectroscopy in this investigation and thus it also was ruled out.
Fluorescence techniques wore not employed for a similer reason as the
Dns groups are fluorescent and would make such a méthod very complex.
The only suitable methods remaining are‘circular dichroism and optical
rotatory dispersion, resonance spectroscopy and hydrogen isotope
exchange. It was decided to use at least two different techniques
tfor the study of any changes 4{n the tertiary structure of the
protein as it is difficult to predict the exact influence of the
bound Dns groups on any one technique. However, if two completely
unrelated methods showed that there was no significant change

in the shape of the protein, it is virtually impossible to
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imagine that in both cases the effect of the Dns groups would be to
exactly nullify the observable changes due to a structural alteration.

As a result, it was decided to use circular dichroism and tritium
exchange to study the effect of binding Dns groups to HPA on the protein's

tertiary structure.

2.2.1, The Calibration of Tritium Exchange Columns.

The technique of tritium exchange used was that of Englander
(1963) which has been described previously (2.2.2.). Since the method
was altered from the original ' in that Sephadex Gl0 was used instead of
G25 it was essential to ensure that under the conditions used the
system would separate the protein from tritiated water. Firstly,
several separate samples of protein were passed through each column to
ensure that the EPA emerged in the same fractions on each run. Samples
of tritiated water were then passed through the columns and their
elution positions noted by measuring the radioactivity of each fraction.
The results showed that the BPA and tritiated water were, in fact,
separated by the system (Fig. 12). These findings were coafirmed by

the results odtained once the experimental runs were carried out.

Be2.2, Tritium Exchange.

A typical example of the results obtained in a tritium exchange
experiment with HPA is shown in Figure 13, It is evident that,
when the tritiated protein was allowsd to exchange with non-radiocactive
buffer after the initial separation, the amount of radiocactivity
'associated with the protein gradually decreased. From such a set of
results, the mumber tritium atoms remaining per mole of EPA (N) weas

calculated using the equationse



FIGURE 12,

Calibration of Tritium Exchange Columns.

In order to ensure that the columns of Gl0 Sephadex used
in tritium exchange will separate free tritiated water from EPA
under the conditions used, a sample of the protein and a sample
of tritiated water were passed separately through the columns.
The columns are equilibrated with and eluted with NtT buffer pH 8.0.
The effluents from the columns were mon%ﬁored for absorbance at
280 nm to detect the BPA and for radioca:tivity to detect the

tritiated water.
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FIGURE 13,

Tritium Exchange.

The results shown here represent a typical tritium exchange
experiment. To 4 mg of protein dissolved in 1 ml 0,1M N-ethyl=
morpholins were added 100!“1 of tritiated water (20 mCi/ml).

The mixture was left at 25°C for 20 h. The pH of the solution was
then adjusted to pH 8.0 using 10% (v/v) acetic acid and the sample

was passed through a column of Sephadex G10 (6.0 cm x 2.5 cm).

1 ml fractions were collected and their absorbance at 280 nm and
radioactivity were measured (Ch graph). The fraction containing
protein were pooled and incubated at 25°C, At various t{me intervals
00 ).,1 of the pooled fractions were removed and passed thiough a
second column of Sephadex GlO (6.0 cm x 10.cm)e The effluent from
the column was monitored as before, collecting 300/‘1 fractions in

this case.

Eas0

------ Cepoeme x 109
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ne 110.8x€p
Co

x 2
A

where Co is the original
radioactivity of the solution, A is the absorbance and ¢ the radio=-
activity of a given fraction, 110.8 is the molar concentration of
hydrogen in water and € p is the molar extinction coefficient of the
protein. Because the Dns groups, when present, absord strongly at
280 nm, the molar extinction of the protein was measured in each
experiment using an aliquot of the original protein solution, after
adjusting its pH to 8.0, and measuring the proteln concentration using
the biuret reaction.

The curve obtained for BPFA on substituting the observed values
in the above equation is shown in Figure 14, The initial rate of
exchange of the tritium atoms is very rapid but as;the time of exchanges
increases it gradually slows down and approaches a point at which no
net exchange takes place, leaviné & certain number of unexchanged
tritium atoms in the EFA.

Having established the shape of the exchange curve for EPA by
repeating the experiment several times, the rates of tritium exchange
for several samples of Dns-BPA, each with a different molar ratio
of Dns groups to EPA, were investigated (Fig. 15). 1In order to
compare the curves odtained for Dns-EPA with that for a cpmpletely
denatured sample of BPA, the curve produced by a preparation of BPA
in which all the disulphide bridges had been broken by performic
acid oxidation was also investigated. The results indicated that,
although the curves obtained with Dpns-BEPA differed slightly from that
of BPA, they are still very similar, especielly when compared with

the results produced by a completely denatured protein sample.



FICURE 14,

Tritium Sxchange of EPA.

The tritium exchange rate of EPA was measured as described
previously (2.2.4.). Results were obt‘-;."{ined similar to those
in Fig. 13. From these, the mumber of.:. unexchanged hydrogen atoms
per mole of protein was calculated foi-. the different times of

exchangs.
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FIGURE 15,

Tritium exchange of Dns-EPA.

Tritium exchange rate measurements we;re carried out
on samples of Dns - EPA containing diffa‘;'cz\nt molar ratios of
Dns groups to protein. Similar measur;nxants were carried out
on a sample of HPA in which the disulphide bridges had been

reduced and then oxidised using performic acid.

Q =———O EPA

A Dns - BPA (5.0 moles Dns groups/mole BPA)

a
¢ ——¢ Dns - BPA (9.9 moles Dns groups/mole BPA)

ADns - BPA (17,6 moles Dns groups/mole BPA)

A

Q——m0 Performic acid oxidised EPA,
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This suggested that there may be a slight alteration in the structure
of EPA when modified with Dns-Cl but that, compared with the
denatured sample, Dns-BPA still retained a significant amount of the
native structure of EPA. It was unlikely that binding such large
amounts of reagent would not affect the shape of the protein and a
slight movement of the protein structure was to be expected.
Performic acid oxidised BPA was used in the above experiments because
of difficulty in dissolving aminoethyl BPA in the 0.1l M NET buffer

pH 8.0.
36200 Circular Dichroism.

The circular dichroic spectra of EPA and of several samples of
Dns-EPA were measured as described previously (2.2.5.)s The samples
of Dns-BPA all had different molar ratios of Dns groups to EFA., One
other sample which was also studied in this way was a sample of BPA -
which had been subjected to all the manipulations involved in the
preparation of Dns-BPA but without the addition of Dns-~Cl. This
was carried out to investigate whether the preparative process, in
general, and the presence of acetone, in particular, had any effect on
the tertiary structure of the protein. The circular dichroism of
the samples is expressed in terms of ( € ), the molar ellipdcity.

This is calculated from the measured ellipicity using the equation

(6) = e At
lm

where V™ 18 the
meesured ellipicity in degrees, 1 is the pathlength of sample chamber

in centimetres and m is the concentration in decimoles per millilitre.
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The results obtained (Fig. 16) show, once more, that the
Dns-EPA and the native protein are similar in structure as the
spectra obtained have a close resemblance. Moreover, as an
indication of the manner in which structural changes would alter
the circular dichroic spectra of proteins, it has been shown that
denaturation of proteins results in abolition of the trough at
220 nm and reduction, by about half, of the trough at 208 mm
(Legrand and Viennet, 1964). These troughs are thought to be due to
the o(=helical structure present in the protein (Tiffany and Krimm, 1969).
It should also be noted that the process of preparing Dns-EPA appeared
to cause a slight structural change in the BPA molecule in the absence
of Dns-Cl.

In an attempt to clarify the effect of increasing the degree of
modification on the circular dichroic spectre, the values for ( & ),
the molar ellimicity, for the different samples at 210 nm and 220 nm
were plotted against the molanr ;'atios of Dns groups to EPA in the
samples (Fig. 17). Since thf‘ ;hange which occured in the circular
dichroi¢ spectrum of the protein on the dbinding of Dns groups was
slight, the same conclusion can be drawn from these experiments as
from the tritium exchange studles, i.e. when Dns groups were bound
to EPA there was a slight structural change, as would be expscted,
but the modified protein still reteained a sufficiently large amount
of its native shaps to make any deductions about its structure from
the pattern of modification meaningful.

The final step in this study of the tertiary structure of BPA
is to locate the residues modified by Dns-Cl in the amino acid sequence
of the protein, as it is in this way that information about the shape

of the protein can be derived from a study of its chemical modification.



FIGURE 16,

Circular Dichroic Spectra of BPA and Dns - BPA.

The circular dichroic spectra of BPA and several samples of

Dns - BPA with different molar ratios of Dns groups to EPA were
measured as de_scribed previously (2.2.5.). Also measured was a
sample of EPA which had been subjected to the sams process as
required for the preparation of Dns - BPA but in the absence of
Dns-Cl., This sample was called mock-reacted BPA, All
measurements were carried out at 25°C in 0,1M phosphate buffer
pH 8.0, The circular dichroism of the samples 'is expressed in
terms of () , the molar ellipdcity.

i————— 8PA

—— mock-reacted BPA

----- Dns - BPA (5.0 moles Dns groups/mole BPA)

+—+ Dns = BEPA (9.9 moles Dns groups/mole EFA)

~——— Dns - BPA (14.8 moles Dns groups/mole HPA

eweessee Dng = BPA (17, 1 moles Dns groups/mole EPA)
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FIGURE 17,

The Relationship between the Molar Ratio of Dns Groups to EPA
and Circular Dichroism.

