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INTRODUCTION

Enzymes form a unigque group of proteins which cafalyse
a variety of chemical reactions. It is génerally accepted
that the speeific chemical functions carried out by enzymes
are mediated by special localised regions on the enzyme molecule
that are called active sites (1,2,3). The active sites are the
three dimensional structure of aﬁino acid residues specially
adapted to their specific ligands. The identification of the
amino acid residues which form the active site of an enzyme and
the elucidation of the mechanism by which the enzyme performs
its specifid action have been the object of several investigations

over the last few decades',

In discussing the structure of proteins, it is customary
to use the following nomenclature to describe the gtructure at
various levels of organisationj; (d) primary structure; (b) secondary
structureg(@) tertiary structure and f@) quaternary‘structure(h).
The primary structure vefers to the sequence of the amino acid
residues in a proteinimolecule. _Todate the primary structure of
ten to twelve proteins has been'established (5-14)+ The primary
structure appears to be of considerable importance in determining
the properties‘of a protein molecule (15). It is also belleved
that the primary structure of a protein has a decisive role in
determining i@s secondary and tertilary structures (16).

The secondary structure refers to the hydrogen bonded
structure of proteins which leads to helical or other ordered

structures. The backbone of a protein molecule congists of peptide



linkages's The C=0 group of the peptide can form hydrogen bond
with N-H group of another peptide group either in the same mole~
cule or from the adjacent molecule.’ Although several ordered
structures are possible, the two important types are 1) strue-
ture in which hydrogen bonds between the C=0 and N-H groups are
formed between parallel peptide .chains and '2) those in which the
hydrogen bonds are formed between G=0 and ﬁéﬂ groups of different
residues 'in the same peptidé chain’, The first type of structure
is referred to as pleated sheet structure. In the second type the
most important is thefo@helical structure which many proteins of
biological’importancejpossess. The ofthelix first described by.
Gorey and Pauling (17$ consists - of a repeat pattern in which each
NH group is hydrogen %onded to 'a C=0 group three residues bheyond
it In the chain and e%ch C=0 to an N-H three residues away. The
NH—r;OC distance vari%s between 2.7 and 2.9 g@ and the helix makes
a. complete turn for e%ery 3.6 - 3.7 residues’,

Although hYdroéen ﬁoﬁding appears to be the primary fbfce
for. the ordered strub%ure of a prgﬁeinjmdleculé; other types of
bonds may also be involved. One such type of bond may be the
hydrophobic bond betw?en the_nonpolar'sidé chains of.a protein
molecule. Many gldbuﬁar proteins are Imown to possess a heiical
structure. However, %hey may not consist entirély'of a helicél
structure; they may“h%ve segments of helix and unorgéniSed

structure (random eoﬁ) « It 1s known both from X-ray and Optiecal

rotatory dispersion (0 R.D) data that hen egg white lysozyme’

containg of-helix, random coil and pleated sheet structures (18,19).

The tertiary structure of a protein refers to the folds

and bends in the protein molecule which gives a three dimensional



strgcture; “The chemical bqndé which lead to éﬁch folds appeér
to be disulphide linkages, salt linkages between COOH groups of
aspartyl and glutamyl residues an&‘NHé groups of lysine residues,
and tyrosyl carboxylate linkages (20).

4 number of proteins are known to consist 6f more than
one volypeptide chain per molecule., These chains. can be disso-
clated from each other without drastie chemical reaction., Appa-
rently the forees responsible for the associlation of the polypeptide
chains are weak. The assenblage of the polypeptide chaing (sub~-
mits) to give the bilologieally functional macromolecule l1s

referred to as quaternary structure (4).

Active gites of proteins:

The.characterisation’of the amino acid residues which form
the active site of an enzyme has been major goél of pioteln
_chemists. The active site of an énzymé mey be divided into two

structural components - the catalytic site and the binding.site’
The latter site is called reguwiatory site also. The binding of the
specifie ligands to the binding cor regulatory site oﬁ the protein
‘moleculé affects the catalytic function 6f‘thé enzyme indirectly
(321.22).

: | In the active site the amino acid residues way be cate-
gorised into two groups namely contact and non-contact amino aeid
residues. Contact amino aeid residues may be defined as those
Iwhose atoms come within a bond distance of a substrate or an
Iiﬂhibitor. The non-contact amino acld residuss are those whose

R . (o) .
atomsare farther than sbout 2 A from the ligand.  Interaction
between contact and non-contact residues may occur when the

enzyme: binds the substrate (or inhibitor} (3).



The active site of an enzyme may not be a rigid three
dimensional structure in-a protein molecule and small changes
in the conformation of the active site may occur in the presence
of a ligand. It has been postulated that an enzyme in solution
may exist in several conformations and that in the presence of
the substrate the most appropriate conformation to carry out the
catalytic reaction may be stabilised. fhus the substrate mole-
cule itself appears to have an effect on the confbrmaﬁion of the
protein molecule. This theory is referred to as the "induced-fit"

theory (23-26).

