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by Lorraine Earps

Batroxobin is a thrombin-like enzyme derived from the venoms of the South 
American Pit Viper Bothrops Atrox. Batroxobin is termed thrombin-like due to its 
ability to cleave fibrinogen. However, unlike thrombin, which cleaves both the 
fibrinopeptides, A and B, batroxobin is only capable of cleaving fibrinopeptide A 
from fibrinogen.
Initially, batroxobin derived from two sources, Bot/zrpps afrox and BotArppf 7»op/em, 
two subspecies of the same Bothrops /I/rox species, were characterised. This was to 
assess any differences between batroxobin derived from the different species and also 
to look at their reactivity with fibrinogens derived from various species. During the 
course of the physical characterisation of the two batroxobins, it was not possible to 
identic any difference between them in terms of mass and N-terminal sequence 
analysis. However, on reaction with various fibrinogens it was evident that the 
batroxobin derived from Bothrops atrox was twice as active as the batroxobin derived 
from Bothrops moojeni. These specificity studies, on fibrinogens derived from eight 
species, showed that both batroxobins had a preference for fibrinogens derived from 
rat and mouse plasma, the natural prey of BotArpps ^p-ox pit vipers.
Sequence analysis of the fibrinogens indicated some differences in the sequences 
around the scissile bond of fibrinopeptide A, which could account for differences 
observed in specificity between the batroxobins and thrombin. To check die validity 
of this proposal a series of peptides were designed and synthesised using solid phase 
peptide chemistry. Reactions between these peptides and batroxobin and thrombin 
were carried out, with die specific intention of comparing the requirements of each 
enzyme for substrate recognition and cleavage. It was found that batroxobin has an 
absolute requirement for a proline residue at P2’ position, unlike thrombin which can 
tolerate histidine. It was also evident that batroxobin has a preference to an aspartic 
acid at the P3 position, whereas thrombin prefers a glycine in this position. The 
synthesis of a novel inhibitor with a reduced peptide bond showed that both 
batroxobin and thrombin have a requirement for a carbonyl group at the scissile bond 
not only for cleavage, but also for recognition.
In an attempt to find a structural explanation for the observations, homology 
modelling was performed. A model produced from the structures of porcine 
glandular kallikreui and TSV-PA was finally decided upon. The sequences of 
various peptides were modelled into the active site cleft of the batroxobin model. 
This work showed that the preference of batroxobin for an aspartic acid at P3 could be 
due to its ability to form a stabilising interaction with a lysine in the active site cleft, 
which is not present in thrombin. It also indicated that batroxobin cannot tolerate 
histidine at the P2’ position due to the highly positive nature of the enzyme at that 
point. This work also allowed the identification of a potential fibrinogen exosite on 
the batroxobin model that is difrerent to those observed in thrombin. This region of 
high positive charge correlates very well to one identified recently on a closely related 
snake venom enzyme crotalase.
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CHAPTER ONE

GENERAL INTRODUCTION



1.1 Venomous snakes and their vegoms

In order to understand fully the role of enzymes contained within the venoms 

of snakes it is first essential to consider the significance of the biological role of 

venoms. Snakes belong to a suborder of the vertebrate class 7(^tz/m called 

Se/peMtes. They are the most easily recognised members of this class by their obvious 

characteristics of elongation of the body and the absence of limbs. However, other 

less obvious characteristics have a significant role in the evolutionary development of 

venoms. Snakes are all strictly carnivorous and, due to their lack of cutting and 

grinding teeth, must consume their prey whole which is itself a potentially dangerous 

activity; consequently, they minimise the risk by feeding occasionally on relatively 

large animals [1].

To allow this unique method of feeding, special adaptations to the skull 

anatomy have occurred. Snake jaws, unusually for reptiles, are not rigidly attached to 

the brainpan but are instead connected kinetically to farm a highly mobile unit. These 

adaptations allow the jaw to move independently at either side and consequently 

widen the mouth considerably. This means that the snake can swallow large, whole 

prey by using small movements of their skulls over the top of the prey. Since this 

skull movement has many potential risks the snakes need first to immobilise their prey 

before they attempt to consume it. Often snakes will choose to be opportunistic 

feeders, preying on animals that are weak and feeble. However, some method of 

immobilisation is needed to allow snakes to quieten their prey.

Two potential methods for the immobilisation of prey exist: the m^ority of 

snakes make use of constriction, whereby pressure is exerted on the victim by loops of 

their body encircling the prey leading to strangulation of the victim; the alternative 

makes use of the injection of a venom. These toxic secretions are produced in 

specialised exocrine dental glands that are found in the upper jaw of the snake. It is 

now believed that these venom glands are in fact modified salivary glands and that the 

venom proteins contained within them has evolved &om digestive enzymes.

The classification of the various types of venomous snakes are made according 

to their various methods of injection of the venom. There are four possible modes of 

injection, two of which are fairly primitive: the ungrooved (or fangless) and the 

grooved (or backfanged). These two types of fangs are found in the largest family of 
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snake,the Co/zzAri^e. The othersnake Emilies, the^/apz&feandthe Fz^%&ze have 

a much more sophisticated method of venom injection. The Elapidae have h-ont- 

f^ged venoniappandus in whichthere isa largerfang that isalmost entirely closed. 

The Viperidae, including the pit vipers to which the snake venoms studied in this 

project belong, have the most sophisticated mode of injection. Their skulls are 

extremely mobile and their fangs, which have a completely enclosed venom canal, are 

folded back when the mouth is closed. The fangs of the Fi^rzdkze are therefore able 

to be much longer due to the structure of the maxillary bones. This group of 

venomous snakes belongs to the hollow fanged, or solenoglyphous, group. Due to 

this significant evolutionary development allowing efficient delivery of venom, these 

snakes can inject their venom and then remove themselves to a safe distance whilst 

waiting for the venom to take its effect [1,3].

1.2 The pH vipers

As has previously been mentioned, the pit vipers belong to the most 

sophisticated group of snakes, the hollow fanged or solenoglyphous. They are the 

group of interest during the course of this project, as the major areas of interest are in 

the pit vipers of South America and Asia. Principally, the area that has been looked at 

during the course of this work has been related to the jBorArcy^s species of snakes from 

South America. This group of snakes was first classified using the Linnaeul system of 

classrGcation as devised by Carl Linnaeus in 1753. Under this classification the 

species was only identified as existing in one form, referred to as jBofArops afrox, with 

the generic name written first and the specific name second. There were other snakes 

named under the generic name of ^ot/zrops, which are of no interest in this project, 

except to say that all snakes of this generic name are commonly known as the South 

American lanceheads.

This classification of the species stood until 1985 when it was recognised by 

Hoge that the species ought to be further subdivided into five categories. These were 

decided upon due to differences that began to be recognised in the chemical 

composition of the snake venoms, the geography of their existence and their markings 

and scale pattern. This group has been divided as hallows:
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B. atrox.atrox (Hoge)

B. atrox.asper

^. afrox ^mneaw^ 5. aArox./nw(yogMs»

& atrox.moojeni

5. afrox-pradloz

These names can be shortened to J), afrox, & oapgr A mwq/oewM, A /noo/enz and A. 

praddz. The two enzymes of most importance within this project are derived from the 

venoms of A. moojeni and A. a/rwc. These two are of interest as there is significant 

uncertainty surrounding the actual differences that exist between these species since it 

is very difficult to distinguish between them. Although they should come from 

differing geographical locations there is a possibility that there are some geographical 

regions were the two species co-exist. This also raises the possibility that some 

crossbreeds may exist, as the differences are not likely to be great enough to prevent 

interbreeding. The only real way to distinguish between these two snakes is to look at 

their scale numbering, as they both have the same markings. Therefore, classifying 

them whilst they are alive may prove to be impossible. This has obviously lead to 

some difficulties in verifying the source of the venoms that have been supplied during 

the course of this project. Due to the fact that prior to 1985 the species had not been 

subdivided, any work that was carried out before this time has been discredited as the 

samples used may have been mixed venoms [2].

Figure l.l: Photograph of the South American pit viper, Bothrops atrox
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1,3 Composition of Saake Veaoms

SaakeA^aKHns(ne highly concentratedsecretoryfluidscontaiamgbetween 15 

and 50% solid matter dependent upon the species. The venoms of the Bothrops 

species of snakes seem to contain 24 - 40% solid matter. Over 90% of the solid snake 

venom components are proteins, which have a variety of the biological functions 

involved in the immobilisation of the prey. The remaining 10% of the solid matter are 

made up of non-protein components, including inorganic anions, cations, amino acids, 

small peptides, lipids, nucleosides, nucleotides, carbohydrates and amines. The 

protein components of the snake venoms are made up of both enzymatic and non- 

enzymatic factors. A very large variety of enzymes exist within snake venoms, many 

of which seem to target tissue proteins, polysaccharides, plasma proteins and cell 

membranes. These enzymes include phospholipases, phosphodiesterases, 

nucleosidases and elastases, as well as the thrombin-like enzymes implicated in 

coagulation [3].

As can be seen from this very wide ranging, diverse assortment of enzymes 

and enzymatic targets there are a whole variety of ways in which nature has evolved in 

order to bring about the immobilisation of the prey. In actual fact, no single method is 

relied upon, as a whole cocktail of enzymes with a whole variety of tissue targets exist 

in each venom which contribute to the downfall of the prey. Other non-enzymatic 

components, both protein and inorganic, also contribute to the action of the various 

venoms. These also vary according to the species of snake from which they are 

isolated, and there is also some evidence that there may even be some variation within 

the species.

Non-enzymatic protein components of snake venoms include:

Neurotoxins - Low molecular weight proteins of- TkDa

- Two groups: post-synaptic blocks and pre-synaptic blocks

- Result in cramps, convulsions and paralysis
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Cytotoxins - 60-62ammoacids

- Result in haemolysis, cytolysis, cardiotoxicity and muscle membrane 

depolarisation

Myotoxins - 42-50ammoacids

- Resuhiasloeletal muscle contracture

Cardiotoxins - 21 amino acids

- Vasoconstriction ofcoronary vessels hBarluig;toc:ardiauc(irrest

Other components are choline esterase inhibitors, phospholipase inhibitors, nerve 

growth factors, lectins, proteins a@ecting platelet function and proteins that act upon 

the complement system.

The non-proteins are composed of both organic and inorganic constituents. 

The organic components include lipids, carbohydrates, riboflavin, nucleosides, 

nucleotides, amino acids and biogenic amines. The inorganic components include 

cations and anions. The specific role of each of these components is as yet not fully 

understood. However, in actual fact, it would appear that in many cases the role might 

be in preservation of die venom and in establishing the correct environmental balance 

in which the enzymatic components can function most effectively.

The diversity of the composition of the snake venoms makes it virtually 

impossible to investigate the activity and functioning of the venom as a whole and 

therefore specific components are investigated in isolation. The areas for probing 

investigation are determined by the way in which die immobilisation occurs in the 

prey of the snakes that are being investigated. In the case of the vipers and pit vipers, 

the major cause of death is from circulatory shock. This is normally associated with 

many events, and can vary from snake to snake and species to species. This is due to 

the fact that there is now a significant feeling that the venom components interact in a 

species-specific manner. In other words, the venoms act differently on different prey 

and are evolved to be most efficient against the animals that are the natural prey of the 

snake. Many other factors, including the age of the snake, die geography in which the 

snakes exist, along with the potential individuality of each snakebite, may affect the 

outcome of a single snakebite. However, since it is known that attacking the 
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cardiovascular system of the prey is the most efRcient and direct method of 

immobilising the animal by death, an investigation into the enzymes involved in this 

area and the way in which they interact with the prey is considered to be vital.

In this project, the area of interest is the enzymatic factors involved in 

targeting of the proteins in the haemostatic process, with specific emphasis on the 

thrombin-like enzymes. In order to investigate fully the role of thrombin-like enzymes 

derived from snake venoms, it is first important to understand the action of the 

haemostatic process that the enzyme is designed to disrupt and, most importantly, the 

mammalian thrombin that the activity is based upon [1,3].

14 Blood as a Tarset (or Snake Venom

Blood is a target for the action of many venoms derived from both snakes and 

other animals. The role of blood is of vital importance for a number of reasons, most 

vitally in the transportation of oxygen horn the lungs to the tissues for use in cell 

metabolism and the removal of carbon dioxide horn these tissues for excretion at the 

lungs. Oxygenation of the tissues is of major importance and must be maintained 

undisrupted in order to ensure the healthy functioning of the animal [5,6]. 

Consequently any disruption in the process can be fatal. Therefore a sophisticated 

mechanism has been evolved by which the supply of oxygenated blood to the tissues 

can be maintained in the event of injury. This mechanism is part of the haemostatic 

and fibrinolytic system, where haemostasis is the term that describes any processes 

that are activated by vascular injury which lead to the occlusion of damage and the 

prevention of bleeding, and frbrinolysis is any process that leads to the breakdown of 

fibrin clots produced during the course of haemostasis. The two processes of 

haemostasis and fibrinolysis must be kept in a constant balance to ensure that a 

constant blood flow is maintained at all times. It is this property of blood flow that 

makes the blood a suitable target for the action of so many venoms [4,5,6].
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1.5 Haemostasis

Haemostasis can be divided into two categories: primary haemostasis and 

blood coagulation. Primary haemostasis is the initial activity of the body to prevent 

blood loss by means of vasoconstriction of the damaged vessel, resulting in a decrease 

in the size of the injury, and subendothelial exposure to blood resulting in an 

accumulation of platelets at the site of injury [6,7,8]. The subsequent adhesion and 

aggregation of platelets and their release of biologically active components result in 

the further accumulation of platelets, the formation of a ‘bung’ and the activation of 

the second part of haemostasis, blood coagulation()^gMre 1.2).

Intrinsic 
pathway

Factor XII

Wound 
surface 
Efllltacl

Kallikreln •<—-—Prekalllkrein

Factor XI la

HMK

Factor XI T Factor Xia

Extrinsic 
pathway

Factor VIII Villa

VilaFactorIX FactorIXa Ca,PL

i~ Factor X

I---- Factor III

FactorXa ----- Factor X 
Ca,PL

Factor V Va"

Prothrombin Thrombin

Fibrinogen Fibrin (soft clot)

Factor XIII Xllla

Fibrin 
(hard 
■Clot)

Ffgz^g 7.2; (jgMgra/ overvzew of coag«7ario».
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This can occur via two diGerent pathways, the zn/riwic paiAwz^ ({igwe/. J) 

and ±e aciriwicpaiAway (/%we7.^. The intrinsic pathway is a longer and slower 

method of bringing about coagulation in which all the factors needed to cause 

coagulation are circulating in the blood at all times[9,10,l 1]. Contact of the blood 

with a glass microscope slide, as well as contact with irregular surfaces within the 

blood vessels can activate this process. It is therefore this method that is thought to be 

responsible for the formation of thrombosis in patients with excessive fatty deposits in 

their arteries[12,13,14]. The extrinsic system is a much more rapid and direct method 

in which blood coagulation occurs. This system is triggered by vascular injury and is 

therefore more rapid as it requires an immediate prevention of blood loss from the site 

ofmjury [5,10]].

1.5.1 Intrinsic Pathway

As mentioned above, the intrinsic pathway of coagulation is a relatively slow 

process in which all the components necessary for coagulation are already circulating 

around in the blood at all times. This means that the coagulation does not need to be 

triggered by a vascular injury; thus it is this process of coagulation that is responsible 

for the formation of thrombosis due to interaction of the blood with fatty deposits in 

the arteries[15,16,17]. Factor XU, kininogen, prekallikrein, and factor XI bind to the 

surface of the subendothelium at the site of the vascular injury,[15,18,20,23,24,25] 

triggering the intrinsic pathway. On adsorption to the subendothelium by Actor XU 

there is exposure of the active protease factor XHa [17,18,19]. Factor XHa cleaves 

prekallikrein and Actor XI, [20] resulting in the formation of the active enzymes 

kallikrein and Actor Xia [21,22] . The active enzyme kallikrein is responsible Ar the 

activation of Actor XU in a negative feedback mechanism,[23,24,25] and the active 

Actor Xia goes on to activate the change of Actor IX into Actor DQ which is located 

on the surface of the aggregated platelets[26,27]. This interacts with Actor Vin:C, 

[28,29,30]to Arm a complex which converts Ac Ar X into the active proteinase Actor 

Xa [31,32]. This platelet bound Actor binds A the coActor Va to Arm the complex 

that is responsible Ar the conversion of prothrombin into thrombin[37,38]. Thrombin 

is responsible Ar the conversion of fibrinogen inA the insoluble coagulant 

fibrin[39,4042,43]. The entirety of this mechanism is carried out by the conversion of 
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inactive precursors, or zymogens, into active proteolytic enzymes through a cascade 

system [5,10].

subendothelium 
prekalllkreln 
Fitzgerald factor(HMK)

^(1) x 

XII

Key
(1) Binding of prekallikrein, 
factor XII and HMK to subendothelium. 
Exposure of the active site of XII, 
(2) Activation of XI by Xllg.

(3) Activation of platelet bound
IX by XI and formation of active

IX

AT III

Ca’’,PL

IX_.VIII

AT III

a

complex with Vlll^.

(4) Activation of X complex and 
formation of active complex X^.V^.
(5) Conversion of prothrombin to 
thrombin.
(6) Formation of soluble fibrin.
(7) Stabilisation of fibrin by XII l^

I-----  AT III

fibrinogen

"a
(6) -'—•Till ^^Xlll. 

fibrin soluble / y 

fibrin Insoluble 

Figure 7.1" TTze mfnwzc pofAwoy py^Zoofy coagifZa^on.

1.5.2 Extrinsic Pathway.

The alternative method by which thrombin can be generated is by the extrinsic 

pathway. This is activated by the generation of the tissue factor thromboplastin, 

which is a phospholipoprotein originating from disrupted tissue cells[33,34]. This 

then binds to factor VII, which undergoes a conformational change exposing the 

active serine proteinase factor VIIa[35]. This then goes on to activate the platelet 

bound factor X into Xa,[36] which interacts with factor V to form the complex that 

converts prothrombin into thrombin [5,37,38].
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Tissue thromboplastin
(Factor III) 

(1)

''"a

(2) 
X

(3) 
Ca++!pL “a

fibrinogen

AT III

Key
(1) Factor III generated by disrupted 
tissues converts VII into VII .a
(2) Activation of X by Vll^, and 

formation of active platelet bound 
complex Xg-Vg.
(3) Conversion of prothrombin to 
thrombin.
(4) Formation of soluble fibrin.
(5) Stabilisation of fibrin by XIII .

AT III

fibrin soluble
fibrin insoluble

Figure 1.4: The extrinsic pa//nv(y qf6/oodf coogw/affon.

UAFibrinFomiati^

Fibrin is formed 6om fibrinogen by the action of thrombin [39,40,43,44].

Fibrinogen is a large molecule of 340kDa, which is made up of three pairs of differing 

chains [6,7,41,42]. There are two sets of Aa, BP and y- chains that are linked together 

by disulphide bonds, as can be seen from (figure 7.5^[7].

Terminal Central Terminal
globular globular globular
domain domain domain

Figure 1.5: 77^ sfrMcA/rg c^/z6rmogeM.
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The thrombin cleaves the fibrinogen at the Aa-chain to yield fibrinopeptide A 

and the fibrin I monomer by breaking the Arg-16-Gly-17 bond[39,40,43,44]. The 

second cleavage breaks the B3-chains to form fibrinopeptide B and the fibrin II 

monomer, by the cleavage of the Arg-14-Gly-15 bond, as can be seen in figure 1.6 [7],

46 nm

23 nm

Fibrin monomer

Figure 1.6: Sfrwcfwg q^6rm /»ono/nery, owf fAg sK6sgg«gnr sfacAing of 7MO7zo/»ers 

fo produce tAa j^Ann poZyMer

FIBRIN

CHg 

CH,

CHg

NH;

NH, 

C=:O

%

CH;

FIBRIN

xma

FIBRIN 

CH; 

CH, 

CH, 

CH, 

NH + ^3 

C = O

CH,

CH,

FIBRIN

FzgMrg 7.7; Crogj^-AnAing of f ArzM &y ^ofor ATH^
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The fibrin n monomers then stack up and through the specific transamidase 

action of factor Xllla T-glutamyl-G-lysine covalent bridges are farmed between 

adjacent fibrin 11 monomers, as is shown in^gure /. 7 above [7]. The covalent bonds 

produced by the fibrin stabilising factor result in the formation of the stable fibrin clot, 

as seen in/zgwe /.& [45,46].

FBbdm 1^^ (sogHble)

FIbeim 8:^^ (solMbB®)

jFzgnre 7.& /4cA)» of f/zrom6m OM ^^rznogen.
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Table 1.1: Plasma proteins involved m /^zewof^ayw OMc^^^nwo^s^w

Fklor
number Name Pn^e^k&amdfumAkms

I Rbiinogeo MW 340 000; six chains: (Aa)2(Bj8)2(y)2. 
Cmivertedto Gbrin by removal of 2A and 
2B pqiddes.

n Prothrombin
Thrombin is U,

MW 70000; 582 amino acids with 12 
disulfide bridges. Converted to thrombin 
(factor UJ by factor X.

m Tissue factor, 
thromboplaslto

Acts with factor VU. to activate factor X.

IV Calcium ions Activate many mizymes in the blood clotting 
cascade.

V Proaccelerin, V^ is 
accelerin

Factor % accelerates crniversion of factor II 
to factor Ilgby factor X,

vn Proconvertin Activated by tissue trauma, part of extrinsic 
system.

vin Antihemophiliac factor MW > 10^. Acts with factorIX, to activate 
factor X Its absence causes hemophilia A.

IX Chri^mas factor MW 55000. Its absence causes hemophilia 
B.

X Stuart factor MW 55 (XX); cmiyised oftwo polypeptide 
chaiM. Aedvatedby factor IX,, viu, and 
Ca®i(ms. or by iRactor VII,, factor HI, and 
Ca® ions.

XI Plasma thromboplastin 
antecedent

MW 124000; con^rosed of two similar 
chains linked by disulfide bonds. Activates 
factw IX.

xn Hageman factor MW 76000. First factor in the intrinsic 
pathway. Aedvtuedby fact** XU, and by 
contact with almormal surfaces.

xm Transglutaminase MW 365000. Cross-links preciptated filxin 
mononmers.
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1.6 Fibrinolyins

Once haemostasis has been completed, and the vascular injury it was 

initiated for hasbeen repaired, his imperative ihattheprocess ofhaemostasis ishalted 

in order to prevent any additional damage[5]. Therefore the fibrinolytic system has 

evolved. The m^or role of this system is to lyse the fibrin polymers into Gbrin 

degradation products (FDPs) which can then be excreted via the kidneys. By 

removing the excess Gbrin 6om the system any risk of thrombosis as a result of clot 

formation is removed. It is believed that diis system of regulation ofhaemostasis is in 

existence within the system at all times, and that there is an ongoing equilibrium 

between the two pathways.

The mechanism of fibrinolysis is activated by the adherence of plasminogen, 

the plasma zymogen, to the Gbrin polymer where it is cleaved by either tissue-type 

plasminogen activator (tPA) or by urinary-type plasminogen activator (uPA) to form 

the active proteolytic enzyme plasmin[47]. tPA is released horn the endothelial cells 

of the vascular wall and uPA is released by a mechanism involving proUK, 6ctors 

XU, kininogen, prekallikrein and activated protein C[48,48]. It is the ensuing plasmin 

that is responsible for the breakdown of fibrin to FDPs[47,48,49].

Fibrinolysis is regulated by inhibitor az-macroglobulin. This is a broad­

spectrum proteinase inhibitor which acts upon plasmin, along with the serpins, 

plasminogen activator inhibitor (PAI-l) which acts upon tPA and uPA, Ci-inhibitor 

which activates kallikrein and a2-antiplasmin which acts upon plasmin[49]. 

Consequently, a highly effective method for the regulation of both haemostasis and 

fibrinolysis has developed in evolution in an attempt to protect this highly vulnerable 

cardiovascular system, (j^gwe

Plasminogen

Fibrin

tPA 
uPA

----- PAI

Plasmin

'^^-----  alpha-2-AP
FDP

Figure 1.9: Fibrinolysis.
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1.7 The proteases

The family of enzymes known as the proteases can be divided into four groups 

that are subdivided according to their activities and to their functional groups. The 

groups are the serine proteases, the carboxyl or aspartyl proteases, the thiol proteases 

andthezincor metallo proteases. Theseenzymes, vnditheexcqpdon ofsomeofthe 

metalloproteases are endopeptidases each with a low molecular mass &om 15 to 

35kDa, with the exception of leucine aminopeptidase, which has a mass of250kDa. 

All these enzymes catalyse fundamentally the same reaction, the hydrolysis of peptide 

bonds, but they all take advantage of different mechanisms in order to achieve this 

aim. The serine proteases have an active serine residue that has an optimum pH 

around neutrality or in the slightly basic range. The thiol proteases have a similar 

activity to the serine proteases except they have an active cysteine but equally they 

have a neutral pH optimum. The zinc proteases are metalloenzymes that have a lower 

pH optimum. The final group, the carboxyl or aspartyl proteases, differ in that they 

require a low pH for optimum activity due to their catalytically active carboxylates 

[51,52].

1.7.1 The serine proteases

The serine proteinases are perhaps the most extensively studied of all the 

protease family. Since this is the group of proteases of specific interest in this project, 

a more detailed description of the mechanism and the experiments leading to the 

elucidation of the mechanism will be discussed in the next section. There are three 

catalytically active residues within the structure of all serine proteinases: Ser-195, 

from which the name serine protease is derived, His-57 and Asp-102 (these refer to 

the chymotrypsin numbering). The substrate binds to the pocket within the enzyme 

between the two domains of the structure and binds from the N-acylamino chain to the 

carbonyl group of Ser-214. Other residues within the N-acylamino chain bind to sites 

within the pocket that are available. The reactive carbonyl of the polypeptide 

substrate is thus positioned between the backbone NH groups of Ser-195 and Gly-193 

with its oxygen residue between the two.
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Figure 1.10: PoszYzoMZMg of swAsfrofg wzfAzM /Ag ocn'vg szfg OMz/foTTMOhOM (^fAg

fgfroAgfA'a/ intermediate Ay ^Ag oc^fOM (^fAg nucleophilic sgrzMg.

A tetrahedral intermediate is then formed vzo reaction of the hydroxyl group 

of the Ser-195 with the carbonyl carbon of the substrate. As this is occurring, the 

proton on the hydroxyl group is transferred to His-57, by a mechanism that will be 

discussed later. The bond between Ser-195 and the substrate formed results in the 

lengthening of the C=O to form a single bond, and thus this negative oxygen can 

move closer to the NH of Gly-193, forming a much shorter and stronger hydrogen 

bond. The tetrahedral transition state then collapses, resulting in the formation of an 

acylenzyme intermediate and the loss of the leaving group.

Figure 1.11: The collapse of the tetrahedral intermediate.
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Deacylation then occurs, again by a mechanism that will be discussed in more 

detail later, via the activation of water molecules by the charge relay system within the 

active site.

Figure 1.12: Attack by water molecules m t/ze fw/roww/mg soZwhon.

Once again a tetrahedral intermediate is formed; however, this collapses 

releasing Ser-195 and forming the enzyme-product complex.

Figure 1.13: A^gcAanw/M ^r fAg coZ/eysg o/tAg ^giraAg^fra/ mtg/TMgf/zafg.

Serine proteinases are responsible for the hydrolysis of ester or amide 

substrates, with many bonds being the potential targets for cleavage. The significant 
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specificity for substrates that seems to exist for some of the enzymes within this group 

appears to be determined by the binding sites of the enzyme. Consequently enzymes 

like trypsin, which have evolved to have very little specificity for particular proteins 

due to its role in gastric digestion, show the same catalytic site as more specific 

enzymes but significant differences in binding and recognition. Like many other 

proteases serine proteases exist in an inactive zymogen precursor form. However, 

they are different in that they are enzymatically cleaved by proteins belonging to the 

same serine protease group and consequently these enzymes act biologically together, 

often in a cascade form, with one activating another [7,51,52].