The circular dichroic spectra of several samples of Dns - EPA
were measured as describded previously (2.,2.5.) and the values for
the molar ellipdcity, (@), of the samples at 210 nm and 220 nm were
compared in terms of the molar ratio of Dns groups to BPA in each

casge,

o molar ellipdcity at 220 nm

(-]

A & molar ellipdcity at 210 nm
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Se3e THZ LOCATION OF THE MODIFIED RESIDUES IN THR
AMINO ACID SEQJUENCE OF Dns-BEPA.,

The initial step in determining which particular residues in
the BPA molecule are modified on reaction with Dns-Cl was to carry
out the amino acid analysis of Dns-BPA. Tt was shown using
N'-Dns-lysine that amino acids modiffed in this way d1d not elute as
a detectable peak in any position during a normal run on the amino
acid analyser. As a result of this, if any amino acid in the protein
which could react with Dns-Cl gave a lower value on amino acid analysis
than expected, it would be indicative of the mmber of such residues
which had been modified. The results of the anino acid analysis of
Dns-BPA (Table 6) suggested that about ten lysine residues and six
tyrosine residues had Dns groups attached to them. These results
agree quite well with the calculated molar ratio of Dna groups to
EPA in Dns-BPA which was modified to the maximim degrees - 17,5 moles
Dns groups per mole BPA, It sh uid also be noted that one residue
of aspartic acid, the Neterminal i¥sidue of the protein, will alse have
reacted with Dns-Cl,

The best method of locating the modified residues in the amino
acid sequence of Dns<BPA 18 to break the protein down to small peptides
and then to isolate the peptides containing the Dns groups and by
studying the Sequence of such peptides to fit them into the primary
structure of the protein. It was decided, at first, to attempt to
use only enzymatic techniques in the cleavage of the peptide chain
as use of chemical techniques might lead to alterations in the Dns
groups.

Before enzymatic digestion of the Dns-EPA was carried out, the

disulphide bridges in the protein were reduced and the cystoine



TABIE 6.

The Amino Acid Analysis of Dns-BPA,

The amino acid acid analysis of Dns-BPA was carried out as
described previously (2.2.9.). The average of six analyses is

shown, compared with the amino acid analysis of BPA (Table 1l.)



AMINO ACID RESIDUkS PER PROTEIN MOLECULE
BPA Dns-BFA
Lysine 58 48
Histidine 17 15
Arginine 23 23
Aspartic acid 54 55
Threonine 2 33
Serine 26 7
Glutamic acid 80 79
Proline 28 ‘ 28
Glycine j 15 16
Alanine 44 46
Half-cystine 35 4
Valine 35 D
Methionine 4 3
Isoleucine 14 14
Leucine 58 58
Tyrosine 19 13
Phenylalanine 26 27




residues were aminoethylated (2.2.,7.). Four different proteolytiec
enzymes were tested in order to determine which was ithe most suitable
for an initial fragmentation of ths Dns-EPA, The enzymes used were
trypsin, chymotrypsin, thermolysin and pepsin. The conditions of
digest, in each case have been described previously (2.2.10.). Of
the four proteases pepsin was chosen as the most suitable for two
reasons: (1) it was the only one which gave rise to a digestion
product which was completely soluble and (2) because it was less
specific in the points at which it would cleave the peptide chain
than most of the other enzymes used, This would produce smaller
peptides, which facilitate exact location of the modified residues,

as, in many cases, no further cleavage of ‘the peptide would be required.

Se3ele Characterisation of the Peptic Digest of Dns-BPA.

Before proceeding with a fractionation of the peptides produced
on the digestion of aminoethyl Dns-BPA with pepsin, it was important
to demonstrate that the cleavage occuming was virtually complete and
that the fragments obtained were of a suitable size. In order to
show this, an approximate molecular weight determination was carried
out on the product of digestion using gel chromatography (Fig. 18),
A column (115 em x 1 cm) of Sephadex G50 fine, equilibrated with
5% (v/v) formic acid, was calibrated with proteins of known molecular
weight (2.2.11.) and a relationship was established between Ky, the
partition coefficient between the liquid phase and the gel phase,
and molecular weight (Fig. 18A), 20 mg of the peptic digest of
aminoethyl Dns3EPA was then chromatographed on the same column. The

concentration of protein in the 1 ml fractions collected was estimated



FIGURE 18.

Gel Chromatography of the Peptic Digest of Aminoethyl Dns-HPA,

A sample of Dns - BPA was aminoethylated (2.,2.7.) and then
subjected to peptic digestion as described earlier (2.2.10.) 20 mg
of the digest was then chromatographed on a column (115 cm x 1 cm) of
Sephadex GSO fine equilibrated with 5% (v/v) formic acid. 1 ml
fractions were collected and assayed for protein concentration using the
buiret method (2.2.2.). The column had previously been calibrated with
several proteins of known molecular weight (2.2.11.) and the relation-
gship between Kgqy, the partition coeffigjgnt between the liquid phase
and the gel phase, and molecular weighﬁ is shown in Fig. 18A. The
results obtained with the peptic digest are shown in Fig. 18B. The
rirst peak elutes in the void volume of the column. The second

corresponds to a molecular weight of 680 at its maximum point,
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using the biuret method (2,2.2,).

The product of peptic digestion was separated into two peaks
(Fig. 18B). The first peak eluted in the void volume of the column
and accounted for 16% of the total sample. In the calibration of the
column, #ibomeclease A was just separated from Blue Dextran, the void
volume marker, suggesting that material eluting in the void volume
has a molecular weight of over 14,000 - 15,000 daltons., Hence the
first peak obtained on chromatography of the peptic digest is either
uncleaved Dns-HPA or large peptides produced by cleavage at only one
or two sites on the molecule, The second peak is a large, assymestriec
peak which contains 84% of the sample. This peak will contain the
small peptides produced by much more extensive cleavages of the protein
and does, in fact, correspond to a molecular weight of 680 daltons
at its maximum point. The first peak cannot represent a region of
the molecule which is not attached by pepsin since, in order to have
a molecular weight of over 15,000 daltons it mst represent 255 of
the sample. This indicates that the complete sequence of amino acids
in BPA can be accounted for by the peptides in the second peak,

Having demonstrated that peptic digestioniis a suitable method of
producing short peptides from Dns-BPA, ths next stage in the identi-
fication of the modified residues is to separate and purify the Dns-

peptides.

363626 Peptide Analysis of the Peptic Digest of Dns-RPA.

The first step in the separation and purification of the Dns-
peptides produced on the peptic digestion of aminoethyl Dns-BPA was

to separate the peptides, using a peptide analyser (2.2.12.).



In this system the peptide mixture is subjected to ion-exchange
chromatography on Chromsbead P resin eluted with a gradient from
0.1M to 2.0M pyridine-acetate buffer and pH 2.75 to PH 6.5. While
4.5 ml fractions were being collected, a small amount of the eluate
was contimously monitored for protein using the ninhydrin method.
The fractions were then tested for absorbance at 330 nm which 1s
indicative of the presence of Dns groups (2.2.2.).

The results obtained show (Fig. 19) that, while peptides from
the peptic digest are eluted throughout the course of the gradient,
all the Dns-peptides, except one, are eluted in the latter half of the
gradient;

To ensure that the absorbance observed at 330 nm wes due to the
Dns groups present in the peptides, the relative fluorescence of
fractions was also measured. This was achieved by spotting an aliquot
of each on Whatman No. 1 paper and comparing the fluorescence of the
spots under an ultraviolet lamp. The relative fluorescence measured
in this way corresponded to the absorbance at 330 nm (Fig. 20). The
first peak of absorbance at 330 nm was found to have a very blue
fluorescence characteristic of Dns-OH and this Probably explains why
it 18 eluted at the beginning of the gradient since strongly acidic
compounds are not retarded to any large extent, by the resin. The
fractions contéining peaks of absorbance at 330 nm were pooled as
shown (Fig. 20) and taken for further purification.

The column eluate was monitored for protein and absorbance at
330 nm while the column was being washed with 2M NaOE at the end of
2 run to ensure that all the applied sample had been eluted in the
course of the gradient. As a further check, the total amount of

protein eluted from the column was calculated from the results of



FIGURE 19.

Poptide Analysis of the Peptic Digest of Aminoethyl Dns - BPA ‘Il°

3 /Amol of the peptic digest of aminoethyl Dns —-BPA wag.separated by
ion-exchange chromatography on Chromobead P resin. The gradient used
to elute the peptides rose from 0.1M to 2.Q pyridine-acetate buffer and
from pH 2,75 to pH 6.5. 4.5 ml fractions were collected and a small
amount of the eluate was contimously monitored for protein using the
ninhydrin method. The protein concentration is directly proportioned
to the absorbance at 570 nm of the reaction product. The fractions

were then examined for absorbance at 330 nm,
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FIGORE 20.

Peptide Analysis of the Peptic Digest of Aminocethyl Dns - BPA (II).

