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ABSTRACT

Proteolytic enzymes perform many physiologically important functions by 

catalyzing the cleavage of peptide bonds. These enzymes can be classified according to 

catalytic 'type: aspartic proteinases, cysteine proteinases, metalloproteinases, serine

proteinases, threonine proteinases and proteinases of unknown catalytic mechanism.

The serine proteinases have a nucleopMMc serine residue at their active site and 

are widely distributed in vertebrates, bacteria and viruses. Nonstructural protein 4 (nsp4) 

from the Equine Arteritis Virus is a serine proteinase responsible for most of the 

proteolytic processing seen in the viral polyprotein. The three-dimensional structure of 

the 21-kDa nsp4 has been determined to 2.0-A resolution. N$p4 adopts the smallest 

known chymotrypsin-iike fold, with a catalytic triad of Ser-120, His-39 and Asp-65, as 

well as a novel a/p C-terminal extension domain that may mediate protein-protein 

interactions. In four independent copies o f nsp4, the oxyanion hole adopts either a 

collapsed inactive conformation or the standard active conformation, which may be a 

novel way of regulating proteolytic activity.

In many physiological processes, the activity of proteolytic enzymes is regulated 

by proteinaceous proteinase inhibitors (Pis). Pis have been isolated from many different 

organisms, including most commonly plant seeds and leaves as well as bird eggs and 

parasites. Interestingly, Pis isolated from plant seeds and leaves play a central role in 

plant defence mechanisms against attacking pests, whereas Pis isolated from parasites are 

involved in protecting these organisms against the host’s proteinase defence mechanisms.

Many different proteinaceous serine proteinase inhibitors from plants have now 

been identified. The structure of the two-headed tomato inhibitor-11 (TI-II) in complex
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with two molecules of subtilisin Carlsberg has been solved to 2.5 A resolution; it reveals 

how a multidomain inhibitor from the Potato II family can bind to and simultaneously 

inhibit two enzyme molecules. The two domains of TI-II adopt a similar fold and are 

arranged is  an extended configuration that presents two reactive site loops at the opposite 

ends o f the inhibitor. Each subtilisin molecule interacts with a reactive site loop through 

the standard, canonical binding mode. The structure of the unbound form of TI-II has 

also been solved to 2.15 A resolution, revealing conformational flexibility in the absence 

of proteinase molecules. Four independent copies of unbound TI-II display a range of 

conformations when compared to the bound form, most strikingly in the orientations of 

the inhibitory domains and the conformations of the reactive site loops. The 

conformational flexibility of the reactive site loops suggests a mechanism by which the 

need for tight binding is balanced against the need for broad inhibitory specificity.

Contrary to proteinaceous serine proteinase inhibitors from plants, relatively few 

proteinaceous inhibitors have been identified for aspartic proteinases. One example is 

pepsin inhibitor-3 (PI-3) from the nematode Ascaris. A single-domain inhibitor was 

designed based on the structure of the two-domain PI-3 from Ascaris suum. A model for 

the single-domain inhibitor indicated that the sequence could be expected to form a stable 

structure in the absence of residues 11-69. A synthetic gene has been constructed and the 

one-domain inhibitor has been expressed at high levels in an insoluble form in E. coli. 

The insoluble inhibitor could be renatured, yielding an inhibitor of porcine pepsin with IQ 

of 0.5 pM. Inhibitory activity is retained in the absence of the N-terminal domain but the 

potency of the inhibitor appears to be dramatically reduced.
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CHAPTER 1:

INTRODUCTION

1.0 Proteinases and their inhibitors

Proteolytic enzymes are ubiquitous and comprise approximately 2% of tie  genes 

in organisms with sequenced genomes (1). They are divided into groups by catalytic type 

in the MEROPS database (2) as follows: aspartic proteinases, cysteine proteinases, 

metalloproteinases, serine proteinases, threonine proteinases and proteinases of unknown 

catalytic mechanism. These enzymes perform many different physiological functions of 

vital importance by catalyzing the cleavage of peptide bonds in proteins and peptide 

substrates (3,4). Apart from hydrolyzing proteins in the digestive systems of many 

organisms, some of the other physiological functions in which proteolytic enzymes play 

important roles include blood coagulation and fibrinolysis (4-6), activation of 

prohormones and zymogens (4), macromolecular assembly of viruses and virus 

replication (4), mammalian fertilization (7) and tumour invasion (8).

Inherent to their participation in such vital physiological functions is the need for 

tight regulation of proteolytic enzymes. Many serious diseases such as emphysema (9) 

and arthritis (10) have now been linked to defects in the regulation of proteolytic 

enzymes. Control of these enzymes is normally achieved through regulation of 

transcription and translation rates, sub-cellular targeting, activation of zymogens, 

degradation of mature enzymes, and inhibition of proteolytic activity by naturally- 

occurring proteinase inhibitors (Pis) (4).

Naturally-occurring Pis have received a great deal of attention in the past few

decades to better understand their mechanism o f action and use them as possible drag

1
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candidates. With the exception of small non-proteinaceous inhibitors from some 

microorganisms, all naturally-occurring Pis are proteins and have been isolated from the 

cells, tissues and fluids of a  variety of organisms, including most commonly plant seeds 

and leaves as well as bird eggs and parasites (4,11). Interestingly, Pis isolated from plant 

seeds and leaves have been implicated in plant defence mechanisms against attacking 

pests whereas Pis isolated from parasites are involved in protecting these organisms 

against the host’s defence mechanisms (11-17).

As structural and biochemical studies have now revealed, Pis come in many 

different three-dimensional structures and can range in size from small peptides to 

proteins larger than their target proteinases. Pis also adopt quite different mechanisms of 

inhibition which include Mocking the proteinase’s active site in a substrate-like manner, 

binding to the proteinase in an area adjacent to the active or substrate-binding site, and 

ailosteric inhibition of the proteinase through binding to distantly located exosites on the 

target proteinase (18) (Figure 1-1).

This thesis will concentrate on several common classes o f proteinases and their 

inhibitors. Firstly, the class of serine proteinases will be discussed, especially as they 

relate to the proteinases involved in viral replication. Secondly, serine proteinase 

inhibitors will be examined with particular emphasis on Pis involved in plant defence 

mechanisms. Thirdly, the structure and mechanisms of Pis o f aspartic proteinases will be 

described with emphasis on Pis implicated in parasitic defence mechanisms.

1.1 Serine proteinases

Approximately one-third of all currently known proteinases can be classified as 

serine proteinases that are characterized as having a nucleophilic serine residue at the

2
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active site ( 19). The catalytic mechanism and three-dimensional structure of a serine 

proteinase were first determined for chymotrypsin (20). Although chymotrypsin-like 

serine proteinases comprise a major class of serine proteinases, several structurally 

distinct classes are also known. Remarkably, despite a wide variation in the overall folds 

of the chymotrypsin, subtilisin and serine carboxypeptidase classes of serine proteinases, 

the arrangement o f catalytic serine and histidine residues at the active site as well as the 

catalytic mechanism are conserved. The chymotrypsin family is characterized by the 

presence of two “Greek“key”~barrel domains with the active site residues lying at the 

cleft formed by the junction of the two domains (20). In the subtilisin family, proteinases 

adopt an o/p-barrel fold consisting of nine a-helices packed against a seven-stranded 

parallel p-sheet, with the active site residues lying at the top of the barrel (21). The serine 

carboxypeptidases adopt a mixed o/p fold in which the active site residues lie at the base 

o f a hemispherical pit formed at the j unction of two domains (22).

Chymotrypsin-like proteinases are the most commonly found serine proteinases, 

with over 240 members found in vertebrates, bacteria and viruses (2). In most 

chymotrypsin-like proteinases, the active site serine residue is connected by hydrogen 

bonding to a histidine that is in turn hydrogen-bonded to an aspartic acid residue in a 

catalytic triad. However, several variations on the arrangement of active site residues 

have been found (23). In the viral 3€ proteinases, for example, the active site serine 

residue is replaced by cysteine, and in some members, the aspartic acid residue is either 

missing or has been replaced by another residue (e.g., glutamic acid) (24,25).
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1.1.1 Catalytic mechanism of chymotrypsin-like serine proteinases

The catalytic mechanism of the chymotrypsin-like serine proteinases is one of the 

most thoroughly characterized enzymatic mechanisms ( 19). The mechanism can be 

broken down into a series of steps involving substrate binding, imcleophilic attack, the 

formation o f an acyl-enzyme intermediate, deacylation and release of products (Figure 1- 

2).

F ist, an enzyme-substrate complex is formed in which the polypeptide backbone 

of the substrate forms segments of antiparallel P-sheet with the polypeptide backbone of 

the enzyme and in which substrate side chains interact with specificity pockets on the 

enzyme. According to the nomenclature of SchecMer and Berger (26), where PI is the 

residue N-terminal to the scissile bond and P I ’ is the residue C-terminal to the scissile 

bond, residues P4 to P2’ of the substrate almost always interact with binding pockets S4 

to S2’ on the proteinase (Figure 1-3).

Although multiple specificity pockets contribute to binding specificity, the most 

important determinant of specificity appears to be interactions between the PI residue 

and the SI pocket. Trypsin-like proteinases will interact with substrates that have Lys or 

Arg at the PI position, whereas chymotrypsin-like proteinases will recognize Tyr, Phe, 

Leu or Met at this position. Trypsin’s preference for basic residues can be attributed to 

the formation of a salt bridge between the basic PI residue of the inhibitor with the acidic 

Asp 189 at the base of the SI pocket In chymotrypsin, Seri 89 lies at the base of the SI 

pocket and is implicated in this proteinase’s preference for aromatic residues. The phi- 

psi backbone angles at residue 216 display characteristic values among trypsins ( f  = 

176s, f  = -153°) and chymotrypsins ( f  = 173°, ' f  ~ 167°), and shape their SI pockets

4
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(27). As observed in high-resolution X-ray crystallographic studies of these proteinases 

(28,29% the size of the SI pocket is narrower in trypsin than in chymotrypsin and is in 

part due to the deletion of residue 218 which results in a conformational change of 

residues 216 to 226.

The extensive set of interactions between proteinases and their substrates not only 

provides a high degree of binding specificity, but also positions the substrate in the 

appropriate orientation for catalysis. For catalysis to occur, the carbonyl carbon of the 

scissile peptide bond must be located near the hydroxyl group of the active site serine 

(Seri95 in chymotrypsin) to allow for nucleopMlic attack. In addition, the backbone 

amide groups of Seri95 and Glyl93 (oxyanion hole) form hydrogen bonds with the 

carbonyl oxygen of the PI residue and promote the polarization of the 0 = 0  double bond.

As nucleopMlic attack occurs, a proton is transferred from Serl95 to His57, and 

the resulting positively charged histidine side chain is stabilized by a salt bridge with the 

carboxylate of Aspl02. In addition, the buildup of negative charge on the carbonyl 

oxygen of the PI residue is further stabilized by the hydrogen-bond donors of the 

oxyanion hole as the C=0 double bond becomes a single bond. Once nucleopMlic attack 

Ms occurred, a covalent bond is formed between Seri 95 Oy and the carbonyl carbon of 

the PI residue, thus forming a tetrahedral intermediate.

Following the formation of the tetrahedral intermediate, the scissile bond is 

cleaved as HisS? donates a proton to the leaving group nitrogen of the P I ’ residue and the 

C=0 double bond of the PI residue is reformed. This results in the formation of an acyl- 

enzyme intermediate and the release of the polypeptide segment C-terminal to the scissile 

bond (30).

5
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After the release of the leaving group, a water molecule enters the active site and 

forms a hydrogen bond to His57. This water molecule donates a proton to His57 and the 

negatively charged hydroxide ion attacks the carbonyl carbon of the PI residue to form 

the second tetrahedral intermediate (31). As in the first tetrahedral intermediate, the 

buildup of negative charge on the carbonyl oxygen of the PI residue is stabilized by the 

oxyanion hole. The tetrahedral intermediate breaks down as a proton is donated from 

His57 to Seri 95 and the 0 = 0  double bond of the PI residue is reformed.

Although the reaction mechanism of serine proteinases has been most thoroughly 

characterized in chymotrypsin-like enzymes, similarities in the structures of the active 

sites of other classes of serine proteinases suggest that the basic catalytic mechanism is 

highly conserved. For example, even though the folds of subtilisin and cfaymotrypsm 

differ dramatically, the binding of substrates and the geometry of active site residues are 

highly similar. Moreover, despite wide variations in the detailed structures of bacterial, 

viral, and vertebrate chymotrypsin-like enzymes, the structures of substrate binding 

pockets and catalytic residues are remarkably conserved.

1 , 0  Equine arteritis vims

The arteriviruses Porcine Reproductive and Respiratory Syndrome Virus (PRRSV) 

(32) and Equine Arteritis Vims (EAV) (33) are major economic concerns for the swine- 

and horse-breeding industries worldwide. Both viruses are widespread in the population, 

can establish persistent infections, and are easily transmitted via both respiratory and 

venereal routes. PRRSV is currently considered to be a major swine pathogen, causing 

reproductive failure and severe pneumonia in neonates. Horses infected with EAV  are 

often asymptomatic, but persistently infected stallions (“shedding stallions”) can infect

6
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mares through semen, regularly leading to spontaneous abortion of the fetus (34), Apart 

from vaccinations that are costly and -  given the use of live attenuated vaccines -  not 

without risk (35), there are currently no effective methods to combat arterivirai diseases.

The family Arteriviridae (order Nidoviraies) comprises enveloped, mammalian 

RNA viruses with a 12 to 16-Mlobase positive-stranded genome (36-38). In addition to 

the prototype EAV  and PRRSV, the family includes the lactate dehydrogenase-elevating 

virus of mice, and simian hemorrhagic fever virus. The arterivirus virion consists o f a 

membrane encapsulated sphere of 40-60 nm in diameter and an icosahedrai nucleocapsid 

comprising the viral genomic RNA and protein N (Figure 1-4) (36).

Nidoviras genomes are polycistroitic, containing a large 5'-terminal replicase 

gene, which is expressed from the viral genome RNA, and a downstream set of (largely) 

structural protein genes. The latter are expressed via the transcription of a nested set of 

subgenomic mRNAs from the 3 ’-terminal region of the genome (39). The replicase gene 

is translated into two multidomain precursor proteins, that are cleaved into mature 

nomtractura! proteins by multiple viral proteinases, a key regulatory mechanism in the 

nidoviras life cycle (38).

In the arterivirus prototype EAV, the replication cycle takes place entirely in the 

cytoplasm of the infected cell (36) (Figure 1-5). The replicase gene is translated into 

open reading frame la  (ORFla) and ORFlab polyproteins of 1,727 and 3,175 amino 

acids, respectively, the latter product resulting from a ribosomal framesMft that can occur 

just prior to termination of ORFla translation. These polyproteins are then 

proieolytically processed by three EAV  proteinases, o f which the main proteinase is 

nonstractural protein 4 (nsp4) (40),

7
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1.13 EA V nsp4 chymotrypsin-like serine proteinase 

The 21-fcDa nsp4 is the EAV  main proteinase and it has been proposed, based on 

sequence analysis (38,40), that it adopts a chymotjypsin-like fold and is a member of the 

3C-like serine proteinases (40), 3C~iike serine proteinases contain the catalytic triad of 

classic chymotrypsin-like proteinases and the substrate specificity found in. the 

pieomavires 3€ cysteine proteinases (36,40). Based on sequence analysis (41) and site- 

directed mutagenesis results (40), it was predicted that the catalytic triad of nsp4 would 

contain His39, Asp65 and Serl20. Mutational analyses of cleavage sites reveal that mp4 

possesses a cleavage specificity for (Glu/Gln)-(Gly/Ser) (40,42,43).

As illustrated in Figure 1-6, the EAV  ORFla and ORFab proteins are cleaved by 

three different ORFla-encoded proteinases: papain-like cysteine proteinases located in 

nonstroctural protein 1 (nspl) and nsp2, and the chymotrypsin-like serine proteinase nsp4 

(41). Following the rapid autocatalytic release of nspl and nsp2, the remainder of the 

polyproteins (nsp3-8 and nsp3-12) is processed by nsp4 (44). Probably, internal 

hydrophobic domains target these proteins to intracellular membranes, which are 

modified to accommodate viral RNA synthesis (45).

Nsp4 processes the remaining eight cleavage sites, five in the ORFla protein 

(40,43) and three in ORF lb-encoded part of the ORFlab protein (42), which encodes 

(among other functions) the viral RNA-dependent SNA polymerase and helicase (41). 

Alternative processing pathways are used during cleavage of the nsp3-8 intermediate 

(43). In the major pathway, nsp2 associates with nsp3~8 as a cofactor and triggers nsp4 

to autocatalytically cleave its C terminus to yield the nsp3-4 and nsp5-8 intermediates. 

The relatively slow processing of the nsp3j4 and nsp7|8 sites ensues (44), but the nsp5j6

s
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and. nsp6j7 bonds are not cleaved, and cleaved nsp6 and nsp7 are not produced. In the 

minor pathway, nsp2 does not associate with n$p3-8, and the n$p4[5 junction is not 

cleaved (43). However, nsp4 does cleave the nsp3|4, nsp5|6, nsp6(7, and nsp7J8 sites of

To provide a structural framework for understanding the complexities of

2.0 A resolution (Chapter 2). The structure reveals a molecule having the smallest 

chymotrypsin-like fold known as well as a novel C-terminal a/(J extension domain. This 

first structure of an arteriviral proteinase opens new avenues for understanding replicase 

maturation and establishes a basis for rationally developing antiviral agents.

1.2 Standard mechanism, canonical proteinase inhibitors of serine proteinases

The most commonly found and studied Pis bind to target proteinases in a 

substrate-like manner and axe known as standard mechanism (12), canonical (46) serine 

Pis, To date, 18 different families o f this class of inhibitor have been identified (47). On 

the surface of these Pis lies a ‘reactive site loop5 (48) which binds to the active site of a 

target proteinase in a substrate-like manner (12). According to the nomenclature of 

Schechter and Berger (26), where PI is the residue N-terminal to the scissile bond and 

P F  is the residue C-terminal to the scissile bond, residues P4 to P2’ of the reactive site 

loop of each inhibitor almost always interact with binding pockets S4 to S2’ on the 

proteinase (Figure 1-3). The reactive site loop adopts an extended conformation and 

forms a distorted antiparallel p-strand pair with residues near the active site of the 

proteinase (49). TMs is contrary to another class of FIs, the noil-canonical Pis, which

9
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also bind to proteinases in a substrate-like manner, but form a parallel p-strand pair with 

residues near the active site of the proteinase (4,18,46).

The conformation of the reactive site loop is remarkably well-conserved in all Pis 

even though, each inhibitor family lias its own unique global three-dimensional structure 

(or ‘scaffold5 of the inhibitor) (46). The reactive site loop is fairly rigid, is often flanked 

by one or two disulfide bridges, and is involved in hydrogen bonding to the inhibitor 

scaffold (46). The rigid conformation of the reactive site loop is thought to prevent loss 

o f conformational freedom and lead to tight binding (50,51). In fact, kinetic studies of 

the interaction between inhibitor and proteinase have shown that the keat/Km value for 

peptide hydrolysis is higher than in enzymeisubstrate interactions, while and Km 

values are unusually low, thus resulting in tight binding and slow hydrolysis (12,52).

The interaction between serine proteinases and canonical, standard mechanism 

serine proteinase inhibitors can be summarized in its simplest form as follows 

(46,47,51,52):
kpn y>$*

E  +  I S E - I . ? - E  +  1*
k p ff . k™ *

where E is the enzyme, I is the virgin inhibitor, I* is the inhibitor with its scissile bond 

hydrolyzed, and ET is the stable enzyme-inhibitor complex. The amount of stable 

enzyme-inhibitor complex (ET ) at equilibrium can be calculated as follows (51,52):

Kaggoo ~ [ET]/([E][I + 1*])

A good serine proteinase inhibitor will possess a high value of KaSSOo so that the 

concentration of free enzyme is minimized (51), The equilibrium constant describing the 

hydrolysis of the inhibitor can be calculated as follows (51,52):

Khyd =  [ I * ] /P 3

10
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Ka = [E‘I]/([E][I])

As for the other equilibrium constants, a large value for K« describes a good inhibitor.