(%6
The concept of a flexible enzyme &6 conformation(is very

“useful in explaining the regulation of enzyme activity. Although
conformational changes are not necessary to explain all phenomena
assoclated with regulatory control, such changes are certainly
visualised in the most common type of regulation, namely , feed
5aek inhibition (26-28) . Feed back.inhibition has been shown to
be caused by the last product in a metabolice pgﬁhWay acting on
the first enzyme in that pathway. It has been demonstrated that
a site separate from active site (catalytie site) is present on
the protein molecule at which the inhibiﬁor molecule is bound.
This site which lacks catalytic activity and which is topo-
logically separate from the catalytic site can however, exert
regulatory control over the catalytic site. This site is referred
to as allosteric site (29). The presence of binding sites as
distincet from active sifes has been clearly demonstrated 1n thg
case of a few engymes such a3 aspartﬁl tfanscarbamylase (21,
glutamine synthetase (26,30,31) and ribonucleoside-diphosphate
reductase (32-34). For example, Gerhart and Schachman (22) were



able to geparate the subunits of aspartyl transearb-amylase
and demonstréte that there were two types of poly-peptide
chains, One'of these had a moleculér weight of 1 x 105 and
was found to contaln a catalytiec site. This could by itself
give a catalytically active protein which however lacked
regulatory control. The other had a molecular weight of

2.7 x 10LP and contained the allosteric site (binding site)
which was found to bind cytosine triphosphate (CTP). This
sub-unit lacked catalytic activity. PFurther, by measurements
of chemical reactivity and sedimentation in an ultracentrifugé
Gerhart et al (35, 36) were able to observe conformational
changes induéed by the substrate namely carbamyl phosphate , and
ligands which resembled the substrate. They also demonstrated

the conformational effects induced by the allosterie effectors

¢TP and bromo CTIP.

Methods for elucldating the active sites of an enzyme-

The informatlon on the amino acid residues which form the
‘active site of an enzyme has most}y'been obtained using two major
oxperimental approaches , namely :1) X-ray crystallography and
.2) Chemical labelling methods. Tirst we shall discuss the

X-ray crystallographic method.

X-ray crystallographic mathod.,.

The elucidation of the three dimensional structure of
proteing using X-ray diffféction method is one of the major
achievements of modern science. Todate , the three dimensional
structure of 10-12 crystélline proteins has been determined. This

has become possible because of the discovery of the lsomorphous



- 1y . ' _ 6

replacement method by Perutz (37). In this techniqué bulky

atoms or groups are attached (tagged) to speecific groups ,

such as SH, in'a protein molecule. From the X-ray diffraction
patterns given by the tagged and untagged protein, the threo
dimensional structure i1s arrived at', Tt igs beyond the sco;ﬁe oi/'
this review te deal with the details of X<ray crystallographic
method’, The discussion is restricted to enumerating the type

of :}nformation o'pta.ihable fr&m X<ray studies. These will be
illustrated with a few examples. The three dimensional structure
of ribonuclease A (RNase-A) (38) and ribonuclease S (RNase-§) (39)
has been elueidated. RNase-A is a protein of molecular welght
13,683 and consists of 124 amino aeids. It contains % disulphide
bonds . Ribonuclease splits ribonucleic acid at the phoszfadiester
linkages . RNase=S is obtalned by cleavage of RNase-A by the
bacterial enzyme subtilisin., This ‘splits the peptide bond between
the 20 and 21 amino acld residues giving RNase~S vand a peptide of
20 amino acid residues. The two proteins (RNase-A and RNase-S)
have very similar structures. The salient features of RNase-S are
that it has 15% ofhelical structure and that it has a striking
hydrophobic core which ’fqrms about 15% of the total structure’,

In the three dimensional stru,efure of the enzyme, the residues
near the‘ﬁucleotide binding s;i.te have been identified., This was
aided by the knowledge of the amino acid sequence of the

protein (40). His~12 and 119 are close to the uridine-2-phosphate
binding site'. The uracil moiety fits into a groove bounded by the.
hydrophobie side chaiﬁs Val-43 and Phe~120 and the OH function

of Thr-45. Other nearby residues are Glu=11, Asn-i% and Asp-12W,
These results are in good agreement with the chemical data on the



nature of the active site of RNasel.. The side chains of Iys-7
and 41 are not clearly defired. The binding of small molecules

to RNase<S ‘does not cause any conformational change’,:

Coymotrypsin.

The three dimensional structure of'o@chymotr&psin at 2 3
resolution has been thainzd by Matthews et al (#15'and ofr{)ES
and Y- chymotrypsins at 5 A resolution by Kraut et al (42). The
amino acid sequence has also been deterﬁined; Chymotrypsin hasg a
molecular weight of 25,000 and consists of a gingle no&ypeptide
chain with 247 amino aclds, The polypentide chain consists of
three portions whlch have been designated as Ay B, C chaing'. These
- chains are held together by two of the three disulphide linkages.
chymotrypsin 1s a serine aetive enzyme. As deduced by the three
dimensional structure, His~57 and Asp~19ﬁ are adjacent to the
active site Ser-195, while ﬁet~192 is nearby's The interaction
of Asp=19% with the p031tive1y eharged of-amino group of Ileu«16
is striking. The involvement of Ser-1953 His-S?, Tleu~1% in the
active centre had been predicted by chemical studies. Thus X-ray
erystallographie studies corraborate the ghemical findings’. Unlike
gsome other proteins, chymotrypsin does not have a deep éleft'at