1.8 Action of serine proteases

AU the enzyme factors involved in the blood coagulation cascade belong to the 

group of enzymes known as serine proteinases. These are a family of very closely 

related enzymes, which are characterised by the presence of an active serine residue 

within the active site. Other enzymes that belong to this group of enzymes include 

pancreatic enzymes, far example trypsin and chymotrypsin. The original serine 

protease to be studied was chymotrypsin, although many of the family have been 

considered to date. However, it is stiU useful to understand the mechanism of action of 

chymotrypsin when considering the activities of thrombin and thrombin -like enzymes 

which belong to the serine proteinase family. The unusual activity of the serine 

residue within the active site was first demonstrated on chymotrypsin in 1954 by B.S 

Hartley and B.A Kilby,[53] by studying the action of the artificial substrate p- 

nitrophenyl acetate. The original results showed the existence of an acyl-enzyme 

intermediate. This was shown by monitoring the two distinct stages of the reaction by 

following the formation of p-nitrophenolate which is yellow in colour (/%wg 

7J4)[7].
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p-Nitrophenyi acetate

(Ast)

Enz

/>-Nitrophenolate

NO2
Acyl-enzyme 
intermediate

Enz +

kO—Deacylation
^ ! Steady-state phase 
W (slow)

Acetate

F(gwe 7.7V; (ZArowogeMtc razcTzow o/'j'gnwpro/^ezMayg.

The highly active serine residue v^asidertdfiedvvtusnidieacyl- enzyme intermediate 

was isolated. The amino acid analysis showed that the acyl group was attached to 

serine 195. Later itw/asslK)vvntbtd^,dts^pite the faw^thtdthtane tire 27serine residues 

within the structure of chymotrypsin, only Ser-95 reacts chemically with the nerve 

toxin diisopropylfluorophosphate (DFP) showing the unique reactivity of this 

particular residue (figure 7.7.^[7,54].
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H3C — C — O— P — O — C — CH, 

H3C O CH3

H OF H

H3C — C — O— P—O — C — CH3

H3C O® CH3

F®

^~f95
CHz

H3C

H O H

— c — O— P — O — C — CH, 
I II I

H3C O CH,

Diisopropylphosphoryl-chymotrypsin adduct

Figure 7.71" 7(eacfiOM ofDT? wzfA ser/w proteinase.

Further studies showed that within the active site of the serine proteinases there are 

other active residues involved with the reaction, as was evident with the action of 

chymotrypsin with N-tosyl L-phenylalanyl chloromethyl ketone (TPCK)[56]. It was 

expected that this reagent would interact with the active serine residue. However, 

studies showed that it actually reacted with histidine-57, indicating that two 

nucleophilic residues existed within the active site (figure 1.16) [7].
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CH,

N-Tosyl L-phenylalanyl 
chloromethyl ketone

His

O=S=O

Alkylated derivative of 
histidine 57 at active 
site of chymotrypsin 

(inactive)

Figure 1.16: Reaction 0/"/% ^7 wAA ZFCAT.

X-ray ciystallography of the active site showed that the imidazole ring of His- 

57 lies 0.38nm from serine 195[56]. It was also identified that another amino acid 

residue, aspartate 102, was also found to lie close to the histidine residue (figure 1.17) 

[7]. It has since been shown that all three of these residues are of importance in the 

activity of this group of enzymes and that they are all found within the active site of 

all serine proteases (figure 7.7^ [7].

Ue 16

a-CartK>n 

Carbon

Nitrogen

O Oxygen

Tvgwr^ ^- ^ 7' 77ze acfrvg s;fe r&yKTwa; (^fAe serme protease c/gwzotr^y&ZM.
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The three amino acids work together in a charge relay network in order to 

increase the nucleophilicity of the active serine residue[57]. This works by the 

passage of electrons around the three amino acids, effectively increasing the negative 

charge on the serine (jigure 1.18) [7,51,52,57],

Asp 102 Q 
H^-< , 

o

His 57
Asp 102 Q CH

H — N,(^N—H

Ser 195
© / 
O—CH,

Ffgzfrg 1.18: CAwge fe/ay /mecAawsTM t^f/ze active szfg r^seziMg profeosa;.

1.9 Catalytic action of serine proteases

1.9,1 General mechanism of serine proteases

From the experimental evidence shown in the previous section, it is possible to 

determine the way in which the overall mechanism occurs. As has already been 

mentioned, chymotrypsin is the serine proteinase that has been most extensively 

studied, due to the feet that it has always been readily available in abundance, and that 

it was consequently relatively easy to purify large quantities of it [7], Therefore, a 

general mechanism for this group of enzymes has been produced based largely on the 

mechanism of chymotrypsin, trypsin and kallikrein. It is this general mechanism 

which will be detailed in this section[58,59]. One point that is important when using 

this as a model for the action of specific enzymes of this general group, is the fact that 

it does not in any way look at differences in the specificity of bond cleavage resulting 

from variations in substrate specificity Ijig: 1.19) [7,60].
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2. Formation of tetrahedral intermediate by nucleophilic action of serine.

3. Cleavage of scissile bond to form acyl-enzyme intermediate.

4. Formation of tetrahedral intermediate by hydrolysis of acyl-enzyme intermediate.

5. Collapse of tetrahedral intermediate, reforming active enzyme.

Figure 1.19: Mechanism of serine protease, illustrated 6y c/r^vMOt7}psm.
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1.9.2 Substrate specificity of serine proteases

The individual specificity of serine proteases for particular bonds is due at 

leastin parttothebindingofresiduesaroundthescissilebond to theenzyme in 

question. This was firstrecognised b^fiSchuechteret a/ whothrough theinvestigatioo 

of the papain^ an aspartate protease derived &om the papaya, showed that amino acids 

on the substrate either side of the scissile bond were important in substrate 

recognition. The specificity of the enzyme was derived horn the size and charge on 

binding sites within the active site; these binding sites, called subsites, are numbered 

SI, S2, etc. on the N-tenninus of the catalytic site, and S'l, S'2,etc. on the C-terminus 

side. The respective sites on the substrate are termed P and P' sites, as shown in 

/zgwre 7.20 [61].

SUBSTRATE

Fz^re 7.20; Sw^sfie AWmgspec^c/ry.

Within the structure of each serine protease are specific differences in the 

subsite residues, which are responsible for the differences in recognition of the 

substrate. In particular, there are huge differences in the residues found at the S 1 site 

which correlate to differences in the bond that is cleaved, as shown in^gwe 7.27 [7]. 

For example, chymotrypsin has a hydrophobic specificity pocket at the S 1 site which 

means that it will cleave bonds on the substrate that have an aromatic residue at the 

P 1 position. Trypsin, and consequently thrombin and batroxobin, have an aspartic 

acid residue at the S 1 site resulting in cleavage when a positively charged residue like 

lysine or arginine is in the P 1 site. On the other hand the S 1 binding site of elastase 

is blocked off by valine and threonine, resulting in elastase only being able to bind 

small groups at the P 1 site, for example glycine and alanine. It would be of great 
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interest to look at the specificity of batroxobin at these important binding sites. 

Therefore this will be considered in Chapter 4, where a series of peptides are designed 

and tested to probe this area.

Chymotrypsin

Figure 1.21: Hydrophobic specificity pocket of fAree tj^renf serine profeag&y.
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1.10 Pk viper snake bites

The snake venoms considered in this project belong to the Fjipgrfdkzg group of 

snakes and, accordingly, an exploration of the bite produced by these snakes and the 

effect it has on the coagulation system is needed. As mentioned previously, 

circulatory shock is the m^or cause of death for victims of pit viper bites. One of the 

major causes of instantaneous death is by haemorrhaging into major organs. This is 

caused by direct damage of the capillary endothelium by haemorrhagic venom 

components.

However, this does not actually affect the coagulation system itself^ and in fact 

when humans are bitten by pit vipers there is almost always a relatively small amount 

of venom injected into the system. In this case the major problems are actually 

concerned with the coagulation system, and a response known as the 'defibrination 

syndrome' occurs. This response is a disturbance of the coagulation system, which is 

brought about by die activation of the blood coagulation cascade. In this way, the 

fibrinogen is converted into fibrin and then broken down by the fibrinolytic system to 

form fibrin degradation products (FDP). These products are then excreted through the 

kidneys, resulting in severe hypofibrinogenaemia, which often leads to near-zero 

levels of fibrinogen in the blood.

Under these circumstances, although the low levels of fibrinogen will not in 

themselves cause haemorrhaging they can increase bleeding when the haemorrhagins 

within the venom cause epithelial cell damage. Many patients exhibit signs of renal 

failure due to fibrin deposits causing glomerular damage. In cases where there is an 

indication of such severe systemic envenomation the only treatment is with an 

antivenom (^gwe. 7.22)[1].

1.11 Components within venom affecting haemostasis

There are many points along the haemostatic system at which the components 

of the snake venom can act in order to affect the cardiovascular system. Therefore 

there are many ways in which the components of venoms may act in order to bring 

about the circulatory shock that was mentioned as the primary cause of death in pit 

viper bites.
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1.11.1 Blood platelets and components afTectuig them

Platelets are of vital importance in the initiation of primary haemostasis. 

Therefore, any 6ctors within the venom, which alter the way they act naturally, will 

havea dkrupdveefkctupon the liaenuostaticsy^rkaoi. There are components Ihatact 

upon the aggregation of platelets, the release mechanisms within the haemostatic 

system for phdek^^andlhe clot retraction. Them^or factors involved, the snakes 

horn which idieyare(leriv(xt{md Iheway inwhichtheyaf&ctplatelets canbe seenin 

7h6Ze.' 7.2.

Another mechanism that has been adopted by the snakes is for their venoms to 

contain various factors, both enzymatic and non-enzymatic that inhibit die
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aggregation of the platelets, (7a6/g /. ^. A further method that has been adopted, 

particularly in the venoms of the South American pit vipers, is the induction of 

agglutination.

Agglutination of platelets is a phenomenon in which protein or glycoprotein 

ligands that contain two or more binding domains bind to the platelets. These factors 

are the coagglutins and include Botrocetin, which is used clinically for the 

determination of certain blood coagulation disorders [5].

1.11.2 Venom components acting on the blood vessel wall

Snake venoms contain factors that affect the vessel wall by initiating cutaneous 

and subcutaneous bleeding at the bite site along with some generalised bleeding. 

These factors are called the haemorrhagic proteins and are normally zinc proteinases. 

These proteins appear to act upon the basal membrane of the blood vessel wall, 

without a proteolytic action [1,3].

1.11.3 Venom components acting on endothelial cells

There are a whole variety of components that act upon the endothelial cells of 

the blood vessels resulting in constriction or relaxation of the cells and, subsequently, 

the blood vessels. These factors include the sarafbtoxins, which are highly toxic and 

lead to immediate death horn cardiac arrest brought about by constriction of the 

coronary vessels [1,3,5].

1.11.4 Venom components acting on the activation of prothrombin

There are a whole range of factors within the venoms of various snakes that 

act upon the coagulation system in order to activate prothrombin. This results in an 

increase in the production of thrombin and consequently an increase in fibrin 

formation. These components have been divided into 3 groups in order to help 

characterise them [1].
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Type 1: These activators are not aRected by the non-enzymatic cofactors (factor Vg 

and phosholipid) of the prothrombinase complex. They include factors found in the 

South American lanceheads (5ofAro/7S.%).

Type 2: Phospholipids plus Ca2+ and factors V affect these activators and they have 

many similarities to die clotting factor Xg. They are found in the venoms of the 

Australian elapid snakes.

Type 3: These activators are affected by phospholipids plus Ca^^ and are derived Rom 

the venoms of Australian taipans.

1.11.5 Venom components acting on fibrinogen

Since it is this area of attack of snake venom components that is of interest in 

this project, this will be covered in more detail than the above mentioned targets. A 

very large proportion of the Pyendlae venoms contain enzymes belonging to the 

serine proteinase family which are involved in the splitting of fibrinogen into some 

form of fibrin. These enzymes have been termed thrombin-like due to the fact that 

their function relates most strongly to the known function of thrombin.

Certain of these enzymes have had primary structures determined and some 

even have a known cDNA. From the primary structure and horn the organisation of 

the gene it has been decided that these enzymes belong to the trypsin-kallikrein group 

of serine proteinases. In actual fact some of the enzymes which are thrombin-like 

enzymes, for instance crotalase, have been shown to not only have an action on 

fibrinogen, but also to act upon kininogens which is the natural substrate of kallikrein.

These thrombin-like enzymes have many varying activities, in that some of 

them cleave both the fibrinopeptides, like thrombin, and that others cleave only one or 

the other fibrinopeptides. This suggests that the development of these enzymes has 

been very broad and highly flexible. They all show significant species specificity firr 

various mammals. These enzymes include batroxobin (6. niroa^ the enzyme of 

interest in this project; others are shown in Table 1.4. Others act by degrading fibrin 

into FDP these are shown in 7h6/e 7. J [1,3,5].
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1.11.6 Venom components that act upon Protein C

Protein C activators have been isolated &om the venoms of the copperhead 

(Agkistrodon contortrix) and other related vipers. They directly activate protein C, 

whichis aninacdvezymogen intothe activeenzyme protein Ca. This enzyme isa 

highly potent anti-coagulant. Other components exist that act at this point in the 

cascadebutina difkrentmanner. One is a slow activationofthe proteinC,by 

Russells viper venom X, along with a recent discovery that showed that batroxobin (A 

atrox. TMop/cMz) seemed to act as a thrombomodulin-dependent activator of protein C.

1.12 Batroxobin the thrombin-like enzyme

Batroxobin is the generic name given to any thrombin-like enzyme derived 

horn the B. atrox venom. This is because the term was developed before the species 

was subdivided. Consequently, any published information concerning the structure 

and action of this enzyme pre-1985 is not wholly believable since the work may well 

have been carried out on a mixed venom batch of the enzyme. In addition, much of 

the work to date has been carried out on only partially purified protein and as such is 

not reliable. Since the term batroxobin refers to all members of this group, then it is 

vital that the name of the snake from which it is derived is specified to allow clear 

verification of the exact type of batroxobin that is being studied [5].

The most extensively studied batroxobin to date is die form derived from the 

venom of B.moo/gm. This has a known primary structure, and the cDNA sequence 

was elucidated and has been expressed with partial success since 1991. The gene 

sequence of the batroxobin shows that the protein component of batroxobin (B. 

moo/gni) has a molecular mass of 25,503 Da. However all the forms of batroxobin 

have been shown to be glycosylated and the mass with the carbohydrate attached is 

32,312 Da. It is thought that this carbohydrate is vital for the effective functioning of 

this group of enzymes, as studies associated with the activity of the enzyme seem to 

indicate that different amounts of carbohydrate produce differing activities of the 

protein. It is perhaps worth noting that preliminary studies carried out indicate that
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the carbohydrate component found occurring naturally does not correspond to the

activity optimum for this enzyme, and that in fact a slightly reduced attachment seems

to show higher activity. At present the exact role of this carbohydrate in the action of

batroxobin is not known. However, it is clear from the variations within the activity

with differing amounts of carbohydrate that it must indeed have some role to play.

Batroxobin (5. /Mocyenz) contains 6 disulphide bridges and it has a carbohydrate

component of 27%, which consists of hexose, glucosamine and sialic acid.

Batroxobin shows significant sequence homology with the other enzymes

belonging to the serine protease group, as can be seen from^gwe 7.2J above [62].

However, it would seem that it shows the greatest homology -40% with glandular

kallikrein, and not thrombin. This leads to the idea that the thrombin-like enzymes are

named according to their action as they cleave fibrinogen and not according to their

structure [63,64].

As has previously been noted, the thrombin-like enzymes cleave fibrinogen in

a variety of ways. Some like thrombin cleave both the fibrinopeptides A and B

whereas others cleave one or another of them. Batroxobin (A airox or A moq/enz)

cleave only the Arg-16-Gly-17 bond in the Aa-chain of fibrinogen. This results in the 

release of fibrinopeptide A and the subsequent formation of the fibrin I monomer.

This spontaneously aggregates in an end-to-end manner in order to harm the fibiin I 

clot. However, unlike thrombin, the fibrinopeptide B is not cleaved and therefore the 

stable insoluble fibrin cannot be formed as cross linking by factor Xin is not possible

(see/zgwe /.24)[64,65].

Batroxobin has been shown to act in a species-dependent manner, showing a

preference for die plasma on different mammalian species. This is an area that is of 

great interest and will be considered in detail in Chapter 3. However, it has also been 

shown to have an action on some very ancient proteins such as the coagulogen of the 

horseshoe crab. Some work that has been carried out on the specificity of batroxobin 

for fibrinogens shows its specificity far dog > man > gopher, and that it shows its 

lowest specificity to carp plasma [1].
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1.13 Practical applicatioms of batroiobin.

Considerable practical value has been found for batroxobins. These are as 

haemostatic agents (Reptilase''*),dejSbrinogenating agents (Defibrase*)and6)r 

diagnostic purposes (Reptllase-reagent*)[l].

1.13.1 Haemostyptic drugs

Batroxobin has been shown upon local administration to the site of injury to 

exert coagulation. This acts in a dose-dependent manner and is not inhibited by any 

plasma thrombin inhibitor. Therefore batroxobin (Reptilase^ has found an 

application as a topical haemostatic agent. Small doses of batroxobin results in the 

formation of the fibrin I monomer. Therefore this drug has also found some value by 

enhancing the action of systemic haemostasis [1].

1.13.2 Defibrinogenating drugs

It has been found that intravenous or subcutaneous injection of large quantities 

of batroxobin (Defibrase^ results in the cleavage of the fibrinopeptide A and the 
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formation of fibrin I monomer. At the same time the batroxobin also induces the 

release of tPA from the endothelium, resulting in the activation of the fibrinolytic 

system. Therefbrethe fibrin I monomer isbroken downintoFDPs whichare excreted 

vid the kidneys. This results in dose-dependent decrease in the circulating fibrinogen 

and hence a reduction in the coagulability of the plasma. This drug has obvious and 

significant applications in the reduction of the risk of thrombosis and since the 

batroxobin does not affect other points in the coagulation cascade this treatment does 

not affect primary haemostasis and so reduces the risk associated with 

defibrinogenating treatments in the event of injury [1,65,66,67].

1.13.3 Laboratory reagents.

Since batroxobin can liberate fibrinopeptide A, without affecting the platelets 

and without being inhibited by the thrombin inhibitors, it has been found to be a 

highly useful tool in research and diagnosis. Therefore batroxobin (Reptilase*- 

Reagent) can be used to determine the concentration of fibrinogen in the plasma, as an 

investigation for dysfibrinogenemias and as a test for the contractile system of 

platelets [1].

1.13.4 Other uses

Batroxobin has also been found to be useful for certain preparative purposes, 

examples of these being the production of serum for patients that are heparinised and 

also for the production of the soluble fibrin I monomer which can be used as a 

stimulator of tPA for plasminogen activation [1].

1.14 Comparison of thrombin and batroxobin.

An area of particular interest within this project is a comparison of thrombin 

and batroxobin. As previously mentioned, batroxobin is termed a thrombin-like 

enzyme due to its catalytic cleavage of fibrinogen and not necessarily due to its 

structural similarity to thrombin. However, despite the fact that batroxobin like 
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thrombin cleaves fibrinogen, there are many ways in which the two proteins are 

enzymatically dissimilar. Thrombin unlike batroxobin is a multifunctional enzyme. 

This means that it has a wide variety of important physiological roles.

1.14.1 Catalytic triad.

As has previously been mentioned, the catalytic triad of the serine proteases is 

remarkably well conserved throughout the family. Thrombin, like all other members 

of this family has the conserved catalytic triad of His 57, Asp 102 and Ser 195, which 

is orientated in such a maimer as to allow the formation of the highly nucleophilic 

serine by the action of the charge relay system. This is shown in^guze 7.25. It is 

hoped that it will be possible during the course of this project to verify the position of 

these important residues in batroxobin during the course of the structural studies 

performed. A comparison of the position of these residues in thrombin and 

batroxobin is undertaken in Chapter 5.

1.14 J Cleavage of fibrinogen.

Within fibrinogen there are four bonds potentially available for cleavage by 

thrombin-like enzymes. Two of these potential sites are within the Aa chain and the 

other two are within the Bp chain of fibrinogen. Although there are four possible 

cleavage sites within fibrinogen there are only two recognition sequences. Within 

fibrinogen there are four arginine to glycine bonds, these are the potential cleavage 

sites. The sequence surrounding the two arg-gly bonds within the Aa chain of 

fibrinogen are identical, for human fibrinogen comprising of: -GGCVRGPRW-. 

The sequences surrounding the two arg-gly bonds within the Bp chain of fibrinogen 

are also identical, comprising in human fibrinogen of: -FFSARGHRIP-. Thrombin 

has the ability to recognise both of these sequences and subsequently to cleave at both 

sites, although it has a higher affinity for the Aa sequences. Conversely, batroxobin 

will only recognise the sequence from the Aa chain.
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Figure 1.25: The catalytic triadc^fAro/M^zM. from 7^ fo r^A^ Asp 102, T/w ^7 ow7

Ser 791
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One important aim of this project was to attempt to account for the differences in the 

specificity of thrombin and batroxobin for these two sequences. It was hoped that 

through a combination of structural studies and specificity studies on specially 

designed peptides that some insight could be gained for the unique action of 

batroxobin. Consideration of the differences in the specificity for the natural 

fibrinogen substrates between thrombin and batroxobin is shown in Chapter]. 

Differences in the specificity of each enzyme at the sites around the scissile bond are 

shown by their reactions with synthetic peptides in Chapter 4.

1.14.3 Other actions of thrombin

As previously mentioned, thrombin is a multifunctional enzyme, which 

exhibits many important activities in addition to its most well documented action on 

fibrinogen. It induces local platelet aggregation, is involved in regulation of the 

coagulation pathways by induction of the plasma factors V, Vin, LX and XIII for the 

initiation of coagulation, as well as its role in the negative feed back of coagulation by 

the induction of the anticoagulant protein C. In addition to its role in coagulation, it 

also has a vital part to play in ceU proliferation and wound healing, affecting 

fibroblasts, stimulating secretion in platelets and endothelial cells, regulating 

prostaglandin synthesis in platelets, endothelial cells and fibroblasts, mediating 

chemotaxis of leucocytes to fight infection, increasing smooth muscle contractility and 

in stemming blood flow and activating components of the complement system. In 

6ct, to date over 50 proteins have been identified that are susceptible to attack by 

Ihrombin.

Interestingly of these only two, hbrinogen and a potential binding site on 

endothelial cells resulting in the release of tissue plasminogen activator (tPA) are also 

substrates for balroxobm[5]. Therefore it is vital that an explanation for the increased 

specificity of thrombin over batroxobin can be found. It is hoped that in achieving 

this it might be possible in the future to produce a mutant thrombin which exhibits the 

same action as batroxobin. This protein would potentially be of value in die 

treatment of thrombosis but with less of the antigenic problems associated with snake 

venom derived proteins.
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Recent findings suggest that there are two distinct actions of thrombin* the fast 

action, responsible for fibrin formation, and the slow action responsible for all the 

cellular interactions. The conversion of thrombin from the fast to the slow Ram 

seemstobe mediatedby bindlngofsodiumto Tyr. Onlyproteins that contain tyrosine 

at this position have the ability to bind sodium, which is needed for the conversion of 

the enzyme to the fast form. Interestingly, batroxobin has a proline at this position 

and is therefore not able to change between two different conformations, however, it 

would appear Rom its activity that it must be in the conformation allowing the fast 

thrombin action as it is only able to cleave flbrinogen[68,69,70,71,72].

Consideration of the differences between the structures of thrombin and 

batroxobin is performed in Chapter 5. It is hoped that some differences may be 

identified that will provide potential explanations for the differences in action shown 

between the two enzymes, batroxobin and thrombin. This includes the specificity for 

fibrinogen and also the ability of batroxobin to recognise only fibrinogen as a 

substrate. It is hoped that a novel recognition site far fibrinogen could be identified, 

which could help to explain the unique specificity exhibited by batroxobin for 

fibrinogen. In these ways, it will hopefully prove possible to more fully characterise 

batroxobin, which is to date poorly understood.
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CHAPTER TWO

MATERIALS AND METHODS



2.1 Chemicals and reagents

AU materials used in this study were supplied by SIGMA chemicals (Poole, 

UK), with the following exceptions: the S-2238 chromogenic substrate, which was 

supplied by Kabi Diagnostica (Stockholm, Sweden); Gel Bond* the agarose gel 

support medium, supplied by Flowgen Instruments (Sittingboume, UK); the Bo/Arop; 

ap-ox crude venom which was supplied by LATOXAN (France); and the BotArops 

a/rox (Type H locality, Maranhao) and ^ofArpps Moryew (Type I locality, 

MinasGerais) crude venoms, which were supplied by PENTAPHARM (Sweden).

2.2 Buffers and Solutions

2.2.1 Purification Buffers

These solutions were made up as outlined in section 2.6

2.2.2 S-223S chromogenic substrate

The S-2238 chromogenic substrate was supplied in 25mg quantities, which 

were dissolved in 12.5mls of distilled water. This gave a stock solution of Immol/l, 

which could then be diluted down for use in the assay. The stock was then divided 

into lOOpI aliquots, and stored at -20°C.

2J.3 HEPES bujgered saline (HBS)

1.9g-HEPES

2.34g - NaCl

This was made up to 200ml with distilled HzO and titrated carefully wltii concentrated 

NaOH solution to pH 7.4±0.1.

41



2.2.4 Calcium chloride solution

88.8 mg - dry CaCh

This was made up to 20cm^ widi distilled H^O and stored at 4°C.

2.2.5 Bovine fibrinogen stock solution - 10-15me/ml

30mg-bovinen)xinogen(drypowder)

This was dissolved in 2ml of HBS bufkr, centrifuged for 5min at 2,500g. The 

concentration of the Gbrinogen was determined spectropbotometrically. This solution 

was stored at -20°C in 0.2ml aliquots

2.2.6 Bovine thrombin - lOU/ml

1 vial bovine thrombin was dissolved in distilled HzO up to 10 NIH units 

per ml. The solution was stored at -20°C in 1ml aliquots

2.2.7 Polyacrylamide gel electrophoresis - acrylamide stock

38g - acrylamide

2g - N,N-methylenebisacrylamide

This was dissolved in distilled H2O to a final volume of 100ml and stirred for 30mm.

The resulting solution was then filtered through a Whatman 0.2pl nylon membrane 

filter and stored at 4°C.

42



22.8 12% SDS - PAGE eel

Main Gel

3.2ml -actylamidestock

1.0ml -1.5M Tfis/HCl pH8.6

lOOW 10% (w/v)APS

(ammonium persulphate)

20pl - TEMED

(Njq^'jq'

tetramethylethylenediamine)

2.8ml-distilled H2O

80pl - 10%(w/v) SDS (Sodium Dodecyl Sulphate)

Stacking gel

1 .0ml - acrylamide stock

1.0ml - 0.5M Tris/ HCl pH6.8

3.0ml-distUledHzO

50pl. 10%(w/v) SDS

lOOpI - 10%(w/v) APS

20pl - TEMED

To construct the gel the gel plates were set up and all the solutions for the main 

gel were combined, with the exception of 10%(w/v) APS and TEMED. When ready 

to pour the main gel, the APS and TEMED were quickly mixed to the other 

ingredients and the mix was cast into the gel plates. Whilst waiting for the main gel to 

set all the components, once again with the exception of the APS and TEMED, for the 

stacking gel were mixed[73]. Once the main gel had solidified any excess water lying 

on the top of the main gel was removed, the APS and TEMED were added and the 

stacking gel was cast with a comb to form the sample wells. Once set, the comb was 

removed and the gel was placed in die tank which was then filled with running buSer. 

Samples were prepared by the addition of 3/5 volume of 1.6x disruption buGer and 

placed in boiling water for 1 minute. The sample (15pl) was then loaded onto the gel 

and electrophoresis was carried out at 30mA until the bromophenol blue dye front had 

reached the bottom. The gel was then stained, destained and visualised[74].
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2.2.9.6x Disruption Buffer

2ml. 10%(wAr) SDS

0.5ml-IM Tris pH6.8

0.6ml - glycerol

0.5ml - P-mercaptoethanoi

0.01g - bromophenol blue

6.4ml- distilled HzO

This was stored at -20''C in 500pl aliquots.