To provide a molecular structural explanation for the tight binding and high 

specificity o f proteinase inhibitors binding to cognate proteinases, many crystallograpMc 

and kinetic studies have been undertaken (4,12,46,47,52), revealing various mechanisms 

in different proteinase inhibitor families. This thesis presents, in Chapters 3 and 4, 

structural studies of the two-headed tomato inhibitor-II of the Potato II family of 

inhibitors both in the free and complexed forms to provide a molecular structural 

understanding of multidomain Pot II inhibitors.

1.2.1 Potato H  family of proteinase inhibitors

Proteinaceous serine proteinase inhibitors (Pis) from plants were first identified 

nearly 65 years ago (54) and are now known to be major constituents of seeds, tubers and 

leaves of members of the Solamceae and Leguminosae families (5-15% of the total

protein) (55-57). These Pis are an integral part of the constitutive and inducible 

defensive mechanisms that protect plants from attacking pests (bacteria, fungi and 

insects) (13,58,59). These defensive mechanisms involve the systemic synthesis of serine 

Pis that accumulate in distal tissue and can inhibit the digestive trypsin- and 

chymotrypsin-like enzymes of insects and other related serine proteinases of plant

li
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pathogens (60,61). The inhibitory properties towards serine proteinases of these Pis have 

already been exploited with varying degrees of success for the production of transgenic 

plants overexpressing the Pis in an attempt to control pests (61-65). However, a greater 

understanding of the molecular mechanism of inhibition of these Pis with pest 

proteinases is required at the structural level to folly harness the potential benefits of 

these natural Pis to crop protection.

Pis of the Potato II (Pot II) inhibitor family have been isolated from wounded 

tomato and tobacco leaves (66,67), green tomatoes (68), potato tubers (69,70), eggplant 

fruits (71), paprika seeds (72) and ornamental tobacco flower stigma (73). Pot II Pis can 

inhibit trypsin, chymotrypsin, subtilisin, oryzin and elastase (66,74), and accumulate 

systemically in plant tissue as a result of wounding or pest attack. The systemic response 

to attack in the Solanaceae family has been attributed to a complex signaling cascade that 

is initiated by the binding of systemin (75) to a cell-surface receptor (76) and leads to the 

release o f linolenic acid which is then converted to 12 oxophytodienoic acid and 

jasmonic acid (77). The release o f jasmonic acid leads to the activation of several 

signaling pathways that in tom lead to the production of more jasmonic acid, H2O2 and 

the synthesis of Pis (78). Within 48 hours of insect attack or wounding, Pis can 

accumulate to levels o f 2% or more of the total soluble protein in the leaves of tomato, 

potato and alfalfa plants (56,79) and are thought to have adverse effects on the digestive 

physiology of insects (80). The wide distribution and inducible expression of Pot II Pis 

in plants strongly suggest the fundamental importance of these proteins to the pest 

defence strategies of many commercially important crops.

1 2
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Sequence analyses of various Pot II family Pis have revealed that most are 

composed o f two (62,66,69,81,82), three (83,84), four or six (73) repeats. Tomato and 

potato proteinase inhibitor II (TI-II and PI-II, respectively) each contain two copies of a 

54 amino acid repeat, whereas the N. da ta  PI is a 40.3-kDa precursor consisting of six 

repeated elements that are proteolytically processed to yield six different Pis (Cl and C2 

which are chymotrypsin inhibitors, and T1-T4 which are trypsin and chymotrypsin 

inhibitors) (73,85,86). High sequence identity exists among the Pot H PI sequences, 

although interesting variations (mostly in the reactive site loops) occur among different 

species and among different isoforms of the same species (Figure 1-7). These differences 

in sequence can give rise to a wide range of differences in cognate proteinase 

specificities. The expression of multiple isoforms of Pot II Pis with differing target 

proteinase specificities may be particularly important for protecting plants against 

predators with an arsenal o f proteinases having a wide range of substrate specificity. 

Understanding the structural basis o f PI inhibitory specificity is clearly crucial for 

understanding how variations in PI sequence give rise to different inhibitory specificities. 

1.2.2 Structural and functional characterization of Pot H family 

Few three-dimensional structures are currently available for members of the 

Potato II inhibitor family and there is currently only one structure of a complex with a 

bound proteinase. In 1989, the structure of one of the two domains of PI-II, the 

chymotrypsin-binding domain (known as PCI-1), was solved to 2.1 A by X-ray 

crystallography (87) in complex with Streptomyces griseus proteinase B. Remarkably, 

this structure revealed, that the sequence of PCI-I corresponds to a region that lies across 

the two repeats of inhibitor II instead o f being contained within one repeat. As in other
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inhibitors, the reactive site loop in PCI-1 adopts the canonical conformation (46) and is 

constrained by disulphide bridges Cys3-Cys40 and Cys?-Cys36 which are invariant in 

the Pot II family (Figure 1-7). Based on the structure of PCI-1, a model for the 

arrangement of the two domains was proposed, in which a pseudo 2-fold rotation axis 

relates the two domains across a continuous six-stranded antiparallel p-sheet (87).

The NMR structures o f single domains of N. alata have also been determined 

(86,88,89). In these single-domain inhibitors, the scaffold o f the protein is similar to that 

seen in PCI-1 and the reactive site loops adopt the same canonical conformation with 

cysteines involved in disuiphide bridge formation at P3 and P2’.

Structural information on other families of Pis is mostly restricted to single- 

domain inhibitors, even though many natural inhibitors have multiple domains. 

Structures for a multi-domain PI bound to proteinases have only been determined for the 

two-headed Bowman-Birk inhibitors from mung bean (90), soybean (91) and wheat germ 

(92) bound to trypsin. The Bowman-Birk inhibitors consist of two domains of roughly 

60 amino acids that are related by a nearly perfect two-fold rotational symmetry axis. 

Each inhibitory domain binds to and inhibits a separate proteinase molecule in a very 

similar manner through a reactive-site loop in the “standard, canonical” mechanism.

1,23 Tomato inhibitor-11

TI-II is a 13.5-kDa potent inhibitor o f subtilisin (average K, = 9 eM) that 

possesses a remarkable dual specificity' towards chymotrypsin (average Kj = 30 nM) and 

trypsin (average Kt = 80 nM) (66). This inhibitor and other Pot II Pis belong to the class 

of "standard mechanism, canonical" proteinaceous inhibitors of serine proteinases (47). 

There Is high sequence homology between TI-II and PI-II (86% sequence identity) and

14
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both inhibitors contain two repeats, each containing one reactive site loop located near 

the N-terminus. Depending on the species, the amino-terminal repeat contains the 

trypsin-specific region, and the carboxy-terminal repeat contains the chymotrypsin- 

specific region. In the TI-II isoform (from Lycopersicon escnlentum cv. Bonny Best) 

used for our structural studies, the reactive site loop of the first repeat inhibits trypsin 

(residues P2-P1-PF are TRE) whereas that of the second repeat inhibits chymotrypsin 

(residues P2-P1-P1’ are TFN). This thesis presents, in Chapter 3, the three-dimensional 

X-ray crystaliographic structure o f a ternary complex o f the full-length two-headed 

inhibitor TI-II, bound to two molecules of subtilisin Carlsberg which was solved to 2.5 A 

resolution. The novel three-dimensional structure of TI-II in a ternary complex with 

proteinases opens avenues of research previously difficult to undertake due to the lack of 

structural information on the mode of inhibition of multidomam Pot II inhibitors (see 

Chapter 6). In Chapter 4, the three-dimensional X-ray crystaliographic structure of 

unbound TI-II is presented. The presence of four copies of unbound TI-II in the 

asymmetric unit presents a unique opportunity to study the conformational flexibility o f 

this inhibitor.

1.3 Aspartic Proteinases; Structure m i  Mechanism

Aspartic proteinases are found in a wide range of organisms, including viruses, 

fungi, plants and animals (93). Many aspartic proteinases are involved in important 

physiological processes, including the processing of the polyprotein in the human 

immunodeficiency virus (HIV), digestion of proteins in the stomachs of animals and 

cleavage of renin in the regulation of Mood pressure (94). In addition, aspartic
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proteinases have been exploited for centuries in the production of cheese and soy sauce 

(95). As a result, aspartic proteinases and their inhibitors have been intensively studied.

Structural and enzymological studies of aspartic proteinases reveal that diverse 

members o f the aspartic proteinase family adopt a common structure and enzymatic 

mechanism (93,95). The structure consists of two P-barrel domains connected by a 

central six-stranded 0-sheet, giving rise to a kidney-shaped overall structure with a 

substrate-binding cleft in the middle (Figure 1-8). A variation on this overall structure is 

shown in retroviral aspartic proteinases which consist of a homodimer of single domain 

p-barrels (95,96). Substrate binding pockets are formed by loops contributed by both 0- 

barrel domains. A minimum of six amino acids in peptide substrates, including four 

residues N-terminal to the scissile bond and two residues C-terminal to the scissile bond, 

are typically bound in an extended p-strand conformation by aspartic proteinases (95). 

Many aspartic proteinases show a preference for hydrophobic residues flanking the 

scissile bond at the PI and PF  positions (97). An additional feature important to 

substrate binding and catalysis in aspartic proteinases is a 0-hairpin loop near the active 

site known as the ‘flap5 (95). The ‘flap’ appears to be flexible in the unbound state of 

aspartic proteinases but it becomes ordered and interacts with substrates when they are 

bound to the enzyme (95,98).

Two aspartic acid residues (Asp32 and Asp215 in pepsin), one donated by each o f 

the two p-barrel domains, are perfectly conserved at the active site cleft and coordinate a 

catalytic water molecule between their carboxylate side chains. The mechanism, of 

peptide hydrolysis in aspartic proteinases is generally believed to proceed by a non- 

covalent general acid-base mechanism (Figure 1-9) (93,95,99). Following the binding of
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a peptide substrate, Asp215 acts as a general base and accepts a proton from the catalytic 

water molecule. The resulting nucleophile hydroxide ion then attacks the carbonyl 

carbon of the scissile bond, thus forming a tetrahedral intermediate in which the C=G 

double bond of the carbonyl group becomes a single bond. The buildup of negative 

charge on the carbonyl oxygen atom, of the tetrahedral intermediate is stabilized fey 

Asp32, which acts as a general acid in donating a proton to the negatively charged 

oxyanion.

The breakdown of the tetrahedral intermediate and cleavage of the scissile bond 

proceeds fey a reversal of the steps involved in the formation of the tetrahedral 

intermediate. Asp32 acts as a general base to accept a proton from the oxyanion and the 

C=0 double bond of the carbonyl group re-forms. Asp215 acts as a general acid and 

donates a proton to the amide nitrogen of the scissile bond. The protonated amide 

nitrogen now becomes a good leaving group and the scissile bond is broken.

13.1 Aspartic Proteinase Inhibitors

Aspartic proteinase inhibitors have been intensively studied in the past because of 

their potential for therapeutic applications in human diseases (94). The most notable 

application of aspartic proteinase inhibitors in the treatment of human disease has been 

the treatment o f Acquired Immunodeficiency Syndrome (AIDS) using inhibitors o f HIV 

proteinase. Currently, there is great interest in the development o f novel inhibitors of 

aspartic proteinases for the treatment o f fungal diseases, cancer, hypertension and 

Alzheimer’s disease (94,100,101).

Most inhibitors of aspartic proteinases are small peptides or peptide-like 

compounds that have been isolated from natural sources or chemically synthesized (93).
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These compounds typically mimic the binding of natural peptide substrates to aspartic 

proteinases but have modifications at the bond corresponding to the scissile bond of 

peptide substrates that prevent hydrolysis. The prototypical small molecule inhibitor of 

aspartic proteinases is pepstatin, which is a hexapeptide in which a central statine residue 

((3S54S)-4-amino-3-hydroxy“6-methylheptattoic acid) results in the replacement of the 

scissile peptide bond with a non-hydrolyzable hydroxymethylene isostere of the 

tetrahedral amide hydrate intermediate normally produced during hydrolysis (95,102).

In addition to small molecule inhibitors, four proteinaceous inhibitors of aspartic 

proteinases are known (93). This number is quite small compared to the large number of 

proteinaceous inhibitors known for serine, cysteine and metalloproteinases. The 

proteinaceous inhibitors of aspartic proteinases are the pepsin inhibitor PI-3 from the 

intestinal nematode parasite Ascaris (14,103), IA-3 from yeast (104), equistatin from sea 

anemone (105) and a protein from squash phloem (106). None of these proteins shares 

any sequence similarity, and it is likely that all inhibit aspartic proteinases by differing 

mechanisms. The mechanism for inhibition has been determined only for PI-3 and IA-3, 

where crystal structures have been determined for both inhibitors in complex with 

aspartic proteinases (107,108).

IA-3 is a 68-residue polypeptide that is a very tight-binding inhibitor of yeast 

proteinase A (Ki = 1.1 nM) (104). When free in solution, it possesses little ordered 

secondary structure, but it forms a long ampfaipathic a-helix when bound to yeast 

proteinase A (108). The inhibitor binds in. a maimer unlike that of peptide substrates, but 

the binding occurs in a maimer that occludes the substrate-binding deft from access by 

potential substrates.
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PI-3 is a tight-binding inhibitor of several vertebrate aspartic proteinases involved 

in digestion (Ki = 1 nM for pepsin, 2 nM for gastricsin), and is believed to be produced 

by the intestinal parasite Ascaris to protect the nematode from being digested as it passes 

through the stomach to the intestine (14,103). The crystal structure o f the pepsin;PI-3 

complex (107) reveals that the amino-terminus of the inhibitor binds to pepsin in a 

maimer nearly identical to the portion of a substrate caiboxy-terminal to the scissile bond 

(Figure 1-10). The mechanism of inhibition thus appears to be steric blockage of the 

peptide binding cleft. Further stabilization of the inMbitor-proteinase complex is 

contributed by the formation of an antiparalle! p-strand with the P-hairpin ‘flap’ in pepsin 

adjacent to the substrate-binding cleft, and the packing of a polyproline II helix in the 

inhibitor with a surface loop also adjacent to the substrate-binding cleft of pepsin.

The structure of PI-3 reveals the presence of two domains, remarkably with only 

one domain interacting with pepsin. Furthermore, the two domains of the extended 

inhibitor make few interactions with each other, and the structure of the inhibitor suggests 

that a single-domain inhibitor may be both active and stable in the absence of the second 

domain. The design, construction and testing of a single-domain inhibitor based on the 

structure of PI-3 bound to pepsin is described in Chapter Five of this thesis.
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Figure 1-1: Possible mechanisms of proteinase inhibition.. (A) Direct blockage of the

proteinase’s active site in a substrate-like maimer, as seen in standard mechanism, 

canonical proteinase inhibitors o f serine proteinases. (B) Indirect blockage of the 

proteinase’s active site, as seen in cystatin inhibition of papain-like cysteine proteinases. 

(€ )  Binding of inhibitors to sites adjacent to the active site or to exosites, as seen in 

thrombin inhibitors. (D) Allosteric inhibition of the proteinase through binding to 

distantly located exosites, as seen in propeptides of serine proteinase zymogens. Adapted 

from (18). The active site is shown as a black rectangle. The proteinase is coloured in 

blue and the inhibitor in green.

(A)

(B)

(C)
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Figure 1-2: Catalytic mechanism of serine proteinases, (A) Formation of Michaelis

Menten complex and nucieophilic attack, (B) Tetrahedral intermediate and formation of 

an acyl enzyme, (C) Acyl enzyme and formation of a second tetrahedral intermediate. 

(D) Second tetrahedral intermediate and deacylation. (E) Release of products. Adapted 

from (109) and (19)
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Figure 1-3: Schematic diagram based on the Schechter and Berger nomenclature for

proteinases (26). Snbsites (S) and peptide positions (P) are related to the position of the 

peptide substrate in the proteinase active site. The scissile bond is shown as the bond 

broken by a red star.

f t ’

M W:M

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 1-4? Electron micrograph of &A V particle budding from smooth intracellular 

membranes (bar is 25 rnn). Reproduced from (36).
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Figure 1-5: Schematic overview of the EAV  life cycle. The EAV  genome

organization, including the replicase cleavage sites (arrowheads), is depicted at the top of 

the figure. Subgenomic (sg) mRNAs are illustrated at the right. Endoplasmic reticulum 

(ER); plasma membrane (PM); double membrane vesicle (DMV); nucleocapsid (NC). 

Reproduced from (36).
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Figure 1-6: EAV  proteolytic processing pathways (A) Overview7 of the proteolytic

processing of the EA V  replicase ORFla and ORF lab polyproteins. The three EAV 

proteinases (located in nspl, nsp2s and nsp4), their cleavage sites, and the EAV nsp 

nomenclature are depicted. Abbreviations: PCP, papain-like cysteine proteinase; SP, 

serine proteinase; RdRP, RNA-dependent RNA polymerase; Z, zinc finger; Hel, helicase; 

N, Nidovinis-specific conserved domain. (B) Overview of the two alternative processing 

pathways which apply to the C-terminal half of the EAV  ORFla protein. The association 

of cleaved nsp2 with nsp3-8 (and probably also nsp3-12) was shown to direct the 

cleavage of the nsp4(5 site by the nsp4 proteinase (major pathway). Alternatively, in the 

absence of nsp2, the nsp5(6 and 6|7 sites are processed and the nsp4j5 junction remains 

uncleaved. The status of the small nsp6 subunit (fully cleaved or partially associated 

with nsp5 or nsp7) remains to be elucidated.
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Figure 1-7: Multiple sequence alignment o f representative members of the Potato II

family o f proteinase inhibitors. Secondary structural elements in TI-II are noted above 

the sequence, with boxes representing helices and arrows representing p-strands. Red 

and blue boxes indicate the boundaries of polypeptide segments forming TI-II Domains I 

and I! respectively. Green boxes indicate the boundaries of reactive site loop residues P4 

to P2'. Each sequence is preceded by its name in the Swiss-Prot database. LYCES 

indicates inhibitors from Lycopersicon esculentum, SOLTU Solanum tuberosum, 

TOBAC Nicotiana tabacum and CAP AN Capsicum annuum.