1ts active sitel,

The sbove examples show that it is pessible télidentify
from the three diﬁensional structure of an enzyme the amino acid
regsidues involved in the active site and the mutual interaction
between the various residues. The other proteins whose ﬁhreé
dimensional structure has been elucidated are myoglobin 43 )y, ,
hemogldbin.(hh-hB) 1ysozyme (18, 49 -51) , carboxypentidase (52=5k) 4
ecarbonic anhydrase (55), papain (56) , cjiytochrome~C (57) and



elastase (58, 59). Since the present investigation concerns
1ysozyme, the three dimensional structure of this enzyme will
be discussed later!,

¢héﬁica1 iabélling méthoéi

-This chemical approach to identify fﬁe amino aclid residues
‘In the active site of an enzyme has been used extensively'.’ The
principle of this method is as follows:- |

First a labelled chemical 1s covalently attached to some
amino acid residue(s) within the active site(s) of an enzyme;
Then the labelled enzyme '{s degraded by chemical or enzymie methods
. and the labelled peptide fragment(s)- originating from the active
gite are 1lsolated and characterised. When.such a covalent labelling
is achieved, the (reVersible) binding of the speeific ligand to
that gite may be expected to be sterically or otherwise inhibited',
Thus if for every mole of labelled eompound covalently attached
per mole of prntein a stoichiometric loss of aetivity occurs, then
this is a _strong. evidence that the label is attaéhed to a residue
in the active site’s For a hnmogeneous protein complete inactivation
should occur when ﬁhe number of moles attached per mole of protein
equals the number of active sites per proteln molecule’, Thils 1s

an important criterion of active site labelling.

However, thls technique is net entirely free of aﬂbiguity
for the followlng reasonsi- (1) a loss of activity ig not necessa=
rily an ali-orenene phenomena s If eatalytic activity is being
measuréd kinetically, a reduﬁtion in rate and an apparent loss in

activity may occur because of an inerease in the Michaelis \
constant of the modified enzyme for the particular substrate.



This may be due to a partial impairment of all the active sites

or complete impairment of a fraction of them, '2) the attached
group may sterically interfere with the binding of the substrate,
although it might not be attached to a group in the active site,
{3) In certain circumstances the attachment of a label in the
contact residue of active site may not lead to inactivation. If
the label is a small atom or group and does not seriously interfere
sterically with the binding of the specific ligand or perturdb the
chemical properties éf active site, then limited or no inactivation

may occur (3).

The methods of active site labelling may be broadly
classified into three groups : 1) unigue labelling {2) differential
1abelling and (3} affinity labelling. The principle of unigue
group labelling is as follows:- The catalytic sites-of many
enzymes generally contain chemically unique or unusually reactive
amino acid residue'. The unigue seryl residue in the active sites
of esterases is a familiar example (3). It is possible to take
advantage of the unique reactivity of such groups to tag them in
a number of ways.')The tagging can be done either with a substrate
or a substance which resembles the specific substrate or a non-
specific reagent. TFor example , the enzyme phospho-glucomutase
which catalyses the glucose-1-phosphate to glucose—é—phosphate
- ean be labelled with phosphate (60). It has been shown with
32Pnlabelled substrate that phosphoryl serine could be isolated
from the tagged enzyme (61) . If the covalent intermediate formed
between the active site fesidue and the group of specific substrate

is too unstable, & corresponding intermediate may be formed with a
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group of a substance whieh‘reéembies the substréte but differs
from it in many importani respects., An outstanding examplé of
this type of labelling is the reaction of‘di-iso@ropyl fluofo—
vhosphate (DFP) and similar compounds with ceftain esferase
enzymes . The studies of Balls g§4§; showed that inactivatiﬁn of
chymotrypsin and trypsin with DFP was stoichioﬁetric (62 63). It
has subsequently been shovn that DFP and similar compounds.form

a stable phosporyl bond with unique gerine residﬁés df a large
number of esterases., In the category of lébelling by non sﬁecific
reagents, the particular amino acid residue involved in the active
gite may be labelled by a reagent which is neither a specifiec sub-
strate nor does it resemble the substrate', The modification of
groups like cysteinyl, tyrosyl, tryptophyl, histidyl, lysyl and
earboxyl groups by a varlety of reagents to determine their role
in active site of an enzyme is an important approach by itself

and this procedure will be- discussed in detail in a later section'.

Différential lébeiliﬁé:

‘ The one advantase of the diffgrential 1labelling method is,
that it can be uséd not only for'labelling,ﬁhe active site but
also the reguiétory site. The‘principlg of the method 1s as
followss- The prdtein is treatéd with a non-specific reagent
in the presence or absence of an excess of the competitive
inhibitor of the proteln active site* Pirst the eXhaustive
modification of all similar residues on the outgide of active
site is achﬁ{yed w1th the reagent in the presence of the inhibitor,
then the inhibitor is removed. The radio active form of the same
reagent‘is-added snd the reaction carried out. This labelled
reagent should react preferentially with the regidue in the active
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sites that had been formerly protected. Although the method

of differential labelling appears to be straight ferﬁard it has
several theoretical and practical limitations. The protective
effect which is a very important asgect of_the method is not
absolute and depends oqﬂpumber of parameters. Clearly the
protective action depends upon the equilibrium (assoclation)
constant for ﬁhg formation of the reversible complex between the
enzyme and inhibitor. If this constant has a low value, in other
wards the strength of binding is low, then the protective action
is poor. Also the mere binding of the inhibitor to the active
site may induce a conformational change iﬁ protein molecule which
may concelvably deactivate a group which may not be in the active
gite'. The differential laBelling technique has been used in identi-
fying the antibody active sites of several proteins (64).