2.2.10 5x Running buffer

9g- Tris

43.2g- glycine

3g- SDS

This was dissolved in 600ml of distilled H^O and stored at 4°C. This concentrated 

stock solution was diluted far use, with 60ml of 5x stock made up to 300ml with 

distilled HzO.

2.2.11 Stain for SDS gels

70ml - glacial acetic acid

400ml - methanol

530ml - dHaO

0.25% brilliant blue R
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2.2.12 Destain for SDS gels

70ml - glacial acetic acid

400ml-m^iwrKd

SSOml-dHzO

23 Determlnadom of protein concentration

Protein standards were made up using bovine serum albumin (BSA) along 

with the Bradford dye reagent (Bio-rad) used to calculate protein concentration, as 

shown below:

1 2 3 4 5

Volume

BSA (pl) — 2 4 6 8

Volume

H2O(pI) 800 798 796 794 792

Bradford

Dye (pl) 200 200 200 200 200

The unknown samples were made up at two differing concentrations as shown

below:

1 2

Volume protein (pl) 5 10

Volume H2O (pl) 795 790

Bradford dye (pl) 200 200

The samples and the standards were allowed to rest for 5-lOmins at RT in 

order to develop fully. The absorbance was measured at 595nm and the concentration 

of protein was calculated from the standard curve obtained horn the BSA 

standards[75].
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2.4 Idendfkadon of thrombin-like enzymes

2.4.1 S-2238 chromogenic assay

S-2238 is a chromogenic substrate designed for thrombin or thrombin-like 

enzymes. It is chemical^ known as H-D-phenylalanyl-L-piecolyl-L-arginine-p- 

nitroanilide dihydrochloride, which is cleaved by serine proteinases in order to 

produce para-nitroaniline (pNA), which is yellow in colour and can therefore be 

identified spectrophotometrically at 316nm in H^O. This has a formula of:

H—D— Phe — Pip—Arg— NO2 ' 2HC1

It has a molecular weight of 625.6 and an Emw of 1.3x lO^mol'^ 1 cm"^ ;the 

concentration of thrombin or tbrombin-llke enzyme can therefore be determined, 

along with the rate at which it turns over the substrate. However, due to the fact that it 

may be cleaved by any serine proteinase it is imperative that it only used on the 

already purified protein, since die crude venom contains many serine proteinases that 

will activate the substrate along with the batroxobin.

Standards were made up containing known concentrations of batroxobin in 

order that a dose response curve dir this enzyme could be produced. This was 

produced as shown below:

Activity Required

(BU/ml)

pl of 20BU/mI 

Batroxobin

pl of 0.IM TRIS 

flMNaCI

5.0 45 135

7.5 67.5 112.5

lO.O 90 90

15.0 135 45

20.0 180
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This was plotted in order to make a standard curve, and the unknown sample's activity 

was plotted against the standards in order to determine die activity of the batroxobin in 

batroxobin units. One batroxobin unit is equivalent to 0.17NIH units; the 

intematimial standard used dir thrombin [76].

H — D — Phe — Pip — Arg — pNA

H — D—Phe — Pip — Arg — OH

+ pNA

/^^(gUTie 2 7; T^eacribM of tAro/M6m or rAro/M6m-Zz&e enzymes' wiTA S - 22J&

2.42 Visual gelation clotting assay (purified Gbrinogen)

The bovine filxinogen stock was diluted to a 4mg/ml solution with HBS pH7.4 

and 0.1ml volumes were preincubated at 37°C for lOmin, and seperately 0.2ml 

volumes of thrombin or thrombin-like enzyme. After incubation an equal volume of 

0.04M CaClz was added to the Gbrinogen and carefidly mixed. Immediately, the 

preincubated thrombin was added to the Gbrinogen CaCb mixture to initiate clotting. 

Upon addition, the stopwatch was started and the tube was gently tilted in order to 

allow the very first signs of gelation to be noted. The time taken for the clot to form 

was recorded. This is the clot time and should be between 10 seconds and 1 minute 

for the time to be accurate. If the time is quicker than 10 seconds the solution must be 

diluted in order that the time can be calculated accurately. Any longer than this and 

the sample must be concentrated [76].

2.4.3 Kinetic study of fibrin polymerisation

The fibrinogen stock was made up to a concentration of 4mg/ml with 

analytical H2O. A cuvette was set up as shown:
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0.75 ml -HEPI^bufkredsahne

0.10 ml - fibrinogen

0.10 ml - CaClz soluti(m

Themixture wasthen incubafedat37''C for 3 min. The cuvette was placedinAe 

UV-visible spectrophotometerwiOitbewavelength set to 350nm,start time 10 

seconds, cycle time 5 seconds, and the running time to 300 seconds. Then 0.05ml of 

thrombin or thrombin-like enzyme was added to the cuvette immediately after setting 

up the 1 O-second delay and the contents were mixed well. A turbidity curve was 

calculated and the lag period was calculated by extrapolation to the X-axis. The rate 

of the reaction was calculated by measuring the slope at 100 seconds [76].

2.4.4 Coagulation of human plasma

This method of assay is of major significance in the calculation of the activity 

of the enzyme once it has been purified, as this is the standard to which the thrombin­

like enzymes are compared. In this case, the above method for gelation of fibrinogen 

was followed, with the exception that 0.2ml of human plasma was used instead of the 

fibrinogen and CaCk.

During the course of the purification process the purified fibrinogen must be 

used to follow the progress of the purification, since there are other components 

within the crude venom mix, which act upon the blood coagulation cascade at other 

points. Therefore, if human plasma was used to assess the purity of the mixture other 

venom components acting higher up in coagulation may trigger the coagulation 

cascade of the plasma, resulting in an impression that there is a thrombin-like enzyme 

present. In the same way, the chromogenic assay cannot be used to evaluate the purity 

of the process as this assay is active for all serine proteases, and since the enzymes 

acting on the coagulation cascade are all serine proteases any one of them may be 

responsible far the reaction observed [76].

2.4.5 Zymographic assay

A non-reducing SDS-PAGE gel of the thrombin or thrombin-like enzyme was 

run, with 4mg/ml fibrinogen solution substituted in place of the distilled H2O, to 
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produce a Gbrinogen impregnated slab. Once the gel had run it was washed with 

2.5% TRITON X-100 for about 2 hrs to enable die denatured enzyme to be reformed. 

The gel was then extensively washed with dH^O in order to remove all the TRITON 

horn the gel. The gel was then stained in 0.1% amido black solution for 10 mins, 

before washing. This process works upon the basis that the thrombin - like enzyme 

will convert the fibrinogen in the SDS gel at the point where die enzyme has run. 

Thus fibrin formation can then be visualised by staining with the amido black [76].

2.4.6 Fibrinogen - agarose Plate assay

The fibrinogen - agarose 61m was produced by making up the agarose in 

4mg/ml fibrinogen solution and pouring it onto the hydrophilic polyester support film. 

3mm diameter wells were cut into the gel and 20pl of thrombin-like enzymes either 

sample or standards were placed in the wells. The film was incubated at 37°C 

overnight and then washed in 11 of 0.9% NaCl at RT for 2hrs. The gel was dried on a 

piece of filter paper between paper towels with a 10kg weight on top of the 61m 

covered by a glass plate, so that it was dried under high pressure for 20mins. The 61m 

was then re-washed and re-dried under pressure a further two times. The 61m was 

then allowed to dry in an incubator and stained with 0.1% amido black stain [76].

2^ PurlGcadon of thrombin-like enzyme from crude venom

2.5.1 Purincation using heparin sepharose affinity column

The bepaiin Sepharose affinity gel was made up according to the 

manufacturers instruchons, washing the gel extensively prior to dissolving into the 

equihbrium buffer (O.OIM Tris/HCl (pH 8.5) + O.IM Glycine - base). As some of the 

packing powder mixed in with the gel may not have fully dissolved, the gel was 

centrifuged to remove any undissolved particles. The pH was checked and if the gel 

was found to be too acidic it was neutralised. This process sometimes resulted in the 

re-precipitation of some of the affinity gel; under these circumstances it would be 

necessary to re-centrifuge it The gel was then kept on ice.
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The gel (10ml) was placed into a Icm-diameter column and equilibrated with a 

minimum ofScolumnvolumes withthe equilibration buffer. Thevenom was 

dissolved in analytical H^O and the protein concentration was measured 

spcctrophotometricaliy at 280nm. The venom mixture was then centrifuged at 1000-x 

gfbr5-10minutestoclarifybefbreputtingontothecolumn. Thevenom was then 

placed on the column slowly under gravity, allowing it to fully load prior to any 

washing. Following this the column was washed with O.OIM Tris/HCl + O.IM 

Glycine - buffer + O.IM NaCl readjusted to pH 8.5. Each haction was monitored at 

280nm until it reduced to less than 0.05 absorption units, showing that little protein 

was present in the factions.

The column was then washed with O.OIM Tris/HCl + O.IM Glycine - base + 

0.25M NaCl readjusted to pH8.5. Once again the absorption at 280nm was checked 

until below 0.05 units before washing with 0.01 M Tris/HCl + 0.1 M Glycine - base + 

1 .OM NaCl, rearyusted to pH 8.5. The absorption was once again monitored until 

adsorption at 280nm was below 0.05 absorption units before finally washing with 

O.OIM Tris/HCl + O.IM Glycine - base + 4.0M NaCl readjusted to pH 8.5 with HCI.

This was again checked that no more protein was eluting from the 

column. The fractions were then all screened using the visual coagulation gelation of 

purified Gbrinogen in order to determine which factions contained the thrombin - like 

enzyme batroxobin [76].

2.5.2 Purification using Poros 20HE Biosprint column

This purification was carried out using the same basic buffer system. 

However, the instrument set-up enabled one low salt and one high salt buffer to be 

mixed to produce a continuous gradient of OM NaCl to 2M NaCl. The column was 

packed using the self-pack device that was supplied with the instrument and using the 

equilibrium buffer described in 2.5.1.

The sample was loaded onto the column and the proteins were eluted using a 

salt gradient from 0-2M over a 30-column volume period. The Auctions of 0.5ml 

were collected in a fraction collector.
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2.5.3 Purification using zT-aminobenzamidine column

The jp-aminobenzamidine gel (I Omis) was packed into a column with a 

diameter of 1cm using the equUibrium solution (0.05M Tris/HCl + 0.4M NaCl, 

reac^usted to pH 9.0) to facilitate (he packing. All solutions were equilibrated to 4°C; 

the column was packed and run at the same temperature. The venom was dissolved in 

analytical H^O and die protein concentration was measured at 280nm and using the 

Bradfbrdassay. Thevenom was centrifugedat 1000-xg far 5-IOmins in orderto 

clarij^ the venom before loading onto the column. The gel was equilibrated using at 

least 5 bed volumes of the equilibrium buffer, before slowly loading the clarified 

venom onto the column.

At 4°C the thrombin-like enzyme binds to the benzamidine attached to the 

agarose via a pwa-ammo link in the form of an enzyme inhibitor complex, as (he 

benzamidine is a highly effective competitive inhibitor for the batroxobin. Therefore, 

since the desired protein is bound via hydrophobic interactions to the column, the gel 

is washed in high salt using the equilibrium buffer to elute any contaminating proteins 

horn the crude venom, which may have bound via weak hydrophilic interactions to the 

gel. The column was washed until the factions show readings of less than 0.2 ABS 

units at 280nm.

The bound active enzyme was then eluted from the column using the elution 

buffer 0.05M Tris/HCl + O.IM NaCl + 0.15M Benzamidine readjusted to pH 9.0. 

This elution buffer acts by competing with (he benzamidine in the gel for (he bound 

thrombin-like enzyme. As it elutes it forms an enzyme- inhibitor complex with the 

batroxobin removing it horn the gel. When the absorption of the elutant was 

monitored spectrophotometrically at 280nm the high reading observed was due to the 

benzamidine and not to any protein content However, the protein was eluted about 2 

factions behind the benzamidine solvent front. This was identified by some activity 

that could be identified using the fibrinogen visual gelation assay, which was shown to 

have some effect even when the enzyme was still bound to the benzamidine inhibitor.

In order to remove die enzyme horn the enzyme-inhibitor complex it was 

dialysed against 0.02M Citrate + 0.2M NaCl pH 6.0 for 24hrs with three changes of 

the dialysis solution. The extensive dialysis was sufficient to remove all the 
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baizamidineleavingtbefreeeazyme. Tluasohidonnwastheafreaaxkkxit)kxrM> 

totaUypunGedj&eeze-dhedbatmxobmETT].

2.6 Homology modeHne.

AU analysis and modelling of batroxobin was performed using the program 

package Quanta/CHARMm. The sequence alignment was initially determined using a 

Needleman Wunsch aigorithm[78], and a protein score matrix[79]. This alignment 

was then refined by hand assuming the conservation of residues known to be 

significant within the active site of serine proteases. Any insertions or deletions 

(indels) in the aligned sequences, were whenever possible introduced into loop 

regions of the structure rather than the more conserved ^pleated sheets or a helicies 

of the structure. The backbone co-ordinates of die aligned residues in kaUikrein were 

mapped to the equivalent amino acids in the model. At the places were indels 

occurred within die sequence that was being modelled, a fragment database was used 

to search for short sequences that overlapped with die structure either side of the 

unknown region and which contained the same number of residues[80]. The best fit 

fragment was then chosen and used in the model. After the backbone co-ordinates 

had been defined, the validity of the emerging structure was assessed using the Protein 

Health module in Quanta. Any irregularities that were identified, were remodelled, 

either manually or by re-using the fragment database. This process was repeated until 

the backbone co-ordinates had been properly defined, and then the side chain co­

ordinates were considered. The side chain co-ordinates from identical amino acids 

were copied directly horn the kallikrein structure to the model structure. 

Quanta/CHARMm was then used to generate the side chains for any non identical 

residues, in their most rotameric form. Any m^or side chain clashes were removed 

manually and then CHARMm was used to perform an energy minimisation. This was 

carried out whilst applying constraints in order to preserve the basic backbone 

structure of kallikrein. Since the energy minimisation program is based upon the 

theoretical structure at absolute zero, then this iterative process was continued until 

the the final energy of the molecule was of the same order of magnitude as that of the 

kallikrein structure. Hus final structure was then checked for any abnormalities and 
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inconsistancies using the protein health option in Quanta. A complete description of 

this process can be 6)und in Chapter 5.

2.7 Solid phase peptide synthesis

In the synthesis carried out, a solid phase peptide synthesis was undertaken using 

Fmoc protection, with both the formation of the free acids and the amides and a 

combination of Fmoc and tBoc protection for the inhibitors. This was achieved 

manually, using a Griffin flask shaker. AU the solvents and chemicals used were of 

peptide synthesis grade. Arginine-Wang resin, 0.9mmole/g was used for the synthesis 

of all die peptide free acids, with die exception of one which required the synthesis of 

the R-resin from the Wang resin, Immole/g. p-Methylbenzhydralamine (MBHA) 

resin, 0.9 mmole/g, 100-200 mesh (Calbiochem-Novabichem Ltd., UK) was used for 

the synthesis of the peptide amides. The side chain protections that were used were 

for Fmoc chemistry in the production of all the peptides, but a combination of Fmoc 

and tBoc chemistry for the inhibitors. AU the hitrations were carried out using 

positive nitrogen pressure. A complete account of this process can be found in 

Chapter 4[81,82].

2.8 Reaction of thrombin and batroxobin on peptides.

0.02 M solutions of each peptide were made up in analytical water, and a 

IxlO'^M solutions of thrombin or batroxobin were made up in 50mM TRIS/HCL, 

buffer pH7.5. Each enzyme solution (50pl) was added to 200pl of the peptide 

solution and incubated at 37°C. Aliquots (40pl) were taken from the mixture after 

Omin, 30min, Ihr, 2hrs, and 4hrs, and the reaction was stopped with 40pl of a 50:50 

solution of acetonitrUe/TFA[83,84,85].

A 1/100 dilution of each of the reaction mixtures was loaded onto a C18 

reverse phase analytical column, and eluted with a 0-20% linear gradient of solution 

B, where solution A is 0.1% TFA in H2O and solution B is 0.1% TFA in acetonitrile. 

Elution of the peptides alone resulted in the production of the hexapeptide peaks at 
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-15% acetonitrile, with any tripeptide cleavage products expected at some point 

be&re. This standardprocedure was then refmed,asdetailedinchapter5.

2.9 Crystal growth.

The hanging-drop method was used to grow crystals of batroxobin. The lip of 

each of the wells on the 4x6 well plate was greased using high vacuum grease, and 

each well was filled with 1ml of buffer. Initially these buffers were obtained 6om the 

Hamilton Crystal Screens I and II and later, during refinement, using buffers made up 

on site. A droplet of the buffer, between l-4pl dependant on the volume of the protein 

to be used, was placed on a coverslip presiliconated with dimethyldichlorosilane[86]. 

An equal volume of the protein solution at a concentration of between 10-35mg/ml 

was added to the droplet and mixed thoroughly. The droplet was then suspended over 

the corresponding well of buffer. The plates were then incubated at a constant 

temperature of 19*C to enable crystal growth. This standard procedure was modified 

as detailed in Chapter 3.
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CHAPTER THREE

PURIFICATION, CHARACTERISATION

AND CRYSTALLISATION OF

BATROXOBIN



3.1 Introduction

In order that any of the work to be carried out in this project could be 

satisfactorily completed a better method of purification for batroxobin needed to be 

found, since much of the previous work carried out on this snake venom protease had 

been discredited due to the presence of impurities. Therefore, a large amount of time 

was spent attempting to find the best possible way in which a reliable purification 

could be achieved.

Once this had been carried out, the purified protein could be used in 

crystallography studies, as well as in attempts to characterise the differences between 

batroxobin from B. moojeni (Type I locality, Minas Gerais) and batroxobin from B. 

atrox (Type II locality, Maranhao). Batroxobin derived from the venom of B. moojeni 

has been extensively characterised, however, the enzyme derived from its very close 

relative, B. atrox, had yet to be considered in any detail and, in fact, it was unclear 

whether any differences actually existed.

Figure 3.1: SDS-Gel comparison of the crude venom derived from B. Atrox and B.

Moojeni. Lane 1 and 4 are A/If sfawdhrak, Zane 2 5. /»o(ye»f crz^jig venom onoi Zone J

zs .6. otrox cnzok venom.
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3^ Batroiobin puriAcafinn trials

3.2.1 Purification by heparin Sepharose

The previously published purification protocol, as shown in Chapter 2, was 

followed in ordertoatiempt to isolate die batroxobin fiomtheande venom mixture. 

It soon became evident, however, diat there were certain problems associated with this 

method of purification. Heparin affinity columns have been traditionally used for the 

purification of many blood coagulation proteins, or proteins that act upon the 

coagulation cascade. As snake venoms are largely made up of proteins that do act 

upon this cascade then it is entirely plausible that many of the proteins within the 

venom mixture may bind to the heparin. In fact this was a problem that was 

encountered time and again whilst following this purification technique and it was 

never possible to separate fully the proteins fiom each other upon elution. Attempts 

were made to elute batroxobin specifically fiom other bound components by making 

the salt gradient as shallow as possible for the elution at this point, however, 

contaminating proteins were always evident and some proteolysis occurred also

A more rapid reliable method of purifying the batroxobin therefore needed to 

be found in order to produce a homogeneous enzyme and to avoid the problems 

associated with degradation. Therefore, it was decided that the same protocol should 

be carried out, but that this time it should be attempted on the Biosprint instrument, 

which would allow the purification to take place at a much higher speed. It was also 

hoped that since the process was so rapid, it may prove possible to run the sample 

through the column many times in order to try and fully separate the proteins that 

bound to the heparin and, consequently, produce a highly pure batroxobin sample 

[76].

3.2.2 Purification using Biosorint He and HO columns.

Once again, the protocol as shown in Chapter 2 was followed. This time the 

heparin was used on the Biosprint instrument which enables the process to be carried 

out at high fiow rates in only 3 minutes. Unfortunately the batroxobin isolated by this
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Fraction

Chromogenic 
activity 
Fibrinogen 
coagulation 
Salt gradient

Figure 3.2: Purification profile ofbatroxobin fi'om J), afrox crzffik vgno/» Msmg a 

AgpwzM s^Awose a^Mzfy /MgfAofZ SoTT^/gs were e/wfegf ZM 27M/^ocfzoTW zzgzMg f/zg 

szzA gra%fzgMf sAown ZM^'gZ/ow. EacA /^ocfzoM coZ/gcfgaf was osaz^'gcfybr fgrzMg 

profgfMg ac/zvzfy using S-22J6 a cAroTMOggMzc szzAs^frafg a; sAown zn A/zzg, OMf/ 

co(%«/atzoM orgfh'zfy wszng pwz/?g(/fibrinogen <%; f Aowm m TMoggnfa.

method seemed to be spread quite widely through the fractions from the Biosprint. It 

was originally thought that this must be due to the fact that the process was carried out 

at too high a speed to allow complete binding to the column or alternatively, that there 

was not enough capacity on the very small column used on the Biosprint instrument 

It was also possible that the characteristics of the heparin binding to many protein 

components within the venom were also partly responsible for the poor separation. 

Attempts were made to run the sample through the column several times in an attempt 

to allow the complete separation of all the bound proteins. Despite numerous attempts 

to use heparin sepharose it became clear that batroxobin could not be resolved from 

other heparin binding proteins sufficiently well to allow this method to be used 

reliably. It was therefore decided that a second stage of purification should be 

attempted, pooling the fractions that showed thrombin-like activity, concentrating and 

desalting them, and then running them through another separation gel m an attempt to 

separate them under different conditions.
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Protein (Abs 
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Fractions

Figure 3.3: Purification (/crugk A afrox venom wsmgT^ZE Biosprint co/wmn. 

San^/ea were eZwfe^/ zn 7m/^oef/ons ws/ng fAe .;o/7 groc/zenf ^yAown zn ye//mv. jE^A 

^oe/zon wa$ fAen oafoyec/ a/ 2g0nm pro/ezn, sAown zn A/zze, anz7)?6rz?zogen 

coagzz/afzon ac/zvz/y sAown zn magen/a.

It was decided that an anion exchange column, the POROS 20HQ column 

should be used for this additional step. It was hoped that it would allow batroxobin to 

be completely purified firom the other components. Unfortunately, two other venom 

components also eluted at the same point as batroxobin from the anion exchange 

column. It appeared that only one of these proteins could ever be removed from the 

batroxobin, irrespective of the salt gradient used. TUthough it may have proven 

possible to run this semi-purified sample through another separation gel, by this point 

the amount of sample left was extremely small, with the vast majority of the protein 

having been lost along the way. Therefore, it was decided that rather than try and 

further purify from this point in the protocol it would be more effective to attempt a 

completely different approach to this purification.

58



£

Fractions

Protein (Abs 
280nm)

Coagulation 
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Figure 3.4: Purification prc^/g ofpwlfo/Zy /wrz/^gaf A ^fro% veziow on /fg^fOjpr;»/ 

co/zoMM. So/MpZa; were eluted zn /z?;//^-ocfzoMS z^szMg fAe ao/f gradient f AowM zn 

yeZ/oiv. EocA f^-oc^zon wzzs Z/ze« zMOMzforet/ of 2&0M7M /br profezzt sAowzz zzz 6Zzz^ ow/ 

owsz^gf/ybr ^^rznogOM coogzz/ofzoM ocfzvzfy, fAown zn zzzoggnfo.

3.2.3 Purification using p-amino benzamidine colximn

Having decided that an alternative approach was necessary, it was decided that 

a method of purification that had previously been described by Holleman et al for the 

thrombin-like enzymes belonging to this family of snakes should to be tried. This 

method was based on the observation that benzamidine acts as a good competitive 

inhibitor of thrombin-like enzymes. The benzamidine was attached to the agarose by 

a /7-amino linkage to produce an affinity chromatography gel. This affinity gel has 

since become commercially. Elution of the boimd enzyme from the enzyme-inhibitor 

complex is easily facilitated by the addition of free benzamidine to the buffers. In this 

case, when the protocol as shown in Chapter 2 was followed, it was found that a purer 

sample, with only minor contaminants, was obtained after only one run through the 

benzamidine column. The benzamidine could easily be removed by dialysis against 

citrate and a fully purified active thrombin-like enzyme could then be obtained. It was 

hoped that this method of purification would bind batroxobin specifically since only
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thrombin-like enzymes, rather than all enzymes acting on the coagulation cascade, 

would actually bind [77].

Fractions

Protein (Abs 
280nm)

Coagulation 
activity

Free
Benzamidine 
(Abs 280nm)

Figure 3.5; Purification prq^/e_/br crw^ vewoTM (3. afrosi^ wamg tAep-amino 

ZyeMZOTRff/fMe a^ffy coZwMM. J^aorp/zoM af 280nm w sAown ;» 6/wg, Aowever, ffMCg 

benzamidine a6sor6.; af 2^0wM fAen once fAw has 6geM adWe(^ fAe protgm cawzat be 

sggTi 2%gr^rg, 7?6n»agg« coagw/a^oM acrMfy w used ^a f(/gMt(^ fAg Aafraxo^m, as 

sAawn zn ggr^g.

This method of purification of batroxobin was found to be much more 

effective than the heparin sepharose at purifying the batroxobin, however, even this 

method resulted in some minor contamination by other proteins from the venom 

mixture. It was therefore decided that, since the contaminating proteins from the two 

affinity methods were different, it might be of value to attempt the purification by 

coupling both methods. In addition to this, it was found that some of the contaminant 

proteins within the venom mixture were not as soluble as the batroxobin, consequently 

this could be used as a further purification step.
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33 PuriAcadon of batroiobin.

Having carried out sufficient pilot experiments using lOmg amounts of crude 

venom for the purification a large scale isolation was possible. Typically 500mg of 

crude venom was placed in 5mls of analytical water and inverted to mix. It was vital 

not to agitate too violently in order to prevent frothing and protein denaturation. The 

solution was centrifuged at 1000-x g for 5-lOmin. and the supernatant was decanted. 

Any venom residue left in the pellet was collected and assayed for thrombin activity. 

This process was repeated until all the coagulation activity was removed from the 

residue. This residue was then run on a SDS-PAGE gel to confirm that no batroxobin 

was left undissolved. Therefore, if a band at the right size for batroxobin was found 

on the SDS-PAGE gel, then the process was repeated until the band was no longer 

visible.

The dissolved venom was passed through a PDIO Pharmacia column to remove 

salt and other small molecules from the highly complex mixture of fie venom in order 

to enhance binding to the affinity column. This is due to the fact that the high levels 

of salt found in the crude venom were found to affect complete binding of the 

batroxobin to the affinity column. The desalted sample was then loaded slowly onto 

the p-aminobenzamidine column and the method outlined in Chapter 2 was followed. 

Fractions containing coagulation activity were pooled and dialysed against citrate to 

remove the benzamidine, desalted in a PDm column and the resulting solution was 

then feeze-dried. The factions collected fom the high salt washes were assayed for 

coagulation activity to ensure the column had not been overloaded. Since any bound 

batroxobin can only be eluted with the specifc addition of fee benzamidine, then any 

batroxobin found in the high salt washes could not have bound to the column and was 

therefore present due to overloading of the column. The lyophilised powder was 

redissolved in 5mls of analytical water before loading onto the heparin column. This 

was eluted following the method outlined in Chapter 2. The factions were screened 

for coagulation activity and any factions showing activity were pooled and feeze 

dried. This process was found to produce sufficiently highly purif ed batroxobin for 

all of the biochemical testing, but a further step of gel filtration was undertaken prior 

to crystallography trials.
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Figure 3.6: SDS-Gel showing the pwrz^ca^OM c^^afroxo^fM Ji-o/M crw/g vewo/M.

la»6.s 7 Z5 A aTrox cn^ veMO/M, Zawes 2 aw7 i arg Tldf^F/MarA^rf, Zang S w pwri^gaf 

6afro%o6f» ^. afroj^, Za»g 4 w /?wrz/?g67 6af?'O%o6fM ^. 7MOo/g»^ awcf Z^Mg 6 is A 

TMoq/gMZ crMiZe vgMO/n.

Table 17; fMr(/?ga7fOM fa6/g (^6aA"oxo6zM_/)'O7M crw/g vg/2ozz2.