XP21_ 
I P 2 7 .  
IP 2 K _  
1P2Y _ 
I P 2 5 _  
IP 2T _  
I P  2x1 
IP 2 3 _  
X'P21~ 
I P 2 2

Domain I 
Segm ent 1

10 2 0 30 4 0 ■ SO

LYCES
SOLTU
SOLTU 
SOLTU 
SOLTU 
SOLTU 
SOLTU 
LYCES 
TOBAC 
CAP A S

K A C ?P2C S-K L G FG IC PX S E Q S5L N P X C lH C C SQ Y K G C jrY Y M SF G JC FIC B G E SE PK R P»C T PH
J5IC TK B C ,3-irLG FG IC PR SK SSPK M PIC I»C C S«Y X SC K Y Y B V FG R PX C B G SSB LK !fP  
X&CXSSCG-SifLSFGIC^>RBXGSPEHPICTHCCAGYKSCKYYSANGAPXCEGQ8CEKKP 
LG C TX ECS-SLG PG X CPH SEG SPTH PICISC CSG Y X Q C K Y Y S& PG R PX C SG ESBPK M P 

£ llA C TL Ee;S-H L G PG IC rpSSESSPB jrSX C TtrceA G Y X G CH Y Y SA K e*.PX C B G B S»PK K P 
JtOCTSEc|3-HLGPaICPRSEGSPTt?PtCIKCCSOYKdCSrYYSAFG3LICeeaSDPEHP 
,K RCTLEc|G-JfLaYGXCi>R8EGSPEHPICT»CCAGYXaCEYYSAKGTFICSGfiSSPXm  
'K^CTXSc|3-HLSYaiOPSSEOSPEKPXCTKCCSGYZGCHYYY& RGTFICEaTSSPXSrP  
jSB A C TK B C'p-SF& Y SX JyRIBQ G TPD D PIC TTCe& G Y X O CirSTS& B G TFieB G SSSPX N ? 
Is jpcT L H C ibP K IF Y S K cfcR S B G W B S ir c l  CCAG.RKGCW YYS&DeT.PlCBGSSDPBKPW CTLK

CPLK
CPLU

C P R »

7 0  1
i i

FHIATSRC  
■THIATSHCi
P K IA Y S K C j 
■TKIAYSRCj 
'PHIAYSKC ;
'T K I& Y SSC  j 
P H IA Y S K C ) 
PQIAY8JCC? 
P D IA Y SK C !
PRIE'SKC

Domain' I-
S e g m en t 2

so 30 1 0  0
1

110 1 2 0

IP 2L _L Y C B S PRSeGK SLZ^PTOCTTCCTGYi:aCYYPaKDGXPVCBegSD--BPXAH RYPVlS- 
I P 2  7~S.OLTU PHSBOX8LIYIPTOCTTCCTGYKGCYYFGKHGXPVCBGBSB- -  SFXAUMYPA:
x p 2 x f  s o l t t t  p r s s o k s l i y J p t g c t t c c t g y k s c y y f s e n s x f p c s s e s d - -SFXANXTPAX
IP 2 Y _ S O L T U  PR SaaX S L IX pT G C T T C C T S Y E G C T Y P S T tJS X P V C S G E .S D --B P X P Y J(S T A  
X P 2 s f  SOLTU PESBGXSLIY|PTGCTTCCT«Yi:QCYYPQKHGKFVCBaESD--BPXAJMYPAM
IP 2 T ~ S O L T U  ? J ! S E a X S L I ^ lT G C T T C C '5 'O X E aC Y Y P G T SaX PV C E S B S D --E P X PY »ST A  
X P 2xfsO L T U  PH8G<SXTLXYjFTaC!rTCCTGYTBCYYFSED<3KFVCBSESI--BPXAeYLBC: 
I P 2 3 .Y r C B S  PS SE S M X IY fpT -S C X T C C T S Y E G C Y Y F G aD SB FV C E aE S I -  -E PX SC T K SC : 
I F 2  i f  TOBAC p a 8 S G E T X Iii^? T S C T ,TCCTGYKGCYYP3QDSBF‘V C B G B S B --E P X S C T T S C :
I P 2  2_CAFA1T PR SB -A SA E 4?I-C TH C CA SLX <3C S!Y Y M A C Q T PIC SeSSD PH aPX A CPK H C D j

1SLLHT---------------
’BYATKTCPSSffiLA
BY A T ISC FF SG L V

P K IA Y SL C L Y E X --

26

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Pepsin is drawn as bine ribbon and pepstatin as yellow bali-and-sticks. The active site 

Asp32 and Asp215 residues are drawn as pink bali-and-sticks.
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Figure 1-9; Catalytic mechanism of aspartic proteinases. (A) Nucleophilic attack on 

carbonyl carbon by activated water molecule. (B) Noncovalently bound tetrahedral 

intermediate stabilized by hydrogen bonding with Asp32. (C) Breakdown of tetrahedral 

intermediate with Asp32 acting as general base and Asp215 acting as general acid. (D) 

Scissile peptide bond has been hydrolyzed and products are released. Adapted from (99).
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CHAPTER 2: 

Structure of Arterivirus nsp4: the smallest chymotrypsin-like 

proteinase with an a/p C-terminal extension and alternate 

conformations of the oxyanion hole1

2,0 Introduction

The arterivirus Equine Arteritis Virus (EAV) (1) is a major economic concern for 

the horse-breeding industry worldwide, This virus is widespread in the population, can 

establish persistent infections, and is easily transmitted via both respiratory and venerea! 

routes.

The family Arteriviridae (order Nidovirales) comprises enveloped, mammalian 

RNA viruses with a 12 to 16-kilobase positive-stranded genome (2-4). In the arterivirus 

prototype EAV, the replicase gene is translated into open reading frame la  (ORFla) and 

ORFlab polyproteins of 1,727 and 3,175 amino acids, respectively, the latter product 

resulting from a ribosomal framesMft that can occur just prior to termination of ORFla 

translation. As illustrated in Figure 1-6, the EAV  ORFla and ORFab proteins are cleaved 

by three different ORFla-encoded proteinases, papain-like cysteine proteinases located in 

nonstructural protein 1 (nspl) and nsp2, and 'the chymotrypsin-like serine proteinase nsp4 

(5). Following the rapid autocatalytic release o f nspl and nsp2, the remainder of the 

polyproteins (nsp3-8 and nsp3-12) is processed by nsp4, the main viral proteinase (6).

! A version o f this chapter has been published Barrette-Ng, J.H., Ng, K.K.S., Mark, B..L, vanAken, D., 
Chermy, M.M., Garen, C., Koiodenko, Gorbalenya, A.E, Snijder, E. J,, andJam.es, M.N.G, {2002} J. 
Biol Chem., 277(42), 39960-39966. Protein purification was performed by D. vanAken and E J  Snijder 
and protein crystallization was done by M  Chemey.
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The osp4 main proteinase processes the remaining eight cleavage sites, five in the 

ORFla protein (7,8) and three in ORFlb-encoded part o f the ORFlab protein (9), which 

encodes (among other functions) the viral SNA-dependent ENA polymerase and helicase 

(5). Alternative processing pathways are used during cleavage of the nsp3-8 intermediate 

(8). Unfortunately, the molecular details of alternative proteolytic processing are at 

present poorly understood.

To provide a structural framework for understanding the complexities of 

proteolysis in arteriviruses, we lave determined the crystallographic structure of EAV 

nsp4 at 2.0 A resolution. The structure reveals the smallest chymotrypsin-like fold 

known as well as a  novel C-terminal o/p extension domain.
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2.1 Experimental procedures

2.1.1 Expression, purification and crystallization

Nsp4 (nts 341? to 4025 of the EAV  genome; EMBL accession number X53459) 

was cloned into pMAL-c2 (New England Biolabs, Inc.) and expressed as a MBP-nsp4 

fusion in E, coll BL21(DE3) (Promega). Expression was induced with 1 mM isopropyl-

1 -thio-P-D-galactopyranoside for 4 h at 37°C and cells were lysed using a French press. 

MBP-nsp4 was purified by amylose-affinity chromatography and cleaved with 1 U 

thrombin/mg protein in 20 mM Tris pH 8.1 and 150 mM NaCl. Following cleavage, 

nsp4 contained additional residues at its N and C terminus, Ser-Met and Leu-Ala-Ser, 

respectively. Further purification was achieved using Sepharose G-75 and Mono Q 

columns (Pharmacia Biotech). MBP and uncleaved fusion protein were removed using 

amylose resin. The integrity of nsp4 was confirmed by mass spectrometry. Crystals 

were grown at room temperature by the hanging drop vapour diffusion method by mixing

2 pL of protein (25 mg/mL) and 2 pL of 23 % (w/v) PEG MME 2000,100 mM Tris, pH 

8.5, 10 % (w/v) ethylene glycol, and 0.2 M ammonium acetate. Crystals grew within one 

to two weeks and had typical dimensions of 0.5 x0.2 x0.2 mm. The crystals belonged to 

space group PI with cell dimensions a -  56.6, b -  60.7, c -  62.8 A, a  = 74.0°, p -  63.2° 

and y = 66.2°. Four molecules were contained in the asymmetric unit.

2.1.2 Data collection, phasing and refinement

All data were collected on flash-frozen crystals at 100 K by transferring crystals 

from the mother liquor or heavy atom soaking solutions into a nitrogen gas stream.. The 

structure of nsp4 was solved using the multiple isomorphous replacement technique with 

five heavy atom derivatives (Table 2-1). Data from the crystal soaked in mersalyl were
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measured at beamline BM-14-C (BioCARS-CAT, Advanced Photon Source) using an 

ADSC Quantum-4 detector. All other data, were measured using CidQ radiation (Rigaku 

RU-300 generator, Osmic optics) and a R-AXIS IV++ image plate detector. Data were 

processed using the HKL suite (10). Experimental phases were calculated using SOLVE 

(11). RESOLVE (12) was used for density modification, improving the figure of merit 

from 0.57 to 0.69, and to generate a partial main-chain trace. The experimental electron 

density map was further improved by ARP/wARP (13). From this modified electron 

density map, a nearly complete trace of a single copy in the asymmetric unit was 

constructed using XFIT (14), A model for the complete asymmetric unit was generated 

by transposing the coordinates o f the first copy onto partial models of the other copies, 

and making manual adjustments. Refinement against experimental phase information 

was performed using CNS (15). The model was further refined against the Native 1 data 

set using REFMAC v. 5.0.36 (16) with individual TLS parameters refined separately for 

the N-terminal barrel, C-terminal barrel and the C-terminal domain. The Native 1 data 

set was used for refinement instead of the higher resolution mersalyl data set because of 

systematic measurement errors in the latter. Non-crystallographic symmetry restraints 

were not used at any point during refinement, because of significant differences in 

conformation between different copies. Residues 1 to 6 are missing from all copies. In 

addition, the following residues are missing: 204 in copy A, 199 to 204 in copy B, 198 to 

204 in copy C, and 8 and 204 in copy D. 88.6 % of residues lie in the most favoured 

regions of the Ramachandran plot and 10.7 % lie in the additional allowed regions 

(regions defined by PROCHECK) (17). Additional checks on geometry were performed 

using WHATCHECK (18). Data quality, phasing and refinement statistics are given in
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Table 2-1. Figures were prepared with MOLSCRIPT (19), BGBSCBJPI (20) and

RASTER3D (21).

2.2 Results and discussion

2.2.1 Structure of EA V  nsp4

The structure of EAV  nsp4 was determined using the multiple isomorphous 

replacement technique (Figure 2-1 A; refer to Table 2-1 for crystallographic parameters). 

There are four copies of nsp4 (designated A, B, C and D) in the triclinic unit cell, each 

containing two p-barrds, as well as a unique C-terminal domain. The N-terminal barrel 

consists o f six (3-strands (A! to FI), while the C-terminal barrel is composed of seven 

(A2 to G2) (Figure 2-IB). The G2 P-strand is also found in Sindbis virus core protein 

(SCP) (22) and Semliki forest virus core protein (SFCP) (23) but is not present in most 

other chymotrypsin-like proteinases (CLPs). The core of both p-barrels is comprised of 

conserved hydrophobic residues (Figure 2-1B). In addition, Tipi 14 is a conserved, fully 

solvent exposed hydrophobic residue that lies in a groove lined with other conserved 

residues, near the substrate binding pockets. This groove and T rp ll4  may mediate 

protein-protein interactions.

The most striking feature of the nsp4 structure is the presence of an additional C-

terminal domain not found in most other CLPs. This third domain comprises residues

156 to 204 and consists of two short pairs o f P.-strands and two a-helices. The C-

termina! domain interacts with the C-terminal barrel through an interface (buried surface

area of 1638 A2) consisting of conserved hydrophobic residues: Leu 105 and Leal 12

from the C-terminal P-bairel and V ail58, Leul63, Phel67, lie! 82, Leu!96 and He 197

from the C-terminal domain. There is also an exposed patch o f conserved solvent-
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exposed hydrophobic residues (Figure 2-1C) that may form part o f the interface with 

nsp5 in the nsp4»5 intermediate. TWs hydrophobic patch may also mediate interactions 

with nsp2, that associates with. nsp3-S to induce cleavage of the nsp4j5 site by nsp4 (8).

The overall conformation of the two P-barrels in all four copies of mp4 is highly 

conserved, except for the loops between C l and D l, and E2 and F2, both of which are 

flexible and have higher temperature factors (Figure 2-ID). The largest variation in 

conformation is seen in the position of the C-terminal domain relative to the P-barrels. 

The r.m.s.d.’s when superimposing the entire molecule range from 0.40 to 0.77 A and are 

11 to 91 % higher than when superimposing only the p-barrels. D Y M X M  (24) reveals a 

rotation (residue 157 or 161 as the hinge) of the C-terminal domain relative to the 

proteinase domain of IT  when comparing copies A and C or C and D. The C-terminal 

domain can clearly adopt different orientations relative to the two p-barrels, which may 

facilitate substrate binding or autoproteolysis, as discussed below.

2.2.2 Comparison to other chymotrypsin-related proteinases 

Despite having little sequence identity to other CLPs, nsp4 was proposed to have 

a CLP fold (4,7). The crystal structure confirms the existence of a CLP fold, which at 

149 residues, is the smallest serine proteinase domain known. Human Rhinovirm 2 

(HRV-2) 3C is a viral CLP (25) with a similar PI specificity of substrates to nsp4. A 

least squares superposition with mp4 gives a r.m.s.d. of 0.96 A (40 Ca pairs, cut-off 1.5 

A) (Figure 2-2A). Apart from the additional C-tenninal domain in nsp4, a major 

difference between the two structures is the length of the loop separating strands B2 and 

€2. In HRV-2 3C and in most other CLPs, this fLhairpin is 10 to 20 residues longer. The 

shorter p-hairpin found in nsp4 provides enough space for the seventh fLstrand of the C-
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terminal barrel, G2. A short j3-hairpin connecting B2 and €2 is also present in SCP and 

5FCP, both of which also have G2. The presence of this shorter p-hairpin in SCP may 

facilitate cis cleavage to produce the viral capsid protein (22). The structures of nsp4 and 

SCP align well, despite remote sequence similarity, with a r.m.s.d. of 0.95 A (39 C« pairs, 

cut-off 1.5 A) (Figure 2-2B). The overall shape of nsp4 is much like SCP in being more 

compact than most other CLPs and results from shorter p-hairpins.

Another example of a CLP with a specificity for glutamic acid in the PI position 

is Strepiomyces griseus proteinase E (SGPE) (26) (Figure 2-2C). Nsp4 and SGPE align 

well with a r.m.s.d. of 0.86 A (56 Ca pairs, cut-off 1.5 A). The SI specificity pocket in 

mp4, SGPE and picomaviral 3C proteinases show remarkable structural similarities.

A recently reported structure of a coronavirus chymotrypsin-like cysteine main 

proteinase from the Transmissible Gastroenteritis virus in pigs reveals the only other 

structure of a CLP with an additional C-terminal domain (27). Coronavirases comprise 

the distantly related second family in the order Nidovirales (4). Unlike mp4, the 

structure of the C-terminal domain in the coronavirus proteinase is nearly twice as large 

at 110 residues and is comprised of only a-helices. In addition, the linker between the C- 

temrinal domain and the C-terminal p-barrel differs markedly from that found in mp4. 

Despite the lack of sequence and structural similarity, the C-terminal domains in both 

aiterivirases and coronavirases may share a common functionality in facilitating substrate 

recognition (27).

2 2 3  Nsp4 active site

The crystal structure of nsp4 reveals that His39, Asp65 and Serl20 form a 

catalytic triad similar to that o f other CLPs (Figure 2-1 A), confirming the predictions
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from sequence analysis (5) and site-directed mutagenesis (7). The active sites in all four 

copies of nsp4 adopt a very similar conformation (Figure 2-3A), except for the peptide 

bond between residues 117 and 118. The distances between Seri20 G7 and His39 N®2 

range from 2.8 to 3.5 A, and the distances between His39 and the two carboxylate 

oxygen atoms of Asp65 range from 2.8 to 3.0 A. These distances axe similar to values 

seen in other CLPs. The retainer adopted by Seri20 is the same as in other CLPs (%\ ~ - 

80°).

In CLPs, the oxyanion hole (in nsp4, main chain amides from residues 118 and 

120) stabilizes the negative charge on the PI carbonyl oxygen atom in the tetrahedral 

intermediate. Remarkably, in three of the four copies, the amide nitrogen of G ly l18 

points away from Ser!20, causing the collapse o f the oxyanion hole (Figures 2-3 A and 2- 

3B). In contrast, the oxyanion hole is properly formed in copy B (Figure 2-3C), where 

the only major difference between the other copies is the conformation of the peptide 

bond between residues 117 and 118. These two residues lie in a p-tum consisting of 

Thrl 16, Seri 17, Glyl 18 and Aspl 19. The change in conformation of the peptide bond 

between residues 117 and 118 represents an intenrenversion of a type I (copies A, C and 

D) to a type II (copy B) P-tum. The psi angle o f Seri 17 in copy B is 136°, and for copies 

A, C and D it ranges between -41® and -51°. The phi angle of Glyl 18 in copy B is 116° 

whereas that for copies A, C and D ranges between -59° and -64°. This is a common type 

of peptide flip observed in pairs of homologous protein structures, especially with a 

glycine residue in the i + 1 position of the flipped peptide bond (28). Molecular orbital 

calculations indicate an energy barrier of ~3 kcal/mol for this flip (29). Nsp4 is the first 

example of a wild-type serine proteinase in which alternate conformations o f the

46

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



oxyanion hole are observed. Previously, a collapsed oxyanion hole was observed in an 

active site cysteine to alanine mutant of HAY 3C proteinase (30). The collapsed 

oxyanion hole in nsp4 may be part of a novel mechanism regulating proteolytic activity.

An important structural feature stabilizing the collapsed conformation of the 

oxyanion hole is a water molecule that forms hydrogen bonds with Seri20 O7 and His39 

N®2 (Figure 2-3B), A second water molecule hydrogen bonds with His 134 N®2 and the 

main-chain carbonyl oxygen atom ofThrl 16. These hydrogen bonds can only form if the 

oxyanion hole adopts a collapsed conformation and hence these water molecules are 

absent from copy B.

2.2.4 Substrate binding

Previous studies have shown that nsp4 has a specificity for Glu (and in one case 

Gin) at the PI position (4,7,9). As in the picomaviral 3C proteinases and SGPE, which

have specificity for either Gin or Glu in the PI position, nsp4 also has a conserved 

histidine residue (His 134 in nsp4, Hisl61 in HRV-2 3C, His213 in SGPE) at the base of 

the SI specificity pocket, and a conserved Ser/Thr residue lining one “wall” of the SI 

pocket (TM 15 in nsp4, Thrl42 in HRV-2 3C, Serl92 in SGPE) (Figure 2-4A). The 

histidine in the SI pocket hydrogen bonds to the PI side-chain carbonyl oxygen atom of 

an inhibitor bound to HRV-2 3C (25) and to one of the glutamate carboxylate oxygens of 

the PI side chain of a peptide bound to SGPE (26). Thrl42 in HRV-2 3C and Seri92 in 

SGPE also hydrogen bond to the carbonyl or carboxylate oxygen atoms of the PI side 

chain. Because the structures of the active site and SI pocket are conserved, His 134 and 

Thrl 15 in nsp4 could also donate hydrogen bonds to the carboxylate oxygen atom o f the 

PI side chain in substrates. Site-directed mutagenesis studies confirm that His 134 is
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essential for the efficient processing of the EAV polyprotein cleavage sites (7). Tlirl 15 

can be replaced by serine, glycine and asparagine with variable effects on cleavage 

specificity' and efficiency (7).

Both mp4 and SGPE prefer glutamic acid over glutamine in the PI position of 

substrates. In SGPE, Ser216 hydrogen bonds with the carboxylate oxygen atom (not 

interacting with His213 or Seri92) of the PI side chain. Ser216 can not hydrogen bond 

with the amide nitrogen of a PI glutamine side chain, because the lone pair already 

accepts a hydrogen bond from the main-chain amide of G!y219; this proposal is 

supported by site-directed mutagenesis studies (31). In nsp4, Seri 37 occupies the same 

position as Ser216 in SGPE and should also recognize a negatively-charged PI residue 

(Figure 2-4B). In picomaviral 3C proteinases, which prefer glutamine at the PI position, 

a glycine is found in lieu of serine.

2.2.5 Nsp4 self-processings a cis or trans event?

Nsp4 is known to cleave its N- and C-termini in the nsp3-8 intermediate (4,7-9). 

Although nsp4 can cleave several sites in tram  (9), self-processing may also be a cis 

event. To act as both an enzyme and a substrate in cis reactions, and to act as an enzyme

in trans reactions, nsp4 must adopt alternate conformations. The N- or C-termini must be 

either in or away from the substrate binding pocket for cis and trans cleavages, 

respectively. In the nsp4 crystal structure, the chain termini are remarkably close 

together and do not lie in. the substrate binding pocket. The positions adopted by the 

chain termini likely differ from that adopted during cis cleavage to prevent self-inhibition 

of proteolytic activity, as in picomaviral proteinases (30,32). Each terminus can be 

brought into the appropriate position for cis cleavage by a conformational rearrangement

48

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



of the ten N-terminal residues or part of the C-terminal domain. In support of this 

possibility, the N-terminal six residues are disordered and residues 198 to 203 have 

higher than average temperature factors (in copies A and D) or are completely disordered 

(in copies B and C).