Affinity labelling.,

Tn this technique a labelling reagent for a particular
active slte ig designed by virtue of its steric complimentarity
of the active site'. The reagent first combines with the active
gite specifically and reversibly and by virtue of a suitably small
reactive group’on the reagent it caﬁ then react with one or more
- amino acid resi&ues in the active site to form irreversible
covalent bond. The formation of the initial reversible complex
increases the local concentration of the 1abelling reagent in.the
site as compared to its concentration in free solution and the
reaction with a group in the site ;s markedly favoured. An
example of the use of affinity labelling is the reaction of
chymotvyps1n with chloromethyl ketone derived from N-tosyl-L-
phenylalanine (65). The native enzyme was modified to ‘the extent
of 1 mole of reagent per mole of protein’s The labelled enzyme
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was,completely inactive. This affinlty labelling technique hag

been used in identifying the antibody active sites of several
proteins (66),

Labelling with non<specific reagents .

‘One of the approaches that has been(widely-used to identify
the groups that are necegsary for the activity of an enzyme is
the chemical modlflcation of the various groups and to study the
effect of such modification on the enzyme activity. The first
step in such a study is the prenaratlon of a chemically modified
enzyne's After specifically modifying a group its effect on the
ehzyme activity may be estimated. Table 1 gives the chemical
modification to which each group can be subjected and the reagents

that have been.used in the chemical modification of these
groups (35 67, 68).

Tt would be beyond the scope of this review to describe in
detail the various chemical modifiecations to which different
enzymes have been subjected to and the effect of such modification
on the aétivity of these enzymes’s Therefore only the work on hen
egg white lysozyme will be described.

LYSOZYME

Hen egg white lysozyme 1s a protein of a molecular welght
of approximately 15000. It is .composed of 129 amino acid residues
joined together in a single polypeptide chain having lysine as
N-terminal and leucine as the C-terminal amino acid residues (69)%
it contains no prosthetic group and does not require metgl ions or
cofactors for its action. The entire catalysis and specificity

must therefore be affected through the amino acid residues . It has
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been shown both by X-ray diffraction studies and optieal
rotation dispersion techniques that lysozyme consists of
oFhellx, [3-pleated sheet structure and random coil. Parti-
cularly striking in the lysozyme structure are the large

regions without any ordered secondary structure (18, 19, 70).

Enzymic activit&.

Lysozyme aets on the bacterial cell walls and also on
low-molecular-weight substrates which contain N-acetyl-D-
glucosamine (NWAG) and N-acetyl muramic acid (WAM). The first
gtep in lysis of bacterial cells by lysozyme seems to be an
interaction between the positive charges of lysozyme and the
negative charges on the surface of the bacterial cells. The
second step is the hydrolysis of the [3-1, 4 glucosaminide
linkage in the polysaccharide of the cell wall, The last step
is the dissolution of the damaged cell wall (713, Any treatment
which increases acidity of a lysozyme (and therefore decreases

basicity) decreases lytic activity (72)%

Primary structﬁre of lysozyme,

Lysozymes are widely digtributed enzymes'. They occur ° ~.
in animals , plant tissues, secretions, egg white from different
birds and even in viruses (69, 72, 73). Of all the lysozymes,
hen egg white lysozyme has been thoroughly studied and its
primary, secondary and tertiary structures have been determined’,
Lysozymes from any of the above mentioned sources split the
chemical skeleton of bacterial cell walls by hydrolysing the
/3(1,%) linkages between NAM and NAG'. The amino acid composition

of hen egg white is given in Table 2 and the primary structure in



" TABLE Wo. 2 .

AMINO ACID COMPOSITION OF HEN EGG WHITE LYSOZYME'S

Amino acid No. of Res:ich;es per Mole of
‘ ‘ " lysozyme
Aspartic | 21
Threonine 7
Serine’ . 10
Glutamic
Proline
Glycine 12
Alanine 12
Vaiine 6
Cysteine 8
| Methioniné 2
Isoleucine 6
Leucﬁe 8
Tyrosine 3
Phenyl alanine 3
Trjr@tophan 6
Histidine 1
Argiﬁine 1
6

Lysine
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Tig. 1 (6). Lysozymes of different origing differ in their
primary structure although they exhibit qualitatively the same
biological activity. Lysozymes from different organs of the same

specles also vary in amino acid composition. For eiample,

lysozyme from human saliva snd placenta have different amino
acid composition (72) . These differences exist'maiﬁly in the

proportion of Glu, Pro, Arg and aromatic amino acidl,

In goose egg white lysozyme the amino acids Lys, His,
Tyrxare more in number whereas Trp residues arve less. It has
thg gsame molecular weight as hen egg white lysozyme. It is
ao%ive only towards M. lysodelkticus, but has no ability to

hydrolyse a pentasaccharide derived from chitin. Canfield (75)
has atbtributed this to a difference in the structure of the
active site of thils lysozyme from that of"hen egg vhite lysozyme.
All lysoéymes have a single polypeptide dhain}‘