Purification Cone, by 

Bradford

assay 

(mg/ml)

Total 

protein 

(mg)

Activity

(BU)

Specific 

activity 

(BU/mg)

% Yield

Crude 

venom 50 500 6086 12

AAer p- 

aminobenz- 

amidine 

column

2.5 20 4716 236 -77%

After 

heparin 

column

2 10 4211 421 -70%
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3.4 Characterisation of batroxobin fjB. a/rar) supplied by LATOXAN.

Once the enzyme had been purihed, it was immediately assessed in an 

attemptrndetermine its similarity to batroxobin(& m*6w%M?Mi)tlie1better characterised 

enayme. At present one of the vital questions being considered is whether or not there 

is any difference between batroxobin derived horn different snake sub-species. Many 

of them have never been fully characterised and, accordingly, it is very difficult to see 

if the differences in the enzymes are real protein primary sequence variations or 

whether they relate to different carbohydratecontoit. Sincevariadons inthe 

glycosylation of batroxobin horn within the same sub-species have been documented, 

it would be hard to specif any great differences between batroxobin from other sub­

species if the only variation was in this part of the structurefS]. Therefore it was 

important to determine if the primary sequence between the sample of batroxobin (B. 

atrox) was the same as that published for batroxobin (B. ?Moq/eMf). It had already been 

suggested horn the literature that the two enzymes had different masses but it was 

unclear as to the reason for this difference.

Therefore an N-terminal sequence analysis of the proteins was carried out. 

This was possible on the first 20 amino acids from the N-terminal of the proteins. If 

the first 20 amino acids of a protein are found to be identical to those of a known 

standard the statistical likelihood is that they are the same protein.

BATROXOBIN VI***DE*DINEHPFLAFMY-

(B. atrox)

BATROXOBIN VIGCDECDINEHPFLAFMY

fB. woq/en^

Fzgwe 17; N-terrnfma/ se^z/ence o/za^s'W' q/AatroxoAw (B. atrox a/Kf B. 7Uoq/eM(l

As can be seen horn these two sequences the primary structure of the 

batroxobin isolated horn the venom of B. o/rox, as supplied by LATOXAN, was 

similar to the published sequence for the enzyme from B. Moq/enl. However, there 

were a few points on the sequence that did not produce any definitive answers. These 
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regions can be explained: as cysteine residues are notoriously difficult to sequence and 

the SDS-PAGE was carried out in a glycine buffer and carry-over could have 

occurred, which swamped the signals coming from the glycine residues. 

Consequently, the two sequences can be seen as identical. The next step was to finally 

determine the molecular mass of batroxobin from B. atrox and it to the known value 

for batroxobin from B. moojeni. This was attempted initially using standard SDS- 

PAGE techniques, as shown in figures 3.8-3.9.

Figure 3.8: SDS-PAGE gel of purified batroxobin (B.atrox). Lanes 7 aw/ ^ are ^^Tf 

war^rs. Lanes 2 ow/ 3 are 6a/ro%o6zM (B. atrox).
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Figure 3.9: Graphical determination o/^fAg TMo/ecM^ /mi;^ of 6atro%o6m ^. v4/rox, 

Z4(71QAS47y) ^OTM o SOS-f/^GE geZ. TTze d/zze Z/ne ;$ZK?ws fAe fAzw&zrcf c«rvg produced 

^f-OTM coZo^Zo^oM of fZ^ /yvoZ^e Jbr eocA AZZfMorAer 27^ pozAf :M mogewfo 5A0W5 

fAe posZfZoM of Ao/roxoAzM (3. o/rox). TAg MW of fAZs iq^ecZes w coZouZofezZ of -S^AOo.

Once an estimate of the mass was known, using SDS-PAGE then a more 

accurate mass could be found. This was attempted using the electrospray mass 

spectrometer but, unfortunately, neither of the two forms of batroxobin IB, atrox orE. 

mocyeMz) showed any signs of flying within the electrospray instrument. Despite the 

fact that the conditions were altered in order to achieve a more successful outcome no 

Mr was obtained. It is still unclear as to the reason for the lack of flight, although the 

fact that the enzymes have a high degree of glycosylation (up to 30%) has been 

proposed as a possible explanation.

Since the electrospray mass spectrometer experiments had been unsuccessful a 

new approach to mass determination needed to be taken. Matrix Assisted Laser 

Desorption Ionisation Time of Flight Mass Spectrometer (MALDITOF MS) was 

therefore used. This was not such a desirable method for mass determination, as the 

electrospray instrument can give masses to ala.m.u accuracy, whereas the MALDI 

TOF is a much less accurate instrument with errors of more than 100 a.m.u.
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F/gwe 170; A7/417)7-7(9F ATS" o76a^oxo6/M (3. mocygM^.

f%w% 177; A^4ZZ)A7WA^(%f6a»«%o6M (3. a(M%% L47nA:4A().
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As can be seen 6om these two profiles, within the error of the instrument, the 

proteinsappeartohaveidenticalmasses. This was higJibyurM%xp<x:tBd,!u;it was 

believed from the literature that these two enzymes should have vastly differing 

masses[5]. Since there appeared to be a lower molecular mass protein in the sample 

of batroxobin (& moo/'eMz) obtained as a gift from OBL, it was initially believed that 

pefkqMdheprobhan layinthe highly invasiveprocedure ofdieMALDI-TOFcIeaving 

awaysomeoftheglycosylation. Themass ofthe batroxobin (B. atrox) could have 

been less than expected because it could have been partially glycosylated.

However, on further questioning of the supplier (OBL), it was revealed also 

found the same protein in all their samples and that it was simply an impurity due to 

the problems outlined with the heparin column. It would therefore appear that the 

masses of these two enzymes are identical. Since literature suggests that there have 

been considerable problems with the identification of these snakes at source and there 

have been many instances of researchers being supplied with the wrong venom, it is 

possible that the reason why these proteins are showing identical masses is because 

they come from the same sub-species (B. /Moq/ew).

However, on further inspection It would appear that the documented masses 

for the batroxobin (8. arrox) range from 26kDa to 42kDa. This variation is dependent 

on either the technique used to determine die mass, or the purity of the sample. A 

recent review suggests that much of the previous work was carried out on impure 

samples. Thus it is also possible that the premise that these enzymes should have 

differing masses may not be correct. It is also true to say that the masses of none of 

these enzymes have ever been determined using any method of mass spectrometry, 

and that most values are derived from SDS-PAGE analysis, which is a notoriously 

inaccurate method particularly for glycoproteins. Therefore, it is possible that the 

obvious conclusion is accurate, and that the thrombin-like enzyme derived horn these 

two subspecies are identical.

3.5 Characterisation of batroxobin (A atroxf supplied by Pentapharm.

Since it was unclear as to the authenticity of the pedigree of the venom supplied by 

Latoxan, it was decided that this work should be repeated using venoms supplied by 

Pentapharm, a guaranteed source. The proteins were purified as outlined previously 
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and the samples were N-termlnally sequenced and their masses determined using 

electrosprayMS.

BATROXOBIN

(B. atrox)

BATROXOBIN

(3. woq/eM;^

VIGGDECDINEHPFLAFMY

i/i(;(;i]^G(:i)ipfi2iiPTP]L/iirhiir.

Fzgwe S. 72; TV-rgnM/wz/ sAyweMce awzTysw of 6orn3%o6f« f3. /Moq/g»A 

BenAzpAoTTM) ow7 Botram^m (3. otroa; T'gM/icpAaTTT^.

F/gwg 2.72; ETgcrro^qy A&^ oMo^sw of AoTrowAzM (3. Moq/ew, fentopAon/^.
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Unfortunately, it was never possible to produce any electrospray MS data for 

tbetxatro)M)biii(leriv(Nil]XMDn A a/ro%, despite succxssiveattanpts usingextensive 

conditions including those equivalent to the ones used for batroxobin (g. /Moq/gn/). 

This maybe due to differences in thecarbohydrate content ofthetwoenzymes,since 

batroxobinderiv^lhrom g. atrox isbelievedtohaveamuchhighercarbohydrate 

(xmtent to that derived horn g. moq/gni.

3.6 SpeciGcitv studies of thrombin and batroxobin fA /Moo/g«f) and (A a6%x:) on 

various Gbrinoeens.

One of the major aims of this project was to probe the specificity of 

batroxobin. This has been considered to be an area of interest, due to the fact that the 

enzyme acts in a manner similar, but not identical, to thrombin. As has been 

previously mentioned in Chapter 1, batroxobin is a much more highly selective 

enzyme than thrombin and is only capable of cleaving the argl6-glyl7 bond within 

Aa chain of fibrinogen, resulting in the cleavage of Gbrinopeptide A and the 

formation of the fibrin I monomer. Thrombin on the other hand is capable of the 

additional cleavage of an arg-gly bond within the Bp chain of fibrinogen to produce 

the fibrinopeptide B and the fibrin II monomer. Thrombin is also able to interact with 

the coagulation process at a variety of other positions, allowing it to be involved in the 

regulation of the overall process. Therefore any information that can be obtained 

which may help to explain the increased specificity of batroxobin compared to 

thrombin would be useful in explaining the activities of the two 

en2ymes[88,89,90,91].

It was decided that two differing methods should be attempted to probe this 

problem. These include both the use of the natural substrate of batroxobin fibrinogen, 

and also artificial peptide substrates that have been specifically designed to address 

the problem posed, as discussed in Chapter 4. Batroxobin, like many other enzymes, 

acts in a species-specific manner. This means that its activity is different with 

fibrinogen obtained horn different species. Consequently, it may be possible to look 

at the activity of the enzyme with digging Gbrinogens and then relate the activity to 

the known sequences of those fibrinogens.
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3.6.1 Reaction of thrombin and batroxobin with various Rbrtnoeens

Close consideration of the effect of batroxobin m vfvo on a variety of different 

species was used as an initial guideline to the types of fibrinogen that should be 

probed in this series of experiments. Certain unpublished data supplied by OBL 

suggested that the venous, subcutaneous and intramuscular injection of batroxobin 

into different animals had vastly differing ejects on the animals. These differences 

were in terms of die daily dose in BUs per kg body mass needed to have a 

defbrinogenating effect on the animal.

These values were used as an indication as to the species that should be 

considered, whilst considering the possibility that the values obtained from the m vivo 

studies may not be confirmed when comparing activity with purif ed f brinogens. 

This is due to the fact that there are other factors to take into consideration when 

looking at die effect of the batroxobin on the complete coagulation cascade, as 

compared to the purified substrate. This is of particular importance when considering 

the fact that the m vivo studies show low activity of batroxobin with the rat, which is 

the natural prey of the pit-viper family (including .BotArpps sp.) from which 

batroxobin is collected.

In addition to this information, the other criteria that were used when deciding 

which fibrinogens to study initially were those that already had a published primary 

structure, as these would be of much more value when attempting to decipher which 

aspects of the sequence had an effect on the specificity. Therefore, although all the 

above fibrinogens were used in this study, it was necessary in some cases to resolve 

the amino acid sequence in the vicinity of the scissile bond in order to clarify the 

sequence specificity for each enzyme.
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’Plasma fibrinogen: <100mg% during 24hrs

Species Mode of application Daily defibrinogenating 

dose* (BU) required per 

kg body weight

Human subcutaneous 0.2-1.0

intravenous 0.5-2.0

Dog subcutaneous 0.4-2.0

intravenous 1.0-2.0

intramuscular ~5

Cat intravenous 0.2

Pig intravenous -1000

Rabbit intravenous -1000

Rat intravenous -200

Mouse intravenous -40

subcutaneous -20

TaA/e 12; /n vfvo ^^^^ o/'^aA'fxcoAm on iwfowa Jipeczey <^ef z/zi(^zz%^ znodiag q/" 

zn/gcfzon

3.6.2 Experimental procedure

The Gbrinogen speciGcity assays were carried out using the coagulation of the 

fibrinogen to fibrin as the easiest means of assessing the progress of die reaction. This 

was carried otfiltishigraistraifghtfcMrwqird clottime as dieendpoint ofthereacdon,as 

well as a kinetic study. The clot time was monitored using the coagulometer at 

Oxford Bioresearch Laboratories.

3.6.2.1 End point clot time

A Img/ml solution of each fibrinogen was made up in phosphate buffered 

saline (PBS) pH 7.4. This fibrinogen concentration refers to the clottable fibrinogen 
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presentin thesample. This \vasc^Uknik%bedasdkxscribe<iiri(:)uq)tef Two. Solutions of 

batroxobin and thrombin at 0.1, 0.2 and 0.3 mg/ml w/v concentrations were made up 

in PBS. The method was followed as described in the clot time assay of Chapter 2, 

with a final concentrationof0.5mg/mlclottable fibrinogen usedfbreachassayina 

6nal volume of 0.5ml. The reactions were carried out using each concentration of 

thrombin and batroxobin in triplicate, both with and without 2mM CaClz solutirm. All 

buf&rs were saturated with EGTA, a specific Ca^^ chelator for the reactions where 

calcium was to be omitted. The calcium ions were included in this set of experiments 

as there is some contradictory evidence as to the requirement for Ca^^ in the reactions 

with batroxobin, although the need for calcium ions with thrombin is well 

documented.

3.6.2.2 Kinetic study of fibrin formation.

A series of 0.8,1.6,2.4, 3.2 and 4mg/ml concentrations of each fibrinogen 

were made up in PBS. The method was followed as described io Chapter 2, with final 

concentrations of clottable protein in each reaction of 022, 0.4,0.6,0.8 and 1 mg/ml 

respectively. The reactions were carried out using each concentration of thrombin and 

batroxobin, both with and without 2mM CaCh. All buffers were saturated with 
EGTA, a specific Ca^^ chelator for those reactions where calcium was to be omitted.

3.6.3 Comparison of the role of Ca^* in clot formation between thrombin and 

batroxobin horn A aP-ox and B. Moo/ew!,

The standard end point clotting times were performed, as outlined in Chapter 

2, with the buffers saturated with EGTA, a specific Ca^ chelator in order to remove 
all Ca^^ present. No clot formation was detected for any of the reactions at any 

concentration of fibrinogen or enzyme for thrombin or either of the batroxobins. This 

finding was confirmed by kinetic assays of thrombin and the two batroxobins (B. 

atrox and B. Moq/enz), with various concentrations of fibrinogen from all species, as 

outlined in Chapter 2, once again with all buffers saturated with EGTA. No change in 

turbidity was detected without the presence of Ca^\ showing that no clot formation 

took place.
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Figure 3.15: Effect of C</^ OM cZof formation wAA f/zrom^oi or 6oZro%o6fM.

3.6.4 Comparison of clot formation with various fibrinogens between thrombin and 

batroxobin (A Tnoo/oM/J and (5. oP-ox),

The end point clot formation assays were carried out as outlined in Chapter 2 
in the presence of Ca^* ions. Seven fibrinogens firom various species were chosen: 

human, cow, pig, cat, dog, rabbit, rat and mouse, and their clottable fibrinogen 

concentration were standardised as outlined in Chapter 2. The samples were then 

desalted in a PDIO column, lyophilised and re-dissolved in PBS, pH 7.4, to a standard 

clottable protein concentration. In this way it was possible to ensure that any 

differences in clot formation were due to species differences and not due to altering 

clottable fibrinogen concentrations or ionic strength of the solutions since batroxobin 

is very sensitive to changes in ionic strength.
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Thrombin concentration (mg/ml)

♦ Human

■ Cow

A Pig

X Rabbit

X Cat 

e Dog 

+ Rat

-Mouse

Figure 3.16: Comparison of ew/po/wf c/of/brTMa^oM o/f/yoTM^M w/fA vw/ozt;

)?6r»zoge7M.

♦ Human
■ Cow

X Rabbit 
XCat 
• Dog 
+ Rat
- Mouse

moq/en/ )concentration(mg/ml)

Ffgwrg 177; CoTMpwwoM o/e/zf/pozAZ cZof ffmg^r AafroxoAzM (B. moojeni, 

fenff^AoTT?^ wfZA vanoMS ^An»ogew.
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Batroxobin (S. atrox) concentration
(mg/ml)

♦ Human 
■ Cow

Pig 
X Rabbit 
XCat 
• Dog 
+ Rat
- Mouse

fzgwg 17& Comparison q/gw/^omf c/of ff/Me^r batroxobin (3. o/ro%,

• Thrombin
■ Batx(B. moojeni)
A Batx(B. atrox)

F(g«rg J. 19: Cbmpw/fOM ofow^^fMf cZof fZmgfor Awmon ^Annogen w/ZA fAroTnAZn 

owZ Ao/rojcoAfM (3. TMoq/enf owZ 3. ofrox, feMAzpAw?^.
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♦ Thrombin
■ Batx(B. moojeni)
A Batx(B. atrox)

Enzyme concentration (mg/ml)

Figure 120. Comparison q/" g7%/-poz»f c/of fzTMg ^br cow fibrinogen w/fA /AroTMOo; ow/ 

6o/roxo6zM (3. moojeni ow/ 3. ofrox, fcn/qpAony^.

Enzyme concentration 
(mg/ml)

Fz^e 127. Co/MpoTMOM ofcMcf-^TozM/ c/of Azne^r p/gf^AnnogcM wzfA rAromAzM ow7 

batroxobin (3. moq/cw ow7 3. ofrojc, fenfqpAorm^
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Enzyme concentration (mg/ml)

♦ Thrombin
■ Batx(B. moojeni)
ABatx(B. atrox)

Figure 3.22: Comparison qyewA/wmf c/of fzTMg/or caf fibrinogen wzfA f/zroTMAm aw/ 

6a/roxo6fM (B. moojeni aw/ B. afrox, BeM^opAaTTz^.

♦ Thrombin
N Bab((B. moojeni)
A Batx(B. atrox)

Enzyme concentration (mg/ml)

Ffgwre 123. Cowpor/soM of ew/-po/M/ c/o/ f/we/br 6kg^6r/w)geM w//A //zrow6/M ow/ 

batroxobin (B. woq/eM! ow/ B. afrox, Bg»f<ag?Aan?^.
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♦ Thrombin
■ Batx(B. moojeni)
▲ Batx(B. atrox)

Enzyme concentration (mg/ml)

Figure 3.24: Comparison (/ew/^zh/ c/of)()n»afzoM)!)r ra66Afibrinogen wz^A 

fAroz?z6zM OMz^ AafroxoAz/z (3. moojeni owf 3. afrox, fgyzfqpAorz?^.

♦ Thrombin
* Bab((B. moojeni)
ABatx(B. atrox)

Enzyme concentration (mg/ml)

Figure S.2^. Cozz^rwozz (^enz/-j!7OZM/ cZo^ time){)/' ra/^ArzMogezz wzZA ZAromAzn azzzZ 

batroxobin (3. mocyenz aMz/3. ztirox, fezztiyAzzrzz^

78



♦ Thrombin
■ Batx(B. moojeni)
ABatx(B. atrox)

Enzyme concentration (mg/ml)

Figure 3.26: Comparison (^e7%/-pofMf c/of rfoig wzYA ynouse fibrinogen wAA fAro/M^ZM 

aw;^ AofroxoAzM (B. moojeni aw/ B. a/rox, fe»r(yAar»^.

The end-point clot time assays indicate that there are some very distinct 

differences between the natural substrate specificity of thrombin and batroxobin. The 

thrombin used in these studies was obtained from human plasma and it is therefore 

perhaps not surprising that this enzyme has a high degree of specificity for human 

fibrinogen. However it also shows a high degree of specificity for the fibrinogens 

derived from porcine and bovine blood. Conversely, batroxobin derived from both 

species have much faster clot time formation with the fibrinogens derived from rat and 

mouse blood, which is interesting as these are the natural prey of the two snakes. 

However, one point of considerable interest is that the batroxobin from B. atrox is 

almost twice as active to all the fibrinogens compared with the enzyme derived from 

the closely related snake, B. moojeni.
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3.6,5 Kinetic study of clot formation for thrombin and batroxobin with various 

fibrinogens.

In order to clarify the natural substrate specificity of each enzyme for the 

various fibrinogens, the work was repeated as a kinetic study as outlined in Chapter 2 

and section 3.6.2.2.
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0 ■
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▲ Pig 
X Rabbit

X Cat 

e Dog 

+ Rat 

-Mouse

Figure 3.27: Eadie-Hoffstee Plot o/^t/zro/»6zM wzYA^AnMogeWj^ozM various .^gc/es. 

f?acA ^6nnoggM M r^rgseM/g^f Ziy a (/(^rgMt co/owr os z/gscnAg^f m tAg legend.
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Figure 3.28: Eadie-Hoffstee plot ofbatroxobin (B. /Motyew^^ wffA^^rfMoggw^om 

varzows apeczes. Each ^ArzzzoggM zs r^rgse/zfez^ 6y a z/z;^rg7zf colour as <5fescrz6ez/ ZM 

^/zg Zgggzzaf.

Figure S.2P. Ea6/zg-//o^fgg p/af ^r 6ayroxa6zM (B. atrox) wzfA ^Arznaggn ^o/zz 

varzozzs ^gczgs. EacA fibrinogen zs r^rgsgzzfg^/ 6y a ^/(^rgzzf colour as gkscn'Aggf zzz 

f/zg /ggg/zz/.
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The data obtained h-om the kinetic study of thrombin and batroxobin on 

various fibrinogens was analysed by plotting Hofstee-Eadie plots as shown in F(gwef 

J.27-J.2P. This was used in order to determine KM and Vm^ values for each enzyme 

with each substrate. It has been possible, from this information, to calculate ka/KM 

for each enzyme with each substrate, which is an expression that considers the 

specificity of a substrate for an enzyme.

max kcat[E]t where [E]t - total enzyme cone.

kcat - turnover number

7a6/g U; jK/netfc dkzta J(?r tAro/M^m wzYA vwfoujrji6r;noge7w.

FIBRINOGEN KM(mM) kcat kca/KM

Human 0.0242 1 2.42 X l(f 2.4 X 10'

Bovine 0.0173 2 1.7 X 10^ 0.8 X lO'

Porcine 0.0172 1.5 1.7x10^ 1.1x10*

Rabbit 0.0178 1.6 1.8x10^ 1.1 X 10*

Cat 0.0184 1.8 1.8x10^ 1.0x10*

Dog 0.0151 1.3 1.5 X 10^ 1.2 X 10'

Rat 0.0158 1.7 1.6 X 10^ 0.9 X 10'

Mouse 0.0164 1.6 1.6x10^ 1.0x10'

Th6/g 14; AjMetfc (Zota/or AoP-oxoA/n (3. otroa/ w/tA vorror^/?6nnogew.

FIBRINOGEN Vmax (S"') KM(mM) kcat kcat/KM

Human 0.0138 1 1.4 X 10^ 1.4x10'

Bovine 0.01 0.4 1.0x10^ 2.5 X lO'

Porcine 0.0119 1.2 IJxK/ 1.0 X 10'

Rabbit 6.0108 0.8 1.1 X 10^ 1.4 X 10'

Cat 0.013 2 1.3x10^ 0.6 X 10'

Dog 0.012 0.6 1.2x10* 2.0 X 10'

Rat 0.014 0.4 1.4 X 10^ 3.5 X 10*

Mouse 0.0145 0.4 1.45x10^ 3.53 X 10*
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FIBRINOGEN KM(mM) kcat kca/KM

Human 0.0061 1 0.6x10^ 0.6x1 o'

Bovine 0.0054 0.5 0.5 X 10= 1.0 X 10'

Porcine 0.0063 IJ 0.6 X 10= 0.5x10'

Rabbit 0.0064 0.8 0.6x10= 0.8 X 10'

Cat 0.0059 2 0.6x10= 0.3 X lO'

Dog 0.0055 0.6 0.5 X 10= 0.9 X 10'

Rat 0.0060 0.4 0.6 X 10= 1.5x10'

1 0.0060 0.4 0.6 X 10= 1.5 X 10'

7h6/g ^.5; A^fwer/c &z^a/or Aa/roazoAzM (B. TMoo/eMp wi^/z vorzow^ ^Arz/zogeMS.

As can be seen from ±e kinetic data shown in 7o6/gs JJ-lj, thrombin and 

batroxobin show very different specificity for various substrates to each other. 

Thrombin shows its greatest specificity for human fibrinogen, which is perhaps not 

surprising as the thrombin is derived horn a human blood source. Both batroxobins 

on the other hand, show much greater specificity for rat and mouse fibrinogens than 

for any of the others. The results obtained &om this kinetic study support the results 

obtained from the end-point clot times, both in terms of the order of specificity for 

each enzyme and substrate, but also in terms of the higher activity of batroxobin (^. 

zz/rux) compared to batroxobin (3. znoo/gnz).

The kca/KM for each of these enzymes with every substrate indicates that they 

are all highly evolved towards reacting with any of the fibrinogen substrates. This 

indicates that they have good specificity for all fibrinogens, but the increased values 

for specific substrates suggests that the enzymes have evolved to catalyse the reactions 

with the fibrinogen they need to act on most effectively.

3.7 Crystallographic trials.

3.7.1 Introduction.

X-ray crystallography is the single best method for determination of the 

molecular structure of large biological molecules. It is a technique that makes use of 
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the physical phenomenon of interference of waves when they come into contact with 

an object. This interference caneither tMsconstmctix^^xviientfie wave isenhanced, or 

destructive, when it is diminished. Therefore, when an object, far example an atom 

obstructs a wave, it produces a characteristic diffraction pattern made up of regions of 

enhancedand diminishedintensities.

X-rays possess wavelengths that are very similar to bond lengths found in 

molecules and hence the spacing of atoms in crystals (-O.lnm); therefore these X-rays 

can be diffracted by atoms. Since every structure has a characteristic difhaction 

pattern, due to the unique way in which the atoms are arranged in space, it is possible 

to use the diffraction pattern as a blueprint for the structure of the molecule. By 

analysing the pattern obtained, it is possible to produce a highly detailed picture of 

each of the atoms within the structure and their corresponding positioning within the 

overall molecule. X-rays are not alone in their ability to be diffracted by atoms, for 

example, electrons that have been accelerated through 4kV to -20 OOOkm/s have 

wavelengths of 40pm, and neutrons, that have been slowed to thermal velocities, have 

similar wavelengths and can also be used[92].

3.7.2 Crystal growth.

This work has made use of a technique for growing crystals called the 

hanging-drop method. This technique allows protein crystals to be grown at high 

concentrations of protein, whilst using only relatively small volumes. Thus it is of 

great value when attempting crystallography using relatively limited amounts of 

protein.

on covorolip

vacuum groaoo

1:1 of wall 
buffer

F/gure J. 30; J%zMgzMg - dSrqp met/KK/ ofcrysta/ grow/A.
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lathemethod used the lip ofeachofthe wellswas greased withhighvacuum 

grease, and the well was filled with 1ml of the buf&r. A l-4pl dn^let of the bu&r, 

dependent on the volume of protein solution being used, was placed on a cover slip 

and presiliconised with dimetbyldichlorosilane. An equal volume of the protein 

solution was added to the droplet and mixed thoroughly. This droplet was then 

suspended over the corresponding 'well' buffer. The plates were incubated for up to 

two months at constant temperatures waiting Amr crystal formation.

The process of crystal growth by the hanging-drop method works by slow 

diffusion. Due to the closed environment of each well and droplet, a diffusion 

gradient is established between the well and the droplet. Gradually, as the water is 

removed from the droplet into the environment between the drop and the buffer, the 

concentration of the protein in the droplet increases very slowly, along with the 

concentration of salt Due to the natural preference of molecules to aggregate at 

hi^ar concentrations the protein molecules start to collect together. If this process 

occurs too rapidly disordered aggregates will result and the protein will precipitate out 

of solution. However, if all the conditions are correct, the aggregation of protein 

molecules will be uniform and controlled, resulting in the formation of crystals.

The initial screens for crystallography are normally carried out using the 

Hamilton screen. These are a set of one hundred pre-made combinations of buffers, 

precipitants and salts at set pH values. These make use of those combinations of 

reagents that have been shown to be successful at aiding the crystallisation of many 

proteins[93]. Once the type of conditions that may result in the formation of crystals 

has been found the conditions can be further refined, making use of the Hamilton 

screen solution as a starting point. Many attempts at this refinement may be necessary 

in order to ascertain the ideal conditions for crystallisation of any given protein to 

produce usable crystals.