One of the few hydrogen-bonding interactions fixing the position of the C~ 

terminus is the Aspll9:Arg203 ion pair. Although Asp! 19 is conserved in arteriviral 

proteinases, Arg203 is not. Interestingly, Arg4, which is disordered in all four copies of 

nsp4, is conserved among arteriviral proteinases. Even though the N-terminal six 

residues are disordered, the position adopted by Lys7 indicates that Arg4 may be able to 

interact with Asp! 19 in an alternate conformation. When the C-terminus adopts the 

conformation required for cis cleavage, the Aspl 19:Arg203 ion-pair must be broken, 

thereby allowing Arg4 to interact with Aspl 19.

Coordinates, Coordinates have been deposited in the Protein Data Bank (accession code 

1MBM).
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Table 2-1 Data collection, phasing and refinement parameters
Data processing and heavy atom statistics

Dataset 
Resolution (A) 
High-resohrtion range (A) 
Total reflections1

Unique reflections1 
Completeness (%)!
I/o1
R»yn,(%)W 
[Heavy atom] (mM) 
Number of sites

R »(% f
Phasing power4

Refinement statistics [numbers in parentheses refer to the outermost resolution bin (2.05-2.00 A)]
Resolution range (A) 16.2 -  2.00
Rwork3 0.204 (0.222)

Native 1 Native 2 Pb(CIl3C02)2 HgClj. U02(N03)2 KPtCU Mersalyl
16.2-2.00 40.0-2.10 40.0-2.06 40.0-2.50 40.0 -1.90 40.0-1.90 40.0-1.60
2.07-2.00 2.16-2.10 2.13-2.06 2.57-2.50 1.97-1.90 1.97-1.90 1.64-1.60
169,296 72,351 (5,208) 76,161 (2,292) 46,156 (3,558) 186,601 (9,932) 188,735 (10,212) 313,166(11,610)
(15,362)
43,171 (4,151) 37,782 (2,942) 36,920 (1,188) 22,609 (1,834) 48.233 (2,916) 48,619 (2,934) 82,476 (3,261)
95.0(91.5) 94.5 (88.9) 81.6(31.3) 96.6 (94.0) 90.3 (55.0) 90.3 (54.3) 91.7(54.4)
22.4(6.1) 11.2(3.9) 13.0 (7.2) 12.6(5.1) 18.6 (2.9) 18.5 (3.4) 19.1 (2.8)
5.0 (17.9) 6.5 (16.2) 5.3 (10.2) 6.1(15.5) 6.6 (35.4) 6.4 (28.5) 5.2 (64.4)

20 1.0 2.5 2.5 2.0
4 4 3 5 4

iA
33.7 (33.9) 24,3 (25.6) 15.6 (18.9) 13.0(12.9) 27.1 (30.7)
0.61 (0.41) 0.86 (0.65) 0.37 (0.29) 0.74 (0.46) 0.59 (0.40)

R&e
Number of atoms or molecules 

Protein 
Water

R.m.s. deviation from ideal geometry 
Bond lengths (A)
Bond angles (°)

Average B-factor (A2)

0.261 (0.283)

5606
400

0.007
1.271
15.6

‘V a l u e s  f o r  t h e  o u t e r m o s t  r e s o lu t io n  shell a r e  g i v e n  i n  p a r e n t h e s e s .

2R<y:n ”  E 11 - <I> I /  a ,  where I i s  the in t e g r a t e d  in t e n s i t y  o f  a  g i v e n  r e f l e c t io n .

3R tel ™ 2 )  P p h  -  Fp I /  EFi», w h e r e  F m  a n d  F P are the d e r iv a t iv e  a n d  n a t iv e  s t r u c tu r e  f a c t o r  a m p l i t u d e s ,  r e s p e c t iv e ly .

4Phasing power ; heavy atom s t r u c t u r e  6.ctor> /  <r.m.s. lack o f elosare>
sR m *  “  S I  | F j  -  i F j  I /  S I F 0 1 f o r  t h e  9 0 %  o f  t h e  r e f l e c t io n  d a t a  u s e d  i n  r e f in e m e n t .
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Figure 2-1 A: Crystal structure of EAV  nsp4. Ribbon diagram of the overall structure of 

EAV  nsp4. p-straads of the N-terminal barrel (blue, A1 to FI) and the C-terminal barrel 

(green, A2 to G2) axe indicated. The C-terminal extension domain is coloured in red. 

Members o f the catalytic triad are shown in yellow. Residues Lenl6G, LeulTl, lie !74, 

He 178, He 183, Ala!84, and V ail86 which comprise the solvent-exposed hydrophobic 

patch on the C-terminal extension domain are shown in black. Solvent-exposed T rp ll4  

is also shown in black.
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Figure 2-1B: Multiple sequence alignment of arteriviral 3C-like serine proteinases (for original references to sequences see (4)). 

Highly conserved residues are highlighted: hydrophobic residues at the interface between the N-terminal and the C-terminal P-barrels 

(mauve); hydrophobic core of the two p-barrels and the C-terminal extension domain (cyan); catalytic triad (red); hydrophobic 

residues at the interface between the C-terminal p-barrel and the C-terminal extension domain (dark blue); SI pocket (yellow); 

Aspl 19, a buried and charged residue important for the conformation of the active site and the oxyanion hole (green). LB VC and 

LDVP, LDV neurovirulent type C and strain Plagemann, respectively; PRRSVLV and PRRSVVR, PRRSV strain Lelystad and strain 

ATCC VR-2332, respectively.

A1 C1 a l l D1 E1 FI A2 B2

K & V  3CLSP
i b v c j 3c l s p
L D T O _ 3 C L S P  

PRRSVLV_3CLSP 
PRSSW R 3CLSP

C2 D2

120
EAV_3CLSP SGI' - 

L 0V C 3C L SF CKH3A 
LDVP~3CIiSI? UJPNl* 

PRRSVLV_3Cti 
PRRSWR 3CLSP <

4 0  60

 ̂ D-CTmVSCVUFSQciDgSCAC1
>■ ' '0-G!«.VSCW;;FSQC&,TrxSVe

IDGKVKC^^-VCTG-NSiKE^SaVGFNQMUJBD'

E2 F2

C-terminal domain extension 

G2 A3 «13 B3 C3 D3 a23

1 4 0  1 6 0
^V(VOTG®NTSGVHrtfTTPSGKLl(GftD'lj|l

^JVGa®RGS®«TH6GKT*3tllU#

3G r^<^^G S8atL G S toV T T ^G E B C T IR jSa
y3^Vx^aT(LJ®K^Gei^mFSGQF^VAr§i

180 2 0 0
M - 3GLSHKE
V I.- ■ - SSLPAUE
vdvej# » | | m ESLPTPE
r o V T S ^ S D ^ M B V W W
K n i S E f c s b B ^ &AKFELE

at



Figure 2-lCs Surface representation of nsp4. The highly conserved solvent-exposed 

hydrophobic residues in the C-terminal extension domain are shown in yellow whereas 

the catalytic triad is shown in red. Figure prepared using PYMOL (33).
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Figure 2-ID: Ribbon diagram of the superposition of the four copies of nsp4 in the 

asymmetric unit.
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Figure 2-2A: Structural alignment between copy A of EAV mp4 (shown in blue) and

Human Rhmovims 2 3C proteinase (PDB accession code 1CQQ) (shown in yellow).
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Figure 2-2B: Structural alignment between copy A of EAV nsp4 (shown in blue) and

Sindhis virus core protein (PDB accession code 2SNV) (shown in yellow).
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Figure 2-2Ct Structural alignment between copy A of EAV nsp4 (shown in blue)

Streptomyces griseus proteinase E (PDB accession code 1HPG) (shown in yellow).
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Figure 2-3As The active site of EAVnsp4. Dashed black lines indicate hydrogen bonds. 

Superposition of the active site o f all four copies in the asymmetric unit.
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Figure 2-3: (B) Simulated annealing omit map for the collapsed oxyanlon hole of copy

A, calculated after omitting the labeled residues and refining the structure by the 

simulated annealing protocol, starting at 1000 K. Dashed black lines indicate hydrogen 

bonds.
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(C) Simulated annealing omit map for copy B showing that the conformation of the 

peptide bond between residues 117 and 118 has flipped
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Figure 2-4: The SI specificity pocket of EAV mp4. Dashed black lines denote

hydrogen bonds. Residues referred to in the text are labeled Superposition of nsp4 

(cyan) with (A), HRV-2 3€  (yellow) bound to AG7088 inhibitor (magenta), and (B), S. 

grisens proteinase E (yellowy bound to tetrapeptide product (magenta).
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CHAPTER 3: 

Structural Basis of Inhibition Revealed by a 1:2 Complex of the Two- 

headed Tomato Inhibitor-H and Subtilisin Carlsberg1

3.0 Introduction

Pis o f the Potato II (Pot II) inhibitor family have been isolated from a wide range 

of commercially important crops including tomatoes, tobacco and potatoes (1-8). Pot II 

Pis can inhibit trypsin, chymotrypsin, subtilisin, oryzin and elastase (1,9), and accumulate 

systemically in plant tissue as a result of wounding or pest attack. Within 48 hours of 

insect attack or wounding, Pis can accumulate to levels of 2% or more of the total soluble 

protein in the leaves of tomato, potato and alfalfa plants (10,11) and are thought to have 

adverse effects on the digestive physiology of insects (12). The wide distribution and 

inducible expression of Pot 1  Pis in plants strongly suggest the fundamental importance 

of these proteins to the pest defence strategies of many commercially important crops.

Tomato inhibitor II (TI-II) contains two copies o f a 54 amino acid repeat. High 

sequence identity exists among the Pot II PI sequences, although interesting variations 

(mostly in the reactive site loops) occur among different species and among different 

isoforms of the same species (Figure 1-7). These differences in sequence can give rise to 

a wide range of differences in cognate proteinase specificities. The expression of 

multiple isoforms of Pot H Pis with differing target proteinase specificities may be

1 A version o f this chapter has been acceptedfor publication. Barrette-Ng, I.H., Ng, K.K.-S., Ckemey, 
M.M., Pearce, G, Ryan, C.A, and James, M.N.G. (2903) J. Biol Chem., electronically published on April
3, 2003 (in press). Protein purification was performed by Gregory Pearce and Dr. Clarence Rycm at 
Washington State University, cmdprotein crystallization was performed by Mata Chemey at the University 
o f Alberta.
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particularly important for protecting plants against predators with an arsenal of 

proteinases having a wide range of substrate specificity. Understanding the stractural 

basis of PI inhibitory specificity is clearly crucial for understanding how' variations in PI 

sequence give rise to different inhibitory specificities.

For the first time, the three-dimensional X-ray ciystallographic structure of a 

ternary complex of a Ml-length two-headed inhibitor from the Pot II family, TI-II, bound 

to two molecules of subtilisin Carlsberg has been solved to 2,5 A resolution. The novel 

three-dimensional structure of TI-II in a ternary' complex with bacterial proteinases opens 

avenues o f research previously difficult to undertake due to the lack o f structural 

information on the mode of inhibition of two-domain Pot II inhibitors.
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3,1 Experimental procedures

3,1,1 Purification and crystallization

Tomato inhibitor-II was prepared from transgenic tomato plants that 

overexpressed a prosystemin transgene, which resulted in the synthesis and accumulation 

of high levels o f TI-II in the leaves (~1 mg/ml leaf juice). Leaves from 1000 young 

tomato plants were collected (-800 g leaf tissue) and blended with 1600 mL of a buffer 

containing 0.01 M sodium citrate, 0.5 M sodium chloride, and 0.7% sodium hydrosulfite, 

pH 4.3. The homogenate was expressed through 8 layers of cheesecloth by hand- 

squeezing, and the debris retained in the cloth was resuspended in 400 mL buffer and the 

mixture was expressed. The combined expressed liquid was clarified by centrifugation at

12,000 x g for 20 min. Proteins in the supernatant liquid were precipitated by adding 

solid ammonium sulfate to 80% saturation and stirred at 4°C for 2 hr. The precipitate 

was recovered by centrifugation as above. The pellet was solubilized in 600 mL water 

and the remaining debris removed by centrifugation. The resulting solution was placed in 

a flask and immersed in a boiling water bath with stirring until the temperature o f the 

liquid was 70°C. The contents of the flask were then cooled rapidly in an ice bath to 

room temperature and the precipitated proteins repelleted by centrifugation. The solution 

was diaiyzed overnight at 4° C against 0.01 M Tris, 0.10 M KC1 buffer, pH 8.1. The 

retentate was passed through a 3 cm x 12 cm column containing chymotrypsin-Sepharose 

CL4B affinity resin (13) that had been equilibrated with the buffer. The column was then 

washed with 3 bed volumes of buffer and then with 8 M urea, pH 3, to elute the inhibitor 

proteins bound to chymotrypsin. The eluate was diaiyzed against several changes o f 50 

mM ammonium carbonate and lyophilized and stored The preparation yielded about 80
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mg of dry material containing about 24 mg TI-II and 14 mg tomato inhibitor-!. TI-II was 

purified to homogeneity using reverse phase HPLC. A Vydac (Hesperia, CA) 218TP510 

CIS semi-preparative column (10 x 250 mm, 5 micrometers, 300 Angstroms) was 

employed using a 90 min gradient o f 0-60% acetonitrile in 0.1% TFA. TI-II eluted as a 

single peak at 53 min. The yields o f inhibitor from this step were nearly quantitative. The 

TI-II protein obtained was homogeneous as judged by SDS-PAGE.

Crystals were grown at room temperature by the hanging drop vapour diffusion 

method by mixing 2 pL of a 1:1 mixture of TI-II and subtilisin Carlsberg (Sigma) (1 mM 

each) and 2 pL of 18 % (w/v) PEG 8000, 200 moM sodium malonate, 75 mM sodium 

citrate, pH 6.0, 10 % (w/v) ethylene glycol, and 5% (v/v) ethanol. Very small ciystals 

grew within one to two weeks. Macroseeding was used to produce crystals with typical 

dimensions of 0.2 x 0.1 x -0.01 mm. The crystals belonged to space group €2 with cell 

dimensions a =  155.0 A , b — 55.1 A , c = 91.3 A, a -  90°, p =  119.5° andy =  90°.

3X 2 Data collection, structure solution and refinement 

Data were collected on flash-frozen crystals at 100 K by transferring crystals 

briefly into a cryoprotectant solution identical to the crystallization solution, with the 

exception of an increased concentration of ethylene glycol (final concentration of 25% 

(w/v)). After a 3-5 second soaking time, the crystal was transferred directly into a 

nitrogen gas stream. Data were measured front a MAR 345 detector using 1.08 A  

wavelength radiation at beantline 7-1 (Stanford Synchrotron Radiation Laboratory). Data 

were recorded as 220 1° oscillations at a crystal-to-detector distance of 220 mm and 

processed using the HKL suite of programs (14). Intensities were converted to 

amplitudes using TRUNCATE (15).
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The solvent content of the proteinase-inhibitor complex crystals was calculated to 

be either 70% or 50% if either one or two copies of subtilisin were present in the 

asymmetric unit, along with one copy of TI-II Molecular replacement calculations were 

carried out using AMoRe (16). The structure of subtilisin Carlsberg (PDB code 1SCM), 

with all the side chains and temperature factors retained, was used as the search model for 

molecular replacement calculations. Cross-rotation functions calculated using data to a 

maximum resolution of 3 A gave two solutions (Patterson correlation coefficients of 0.32 

and 0.24). Each rotation function solution was used to calculate a translation function 

using data to a maximum resolution of 3 A, yielding two solutions (R-factors of 0.485 

and 0.503 after rigid-body refinement). The relative positions o f the two subtilisin 

molecules in the asymmetric unit were determined using a phased translation function, 

yielding a single solution (R-factor of 0.396). Rotation and translation searches using a 

search model for either a single domain or both domains o f the inhibitor, as constructed 

from PCI-I (PDB code 4SGB) (17), did not reveal any clear solutions.

The electron density map calculated using the molecular replacement solutions of 

the two subtilisin molecules revealed a region of electron density adjacent to the 

proteinase active sites that had the features expected for TI-II. A search model for a 

single domain of TI-II was constructed using the coordinates o f PCI-I (PDB code 4SGB) 

(17), and two single-domain search models could be placed by manual inspection using 

the molecular graphics program XFIT (18). Side chains that differed between the PCI-I 

search model and TI-II were modified, and the model was further adjusted by manual 

inspection of the electron density map. The model was subjected to iterative rounds of 

manual model building using XFIT and refinement against a maximum-likelihood target
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using CNS (19). Analysis of interdomain and protein-inMbitor interfaces as well as

buried surface area calculations were performed using CNS.

The final model contains two complete copies of subtilisin, and residues 1 to 73 

and 86 to 116 of TI-II Residues 74 to 85 and 117 to 121 of TI-II appear to be disordered 

and there was no electron density corresponding to these regions of the structure. 83.6 % 

of residues lie in the most favoured regions of the Ramachandran plot and no residues are 

in disallowed regions (regions defined by PROCHECK) (20). Additional checks on 

geometry were performed using WHATCHECK (21). Data quality and refinement 

statistics are given in Table 3-1. Figures 3-1, 3-2, 3-3a and 3-5 were prepared with 

MGLSCRBPT (22), BOBSCRIPT (23) and RASTER3D (24). Figures 3-3b and 3-3c 

were prepared with PyMOL (25).
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3.2 Resalts and discussion

3.2.1 Structure of the H “II:(Snbtifisiii)2  complex

The structure of the H-II:(SubtiIi$in) 2  complex was determined by the molecular 

replacement technique to 2.5 A resolution, using the coordinates o f subtilisin Carisberg 

(26) (PDB code 1SCN) as the search model. There are two molecules o f subtilisin bound 

to one molecule of the two-headed Inhibitor TI-II (Figure 3-1; refer to Table 3-1 for 

crystallographic parameters). The two subtilisin molecules are bound at opposite ends of 

the elongated Inhibitor molecule, forming a 673-residue ternary complex with dimensions 

o f roughly 100 A x 50 A x 40 A.

TI-II has a novel two-domain structure; each domain adopts the fold previously 

described in the single-domain Pot II inhibitors (17,27-29). Each domain contains only a 

small amount of regular secondary structure in the form of a three-stranded antiparallel p- 

sheet, as well as a series of stretches of polypeptide chain interconnected by four 

disulphide bonds. As first predicted after the determination of the structure of the single- 

domain Pot II inhibitor PCI-I, the sequence repeats present in TI-II do not correspond to 

individual structural domains (Figure 1-7) (17). Instead, Domain I consists of the first 

fifteen residues and residues 86 to 116, whereas Domain II consists of residues 16-73. 

Even though Domain I Is composed of two non-contiguous polypeptide sequences, it 

adopts the same fold as Domain II (r.m.s.d. = 0.86 A, 41 C« atom pairs; Figure 3-2a). 

The P-sheet scaffold of Domain I is similar to that seen in the single-domain €2  inhibitor 

from N, data  (r.m.s.d. = 0.99 A, 19 Ca atom pairs; Figure 3-2b). Both Domain I and C2 

consist of two noncontiguous segments of polypeptide connected through disulphide 

bonds, giving rise to a ‘clasped bracelet’ fold that Is thought to be characteristic of
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inhibitors o f the Pot II family (29). Although Domain I shares the same folding topology 

and aligns very well with €2 hi the p-sheet region, the rest of the domain, including the 

reactive site loops, differs from €2 substantially in conformation. These differences in 

conformation between Domain I and €2 reflect intrinsic structural differences between 

TI-II and €2 , as well as the inability ofNMR structure calculations to define precisely the 

conformation of residues A! to A9 and B1 to B12 of €2 (Table 1 from ref. (29)).