X-ray structure and nature of active site of‘hen‘egg white
lysozyme s

X-ray analysis of lysezyme shows éhat the inside and
outside of the molecule are less easily defined than they ave
in myoglobin in which the interiod of the molecule consists
almost exclusively of hydrophobiec gide chains. The lysozyme
molecule appears to have a’hydrophdbic~spine‘consisting mainly
of ke six tryptophan side chains. Three of these tryptophan
side chains, 62, 63 and 123, protrude however, beyond the mole-
cwlar boundary and there are in addition a number of strongly
hydrophobic side~-chains eclearly on the molecular surface ( for
e.g. Val«2, Phe-3, 3% and Leu~17). The parts of the molecule

- Med v
most shielded from contact with surrounding(gppear to include

t
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Ser-=91 and Gin-57. All the lysine and arginine side chains

are external (76).

The X-ray studies of the enzyme-inhibitor cbmplexes have
revealed that NAG and NAM aré bound to lysozyme in the pro=-
noﬁnced cleft which is a marked feature‘of)thé enzyme structure.
The other competitive inhibitors di-NAT and NAG-NAM also bind in
the cleft nonspecif‘ica]ly. The binding of tri-NAG in the cleft,
involves fust fits three sugar rings which are linked tqgéﬁher

and ‘are arranged in a line. .

The trisaccharide substrate, lying in the cleft 1s bound
with a number of amino acid residues through specific contacts.
There are six important hydro~en bonds which are identified by
number (#9). The most critical of these interactions appear to
Involve the acetamide group of sugér residue=-C (third from top)
vhose carbon atom I is not linked to anothér sugar residug. There
are hydroren bonds from the CO group of this side chain to the
main dhain~NvarodpAof amino acid 59 (Asn) in enzyme molecule
({bond No.I) and fromvits NH group to the main chain CO group of
regsidue 107 (Ala) in the enzyme molecule (bond No.2). Its
terminal CH3 group makes contact with the side chain of residue
108 (Trp). Hydrogen bonds (No.3 and No.t) are also formed'
between two oxygen atoms'adjacent to carbon atoms 6 and 3 of
sugar residue € and the side chaing of residues 62 and 63 (both
TrE) » Hédrogen bond (No.9) is formed between the acetamide side
chain of su-ar residue A and residue 101 (Asp) in the enzyme
molecule. TFrom residue 101 there is a hydrogen bond (No.6) to
the oxygen adjacent to carbon atom 6 of sugar residue B. These

polar interactions are supplemented by nonpolar interactions.
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Among nonpolar interactions, however, are those between
sugar residue B and the ring system 6f residue 62'. These
deserve spetrial ﬁlention becaugse they are affected by a small
chang‘e in the conformation of the enzyme molecule that occurs
vhen the trisaccharide is bound to it. The side chain of residue
62 moves Iabout 0.75 3 towards the position of sugar residue B,
golution studies suggest that the interactions in the erystal

phase are similar to those in solution,

The nature of the predicted model for enzyme mechanism.,

~ Model building shows that the cleft in the surface of the
lysozyme can accommodate gix NAG molecules designated A, B, C,.D,
B, F. Amino acids surrounding NAG residues A, B and C of the

trisaccharide were located by X-ray.

The relationship between theée gites and various inhibitors

is summarised’,

Tnhibitor . Binding site

NAG C and D N
NAM \ ‘ D “
Di-NAG B-¢ and G-D |
NAG-NAM ) C-D .and G-D
tri-NAG ABC

Tour of these sites are roughly in line and lie in the
length of the cleft but phe fifth (¢) is to one side of this 1
1ine. Since NAG residues B and C in tri-NAG lysozyme complex
are part, of the stable complex, hydro\lysis between D and E is
more likely in the hexamer-lysozyme conplex. The bond between

D and B residues&surrounded by Glu-35 and Asp-52 residues on either
A

-
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side of the3 (1sh%) linkage(between NAG residues D and E)
Both side chains have markedly different environments .
Glu-3% is found to.be in the non-polar region near the
bottom of the cleft, its neighbour being Ala-110, Glu-57
and Trp-108'. Asp-52 lies in the polar region on the left
gide of the cleft, and appears to be involved in the complex
net work of hydrogen bonds that involve the amino acid regi-

dues Asn=hé, Ser-50 and Asn-59.

gtudies on the role of amino acid residues in the enzyme
molecules ‘
Carboxyl groups.

From elec’crcmetric titrations, it has been concluded that

g’i—n E\)carboxylic groups of glutamic acid are ungvailable for titra-
tion's ‘It has been suggested that the unavailable carboxylic
groups might be involved in intramolecular interaction with
lysine residues (77). As described earlier a role for Glu-35

in the lysis of substrate has been predicted (49, 51, 70) .

X-ray data also show that all the eleven éarboxyl groups of
lysozyme are exposed on the surface. Purther, the involvement
of Asp-52 in the catalytie mechanism of lysozyme has also been
proposed (49, 51, 70).