The fractions collected in the previous experiment (Fig. 19)
were also tested for their relative fluorescence. An aliquot of
each was spotted on Whatman No.l paper and the spots were compared
under ultraviolet light. The fractions containing Dns - peptides
were pooled as shown at the top of the diagram. The absorbance
at 330 nm of the fractions, shown in the previous figure (Fig. 19)

is included for reference.
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the ninhydrin reaction.on the peptides after hydrolysis. The
recovery obtained was over 100% but the discrepancy 1s probably due
to the fact that Dns groups interfere with the ninhydrin reaction
(Lagunoff and Ottolenghi, 1966),

An attempt was made to improve the separation of the peptie
digest of Dns-EPA on the peptide analyzer by raising the starting
concentration and pH of the buffer gradient. In this way, it was
hoped to expand the latter half of the original gradient. The modified
gradient rose from 0.2 to 2.0M pyridine-acetate buffer and from pH 3,1
to pH 6.5, The results show (Fig. 21) that the resolution of the Dns-
peptide peaks had been improved but no new peaks appeared. It was
decided, therefors, to use the original system for the Peptide analysis
of the peptic digest of aminoethyl Dns-EPA as the same Dns-peptide peaks

were obtained in fewer fractions.

3e3e30 The Purification of the Dns-Peptides,

Having achieved an initial separation of the Dns-peptides
produced by the peptic digestion of amino-sthyl BPA, the pooled fractions
from the peptide analyser must now be purified and the Dns-peptides
isolated free of all other peptides. It was thought that, since the
Dns—peptides differed from all the other peptides:in that they had
quite a bulky reagent group bound to them,it might be possible to
produce a method of purification which would separate only the modified
peptides from the remainder. For this reason, small samples of the
pooled fractions from the peptide analyser were subjected to a wide
renge of separation techniques (Table 7). Some of the techniques
tested were based on methods used for the separation of peptides while

others were based on methods used for Dns-amino acids.,



FIGURE 21.

Peptide Analysis of the Peptic Digest of Aminocethyl Dns - BPA (III).

The peptide analysis of the peptic digest of aminoethyl Dns - BPA
(2.2.12.) was repeated but in this case the gradient used rose from
0.2 to 2. pyridins-acetate buffer and, from pH 3.1 to pE 6.5. The

eluate from the column was apalysed as »:fore (Mg. 19).
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TABIE 7,

Mathods for the Isolation of Dns - Peptides.

A mumber of different techniques were examined i{n an attempt
to produce a method of isolating the peptides containing Dns groups,
present in the fractions obtained by separation of the peptic digest

of aminoethyl Dns - EPA on an ion-exchange column.




Electrophoresis at pH 1.8 Boyer and Telalay, 1966
Electrophoresis at pH 3.5 Bennett, 1967
Electrophoresis at pH 4.4 Gray and Hartley, 1963
Electrophoresis at pH 6.5 , Bennett, 1967
Electrophoresis at pH 12,5 Gray and Hartley, 1963

Chromatogrephy in isobutanol: aéetic acid: Zanetta et al., 1970
water (15:4:2)

Chromatography in butan-l-ol: acetic acid: Katz et al., 1959
water (4:1:5)

Extraction into water-saturated ethyl Percy and Buchwald, 1972
acetate



’ High-voltage paper electrophoresis was tested at five different
pH values, After electrophoresis, and chromatography, the Dns-
peptides were eaéily visualised by viewing the paper under an ultre-
violet lamp before staining it for peptide material using the cadmium
acetate-ninhydrin stain. (2.2.14.)s All, except the pH 12.5 method,
provided a reasonable separation of the peptides in the mixture.
Unfortunately the Dns-peptides did not behave differently from the
unmodified peptides and thus they cannot be easily isolated from
contaminating peptides using this technique. Electrophoresis at
pH 12.5 d4id not give very good resolution of the peptides in the
mixture as the sample did not separate into discrete spots. The two
systems of paper chromatogrephy attempted also suffered from this
disadvantage. When a solution of one of the sets of pooled fractions
from the peptide analyzer was extracted into water-saturated ethyl
acetate it was found that fluorrscence was present in both phases
suggesting that, once more, tﬁeiDns-peptides 414 not have identical
properties. Since it was apﬁa;ent that it would be difficult to
devise a simple method of isolating the Dns-peptides it was decided
to use repeated preparativebelectrophoresis at different pH values
to purify the modified peptides. After aach electrophoresis the
fluorescent peptides were loecated, cut out of the paper and eluted
with 5% (v/v) pyridine. The peptides were then checked for purity
by subjecting a small amount to electrophoresis at a different pH
value. If they proved to be still impure the complete sample was
then taken for a further preparative electrophoresis step. The
efficiency of elution of the peptides from paper could be tested by

drying the eluted paper and looking for any remaining fluorescence

under an ultraviolet lamp,



Se3e4de The Sequence and Position of the Dns-Peptides.,

Unfortunately, due to losses occé&ing in the purification methods
used for the Dnm-peptides, the final ydslds of such peptides were small,.
As a result, it was decided to attempt to locate fhe peptidesin the
amino acid sequence of EPA (Brown et al., 1971) on the basis of their
amino acid analyses, To test whether this method was feasible or not
the published sequence of BPA was investigated and the mimber of
possible tripeptides which contained a lysine residue was noted. The
amino acid analyses which these tripep£1des would give rise to were
compared and it was found that out of the 95 possible analyses 47 would
indicate the location of a unique tripeptide. This suggested that
location of the peptides in this manner is quite possidble for, if the
Dns-peptides are larger than tripeptides, more of their analyses will
be unique.

Once the Dns-peptide was obtalned in an apparehtly mure form,
an aliquot or, in most cases, all of the sample was hydrolysed for
22 h at 110°C in 109),1 5.7M HCl, After hydrolysis ?,.1 were taken
and dried down to Se used in the identification of the Dns-amino acid
present (2.2.15.). The remainder of the hydrolysate wes also
evaporated to drynnss. Three-quarters of the sample was then used for
the amino acld analysis while the remainder was taken for rluoreséenco
measurements to determine the concentration of Dns groups present.

The first step in thes fluorescence determinations was to show
that the fluorescence of a Dns-amino acid is proportional to its
concentration. This was achieved by measuring the fluorescence
emission at 510 nm of solutions of different concentrations of

N .Dns-lysine in 5% (v/v) pyridine exeited with light at 340 nm (Fig. 22).



FIGURE 22,

The Relationship Between the Fluorescence and Concentration

of N&Dns - Lysine.

The fluorescence emission at 510 nm of solutions containing
different concentrations of NC- Dns - lysine in S%¢ (v/v) pyridine
was measured as described previocusly (2.2.6.). The wavelength of

the exciting light was 340 nm.
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The results showed that the fluorescence emission was proportional

to concentration over a suitable range. The concentration of the
unknown samples was then calculated by measuring t heir fluorescence

as above against a standard sample of NeéDns-lysine. Allowance

was made, where applicabls, for the fact that the fluorescence of
0-Dns-tyrosine is one tenth of that produced by the same concentration
of NE-Dns-lysine (Gros and labouesse, 1969).

The concentration of Dns groups, determined in this manner was
then used to calculate the relative molar amounts of amino acids
present in the Dns-peptide, based on the amino acid analysis. The
results obtained afe shown in Table 8, Meaningful amino acid analyses
have been obtained for twenty-three peptides and, of these, six have
been located in the amino acid sequence of BPA to within two residues,
A further peptide, 12D, can be positioned in ons of two unique locations,
Of the remaining peptides in Table 8, seven did not contain sufficient
residues to permit identification of their position while eight other
peptides, mostly those with large amounts of amino acids could not.be
assigned to a unique location as their analyses did not correspond to
any possible sequence in EPA. These latter peptides are probably
still impure. TFrom its amino acid analysis, 72B is probably free
Ne-Dns-lysine. Twenty-five other peptides were isolated from the
peptic digest of Dns-EPA but many of these were not obtained in
sufficient amounts for amino acid analysis while in the remaining
cases the concentration of Dns groups, calculated from fluorescence
measurements did not agree with the amino acid analysis,

As a result of the above method, one third of the Dns groups

present in Dns-EPA have been assigned unique locations in the amino

acid sequence of BPA,



TABLE 8.

The Amino Acid Analyses and Position in the BPA Molecule
of the Dns-Peptides.

Under the heading of purification™ are listed, in order, the pH
values at which preparative, high-voltage, paper electrophoresis was
carried out in the purification of a given peptide. The concentration
of Dns groups was calculated from the fluorescence of a sample relative
to a standard solution of NG;Dns = lysine, This concentration is
expressed in nanomoles of Dns groups present in the portion of the sample
taken for amino acid analysis. The Dns -amino acid present in each
peptide was identified by thin-layer chromatography (2.2.15.). The
amino acid analyses are expressed in terms of moles of amino acid per
mole of Dns groups. The more complex analyses are listed only in
terms of the total mumber of amino acids present per Dns group., In
calculation of the analyses allowance was made for the fact that, in a
few cases, there may be more than one Dns group per peptide. The
position of a modified residue in the amino acid sequence of BPA was
deduced from the amino acid analysis and is listed as the mumber of that

residue in the protein sequence.
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4. DISCUSSION
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A discussion of the results presented in the previous section
will be simplified if it is divided into the same three areas outlined
earlier (1.6.). These are : (1) a study of the reaction of Dns-Cl
with BPA, (2) the effect of the modification on the tertiary structure
of BPA and (3) the position of the modified residues in the amino

acid sequence of the protein.