3.7.3 Initial trial

Initially a Hamilton screen trial using Ipl of protein solution at a concentration 

of lOmg/ml in each well was carried out This made use of protein that had been 

isolated horn the A a/rox venom supplied by LATOXAN. The plates were laid down 

for up to 2 months (in total) at 19°C in the dark. Although there was some limited, 
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transient crystal formation, it was decided that this concentration of protein was 

insufGcient toenableany higbqnality crystalgrowth. ThereArrethe procedurewas 

repeated using an increased concentration.

3.7.4 Second trial

The Hamilton screen trial was repeated as above, using a protein concentration 

of 35mg/ml. Once again the trays wa% laid down at I9°C, in the dark, for three 

weeks, /ifberliustuitei^: tK>carr^;{^p^NirerdtbatscMike(:rystaigt(yv/di hadoccurred,but 

h\v{U)(lecick>ddiat tbeidthexsidioukllbe leftfcMrafiulhMKrttm&e weeks to see ifany 

cturDg^:iritlK:(xn^5bdfcHniurd(Mi resulted.

After this time, all the wells that had contained crystals, with die exception of 

one, had lost their crystalsby dissolvingback into solution,aph«iomenonthatwas 

also seen in the initial trial. However, one well (well 40 of Screen I) had significant 

crystal development (Figure j.J7). These crystals were not of a high enough quality 

to enable their use for the collection of diffraction data, but they did pinpoint the 

conditions around which further trials should be made.

3.7.5 Refined trial

It was considered appropriate to use the conditions of well 40 Screen I as a 

starting point for the refinement of the conditions necessary for crystallisation of the 

batroxobin from A atrox.

The solution contained:

Buffer -0.1 M Sodium Citrate, pH 5.6

Precipitant - 20% v/v 2-propanol and

-20% w/v PEG 4000
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Figure 3.31: Photograph sAowmg c/ysfaZ^nnafzoM zn fAg secow/Hamilton c/ysfaZ

screen.
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It was decided that thisshould beattempted immediately, using protein diat 

had been supplied by Oxford Bioresearch Laboratories. Therefore this protein was 

plated out at 25mg/ml using the well conditions outlined above. The plates were left 

for atotal of2montbs at 19°C inthe dark. However, crystalsdid notfbrm at any 

point during this time.

1 2 3 4 5 6
lOOmMNa

Citrate 

10% PEG 4000 

10% 2-Propanoi

lOOmMNa

Citrate 

15% PEG 4000 

15% 2-Propanoi

lOOmMNa

Citrate 

20% KG 4000 

20% 2-PMipatiol

lOOmMNa 

Citrate

25% PEG 4000

25% 2-Propanol

lOlknMNa 

Citrate

30% PEG 4000

30% 2-Propanoi

lOOmMNa

Citrate 

40% PEG 4000 

- % 2-Propanol

lOOmMNa

Citrate

30% PEG 4000

- % 2-Propanoi

lOOmMNa

Citrate 

20% PEG 4000

-% 2-Propanoi

lOOmMNa 

Citrate 

-% PEG 4000 

40% 2-Ptop"tX:l

lOOmMNa 

Citrate 

-% PEG 4000 

30% 2-Propanoi

lOOmMNa 

Citrate 

-% PEG 4000 

30% 2-Propanol

lOOmMNa

Citrate 

30% PEG 4000 

10% 2-Propanal

lOOmMNa 

Citrate

10% PEG 4000

30% 2-Propanol

7a6fe J. d. ^e^nerf we/f cowAiow utpfif 5, 5.5 owf 5.

A possible reasonfbr this could havelxxmdueto dieexcessive manipulation 

of the protein that was necessary before use for crystallisation. The lack of 

information withregard ik}tlM:i}roteui solution frorn whichthis satn^ykcrfenzymelwtd 

origiiuiUjrtMsenfreeaBetirkxi wastluyug^^ttolie important,since itwaspossible thattbe 

protein had already denatured before being plated out. Another possible explanation 

was that,since there issome evidence that the batroxobinsux^IiedbyOBL was 

d<anha:(lfrtM]i(i(iifferetdstd)-spN&Gies ofB. utrox, theremay be!digjit(lifGererK>es in the 

caihohydrate content which may have resulted in a differing response during 

crystallography. Alternatively, there is also a possibility that the protein that was 

puriGedon site atSouthamptonwasstabilised insomeway bythep-esenceofsmall 

amounts of benzamidine that remained bound to the protein after the purification 

process. This possibility was somewhat supported by the 6ct that the repotted 

structures for porcine kallikrein and bovine trypsin were both crystallised in the 

presence of benzamidine.
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ConsequMitty,itwasdecidedthatthenexttnalshouldberepealedusmg 

protein that had been reclaimed from the crystal plates containing the batroxobin 

purihedon site. Thispnteinwasthen laid downinthe way outlinedabove, at 19*€ 

inthedarhhirS weeks. On inspection hvMgappna^tkAtwoofAie wells contained 

crystals at positions A2 and A3 of the plate.

ConditionsA2 ICMlmiyllSoflhtm citrate, pH5

15% PEG 4000

15% 2-Propanol

Conditions A3 lOOmM Sodium citrate, pH 5

20% PEG 4000

20% 2-Propanol

These are final concentrations in an overall volume of 1ml

The conditions in A3 showed the best crystal formation. Some further work is 

required, to make more refinements to these conditions. It appears obvious that the 

conditions associated with pH and sodium citrate are likely to be correct, however, the 

actual concentrations of 2-propanol and PEG 4000 need to be looked at more closely 

in order to achieve usable crystals.

Since the protein that has been used in this case has been reclaimed several 

times and, since heshly purified proteins seem to crystallise more efficiently than 

older ones, it seemed prudent to wait to carry out this next trial until after some more 

protein had been purified. This must wait until some more of the crude venom is 

available.

3.7.6 Initial difhaction

Since beam time at Grenoble was available, it was decided that an attempt 

should be made to obtain difhaction horn some of the crystals that had developed 

during the refined trial. Four of the better crystals were chosen and an attempt to find 

a suitable cryoprotectant was undertaken. It was decided that the conditions in the 
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wells that crystals were found should be used as a basic starting point, with die 

addition of glycerol to aid in die protection against ice.

lOOmM Na citrate pH 5

22.5% PEG 4000

20%2-propanol

10%glycerol

rbecryskdsvMaegxMdKxLtaounkdandthenfroanibefbngpack^gu^uia 

dewierfbrtransportation.

3.7.7 Diffraction data

3.7.7.1 Data produced at Grenoble

The crystals that were taken to Grenoble allowed diffraction data to be 

collected up to 2 angstroms in resolution. However, this data has certain problems 

associated with it, as it only appears to give information on two of the three 

dimensions. This was drought to be due to the fact that the crystals were growing in a 

manner that was too plate-like, thus only allowing diffraction through the two planes. 

However, further consideration of the problem, leads to the belief that in fact this is 

not the case and that die crystal may be mosaic in nature[94].

Under normal circumstances, when dif&action data is collected, there ate three 

components to the diffraction obtained. There are diffraction spots in straight lines in 

a uniform lattice type that occur both vertically and horizontally and there are spots 

that occur in curved patterns around the outer regions of the diffraction pattern, as can 

be seen in Figure 3.32. It is these curved diffraction spots that allow the computer 

based analysis packages to determine the orientation of the crystal with respect to the 

X-ray beam. Without these curves, the determination of the third dimension is not 

possible. In the case of the data produced by the batroxobin crystals, these curved 

diffraction points do not actually exist and consequently programs the analysis are 

only able to calculate two of the dimensions, as can be seen 6om Figure 3.33.
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Figure 3.32: An example of MormaZ (/[(^acfzoM ckfa.

F(gwe ISS. D^acfzoM gkfa o6fa;»e(//)r 6afroxo6:», (%»</ g%a7?^/g (^mosaicity.

91



Them^or cmiM^oftheMgkangecUf&acdonckda obtained from thecrystals is 

likelytobeduetothembeingmosaicin nature. Theidealpackingoftheunitcells 

widiin the crystals is in a uniform manner F/gwe 1J4. The more the packing deviates 

horn this ideal, and die less uniform it becomes, and it is said to possess mosaicity. 

F(gwe IJj. This mosaic!^ can be brought about by external influences, for example 

the cryoprotectant, or it can be a natural phenomena associated with those particular 

crystals.

jFfgwe J. J4; v^n g%m»p/e ofWleor/ wn/r ce// poc^ng.

figure S. Jj^.' /fn ecomp/e of f/7i%u/dr unir oe// pacing resuZ/mg m wosorcity.
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3.7.8 Continuing crystallography work

It was decided that the problem of mosaic!^ might be as a result of there being 

partial binding of some benzamidine inhibitor within the active site of the batroxobin. 

This could help to explain why some crystal formation was occurring with batroxobin, 

whichis notoriously solubleanddifGcuIttocrystallise. It isbelieved dmtaxneofdK; 

6eebenzamidine 6omthepurification isstillbound within the structure ofsome of 

the some of the molecules. Therefore some of the molecules are locked in differing 

conformations to the other, aiding the crystallisation process but causing the resultant 

mosaicity. Therefore, it was decided that the best way to overcome this problem was 

to add 6ee benzamidine to all the crystallisation buffers and to the protein in order to 

attempt to lock all the molecules in the same conformation.

This was attempted at various inhibitor concentrations and in all cases die 

protein precipitated out immediately. It is believed that this is due to the fact that the 

increased inhibitor has further stabilised the protein, resulting in die 25mg/ml 

concentration being far too high. Attempts are ongoing to find a concentration of 

inhibitor and protein that with facilitate good crystal growth.
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CHAPTER FOUR

SYNTHESIS AND REACTIONS OF 
PEPTIDES AND INHIBITORS



4.1 IntrodHction

Solid-phase peptide synthesis was first devised by Bruce Merrifield in 1963, at 

Rockerfeller University [95]. This synthesis was pioneering as it allowed the reaction 

to take place in solution whilst still attached to an insoluble support medium. This 

medium takes the form of a resin that holds the C-terminal amino acid by the carboxyl 

group, thus resulting in the formation of the peptide from C-N rather than N-C as 

found in nature. The resin is a polymeric structure, usually polystyrene, containing 

approximately l%/7-(chloromethyl)styrene units. The amino group of the first amino 

acid, and then subsequent residues, is initially blocked before removal to allow 

reaction to the next residue.

Two possible types of blocking agents can be used. The original agent is the t- 

butoxycarbonyl (tboc) protecting group, which is acid labile, requiring treatment with 

anhydrous acid to remove it from the amino group of the residue, and HF for the final 

cleavage of the peptide from the resin. The other approach, devised in 1983 by 

Sheppard uses 9-fluorenylmethoxycarbonyl (Fmoc) as the protecting group [82], 

y^re 4.7a. This is base labile, and requires the addition of pyridine to remove the 

protection from the amino group of the residue, with the final cleavage from the resin 

carried out in TFA.

The advantages to solid phase peptide synthesis are numerous. In particular it 

is a highly efficient process allowing a much easier and quicker separation of the 

peptides from the reaction mixture than could be hoped for in solution phase 

chemistry and without the losses of material which are also common to reactions in 

solution. This high efficiency arises horn the fact that the peptides remain bound to 

the resin during the course of the reaction means that the soluble reaction components 

can be used in large excess as the resin can easily be removed by filtration.

Solid phase peptide synthesis makes use of the sequential addition of amino 

acids. These residues have their a-amino side chains protected by either Fmoc or 

tboc to a solid, insoluble support. This protection is removed by a deprotection step, 

before the addition of the next protected amino acid residue by the use of either a 

coupling agent or a pre-activated residue. A linker is added to the synthesis in both 

cases, between the resin and the first amino acid residue, in order to bring about an 

easier cleavage of the peptide horn the resin. With die linker present, the cleavage 
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can be more specific, allowing the chemist to choose the type of C-terminus required 

in the peptide. In this case, it is possible to produce not only hee acids, but also 

amides, hydrazides and side chain protected peptide fragments. It is often convenient 

to choose side chain protection that can be simultaneously cleaved with the final 

cleavage of the peptide from the resin,/zgwre -^.2

4.2 Peptide Design

The peptides were defined to allow the specificity of batroxobin to be probed. 

It was therefore important that the literature of similar experiments on related 

enzymes should be considered. It became apparent that peptide studies on thrombin 

and kallikrein indicated that only the three residues either side of the scissile bond 

showed any significant impact on the rate of cleavage [96,97]. Therefore, it was 

decided that for these reactions only this type of hexapeptide should be considered.

It was then vital that a complete search of the sequences of fibrinopeptides A 

and B should be considered in an attempt to identify areas that may explain why 

thrombin cleaves at both sites and batroxobin at only one.

Sequence surrounding the scissile bond in fibrinopeptide A

HUMAN -GGGVRGPRW-

BOVINE -GGGVRGPRLV-

CANINE -GGGVRGPRIV-

RAT -GGDIRGPRIV-

Sequence surrounding the scissile bond in fibrinopeptide B

HUMAN -FFSARGHRPL-

BOVINE -GLGARGHRPY-

CANINE -TVDARGHRPL-

RAT -LSIARGHRPV-
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As can be seen, there is significant sequence homology between all the 

sequences in fibrinopeptide A, but much less homology between the sequences in 

fibrinopeptide B. It was therefore decided that the peptides produced should be based 

upon the sequences shown for the human fibrinogen, as this is the most significant in 

terms of the role of batroxobin as a possible therapeutic agent.

Peptides produced based on human fibrinopeptides A and B.

GVRGPR-COOH*

GVRGHR-COOH

SVRGHR-COOH

GARGHR-COOH

SARGHR-COOH# 

SARGPR-COOH

GVRGPR-NHz*

GVRGHR-NHz
SVRGHR-NHg

GARGHR-NHz

SARGHR-NHz#

SARGPR-NH:

GGGVRGPRW-COOH*

FFSARGHRTV-COOH# 

GGGVRGPRW-NHz* 

FFSARGHRIV-NHa#

NB. * sequence as found in fibrinopeptide A. # sequence as found in fibrinopeptide B
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Figure 4. la: The Fmoc pro^ec/zMg g^'o:^

Fzgwe 4.76; 7%g j?oc profgcA'/ig groz^.
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Therefore a positive and negative control were produced with the exact 

sequences of the two Gbrinopeptides and the remainder of the peptides showed 

substitutions of one or more residue into each of the sequences to look at which of the 

sites were responsible for the differences in reactivity. One amide was produced of 

the fibrinopeptide A sequence to ensure that the highly negative charge of the free 

acid was not affecting the reactivity of the batroxobin.

4.3 Fmoc peptide synthesis

4.3.1 Materials and methods

In the synthesis carried out, a solid phase peptide synthesis was undertaken 

using Fmoc protection, with both the formation of the free acids and the amides. This 

was achieved manually, using a Griffin flask shaker. All the solvents and chemicals 

used were of peptide synthesis grade. Arginine-Wang resin, 0.9mmole/g was used for 

the synthesis of all the peptide free acids, with the exception of one which required 

the synthesis of the R-resin from Wang resin, Immole/g. p-Melhylbenzhydrylamine 

(MBHA) resin, 0.9 mmole/g, 100-200 mesh (Calbiochem-Novabiochem Ltd., UK) 

was used for the synthesis of the peptide amides. The side chain protections that were 

used were for Fmoc chemistry. All the fritrations were carried out using positive 

nitrogen pressure.

4.3.2 Reaction vessel preparation

Dichloromethylsilane (15%) in toluene (20ml) was added to a dry sintered 

reaction vessel and allowed to stand for 30 mins. The solution was then removed, and 

the flask was washed with acetone before allowing to dry.
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Ffgwe 4. j; JZeac^on v&yjre/

4.3.3 General reaction protocol for finoc synthesis

Peptides were synthesised in a C to N direction on either Wang or MBHA 

resin following the procedure outlined in/igwre 4.2.

43^11 lte couplingjgotocol.

The Wang or MBHA resin (200mg, sub. 0.9mmole/g, 0.2 mmole scale) was 

added to the reaction vessel with 10ml of DMF and allowed to swell. BOP: HOBt: a 

N-Fmoc protected amino acids: DIPEA in a 1:1:1:3 ratio with the resin, with the 

addition of266mg of BOP, 82mg of HOBt, 200pl of DIPEA and 0.6mmole x M.W. 

of Fmoc-amino acid were added to each coupling. Each Fmoc-amino acid coupling 

cycle involved the following steps:

1. DMF wash (3 x 10ml x 1 min)

2. 20% (V/V) piperidine/DMF deprotection (1 x 10ml x 5 mins, 1 x lOmi x 15 

mins).

3. DMF wash (5 x 10ml x 1 min).
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4. Ninhydrin assay to confirm deprotection.

5. Coupling with BOP, HOBt, DIPEA, and a-N-Fmoc protected amino acid (in 

DMF for one hour).

6. DMF wash (4 X 10ml xl mins).

7. Ninhydrin assay to monitor the coupling efficiency. A positive result for the 

addition of the amino acid confirmed that deprotection could take place. A 

negative result led to a repeat of the coupling step.

This cycle was repeated far each amino acid required for the production of the 

peptide.

4^132 CapEing

Acetylation, or capping of free amines, was performed after any incomplete 

coupling. Incomplete coupling was monitored using the ninhydrin assay, as outlined 

in section 6.3.4. Capping was achieved by incubation of the resin with 10ml of 50% 

v/v of acetic anhydride/pyridine for 25mins and then washing the resin with DMF and 

DCM. A successful capping reaction was identified as a negative ninhydrin assay.

4.3.4 The ninhydrin assay

Wet peptidyl-resin (2-5mg) was mixed with lOOpl of solution A and 25pl of 

solution B and heated at 100°C for 5-10 min. The colour development was monitored 

qualitatively by eye or quantitatively as described later.

Solution A - Phenol (40g) was added to 10ml of ethanol and warmed until 

completely dissolved. 65mg of potassium cyanide was dissolved io 100ml of distilled 

water. 2ml of this solution were added to 100ml of pyridine and 4g of Amberlite MB- 

3 resin was added and stirred for Ihr. The solution was then Altered to remove the 

resin and collected.

Solution B - Ninhydrin (2.5 g) was dissolved in 50 ml of ethanol.
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4.14.1 The quantitative ninhydrin assay

The assay was carried out using a known weight (2-5mg) of dry peptide-resin.

1. The sample was placed in a small Pyrex tube.

2. Solution A (lOOpl) was added to the tube and to an empty tube to act as a blank.

3. Solution B (25 pl) of solution B was added to each tube, and heated at 100°C for 

10 min.

4. After cooling, 2ml of 60% (v/v) aqueous ethanol were added to each tube, and the 

adsorption, Agyoum, was monitored.

5. If resulting colour was too intense, any necessary dilutions were made in 60% 

ethanol.

The following formula was used to calculate the amount of free amine present 

following the quantitative assay:

pmole/g = (A570nmxVolxlO^)/(ExWt)

Where:

pmole / g = pmole of free amine per gram of resin

Agyonm + Optical density at 570 nm corrected for dilution

Vol = volume of the assay reaction (2.125ml)

E = the average extinction coefficient (1.5 x 10'* M"*cm'*) 

Wt = accurate mass (mg) of the peptide-resin being assayed

Quantitative assay example

The procedure as described above was followed, with 2.8mg of dry resio used. 

This was diluted 17 times and the AsToom was measured.

A57o = 0.9981

As70nm Corrected for dilution = 0.9981 x 17 = 16.9677

pmoleof&eeamine/g = (16.9677x2.125 x 10^/ (1.5 x 10^x2.8) = 896.4
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= 0.8964 mmole of free amine / g

Since the substitution of the MBHA resin is known to be 0.9mmole / g, the coupling 

efficiency of the first reaction = 0.8964 / 0.9 = 99.6%

4.4 Cleavage of the peptide from the resin

4.4.1 TFA cleavage from the Wang resin.

In the synthesis of the free acids, a standard TFA cleavage for Fmoc chemistry 

was carried out. This was achieved by the addition of 95% TFA to the resin that had 

been dried by nitrogen gas following the final washes. In addition 1 OOpl of anisole 

was added as a scavenger to help clean up any tertiary butyl protecting groups that 

might have been removed on final cleavage.

The mixture was then shaken for % hr to allow the cleavage from the resin to 

occur. The solution was filtered from the resin into a clean round bottomed flask by 

nitrogen pressure and the resin was re-washed in a small volume of TFA, before this 

was also collected. Excess TFA was removed by rotary evaporation of the mixture 

until an oily substance was found collecting around the side of the flask. This oil was 

washed extensively with diethyl ether, and a white solid was produced. This solid 

peptide was then ready for analysis and verification.

4.4.2 HF Cleavage from the MBHA resin

During the production of all the amide peptides produced in this work, a 

standard HF cleavage [82] was used to cleave the peptide from the resin. In addition 

this cleavage resulted in the removal of all the fmoc side chain protection. Dr. R. P 

Sharma or Dr. R. Broadbridge kindly performed this.

Peptidyl resin (350mg) was placed in a Teflon reaction vessel with 200mg of 

p-cresol. The reaction vessel was attached to the HF line on the HF apparatus 

(Peptide Institute, Osaka, Japan), and cooled under liquid nitrogen. Evacuation of the 

reaction vessel was then achieved by the use of a Teflon coated pump. Liquid HF 

(10ml) was distilled into the reaction vessel, and the mixture was stirred at 0°C in an 

ice bath for one hour.
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After the reaction had finished, the HF was evaporated &om the reaction 

vessel with a stream of nitrogen. The cleaved product was washed with diethyl ether, 

and filtered through a sintered glass funnel. The resulting powder was dissolved into 

10ml of TFA, and re-filtered. The excess solvent was removed by rotary evaporation, 

and the crude peptide was obtained by a final precipitation using diethyl ether.

4.5 Purification and cbaracterisatioa of neptides

4.5.1 Gel filtration

Gel filtration was used in order to desalt the peptide samples prior to 

purification. This was carried out on a PDIO column (Sephadex® G-25M, Pharmacia 

Biotech). The crude peptide, approximately 60mg, was dissolved in 2ml of 0.1% 

TFA and loaded onto the column. The fractions were collected horn die column in a 

total final volume of 3ml. These were then screened for peptide content using the 

ninhydrin assay as previously described. The pooled fractions containing the peptide 

were then freeze dried, resulting in the formation of a white powder.

4.5.2 Analytical HPLC

The purity of die peptides produced was examined by the use of HPLC. A 

Gilson 715 HPLC system with two slave 306 pumps and a reverse-phase analytical 

Vydac C-18 column was used. The absorbance at 216nm wavelength was monitored, 

and the following conditions were used:

Solution A: 0.1% (V/V) TFA in Analar H2O

Solution B: 0.1% (V/V) TFA in acetonitrile

Gradient: Solution B, 0% over 2 min

0-80% over 20min

80% over 1 min

80-0% over 8 min

0% over 1 min
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At a flow rate of Iml/min

This approach allowed the identification of the desired peptide prior to purification 

using a preparative HPLC technique (as described below). The purified peptides were 

then rechromatographed on the same C-18 column, under the same conditions to 

assess the success of the purification procedure.

4.5.3 Preparative HPLC

The peptides were purified using preparative HPLC. The same system was 

used as described previously for the analytical HPLC, with the exception that a Vydac 

C-18 reverse phase preparative column was used. The purification was carried out 

using die conditions outlined below:

Solution A: 0.1% TP A in Analar H2O

Solution B: 0.1% TFA in acetonitrile

Gradient: Solution B

0% over 2 min

0-80% over 32 min

80% over 1 min

80-0% over 8 min 

0% over Imin

The peptide peak was collected and its identity was confirmed using electrospray MS.

4.5.4 Electrospray mass spectrometry

The characterisation of the peptides produced was carried out using 

electrospray mass spectrometry of die peptide in a 50:50 solution of 

acetonitrile/methanol. There was no necessity dir protonation using formic acid, as 

the presence of the TFA from purification was sufficient. The identity of the peptide 

could be accurately confirmed since the instrument was able to give accurate mass 

measurements to within 1 atomic mass unit.
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F;^re 4.4; A%C fnzce^r apw/^gf/p^ri^g GFRGf/(-CO(% r^rgsgM/ar/vg ofa/Z 

o^/fgr p^Zk/g pw^goZZbw. 7%g zyyggfZoM wY^gZ w r^rgiggHfa/ og / o/K/ f/zg pgpfZ^Zg
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cAoz-gg^Z .^gz^ o7 6^47.?2Z)o ow/ 7Ag dlozzA^ gAoygggZ o7 J27.27Z)o gon 6g ygg/z.
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4.6 Reactions of thrombin and batroxobin with synthetic peptides.

A series of experiments were performed to look at the reactions of thrombin 

and batroxobin, (R /Moo/en; and ^. atrox), with each of the synthetic peptides. This 

was in order to ascertain the significance of each of the residues surrounding the 

scissile bond in both fibrinopeptide A and B in the relative specificity of each of the 

enzymes. Initially this was carried out over a 24-hour period in order to rule out 

immediately any peptides where there was no cleavage. The peptides that showed 

some reactivity after 24 hrs were then considered in more detail for specificity studies 

with each enzyme.

4.7 Initial experimental screen.

4.7.1 Experimental procedure.

Solutions (0.02 M) of each peptide were made up in analytical water, and 
1x10"^ M solutions of thrombin or batroxobin were made up in 50mM TRIS.HCl 

buffer pH7.5. Enzyme solution (50pl) was added to 200pl of the peptide solution and 

incubated at 37°C. Aliquots (40pl) were taken from the mixture after Omin, 30min, 

Ihr, 2hrs, and 4hrs, and the reaction was stopped with 40pl of a 50:50 solution of 

acetonitrile/TFA.

A 1/100 dilution of each of the reaction mixtures was loaded onto a Cl 8 

reverse phase analytical HPLC column, and eluted with a 0-20% linear gradient of 

solution B, where solution A is 0.1% TEA in HgO and solution B is 100% acetonitrile. 

Elution of the peptides alone resulted in the producticm of the hexapeptide peaks at 

-15% acetonitrile, with any tripeptide cleavage products expected at some point 
before.

4.7.2 Results of initial screen.

Initially, all the hexapeptide free acids were incubated for 24 hours in the 

presence of both thrombin and batroxobin (A /Moq/em). This initial set of 

experiments resulted in no cleavage for any of the f-ee acids with any of the enzymes. 
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It is therefore evident that all these enzymes are incapable of tolerating a highly 

electronegative groupattheirC-terminalendinthe proximity oftheactivesite. The 

hexapeptide based on the structure of fibrinopeptide A, which was synthesised with 

an amide group attached to the C-terminus, was found to cleave after 24 hours with 

both batroxobin and thrombin.

F/gwre 4.6. J r^resgMtatzve /7PZC trace o/^a /zexap^tzck^ee aczz/ (IGFXCf/^- 

COOf() z^gy a O/Mzw znczzha/zan wzt/z cz/Agr t/zrozMAzn or Aairoxo^zn.

Fzgwg 4.7; J r^rgsgntatzvg .WlC fracc o/t/zg sazng Agrcp^tzdig_/)"gg aczz/ z^gr a 

24-/zozzr zMz:zz6zmon wztA r/zrozM6zM or batroxobin. 7%g zyyggfzoM zzrt^ct zs 

r^rgsgntgz/ &y 7 zznz/ t/zg p^tzzjg 6y f.
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F/gwg 4.& J r^regewfa^ve JWLC /race <^/Ae A&ca^)^A'(iie WM^^ fGKRGPJ(-mMKji^ 

6^er a 0 /MM /Mc«6ofzoM wzfA fAro/mAM or 6a/roxo6M.

f'/gwre 4.P; /4 r^rgj^g/Mo/zve TTfAC /race o/^/Ag Aeaz^p^AWig o/Mz^^g (GFRGf7Z-o/»z(Z^ 

^er 24 Aozzrf zMgzz6o/zoM wzf/z gzf/zgr fArozM^zw or 6a/roxo6M. /rqorgygzz/s ^Ag 

zM/ggfzoM or/^gf, f /Ag p^fz6&2 zzMz/ C f/zg g/govogg proz/zzg/s.
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4,7.3 Production and reactions of degmxptide free acids.

It was decided that since none of the hexapeptide free acids were cleaved by 

either of the enzymes that two decapeptide jGtee acids should be produced in order to 

assess whether this was due to the proximity of die carbonyl group to the active site. 