Esterification of lysozyme leads to the distortion of the
catalytic site but the position of the esterified residues has
not been determined (2, ‘78 79). Modification of carboxylic
groups by carbodimide niicleophillic procedure has ghown that all
the carboxyl groups except Glu-35‘ ecan be modified under normal
experimental conditions. The presence of substrate on the
énzyme molecule protects th.e Asp-52 and an enzyme t_{ith over 50%
enzymic activity is obtained in which all the CQ0—— groups
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o .
except Asp-52 and Glu-35 have been converted to g-N3032867

derivative . Subsequent treatment with the reagent after °
removal of substrate leads to a.modifion of Asp=~52 and loss

of enzyme activity. These results eliminate all €00~ residues
except Glu-35 and Asp-52 as potential catalybic or binding
groups. These rasults strongly support the hypothesis of
Phillips and €oworkers deduced from erystallographic data that
a €00~ group is involved in the lytic action of lysozyme.
However, in this investigation, the effect of CO0™ modification

on the conformation of the native -enzyme has not been studied(80),

T;erSj.ne .

Lysozyme has 3 tyrosine residues. In titration studies
2 of the 3 residues titrate normally and the third titrates at
very high pH values suggesting that one of the tyrosine residues
is burgied in the interior of the protein molecule's ITodination
‘studies also indicate thaf two residues react readily and the
third residue becomes accessible only after the protein has been
denatured or when the reaction is carried out in the presence
ofadenaturing agent like guanidbehydrochloride (GU-HC1) or urea'.
Neilther enzyme activity nor the conformation of the iodine deri-

vatives appears to have been studied (81-84).

Tryptophan .

Lysozyme has 6 tryptophan residues. With the solvent per-
turbation technique, it was found that all the tryptophans were
exposed on the surface of the molecule; such exposure vas not

dependent on pH in the range 1.8 to_?ko or on ures concentration
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upto 8M (85). X-ray data indicate that Trp-62, 63 and 108 are
situated on. the surface of the cleft. Studies on photo-
oxidation , iodination , oxidation by hydrogen peroxide ,gZonisa-
tion and NBS ftreatment of lysozyme suggest that tryptophan has
some esséntialtfunction'in the enzyme-: activity (biological).
Recent sﬁudies show that tryptophan resldue(s) is involved in
the binding of substrate or inhibitor by the enzyme. Hartdegen
and Rupley (86 ,87) and Rupley (88 ,89) have shown that treatment
of lysozyme with iodine results in facile oxidation of Trp-108
(tryptophan to oxi-indole). Extensive iodine-oxidation results
in-oxidation of Trp~108 as well as Trp~62 (90). Modification of
the lattér results in inactivation of the enzyme. Dﬁring
ozonisation two indole residues of Trp-108, 111 are médified'
into formylkynurenine. Oxldation of these indole residues did
not affect the enzyme activity, pH optima, extent of inhibition
by NAG 6r héat stabilitﬁ of the enzyme leading to the conclusion
ﬁhat the essentisl conformation of the molecule is not affected
by oxidation of Trp-108 and Trp-111 and that they are not
essential for the maintenénée of conformation and biological
activity (91, 92). |

WBS has also been used‘by many workers in the hope that it
may selectively oxidise the indole spoup moieties of tryptophan
residues (69, 93-96) . Treatment with NBS resulted in progressive
oxidation of tryptophan fesidues‘accompauied by a paralle17
decreage in enzyme activity. Th completely=-inachbivabed lysozyme,
Trp-62 ig oxidised by NBS without any accompanying conformational
change thereby suggesting its implication in enzyme activityl, (94,
9%)'. However, it is now known that NBS is a non-spedific
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reagent, and earlier data obtained with NBS would need a re-

appraisal (96) . X-;ray data show that Trp-62, 63 and 108 interact
with NAG, di-NAG and tri-NAG (51).

The role of T;rp-ée in the actilvity of the enzyme was
further confirmed by the interaction of the enzyme with the
cationic detergent, dimethyl~benzylmyristyl ammonium chloride
(DBMA) (97). The eﬁzyme readily reacts with 0.05% DBMA at
TH 5.6 and is completely inactivated without alteration *in.its

conformation,

Arginine .

iysoéyme contains 11 arginyl residues. x:-rajr studies show
that all arginyl residues are present on the surface.of the mole-
cule and that Arg-—ﬁh— igs involved in intermolecular contacts (70) .
‘Glyoxal reacts readily with all the 11 arginines ; However, neither
the enzyme activity nor conformation of the m_odified enzyme has
been studied (98, 99). Modification of 7 out of the elelen zrginyl
residues with 2 ,3«butanedione (100‘) reduéed the aetivity of
acetyl lysozyme towards M, lysodeikticus.’ ‘However, its ac;i?gvity

towards. the tetramer of NAG was not reduced. Under the same ,
- experimental conditions acetyl lysozyme was active both towards .

M. lysodeikticus and the tetramer of NAG. Since modification of

the guanidyl groups of acetyl lysozyme reduces its activity towards
the bulky substrate M. 1ysodeikt3.cus but not towards the low

molecular weight substrate 1t may be concluded that stegrie
' hindgrance may be the reason for the decrease in aetivity.