The arrangement of the two domains in TI-II gives rise to an extended structure 

with overall dimensions o f approximately 50 A  x  25 A  x 15 A . The arrangement of the 

two domains differs substantially from an earlier prediction based on the structure of 

PCI-I, in which a pseudo 2-fold rotation axis relates the two domains across a continuous 

six-stranded antiparallel p-sheet (17). Instead, the three-stranded p-sheet o f Domain I is 

packed against the C-tennimis of the reactive site loop of Domain II. The arrangement of 

the two domains in TI-II also differs substantially from that proposed for the six-domain 

inhibitor precursor from N. alata based on the structure o f the single-domain C2 inhibitor 

(29).

The interdomain interface in TI-II consists of a small cluster of highly conserved 

hydrophobic residues (He 14, Pro 16, Tyr98, PhelOG and Phel06 from Domain I; and

Tyr34, Pro54 and Lys55 from Domain II). Although this interface is quite small (buried 

surface area of 487 A 2), it appears to form a stable packing arrangement between the two 

domains. Preliminary data from a crystal form of the unbound inhibitor containing four 

copies of TI-II in the asymmetric unit indicate that the orientation of the two domains in 

TI-II observed in the TI-II:(Subtilising complex is similar to that seen for the unbound 

inhibitor (see Chapter 4). The arrangement of domains observed in TI-II also suggests
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how domains may be oriented relative to each other in other multidomain Pot 1! 

inhibitors, such as the six-domain inhibitor from K  alata (8).

3.2.2 Enzyme-inhibitor interactions

"Standard mechanism, canonical" proteinaceous inhibitors of serine proteinases 

from at least eighteen nonhomologous families (30) bind to the active sites of proteinases 

in a substrate-like maimer (31) through the ’reactive site loops’ (32). According to the 

nomenclature of Scheduler and Berger (33), where PI is the residue N-terniinal to the 

scissile bond and PF is the residue C-terminal to the scissile bond, residues P4 to P2’ of 

each inhibitor almost always interact with binding pockets S4 to S2’ on the proteinase. 

The reactive site loop adopts an approximate extended conformation and forms a 

distorted antiparallel p-strand pair with residues near the active site of the proteinase (34).

Each reactive site loop in TI-II interacts with a separate molecule of subtilisin in 

the standard, canonical manner as observed in other proteinase-inhibitor complexes. 

Main chain torsional angles in the reactive site loops are highly similar to those seen in 

other Pis (Table 3-2). The conformations adopted by the reactive site loops of each 

domain in TI-II are very similar with an r.m.s.d. of 0.49 A for the 32 main-chain atoms of 

the residues at positions P5 to P3’ (Figure 3-3a). As in other members of the Pot II 

family, disulfide bonds formed by cysteine residues at the P3 and P2’ positions (Cys3 and 

Cys7 in Domain I and Cys60 and Cys64 in Domain II) help to hold the reactive site loop 

in a relatively rigid conformation that likely helps to prevent proteolytic cleavage of the 

inhibitor upon interaction with proteinases. Additional features o f the structure o f TI-II 

that contribute to the stability of both reactive site loops is the presence of a hydrogen 

bond between the side chains of the P2 and P F  residues (Thr4 and Glu6 in Domain I, and
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Thr61 and Asn63 in Domain II), which is also seen in many other Pis (35), In addition, 

the N52 atom of the side chain of Asn29 donates hydrogen bonds to the main chain 

carbonyl oxygen atoms of Thr61 and Asn63 at the P2 and P F  positions of the reactive 

site loop of Domain II, and the main chain carbonyl oxygen atom of Ile28 accepts a 

hydrogen bond from the main chain amide nitrogen atom of Asp65. The reactive site 

loop in Domain I is less well stabilized, with a van der Waals contact between the side 

chains of Thr89 and GIu6 replacing the hydrogen bonds donated by Asn29 in Domain II.

Residues in the P5 to P2' positions and the P6 to P2' positions of the reactive site 

loops from Domains I and II, respectively, interact with the substrate-binding clefts of 

separate subtilisin molecules (Figures 3-3b and 3-3c). Specific interactions between the 

reactive site loops of TI-II and subtilisin are illustrated schematically in Figure 3-4. A 

number of the inhibitor-enzyme contacts consist of van der Waals interactions, with the 

PI residues contributing the largest number of contacts. In addition, the polypeptide 

backbone of the reactive site loops of TI-II forms a number of hydrogen bonds with the 

polypeptide backbone of subtilisin that are characteristic o f standard, canonical 

inhibitor:proteinase complexes (Figures 3-4a and 3-4b).

Subtilisin has a broad substrate promiscuity compared to most other serine 

proteinases, mostly due to the relatively shallow SI "specificity” pocket. The highly 

accommodating nature of the SI pocket is dramatically illustrated by the binding of two 

large PI residues, arginine and phenylalanine, in the TI-II complex. Although the 

binding mode of the reactive site loop in both domains is similar to that seen in other 

proteinase-intebitor complexes (Table 3-2), there are some notable differences. The 

arrangement of the active site residues in the subtilisin molecule bound to Domain I is
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very similar to that seen in subtilisin Carlsberg and subtilisin Novo BPN’ bound to eglin- 

C (36-38), chymotrypsin inhibitor-2 (37) and Streptomyces subtilisin inhibitor (39,40). In 

the subtilisin molecule bound to Domain II, however, the active-site Ser-221 side chain 

lies closer to the carbonyl group of the PI residue of the Inhibitor than in other 

proteinase:inhibitor complexes. As a result, the active-site Ser-221 residue adopts a 

retainer (%i =  -153°) in the molecule o f subtilisin bound to Domain II that differs from the 

retainer (%i = -99°) seen in the molecule of subtilisin bound to Domain I, as well as in 

other subtilisiirinhbitor complexes (Figure 3-5).

The surface area of the inhibitor that Is buried upon complex formation is 611 A2 

for Domain I and 970 A2 for Domain II. Each domain of TI-II appears to bind the 

proteinase independently of the other domain, with the exception of a small number of 

additional contacts outside of the reactive site loops (Table 3-3). The reactive site loops 

of Domains I and E contribute 547 A2 and 611 A2 of buried surface area respectively, 

accounting for 90% and 62% of each domain's binding interface with subtilisin. 

Preliminary modelling studies in which other proteinases are docked onto the reactive site 

loops of TI-II suggest that TI-II may contact other proteinases at a wider range of sites 

outside of the reactive site loop region. For subtilisin and likely also for other 

proteinases, the two molecules o f proteinase bound to the inhibitor are separated by a 

large distance and do not contact each other.

The structure o f the XI-ll:(Subtilism)2  ternary complex reveals for the first time 

the structural basis of inhibition by a multidomain Pot II family inhibitor, and shows a 

number of interesting similarities and differences with ternary' complexes formed 

between the structurally unrelated Bowman-Birk family of proteinase inhibitors (BBIs)
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and trypsin (41-43). Like TI-II, the structurally simpler BBIs also contain two domains, 

each of which presents a reactive-site loop at the extremities of the elongated inhibitor 

molecule. Also as seen in TI-II, a single BBI molecule can bind two proteinase 

molecules simultaneously. The fold o f each domain and the arrangement of the two 

inhibitory domains of the BBIs differ strikingly from TI-II, however. The BBIs consist 

of two domains that are related by an approximate two-fold rotational symmetry axis, and 

each domain internets in a very similar manner with target proteinases. Interactions 

between the BBIs and proteinases are almost completely restricted to the reactive-site 

loop, with buried surface areas o f approximately 650-700 A2 These values are similar to 

that seen for Domain I in TI-II, but significantly smaller than that seen for Domain II 

(970 A2), where non-reactive site loop interactions account for roughly one-third o f the 

inhibitorproteinase interface.

Secondary contacts not involving the reactive-site loop in Domain II of two- 

domain Pot I! family inhibitors may be of critical importance to determining proteinase 

inhibition specificity, as suggested by the results of site-directed mutagenesis studies on 

PI-II from potato (44). In PI-II, the capacity for trypsin inhibition in Domain II could 

not be transferred to Domain I by mutation of the PI residue, the P2-P1-PF sequence or 

even the entire stretch of sequence from P2 to P105. These results underline the 

importance of regions of the inhibitor apart from the reactive site loop in determining 

inhibitor specificity. The determination of the structure o f the TI-H:(SufotiHsm) 2  complex 

provides an important step towards understanding the roles o f secondary binding surfaces 

as well as reactive site loops in the mechanism of inhibition in the Pot II family of 

proteinase inhibitors.
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Coordinates. Coordinates have been deposited in the Protein Data Bank (accession code 

10YV).
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Table 3-1: Crystallographic Statistics

a) Date Processing

Resolution (A) 40.0 - 2.5
Total reflections1 97405 (7394)
Unique reflections1 23099(2173)
Redundancy1 4.2 (3.4)
Completeness (%)! 98.3(94.1)

I/o1 11.6(2.4)

Rsym(%)W 12.3 (47.3)

b) Refinement

Resolution (A) 40.0 - 2.5

R-worfc 0.214(0.321)
I? ^ 0.270 (0.399)
Number of atoms

Protein 4623

Water 128

R.m.s. deviations from ideal geometry

Bond lengths (A) 0.007

Bond angles (°) 1.37

Avg. Temp. Factors (A2)

TI-D 39.2
Subtilisin copy A 26.2

Subtilisin copy B 35.2
Water 28.0

Values for the outermost resolution shell (2.59 - 2.50 A) are given in parentheses.
2Rsyffl = 2*1; (|Ii(h) - <I(h)>|) / li(k% where I|(h) is the /* integrated intensity of a given 
reflection and <I(h)> is the weighted mean of all measurements ofl(h).
3RWOrt “  Sfe |F(h)0j - |F(1»)S|| / Zfe |F(h)0| for the 90% of reflection data used in refinement.
4Rte  = Eh )jF(h)o! - |F(h)c|| / Efe jF(M)0| for the 10% of reflection data excluded from refinement.
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Table 3-2: Main chain torsion angles of reactive site loops

P4 P3 P2 PI p r P2* P3*
f ¥ ¥ ¥ f ¥ f ¥ tp ¥ f ¥ ¥ ¥

T IU  (Dl) -120 147 -126 158 -62 132 -85 36 -90 156 -92 125 -77 168
TI-II (»2) -84 136 -134 152 -67 145 -97 49 -115 154 -81 143 -93 111

PCI-I -82 132 -137 152 -65 151 -115 51 -102 165 -95 121 -71 132
OMTKY31 -158 158 -126 147 -69 162 -119 45 -84 155 -100 115 -147 92
OMTKY32 -129 136 -131 150 -68 160 -107 32 -74 159 -113 107 -141 76

CI-2 -93 140 -133 166 -64 147 -103 34 -91 146 -106 119 -118 113
Eglin-C -76 138 -143 165 -65 151 -112 42 -96 176 -120 113 -119 115

BPTI 78 175 -77 -30 -70 156 -117 39 -88 164 -112 80 -106 122
sBBI3 -121 134 -139 145 -71 156 -95 45 -96 162 -108 97 -88 171

1 Ovomucoid third domain bound to Streptomyces griseus proteinase B (45).
2Ovomucoid third domain bound to a-chymotrypsin (46).
3 Soybean Bowman-Birk Inhibitor bound to bovine trypsin (42).

Angles for PCI-I (polypeptide chymotrypsin inhibitor-I from potatoes), OMTKY3, CI-2 (chymotrypsin inhibitor-2 from barley), eglin- 
C and BPTI (bovine pancreatic trypsin inhibitor) were obtained from ref. (17).



Table 3-3; S e c o n d a ry  contacts between TI-II a id  Subtilisin

Van der Waals contacts (less than 4.0 A) are shown in regular type face and hydrogen- 
bonding contacts are shown in bold face.

t i -h Subtilisin Carlsberg
|F12 ~~~~HY167, K170

€27 N155, F189
¥34 A129
C87 N155, F189
C91 S101
F100 S130
D103 K136, Y17I
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Figure 3-1A: Structure of the TI-U:(Subtilisin)2  complex. Subtilisin molecules are 

drawn in yellow, and the two domains of TI-II are drawn in red and blue.
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Figure 3-1B: Stereoscopic view of the structure of TI-IL Ca trace of TI-II, with cysteine 

residue side chains and disulfide bonds drawn in yellow and given residue numbers. 

Residues 74 to 85 and 117 to 123 are missing from the final mode!, because these 

portions of the structure were not defined in electron density maps. The approximate 

location of these residues is designated by dots drawn in. magenta.
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Figure 3-2: (A) Stereoscopic view of a least-squares superposition of TI-II Domains i 

and II. Col atoms of Domains I and II that align within 3.5 A  of each other are drawn in 

red and blue respectively, whereas C„ atoms that do not align are drawn in magenta and 

cyan respectively. The N- and C-temimal residues of the polypeptide segments in each 

domain are labeled. (B) Stereoscopic view of a least-squares superposition of TI-II 

D omain I and the C2 inhibitor from N  aiata (29). Ca atoms of Domain I and €2  that 

align within 3.5 A  of each other are drawn in red and blue respectively, whereas Ca atoms 

that do not align are drawn in magenta and cyan respectively. The N- and C-terminal 

residues of polypeptide segments in each domain are labeled.
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Figure 3-3A: Conformations of the reactive site loops. Stereoscopic view of a 

superposition of the reactive site loops of both domains.
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Figures 3-3B and 3-3C: Conformation of the reactive site loops of (B), Domain I and

(C), Domain II bound to subtilisin. The solvent-accessible surface of the subtilisin 

molecules are drawn, with negatively charged residues coloured red, positively charged 

residues coloured blue and hydrophobic residues coloured magenta.

(B)
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Figure 3-4A: Interactions between subtilisin and TI-II. Stylized representation of the 

interactions between subtilisin and the reactive site loops of Domain I. Residues of 

subtilisin making Van der Waals interactions with the reactive site loops of TI-II are 

shown as blue circles as well as in some instances as parallel lines.
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Figure 3-4B: Interactions between subtilisin and TI-II Stylized representation of the 

interactions between subtilisin and the reactive site loops of Domain II, Residues of 

subtilisin making Van der Waals interactions with the reactive site loops of TI-II are 

shown as blue circles as well as in some instances as parallel lines.
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Figure 3-4C and 3-4D: Stereoscopic view of the interactions between subtilisin and (C)„ 

the reactive site loops of Domain I and (D), Domain II. Inhibitor drawn in green and 

subtilisin drawn in black.
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Figure 3-5: Stereoscopic view of simulated annealing omit maps for the active site 

regions o f subtilisin bound to (A), Domain I and (B), Domain II  Electron density maps 

were calculated after omitting subtilisin residues 64, 152 and 221, as well as the PI 

residue from the inhibitor, and refining the structure by the simulated annealing protocol, 

starting at 1000 K (19).
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CHAPTER 4:

Unbound Form of Tomato Inhibitor-H Reveals Interdomain Flexibility 

and Conformational Variability in the Reactive Site Loops1

4.0 Introduction

The crystal structure of the THI:(subtilisin)2  complex revealed that TI-II consists 

of two structurally related domains, each containing a reactive-site loop capable of 

independently binding a proteinase molecule (1). The combination of multiple inhibitory 

domains within a single PI likely plays an important function, but interactions between 

the multiple inhibitory domains within a single PI remain poorly characterized. 

Crystallographic studies of multidomain Pot II inhibitors, starting with the structure of 

the TI-II:{subtilisin)2  complex, are just beginning to suggest the importance of multiple 

inhibitory domains within a single P I

A central paradox in understanding the mechanism of proteinase inhibitors is how 

these proteins can bind tightly to proteinases in a substrate-like manner without being 

rapidly hydrolyzed like a substrate. Many structural and biochemical studies (2,3) on a 

wide range of structurally diverse Pis and their cognate proteinase have revealed a variety 

of mechanisms allowing Pis to achieve their biologically important functions. These 

mechanisms include various strategies for stabilizing the reactive site loop using disulfide 

bridges, extensive hydrogen bonding networks, salt bridges and van der Waals contacts to

1A version o f this chapter has been accepted for publication. Barrette-Ng, I ff., Ng, K.K.S., Ckemey, 
M.M., Pearce, G., Ghani, U, Ryan, C.A., and James, M.N.G. (2003) J. Biol Chem., electronically 
published on June 4, 2003 (in press). Protein purification was performed by Gregory Pearce and Dr. 
Clarence Ryan at Washington State University, and protein crystallization was performed by Maia 
Ckermy at the University o f Alberta.
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prevent hydrolysis and to promote tighter binding by reducing the loss in entropy upon, 

binding. In addition to the need for resistance to hydrolysis and tight binding, however, 

reactive site loops from broad-spectrum Pis must also retain sufficient conformational 

flexibility to allow the recognition, by a variety of proteinase active site clefts (2*7).

To further extend the earlier X-ray crystallographic structure determination of a 

ternary complex consisting of TI-II bound to two molecules of subtilisin Carlsberg (1), 

the structure of unbound TI-II has now been determined to 2.15 A resolution. Four 

copies of the unbound inhibitor are contained within the asymmetric unit of the 

crystalline unit ceil, thereby providing a unique opportunity' to examine the significant 

range of conformational flexibility present in the global structure o f the inhibitor, as well 

as in the local structure of the reactive site loops. An analysis of the range of 

conformations sampled by the four independent molecules in the asymmetric unit 

provides substantial insight into the importance of conformational flexibility between 

domains as well as within reactive site loops.
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41  Experimental procedures

4X 1 Purification and crystallization.

TI-II was prepared from transgenic tomato plants that overexpressed a 

prosystemin transgene, resulting in the synthesis and accumulation of high levels o f TI-II 

in the leaves (-1 mg/ml leaf juice). Leaves from 1000 young tomato plants were 

collected (-800 g leaf tissue) and blended with 1600 mL of a buffer containing 0.01 M 

sodium citrate, 0.5 M sodium chloride, and 0.7% sodium hydrosulfite, pH 4.3. The 

homogenate was expressed through 8 layers of cheesecloth by hand-squeezing, and the 

debris retained in the cloth was resuspended in 400 mL buffer and the mixture was 

further expressed. The combined, expressed liquid was clarified by centrifugation at

12,000 x g for 20 min. Proteins in the supernatant liquid were precipitated by adding 

solid ammonium sulfate to 80% saturation and stirred at 4° C for 2 hr. The precipitate 

was recovered by centrifugation as above. The pellet was solubilized in 600 mL water 

and the remaining debris removed by centrifugation. The resulting solution was placed in 

a flask and immersed in a boiling water bath with stirring until the temperature of the 

liquid was 70° C. The contents o f the flask were then cooled rapidly in an ice bath to 

room temperature and the precipitated proteins repelleted by centrifugation. The solution 

was dialyzed overnight at 4°C against 0.01 M Tris, 0.10 M KC1 buffer, pH 8.1. The 

retentate was passed through a 3 cm x 12 cm column containing chymotrypsin-Sepharose 

CL4B affinity resin (8) that had been equilibrated with the buffer. The column was then 

washed with 3 bed volumes of buffer and then with 8 M urea, pH 3, to elute the inhibitor 

proteins that were bound to chymotrypsin. The eluate was dialyzed against several 

changes of 50 i M  ammonium bicarbonate and lyophiiized and stored The preparation
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yielded about 80 mg of dry material, containing about 24 mg TI-II and 14 mg inhibitor I. 

TI-II protein was purified to homogeneity using reverse phase HPLC. A Yydac 

(Hesperia, CA) 218TP510 €18 semi-preparative column (10 x 250 mm, 5 micrometers, 

300 A) was employed using a 90 min gradient of 0-60% acetonitrile In 0.1% TFA. TI-II 

eluted as a single peak at 53 min. The yields of inhibitor from this step were nearly 

quantitative. TI-II protein obtained was homogeneous as judged by SDS-PAGE (data not 

shown).

Crystals were grown at room temperature by the hanging-drop, vapoiff-diffusion 

method by mixing 2 pL of a 1 mM solution of TI-II and 2 pL of 7 % (w/v) PEG 10000 

and 50 mM ammonium sulphate. Small crystals grew within one to two weeks. 

Macroseeding was used to produce crystals with typical dimensions of 0.2 x 0.1 x -0.05 

mm The crystals belonged to space group C2 with cell dimensions a ~ 58.31 A, b ~ 

105.94 A,c  = 81.35 A, a  = 90°, p = 104.14° and y = 90°. The VTO for four TI-II molecules 

(13,500 Da) per asymmetric unit is 2.26 A3/Da.