Therefore the peptides based Upon the sequences of fibrinopeptides A and B were 

produced: GGGVRGPRW-COOH and FFSARGHRPLCOOH. These peptides 

were once again incubated for 24hrs with thrombin and batroxobin.

Once again, there was no cleavage of either of these peptides with either of the 

enzymes. This indicates very strongly that this group of enzymes simply cannot 

tolerate a highly negative charge close to its active site.

4.7.4 Production and reactions of amide peptides.

Since the only peptide that had thus far cleaved was the one with die C- 

terminal amide group attached, it was decided that a whole series of these should be 

produced as outlined previously. These peptides were once again incubated with 

thrombin and batroxobin for 24 hours to see if any reaction occurred. Any peptides 

that showed no cleavage after 24 hours were assumed not to be substrates for the 

particular enzyme.

Ta^/g 4.7; 77zg renetzoA; of rAromAm am/ Aotroxohm wztA vanows amide pepddas

SUBSTRATE THROMBIN BATROXOBIN

GVRGPR-NHa

GVRGHR-NHz

SVRGHR-NHz X

GAKGHR-NHa jie

SARGHR.NH2 jf

SARGPR-NHa

GGGVRGPRW-NHz

FFSARGHRPL'NHz Jir

q/kr 24 Aows zMcuAudoA
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As can be seen from W/g ^,7, thrombin is capable of ckaving @11 of Uie 

amidep^tides produced, includingthose derived6omflbrinopeptideB. However, 

batroxobin was incapable of cleaving any of the peptides that did not correlate 

directly with the sequence found in fibrinopeptide A. It was therefore decided that 

another hexapeptide should be produced which correlated to the sequence found 

around die scissile bond of fibrinopeptide A found in rat fibrinogen 

(GGDVRGPRW^amide). This was in order to assess the significance of this 

sequence with particular reference to the aspartic acid residue, as previous studies 

carried out on the natural substrate fibrinogen suggested that rat fibrinogen was the 

best substrate for batroxobin (see Chapter]).

This was again set up as a 24-hour incubation following the protocol 

previously outlined with both thrombin and batroxobin. This preliminary study again 

showed that both enzymes cleaved this sequence.

4.8 Kinetic experimental analysis

The results obtained horn the initial screens were used as the starting point for 

a more in depth analysis. Those combinations of peptides and enzymes, which had 

shown activity, were considered in a complete kinetic study were samples were taken 

every 5 minutes over the course of 30 minutes. This analysis also took into 

consideration the differences between batroxobin derived from both sub-species being 

studied A moq/cMz and A afrox as well as assessing the possible role of Ca^^ in these 

reactions. This part of the work was undertaken to confirm that the requirement for 
Ca^ ions as shown in Chapter 3 was due to and interaction with the fibrin monomers 

and not with die enzyme. If the enzyme required the Ca2+ then its omission in these 

experiments would result in a decrease in the rate of the cleavage of the peptides.

4.8.1. Experimental procedure.

These experiments were performed as detailed in Chapter 2. It was necessary 

to refine die conditions gradually in an attempt to produce cleavage of die substrate 

within a 30 minute period. This resulted in differing enzyme concentrations, see 

nzAZe 4.2



4^8,2 Regqltg of kipftif ghf^ieg,

4.8.2.1 The role of Ca^^ in thrombin-like enzyme activity.

The reactions of GVRGPR-amide with thrombin and batroxobin (g. wo<ye»!) 
were earned out bodi with and without Ca^^ present. No digerence wag 6)und 

between the course of the reaction in the presence of Ca^^ as compared to the 

reactions in its absence, as seen in Tob/g 4.2. This supports the established view that 
Ca^^ is only significant in facilitating stacking of the fibrin monomers produced as a 

result of the enzyme activity on fibrinogen, rather than being required for the enzyme 

action itself

4.8.2.2 Comparison of the reactivity of batroxobin (A airox) and batroxobin (A 

moq/eM() with artifiGial peptide substrates.

This set of reactions was carried out in order to compare the actions of the two 

forms of batroxobin. This was in an attempt to explain the differences in their 

specificity to fibrinogens derived from different species as shown in Chapter 2.

As can be seen from 7a6/g 4.2 there appears to be no difference in the action 

of either form of batroxobin to the artificial peptide. This suggests that the 

differences shown in Chapter 3, with the increased rate of cleavage of natural 

fibrinogen substrates by batroxobin (5. afrox), are due to external binding and 

recognition sites and not due to the sequences around the scissile bond.

4.8.2.3 Reactions of peptides with each of the enzymes.

The kinetic data obtained from this study were used to calculate Kw, V^ax and kg,* 

for each of the synthetic peptides with each enzyme. These values were subsequently 

used to calculate the Kcai/KM for each of the substrates, thus providing an indication of 
the specificity of the enzyme for each substrate. Figure 4.72 shows a representative 

HPLC trace for a peptide that has been cleaved. The information presented in Figwe 

4.70, 4.77 and 7h67e 4.2 is the kinetic data obtained horn the analysis of all the 

reactions of thrombin and batroxobin with the synthetic peptides.
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♦ GVRGHR (x15)
■ SVRGHR(x15) 
aGARGHR(x15) 
xSARGHR(x15) 
xSARGPR (x15) 
e GGDVRGPRW 
+ GGGVRGPRW 
-GVRGPR

Figure 4.70. EoK/fe-lTic^^gg /?7of c^fAg rgac/zoMS ofsyMfAgh'c p^^z(7gs wz7A f7zro/»6zM.

Each p^^7(7g w r^rgsgMfg^f os a co/owr, as fM^ffcafg^/ zm fAg 7gggw7..

F(gz<rg 4.77; Eadie-Hoffstee /?7o7 q/77zg rgacAons q/^synf/Kf/c peptides wzVA 

6a7roxo6fM. EacApgp7z(7g w r^rgsgm^gaf as a co/owr, as f?%7zga7g<7 zn 77zg legend..
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Enzyme Peptide [E](n) Kw Vm«(s") kcai/KM

Batx(aP'ox) GVRGPR 1x10^ 5.94x10"^ 2.43x10"^ 0.4x10"

Batx(/Moq/) GVRGPR 1x10^ 5.88x10"' 2.51x10^ 0.42xl0"

Batx-Ca^^ GVRGPR 1x10"* 5.96x10"" 2.53x10"* 0.42x10"

Thrombin GVRGPR 1x10"* 7.5x10"" 1.6x10"* 0.21x10"

Batx(/Moq/) GGGVRGPRVV 1x10"^ 3.6x10"" 8.6x10"* 2.4x10"

Thrombin GGGVRGPRVV 1x10^ 2.2x10"" 2.4x10'" 10.9x10"

Batx(/Moo/) GGDVRGPRVV 1x10"^ 2.5x10"" 2.5x10'" lO.OxlO"

Thrombin GGDVRGPRVV 1x10"^ 3.1x10"" 1x10" 3.2x10"

Thrombin GVRGHR 1.5x10"^ 5.72x10"" 2.71x10"* 0.03x10"

Thrombin SVRGHR 1.5x10'^ 5.34x10"" 2.9x10"* 0.04x10"

Thrombin GARGHR 1.5x10"^ 6.49x10" 1.4x10^ 0.01x10"

Thrombin SARGHR 1.5x10"^ 6.78x10'^ 1.68x10"* 0.02x10"

Thrombin SARGPR 1.5x10'^ 3.54x10" 8.32x10"* 0.1x10"

Thrombin FFSARGHRPLV 1.5x10'^ 3.2x10" 2.92x10" 0.6x10"

TaZ^/g 4.2; TTzg Armg/zg dkzZa^r a// (^zAe jy^fAg^g p^/z<j^s ivzYA eacA enzyTMe capaA/g 

(  ̂c/gOVfMg Z/^TM.

As can be seen brom the table of kinetic data, for both thrombin and 

batroxobin, the sequences surrounding the scissile bond of Abrinopeptide A are much 

better substrates than any of the others. In the case of batroxobin, no cleavage is seen 

for any of the other sequences. On the other hand, thrombin which is capable of 

cleaving all the peptides produced, with the exception of the free acids, is seen to be 

much more reactive with the fibrinopeptide A sequence than any of the others. 

It is also apparent from the data table that both enzymes are more reactive with the 

decapeptide sequences than they are with the hexapeptides, which is not surprising as 

these sequences provide a larger number of recognition sites. The data also seems to 

indicate that batroxobin has a higher specificity for the sequences found in rat 

fibrinopeptide A than in human, which correlates to the evidence gathered in
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7^. /j%C /race q/(jFRGf/(-am^e /»c«6gfe(/ wf/A 6a/roxo6/M /aAeM a/ /=0M^. / ^ 

/Ae ;/yec/fOM arfg/tzc/, f M /Ac pgp/^ awgf C are /Aa c/cavage prad^ac/f.

Direction

j8. JY%C /rac6 of GM(G/V?-a/Ma/g (waAa/er/ w;/A Aa/roxoAfW /atgM a/ /=J/a/w. / i; 

/Ac za/ecAoM ar/^cf, f w /Ae p^/a:k aza^ C arg /Ag c/gavagg pra«^cA^
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C. HPLC trace of GVRGPR-amide fw^ifAa^gc/ wffA 6a^(%co6fM ^a^M g^ f=/07Mfw. / w 

//^ /yy'ec^M az-fg/Szcf, f M fAe /)^46^ <zw/ C fP"^ ^Ae c/eavage ^ro^A^^,

D. Z/PZC fracg c^G^M(Gf jR-a)»(d<g zAcwAa/egf wAA AaA'AXoAm faAem a/ ^=7^M;ma. 7 w 

fAefA/ecAoM orf^cA fw /Agp^fideww/C are^Ae c/eavaggpro(Azcf&
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^. //PLC /race of CKRCPR-aM%/e /MowAo^eo' w/fA 6a/rojfo6m /aA%M a/ /=207M!7W.

Direction

P //PLC /race of CKRCPP-am6/le /Mc«6a/e(/ tvzYA ^a/roxoAm /aAen a/ /=2^?M/fM.

PfgMre 4 /2; P^refew/a/rve //PLC /races o/p^/ft/es c/eove^/ Ay /ArotMAm or 

6a/rcoco6zM, w//A sawy/es /aLcM a/ J /»z«a/e m/erva/s/kr SO mmu/es. / zs //ze zzyec/zoM 

ar/z^L P zs /Ae /?^/zak ow/ C ore /Ae c/eovage /)raz/ac/s.
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Chapter 2. Thrombin on the otherhandshows its gpMMtk;stsi>eeifk:h)rtothes(X)ner%ee 
6)und in human Gbrinopeptide A. Of the additional sequences, it appears that the 

proline residue found in the fibrinopeptide A sequence is important for recognition by 

thrombin since when this is introduced into the sequence found in flbrinopeptide B 

(S ARGHR compared to SARGPR) there is an increase in the rate of cleavage.

4.9 Inhibitor studies.

Since the best substrate fbr the two enzymes was found to be the sequence 

from fibrinopeptide A, it was decided that this sequence should be used in the 

synthesis of an inhibitor. It was hoped that this inhibitor could serve two purposes: 

Firstly, to aid io the characterisation of the enzymes in terms of their substrate 

specificity, and secondly in the stabilisation of crystal formation.

It was decided that the best inhibitor to produce was the decapeptide sequence 

GGGVRGPRW-amide, with a non- reducible peptide bond at the scissile bond. The 

process to bring about the production of this inhibitor was a complex chemical 

procedure, which started with the production of the ornithine diol. This residue was 

kindly supplied by Dr.R.Sharma and Dr. R.Broadbridge.

4.9.1 Inhibitor synthesis.

4.9.1.1 Structure of the proposed inhibitor.

Gly-Gly-Gly-Val-(Arg)-CH2-NH-(Gly)-Pro-Arg-Val-Vai-NH2

It was believed that this structure should be a good inhibitor of batroxobin, as 

it comprised of the identical sequence found in flbrinopeptide A. Therefore it should 

be recognised as a substrate by the enzyme. However, as it does not contain a 

conventional peptide bond, but instead has no carbonyl group just a CHg, then it 

cannot undergo cleavage. This is due to the fact that the carbonyl group is necessary 

for the nucleophilic attack of the catalytic serine.
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4,9,1,2 The formation of the boe-arginine diol &om the ornithine diol.

The protecting group on the nitrogen of the ornithine was removed via 

hydrogenation using Hz and a platinum catalyst as shown In F/gwe 4.71 This 

allowed the exposure of the amine group and its subsequent guanylation to arginine 

via the reaction with the classical guanylating agent 1-Guanyl 3,5-dimethyl pyrazole 

nitrate. This reaction resulted in the formation of the hoc arg diol, as can be seen in 

F/gwrg 4.73. The hoc group was then removed by bubbling HCl gas through a 

solution of the amino acid in ether.

bocN

F/g%/rg '^. 73.7^MnorfOM (^tAe (Tg^rorecrgf/ argmfMg-<7fo/.
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4.9.1.3 The formation of the boc-valine-arginine aldehyde.

This arginine diol was then coupled in solution to a hoc protected valine 

residue, which was pre-activated by its coupling to 0-succinate. This reaction can be 

seen in Figure 4.74. The hoc val arg diol was then oxidised to form the aldehyde by 

the action of metaperiodate (1049 io^^s, as seen in Figure 4.74.

bocVal-OSuc + H2N-Arg-Diol
(Activated ester)

boc Val-Arg-Diol

104-

boc Val-Arg

Figure 4.74; For/MahoM r^tAe 60c va/ine arginine a/(7e/g/6k.

4.9.1.4 Formation of the reduced peptide bond.

The first 5 residues from the c-terminus end of the peptide were coupled using 

conventional Fmoc solid phase peptide synthesis to the resin as outlined in section 

4.3. The aldehyde was then coupled to the glycine attached to die resin under 

reducing conditions. This was achieved by the reaction with the solid phase bound 

glycine residue, the aldehyde and an excess of sodium cyanoborobydrate (NaCNBHg) 

in DMT. This was carried out in the presence of enough acetic acid to maintain the 

pH throughout at 5, since this provided a balance between a low enough pH to 

facilitate the coupling, but a high enough pH to allow the reduction to be performed. 

This reaction can be seen in Figure 4.75. The remainder of the synthesis followed the
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conventional Fmoc couplings as previously described, The cleavage and purification 

were followed as described for all other amide peptides.

O

bocValArg H2N<jly +PVRR^Resin

AcOH 
NaCNBHS 
DMF

bocValArg 2\^^Gly+PVRR 'ww'Resin

bocValArg
y%L^ ^^Gly fPVRR^/w\^ Resin

H

fzgMre 4.71' Formanon o/" r/ie ra7«ee<7 p^fz^ 607%/.

The predicted mass for the inhibitor was 937Da. However, only the doubly 

charged species with a mass of 469Da could be identified using electrospray MS, as 

can be seen in Figz/re 4.7 7. This is not unexpected, as this peptide is an amide and 

they are notoriously difficult to identify as the singly charged parent ion using 

electrospray.
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F%W6 ^./6. y^Ma^y/ca/ fracg ^Aowmg /Ae zMAfAAor Gk7GP7('4rgd«cg(/-Gf/(rFamk^.

1IK^ 49* j@

%

me e* ere Too Tze 7» ns soo szs sso szs son szs aso azs
Dale

Figi^e 4. / 7; A^/gcfrojprqy A^S ax'fAg zAAiAAor GC?(jrM?-re(/wcg(/-GP7( FF^-WM;6&!, 

j^Aow/w^ fAg (6)wA{y cAay^e^ :^9ec;a;.
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4,9.2 Rsaotion of inhibitors.

During the synthesis of the one major inhibitor detailed in section 4.9.2 a 

number of by-products were produced which could potentially have exhibited 

inhibition properties with one or all of the enzymes. All of these inhibitors plus some 

other more conventional inhibitors were tested

4.9.2.1 Experimental procedure

The action of each substance as an inhibitor was monitored by observing the 

effect that they had on the standard reaction of each enzyme with the chromogenic 

substrate S-2238. The protocol for these reactions is detailed in Chapter 2.

4.9.2.2 Results of inhibitor studies

Each of the potential inhibitors was considered to assess whether they had any 

inhibitory effect on each of the enzymes. The results of this preliminary study are 

shown in 7a6/e 4.1 Any compound that showed some effect was then considered in 

more detail as a kinetic study and the data was used to calculate the Ki for each 

compound. The results horn this study are shown in TbhZe 4.4.

7a6/e 4.3; ArArhAPry e^ct.; o/ eacA co/npouw/ on thrombm on^/ botroxoAm.

InhibitorfAMIDES) Thrombin Bahoxobin
GGGVR^GPRW

FmocGGGVR^GPRW

GGGVO^^GPRW )f

FmocGGGVO^GPRW je JC

GGGVRGPRVV

GGDVRGPRW

GVRGPR

V-R^aldehyde

FmocV-R-aldehyde

Leu-peptin
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As can be seen from Table 4.3, none of the potential inhibitors containing the 

reduced peptide bond showed any inhibitory effect on either thrombin or 

batroxobin. This is surprising since identical decapeptide sequences that contained a 

normal peptide bond had been shown to act as good substrates, see section 4.8. In 

addition to this was the fact that these same peptides were shown to have some 

inhibitory effect on both of enzymes. As the only major structural differences 

between these compounds is either the lack of a carbonyl group, or in the fact that the 

reduced bond is planar rather than tetrahedral in shape, it was decided that the 

arginine aldehyde should be investigated as a potential inhibitor. It was thought that 

this would clarify whether the carbonyl was necessary for the recognition of the 
sequence.

As can be seen from Table 4.3, the aldehyde groups did in fact act as 

inhibitors to both of the enzymes, although they were considerably better inhibitors of 

thrombin than batroxobin, see Table 4.4. However, this can be explained by the 

earlier observation that batroxobin has a requirement for quite a long region of amino 

acid recognition for it to react well with a substrate, and that any change in this 

sequence will result in no reaction, see section 4.8. It is interesting to note that the 

batroxobin obtained from both species show identical reactivities with S-2238 and all 

the inhibitors.

Figure 4.18: Eadie-Hoffstee plot of the effect of various inhibitors (shown as 

described in the legend) on the reaction of batroxobin with S-2238.
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♦ Thrombin
■ GGGVRGPRW

GGDVRGPRW
XGVRGPR
X V-R-aldehyde
e FmocV-R-aldehyde

0

V (xE-4)

1.5

Figure 4.19: Eadie-Hojfstee plot q/^fAg e;^cf q/^vanows inhibitors (^AowM os 

(/gscr;6g<^ /» fAg /ggg»6() OM fAg rgachon q/^fAro/nAzM wffA S-22J&

Table 4.4; 7hA/g fo sAow ^Ag relative A[z vaZwgs q/vanowa z»Az6;fors wzfA thrombin 

aw/ 6a/roxaA/M

Inhibitor Ki for Thrombin Ki for Batroxobin

GGGVRGPRW 2.5x10^ 4.0x10'*’

GGDVRGPRW 3.2x10^ 2.4x1 O'"

GVRGPR 1.0x10'5 1.4x10'5

V-R-aldehyde 1.5x10'5 1.2x10'4

Fmoc V-R-aldehyde 2.4x10'4 -

4.10 Discussion.

The results obtained from this study of various synthetic peptide substrates 

and inhibitors have helped to elucidate the importance of certain residues and 

chemical groups around the scissile bond of the substrate. It has long been thought 

that the differences in specificity exhibited by batroxobin compared to thrombin was 

due to external binding regions on the surface of the enzyme [102]. However, the 
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results obtained in this study for thrombin as compared to batroxobin recognition 

seem to indicate that the residues and binding in the vicinity of the active site are of 

greatimportance.

Thrombin appears to be capable of recognition, binding and cleavage of hexa- 

and decapeptides containing the R-G scissile bond that are both identical to 

fibrinopeptide A & B and are combinations of the two. Although it does show a 

marked preference to the sequences obtained in fibrinopeptide A, it is nevertheless 

still capable of cleavage of the other sequences. Batroxobin, on the other hand, shows 

a very great preference for the sequences identical to fibrinopeptide A. In fact, 

batroxobin shows a much higher specificity when an aspartic acid residue is 

introduced into the sequences GGGVRGPRW-amide of human fibrinopeptide A at 

the P3 position to produce the peptide GGDVRGPRW-amide. This is observed by 

an increase in the rate of the reaction with this peptide. This is very interesting as this 

sequence is derived irom rat and mouse fibrinogens, which are the natural prey for 

^otArqpf Jtrox pit vipers. This seems to suggest that there has been some evolution 

of batroxobin for the fibrinogens of its natural prey. However, this peptide was found 

to be a much poorer substrate for thrombin than the sequence containing glycine at the 

P3 position. This is again interesting, as the thrombin used in this study was derived 

from human plasma and human fibrinogen contained a glycine at the P3 position. It 

would be interesting to determine if batroxobin is behaving in a similar way to rat and 

mouse fibrinogens, which might exhibit sequence specif city for substrates with an 

aspartic acid at the P3 position. This would be in keeping with the known sequence 

of their own fibrinogen. In fact, even when the proline residue, which was 

considered to be important for recognition, was re-introduced into the sequence there 

appeared to be no reaction.

However, it was eventually possible during the course of these experiments to 

use a sufficiently large concentration of batroxobin relative to the peptide substrate 

concentration to force some reaction with the peptide SARGPR-amide. This 

sequence is identical to that found in fibrinopeptide B, with the notable difference that 

this histidine at the P2' position SARGHR-amide has been replaced by a proline. 

When a lOOx excess of batroxobin was used in these experiments and incubated at 

37°C for 24hrs it was possible to detect some cleavage of the peptide. This was never 

seen with any of the other sequences and as such was taken to be valid. This suggests 
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that the residue at the P2' position is extremely important. A proline in the P2' 

position as found in fibrinopeptide A is not only neutrally charged, compared to the 

histidine found in fibrinopeptide B, but it also results in the formation of a bend in the 

substrate. This conformational change between the two substrates could be sufficient 

to prevent batroxobin from cleaving the scissile bonds of sequences that do not 

contain proline. The fact that some small activity can be forced with the 

reintroduction of the proline into the sequence, albeit only a fraction of that originally 

exhibited, shows that this is an important residue recognition.

Another important observation was the lack of inhibition observed when the 

reduced bond inhibitor of the fibrinopeptide A sequence was used in the reactions. 

This is again an interesting point, since it has always been assumed that the carbonyl 

group of the peptide bond was important only in the mechanism of cleavage of the 

substrate by the enzyme, and not in the recognition and binding of the substrate. This 

suggests that in this group of enzymes at least the first step of the catalytic mechanism 

is also part of the recognition and binding of the substrate. Therefore the reaction 

proceeds via a continuous recognition, binding and catalysis step, and two distinct 

steps of binding fallowed by catalysis. The fact that the arginine aldehyde acts as an 

inhibitor reinforces the significance of the carbonyl group.

These observations together indicate that this region around the active site of 

the enzyme must be important for substrate recognition. This is very interesting, as 

previously held views suggested that the differences exhibited by batroxobin 

compared to thrombin were due only to exosites on the enzymes and that no 

difkrences would be exhibited by residue changes around the scissile bond. 

Although it still appears evident (hat fibrinogen recognition exosites are very 

important in the specificity of batroxobin, it now also appears evident that more subtle 

sequence differences may also be important
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CHAPTER FIVE

HOMOLOGY MODELLING OF
BATROXOBIN



Sa Introduction

Structural determination of the snake venom proteases by X-ray 

crystallography has so 6r proven to be extremely difhcult. In fact, none of these 

proteins, including batroxobin, have had their structures resolved to date. This is a 

problem that is exacerbated by the fact that recombinant forms of the enzymes have 

beenproducedonly in a very few cases,resultinginadif5culty in isolating 

sufficiently large quantities of the proteins. It was therefore decide that homology 

modelling could be a useful tool in producing a model structure that could help to 

explain some of the more pressing structural questions, whilst at the same time 

producing a structure upon which to base any crystallographic refinement.

The proteins belonging to the serine proteinase super family have all been 

shown to have signiAcant sequence homology,[$] particularly in the regions 

surrounding the catalytic site, the 2 P=pleated sheets either side of the catalytic cleft 

and the C-terminal a-helix, However, various external loop regions are not conserved 

from one structure to another and it is believed that these areas may be significant in 

substrate recognition. Since it is the substrate specificity of batroxobin that is of m^or 

interest in this study, a detailed knowledge of the structure is essential.

5,2 Sequence bomoloev analysis

The sequences of the different serine proteases (Ggwe 17) were aligned with the 

sequence obtained for batroxobin (Amoq/ew). Due to the fact that the sequences and 

structures of various kallikreins became available at different times, the Initial 

alignments were between:

CHYMOTRYPSIN B (RAT) 

CHYMOTRYPSIN B (HUMAN) 

GRANZYME F (MOUSE) 

GRANZYMEF (HUMAN) 

ELASTASE (HUMAN) 

DUODENASEI (BOVINE) 

PROTHROMBIN (RAT) 

PROTHROMBIN (HUMAN)
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A^QN{^4n<Aaj\CHI^US)4Ln?l^fUTA) 

C^JU^D^njlRJCALLQCREn^IIOlU^L^N) 

GLANDULAR KALLIKREIN (PIG) 

GLANDULARKALLIKRErN(GUINEAPIG) 

GLANDULARKALLIKREINI(HUMAN)

Other sequences were added to these alignments, as they became available. The 

sequence alignment was initially determined using a Needleman-Wunsch 

algonthm[78] and a protein sequence score matrix [79]. The alignment was then 

refined by eye where necessary and hydropathy plots were produced for each 

sequence, in order to look at the overall similarity in die electronic environments 

between each sequence and batroxobin. This was achieved by assuming the 

conservation of particular residues known to be structurally significant In particular, 

the regions that correlated to the central p-pleated sheet structure, which appears to be 

conserved throughout the whole family, were used to refine the initial alignment. This 

allowed the arrangement of batroxobin in the same way as all the other members of 

the family. This was an important step as it made the location of the other residues 

known to be of structural significance much easier to locate accurately, particularly the 

residues involved in the catalytic triad His 57, Asp 102 and Ser 195 (by chymotrypsin 

numbering). Once the highly conserved areas in the central P-pleated sheet regions 

had been set in place, not only did the catalytic triad align extremely well but also the 

major insertions and deletions and alignments aligned with loop regions in the other 

serine proteases. The batroxobin aligned with die kallikrein structures particularly 

well. These facts add credibility to die fact that batroxobin may have the same basic 

structure as the kallikrein group of the serine proteases, and not the thrombin group.