The role of Arg-128 in the enzymic activity has been looked
into from another angle., Arg-128 is located next to the C-terminal
_ amino acid leucine, The enzymatic cleavage of lysozyme by carboxy
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peptidase gives a product which hag the same conformation and
enzyme activiﬁ& as,the native enzyme suggesting that Arg-128 is
not essential either for activity or for maintaining the confor-
mation (69)’,

Histidine’,

Lysozyme contains one histidinelresidue% Reaction with
lodoacetate at alkaline pH values converts it into carboxy methyl
histidine (101). This does not cause any loss in enzyme activity
suggeéting‘that the single histidine residue is not iInvolved in
the catalytic site 6f the enzyme& Xwray crystallegréphie gtudles
. show that the His~15 residue is far away from the gieft region
and is not involved in enzyme activity (51)%.

It has been shown that lysozyme dimeriges in the pH range
pH 5 to 9% Dimerisation does not appear to lead to any changes in
‘tpe confbrmation'of the molecule as cguld be detedted by bzR.D.,
visecosity and partial spe¢ific volume measurements (102-104).
However , the'enzyﬁe acﬁivity of the dimerie formhas not been
‘ measured., The imidazole group of the histidine residue has been
implicated in the dimerisation reaétion (53)2 It may be worth
mentioning here that duck egg white lysozymeahas no histidine but
has 5-6 times more lytle activity than egg white lysozyme (105),

Lysine,

Lysozyme has 6 lysine residues per'ﬁoleculau From titration
studies of native, deaminated and guanidinated lysozyme it has been
concluded that some of the lysine résidues are involved in inter-
action with two carboxylie groups within the moiecule (77). X-ray
studieé ghow that amino groups of’Lys»13 forms a salt bridge with

the terminal carboxylic group. {70), This residue does not appear
to be essential for enzymic activity (106)'

L
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Carboxymethylation {101) experiments show that 3 lysine
residues zre easily zvailsble for reaction with the reagent
while the cther résidues_become available only after the con=-
formation of the molecule has been drastieally altersd with a
denaturing agent (98, 106-110)., Based on this observation, it

has besn suggested that atleast 3 1yeine residues are essential

for maintaining the molecular conformation. The derivative in
which 3 lysine residues have besn carboxymethylated retained full
engyme activity. However when all the six groups were modified

the product was inactive. These studles do not reveal vhether the
1ogs of activity is due to the break down of the moletular
conformation of the enzyme}or whether the lysine residues are
involved in the enzyue sctivity. At any rate 3 of the six residues

do not appear to have any role either in maintaining the conforma-

tion or in *he gebivity.

guanidination of all iysine residues has no effect on enzyme
activity (111) .. fhe acetylation of 1ysozyme has been reported
to Tesult in progressive inactivatlon of enzyme (112) . Acetylation
of one third of the total lysine residues saugses no loss in
activity whereas acetylation of a1l six residues causes total

inactitation (71) . Theée regulbs hzve been,interpreﬁe§ g that

the positive chargé on lysine residues may bé required foT inter-

action of the enzyme with the cell wall of substrae ¥, 1lyscdeikticus

for opiimum enzyme activity ., However, this interpretation ;s at

wariance with other results (101) in wnich it has been shown that

cafboxymethylaﬁion of lysine regidues does not lead to any loss

Jin enZyTIe .
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The effect of polyalanylation of lysine'residues on the
enzyme activity of lysozyme has been studied. This modificabion
does not alter the conformation of the enzyme as could be
detected by 0.R.D. and circular dichro_jism measurements, However
it leads to a loss in activity‘(towards glycol chitin) in
proportion to the number and length of side chaln of the poly-
alanine residués attached to the molecule', The loss in activity
1s due to the inhibition of the enzyme-substrate complex formation
by the polyalanyl side chains. These facts suggest that the
pélyalanyl siée chains sterically hinder the interaction of the
enzyme molecule with substrate (109). This is supported by the
observation that the effect of polyalanyl side chains on enzyme
activity of lysozyme toward M. ljsodeikticus is more marked than

on its activity towards glycol chitin. Tncidentaly these results
imply that not only the active gite but some other sites on the
enzyme molecule are also involved in the interaction of lysozyme

with M. lysodeikticus.

The hypothesis that the positive charge on lysine residue
ig of importance inﬁbinding the substrate M. lysodeikticus is

supported from another investigation also. Whén the amino groups
of lysine residues are modified with ethylacetamidate (100)fa
procedure by which the positive charge on amino group is not
altereij this does not cause any change in activity of enzyme;
if anything it seems to enhance the activity.

The introduction of a new cross 1ink between two lysine
regidues by reacting.lysozyme with phenolic disulphonyl chloride
does not appear to affect either the conformation or the

activity of the enzyme (113-115) . Recently the blocking of
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lysine residues of lysozyme with several reversible blocking
reagents has been reported (116). Derivatives obtalned by
complete modification of amino groups by succinic, tetra fluoro-
suceinic, maleic or citraconie anhydrides or by reaction with
diké%evwere totally inactive., When the modifying groups were
removed the enzymé regained 1ts original activity. However,

in this -study no attempt seems to have been made to determine
the effect of progressive modification of various residues on

activity.

The role of N-terminal lysine in the enzyme activity has
‘been looked into from another angle. Tﬁelenéymatic clea#age by
‘amino peptidase {(117) gives a product vhieh lacks the three
amino acids from the N-terminal, vhich has same conformation and
enzymic activity as the native enzyme suggesting that N-terminal

ly51ne is not essential elther for activity or conformation.

Enzyme activity of hen egg white 1ysozyme ‘after various

tréatments is gummarised in Table Wo'e 3.