4.1.2 Data collection, structure solution and refinement

Crystals used for data collection were prepared by harvesting into a solution 

identical to the crystallization solution with the addition of 5% (w/v) PEG 400 and 

equilibrating overnight against a well solution containing the crystallization solution with 

the addition of 20% (w/v) PEG 400. Immediately prior to flash freezing in a nitrogen gas 

st.rea.-m at 100 K, the crystals were briefly transferred into a cryoprotectant solution 

identical to the crystallization solution, with the addition of 25% (w/v) PEG 400. Data 

were measured from a ADSC Quantum-315 CCD detector using 0.97 A wavelength 

radiation at beaiuime 9-2 (Stanford Synchrotron Radiation Laboratory). Data were
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recorded as 180 1° oscillations at a ciystal-to-detector distance of 250 mm and processed 

using the HEX suite of programs (9). Intensities were converted to amplitudes using 

TRUNCATE ( 10).

The solvent content of the unbound inhibitor crystals was calculated to be 59%, 

45% or 32% if three, four or five copies o f TI-II were present in the asymmetric unit, 

respectively. Molecular replacement searches were performed using BEAST (11) and 

CNS (12). The structure of TI-II from the XI-II:(subtilisin) 2  complex (PDB code 10YV), 

with all the side chains and temperature factors retained, was used as the search model for 

molecular replacement calculations. Cross-rotation functions calculated using data to a 

maximum resolution of 3.5 A in BEAST (11) gave two solutions (log-likelihood-gain 

scores o f 23.0 and 21. 1). Each rotation function solution was used to calculate a 

translation function using data to a maximum resolution o f 3.5 A, each yielding one clear 

solution (log-likelihood-gain scores of 22.5 and 14.9). Using CNS (12), the two solutions 

were subjected to Patterson correlation refinement and the relative orientation of the two 

solutions was determined using a translation search, followed by rigid body refinement 

(R-factor of 0.51). A third solution was identified using CNS (12) by carrying out 

Patterson correlation refinement and translation searches on other high-scoring solutions 

from the cross-rotation search. The three solutions were subjected to rigid body 

refinement, yielding a R-factor of 0.46. The fourth solution could not be identified using 

Patterson correlation refinement and translation searches. Instead, a non-crystallographic 

two-fold rotational symmetry element relating two of the three positioned molecules was 

identified and was applied to the third molecule to generate the fourth molecule in the
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asymmetric unit. Following rigid body refinement of the four molecules, the R-factor 

was 0.42.

The electron density map calculated using the molecular replacement solution 

revealed a good fit of the model to the core regions of the inhibitor. In addition, there 

was clear electron density for the interdomain residues 74 to 85 in all four copies of TI-II 

in the asymmetric unit. Because these residues were not modeled in the structure of TI-II 

in complex with subtilisin, they were placed by manual inspection using the molecular 

graphics program XFIT (13). The N- and C-termini, and the loop encompassing residues 

101 to 105 showed the greatest variation amongst the four copies. The model was 

subjected to iterative rounds of manual model building using XFIT (13) and refinement 

against a roaximum-likelihood target using CNS (12). Further refinement of the structure 

was performed using REFMAC v. 5.0.36 (14) with individual TLS parameters refined 

separately for Domain 1 and Domain 2. Non-crystallograpMc symmetry restraints were 

not used at any point during refinement, because of significant differences in 

conformation among different copies. Residues 1 and 117 to 123 are missing from ail 

four copies of TI-II. In addition, the following residues are missing: 2 in copy B, and 

116 in copies B, C and D. 90.4 % of residues lie in the most favoured regions of the 

Ramachandran plot and 9.6 % lie in the additional allowed regions (regions defined by 

PROCHECK (15)). Additional checks on geometry were performed using 

WHATCHECK (16). Data quality and refinement statistics are given in Table 4-1. 

Figures were prepared with MOLSCRIPT (17), BOBSCRIPT (18) and RASTER3D (19). 

Analysis of interdomain interfaces as well as buried surface area calculations were 

performed using CNS (12).
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4 2  Results and discission

42.1 Global structure of the unbound form of TI-II

The structure o f unbound TI-II (Figure 4-1) was determined by the molecular 

replacement technique to 2,15 A resolution, using the coordinates of TI-II in complex 

with two molecules of subtilisin Carlsberg (1) (PDB code 10YV) as the search mode! 

(refer to Table 4-1 for crystallographic parameters). There are four copies o f TI-II 

(designated as A, B, C and D) in the asymmetric unit and the overall conformation, of 

each copy is similar in most regions to that of TI-II from the complex (1).

TI-II adopts an elongated shape with approximate overall dimensions of 50 A x 

25 A x 15 A; it consists of two stracturally-similar inhibitory domains (Domains I and II), 

Each inhibitory domain adopts the fold previously determined for the single-domain Pot 

II inhibitors (20-23) and consisting of only a small amount of regular secondary structure 

in the form of a small antiparallel p-sheet, as well as a series of polypeptide chain 

segments interconnected by four disulphide bonds. Both domains also contain one turn 

of a 3 io helix, comprising residues 30 to 32 in Domain II and residues 90 to 92 in Domain 

I  An inhibitory reactive site loop is found in each domain and these loops are positioned 

at opposite ends of the elongated molecule (Figure 4-1), thereby allowing a single 

inhibitor to bind to two proteinase molecules simultaneously.

As first deduced from the structure of PCI-I in complex with SGPB and proven by 

the structure of TI-II in complex with subtilisin Carlsberg, the sequence repeats present in 

TI-II do not correspond to individual structural domains (1,20). Instead, Domain I 

consists of the first fifteen residues and of residues 80-116, whereas Domain II consists 

of residues 18-73. Although both domains adopt the same fold, the structures of each
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domain differ in detail. The two most important structural differences between Domain I 

and Domain II are: (1) the N-termimis of the reactive site loop in Domain I lies at the N- 

termimis of the protein but in Domain II, this segment is connected by a loop to the last 

p-strand of the small p-sheet (corresponding to the C-terminus of Domain I), and (2) the 

loop composed of residues 20 to 26 in Domain II is shortened by four residues in Domain 

I and includes the only cw-peptide bond in the structure (Tyr83 to Pro84).

Domains I and II are linked together by two polypeptide segments, consisting of 

residues 16 to 17 and 74 to 79. The linker consisting of residues 74 to 79, as well as 

several adjacent residues (residues 80 to 85), appeared to be disordered in the structure of 

TI-II bound to subtilisin, because electron density corresponding to this region could not 

be detected. In contrast, in all four copies o f unbound TI-II, the entire region was well 

defined by unbiased electron density maps calculated prior to modeling the structure of 

this region. The linker region consisting of residues 74 to 79 is highly solvent exposed 

and appears to be stabilized primarily by three hydrogen bonds. It is not clear why there 

is such a dramatic change in the conformational flexibility o f residues 74 to 85 between 

the unbound and bound forms of TI-II. In the TI-II :(subtilisin)2  complex, the loop of 

subtilisin comprising residues from 158 to 164 is located adjacent to where residues 81 to 

84 of the inhibitor would be expected. It is puzzling why this region of the inhibitor 

appears to be disordered only in the presence o f bound proteinase, because it might be 

expected that the proteinase would interact with this region and possibly stabilize It.

A possible explanation for the conformational flexibility seen in the linker region 

may lie in the different orientations of Domain I relative to Domain II that are observed 

in the bound and unbound forms of TI-II DYNDOM (24) reveals a rotation (residues 17
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arid 75 as the hinge residues) of Domain II relative to Domain I of 7.4' and 8.8° when 

comparing copies A to C, and A to D, respectively. The two inhibitory domains can 

clearly adopt different orientations relative to each other, which may allow the 

multidomain inhibitor molecule to accommodate the binding of multiple proteinase 

molecules simultaneously. In the complex of TI-II with subtilisin Carlsberg, the two 

proteinase molecules are well separated from each other, but complexes o f TI-II with 

other proteinases may require slight changes in the orientation of the inhibitory domains 

to avoid steric clashes between, bound proteinase molecules.

A feature of the structure of TI-II that allows for interdomain flexibility is the 

relatively small interdomain interface. An analysis of this interface reveals that the 

interdomain buried surface area found in the unbound form of TI-II ranges from 559 to 

627 A2, which is 15 to 34% larger than that found for the bound form (487 A2). Similar 

to the bound form, the interdomain interface in unbound TI-II consists o f a small cluster 

of highly conserved hydrophobic residues (He 14, Pro 16, Tyr98, PfaelOO and Phel06 from 

Domain I; and Tyr34, Pro54 and Pro57 from Domain II), as well as Argl7 and Lys55. 

When comparing the different copies of bound and unbound TI-II, there are a number of 

changes in the positions and conformations o f residues at the interdomain interface, most 

notably Ilel4, Argl7, Pro54, Pro57 and PfaelOO. Perhaps the most striking difference in 

conformation amongst the interface residues arises in Argl7. In copies A and D, the side 

chain points towards Domain I, forming a salt bridge with G lull4 , whereas in copies B 

and C, as well as in the TI-II:(subtilisin) 2  complex the side chain extends out info solution 

(Figure 4-2). Because these two conformations place the side chains on opposite sides of 

the linker segment consisting of residues 77 to 78, it appears that a concerted
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conformational change involving the linker and Argl7 would be required to interconvert 

between the two side chain conformations.

In solution, it is likely that both bound and unbound forms of TI-II exhibit 

conformational variability in the orientation of one inhibitory domain relative to the other 

and that this conformational flexibility is mediated by slight changes in packing at the 

interdomain interface. The range of conformations as seen in different copies of both the 

bound and unbound forms of TI-II likely arises from the trapping of different solution 

conformations of the inhibitor by the crystal lattice. Table 4-2 reveals the overall range 

of conformational variability seen among the four copies o f unbound TI-II in the 

asymmetric unit and in comparison with the bound form. Globally, copies A and B 

(r.m.s.d. of 0.62 A) are similar, as are copies C and D (r.m.s.d of 0.44 A). This is also 

reflected in comparisons of Domain II by itself with r.m .s.d’s of 0.19 A and 0.24 A when 

comparing copies A and B, and copies C and D, respectively. In contrast, Domain I 

differs strikingly between copies A and B (r.m.s.d. of 0.75 A), although it is quite similar 

when comparing copies C and D (r.m.s.d. of 0.38 A).

4,2,2 Comparison of unbound TI-II with that of bound TI-II 

The overall conformation of the core of the unbound TI-II reveals no major 

structural rearrangements between the bound and unbound forms (Figure 4-3) but there 

are dear differences in the orientation of the two domains relative to one another as well 

as localized variations in the structures of several loops. Superposition of all main-chain 

atoms reveals large r.m .s.d’s among all four copies of the unbound inhibitor in 

comparison with the bound form of the inhibitor (refer to Table 4-2). A tenge motion 

consisting of a rotation of 7.5° between Domains 1 and II is revealed when comparing
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copies C and D with the bound form of TI-II A similar hinge motion, of 5° can be 

detected when comparing copies A and B with the bound form of TI-II. The structure of 

the proteinasednhibitor ternary complex suggests that proteinase binding restricts the 

orientation of the two inhibitory domains, because the proteinase molecule bound to 

Domain II can form interactions with residues In Domain I (1). In the only other 

structure o f a proteinase Inhibitor bound to multiple proteinase molecules, individual 

trypsin molecules bind to single domains of two-headed Bowman-Birk Inhibitors and do 

not appear to affect the orientation of the two Inhibitory domains (25-27). In contrast, the 

flexible orientation of the two domains of TI-II may allow the inhibitor to fine-tune its 

interactions with different proteinase molecules bound to Domain II.

In addition to differences in orientations of domains, the bound and unbound 

forms of TI-II reveal significant localized changes in the conformations of several loops. 

In particular, the loop consisting of residues 100 to 106 in Domain I, as well as the 

reactive site loops and adjacent regions In both domains show large conformational 

differences. The loop consisting of residues 100 to 106 is situated at the interdomain 

Interface and is near to residues 130 to 132 of the subtilisin molecule bound to Domain II 

in the TI-II: (subtilisi 11)2 complex. The different conformations of this loop appear to 

reflect differences in the orientation of the two Inhibitory domains as well as the presence 

o f a proteinase molecule bound to Domain I I

Although there have been many previous studies (4-7,28-30) examining the 

conformations of bound and unbound forms of reactive site loops in canonical, standard 

mechanism proteinase inhibitors, the structures o f four independent copies of unbound 

TI-II in the crystalline asymmetric unit provide a unique opportunity to examine the

103

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



range o f conformations adopted by reactive site loops of two different sequences in both 

unbound and bound forms. As in other members of the Pot II family, the reactive site 

loops axe flanked by disulfide bonds formed by cysteine residues at the P3 and P2’ 

positions (€ys3 to Cys91 and Cys7 to Cys87 in Domain I and Cys60 to Cys31 and Cys64 

to Cys27 in Domain II). These disulfide bridges are thought to hold the reactive site loop 

in a relatively rigid conformation that may help to prevent proteolytic cleavage of the 

inhibitor upon interaction with proteinases. Reduced conformational flexibility in the 

loop is also thought to enhance proteinase binding by reducing entropic loss in order to 

achieve tighter binding (4,31).

4.2.3 Conformational flexibility

As previously analyzed (1), main chain torsional angles of the reactive site loops 

in the TI-II:(subtiIisin)2  complex are quite similar to those seen in other Pis (Table 4-3), 

Although the overall conformation of reactive site loops from different inhibitors bound 

to a variety of serine proteinases is generally conserved, each proteinase substrate binding

cleft is unique. Broad-specificity inhibitors that have evolved to inhibit a wide range of 

proteinases must balance the need for flexibility in recognizing proteinases with different 

substrate recognition sites against the need to maintain conformational rigidity (6).

The range of conformational flexibility in the reactive site loops of TI-II is 

revealed by variations In main chain torsional angles, side chain retainers and hydrogen 

bonding networks In the four copies of unbound TI-II. Some o f these features underlying 

the conformational flexibility of reactive site loops have been analyzed previously (5- 

7,30). Significant changes in main, chain torsional angles are found in the reactive site 

loops from Domains I and II (refer to Table 4-3 and Figure 4-4). Most of these changes
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reflect the higher flexibility of the unbound reactive site loop. The overall path of the 

polypeptide chain is quite similar for residues P3 to P5b but numerous changes in main 

chain torsional angles cause carbonyl oxygen and amide .nitrogen atoms to occupy 

positions differing significantly from those seen in the bound form of TI-II

Particularly dramatic changes are seen in the f  angle of the PI residue and the f  

angle of the P I’ residue in the reactive site loop of Domain II (refer to Table 4-3 and 

Figure 4-5). The reactive site loop in Domain II appears to adopt two distinct 

conformations in the unbound state with copies A and B adopting one conformation and 

copies C and D adopting the other. Both of these conformations appear to differ 

significantly from the bound conformation. The change in the «p and f  angles flanking 

the scissile bond causes the carbonyl carbon to carbonyl oxygen vector of the PI residue 

to point either 45° towards (copies A and B) or 70° away from (copies C and D) Asn29. 

The PI side chain in copies A and B (%\ = -78° and %2 = -21°) adopt a similar 

conformation to that seen in the bound form of the inhibitor (xi -  -88° and X2 ~ -4°) but in 

copies C and D, the PI side chain adopts a distinctly different retainer (%i = -173° and X2 

-  76°).

4.2.4 Conformations and interactions of reactive site residues 

Side chains of other residues in the reactive site loop also adopt distinct retainers 

in the unbound form of the inhibitor. In the reactive site loop of Domain I, the most 

dramatic changes can be seen in the side chains o f the P2, PI and P F  residues. The PI 

arginine residue adopts a somewhat unusual retainer to fit into the SI pocket when bound 

to subtilisin Carlsberg (1). In the absence of constraints imposed by a bound proteinase 

molecule, this highly solvent exposed side chain adopts an extended conformation. The
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P2 and P I ’ side chains in both domains also change significantly in conformation in the 

unbound form of TI-II, resulting in. the loss of a commonly found hydrogen bond formed 

between the side chains of these two residues; this hydrogen bond is thought to confer 

stability in the reactive site loop (7). In Domain I of the unbound form of TI-II, the 

conformation of Thx4 at the P2 position is quite similar to that seen in the bound form but 

the conformation of Giu6 at the P I’ position is distinctly different. In copies A and B, 

the retainer adopted by Glu6 places the carboxylate oxygen atoms too far from Tfar4 to 

form a direct hydrogen bond whereas in copies C and D ,  a hydrogen bond can stil! be 

formed between the P2 and P I ’ residues. In Domain II, the rotamers adopted by Thr61 

(P2) and Asn63 (PF) all differ markedly from the rotamers adopted in the bound form of 

TI-II which disrupts the hydrogen bond between the P2 and P F  residues in all four 

copies o f the unbound inhibitor.

4,2.5 Interactions of reactive site (P2, PI and P P ) with core of inhibitor

A second dramatic alteration in the hydrogen bonding network stabilizing the 

reactive site loop in Domain II is also seen in the unbound form of the inhibitor. In the 

bound form of the inhibitor, a key set of interactions stabilizing the reactive site loop in 

Domain H are contributed by the hydrogen bonds between the N82 atom of the side chain 

of Asn29 and the main chain carbonyl oxygen atoms of Thr61 and Asn.63 at the P2 and 

P F  positions, as well as the hydrogen bond between the main chain carbonyl oxygen 

atom of He28 and the main chain amide nitrogen atom of Asp65. The same set of 

interactions are observed in copies A and B o f the unbound inhibitor, but in copies €  and 

D, the hydrogen bond between Asn29 and Thr61 is missing because the reactive site loop 

appears to have moved slightly farther away from the core o f Domain II. The
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corresponding interaction in. Domain I consists of a van der Waals contact between the 

side chains o f Thr89 and G!u6 replacing the hydrogen bonds donated by Asn29 in 

Domain II. This van der Waals contact is missing in ail four copies of the unbound 

inhibitor, because the side chain of Glu6 adopts different rotamers that place it farther 

from Thr89.

In addition to the many differences seen in the conformations of the reactive site 

loops of the unbound inhibitor, conformational differences are also seen in a region 

immediately N-terminal to the reactive site loop in Domain 13 consisting of residues 53 to 

59. This loop adopts a significantly different conformation in all four copies of unbound 

TI-II compared to the conformation of the bound form. This region is close to the 

interdomain interface and small changes in conformation in this loop may stabilize 

different orientations of the two inhibitory domains.

4.2.6 Comparison with inhibitors from the Potato II family

Apart from the structure of TI-II in complex with subtilisin Carlsberg (1), the only 

other crystallographic structure of a Pot II family inhibitor is the structure of PCI-I in 

complex with SGPB (20). The structure of PCI-I in complex with SGPB is very similar 

to that of Domain II in TI-II, as the two domains share 86% sequence identity (refer to 

Table 4-3). Most of the conformational changes observed between the structure of 

Domain II of TI-II bound to subtilisin Carlsberg and the unbound inhibitor structures can 

also be seen when comparing the bound form of PCI-I and the unbound forms of TI-II. 

One interesting difference between PCI-I and TI-II is the identity o f the P2 residue in the 

reactive site loop. In PCI-I and most other Pot II family Pis, proline occupies this 

position, whereas in TI-II it is occupied by threonine in both reactive site loops. In the
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bound form of TI-II, this residue forms a hydrogen bond with P F , but this hydrogen 

bond is not present in six of the eight independent reactive site loops of the unbound 

form. It has been proposed that proline at the P2 position helps to rigidity the reactive 

site loop and that threonine in the P2 position can also help to rigidify the reactive site 

loop by forming a hydrogen bond with the P F  residue (7). These two different 

mechanisms for stabilizing reactive site loop conformation may be of functional 

significance because the hydrogen bond between the threonine at P2 and the P F  residue 

can be broken in the unbound form of the inhibitor to provide additional flexibility. On 

the other hand, proline at P2 presumably rigidifles both the bound and unbound forms of 

the reactive site loops.