4.l. THE REACTION OF Dns-Cl WITH BEPA,

The reaction of Dns-Cl with amino acids and with the N-terminal
residues of peptides and proteins ha.s been extensively studied
(Gros and Labouesse, 1969; Gray, 1964; Lagunoff and Ottolenghi, 1966).
The reaction of the same compound with i-lysine, O-tyrosine and other
groups in proteins has also been examined, but to a lesser extent
(Weber, 1952; Okabe and Takagi, 19713 Hartley and Masséy, 1956) o
In the study of the chemical qfecgi’}ication of proteins using Dns-Cl,
all the studies carried out oi; the reaction of protein functional
groups with the reagent have inwlved only a slight degree of
modification, with only one or two Dns groups being tound rer protein
mlecule. So far, no one has stadied, in any depth, the factors
influencing the reaction of Dﬁs&Cl with proteins. It was because
of the lack of information in this area that the first part of this
thesis was devoted to an elucidation of the éffects of various
experimental parameters on the reaction of Dns-Cl with EPA. :
A necessary initial step in such a study was to devise a method
of determining the extent of the chemical modi fication occurring
(3.1.2.)s The first two methods tested were found to be unsatisfactory

as both relied on ultraviolet absorbance measurements to determine the
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concentrations of protein or Dns-groups,and the absorbaxices did not
remain proportional to the concentratiéns as the degree of modification
increased. A comparison of the three methods used indicated that
the molar extinction coefficient of the bound Dns groups varied between
3.78 x 10° and 4.86 x 10° litre mol=lem=l as the degree of modification
increaseds DBecause the Dns group had an absorbance at 280 nm, it was
difficult to analyse the effect of increasing the molar ratio of Dns
groupg to BPA on the absorbances of the protein and the reagent at
280 nm. It eappeared that the absorbance of the prtein at 280 nm,
having been corrected for the absorbance of the Dns group and for
the variation in the molar extinction coefficient, was still not
proportional to the protein concentration. This suggested that
either the molar extinction coefficient of the protein at 280 nm was
dependent on the degree of modification,or that the absorbance of the
Dns group at 280 nm is not always half of its absorbance at 3% nm.

The anomaly in the absorbance at 280 nm couldb be attributed to
a structural change in the protein due to increasing modification, but
this is unlikely as such a change, if it exists, is slight (3,2.).
This phenomenon could also be due to interactions between Dns groups
and protein chromophores or other Dns groups. Further evidence for
this was obtained from a study of the fluorescence of several samples
of Dns-BPA (3.1.7.). It was found that at high molar ratios of Dns
groups to BFA the fluorescence yield of the modified protein did, in
fact, decrease, suggesting some form of energy transfer from the Dns
groups to other such groups or to protein chromophores.

The third method of measuring the molar ratio of Dns groups to
BPA, inwlving the use of radiocactivity and the biuret method, proved to

be quite satisfactory. One other method of carrying out this



measuremsnt, which was not tested in this system, is that of Hartley
and Massey (1956). This involves extensive dlalysis of the reaction
mixture. In this way the Dns-OH,which is produced by the hydrolysis
of the excess Dns-Cl,can be collected and its concentration calculated
from its ultraviolet absorbance, This method was not used because it
makes no allowance for the presence of any Dns-0OH molecules which may
be strongly adsorbed to the BFA moleculs.

Once a method had been established for the determination of the
molar ratio of Dns groups to BPA, the effect of different factors on
the reaction could then be investigated. The first aspect of the
reaction to be studied was the effect of increasing amounts of Dns-Cl
in the reaction mixture (3.l.3.). The results showed that, under the
conditions used, the degree of modification increased. as the amount of
Dns-Cl in the reaction mixture was increased, up to.about 70 moles
Dns-Cl per mole EPA. If the concentration of Dns-Cl in the reaction
mixture was increased above this walue it had no effect on the molar
ratio of Dns groups to EPA which remained at its maximm value of
about 17.5. This corresponds to about one fifth of the total mumber
of groups which Dns-Cl could react with in EPA, based on its amino acid
analysis (Table 1) Such a result would indicate that for some reason
a large ‘majority of the lysine and tyrosine side chains in EPA are
prevented from reacting with Dns-Cl,

The second experimental parameter to be investigated in the
reaction of Dns-Cl with BPA was the length of tims for which the
reaction was permitted to take place (3.1.5.)« The results show
that the first ten or so residues to react with Dns-Cl were modified

very rapidly while the remaining functional groups reacted at a slower
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rate over the next tem hours (Fig. 10). 1In oﬁe of the few other
studies carried out on the rate of reaction of Dns-Cl with proteins,
Gros and Labouesse (1969) showed that, with{-chymotrypsin, the
modification was complets after 30 min. In their systenm, howevér,
the reaction was carried out in 4 urea which would lead to exposurs
to the solvent of all the functional groups in the protein and, as a
result, a faster reaction.

One problem cemused by the method of preparation of Dns-BPA used
in this study is that it was difficult to obtain a zero-time sample
in studies of the rate of modification of the protein (1,3.5.).

The reason for this is that the reaction is stopped by a centrifugation
step which cannot be carried out rapidly. One way of studying the
reaction over short time intervals would be to use the msthod devised
by Gros and labouesse (1969). Using this technique the reaction is
studied spectrophotometrically at the wavelength at which there is a
maximum difference in absorbancy between Dns-Cl and Dns-BPA. The
reaction can be followed, by this method, from as little as 20 s

after the addition of the Dns=Cl.

Having studied the effect of the reaction time on the molar ratio
of Dns groups to BPA in Dns-BPA, several other factors which could
influence the degree of modification of EPA were also investigated (3.1.6.).

One experimental parameter which was studied was pH. The effect
of pH.on the reaction of Dns-Cl with proteins 18 due to two factors.
The first of these is the pK of the functional group, for it is this
which will determine whether at a given pH the group is in the reactive
or unreactive form eg. in the case of amino groups the unreactive form
is -NHB and the reactive form is -NH2. The other factor which must

be considered/



i8 the effect of raising the pH on the rate of hyd:olysis of Dns=Cl
by water since this rises exponentially above pH 9.5 due to catalysis
by OH" groups. As a result of this, if the pK of a functional group
lies above 9.5, the rate and, perhaps, the extent of the reaction of
that,group with Dns-Cl can be increased by increasing the pH to pH9.5.
Bowever, if the pH is raised above pH 9.5.there will be no further
increase in the degree of modification. Since the pKs of E-lysine
amino groups and tyrosyl hydroxyl groups lie above 9,5 it was decided
to examine the effect, on the modification of BPA, of reising the pH of
the reaction mixture to 9.1l. As expected, a higher ratio of Dns groups
to BPA was obtained in the Dns-BPA formed (Table §). Despite this
increase, less than one third of the number of functional groups which
could react with Dns-Cl did so. Since the pK of the E-lysine amino
groups in BPA is abnormally low, about pE 9.8 (1.5.3.), the above
result suggest¢ that the limitations imposed on the degree of
modification of EPA with Dng-Cl are not due, in the main, to the
functional groups on the protein being in their ﬁmtonated forms.
Although Gros and Labouesse (1969) stated that the extent of
modification of a protein with Dns-Cl depended solely on the absolute
concentrations of the reagents and the reactive species, when the
effect of altering the concentration of the reaction mixture was
studied, it was found that halving the concentration of Dns-Cl and
of BPA had little effect on the ratio of Dns groups to BPA in the product.
It appeared that lowering the concentrations of reagent and protein
caused a slightly higher degree of modification, if anything. This

could be due to an increased amount of soluble Dns-Cl being present

in the reaction mixture.
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One point of interest which emerges from the above experiments
is that only one fifth of the total possible nmnBer of reactive groups
in BrA are modified on reaction with Dns-Cl under the conditions used.
On the basis of the results discussed so far, this phenomenon cannot
be due to the use of low concentrations of reagents in the reaction
mixture as, once a maximum degree of modification is attained, further
increases in the concentration of Dns-Cl have no effect (3.1.3).
Furthermore, the low molar ratio of Uns groups to BFA in the modified
protein cannot be attributed to protonation of the reactive species
as increasing the pH of the reaction mixture to a value close to the
PK of the fifty-eight € -lysine groups in the protein does not have
a marked effect on the modification of the product (Table 5), Another
possible cause which can be ruled out is the effect of the solubility
of the reagent,as halving the concentrations of the compounds in the
reaction mixture barely alters ths degree of modification. Preferential
adsorption of the reagent by reg;i.ons of the protein has also been shown
to influence the pattern of cﬁe‘nlical modification, but it cannot be the -
cause of the low degree of modification in this case, as the use of high
concentrations of reagent should overcome this effect. Elimination
of the above possibilities suggests that the most probadble reason for
the low molar ratio of Dns groups to EPA in Uns-BPA is some form of
steric effect, in which the Dns-Cl cannot react with all the reactive
groups on the protein because the majority of them are not freely
accessible,

In an attempt to demonstrate this steric effect it was decided
to react Uns-Cl with BPA under denaturing conditions. If the
reactivity of the groups on the pmtein is dependent on the shape of

the protein, carrying out the reaction under denaturing conditions
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should lead to the modification of all possible groups. When

the reaction was carried out in the presence of denaturing agents
(Table §) it was found that the degree of modification obtained was,

in fact, less than that obtained using the native protein. A similar
result was observed by Goldfarb (1969) in his studies of the reaction
of trinitrobenzene-sulphonic acid with human serum albumin, He
suggested that the anomaly was due to exclusion of the reagent from the
protein by the urea. A second method in which the structure of the
protein was disrupted before reaction with Dns-Cl was by breaking the
disulphide bonds using performic acid oxidation (Table &). In this
case there was also no increase in the degree of modification of the
product. This confirms the fact that disulphide bonds are not
essential for maintenance of some degree of tertiary structure in
protein (Anfirsen, 1972) as the performic acid oxidised FPA is
probably not ggnatured to a great degree. The final method which

was used in an attempt to madify all the reactive groups in EPA was
that of CGros and lLabouesse (1969)., In this experiment almost all

the reactive groups do react with Dns-Cl (Table 5). The high degree
of modification could be due to the use of urea at a pH of 9.4 although,
when tested separately, such conditions had little effect. On the
other hand, the alteration in the extent of the reaction could be due
to the presence of dimethylformamide in the reaction mixture.