THE OBJECT AND THE OUTLINE OF THE PRESENT INVFSTIGATION

The preceéding discussion showg that the exact role of"
the six lysines in the activity of the egg white lysozyme has
not been clearly established. We therefore desired to investi-
gate this qﬁestion further and to find out vhether or not the
lysine‘residues are essential for the activity of this enzyme'.
Since lysozyme has two pH optima for its activity, it is con-
ceivable that in the neutral and in the alkaline region different
amino qcid residues may come to constitute the active centre,

particularly because of the intramolecular forcesg affected by pH.
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And probabiy one or the other out of the six lysine residues
may be irivolved (in either pﬁ'range) in the catalytic activity
or may be imﬁortant for maintaining the enzyme conformation.
,Alsé, if possible we could determine the number and the position
of those residﬁes which ﬁay be found participating*inﬂthe above

mentioned functionse.

To“get detailed information on these aspects we have
approached the problem by using chemical modification method &
We have ﬁodified lysozyme with FDNB and have prepared at two pH
values , 7.2 and 9.1,a number of derivatives with varying content
of DNP. The two pH regions were chosen for these studies because
1yéozyme being active in these ranges it was thought that the
active site residues may be‘easily available for participation
in the modification reaction. We have then examined 'systematically
the effect of mddificaﬁion on the enzyme éctivity and on the

physicochemical properties of the modified derivatives.

" We had other considerations as well for choosing these
conditions for preparation of the derivatives. The chemlcal
modification of proteins is usually carried out at alkaline pH
in order to facilitate the modification of all the residues in
a protein, However, such mo@ification.ofteh leads to either
complete;or partial denaturation of the protein under study. It
therefore becomegsdifficult to know whether the loss of the
enzyme activity results from the blocking of a particular
residue(s) or it is due to the cohformatiénal change in the pro-

tein. The implication of the modified residue in the activi@y or
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in the conformation becomes ambiguous; whether the loss of
the activity is due to the direct participation of the modified
vresidue in the eatalytic function or due to the indirect

participation in maintaining the native conformation.

Modifications of the enzymes carried out under mild
conditions of pH and temperature, although, lead to the modifi-
cation of a limited number of residues under such conditions,
they usually leave the three dimensional conformation of the
enzyme tmaltered. And also there is another additional
advantage in using mild conditions in that if the modification
"is carried out with an unspecific reagent ; reaction may lead to
the modification of a specific residue because'of the enhanced
reactivity of some of these residues, due toxfheir nmicro=-
environment . Iﬁ was because of the various above considerations
modification of lysozyme with FDNB was studied at neutral and
alkaline pH values which we thought could provide necessary
detailed information regarding the role of the lysine residues

in the activity or conformation.

TDNB was chosen for these studies because it easily reacts
with several functional groups in an enzyme, Sanger 1n 1945
first éescribed the use of FONB for the determination of free
amino groups of insuiin {125), After thi3%§ioneéring work, this
metho& hés been used in the identification of the N-terminal
amino acids of several proteins (126-129) « The reaction of
FONB with protein can lead to the modification of any or all of
the following functional groupss sulfhydryl , imidazole, and
¢-amino énd phenol grgup. Apparently reaction with thioether side

ehain does not occur., Thus although FDNB and related reagents
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appear to be non-gpecific reagents for protein modification,
several reports shgw that FDNB specifically modifies only the
amino residues, provided the reaction conditions are .carefully
controlled (430-136). Besides, aromatic reagents containing
additional activating groups, e.g. nitro-group, wateh react in
two steps; The reaction is slow and fherefbre is more selective
than acylation. Hence by this procedure it is often possible to
modify only ene out of many reactive groups. For this reason
we have used FDNB.fbr the chemical modification of the lysine
residues of lysozyme. Dinitrophenylation.of proteing in acidie
pH is slow in comparison to alkaline pH. Generally mildly alka-

line pH's are used for dinitrophenylation’.

In this investigation we have studied the effect of various
factors such as time, temperature and concentration of the
modifying agent on the reaction of lysozyme with TDNB in order
to be able to control the reaction and to prepare the derivatives
substituted to varying extent. Begides, as mentioned above
it was essential to prepare atleast some derivatives in which .
1ittle or no change in the conformation occurred due to the
introduction of DNP groups into the enzyme molecule. To achieve
this objective we had to estab;iéh'appropriate conditionsls The
pesultant DNP-derivatives were analysed for the extent of dinitro-
phenylation by three different techniques: namely measurement of
UV absorption at 360 mp,,using mC-—labell‘ed TDNB and by the chro-
matographic identification of the dinitrophenylated amino acids
obtained by hydrolysis of the DNP-lysoéymesu The enzyme activity
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was assayed using M. lysodéikbicus as substrate. The effect

of modification on the enzymatic characteristics has been .
éxamined by determining the pH and ionic strength optima, =nd
by the action of inhibitors and physical and chemical denaturing
agents on the activity of the derivatives . Effect of modifica-
tion on the physicochemical properties was investigated by ,
gbsorption in UV region, ulbracentrifugation, gel filtration, .
tryptic hydrolysis, chromatography on CM-c¢ellulose and on IRP-64
and electrophoresis on starch gel and disc electrophoresis on

polyaerylamide gels's