The structures of several single domain Pot II family inhibitors from Nicotiana 

alata have been determined by NMR (21-23). These studies reveal that the solution 

structures of Pot I! family inhibitors are similar to the crystallographically determined 

structures. The regions of «p-f space occupied by residues in the reactive site loop appear 

to be similar to those occupied in both die bound and unbound structures of TI-II and 

PCI-I. The NMR structures reveal that the atomic r .n ts .d ’s over the reactive site loop 

are significantly larger than the other regions of the inhibitor, which is consistent with the 

greater conformational variability seen in the reactive site loops of the unbound form of 

TI-II.

A highly conserved feature of the bound form of reactive site loops in many Pot II 

family inhibitors is a hydrogen bond between the side chain of the P F  residue and its 

amide nitrogen. It has been proposed that this hydrogen bond stabilizes the reactive site 

loop from proteolytic cleavage at the scissile bond immediately adjacent to the amide
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nitrogen (20,32,33). Although this hydrogen bond is seen In the bound forms of PCI-I 

and TI-II, it is missing in six of the eight reactive site loops o f unbound TI-II. The loss o f 

this hydrogen bond is consistent with MMR studies of unbound I I  to T4 (22) where this 

hydrogen bond also appears to be absent The absence of this hydrogen bond in unbound 

forms of proteinase inhibitors may provide additional flexibility to the unbound form of 

the reactive site loop that may be of importance in proteinase recognition and binding. 

However once bound, the P I’ NH to P I’ side chain oxygen (Glu, Asp or Asn) is 

important to the inhibitory nature of the domain.

4.2.7 Conformational changes In reactive site loops upon complexation: 

comparison with inhibitors from other families 

The increased conformational variability of the reactive site loops in unbound Ti­

ll is similar to that seen in other families of proteinase Inhibitors (6,7). Main chain 

torsional angles particularly at the P2 to P F  positions show greatly Increased variability 

in the unbound form of a wide range of Pis and this is also seen in TI-II (refer to Table 4- 

3 and Figures 4-4 and 4-5). A similar increase in variability in side chain torsional angles 

is also seen particularly at positions PI, P F  and P 2 \ which is also the case in TI-II. 

Surprisingly, variation at the P2 position in other inhibitors appears to be quite limited 

but in TI-II, Thr61 which occupies the P2 position In the reactive site loop in Domain II 

can adopt three different rotamers ranging over 250° in xi torsion angle space in the 

unbound form. Variation in side chain conformation at this position as well as at the P F  

position in unbound inhibitors appears to be coupled to the loss o f the stabilizing 

hydrogen bond between the P2 and P F  residues as discussed above. Dramatic changes 

in the conformations of the P2 threonine residue and the P F  glutamate residue in the
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unbound form of CI-2 (30) also accompany the loss of a stabilizing hydrogen bond 

between the P2 and P I5 residues in the bound form of the inhibitor. In contrast, smaller 

changes in conformation between bound and unbound forms are seen in other Pis, such 

as the Kazal family of Pis, where the network of hydrogen bonds and van der Waals 

contacts stabilizing the reactive site loop are preserved in the unbound form (5). 

Specifically, the hydrogen bonding network between the side chain o f Asn33 and the 

main-chain carbonyl groups of Tfarl? and Glut 9 (P2 and P I5 residues of the reactive site 

loop) are seen in both the bound and unbound forms of the ovomucoid third domain 

inhibitors.

Coordinates. Coordinates have been deposited in the Protein Data Bank (accession code 

1PJU).
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Table 4-1: CrystaliograpMc Statistics

a) Data Processing

Resolution (A) 50.0-2.15

Space group C2

Unit cell dimensions a -  58.31 A, b = 105.94 A, c -  81.35 A

a = 90°, P = 104.14°, y = 90°

Total reflections1 96074 (7412)

Unique reflections1 26506(2619)

Redundancy1 3.6 (2.8)

Completeness (%f 99.8 (99.7)

Vo 1 16.2 (4.3)

Rsym (%)1,2 7.4 (30.4)

Values for the outermost resolution shell (2.23 - 2.15 A) are given in parentheses.
aRsym = 2f,2i (|Ii(h) - <I(h)>l) / 2j,Ei I,-(h), where I;(!t) is the integrated intensity of a given
reflection and <I(h)> is the weighted mean of all measurements of 1(h).
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b) Refinement

Resolution (A) 50.0-2.15

Rwork3 0.206(0.321)
P ^Kixee 0.250 (0.399)

Number of atoms

Protein 3436

Water 175

sulphate ions 8

R.m.s. deviations from idea! geometry

Bond lengths (A) 0.008

Bond angles (°) 1.12

Avg. Temp. Factors (A2)

TI-II copy A 22.3

TI-II copy B 22.3

TI-II copy C 22.0

TI-II copy D 21.9

Sulphate ions 69.5

Water 44.8

3Rworic ~ Sj, |F(ti)0j - |F(h)c|| / Sh |F(h)oj for the 90% of reflection data used i n  refinement.
4R*ea ~ l|F(h)oi - |F(h)c|| / £h |F(ft)J for the 10% of reflection data excluded from refinement.
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Table 4-2: RMSDs of superimposed coordinates for bound and unbound forms
ofTwr

A. Global Superpositions6

Unbound TI-II Bound TI-II
Copy No. A B C D

Unbound Ti­ A 0.62 0.77 0.79 0.88
l l

B _ _ 0.88 0.87 0.86
C . _ 0.44 1.01
D - . - 0.92

B. Superpositions of Single Domain^

Unbound Ti­ A 0.75 0.33 0.42 0.71
l l

B 0.19 0.74 0.54 0.71
C 0.61 0.61 _ 0.38 0.76
D 0.57 0.57 0.24 . 0.69

Bound TI-II 0.77 0.79 0.81 0.76 -

PCI-I 0.70 0.72 0.67 0.64 0.59

c,. Superpositions of Reactive Site Loops'1

Unbound TI- A . 0.29 0.20 0.18 0.40
II

B 0.12 _ 0.41 0.30 0.55
C 1.01 1.03 . 0.26 0.36
D 0.98 1.00 0.10 - 0.49

Bound TI-II 0.61 0.62 0.78 0.75 -

PCI-I 0.68 0.71 0.70 0.67 0.37

a Only main chain atoms are included in the superpositions. All superpositions were 
performed using the program LSQMAN (34). The “Copy No.” entry refers to the 
individual copies in the asymmetric unit of the crystal.
0 452 atom pairs
e Above diagonal: Domain 1 of unbound TI-II (176 atom pairs). Below diagonal: 
Domain II of unbound TI-II (236 atom pairs).
d Above diagonal: Reactive site loop of Domain I of unbound TI-II (28 atom pairs). 
Below diagonal; Reactive site loop of Domain II o f unbound TI-II (28 atom pairs).
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Table 4-3: Main chain torsion angles of reactive site loops

P4 P3 P2 PI PI' P2* P3'
¥ fl> ¥ €> ¥ <D ¥ <E> ¥ ¥ <b ¥

a b T I-H  (1A ) -117 155 -72 167 -79 -2 -58 136 -85 115 -75 164
hUi T M I  ( IB ) -103 171 -87 6 -69 131 -84 116 -71 156
u b T I-H  (1C) -62 139 -68 161 -76 -1 -72 152 -92 111 -68 167
ubTI-n (ID) -94 147 -78 166 -78 -1 -45 141 -102 117 -80 162
nbTI-H (2A) -75 113 -136 162 -78 166 -80 -3 -58 125 -62 135 -84 113
u b T I- I l  (2B) -76 115 -139 157 -75 163 -83 0 -70 132 -63 141 ~§B 112
u b T M l (2C) -90 127 -139 135 -60 127 -64 129 -164 165 -106 120 -75 119
i i b T M  (2D) -88 126 -133 143 -68 125 -61 123 -158 166 -112 115 -67 117

bTI-n (D l) -120 147 -126 158 -62 132 -85 36 -90 156 -92 125 -77 168
bfl-n  (D2) -84 136 -134 152 -67 145 -97 49 -115 154 -81 143 -93 111

PCI-I -82 132 -137 152 -65 151 -115 51 -102 165 -95 121 -71 132
OMTKY31 -158 158 -126 147 -69 162 -119 45 -84 155 -100 115 -147 92
OMTKY32 -129 136 -131 150 -68 160 -107 32 -74 159 -113 107 -141 76

CI-2 -93 140 -133 166 -64 147 -103 34 -91 146 -106 119 -118 113
Eglin-C -76 138 -143 165 -65 151 -112 42 -96 176 -120 113 -119 115

B P 11 78 175 -77 -30 -70 156 -117 39 -88 164 -112 80 -106 122
sBBI3 -121 134 -139 145 -71 156 -95 45 -96 162 -108 97 -88 171

Ovomucoid third domain bound to Streptomyces griseus proteinase B (33).
2Ovomucoid third domain bound to a-chymotiypsin (5).
3Soybean Bowman-Birk Inhibitor bound to bovine trypsin (26).

Angles for PCI-I (polypeptide chymotrypsin inhibitor-I from potatoes), OMTKY3, CI-2 (chymotrypsin inhibitor-2 from barley), eglin- 
C and BPTI (bovine pancreatic trypsin inhibitor) were obtained from ref. (20).



Figure 4-1 A t Crystallographic structure of unbound TI-II. Ribbon diagram of unbound 

TI-II. Domain I is coloured in red while Domain II is coloured in Hue. Reactive site 

loops 1 and 2 are shown in black and green, respectively. The side chain, of the PI 

residue in each reactive site loop is drawn in black. Disulfide bonds are drawn in yellow 

and are assigned residue numbers in black.

31 |Fhei2

115

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 4-1B: Stereoscopic view of the four copies in the asymmetric unit of unbound 

TI-II. Domain I is coloured in red while Domain II is coloured in blue. Domain II of 

each copy has been superimposed using main chain atoms.
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Figure 4-2: Conformational change in linker region of unbound TI-II. Stereoscopic

view of linker residues 15 to 18 (coloured in magenta) and residues 76 to 80 (coloured in 

black) of (A) copy A and (B) copy B. Omit map electron density corresponding to Arg!7 

has been contoured at 3.4o.
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Figure 4-3: Least-squares superpositions of unbound TI-II onto bound TI-II.

Stereoscopic view of a least-squares superposition of (A) copies A and B and (B) copies 

C and D onto the structure of TI-II from the TI-II:(subti!isin)2  complex. The bound form 

of TI-II is drawn in magenta, whereas the unbound forms are coloured red in Domain I 

and blue in Domain II 

(A)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

Figure 4-4: Conformations of the reactive site loops. The reactive site loops from Domain I of unbound TI-II copies A, B, C, and

D are shown superimposed onto that of bound TI-II in panels (A), (B), (C), and (D), respectively. The reactive site loops from. 

Domain II of unbound TI-II copies A, B, C, and D are shown superimposed onto that of bound TI-II in panels (E), (F), (G), and (H), 

respecti vely. The bound form of TI-II is coloured magenta and the unbound form is coloured cyan.
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Figure 4~5Ai Variations in main chain torsional angles between the bound and unbound 

forms of TI-II in reactive site loop from Domain I  Angles from copies A and B of 

unbound TI-II are shown in blue filled circles. Angles from copies C and D of unbound 

TI-II are shown in red filled circles. Angles from bound TI-II are shown in open black 

circles.

200

■ m
. c  M
1  2
S <
.£ © 
l ' l

100

-100

-200

120

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 4-5B: Variations in main chain torsional angles between the bound and unbound 

forms of TI-II in reactive site loop from Domain II  Angles from copies A and B of 

unbound TI-II are shown in blue filled circles. Angles from copies C and D of unbound 

TI-II are shown in red filled circles. Angles from bound TI-II are shown in open black 

circles.
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CHAPTER 5:

DESIGN, CONSTRUCTION AND EVALUATION OF 

A SINGLE DOMAIN DELETION MUTANT OF 

ASCASIS PEPSIN INHIBITOR-3

5.0 Introduction

The nematode Ascaris suwn is an extremely common intestinal parasite in pigs 

and its close relative, Ascaris lumbricoides, infects over 1 billion people (1). The A. 

suwn life cycle consists of a number of stages (Figure 5-1) (2). Adult A. suum worms 

reproduce sexually and the eggs, which can remain viable for years in soil, are released 

by the female in the host’s feces. Hosts are infected through the ingestion of A. suum 

eggs. After passing through the stomach and into the small intestine of the host, the 

larvae shed the egg casings before burrowing into the walls of the small and large 

intestines. These second stage larvae enter the host’s bloodstream, go through the liver 

and enter the lungs where molting into third stage larvae occurs. Once in the lungs, the 

larvae produce irritants which make the host cough. Coughing allows the larvae to enter 

the throat where they are then swallowed. After passing through the digestive system of 

the host for a second time, the larvae reach maturity and remain in the small intestine.

Because Ascaris lives in the digestive tract of its host, it produces a large number 

of proteinase inhibitors to protect itself from digestion. A. suum produces three protein 

inhibitors of pepsin, the most abundant being pepsin inhibitor-3 (PI-3). PI-3 is a potent 

inhibitor of the gastric enzymes pepsin and gastricsin, as well as the non-gastric aspartic 

proteinase cathepsin E (K, values ~ 1 to 75 nM) (3-5).
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PI-3 consists of 149 residues and contains three disulfide bonds (4,6). The crystal 

structure o f PI-3 reveals an extended structure consisting of two domains, each 

containing an antiparallel p-sheet flanked by a single a-helix (7). In the crystal structure 

of the complex formed between PI-3 and porcine pepsin, there are three main contact 

points between enzyme and inhibitor: (1) the N-terminai p-strand of PI-3 (residues 4 to 

8) forms axitiparailel p-sheet hydrogen bonding interactions with residues 70 to 74 of 

pepsin, (2) the C-terminai polyproline helix (residues 138 to 142) forms van der Waals 

contacts with residues 289 to 294 of pepsin, and (3) the N-tenninai three residues of the 

inhibitor occupy the SF  to S3’ binding pockets of the enzyme (7). The primary 

mechanism of inhibition appears to be the sterfc blockage of substrate binding by the N- 

termirms of the inhibitor.

Remarkably, all o f the contacts between inhibitor and enzyme are restricted to the 

C-terminai domain. In addition, there are few contacts between the two domains in the 

extended structure o f PI-3. Thus, the structure suggests that if  the N-terminal domain 

(residues 11 to 69) were deleted and a new p-tum were allowed to form between the M- 

terminal p-strand and the second p-strand in the C-terminai domain, the resulting single- 

domain deletion mutant would still retain inhibitory activity against pepsin.

A single-domain deletion mutant of PI-3 that retains inhibitory activity against 

aspartic proteinases would be an attractive target for the further engineering of inhibitory 

specificity. Native PI-3 is difficult to express in recombinant expression systems, 

probably at least in part because of the presence of three disulfide bonds. The need to 

refold the protein in vitro is a serious deterrent to efforts at re-engineering the binding 

specificity of PI-3 to produce potent inhibitors of medically important aspartic
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proteinases like HIV protease, fJ-secretase, renin and various fenga! aspartic proteinases. 

Because two disulfide bonds are formed in the N-teiminal domain, deletion of this 

domain would be expected to improve the yield of properly folded protein in recombinant 

expression systems.

As a test o f the hypothesis that a single-domain deletion mutant o f PI-3 would 

retain inhibitory activity against pepsin, a synthetic gene was designed and assembled, 

the single-domain deletion mutant was expressed and re-folded, and the secondary 

structure and inhibitory activity of the deletion mutant was evaluated using circular 

dichroism spectroscopy and enzyme imbibition assays.
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5.1 Materials and methods

5.1.1 Construction of mPDAl exp ression  v e c to r

Four overlapping oligonucleotides were synthesized by Sigma Genosys (St. 

Louis, MO) to construct the synthetic gene for mPDAl (Figure 5-2). Codons were 

chosen for optimal expression of mPDAl in E. coii. Oligonucleotides were annealed and 

extended with Klenow fragment ofDNA polymerase I according to the scheme presented 

in Figure 5-3. The product from each primer extension reaction was purified from an 8% 

non-denaturing polyacrylamide gel, extracted using the “crush-and-soak” technique and 

amplified with Vent polymerase. The amplified products were gel purified from 1% 

agarose using the QIAquick Gel Extraction Kit (Qiagen, Valencia, CA) and combined to 

form the template for the final PCR amplification of full-length mPDAl. A C-terminai 

Mstidine tag was then added to the C-terminal end o f mPDAl using the following 

oligonucleotide: 5’-CGGGATCCTTAGTGATGATGATGGTGGTGGCCCTGCACGG 

TGCAAAAGCTCGG-3 ’. The Mstidine tag was inserted at the C-terminal end of 

mPBAl so as not to interfere with its interaction with pepsin, which according to the 

crystallographic structure of PI-3 (7), occurs through the N-temfinus. Full-length 

mPBAl with a C-terminal Mstidine tag was digested with restriction enzymes, and 

inserted into the BamBl-Ndel site of the expression vector pET3a (Novagen, Madison, 

WI). All molecular biology procedures were performed as previously described (8) to 

construct the mPBAl expression vector. All enzymes utilized in constructing the 

expression vector were obtained from New England BioLabs (Beverly, MA). The 

identity of mPBAl was confirmed by DNA sequencing (DMA Core Facility, Department 

of Biochemistry, University of Alberta).
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5.1.2 Expression and purification of mPI3Al

Freshly transformed overnight cultures of E. coli BL21(DE3)pLysS cells 

containing the plasmid for expression of mPBAl were added at 37°C to 1 L of Luria 

broth (LB) medium that contained ampicillin (100 fig/mL) and cWoramphenicoi (34 

pg/mL). At ODgoo = 0.5, expression was induced with isopropyl p-D-gaiactosIde (IPTG) 

to a final concentration of 1 mM. The cells were further grown at 30°C, harvested 8 h 

after induction (final ODgoo of 0-9), centrifuged, resuspended in 50 mL of buffer A (6 M 

guanidinium hydrocMoride, 10 mM Tris-HCl, 100 mM NaHaPCL, and 10 mM p- 

mercaptoethanol, pH 8.0) and centrifuged at 12,000 rpm for 30 minutes. The faigfa- 

affinity column refolding technique outlined by Zahn et a l  (9) was used with 

modifications to purify and refold mPBAl from inclusion bodies. The soluble fraction of 

the resuspended cells was incubated with gentle rocking at 4°C for 60 minutes with 15 

mL of nickel-nitrilotriacetic acid (Ni-NTA) agarose resin (Qiagen) previously washed in 

buffer A. The resulting slurry was then poured into a column and left to settle by gravity 

at 4°C for 12 hours. The unbound fraction was collected for analysis and the bound resin 

was washed with 60 mL of buffer A. The wash fraction was also collected for analysis. 

A 200 mL gradient o f buffer A to buffer B (10 mM Tris-HCl, 100 mM NaHkPCX pH 8.0) 

was then applied. Protein impurities devoid o f Mstidine tails were removed from the Ni- 

NTA resin with 40 mL of buffer C (10 mM Tris-HCl, 100 mM NaHaPtL and 50 mM 

imidazole, pH 8.0). The His-tagged mPI3Al was eluted with 50 mL of buffer D (10 mM 

Tris-HCl, 100 mM NaHfePC^ and 500 mM imidazole, pH 5.8). Purified protein was 

analyzed by SDS-poIyacrylamide gel electrophoresis, N-terminal sequencing, and 

MALDI-TOF mass spectrometry.
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5.1.3 Circular dichroism spectroscopy

Far-UV (192-250 nm) CD spectra were obtained using a Jasco 1-720 

spectrapolarimeter that was interfaced with Jasco software and equipped with a 0.02-cm 

quartz cuvette cell. For circular dichroism measurements, mPI3Al was used at a 

concentration of 0.4 mg/mL in 50 mM Tris-CI, pH 7.8, 1 mM EDTA. The percentage of 

secondary structure in the sample was estimated using the methods of Provencher and 

Glockner (10) and Venyaminov (11,12).

5.1.4 Protein homology modeling

Residues 11 to 69 inclusively were deleted from the crystal structure of PI-3 

(PDB code 1F32) (7). The Monte Carlo Simulated Annealing algorithm implemented in 

the program LPSA (13) was used to generate and minimize models of the loop 

connecting residues 10 and 70 in the deletion mutant mPBAl.