Because there are so many parameters involved,it is very difficult to
pinpoint the exact cause of the greatly increased molar ratio of Dns

- groups to BPA in Lns-BPA produced by this method. However, the fact
that a large number of the reactive groups in BPA can be modified under

these conditions does tend to substantiate the theory that the limiting
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factor, which determines the degree of modification obtained, is the
steric effect. At present, there is some evidence that many of the
reactive side-chains in EPA are buried in the interior of the molecule.
Salaman and Williamson (1971) suggested, on the basis of isoelectric
focusing studies, that ten basic groups are in the interior of the
protein,while Arvidsson (1972) proposed a model for BPA in which
positively and negatively charged groups on the protein were involved
in the formation of salt bonds within the protein.

A study of the reaction of Dns-Cl with -BFA has, already, led to
some information about the structure of the protein. More detailed
information will be obtained once the residues which can react with
Dns~-Cl have been located in the amino acid sequence of the EFA but,
before this can be of any value, it must be shown that the mod fication
of BPA to the normal extent does not significantly alter the structure

of the protein.
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4.2, STHUCIURAL CHANGES ON ‘1HE IORMATION OF Dns-BEPA

I£ was decided to use two different tedhniques to investigate
whether modifying BPA with Uns-Cl caused a significant ¢hange in
the protein's structure or not. The two most sultable methods
for such a study were deemed to be tritium exchange and circular
dichroism (3.2.). In both cases the results obtained with BPA were
compared with those obtained from a series of samples of Uns-HPA, each
of which was modified to a different extent.

In the set of experiments using tritium exchange, a sample of
denatured BPA was also studied to provide a means of determining how
close the structure of Dns-BPA was to the native protein (3.2.2.).
Further support for the conclusion that the tritium exchange curves
(Mg. 15) indicate that BPA and Dns-HPA are very similar can be
obtained from a study of other hydrogen isotope exchange experiments.
Benson and Hallaway (1970)have shown that the difference in the mumber
of unexchanged hydrogen atoms per mole of protein between EPA in
solntion at pi 6,2 and in solution at pH 6.4 is about twelve. No
detectable stmctural_ change occurs‘ in BPA between these pH values
(Leonard et al., 1962; Harmsen et al,, 1971). The difference
between Dns—HPA and BPA is, at most, fifteen unexchanged hydrogen
atoms per mole of prote‘in which, in view of the above results, suggests
that Dns-BEPA and BPA are not s_ignificantly different in terms of
structure.

Unfortunately, in the case of the circular dichroism experiments,
BPA has not been studied to the same extent as it has with tritium
exchange, Because of this any deductions about the structural

similarity of BPA and Dns-BPA have to be based on the effect of
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denaturation on the circular dichroism of proteins (3.2.3.).

Thus the resulﬁs of two different techniques of detecting
structural changes caused by the modification of HPA by Dns-Cl
indicate that there is no significant difference between the tertiary
structures of BrA and Dns-BPA, This finding also shows that in
the course of the modification no abnormal formation of oligomers
occurs, This might have given rise to erroneous results in the
study of the factors affecting the reaction of Dns~Cl with BrA,

Since there is little difference between the structures of the
native and modified protein, deductions can now be made about the
shepe of BrA, based on the position in the amino acid sequence of the

residues which have reacted with Dns-Cl,
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4,3, THE LOCATION OF THE MODIFIED RESIDUZS IN THE
AMINO ACID SEQUENCE OF Dns=BPA

In order, first of all, to determine which residues of BPA
had been modified, an amino acid analysis of Dns-EPA was carried
out (3.3.). The results obtained agreed well with the calculated
molar ratio of Dns groups to BPA in the modified protein. However,
{f the extent of hydrolysis of the Dns-amino acids which occurs in
the preparation of the protein for amino acid analysis (Gros and
labouesse, 1969) is taken into consideration, the agreement is not
8o good. Gros and Labouesse (1969) found that after 18h of
hydrolysis in 5.7M HCL at 110° the recoveries of Nf-Dns-lysine and
O-Dns=-tyrosine were 80% and 60% respectively. The results for
N£-Dns-lysin9 were confirmed by carrying out the hydrolysis of the
compound under the conditiov_;xs used in this work (2.2.9.).

Corrected for hydrolysis, ﬁxe results suggest that about twelve
lysine residues and ten tyrosine residues have been modified. This
is slightly higher than the molar ratio of Dns groups to BPA
calculated from the assay system (3,1.2,) which is 17.5. Despite
this, the results of the amino acid analysis of Dns-EPA do provide
an approximate idea of the distribution of the Dns groups between
the lysine and tyrosim residues.

In order to locate the modified residues in the amino acid
sequence of the BPA, the protein has to be broken down into small
peptides. The peptides containing a Dns group can then be isolated
and identified. The peptic digestion of aminoethyl Dns-EPA wad
selected as the best msthod of carrying this out (3.3.) and the
products of digestion were shown to be of a suitable size (3eBele)e

The initial separation of the enzymic digest was performed
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using an ion-exchange column and a peptide analyser. The Dns-
peptides were eluted from the column during the second half of the
gradient (Fig. 19). This is to be expectéd as peptides containing
aromatic residues are known to be delayed to some extent in the
system used.

An attempt was then made to find a suitable purification method
for the Dns-peptides fractionated on the peptide analyser. Since the
Dns-peptides were different from all the other peptides present in
that they had a Dns group bound to them,it was hoped that a method
could be found which would select only the Dns-peptides from the
mixture., A large number of different techniques were tested
(Table 7) but no system was found in which the Dns-peptides behaved
any differently than all the other peptides. This probably id..due
to the fact that the Dns-peptides are of sufficiesnt size that they
will retain many of the properties of normal peptides,and the Dns
group attached to them will not be able to overwhelm the peptide-like
behaviour of the Dns-peptides. As a result of this, the Dns-peptides
were purified using the normal practice for peptides of preparative
paper electrophoresis at several different pH values.

Unce the Lns-peptides had been purified, a sample of each was
taken for amino acid analysis. The position of each peptide in the
amino acid sequence of EPA was deduced from its analysis. This has
been previously shown to be possible (3.3.4.), depending on the size of
the peptide. A sample of the péptide after hydrolysis was used for
the identification of the Dns-amino acid present in the peptide,
while another aliquot was used to determine the copcentration of
Dns groups in each sample (Table 8). On the basis of this

information, several of the Dns-peptides could be allocated unique
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positions in the amino acid sequence of the protein elucidated
by Brown et al. (1971). In allocating the positions of the Dnse
peptides, one region for which the sequence has not yet been
determined (residues no. 260-284) was not considered and it is
possible that some of the peptides for which a position could not be
found arise from this area. Another problem in the location of the
Dns-peptides is that the sequence drawn up by Brown et al. (1971) is
still in a preliminary form and, as a result, errors could exist in
jt. ‘This has been shown to be the case by the work of King and
Spencer (1972) who have completely sequenced two regions of the EPA
molecule. However, the differences that they found did not permit
any further allocation of’the Dns-peptides apalysed so far. The
work of both groups mentioned above is at such a stage that the
complete sequence of the BPA molecule should be elucidated in the
near future, permitting Aa more rigorous identification of the md;.ried
residues.

The main problem in the location of the Dns-peptides in the
amino awvid sequence of EPA is that very low'.yields were obtained on
the purification of the peptides. In many cases this does not permit
a detailed analysis of the peptides. The cause of the4low yields..is
not clear. The completeness of the elution of the peptides from
paper can be checked by drying the paper after elution and testing for
residual fluorescence. When this was carried out, it appeared that
the elution procedure was comparatively efficient. One reason for
the low yields could be that the Dns-peptides adhere to glass. This
has been shown o occur with other proteins (lagunoff and Ottolenghi,

1966). In an attempt to test for this 100 nmol of N&-Dns-lysine
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was subjected to the conditions used for hydrolysis of the Dns-
peptides, evaporated to dryness, redissolved in 5% (v/v) pyridine,
removed into a second glass tube, diluted and teken for measurement
of its concentration using the fluorescence method outlined earlier
(3.3.4.)s This 1s the same process that the Dns-peptides undergo.
In the case of Nt-Dns-lysine it was found that no loss of material
had occurred. Although this might suggest that the Dns-peptides also
suffer no losses as a result of this process, such an assumption cannot
be taken as oorrect, since the peptide attached to the Dns group may .
alter its properties.

Several steps could be taken to overcome the losses which result
from purification of the lms-peptides. One method would be to scale
up the whole process, but because of the limits of the peptide analyser
and the preparative paper electrophoresis, this would entail running
many duplicate samples and then pooling them. A second method would
be to alter the fractionation procedure in order to reduce the mumber
of peptides present in the digest before the separation and purification
steps. This could be achieved, for example by carrying out a
cyanogen bromide cleavage of Dns-BPA. This would give five fractions
(King and Spencer, 1970) which could then be separated before further
enzymic cleavag'e. A third, and probably the best method of reducing
losses on purification would be to design & system in which the Dns-
peptides could be selectively removed from the digest of the modified
protein, One such system would be the use of immobilised anﬁibodiea
to Dns groups to purify Dns-peptides from the other peptides. It is
this latter technique which really merits consideration in an attempt

to improve the study of the tertiary structure of proteins using
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chemical modification with the reagent Dns-Cl.