All die serine proteases considered showed a reasonably high identity to the 

batroxobin sequence. All the identities within the serine protease group are around 

20%, including in all cases the structurally significant ^«pleated sheet and the catalytic 

triad. The initial alignments with porcine pancreatic kallikrein showed -40% identic 

with batroxobin and as much as 70% homology for similar residues. Later work, once 

the sequences became available, showed a similar degree of identity
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Batroxobin 
Flavoxobin 
Crotalase 
Crotaius acrox 
Gabonase 
Thrombin 
Kallikrein 
Trypsin

Batroxobin 
Flavoxobin 
Crotaius atrox 
Thrombin 
Kallikrein 
Trypsin

Batroxobin 
Flavoxobin 
Crotalase 
Thrombin 
Kallikrein 
Trypsin

Batroxobin 
Flavoxobin 
Crotalase 
Thrombin 
Kallikrein 
Trypsin

Batroxobin 
Flavoxobin 
Crotalase 
Thrombin 
Kallikrein 
Trypsin

Batroxobin 
Flavoxobin 
Crotalase 
Thrombin 
Kallikrein 
Trypsin

Batroxobin 
Flavoxobin 
Crotaius atrox 
Thrombin 
Kallikrein 
Trypsin

Batroxobin 
Flavoxobin 
Crotalase 
Crotaius atrox 
Thrombin 
Kallikrein 
Trypsin

Batroxobin 
Flavoxobin 
Crotala se 
Thrombin 
Kallikrein 
Trypsin

10 20 
V I G G 0 e C D I N E H P F L k F M Y 
V 1 G G 0 r C 0 I NEHPFLVALYD 
V I G G 0 E C N I N E H R F L V A L Y D 
VVG G DEC N I S' E H R S L V A I F V 
V V G G A E C K I D G HR C L A L L Y 
I V E G 0 D A E V G L s P « Q V M L F R
V V G G Y S' C E K S* S Q P W Q V A V Y Y 
IVCGYTCGANTVPYQVSLN 

40 SO 
LINQEWVLTAAHC N 
LIMPEWVLT A A H C D S 
LINVEWVLTAAHC 
LI SDBWVLTAAMCLLYPPWB 
LIOPSWVITAAHCATDNYQV
LI k S 0 W V V S A A H C y K S 

70 80
IM L G K H A G S V A N Y 0 E V V R Y P 

L G A H S 0 K V L N E D E 0 I BN P 
RSVOFOKEOOR

1 GKHSRTRYERKVEKISM 
EPFAOHRLV S Q S F P H P G F N Q 

L G Q 0 N I NVVEGNOQFI SA 
100 110

K N V I TO K D 1 M L I RLDRPVKN 
NTEVLDKDIMLIKLDSPVSY 

DKDIMLIRLNKPVBY
WKENLDRDIALLKLKRP 1 E L 
0 0 Y S N OLMLLULSOPADl 

SNTLNNDIMLIKLKSAASL 
130 140 

N P P S V C S V C R I M G W 6
S p p S V G S V C R I M G W G 
S P P I V G S VC RAM GW G 
K Q T A A K L LHAGFKCRVTGWG 
E E P K V G S T C LAS G W G
S C A S A C T 0 C L I S G W G 

160 no
YPDVPHCANINL F N N T V C
FPDVPHCANINL L D D V E C
LPOVPHCANINL L D Y E V C
EVOPSVLOVVNLP L V E R P V C

DDLQCVNIDL L S N E K C
YPDVLKCLKA PILSNSSC 

190 200
KTLCACVL OGG IDTCGG 
R T L C AG V L OGG I D T C G F

T L C A G I PEGG L 0 T C G G 
DMFCAGYKPGEGKRGDACEG 
LMLCAGEM D G G K D T C K G

MFCAGYL EGGK D SC QG 
220 230

N G Q F Q GILS W G S D P C A E 
N G 0 F Q GIVYIGSHPCGQ 

C D C
0 G K P 0 GITS

Y N N R W Y Q MG I V S W G ' E G C D R 
N G V L Q GITSWGFNPCGE 
S G K L Q G I V S M G S G C A Q 

250 260
DYLPWIQSIIAGNKTATC P 
D Y N A W I Q S I I A G N T A A T C L P
K E D 
RLKKMIQKVIDRLGS
K F t P W 1 R E V M K E N P
N Y V S W I K 0 T I A S N

30 
YSPRYF CGMT 
AWSCRFLCGGT 
Y W X 0 X F L

STEFOCGGD

K S P Q E L L C GAS 
F GEYLCCGV 

SGYHFCGGS 
60

R R F MR
K N F K M K

K N E T V D D L L V p
W L C R N N L Y E D
GIO V R

90
K E K F I C P N K K
K E K F I C P N K K

LOKIYIHPRYN 
D L I W N H T R 0 P G
S K S 1 V H P S Y N

120
S E H 1 A P L B L P S 
SEHIAPLSLPS 
SEHIAPLSLPS 
SDYIHPVCLPD 
t 0 G V K V I D L P I 
MSRVASISLPT 

150
A I T T SECT
S I T P V E E T
Q T T S POET
NRRETWTTSVA 
S I T P D G L E L S
N T K S S G T S

160
B E A Y N G L P A
K P G Y P E L L P E Y

K A S T B I B I T N
V E A H K E E V T 0
K S A Y P G 0 1 T S N

210
0 S G G P L I C 
D S G T P L IC 
DSGGPLIC
0 S G C P F V M K B P 
D S G C P L I C 
D S G G P V V C

—Z40
PRKPAFYTKVF 
S B K P G I Y Y K V F
K E K Y F D C W M T F

N G K Y G F Y T H V F
PKKPCIYTKLI 
KNKPGVYTKVC

Figure 17 ^/igwMeMf o/  ̂^Ae aiMiw aeiof se^weMca^ o/^AafroxoAin TviY/i various^ .yeriiie

pro^eosa;.
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and homology for batroxobin with mouse salivary gland kallikrein and around 70% 

identity with the snake venom derived plasminogen activator. Unfortunately, the 

molecular co-ordinates for this structure are not due to be released until late 1999, 

meaning that a full model based upon this structure could not be produced. However, 

it has been possible to incorporate some of the structural findings from that sequence

into the models produced from the kallikreins.

5.3 Modeliing of batroxobin from A moowi on porcine pancreatic kallikrein.

The sequence homology between batroxobin and kallikrein derived from the

pancreas of Sztr f cr(^ die wild boar, (40%) was the highest out of all the serine

proteases initially considered, but not as high as the sequence homology between

pancreatic kallikreins from different species (>60%). This fact was in many ways

suprising as it was thought that as a thrombin-like enzyme it might well exhibit high

degrees of structural similarity with serine proteases horn the coagulation protease

family. The differences were largely due to the fact that batroxobin does not contain

any N or C-terminal extensions as found in the majority of coagulation enzymes,

including thrombin, but rather has the smaller, simpler structure as exhibited by the

kallikreinsl98].

Once this alignment was satisfactorily completed, the Quanta/CHARMm 

program was used to perform homology modelling. The sequence homology found 

was used to model the backbone of the batroxobin to the porcine glandular kallikrein 

with certain key residues, for example the catalytic triad, being totally conserved. Any

insertions or deletions in the aligned sequences were, where possible, incorporated

into the loop regions of the structure rather than the more highly conserved P-sheet or

a-helix regions. The backbone co-ordinates of aligned residues in porcine glandular

kallikrein were mapped to the equivalent amino acids in the batroxobin model. Where 

any insertions or deletions occurred in the sequence, a fragment database [80] was 

used to search for short sequences that overlapped with the residues on either side of 

the unknown region and which contained the same number of residues[99].
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Porcine
Kallikrein
Batroxobin

IIGGRECEKN
VIGGDECDIN

SHPWQVAIYH 
EHPFLAFMYY 

-bl-

YSSPQCGGVL
SPRYFCGMTL

—w ww. ^^ ^ .^

VNPKWVLTAA
INQEWYLTAA

— —

Porcine 
Kallikrein 
Batroxobin

BCKNDNYEVW
SGNRRFMRIH

LGRHNLFENE
LGKHA*****

NTAQEFGVTA
GSVANYDBW

DFPHPGFNLS
RYPKSKFICP
——b5———

Porcine.
Kallikrein 
Batroxobin

**ADGKDYSH
NKK*KNWIT

**DLM1,LRLQ
DKDIMLIRLD

SPAKITDAVK
RPVKNSEHIA

VLELPTQEPE
PL8LPSNPPS

Porcine
Kallikrein LGSTCEASGW
Batroxobin VGSVCRIMGW

—' — — j^) -

GSIEPGPDBF EFPDEIQCVQ LTLLQNTECA
GAITTSEDTY **RDVPHCAN INLFNNTVCR

—. — ^^ Q —W. N— ..W —• — .«W W#, ^ ^

Porcine
Kallikrein
Batroxobin

BAHPBKVTES 
EAYN*GLPAK

MLCAGYLPGG
TLCAGVIQGG
—. — ^ ^ __ ^

KDTCMGDSGG 
lOTCGGDSGG

PLICNGMWQG
PLICNGQFQG

Porcine
Kallikrein
Batroxobin

ITSWGHTPCG 
ILSWGSDPCA 
bll--

SANKPSIYTK LI*EYLDMIN BTITENP*** 
EPRKPAPYTK *VFDYLPWIO SIIAGNKTAT

— ]^ % 2 ^

Porcine
Kallikrein **
Batroxobin CP

Ffgwg j.2; ^/(gwMeMf offAg aMfMo aci</ sg^wemcgjf ofAaA'aroAm wAA porcAze 

poMcrga^c W/zAarezw. TTzg fAzrg r^rgfCM^ a/rp gapj^ m ^Aa jg^z/gMcgf. JRafKAfga fAowM 

fMAoZ(/wgparf c^fAg ca^a^gp-KK^ J?ggfow q/Ykgsggwg»gg/Aa/ayg (Z-Ag/zgg&arg 

y^rgj;g»fg(/Aya/-a2. /(ggzoms c^fAgagg'WgMggfAgfarg ^.9Aggf,$ wgjrAowM f^67-
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The hragmentwilhthebest Gtwas tbenehosenandusedmdie model 

structure. Once the backbone co-ordinates had been defined, the validly of the 

modelled structure was assessed using the protein health f^ility within Quanta, Any 

irregularities in the structure identified from this process were either remodelled 

manually, or by re-using the fragment database to find a more appropriate Augment, 

Once the backbone residues had been satisfactorily defined, the side chains of any 

identical residues were copied directly from the porcine glandular kallikrein to the 

batroxobin model. Quanta/CHARMm was dien used to generate side chains in 

appropriate conformations for any non-identical residues. Throughout this process, 

any major side chain clashes were moved manually and then CHARMm was used to 

perform energy minimisation. During this process, constraints were applied to 

preserve the basic backbone structure. The Anal structure produced was then checked 

for any inconsistencies using the protein health module of Quanta.

The alignment between batroxobin and porcine pancreatic kallikrein shows a 

few small insertions and deletions, but the only major difference appeared to occur in 

the C-termlnal region. Within the batroxobin sequence there was a sequence of seven 

amino acid residues that does not have a corresponding sequence within the porcine 

pancreatic kallikrein. This sequence also contained a cysteine residue (cys-230) that 

could form an additional disulphide bridge with another unpaired cysteine residue 

(cys-) within the body of the structure. This would result in six disulphide bridges 

within die structure of batroxobin, one more than the five found in kallikrein. Initially 

this s-s bond was not made, as there was insufficient evidence to support its existence. 

However, information that came to light later in the process, resulted in this area of 

sequence being reconsidered, for a possible s-s bond, as will be discussed in section 

5.5.

As a result of the sequences aligning so well, the basic structure from the 

porcine pancreatic kallikrein (/?gwg 5.4) was retained in the model of batroxobin 

0?gwre 5.5). That is, the two regions of P-pleated sheet either side of the catalytic cleft 

were conserved, along with the short region of a-helix at the C-terminal end, with the 

remainder of the structure being made up of loop regions between these three 

conserved areas, which are also well conserved. It Is the tail at the end of the C- 

terminal a-hellx that shows the major difference between die structures.
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Figure 5.3: Schematic representation of f/zg 6act6oMg o/^f/zg (/z/zzgrzc porczMg 

pancreatic ^ZZzArgzVz. CafaZy^c rg-y^z/ga arg s/zawM as ball aw/ s/zcA:
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Figure 5.4: Schematic representation of f/zg 6ac^6oMg o/^porczMg g/aw/w/a?" W/zArem.

Catalytic reszofzzga arg s/zowM as 6aZ/ aw/ stick.

F/gzzrg 1^; ScAgmafzc r^rgsgn/a/zoM (^/Ag AagAAozzg c^f/zg /Mook/ AafroxoAzM Aasggf 

zzpoM porczzzg g/aw/zz/ar AaZ/zArgz/z



Interestingly, pig glandular kallikrein appears to exist in a dimeric form under 

crystallography conditions. Anopen heterologousdimer wasshownthathadone 

accessible binding site, whilst the other was inaccessible due to the manner in which it 

was bound to the other molecule of enzyme. It remains unclear as to die actual validity 

of diis structure //z vAv as it is possible that the presence of the dimeric form is merely 

an artefact of the crystallisation process.

One of the ways in which the molecular modelling was hoped to assist in the 

project was in its potential to provide structural evidence to explain the highly 

selective way in which batroxobin acts. Interestingly enough, the work on solving the 

structure of the porcine kaUikrein carried out by Bode er a/ attempted to do just this 

with kaUikrein in relation to the structure of trypsin. KaUikrein is a more speciUc 

enzyme than trypsin and, unlike trypsin, it is unable to use large proteins as substrates. 

It had been suggested from the work carried out by Bode et a/ that this might be 

explained by the differences that exist at the external surface loops between the two 

structures. Therefore, despite the fact that the active sites between the two structures 

are very similar, the elongation of the peptide segment from 217 to 220, chymotrypsin 

numbering, mean that the specificity pocket is bigger in kaUikrein than in trypsin, 

thus aUowing a more bulky group to bind in the Pl (SI) site. It also seems apparent 

the side chain of Ser226 in kaUikrein partially covers the bottom of the specificity 

pocket and a mobUe phenolic group, on Tyr599, which extends into the binding site, 

these result in the partial occlusion of the site and its subsequent specificity for smaU 

residues.. These factors have been postulated in explaining the binding of substrates 

to kaUikrein.

5.3.1 Validity of the modelled structure of batroxobin based upon porcine pancreatic 

kaUikrein.

The model that was produced of batroxobin, based upon the structure of 

porcine kaUikrein was in many ways highly satisfactory, as it was able to show the 

positioning of the active site catalytic triad very clearly. The homology between the 

primary sequences of the two enzymes was calculated to be -40%; however, in many 

ways the areas of the structures that were not identical did indeed show great 

similarities in terms of the types of residues present. However, a highly extended
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region at the C-terminus at the end of the final helix was difficult to model, as it would 

have required a largeamoimtof 'guesswork^and therefore it was leftlar^^efy 

unassigned. This area may indicate that the structure upon which the modelling was 

carried out was not ideal - however, as it was the best structure available.

5 4 Batroxobim modelled on mouse salivary gland kallikrein

When the structure of mouse salivary gland kallikrein became available later in 

the project, it was decided to use this as a possible modelling template. Mouse 

salivary gland kallikrein was chosen due to the possible evolutionary significance, 

along with a possible structural difference that may, if it was present in the batroxobin, 

help to explain the uniquely specific nature of the enzyme. As has previously been 

mentioned (Chapter 1), there is much evidence that the snake venom glands are 

directly evolved from salivary glands. It therefore follows that the snake venom 

derived serine proteases may also be derived horn salivary gland serine proteases. 

The other major factor that led to the decision that this structure should also be used 

for modelling purposes was the fact that it is the only kallikrein structure that has a 

significantly pronounced "kallikrein loop". This loop may allow the additional 

residues that exist at the C-terminal end of the helix to be assignedflOO].

The alignment of the sequences and the modelling of batroxobin on mouse 

salivary gl^d kallikrein were performed as previously detailed. As with the porcine 

kallikrein, the underlying homology was found to be about 70% with identity at 40%. 

The area surrounding the active site cleft, including the two p sheeted barrels, were 

well conserved between all three structures, as were the two a-hellces. The major 

differences between the structures were exhibited in the loop regions and the extended 

C-terminal, as anticipated horn the sequence of the salivary gland kallikrein. 
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Mouse
Kallikrein WGGFNCKKN SQPWQVAVYY QKEHICGGVL LDRNWVLTAA 
Batrqxobin VIGGDECDIN EHPFLAEMYY SPRYECGMTL INQEWVLTAA

Mouse
Kallikrein BCYVDQYEVW LGKNKLEQEE
Batroxobin BCNRRFMRIH LGKHA***** 

— ww /^ ^w. w

PSAQHRIVSK SEPHPGFNMS
GSVANYDEVV RYPKEKPICP

Mouse
Kallikrein
Batroxobin

SLLMLQTIPP
******MKK*

GADESN^*DL 
KNWITDKDI

MLLRLSKPAD
MLIRLDRPVK

ITDWKPIAL
NSEHIAPLSL

Mouse
Kallikrein PTKEPKPGSK CLASGWGSIT PTRWOK**PD DLQCVFITLL
Batroxobin PSNPPSVGSV CRIMGWGAIT TSEDTY**RD VPHCANINIE

'—™ ™b A——

Mouse
Kallikrein PNENCAKVYL QKVTDVMLCA GEMGGGKDTC RDD9GGPLIC
Batroxobin NNTVCREAYN *GLPAKTLCA GVLQGGIDTC GGDSGGPLIC

----al———— —1;)^— —blO—

Mouse
Kallikrein
Batroxobin

DGILQGTTSY GPVPCGKPGV *AIYTN1IKF NS*WI**KDT 
NGQEQGILSW GSDPCAEPRK PAFYTK*VED YLPWIQSIIA 

^"—j^^2"—' ™bl2^ J——.«_^2- _

Mouse
Kallikrein MMKNA
Batroxobin GNKTATCP

Fzgwrg 16. J//g7*/Me»f o/f/ie a/Mf/w ac;</ se^FMeMca; o/batroxobin w;//; 7M(M4fe ga/fvwy 

g/aw/W/fh-gm. ^//sfors ;wAca^6g<^ Zwh^/geM ^ feg^gMcg;. Jtesf^w&y jfAowM m 

Wf/jTTM^ w^pwY <%f(Ag «ff06^c frW Jkgww <%f (X-Ag/R wg fAcwM <« g7-<f2, awf 

area; (^^sAee/ are r^ra;gMfe(/ Ay 67-672.
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Figure 5.7a: Schematic representation o/^fAe AactAoMe q//wowse sa/fva/y gland

AaZ/fArefM moMO/Mer. CafaZyfzc resfcfz^a are fAowM <35 6a/Z aw/ sfzc^.

Ffgwre j. 76; Sc6e7?za/fc r^reseM/a/foM q/^/6e 6act6oMe qf /6e wode/ qf 6a/roxo6iM 

60^66/ z^M TMOMse salivary g/aw/ WZz^ezM.
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As can be seen Aom/fgwe j. 7, the extended C-terminal region obtained in the 

porcine kallikrein batroxobin model has been incorporated into the kallikrein loop 

within the batroxobin modelled on salivary gland kallikrein

5.5 The structure of batroxobin based upon TWw^r&Mfnw f^gw/w^/gn venom 

plasminogen activator (TSV-PA)

Parry er a/ has recently solved the structure of a snake venom derived serine 

proteinase to 2.5 angstroms [101]. This amino acid sequence for this structure shows 

an extremely high homology to batroxobin, with almost 70% identity. Upon closer 

inspection of this structure it became apparent that there was, in fact, a C-terminal tail 

region, which was virtually identical to that suggested from the modelling of 

batroxobin on porcine pancreatic kallikrein. It would therefore appear that the first 

model of batroxobin, based upon porcine pancreatic kallikrein was more likely to be 

correct than that based upon salivary gland kallikrein.

Unfortunately, the co-ordinates for TSV-PA will not become available until 

August 1999 and consequently cannot be used for the purposes of this project. 

However, in light of the fact that the structure is obviously of immense importance 

and due to the fact that there are significant similarities with the model derived from 

porcine kallikrein, it was decided that the original model should be modified to 

incorporate any important features introduced by the TSV-PA structure.

The most striking structural difference between porcine pancreatic kallikrein 

and TSV-PA, is the existence of the C-terminal tail, which runs through a depression 

between the C-terminal a-helix and the 99 loop (a loop region 90 and 102). This is 

disulphide bridged between Cys91-Cys-245e) with an additional stabilising salt bridge 

between the C-terminal Pro245g and LyslOl. The numbering used in this section 

corresponds to chymotrypsin, consequently any additional residues found in the TSV- 

PA and batroxobin structures are given the number corresponding to the last residue 

found in chymotrypsin and a letter which indicates the position of the residue in the 

extended loop. For example TSV-PA has 7 residues more than chymotrypsin at the c- 

terminal, therefore these residues are given the number 245 which is the last residue 

in chymotrypsin and each of the 7 residues are called a-g respectively. On
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Porcine 
Kallikrein 
Batroxobin 
TSV-PA

IIGGRECEKN SHPWQVAIYH YSSFQCGGVl VNPKWVLTAA
VIGGDECDIN EHPFLAFMYY SPRYECGMTL INQEWVLTAA 
VFGGDECNIN EHRSLWLFN SNGFLCGGTL INQDWWTAA

Porcine 
Kallikrein 
Batroxobin 
TSV-PA

aCKNDNYSVW LGRHNLFENE NTAQFFGVTA DFPHPGFNLS 
aCNRRFMRIH LGKHA***** GSVANYDEW RYPKEKFICP 
HCDSNNFQLL FGVHS***** KKILNEDEQT RDPKEKFFCP

Porcine 
Kallikrein 
Batroxobin 
TSV-PA

**ADGKDYSH **DLMLLRL0 SPAKITDAVK VLELPTQEPE 
NKK*KNVVIT DKDIMLIRLD RPVKNSEHIA PLSLPSNPPS 
NRK*KDDIEV DKDIMLIKLD SSVSNSEHIA PLSLPSSPPS

——

Porcine 
Kallikrein 
Batroxobin
TSV-PA

LGSTCEASGW GSIEPGPDBF EFPDEIQCVQ LTLLQNTFCA
VGSVCRIMGW GAITTSEDTY **RDVPHCAN INLFNNTVCR
VGSVCRIMGW GKTIPTKEIY **PDVPHCAN INILDHAVCR 

— — 7 — —- —

Porcine 
Kallikrein 
Batroxobin 
TSV-PA

BAHPBKVTES MLCAGYLPGG KDTCMGDSGG PLICNGMWQG
BAY^NGLPAK TLCAGVLOGG IDTCGGDSGG PLICNGQFQG
TAYSNRQVAN TLCAGILQGG RDTCHFDSGG PLTCNGIFQG

Porcine
Kallikrein 
Batroxobin 
TSV-PA

ITSWGHTPCG SANKP8IYTK LI*PYLDWIN BTITENP*** 
ILSWGSDPCA EPRKPAFYTK ^VFDYLPWIQ SIIAGNKTAT 
IVSWGGHPCG QPGEPGVYTK *VFDYLDWIK SIIAGNKDAT

Porcine 
Kallikrein 
Batroxobin 
TSV-PA

CP
CPP

F/gwg J.& /4/fgWMen^ of //%e o/»*Mo ac^ fegr^g^a; (^6a^w6fM wz/^A /wrc/ne 

paMcrea^c Aa//z&rem afk/ TS'F-A^. /^z^ jrfars (MzAca^g gop^ Ae/weea ^Ag se(|fwgMca$. 

jR&yKAza; f Aawa za Ao/z/ r^rg^ea/ /Ag ca^a^'c /rzaz^ /(ggzoa^ z^ a-AgZir arg afAawa Zy 

a/-a2 aaz/ argas (/ ;^f Aggf arg sAawa Ay A7-A/2.
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consideration of the sequence homologies at these regions between TSV-PA and 

batroxobin, it is apparent that the disulphide bridge formation is definitely possible 

and that the additional stabilisation salt bridge could also be present (/fgwre J,^, This 

additional bond formation results in the movement of the 99 loop in TSV-PA from its 

position above die helix in both kallikeins O^gwe J J g%/ J, ^ to a lower region 

closer to the catalytic site to allow Cys91 to be close enough to Cys245e for bond 

formation to occur. It has been postulated by the authors that this loop region my 

result in the occlusion of the active site and may be responsible for the increased 

specificity demonstrated by TSV-PA.

The additional disulphide bridge was modelled into the batroxobin structure 

based upon porcine kallikrein as previously described. This required a great deal of 

manipulation in order to manoeuvre the Cys74 and Cys230 close enough to form a 

bond without causing any unreasonable contacts between the rest of the residues. In 

fact, in order to ensure that this was possible the 99 loop needed to be moved to 

occupy a similar position to that found in TSV-PA. This is an interesting observation 

as it may be that this loop is also significant in the increased specificity of batroxobin 

and its relative resistance to the effects of inhibitors. It remains unclear whether or not 

the additional stabilising effect of the Pro245g to LyslOl salt bridge seen in TSV-PA 

occurs in batroxobin. As can be seen from the sequence alignments, batroxobin has a 

six residue C-terminal extension and not the seven-residue extension exhibited by 

TSV-PA. This means that batroxobin has no residue at 245g, but it does have a 

proline at 245T It is therefore possible that a salt bridge could be formed between 

LyslOl and Pro245f if these two residues could get close enough to farm it. 

Modelling studies suggest that these residues could be in close enough proximity to 

form this interaction but it is unclear as to the validity of this observation.

The rest of the structure of the model of batroxobin based upon porcine 

kallikrein remains largely unchanged by the effect of the disulphide bond farmation, 

with the two p sheeted barrels and the two a helices maintaining the same position. 

Closer inspection shows that the core of the structure around the active site cleft is 

also unchanged f-om the porcine kallikrein model, with the only changes displayed in 

the external loops. Interestingly the most affected loop bordering the active site, the
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Figure 5.9: Schematic representation of f/ze 6ac^6o»g of fAo Twook/ c^^ofroxoAzM 

based wpoM porczne g/oM^w/or Ao/ZzArezM ozz^Z 75"^-/^. ^cZzve szfg roszofz/ea ore s/zowzz 

ZM cyoM. TTzw is s/zown io viszzoZise o rotation i/zrozzgA 7^0 ° co/zzpore^Z io prevzozzs 

figures.
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99 loop, appears to have residues that impinge into the top of the active site cleft. 

These residues seem to be involved in the formation of the roof of the active site, 

some falling very close to His57 of the catalytic triad, as also shown in the TSV-PA 

structure. It seems likely that the C-terminal tail and subsequent disulphide bridge 

formation, which is conserved throughout the snake venom serine proteinase family, 

results in the movement of the 99-loop to a region that may be close enough to the 

active site to explain the increased specificity displayed by these enzymes. However, 

since this area has been modelled onto a structure without the availability of the co­

ordinates, it is important not to assume too much.

5.6 Comparison of batroxobin modelled on porcine kallikrein and TSV-PA with 

g-thrombin.

One of the m^or reasons for producing a good model of batroxobin was to 

attempt to explain the increased specificity exhibited by batroxobin compared to 

thrombin both in terms of the published specificities and in terms of the observed 

specificities for synthetic peptides, as seen in Chapter 4. It was therefore decided that 

once a good model was produced, a comparison should be made of its structure, 

particularly surrounding the active site with thrombin.

5.6.1 Comparison of the primary and overall structure of batroxobin and a-thrombin.

The sequence homology between a-thrombin and batroxobin is not as good as 

those exhibited between batroxobin and kallikrein, lending support to the belief that 

batroxobin is derived 6om kallikrein and is thrombin-like in activity, not structure. 

Comparisons show that there is about 40% homology but only -25% identity between 

the two enzymes, as can be seen from the sequence alignment in figure 5.70. There 

are certain areas of major differences between the two structures, in particular there is 

no C-terminal extension in thrombin as displayed in batroxobin.

However, these large differences in sequence homology do not translate to 

differences in the overall appearance of the structure. When the two structures are 

compared directly by superimposing the batroxobin structure onto the a-thrombin 
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Human 
Thrombin IVEGQDAEVG LSPWQVMLER KSPOELLCGA SLISDRWVLTA 
Batroxobin VIGGDECDIN EHPFL*AFMY YSPRYF*CGM TLINQEWVLTA 

 b2  —b3 —

Human
Thrombin ABCLLYPPWV KNETVDDLLV RI**GKHSRT RYERKVEKISM 
Batroxobin ABC******N DF*******M RIHLGKHAGS VANYDEWRYP 

— — ——— — — —

Human
Thrombin LDKIYIHPRY NWKENLDRDI ALLKIKRPIE LSDYIHPVCLP
Batroxobin KEKFI*CPNK KKNVITDKDI MIIRLDRPVK NSEHIAPLSLP 

b5---- —b6--

Human 
Thrombin 
Batroxobin

DKQTAAKLLH
SNPPS***VG

AGFKGRVTGWG 
SVC**RIMGWG 
——b —

NRRETWTTS 
AITT**SED

VAEVQPSVLQ
T*YRDVPHCA

Human
Thrombin WNLVERPVC KASTRIRITN DMFCAGYKPGE GKRGDACEGD 
Batroxobin NINLENNTVC REAYNG*LPA KTLCAGVL**Q GG*IDTCGGD 

b8— .^2 — — -— ———

Human
Thrombin SGGPFVMKSP YNNRWYQMGI VSWGENPCGEP KKPGIYTKLIR 
Batroxobin SGGPLIC*** **NGQFQ*GI LSWGSDPCAEP RKPAFYTKVFD 

—blO  bll  —bl2— —

Human
Thrombin IKKWIQKVID RLGS
Batroxobin YLPWIQSIIA GNKTATCP 

— — ^ ^ NN- _

f%wg 1/0; J/^gwweMf ofamfw ocM/ jegweMcea (^6ofro%o6/M wk/ a-fArowA/M. yj/g; 

ffwa r^afgMf g%g?a Aefweew fAe fggwgMceg. /kifkA^ fAmvM /» AoWorg/wf offAg 

co/o/yf/c frzA/ /(ggww ofa-M« org fAoww o$ o/-o2 ow/ )g-fAgg($ we r^rgggmfgf/

Z^ 6/-6/2,
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Figure 5.11: Schematic representation showing fAg 6ac^6ong q/^ a-fAro7M6zM 

S!^en7?ipose(/ over Z/ze 6ac^6o»g q/"ZzafroxoAzM TMOck/Zec^ o» porczMg kallijb-ezn aw/ 

7:9rf/4.
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structure they appear to be virtually identical, as seen in/gwe 177. All the major 

areas of the structure are highly conserved, even within areas where the sequences are 

not. The two a- helices are conserved, as are the two p sheeted barrels along with the 

whole of the core structure surrounding the active site cleft. This lends support to the 

view that the serine proteinases are a group of enzymes that show an extremely high 

degree of conservation of the structural integrity of the protein, whilst only needing to 

retain the most important catalytic and substrate-binding residues to maintain 

specificity.