5.1.5 Enzyme inhibition kinetics

Proteinase inhibitory activity was assessed by measuring the inhibition of the 

initial rate of cleavage of a chromogenic peptide substrate (Pro-Thr-Glu-Phe-(N02-Phe)- 

Arg-Leu, Bachem) by porcine pepsin (14). The inhibition of pepsin was measured after 

preincubating the enzyme with mPISAl for 20 minutes at 30°C in 0.85 to 0.99 mL of 

assay buffer (0.1 M sodium acetate, pH 5.0). Incubation time, temperature and pH were 

chosen based on a survey of reaction conditions to optimize interactions between the 

proteinase and the inhibitor, while retaining high intrinsic activity and stability in pepsin 

(14). 0.01 to 0.15 mL of substrate (1 mM) was added to the pepsin-inhibitor mixture, 

bringing the final volume to 1 mL. The change in absorbance at 300 nm was measured 

for two minutes using a spectrophotometer (Ultrospec 2000, BioChrom Ltd.) equipped
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with a Peltier-heated cell holder set to 30®C. The initial rate kinetics were fit to a 

Michaelis-Menten model using nonlinear regression methods implemented in. Sigmaplot 

using the following equation:

V o^V JSJ/C ^ + fS])

Ki was determined by fitting data to a competitive inhibition model:

^  = v j S M i ^ c i  + IWKd + [S])
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5.2 Results and discussion

5.2.1 Design mi construction o f  a sy n th e tic  gene fo r  mPIM l

The structure of PI-3 suggests that residues 11-69 can be deleted to create a 

single-domain deletion mutant (mPBAl) consisting of residues 1-10 and 70-149. 

Although this single-domain mutant would be expected to retain all of the binding 

interfaces present in the complex of full-length PI-3 and pepsin, there are at least two 

additional problems that may impair the inhibitory activity of the deletion mutant. First, 

a new 0-tum must form to connect residues 10 and 70. Second, hydrophobic residues in 

the deletion mutant may be exposed to the solvent if  these residues lie at the interface 

between the two domains of PI-3 and pack against residues in the N-terminal domain.

To address the first concern, models o f the deletion mutant were constructed by 

deleting residues 11-69 from the structure of PI-3, and new p-tums were constructed by 

the program LPSA (13). The resulting models were inspected for distorted geometry and 

unsatisfied hydrogen bonding as possible indicators of introducing an unfavourable p- 

tum as a result of deleting residues 11-69. Several models produced by LPSA appeared 

to give reasonable turn geometry and one is shown in Figure 5-5. There are no 

disallowed main chain torsion angles in the modeled loop, and a hydrogen bond is 

formed between the amide nitrogen of Gly9 and the carbonyl oxygen of Pro 10 (Figure 5- 

6). Hydrogen bonds that stabilize the conformation of the loop axe also formed between 

the side chain hydroxyl group of Thr8 and the amino group of Lysl3, as well as between 

the carboxyiate oxygen of Asp! 1 and the main chain amide nitrogen of Met 12.

To address the second concern, a survey of exposed hydrophobic residues was 

conducted using the model of mPI3Al constructed using LPSA. Only two hydrophobic
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residues, Leu23 and Phe28 in mPBAl (Leu82 and Phe87 in PI-3), appeared to be more 

exposed to solvent as a result of deleting residues 11-69. Several different side chains 

were modeled as possible replacements for these hydrophobic residues. It appeared that 

replacing these residues with tyrosine would provide a good balance of hydrophobic 

packing and hydrophilicity to replace the roles of these hydrophobic residues without 

introducing a  new and potentially destabilizing hydrophobic surface patch in mPBAl.

Once these design considerations were evaluated, synthetic oligonucleotides 

encoding mPBAl were obtained (Figure 5-2). The sequence of the oligonucleotides was 

designed to maximize the use of the most commonly found codons in E. coli and to 

introduce restriction enzyme cleavage sites to facilitate cassette mutagenesis studies in 

the future. The overlapping oligonucleotides were annealed and the complete coding 

sequence of mPBAl was assembled using several steps of PCR and agarose gel 

purification o f intermediate products (Figure 5-3).

5.2.2 Re-folding and assessment of the folded structure of mP13M 

Although it was hoped that the reduced number o f disulfide bonds in mPBAl 

compared with PI-3 would facilitate the correct folding of mPBAl in recombinant 

expression systems, high-level expression of mPBAl in E. coli produced mostly 

insoluble mPBAl. This insoluble protein was assumed to be mis-folded and was 

solubilized in guanidinium hydrochloride and P-mercaptoethanol. The denatured protein 

was bound to Ni-NTA agarose and re-folded by passing a gradient of decreasing 

concentrations of denaturant and p-mercaptoethanol through the column. Approximately 

4 milligrams of soluble protein were recovered from 2 litres of bacterial culture (Figure 

5-4).

0 3
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The re-folded protein could be concentrated to at least 2 mg/mL. A sample was 

analyzed by MALDI-TOF mass spectroscopy to determine the molecular mass (10019.6 

Da, predicted mass of 10027.38 Da) and a sample was also subjected to Edman 

degradation to confirm the integrity of the N-termmus (TQFLF). To evaluate the 

secondary7 structural content of the re-folded protein, the sample was analyzed by far-UY 

circular dichroism spectroscopy. Comparisons of the observed spectrum with spectra 

obtained from a library of proteins with know® amounts of secondary structure (10-12) 

indicated the presence of approximately 18% a-helix, 37% fi-sheet and 20% fJ-tum, 

which compares quite reasonably with values calculated from the model of mPBAl (20% 

a-helix, 24% p-sheet and 17% P-tum) (Figure 5-7).

5.2.3 Enzyme inhibition kinetics

The ability of mPBAl to inhibit the hydrolysis of a chromogenic peptide 

substrate by porcine pepsin was evaluated using spectrophotometry. Initial rate kinetics

both in the presence and in the absence of mPBAl followed the Michaelis-Menten model 

and clearly revealed the inhibition of pepsin catalyzed peptide hydrolysis at 

concentrations of inhibitor ranging from 0.28 to 0.73 pM (Figure 5-8). The pattern of 

inhibition was consistent with competitive inhibition, but only a narrow range of inhibitor 

concentrations could be evaluated due to limitations in the sensitivity o f the assay. 

Nonlinear regression was used to fit kinetic parameters, yielding a Kt value of 0.5 pM. 

This value is dramatically higher than the Kt value of 2 nM reported for PI-3 inhibition of 

porcine pepsin (3-5).

The significantly weaker inhibition o f pepsin by mPBAl may reflect the 

destabilization of the structure o f the inhibitor caused by the deletion of the N-terminal
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domain. Alternatively, it is possible that the sample of re-folded mPBAl may mot be 

confonnationally homogeneous due to the incomplete re-folding o f denatured mPBAl. 

Preliminary gel filtration experiments suggest that a fraction of re-folded mPBAl is 

digested by pepsin, and this fraction may represent mis-folded mPBAl. If only a fraction 

of the mPDAl sample is properly folded, then the actual IQ value would be lower than 

the value obtained when assuming that the entire sample is properly folded and active.
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Figure 5-1 : Ascaris suwm life cycle. In A, Females lay eggs that are excreted in the

host’s feces. In B  and C, the egg develops into a second stage larvae. In D, insects such 

as earthworms sometimes ingest the eggs and cany the parasite. In E, pigs are infected 

through the ingestion of second stage larvae or insects. In F  through. I, the larvae travel 

through the digestive system, then to the liver and the lungs where molting occurs. 

Coughing leads to swallowing of the parasite which then, passes through the digestive 

system again to remain in the small intestine. Reproduced from (2).

/
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Figure 5-3; Schematic diagram o f A. suum mPBAl gene synthesis.
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Figure 5-4; SDS-PAGE of A. suurn mPBAl purification. Lane 1, native PI3 with 

expected molecular weight of 16.5 JdDa; lane 2, molecular weight markers; lane 3, 

mPBAl after elution from Ni-NTA resin (expected molecular weight of 10 kDa).
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Figure 5-5: Model of the structure of mPBAl. p-strands are coloured in cyan and the

a-hefix is coloured in red. The loop replacing residues 11 to 69 is marked on the figure 

as residues 9 , 10 and 11.
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Figure 5-6: Modeled structure of the loop replacing residues 11 to 69. Hydrogen

bonds are shown as green lines.
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Figure 5-7,* Far UV CD spectra obtained for mPBAl at a concentration of 0.4 r a g /m L  

in 50 m M  Tris-Cl, pH 7.8, 1 mM EDTA. The spectra was obtained using a Jasco 1-720 

spectrapolarimeter that was interfaced with Jasco software and equipped with a 0.02-cm 

quartz cuvette ceil.
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Figure 5-8; Initial rate of hydrolysis of the substrate Pro-Thr-Glii-Phe-(N02-Phe)-Arg- 

Leu by porcine pepsin in the presence of mPBAl concentrations ranging from 0 to 0.73 

jjM. Data are fit to a Michaelis Menten model using non-linear regression
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CHAPTER 6:

CONCLUSIONS AND FUTURE DIRECTIONS

6.0 Looking beyond t i e  structures

The studies undertaken in this thesis have attempted to obtain basic physical 

information about the structure and design of proteinases and their inhibitors. In the first 

part of this thesis, the serine proteinases axe studied. In particular, the viral 

chymotrypsin-Iike serine proteinase nonstractural protein 4 (nsp4) of Equine Arteritis 

Virus (EAV) is examined. To elucidate the structural basis o f proteolytic processing in 

arteriviruses, the structure of EAV nsp4 has been solved to 2.0 A resolution using the 

multiple isomorphous replacement technique (see Chapter 2).

This crystallograpMc study reveals that nsp4 adopts the smallest known 

chymotrypsin-Iike fold with a canonical catalytic triad of Ser-120, His-39 and Asp-65, as 

well as a novel a/p C-terminal extension domain (see Figure 2-1 A). Remarkably, nsp4 

adopts alternate conformations o f the oxyanion hole, which may be a novel means of 

regulating proteolytic activity. Also, nsp4 contains two p-barrel domains with the N- 

terniinal barrel containing six strands (A1 to FI) and the C-terminal containing seven (A2 

to G2). The seventh p-strand in the C-terminal P-barrel is not common in chymotrypsin- 

Iike proteinases (CLPs), and has, to date, only been reported in the structures of Sindbis 

virus core protein (1) and Semiiki forest virus core protein (2).

The most striking feature of the nsp4 structure is the presence of an additional C- 

terminal domain not found in most other CLPs. This third domain comprises residues 

156 to 204 and consists o f two short pairs of P-strands and two a-helices. The only other
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three-dimensional structure of a CLP with an additional C-terminal domain is the recently 

reported structure of a coronavirus chymotrypsin-Iike cysteine main proteinase from the 

Transmissible Gastroenteritis virus in pigs (3), Coronavimses comprise the distantly 

related second family in the order Nidovirales (4), However, unlike mp4, the structure of 

the C-terminal domain in the coronavirus proteinase is nearly twice as large at 110 

residues and is comprised of only a-helices. In addition, the linker between the C- 

termina! domain and the C-terminal P-barrel differs markedly from that found in nsp4 

due mostly to the presence of the seventh p-strand in the C-terminal P-barrel in nsp4. 

Despite the lack of sequence and structural similarity, the C-terminal domains in both 

arteriviruses and coronavimses may share a common functionality in facilitating substrate 

recognition.

Deletion mutants in the coronavirus proteinase Indicate that residues 1 to 5, as 

well the a-helicai extension domain are involved in proteolytic activity by maintaining a 

presumed substrate-binding loop consisting of residues 184 to 199 in a certain position 

(3). Similar studies on the o/p-extension domain are currently being pursued by Dr. Eric

Snijder’s group. Comparisons o f the results from these studies with those obtained for 

coronavirus main proteinase will be informative for understanding the function of the 

extra domain even though major differences exists between these two enzymes. This C- 

terminal extension domain may mediate the formation of multi-protein complexes to 

control proteolytic processing pathways critical to the viral life cycle. The structure 

determination of other members of the order Nidovirales should help to reveal the 

function of this interesting extension domain. Further studies should also concentrate on 

obtaining the structure of nsp4 in complex with substrate or an inhibitor which would
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greatly advance our understanding of proteolytic processing in arteriviruses. 

Understanding the structural details of proteolytic processing in arterivirases and other 

mdoviruses will allow for the design of novel antiviral agents.

The second part o f this thesis explores multid&mma proteinaceous inhibitors of 

serine proteinases. In Chapter 3, the ciystallographic study of the ternary complex 

between tomato inhibitor-II (TI-1I) and subtilisin Carlsberg is presented. The structure of 

tWs ternary complex was solved to 2.5 A using molecular replacement. The 1:2 complex 

of TI-II bound to subtilisin Carlsberg reveals how multidomain Pot II inhibitors can 

simultaneously inhibit several proteinases within a single complex. Each domain o f TI-II 

interacts with a single proteinase molecule primarily through the reactive site loop but 

also through secondary contacting regions mostly within the same domain (see Figure 3- 

1A). The extended conformation adopted by TI-II enables this inhibitor to form 1:2 

complexes without encountering steric clashes between the proteinase molecules. The 

ternary complex of TI-II with subtilisin Carlsberg represents the first structure of a full- 

length Pot II inhibitor. However, no electron density could be observed for the linker 

joining the two domains of TI-II. Recently, a new crystal form diffracting to higher 

resolution has been obtained for the ternary complex. Ciystallographic analysis on this 

crystal is currently underway and it will be interesting to see whether electron density 

will be present for this missing region.

Chapter 4 describes the ciystallographic structure determination of unbound TI-II 

which was solved to 2.15 A using molecular replacement. The structures of four 

independent copies o f the unbound form of the two-headed tomato inhibitor-II (TI-II) 

reveal significant conformational flexibility that may be of functional importance in the
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inhibition o f a wide range of proteinases (see Figure 4-1 A). TI-II is an integral part of the 

constitutive and inducible defensive mechanisms that protect plants from attacking pests 

(bacteria, fungi and insects). To this effect, the structure must have sufficient flexibility 

to be able to accommodate to the substrate binding clefts of a wide range of proteinases. 

High-resolution structures of TI-II in bound and unbound forms reveal that flexibility in 

the orientation of the two inhibitory domains as well as In the reactive site loops allow the 

inhibitor to achieve a balance between tight binding and broad specificity.

The structure determination of TI-II in the bound and unbound forms represents 

an initial step towards understanding how a large number of multidomain Pot II inhibitors 

utilize multiple inhibitory domains to defend plants against predation by a wide variety of 

pests. These structures provide a structural framework for the design of multidomain 

inhibitors carrying different specificities within a single polypeptide. When questions 

concerning the exact mechanism of inhibition are better answered, engineering better 

inhibitors for the purpose of controlling pests in economically important crops becomes 

more feasible.

During each growing season, It is estimated that 14% of the world’s agricultural 

production (52% In wheat, 83% in rice, 59% in maize, 74% in potato, 58% in soybean 

and 84% in cotton) is lost due to plant pathogens (5). Although chemical Insecticides are 

important for crop protection, concerns about toxicity and development of resistance in 

pests have prompted a demand for alternative, integrated pest management strategies. 

The feasibility of using Pis of the Pot II family in transgenic plants to Increase their 

resistance to pathogens is alluring and has already been examined in tobacco (6) and rice 

(7).
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Serine proteinases are the main digestive enzymes in many insect families (8-10). 

These insect families are consequently great targets for the engineering of high potency 

Pot II inhibitors. Other plant pathogens such as bacteria (e.g., Pseudomonas syringae, 

which causes bacterial speck disease in tomato (11)) and fungi (e.g., Phytophthora 

infestam which causes potato blight (12)) have also been shown to elicit the 

accumulation of TI-II in tomato plants. Proteinase inhibitors isolated from tomato were 

also reported to inhibit proteinases from Fusarmm solani (13) as well as inhibiting the 

growth of microorganisms present in soil or rotting tissues (14). Clearly, naturally- 

occurring TI-II provides an effective defence against a wide range of pathogens, and 

variants may be engineered to have higher specificity and potency against a broader 

range of pathogens.

Using the structure of the bound form of TI-II, initial modeling studies were

performed where the structure of TI-II was docked onto bovine chymotrypsin and 

trypsin. Table 6-1 summarizes the contacts observed between TI-II and the proteinases. 

Similar analyses could be performed using pest chymotrypsin or trypsin sequences. 

Several structures and sequences are now becoming available for pest proteinases (15- 

19). Future studies should focus on obtaining structures of complexes of TI-II with pest 

proteinases in order to gain a better understanding of the structural and specificity 

requirements for the engineering of better inhibitors.

The final part of this thesis concerns the design o f proteinaceous inhibitors of 

aspartic proteinases (see Chapter 5). A single-domain inhibitor was designed based on 

the structure of the two-domain pepsin inhibitor-3 from Ascaris suum (20). A model for 

the single-domain inhibitor indicated that the sequence could be expected to form a stable
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structure in the absence of residues 11-69 of PI-3 (see Figure 5-5). A synthetic gene was 

constructed using synthetic oligonucleotides and several rounds of PCS. The single- 

domain inhibitor was expressed at high levels in an insoluble form in is, coli. The 

insoluble inhibitor could be renatured, yielding an inhibitor of porcine pepsin with Kt of

0.5 pM. Inhibitory activity is retained in the absence of the N-terminal domain but the 

potency of the inhibitory appears to be dramatically reduced. Future work to improve the 

potency of the single-domain inhibitor could include modifying the connection between 

the N-terminal p-strand and the remainder of the P-sheet in the C-terminal domain, 

optimizing the protein re-folding protocol and further purification of inhibitor to remove 

misfolded conformers. Another avenue of research would be to explore designing novel 

inhibitory specificity in mPBAl to allow inhibition of more medically important 

proteinases such as P-secretase which is involved in Alzheimer’s disease (21) and 

cathepsin D which is involved in metastasis and breast cancer (22).
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Table 6-1: Contacts between TI-II and Proteinases. van der Waals contacts are
coloured black, side-chain hydrogen, bonding contacts are coloured red 
and main-chain hydrogen bonding contacts are coloured blue.

(A) Reactive-site loop of chymotrypsin-binding domain

T i-n Subtilisin Chymotrypsin

P6 P57 Y104, S130 5217, S221, T224
P5 NS8 SI©!, G102 S218
P4 A59 L96,1107, G127 W215, ¥227
P3 C60 G127 S217, S218, G216
P2 T61 D32, T33, H64, L96
PI F62 A152, N155, T22, S221, S I89, SI90, C191, M l92, ¥213,

S125.N155 G216. S217. C220. S214. G193.
P I5 N63 H64, S221 SI 95
P2’ C64 F189, N218 F39, H40, F41, T1S1, G193, F41

(B) Reactive-site loop of trypsin-binding domain

T i-n Subtilisin Trypsin

P4 A2 1107. G102 W215, G216, S217
P3 C3 G127 G216
P2 T4 D32, T33, H64, L96, G100 H57, L99, S195, S214,W215
PI R5 L126, G127, G128, A152, SI90, G219SC220, S214,

G154, N155, G166, A153, C191, Q192, V213, W215
3125, T220

P F E6 N155, N218, S221 C42, H57, S195
P2’ C l 19155, N218 F41
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{ € ) S e c o n d a ry  binding interfaces

TI-II Subtilisin Chymotrypsin Trypsin

F12 Y167,
K170

¥17, Ml 8, G187, ¥188, S221, 
'7222, S223

114 ¥17, N145, ¥146, T219, €220
C15 R145, ¥146
C27 N155,

F1S9
T151, MI92, G193

128 L143, Y146, M192
S32 S217, S218, M l 92, T219
G33 ¥146, S218
Y34 A129 ¥146, T219, Y146
Y39 Y146
S52 T219, S218
C87 N155, 

FI 89
Y151, Q192, G193

C91 S101 T149, ¥151
T92 Q192
Y94 S146, SI47
F100 S130 S221,1222, S223
D103 K136,

Y171
¥171, A 185

G104 A! 85, T222
K105 S223
F106 S223
PI 15 S146, SI47, Q221
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