Despite the low yields obtained on the purification of Dns-
peptides, s8ix of them were located uniquely in the amino acid
sequence of BPA (Table 8), In some cases the location of the
modified amino acid could only be determined to within two residues.
This occurred where two lysine residues were separated by a single
amino acid and it was uncertain which of the two was modified. One
other peptide could be located in ope of two unique positions in the
amino acld sequence of the protein.

The peptides listed in Table 8 as being ambiguous all had at
least five and, in some cases, as mAny as twenty-one possible positions,
If the ambiguous peptides are considered, it is found that, of the
seven, all but one could be due to overlap of the positions of
modification already identified. The remaining peptide, no. 101, mst
correspond to another site of modification of HPA, There are, in fact,
only five possible locations for such a modification, given the amino
acid analysis of the peptide. These are residues no, 3, 9, 17, 19 and
48.

One other interesting fact to emerge from Table 8 is that very few
0-Dns-Tyrosine peptides have been analysed. ¥hen this is compared
with the mmbers of f-lysine and O-tyrosine groups which have reacted
with Dns=Cl (3.3.), it suggests that the O-Dns-tyrosine peptides are
more susceptidle to losses on purification.

It should be noted that the six peptides which have been located
unambiguously in the amino-acid sequence of BPA do, in fact, account
for seven of the modified residues in the protein,since peptids 82
contains both an O-Dns-tyrosine and an NE-Dns-lysine &roup.

One final point which should be noted concerning the location
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of the Dns-peptides in the amino acid sequence of EPA is that it may
prove impossible to identify all 17-18 modified fesidues, as some

of the Dns-Cl may have reacted with the imidazole groups of histidine
residues. Such Dns-amino acids cannot be isolated as they are very
susceptible to hydrolysis in strong acid {(Gray, ;967). However, the
results of the amino acid analysis of Dns-EPA (3.3.) indicate that
very few, if any, histidine residues are modified by Dns-Cl, as the
mumber of Dns groups,estimated from amino acid analysis is greater

than the value obtained from the assay system (3.1.2.).



4,4, 'tHe TERTIARY STRUCTURE OF BPA

Having identified some of the residues which are modified when
Dns-Cl reacts with HPA, the final step is to determine how much
information about the tertiary structure of BPA can be derived fronm
these results. If it is assumed that the modification of a residue
with Dns-Cl depends on i1ts degree of exposure to the solvent, then
the results in Table 8 suggest that there are, so far, about 8 areas
of the peptide chain of BrA which can be said to be exposed, in some
way, in the tertiary structure of the protein. ‘lhese areas are'
spread throughout the peptide chain. 1t was felt that, in the
models for the tertiary structure of BrPA proposed at present (Figs.
1-3), the lengths of the peptide backbone which are most likely to
be exposed are those which are involved in linking the "pseudosube
units" (le.6.)s It was hoped that the functional groups in such
regions would be readily modified by Dns-Cl. However, a corparison
of the results obtained (Table 8) with the structure of the models
showed that none of the modified residues was found in a region of
the chain corresponding to the sections linking the "pseudosub-units”.

The main piece of structural information which can be derived
from the results obtained in this study is the surprisingly low
reactivity of the functional groups in the protein towards Dns-Cl,
It has been shown earlier (4.l1.) that this phenomenon is probably
caused by a steric effect which renders many of the reactive groups
in the protein inaccessible to the reagent used. Heterogensity in
the reactivity of lysine and tyrosine side-chains has also been
demonstrated by other types of chemical modification of EBPA.

Riordan et al., (1965) found that, when BPA was reacted with
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N-acetylimidazole, only four of the tyrosine residues were modified.
In studies with other proteins it was found that the number of tyrosine
residues reacting with N-acetylimidazole corresponded closely to the
mmber of such residues thought to be exposed at the surface of the
protein on the basis of spectrophotometric titrations (Crammer and
Neuberger, 1943).

In studies of the heterogeneous nature of lysins residues in
serum albumin, Goldfarb (1970) reported the presence, in human serum
albumin, of lysine groups having three distinct velocity constants
for the reaction with trinitrobenzenesulphonic acid. The results
obtained by Jonas and Weber (1970) on the partial modification of
BPA with dicarboxylic anhydrides suggested that about 20% of the
lysine residues in the protein were buried.

One problem in using chemical modification to investigate the
extent to which reactive groups are exposed in a protein is that the
number of groups which are classifled as being on the surface of
the protein can vary depending on the reagent used. Boyd et al.,
(1972) found that, using Neacetylsuccinimide, 50% of the lysine residues
in BPA could be acetylated, whereas, using Neacetylimidazole only X%
of the lysine residues reacted. On the other ha.nd, using a different
reagent, Habeeb (1966) found that virtually all the lysine residues in
BPA could be acetylated. He also showed that all the iysine residues
in the protein could’also be succinylated, nitroguanylated, gnanylated
and amidinatedyindicating that the accessibility of reactive groui:s in
a protein must be deﬁned in terms of the reagent used to study them.

One other interesting fact which emerged from the work of Habeed
(1966) was that the effect of modification on the tertiary structure

of the protein depends on the reagent useds He found that amidination and
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guanidination produced no significant structural change, while
nitroguanidination produced a moderate change and succinylation and
acetylation caused a large alteration in the shape of the protein.

The one advantage that the present study has over most of the
other investigations of chemical modification is that an attempt is
being made to locate the réactive residues in the amino acid sequence
of the protein., This will give much more information about the structure
of the proteine At the moment, completion of this part of the study
is dependent on the improvement of the purification methods for the
Dns~peptides.

Once the required inromation has been obtained and a more detailed
picture of the tertiary structure of BYA has emerged, the system
outlined in this work can be adapted to study several other aspects
of the shape of the protein. One example of this is that, by altering
the degree of modification, the order in which the residues react with
Dns-Cl can be establisheds A second application of the chemical
modification of BPA with Dns-Cl is in the identification of the binding
sites for small molecules on BYA. ‘This can be studied by binding a
given molecule to the protein, modifying the EPA and then determining
whether binding of the small molecule has masked any of the residues
which react with Dns-Cl. A similar application would be in the étudy
of the regions of BPA which are involved in the dimerisation of the
protein. 1t 1s also hoped that, since the modification has been
extensively studied in BPA, the system can also be applied to an
investigation of the tertiary structure of other proteins,

In conclusion, therefore, it may be stated that the work carried

out in the course of this thesis has demonstrated several points:
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(1) the reaction of Dns-Cl with a protein to produce a large degree

of modification has been well characterised. (2) The best conditions
for the production of Dns-EPA have been established. = (3) The
extensive modification of BPA has been shown not to significantly
affect the structure of the protein. (4) 1t has been discovered
that the normal methods of peptide purification are probably not the
best way of isolating the Dns-peptides produced on digestion of Uns-BPA.
(5) The only problem preventing & large amount of information about
the tertiary structure of BPA being obtained is the design of a
purification method for the Dns-peptides., Study of this last point
will lead to completion of the system for ‘investigating the structure

of BPA using chemical modification with Dns=-Cl.



-121-

BIBLIOGRAPHY




Adkins, B.J. and Foster, .T.F_. {1965) Piochemistry 4, 634-644
Andersson, 1-O. (1966) Biochim. Biophys. Acta 117, 115-133
Anfinsen, C.B. (1972) Biochem. J. 123, 737-749

Aoki, K. and Foster, J.F. (1957) J. Amer. Chem. Soc. 79, 33B85-3393
Arvidsson, E.L, (1972) Biopolymers 11, 2197=-2221

Bennett, J.C. (1967) in Methods in Enzymology (Hirs, C.H.w., ed.),
vol. X1, pps 330-339, Academic Press, New York and london

Benson, L.5. and Hallaway, B.te (1970) J. Biol, Chem. 245, 4144-4149

'poychok, S., Avmstrong, J.McD., Lindblow, C. and Edsall, J.T. (1966)
7. Biol. Chem. 241, 5150~5160

Bloomfield, V. (1966) Blochemistry 5, 684-689

Boyd, H., Leach, S.J. and Milligan, B. (1972) Int. J. Peptide Protein
Res. 4, 117-122

Boyer, J. and Talalay, P. (1966) J. Biole Chem. 241, 180-187

Brown, J.X., Low, T., Beherns, P., Sepulveda, P., Parker, K. and
Blakeney, Ee (1971) Fed. Proc. Amer. Socs kxpe Biole 30, 1241

Chen, R.F. (1967) Arch. Blochem. Biophys. 120, 609-620

Cohen, L.ae (1970) in The knzymes (Boyer, P.D., ed.), vol. 1,
Pp, 147-211, Academic Press, New York and London

Cohen, L.A. and Jones, W.M. (1963) J. Am. Chem. Socs 85, 3397-3402
Cohn, E.J., Gurd, FeieNs, Surgenor, M., Barnes, B.A., Brown, R.X.,
Derouaux, G., Gillespie, J.M., Kahnt, F.W., Lever, W.F., Liu, C.H.,
Mittelman, D., Mouton, Rele, Schmid, K. and Uroma, E, (1950)
J. Amer. Cheme Soc. 72, 465-474

. Cole, ReD. {1967) in Methods in Enzymology (Hirs, C.H.W., ed.), vol. X1,
ppe 315-317, Academic Press, London and New York