5.6.2 The B-sheeted barrels,

The results of modelling batroxobin on porcine kallikrein and adapting the 

Structure to incorporate the features thought to be conserved in snake venom proteases 

from the TS V-PA structure produced very similar B sheeted barrel regions to those 

found in a-thrombin. These regions, shown in blue on the sequence alignment ^g«re 

IP, appear to be highly conserved amongst all the serine proteases. It is interesting to 

note the similarity between the batroxobin model and a-thrombin at this point since 

the model was not produced from a-thrombin. This provides additional evidence that 

this area is highly conserved throughout the group of enzymes.

5.6.3 Disulphide bridges,

a-Thrombin has three disulphide bridges Cys28-Cys44; Cysl73-187 and 

Cys201-Cys-231 compared to batroxobin, which has six. The six disulphide bridges 

correlate to the five found in glandular kallikrein Cys7-Cysl39, Cys26-Cys42, 

Cysl 18-Cysl84, Cysl50-Cysl63 and Cysl74-Cysl99 along with one extra which is 

between the C-terminal extension &om Cys74-Cys230 as found in TSV-PA. It is this 

extra disulphide bridge that results in the connection of the C-terminal tail to the core 

of the enzyme, as predicted earlier, that appears to be characteristic of snake venom 

proteases. Despite the fact that there are only three disulphide bridges within the a- 

thrombin structure compared to the six formed on the batroxobin model, the overall 

structure and shape between the two enzymes is well conserved.
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5,6,4 The Qxtgma) Mps,

The m^or differences between the structures of a-thrombin and the 

batroxobin model lie in external loop regions rather than the core areas of the enzymes 

that seem to be highly conserved throughout the group. The 99 loop of the batroxobin 

is about five residues longer than that found in thrombin. This extension means that 

the loop bordering the active site lies closer to His57, part of the catalytic triad, and it 

may be that this area is significant in the increased specificity demonstrated by 

batroxobin over thrombin. It also appears possible that this region may be responsible 

for the relative resistance of the snake venom proteases to inhibition by larger 

molecular weight inhibitors like bovine pancreatic trypsin inhibitor (BPTI), This 

finding is consistent with the crystallographic evidence horn the structure of the 

closely related TVS-PA [101], Batroxobin, unlike thrombin, does not appear to have 

the extended loop region found at the entrance to the active site cleft 60a-60f, this 

numbering is as described in section 5.5. This loop is of significance in thrombin, as 

it is believed to constitute part of the fibrinogen-binding site. In the batroxobin model 

this extension is not present. This is also consistent with evidence horn structural and 

modelling studies on crotalase, a snake venom thrombin=like enzyme derived horn 

Crota/wf [102]. Where the equivalent site is not present but an 

alternative-binding region of Arg60f^ Lys85, Lys87 and Argl07, for fibrinogen 

binding within this enzyme is suggested. Closer inspection of the batroxobin structure 

suggests that this region is also present in the batroxobin structure, and that this 

additional binding site may be significant in the increased specificity for thrombin 

demonstrated by batroxobin over thrombin. It is interesting to note that the exosite 

binding domain in thrombin is not specific for fibrinogen, but is also thought to 

recognise sequences within thrombin receptors and protein C. It appears likely that 

the exosite suggested in crotalase, and which may also exist in batroxobin, is specific 

for fibrinogen and may therefore account for the lack of reactivity of these enzymes to 

other substrates than fibrinogen. It does not, however, account for the increased 

specificity of batroxobin within the ^brinogen structure.
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Figure 5.12: Active site region o/"f/ze mo^/g/ 6afroxo6zM sfrucAzre. fro/M /^ fo rzgAf. 

^jp7 02^<!^, /fMJ7(47J aw/ Ser 195(176^. ^w7M6en'Mg zs 6ayg(7 on chymotrypsin 

(7zzzz?z6erzng z« 6racA%7s w 7/zg ^afroxo^ZM zzM77zZ?er/
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Figure 5.13: ^^cffvg sf^g regzoM o/ a-^Aro7M6f». TTzg fop rgszf/z^ga ore/)"O7M /^ fo ngAf 

Asp 102 and His57. TTzg^offOTTzresfcfweiySgr/Pl ^//»«/M6enMgw6osg<yoM 

cAy7MOf7}pffM.
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5.6.5 The active site region.

Aswith all the seiine]]rote«u;es,tliecatalytic triad as identifiedin 

chymotrypsin as containing His57, Aspl02 and Serl95 and is conserved in both 

thrombin and the batroxobin model. As can be seen from the two active site 

structures,_^gwe 5.72 and/zgwe 5.75, batroxobin and a-thrombin are virtually 

identical in structure at this region. In both cases the charge relay mechanism can be 

set up between the Aspl02 and His57 and the His57 and the Serl95, although in the 

batroxobin model the distances between Aspl02, His57 and Serl95 are longer than 

those found in thrombin.

5.6.6 Specificity binding pockets.

The m^ority of the substrate residue binding sites surrounding the catalytic 

serine of thrombin are remarkably well conserved in batroxobin. The SI and SI' sites 

are totally conserved between the two enzymes accounting for their similar specificity 

for arginine at Pl and glycine at Pl' site. The other areas where substrate binding 

occurs are very similar between thrombin and batroxobin, with the exception of the S3 

site and the S2' site which shows differences which will be discussed further later.

5.7 Substrate modelling.

One of the m^or aims of this modelling work was as an attempt to explain the 

specificity of batroxobin for the synthetic peptides used in the studies in Chapter 4 and 

the natural substrates used in Chapter 3. It was therefore decided that each of the 

peptide substrates should be modelled into both thrombin and batroxobin in order to 

look for any differences between the binding sites of the two enzymes. It was hoped 

that these could possibly account for the differences in specificity exhibited by 

thrombin and batroxobin for both the natural and synthetic substrates. Initially, it was 

necessary to find a template which could be used to allow the peptides to be modelled 

as accurately as possible into the active site cleft of each of the enzymes. Two 

potential templates were found; a-thrombin co-crystallised with the short peptide 

sequence [103] and a-thrombin co-crystallised with rhodonin[104]. Rhodonin is a
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Figure 5.14: Schematic representation of fAg 6ac^6o»g (^ a-f/zoTM^fM wzfA fAe 

thrombin apgcf^c zMAzAffor rAo(/o»m/^/02y, z/segf os a template/kr fAg /MO(/g/ZzMg (^ 

^AroTM^ZM aw/ 6afroxo6zM wzfA f/zg .^f/zgfzc p^A'cks.
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specific thrombin inhibitor derived from the mosquito j(Ao(k/«a f ro/6w. The insect 

uses this inhibitor to prevent blood coagulation at the site of insertion of the proboscis, 

enabling it to remove blood from its target animal.

Both of these structures were used. The former allowed the first five residues 

in the decapeptide sequence to be assigned unambiguously as they were also present 

in the template structure. This enabled the arginine in the SI site to be positioned 

correctly. However, since the arginine was the "lasf' residue co-ciystallised, then the 

rhodonin structure was needed to model remaining amino acids from the PP to the 

P5' position.

5.7.1 Batroxobin modelled with the decapeptide GGGVRGPRVV at the active site.

Initially, the decapeptide GGGVRGPRVV-amide was modelled into the 

thrombin and batroxobin structures. This was chosen as it corresponds to the 

sequence found around the scissile bond in flbrinopeptide A, as described in Chapter 

4. The modelling was carried out as previously outlined with continuous refinement 

of the structure to ensure a favourable model. This process prove to be difficult as it 

was important that the peptide was positioned in the correct place compared to the two 

templates but without any side chain clashes. Care needed to be taken to ensure that 

any allowed interactions in the form of hydrogen bonds between the peptide and the 

enzyme were formed as these may be involved in stabilisation of the substrate, but that 

no unfavourable interactions were present.

Once the peptide had been satisfactorily modelled into the enzyme, the whole 

structure was again energy minimised to refine the structure. As can be seen from 

Agurgs y. 7 J, 5.7d and 5.7 7, the peptide enters the enzyme from the bottom of the 

active site cleft and continues up to the arginine at the Pl site where if is bound into a 

deep cleft. At the PT glycine, the peptide bends back on itself^ before continuing out 

of the bottom of the active site cleft. Figures 5.16 and 5.17 show how the peptide 

protrudes out of the front of batroxobin, as the active site cleft is not completely 

surrounded by the external loops.
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Figure 5.15: Schematic representation of fAe 6acA6o»g of fAe 6o/?'ojco6f» mo^kZ, wzZ/z

Z/zg syMZ/zgZfc p^ZffZe GGGPRGfRKF 6oM?%Z Zo Z/ze ocZzvg szZg c/^ sAowM zziyeZ/ow.
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Figure 5.16: Schematic representation c/f/zg 6ac^ong c^fAg AafrojcoAzM model wzfA 

fAg jynfAg^c p^fzak GGGP7(GP/(Fy Aoz^zzaf shown z/z j/gZZow, rofafgz/ fArowgA PO °
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The binding of this substrate (GGGVRGPRW) to batroxobin is very similar 

tothat withthrombin. LiketkKMnbu^thetoAenud r8siduesglycin0(P4 andP5) and 

valine(P4' and P5') donot appeartobe bound to theenzymesat all. It istherefbre 

unlikely that these areas are of any great importance in terms of recognition of the 

@id)§bn»te,a^it^^^)ul^aa)p<xu'tluharry residuedtatis smalienoughtofitintothese aheg 

would be acceptable to the enzyme. This probably helps to explain why the increase 

in the rate of cleavage of the scissile bond is not significantly increased by the 

extension from the hexapeptide GVRGPR to the decapeptide GGGVRGPRW. In 

addition, since the kinetic data obtained from the experiments on the natural substrates 

in Chapter 3 and the synthetic substrates in Chapter 4 show vastly increased rates of 

reaction for fibrinogens compared to the peptides, then it would appear evident that 

other factors were involved in substrate recognition than the binding in the active site 

cleft alone. Consequently it is important that this modelling work should not only look 

for an explanation within the active site but should also attempt to find a fibrinogen- 

binding site for batroxobin that could help to explain some of the specificity.

5:7.2 Comparison of the binding around the scissile bond in ez-thrombin compared to 

the model of batroxobin.

As previously mentioned the catalytic triad within the active site of a-thrombin 

and the model of batroxobin are almost identical. This is also true of the general 

binding and positioning of the substrate to the active site cleft around the scissile 

bond. The catalytic triad of His57, Asp 102 and Seri 95 remain set up in close 

proximity to each other in order to allow the formation of the highly nucleophilic 

Seri 95. This serine lies close to Arg (Pl) of the substrate, thus enabling the 

nucleophilic attack by serine on the carbonyl carbon of the Arg (Pl) to Gly (Pl') 

peptide bond. In both enzymes the correct positioning of the substrate in enabled by 

the stabilising effect of two conserved residues, Gly 196 forms a hydrogen bond 

between the main chain NH group of the glycine and the main chain carbonyl of Arg 

(Pl) of the substrate. The other conserved environment brings about the preference 

for arginine at this position in both enzymes; an aspartic acid (Asp 192) at the bottom
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Figure 5.18: The binding of r/zg swAsfra^e fo f/zg 6a^o%o6zM ZModg/ around f/zg sczfsz/g

6ow/.
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of die S1 specificity holds the side chain of the arginine in place. These observations 

can be seen from^^re 17& At this area, as with most of the binding sites, there are 

very small differences between a-thrombln and batroxobin. However, there are two 

areas that appear to show differences between the two enzymes, which may help to 

explain the specificity shown between the two. These include the regions at the S3 

and S2' binding sites.

5.7.3 Comparison of substrate binding at the S3 site between g-thrombin and the 

batroxobin model.

Experimental evidence obtained from the reactions of the natural fibrinogen 

substrates and the synthetic substrates with both enzymes indicate that batroxobin has 

a preference for an aspartic acid at the P3 site. This is an interesting observation since 

most fibrinogens have a glycine at this residue, with rat and mouse fibrinogens the 

notable exceptions. This is of interest since these animals are the natural prey of the 

pit vipers and hence it would appear that there could be some evolution of specificity 

for this sequence within batroxobin.

It was therefore of value to try and explain this observation on a molecular 

level horn a comparison of the thrombin and batroxobin binding at this point. The 

model of batroxobin indicates that there are a large number of positively charged 

residues surrounding this area, It is therefore not suprising that batroxobin might 

favour a negatively charged residue like aspartic acid in this position. In addition to 

this general environmental feature, modelling studies show that batroxobin has a 

lysine residue (lys95) in very close proximity to the P3 residue of the substrate. This 

lysine, which is positively charged is potentially capable of forming a stabilising 

hydrogen bond with an aspartic acid in the P3 position. These observations may 

provide an explanation far the preference of this enzyme for a negatively charged 

residue at this position. This can be seen inT^gwe 5.7P.

On the other hand, a-thrombin is not as positively charged generally around 

this area, and the overall environment is much more neutral. a-Thrombin is also not
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Figure 5.19: The binding o/"asparfzc acfcf (P^ wzYAzM rAe model 6afro%o6zM sfrwcfwre.
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capable of forming a stabilising hydrogen bond at this position as it does not have the 

positively charged Lys95, but rather has a tryptophan at this position. Interestingly, 

both enzymes have enough space for eithergib^einecMa^^partic acidatthis position but 

batroxobin with its positive charged environment has a preference for aspartic acid 

and thrombin with its neutral environment has a preference for glycine, This may help 

to explain why both enzymes can tolerate either glycine or aspartic acid in this 

position as substrates. It also provides a reasonable explanation for the preference of 

batroxobin for aspartic acid and a-thrombin for glycine.

5.7.4 Comparison of substrate binding at S2' between a-thrombin and the batroxobin 

model.

Experimental evidence obtained from the synthetic peptide experiments in 

Chapter 4 and the documented observation that batroxobin is not capable ofcleaving 

fibrinopeptide B, seems to indicate that a proline residue at P2' is vital Air recognition 

by batroxobin. Previous work suggests that if proline is substituted into the 

fibrinopeptide B sequence SARGHR, in place of the histidine, then some of the 

activity can be recovered, whereas thrombin is capable of cleaving any of the 

sequences to some extent. It therefore appears likely that although both enzymes have 

a very strong preference for proline at this position, a difference must exist between 

the two enzymes at this point which will account for the requirement of this residue 

for batroxobin recognition.

On first consideration of the S2' binding site of both enzymes, it appeared that 

the only real reason why proline is required at this position was that in both enzymes a 

change to histidine slightly alters the conformation of the main chain of the substrate, 

resulting in a very slight change in the position of the scissile bond of the substrate. 

This seemingly minor alteration in structure may well help to explain why substrates 

with a proline at this position are so much better substrates for both enzymes than 

substrates with histidine present. This is due to the fact that this area is of major 

importance as the exact angle is vital for catalysis. However, this does not help to 

explain the differences seen between batroxobin and a-thrombin.
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Figure 5.20: Surface potential representation c^f/zg 6jfroxo6zM /MO^kZ. /^reoa ZM 6Zz/e 

f/zow poszZzvg c/zarge owZ area; c^rec? s/zow nggaZfve c/znrgg. TTzg /zzazn area oyZz/zze 

coMfazw 24rg(^07^ Z^/s&j awZ Zj's&y azz^Z za aZso fZzg pozzzf of ZzzwZzzzg off2' refz6Z«g&
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Figure 5.21: Surface potential representation of a-fAro7M6z». jBZz^g regzow ore oreoa 

ofpositive c/zorgg OM^ rgf/ ore Megofzvg. TTze Zo/^e oreo c^wAzfg ZM Z/ze cgMfre c^f/za 

sP-wcAzrg w f/ze area qfZzzwZzMgfbr f2' r&yzfZzzos, A oZso contains f/ze (^(%4 fo 60f 

zAroTzzAzM loop.
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Oncloserexamination itappearedthattheenvironmentaround this position in 

batroxobin is positively charged. Therefore it was decided to perform a calculation of 

the surface potential of the two enzymes to try and find an explanation for the 

experimental observations. As can be seen from figures 5.20 and 5.27 there is a vast 

difference between the sur6ce potentials of the two enzymes. Interestingly, 

batroxobin has one very large area of positive charge, compared to a-thrombin, which 

appears to have charge more equally distributed across the whole structure. The most 

interesting observation is that the area on the batroxobin which shows a very high 

positive charge is also the area to which the proline in the P2' position binds. It 

appears very likely therefore that batroxobin is incapable of recognising histidine at 

this position as histidine is positively charged and the massive charge on the enzyme 

surface is likely to repel any histidine containing peptide and reduce binding capacity.

g,7,j Comparison of the fibrinogen binding sites in a-thrombin and batroxobin.

Although these areas of substrate binding within the active site cleft are of 

great interest in helping to explain the increased specificity of batroxobin for 

fibrinogen, other potentially important areas have come to light during the course of 

this modelling work. On close comparison of the batroxobin model to a-thrombin it 

became apparent that batroxobin did not have the extended 'thrombin loop" from 

Leu60a to Lys60f. This region of thrombin is implicated in substrate recognition, 

[105] including the recognition of fibrinogen, and is completely missing in batroxobin. 

This observation is supported by the structure of TSV-PA which is also missing this 

area [101], and sequence and modelling studies carried out on crotalase [102].

Upon completion of the surface potential map of thrombin and batroxobin an 

area of high positive charge was found on batroxobin, as seen in/rgwe 5.20. Areas of 

high charge on the surface of proteins are often found to be involved in recognition 

and binding of substrates. The region on batroxobin contains residues ArgbOf Ly$85 

and Lys87 which have previously been put forward as part of a fibrinogen recognition 

site in crotalase, another snake venom derived thrombin-like enzyme [102]. It appears 

likely that this region on batroxobin, which is conserved only in thrombin-like snake 

venom proteases and which has the characteristic highly charged region is a specific 
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fibrinogen recognition site. It is entirely possible that this region, unlike the thrombin 

loop in thrombin, is specific only for fibrinogen and helps to account for the increased 

specificity of batroxobin over thrombin.

The batroxobin model finally arrived at was based on a combination of porcine 

pancreatic kallikrein and TSV-PA and had a structure that helps to explain many of 

the characteristics associated with snake venom-derived serine proteases. For this 

reason, it is believed that, although only a model, the structure is a reasonably accurate 

representation of batroxobin. These structure exhibits the characteristic C-terminal 

tail associated with snake venom derived enzymes. The tail is bridged back into the 

core of the protein as a disulphide bond, characteristic of this group of enzymes. This 

feature is thought to be involved in contributing to the great specificity demonstrated 

by snake venom derived proteins for their substrates. This characteristic of 

batroxobin Is shared by crotalase, ancrod and TSV-PA, to name but a few.

The new model structure of batroxobin was used to explain the unique 

specificity exhibited by batroxobin. As previously discussed in this chapter, the 

extended tail region when linked through the C-terminal disulphide bridge to the body 

of the enzyme results in some alterations in the external loop regions of the structure. 

It seems entirely plausible that this change from the structures found in both thrombin 

and kallikrein may provide evidence of some occlusion of die active site as 

demonstrated with TSV-PA[I01], which may account for some of the increased 

specificity of batroxobin for fibrinogen. Upon modelling of the relevant peptides into 

the active site of the model structure, it was possible to find satisfactory explanations 

for the experimental observations, discussed In Chapters 3 and 4. These explanations 

are not definitive as they are derived only horn a model structure; however, they do 

provide a basis for further investigation of batroxobin specificity.

The work carried out showed that the batroxobin model is remarkably similar 

to thrombin in the region of the catalytic cleft and substrate binding pockets. This is 

particularly interesting, since batroxobin exhibits a much greater specificity than 

thrombin, capable of interacting with many different substrates. During the course of 

this work, it was possible to identic a region of very high positive charge around the 
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catalytic cleft of batroxobin. As previously discussed, this region is very different to 

that found in the equivalent location of thrombin and is thought to provide a possible 

explanation for the loss of recognition of substrates containing histidine at the P2' site 

instead of proline, (GVRGHR and GVRGPR), as demonstrated experimentally in 

Chapter 4. This lack of recognition is due to the fact that the highly positive charge is 

unable to interact with the positively charged histidine residue in the substrate.

Another region in the active site cleft in the batroxobin model, that was found 

to differ from the thrombin structure, was around the S3 binding pocket of the 

enzymes. This area in thrombin was shown to be largely neutral, compared to the 

positively charged region in batroxobin. In particular, one residue Lys 95 was found 

to be capable of forming a stabilising interaction when aspartic acid was substituted 

far the glycine in the P3 position (GGDVRGPRVV compared to GGGVRGPRVV). 

The stabilising bond formation was not possible in thrombin, which contains a 

tryptophan at the same position. This provides a possible explanation for the 

preference exhibited by batroxobin for substrates with aspartic acid in the P3 position 

compared to thrombin which has a preference far the neutral glycine residue at this 

position. This helps to explain many of the experimental findings arising fmm 

specificity studies carried out on the natural substrate fibrinogen (Chapter 3) and the 

synthetic peptides (Chapter 4).

Finally, It was also possible during the course of the modelling work to 

identic a region on the surface of the batroxobin that may be responsible for the 

recognition of the fibrinogen substrate. This region is of very high positive charge, as 

shown in figure 5.20, and correlates well with a region also identified in crotalase as 

a possible fibrinogen-binding site. This region, at the opening to the active site cleft is 

extremely interesting and important, as the fibrinogen binding site found in thrombin 

does not exist in batroxobin model and therefore another region is likely to be 

responsible for recognition.

In summary, these regions identified as being of potential importance within 

batroxobin, both in terms of die overall recognition of the fibrinogen substrate and 

sequence preferences around the scissile bond, provide a useful starting point for 

future study. The batroxobin model has suggested a number of future experiments 

with thrombin mutants at key residues, specificity studies with the synthetic peptides 

and crystallographic studies of the wild type and mutated forms, that the actual role of
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these areascan be examinedmore fully. Ho])efully,inthls waythedefmitive reasons 

for theunique specificityexhibited bybatroxobin canbe found.
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SUMMARY AND FUTURE WORK



Summary and Future Work.

The work that has been carried out as part of this prefect has allowed some of 

the questions surrounding the relative specificities of thrombin and batroxobin to be 

addressed. It has also given some insight into the structure of batroxobin and how 

variations in structure may be implicit in the differences between the two enzymes.

The work carried out in Chapter 3 showed that the coagulation process with 

batroxobin has an absolute requirement for Ca^^ as previously described for thrombin. 

However, it was only when the requirement for Ca^^ was examined with the synthetic 

peptides in Chapter 4 that it could be conclusively ascertained that this requirement 

was due to its action as an accelerant of fibrin polymerisation, and not due to some 

interaction with the batroxobin itself. This was demonstrated by its lack of effect on 

the cleavage of synthetic peptides and supports totally its role in coagulation with 
thrombin.

The comparison of the actions of thrombin and batroxobin on various natural 

substrates in Chapter 3 showed a marked difference between the two enzymes. The 

human thrombin used in the study, perhaps not surprisingly, exhibited higher activity 

for human fibrinogen than for any of the others. However it was also very active 

with bovine and porcine fibrinogen, showed good specificity for rabbit, cat and dog 

fibrinogens, but had veiy poor recognition and activity towards rat and mouse 

fibrinogens. Conversely, batroxobin had much higher activity towards rat and mouse 

fibrinogens with all other species exhibiting a similar but much lower activity. On 

closer inspection of the fibrinogens it became apparent that rat and mouse fibrinogens 

had sequence variations from the others around the scissile bond, with an aspartic acid 

residue instead of the more normal glycine at the P3 position. It therefore appeared 

possible that batroxobin has a preference for aspartic acid at this site, compared to the 

preference for glycine exhibited by thrombin.

In order to assess the validity of this proposal and to attempt to map the 

recognition sites in the active site cleft of batroxobin, a series of peptides were 

designed and synthesised using solid phase peptide chemistry. This work, shown in 

Chapter 4, indicates that as suggested the aspartic acid residue at the P3 position is 

indeed significant. Although it is not required for batroxobin recognition it does 

appear to be preferred. This work also showed that batroxobin has an absolute 
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requirement for proline at the P2' site, which helps to explain why batroxobin is 

incapable of cleaving fibrinopeptide B, which has a histidine at this position. 

Thrombin is capable of recognising sequences with histidine at the P2' position, 

although it does have a marked preference for proline at this position. This correlates 

well with the physiological ability of thrombin to cleave both fibrinopeptides A and 

B, but with a much slower cleavage of fibrinopeptide B.

In an attempt to find plausible explanations for the actions observed homology 

modelling was undertaken. This work, in Chapter 5, shows a model structure of 

batroxobin based on a combination of porcine pancreatic kallikrein and TSV-PA, a 

snake venom derived serine proteinase. Modelling studies of relevant peptides within 

the active site show reasons why batroxobin has different actions to thrombin. The 

preference for proline (P2') could be accounted for by either the very highly positive 

charge of batroxobin around this area repelling the positively charged histidine or by 

the slight change in conformation of the scissile bond brought about by a change to 

histidine. The preference exhibited by batroxobin for aspartic acid at P3 is likely to 

be explained by the ability of Lys 95 to form a stabilising bond with aspartic acid, 

which not possible with glycine. This interaction is not possible in thrombin.

In addition to these findings, both batroxobin and thrombin were found to 

require the carbonyl group of the peptide bond for recognition of the substrate. This 

can be seen in the inhibitor studies of Chapter 4, suggesting that this position is not 

only required for catalysis but also for recognition. It was also possible to identify 

6om the modelling studies of Chapter 5 a possible exosite for the recognition of 

fibrinogen by batroxobin. This is of huge interest as its existence has often been 

postulated, but it has never to date been identified.

It is therefore evident that this project has opened up the work on batroxobin 

and other snake venom derived thrombin-like enzymes for much more investigation. 

It would be interesting to look at mutagenesis studies of thrombin and batroxobin at 

key residues to assess the overall validity of the proposals for specificity put forward 

in this work. However, this will not be possible until a fully functioning recombinant 

batroxobin can be produced. It would also be useful to look at the specificity of rat 

and mouse thrombin for various fibrinogens and synthetic substrates to see if the 

observations found with batroxobin hold true for them also, with specific reference to 

the preference for aspartic acid at the P3 position.
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A continuation of the crystallisation studies for batroxobin as detailed in 

Chapter 3 is desirable to provide a definitive structure upon which the specificity of 

the enzyme can be more fully investigated. It is only in this way that the accuracy of 

the proposed structure in this prefect can be ascertained. In addition to this work on 

batroxobin, it would be advantageous to consider some of the other snake venom 

derived thrombin-like enzymes in this way. This would allow a greater overall 

understanding of this group of enzymes, particularly with reference to their unique 

specificity. Finally, it is hoped that the further probing of these enzymes could lead in 

the future to the development of a novel thrombin, with some of characteristics of 

increased speciGcity shown by batroxobin to be used in die treatment of thrombosis. 

It is hoped that this may help to reduce some of the antigenic effects observed in 

patients treated with snake venom proteins.
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