Cranmer, J.L. and Neuberger, A. (1943) Biochem. J. 37 302-310
Doscher, M.S, and Richards, F.M, {1933} J. Riol, Chem. 238, 2399~2406
Englander, S.W. (1963) Biochemistry 2, 798-807 )

Engle, Jr., R.L. and Woods, K.R. (1960) in The Flasma Protein (Putnam
F.W., ed.), vola 2, pp. 183-265, Academic Press, New York and London

Fonda, M,L. and Anderson, B.M. (1969) J. Biol. Chem. 244, 666-674



~123~

roster, J.F. (1960) in The Plasma Proteins (Putnam, F.We, ede),
vols 1, pPpe 179-239, Academic Press, New York and Iondon

Foster, J.F., Sogami, M., Petersen, H.A. and leonard, Jr., WeJ. (1965)
J. Biol. Chem. 240, 2495-2502

French, T.C., Dawid, I.B. and Buchanan, J.M. (1963) J. Biol. Chem. 238,
2186-2193

Goldfarb, A.R. (1970) Biochim, Biophys. Acta 200, 1-8

Gounaris, A. and Ottesen, M. (1965) Compt. Rend. Trav. Lab. Carlsberg
35, 37-62

Gray, W.R. {(1964) Ph.D. Thesis, University of Cambridge

Gray, W.R. (1967) in Methods in Enzymology (Hirs, C.H.W., ©d.), vol. X1,
' pp. 139-151, Academic Press, New York and London .

Cray, W.R. and ﬁartley, B.S. (1963) Biochem. J. 89, 5%

Gros, C. and Labouesse, B. (1969) Bur. J. Biochem. 7, 463-47C
Gurber, A. (1894) Sitzber. Wurzburger Physiol.-mede. Ges., p 143
Habeeb, A.F.S.A, (1966) Biochim. Biophys. Acta 121, 21-25
Hagenmaier, R.D. and Foster, J.F. (L971) Biochemistry 10, 637-645

Harmsen, B.J«M., De Bruin, S.H., Janssen, L.H.M., Rodrigues de Miranda,
J.F. and Van 08y GeA.T. (1971) Biochemistry 10, 3217-3221

Harrington, W.F., Johnson, P. and 'Ottewill, R.Hes (1956) Biochem. J. 62,
569-582

Hartley, B.S. and Massey, V. (1956) Biochim. Biophys. Acta 21, 58-70

Hawkins, D., Pinckard, R.N., Crawford, I.P. and Farr, R.5. (1969)
Je Clin. Invest 48, 536~-542

‘Horskovits, T.T. and Sorensen, Sr. M. (1968) Bilochemistry 7, 2533-2542
Hess, G.P. (1969) Brookhaven Symp. Biol. 21, 155-171
Haghes, Jre, WeL. (1947) J. Amer. Chem. Soc. 89, 1836-1837

Hughes, Jr., W.L. (1949) Cold Spring Harbour Symp. Quant. Biol. 14,
79-84

Jensen, E.V, (1959) Science 130, 1319-1323

Jonas, A, end Weber, G. (1970) Biochemistry 9, 4729-4735



~124-

Jonas, f¢ and Weber, G. (1971) Biochemistry 10, 1335-1539
kaplen, L.J. and Foster, J,F. (1971) Biochemistry 10, 630-636

Kertha, G., Bello, J. and Harker, D. (1967) Nature (London) 213,
862-865 —_

Katz, AM., Dreyer, W.J. and Anfinsen, C.B. (1959) J. Blol. {hem.
234, 2897-2900

King, T.P. and Spencer, M. (1970) J. Biol. Chem. 245, 6134-6148

King, T.P. and Spencer, E.M. (2972) Arch. Biochem. Biophys. 153,
627-640 4

Koenig, V.L. and Perrings, J.D. (1952) Arch. Biochem. Biophys. 41,
357-377

lagunoff, D. and Ottolenghi, P. (1966) Compt. Rend. Trav. lLab.
Carlsberg 35, 63-83

laskowski, Jr., M, (1966) Fed. Proc. Amer. Soc. Exp. Biol. 25, 20-27
legrand, M. and Viennet, R. (1964) C.R.Acad. Sci. 259, 4277-4280

Leonard Jr., W.J., Vijai, K.K. and Foster, JoF. (1963) J. Biol. Chem.
233, 1984-1988

McConn, J., Fasman, G.D. and Hess, G.,P, (1969) J. Mol, Biol. 39, 551-562
McConnell, H,M. (1971) Ann. Rev. Biochem. 40, 227-236
Markley, J.l., Putter, I. and J’ardetzky, 0. (1968) Science 161, 1249-1251

Malmstrom, B.G., Reinhammar, B. and Vanngard, T. (1968) Biochim.,
- Biophys. Acta 156, 67-76

Meindok, H. (1967) J. Am. Geriat. Soc. 15, 1067-1071

Metcalfe, J.Ce. (1970) in Physical Principles and Techniques of Protein
Chemistry (Leach, S.J., ed.), vol. B, pp. 275-363, Academic Press,
New York and London

Mildven, A.S. and Cohn, M, (1970} Advan. Enzymel. 33, 1-70

Moscowitz, A. (1962) Advan. Chem. Phys. 4, 67-112

Noel, J.K.F, and Hunter, M,J. (1972) J. Biol. Cheme 247, 7391-7406

Okabe, N. and Tekagi, T. (1971) Biochim. Biophys. Acta 229, 484-495

Ong, E.B., Shaw, E. and Schoellmann, G. (1965) J. Biol. Chem. 240,
694-698



Ottesen, M. (1971) Methods Biochem. Analy. 20, 135-168

Parker, C.W., Yoo, TeJ., Johnson, M.C. and Godt, S.Me (1967)
Biochemistry 6, 3408-3416

Porcy, M.E. and Buchweld, B.M. (1972) Anal. Biochem. 45, 60-67

Perutz, M.l. (1962) Proteins and Mucleic Acids, p 15, Elsevier
Publishing Company, Amsterdam, london and New York

Perutz, M.F. (1969) Eur. J. Biochem. 8, 455-466
Peters, Jr., T. (1970) Advan. Clin. Chem. 13, 37-111

Peters, Jr., T., Danzi, J.T. and Ashley, Ce.A. (1968) Fed. Proc. Amer.
Soc. Exp. Biol. 27, 775

Putnam, F,W. (1965) in The Proteins (Neurath, H., ed.), vols. 3
Pp. 154-267, Academic Press, New York and London

Radovich, J., Szentivanyi, A. and Telmage, D.W. (1963) J. Gen.
Physiol. 47, 297-314

Raftery, M.A., Dahlquist, F.W., Parsons, S.M and Wolcott, R.G.
(1969) Proc. Nat. Acads Sci. U.8. 62, 44-51

Raftery, M.A,, Dahlquist, F.W., Chan, S.L. and Parsons, S,M. (1968)
J. Biol. Chem. 243, 4175-4180

Ray, Jr., W.J. and Koshland, Jr., D.E, (1962) J. Biole. Chem. 237,
2493-2505

Riordan, J.F., Wacker, W.E.C. and vallee, B.T. (1965) Biochemistry 4,
1758-~1765

Robson, B. and Pain, R.H. (1971) J. Mol. Biole. 58, 237-259

Salaman, M.X end Williamson. A.R. (1971) Biochem. J. 122, 93-99

Schultze, H.E. and Heremans, J.F. (1966) Molecular Biology of Human
Proteins, vol, 1, pp. 221-511, Elsevier Publishing Company,

Amsterdam, lLondon and New York

sigler, P.B,, Jeffery, B.A., Matthews, B.W. and Blow D.M. (1966)
J. Mol, Biocl. 15, 175-192

Spencer, E.d. and King, T.P, (1571) J. Biole. Chem. 246, 201-208

Squire, P.G., Moser, P. and O'Konski, C.T. (1968) Biochemistry 7,
4261-4272 '

Stein, W.H. and Moore S. (1949) J. Biol., Chem. 178 79-91

Stryer, L. (1965) J. Mol. Biol. 13, 482-495



~125-

Stryer, L. and Haugland, R.P. (1967) Proc. Nat. Acad. Sci. U.S5. 58,
719-726

Spahr, P.F, and Edsall, J.T. {(1964) J. Biol. Chem. 239, 850-854
Tanford, Ce (1950) J. Amer. Chem. Soc. 72, 441-451
Tanford, C. and Buzzell, J.G. (1956) J. Phys. Chem. 60, 225-231

Tanford, C., Swanson, S.A, and Shore, W.S. (1955) J. Amer. Chem. Soce
77, 6414-6421

Tiffany, M.L. and Krimm, S. (1969) Biopolymers 8, 347-359
Watson, D. (1965) Advan, Clin. Chem. 8, 237-303

. Weber, G. (1952) Biochem. J. 51, 155-167

Weber, G. (1953) Discussions Faraday soc. 13, 33-39

Wofsy, L., Metzger, H, and Singer, S.J. (1962) Blochemistry 1,
1031-1039 |

Wold, F. (1967) in Methods in Enzymology (Hirs, C.H.W., eds), vol
X1, pp. 617-640, Academic Press, New York and iondon

Wong, K-P. and Foster, J.F. (1969) Biochemistry 8, 4096-4103

Woods, KeR. and Wang K-T. (1967) Biochim. Biophys. Acta 133 359-370

Wright, C.S., Alden, R.A. and Kraut, J. (1969) Nature (London)
221, 235-242 '

Wyckoff, H.W., Hardman, K.D., Allewell, N.M., Inagami, T., Johnson, L.N.
and Richards, F.M. (1967) J. Biols Chem. 242, 3984-3988

Yang, J.T. and Foster, J.k. (1954) J. Amer. Chem. Soc. 76, 1588-1595

Zanetta, J.P., Vincendon, G., Mandel, P. and Gombos, G. (1970)
Je Chmmatogo _52._, 441-458



=12{¢

SUMMARY




the main aim of this study was an attempt to produce &
simple method of investigating the tertiary structure of bovine
plasma albumin (BPA). It was hoped that the techniques devised
- would be applicable to the study of other proteins of a similar
size.

There were two main reasons for using BPA in this study.
FMrstly, it is easily obtainable in a relatively pure form.
Secondly, the tertiary structure of this protein is of interest
because it binds an unusually large and structurally very diverse
range of compounds. This binding is largel& determined by the
structure of the protein.

The basic idea behind this research was to bind a reactive
moleculs to certain residues in the protein, enzymatically digest
the modified protein and separate the peptides to which the molecule
ijs bound. Amino acid analysis of the peptides would then locate
the modified residue in the primary sequence of the protein, which
is already virtually complete. - If'é sufficiently large modifying
reagent was used, it.was hoped that only the reactive groups exposed
on the surface of the protein would be able to react. Wwhen the
reacted groups were then positioned in the amino acid sequence of
BPA they would indicate which regions of the peptide chain lay at,
or near, the surfaée of the protein. This, in turn, would permit
deductions to be made about the shape of ihe protein.

It was decided to use the fluorescent reagent l-dimethylamino-
naphthalene =S- sulphon&l chloride (Dns-Cl) in this study as, for
gseveral reasons, it appeared to be very suitable.

The initial step in this study was to investigate the exteui

of, and the factors which influence, the reaction of Dns-Cl with



BPA, Before this could be carried out, it was essential to devise
a method of determining the molar ratio of Dns éroups to BPA in the
mdified protein. Three different assay techniques were tested
and a suitable gystem was selected.

When the reaction of Dns~Cl with BPA was studied it was found
that under normal conditions 17-18 Dns groups were bound to each
BPA molecules On the basis of the amino acid analysis, this would
suggest that only about one-fifth of the resctive groups in the
protein have been modified. Alteration of several experimental
parameters did not greatly increase the degree of modification
obtained. If, as is suggested, the major restriction on the
modification of groups in the protein is a steric effect, it should
prove possible to modify all the reactive groups in EPA if the
tertiary structure of the molecule is disrupted. This was also
investigated and shown to be possible.

Having studied the reaction of Dns-Cl with BPa, the next stop
was to show that the strﬁcture of the modified BPA was not significantly
different from that of the native protein. This is essential ir it
is intended to relate the pattern of modification to the tertiary
structure of the original protein. The structures of the modified
and native proteins were investigated using circular dichroism and
tritium exchange. In both cases slight structural changes were
Tound on modification, but these were not significant coméared with
other well-characterised changes in protein structure.

The final stage in this study is to locate the residues, which
have been modified, in the amino acid sequence of BPA, Several
proteolytic enzymes were examined and it was found that pepsin was

most suitable for the degradation of Dns-EPA, The mixturse of Dnse
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peptides produced by this digestion was initially separated using
a peptide anslyser. A number of fractionation'procedures were
tested for use in the further purification of the Dns-peptides.

As a result of this investigation it was decided to use high~
voltapge paper electrorhoresis. Once the Dns-peptides had been
purified, they were subjected to amino acid analysis, the modified
rosidue was identified and, where possible, the amino acid which
had reacted with Dns-Cl was located in the amino acid sequence of
the protein. In this way, elight of the modified residues were
identified and 1t appeared that the exposed regions of the peptide
chain occurred at regular intervals in the'sequence. However,
the location of the remaining modified residues, and the more
detailed information which would result from this, could not be
deduced due to low yields on the purification of the Dns-peptides.
Until this problem has been overcome, the main result of this
research is the information that has been obtained concerning the
umsvally high number of.reactive groups which are not exposed on
the surface of the protein in its native form and a comprehensive

survoy of the reaction of high concentrations of Dns-Cl with HPA,
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KPILOGUE

Ah, yes, I wrote the 'Purple Cow' -
I'm sorry, now, I wrote itl
But I can tell you, anyhow,

1'11 kill you if you quote it}

¥rank Gelstt Burgess
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[ PR P
A e WA i NS

80 90 N 100
Lla={ Cys,0ys,G1lu,Asp )=LY3=Glu~{ Glu,Gln,Pro )=-Airg-isn-Glu-Cys—Che~Lou-Ser-His-I¥S-\sp-Asp-Ser-Pro-Asp-Leu~
110 120 |
2ro-LY3-( Leu,?ro,isp )=LYS- Leu~LYS-Pro-isp~( Pro,hicn )=Thr-leu-Cys=Asp~Glu-Fhe-LYS-( Asx,Glx )-Ala-LYS-
ot ‘ 140 150
L =heelrp=Gly=LYS~1YR-Leu~TYR-(1lu~-Ile=Ala-Arg—irg=iis=Pro~LTR- PYRepla=Asn-1YS~1YR-Ala~(1y~Val-Phe~{
160 170
Cys=( Glx,31x,0ix,Cys,Ala,Asx )~LYS~Gly- A1a¥C Cys=-Leu-Leu—-Pro-LY¥S~Ile~Glu~Ihr-ilet-Arg-Glu-LiS~Val-Leu-Thr-Ser~
180 190 200

J=LYS— Leu~Val=Thr—-Asp-Leu~Thr-LYS~

210 220
~Ihr=irg~LYS-Val-Pro-tln-Val-Ser-Lnr-Pro~-Thr-Leu-Val~Glu~-Val-Ser-Arg-

Ser-ilo-trg=Gin-( Cys,isx,Glx,Phe Leu-Arg-Cys—-Ala=-Ser-lle=-GIn=S{Y5=

V2.l-Hig~LYS=Pro-LYS~ T His~Leu=-
2590 240
Val-Asp=Glu-Pro=-Gln~Ile-Leu~-Asn-LYS~ Ile—LYS—Glu—Asp—Cys—( Asp,Gln )=Phe=Glu-LYS=Leu—-Gly—-Glu—-1YR-
220 200 270
PYR—¢1u~( Cys,Glu,LYS )-Ala-Thr-Leu-Glu-Glu-{ Cys,Cys,Ala )-LYS- ( Ala,Ser,Thr,Asp,Asp,Thr,Ser,G1lx,Glx,
2280 290
Glx,31x,Pro,ila,Ala,Leu,TYR,Cys,Cys,Cys, His,I¥S )-Val-( Phe,Asp )-IL¥5- Leu~LYS~-

500 310
Cys=isx~( Asx,Glx,Asx,Ser, le,Ser,ihr )-L¥s- Leu—LYS-Glu—Cys-LYS-( Pro,Cys,Asp )-Leu-Leu-Glu-IL¥S-Ser-His-—

Glu-

Ser-Arg— TYR=-Ile-

;ﬁ;%gﬁhr-LIRAVal-Pro—LV“aAla—Phe—Aup—ulu—LIS—ueu—Phc-

AL ,f' 4
}% | ] - 460 ‘ 470

“{  .{Ys-LYs—G1n—( Ala,Phr )-Leu-Val-tlu~Leu-LeutLYS—His~LYS=Pro=LYS-Ala-Thr-Glu—-Glu—Cln~Teu~IYS—~

e 320 330 540

s Lys=lle-Ala~Glu~Val-~Glu~LYS~Asp=Ile=Pro~Glu~isp~Glu~ry 0=rro=leu=Thr=Ala=Asp-Phe—AlamG lu=is pelYS=Acp=ValaCyomLY S~
;'g 350 360 370

SRR sn=IV¥R~GIn=~Glu=Ala~LYS—-Asp=Ala~Phe~ Leu~Glu~Cys=Ala=-Asp-Asp-Arg-Ala—( Asp,leu,ila )-LYS- Leu~Ser~GIn=-LYS~

F 380 3080
he=Pro=LYS-Ala-=Glu—~Phe=Val=(lu-~ValsThr=-LYS~ Ser-Leu~Gly-LYS=Val=( Thr,Cly )-=A \rg~Cys=Cys=Thre=IVS~Pro~Glu=~Ser=

400 410 420
laeArg—( Leu,Asp,Glu, TYR,Cys,liet,Leu,Leu,Asp,Ile,Pro,Ser,Lleu )qArg—ArgéPro—Cys-Phe-Ser-Ala—Leu-Tqr-Pro—ASp-ulu~

430 440 45C
Ser—( Asp,Asp,Thr,Thr,Glu,Glu,Ala,leu )=-L¥S~-Leu~Cys-Val-leu-

Thr=Pro~Val=Glu~Ser=ILYS - LYS-Val=Thr-I¥S-Cys~Cys~Thr-Glu-Ser~Leu~Val-Asn-irg- Ile~GIn-LYS~

450 490 500
LY5-Thr-Val-liet-
510 520

W lx-Asx-Phe- ( Glu,Ala,Cys,Cys,Cln )-Phe-ila~Val—Glu~Gly-Pro-LYS-Leu~Val-Val-Ser—Thr-GIn-Threila-leu—ila~COO0H
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The Amino ALcid Sequence of E2A (Brown et al., 1971)

Lysine and tyrosine regidues are shown in capitals for clarity.



