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binding « > I to papain. Such manipulations of the inhibitor structure may also give some insight into the
interactions of cystatins in the amino-terminus. Furthermore, should the inhibitory activity of this ‘hybrid

oryzacystatin’ be enhanced, it could improve its potential as a possible biocontrol agent in plants.
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The experimentally determined structures of the cystatins (Bode et al., 1988; Stubbs et al., 1990) suggest that
the conserved Gly’ residue may confer some flexibility to the amino terminus. Despite the conserved regions
in the cystatins, there are also regions of high variability. These are often the site of modifications, for
example, phosphorylation found on Ser® in chicken cystatin (Dieckmann et al., 1993) and glycosylation found
in the kininogen domains (Kellermann e? al., 1986).

As mentioned previously (section 2.3), cystatins (family IT) have a second helix (amino acid residues 69 - 91 in

chicken cystatin), while stefins have a strand. Other differences between these two families are as follows:

e the stefins do not contain the two disulphide bonds found in the family II cystatins.

e the carboxy-termini of the stefins (family I cystatins) often extend beyond those of the cystatins in family
IT by 9 residues.

e compared to the family I cystatins, the family II cystatins have much longer N-terminal regions. The

conserved glycine in these cystatins is often preceded by some 10 amino acid residues.

2.5 The Functions of the Cystatin Binding Loops

A number of substitution and deletion experiments have been carried out in order to establish
structure/function relationships between the different regions of the cystatins and their inhibitory activity.
These have identified the amino-terminus, the first hairpin loop and the second hairpin loop as the most

important regions.
2.5.1 Importance of the Amino-Terminus

Although it has been estimated that 36 - 40% of the binding energy in the formation of the complex between
chicken cystatin and papain is contributed by the N-terminal residues (Martin et al., 1994; Lindahl et al.,
1992), the importance of the N-terminus in the binding of members of the cystatin superfamily to their cognate

enzymes remains a controversial issue that has yet to be resolved.

A survey of the literature has shown that the family I and II cystatins interact differently with their cognate
enzymes so that the relative importance of the different binding region varies. For this reason, the different
families are affected to different degrees by modifications of their amino terminus and a separate discussion of

the family I and IT cystatins is indicated.
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1. Importance of the N-terminus in Family I Cystatins

The best characterised representatives of this family are stefins A and B (Barrett ef al., 1986; Turk & Bode,
1991). Despite the fact that NMR analyses of the structure of stefin A (Martin et al., 1995; Tate ef al., 1995)
have shown a number of similarities in the overall pattern, amino acid substitution and deletion experiments in

the N-terminus of stefins A and B have very different effects on the inhibitory activity of these proteins.

In experiments with stefin A, deletion of the first eight residues (Shibuya et al., 1995) or the first six residues
(Pol et al., 1995) from the N-terminus led to complete inactivation of the inhibitor when tested with papain or
cathepsin B. Truncation of the first two residues caused no change in activity against papain, whilst deletion
of Pro’ led to inactivation of the inhibitor (Shibuya et al., 1995). Substitution experiments, on the other hand,
in which Pro’ was replaced with small amino acids such as leucine, had no-effect on inhibitor activity. This
suggests that, while an amino acid residue in this position is important for the functioning of the N-terminus,
the proline residue is not required for turn formation or main chain rotation but is important for the contacts it
provides with the proteinase (Shibuya et al., 1995). Studies carried out on a truncated N-terminus of cystatin-
o from rat epidermis showed similar results to those found with human stefin A (Takeda et al., 1985). This is

not surprising, since these two cystatins are highly related (Barrett et al., 1986).

Shibuya et al. (1995) have used 2D ""N-"H HSQC NMR spectra to study further the effects of amino-terminal
truncation on stefin A. Four-residue truncation of the amino-terminus was found to cause changes in the
conformation of the V¥’ and V* residues that make up part of the conserved QVVAG region of the first
hairpin loop. The authors concluded therefore, that N-terminal truncation may cause a conformational change
in the first loop which in turn, may also cause a conformational change in the second binding loop. The
resulting lack of sufficient contact between the hairpin loops and the proteinase would severely affect
inhibitory activity. The N-terminus of stefin A must therefore contribute to both the contact with the
proteinase and maintain the conformational integrity of the tripartite wedge of the inhibitor.

Elongatioil of the N-terminal region of stefin A had only a minor effect on the affinity of the inhibitor for
papain and cathepsin H (Pol et al., 1995). These findings are contrary to results obtained with stefin B where
elongation of the N-terminus resulted in weaker binding to cathepsin H (Jerala ef al., 1994). Pol et al. (1995)
suggested that this was due to the fact that the N-terminal regions of the two stefins interact with cathepsin H

in different ways.

Oryzacystatin differed from stefin A in that the amino-terminal truncation of the first 21 residues had little or
no effect on the inhibition of papain (Abe et al., 1988). Similarly, the removal of the N-terminal residues from
stefin B resulted in little change in inhibitory activity (Jerala et al. 1990). However, Stubbs et al. (1990) have
shown from X-ray crystallographic data of stefin B that Met® and Ser’ (Ser® had been substituted for Cys® in
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the crystal structure protein because of possible reactivity of the Cys® side chains), are responsible for most of

the contacts with the proteinase in the N-terminal region.

Thiele et al. (1990) made several truncated forms of stefin B. Removal of the first two amino acids and the
substitution of Cys® with a hydrophobic phenylalanine did not significantly change the inhibition constants.
The introduction of a negatively charged glutamic acid in place of the Cys’, on the other hand, increased the K
for both papain and cathepsin B (Thiele ez al., 1990). The glutamic acid obviously interfered electrostatically
with both the active-site cleft of the proteinase. These authors suggested, therefore, that it is electrostatic
interactions which are important in the contacts of stefin B at the amino-terminus. It thus appears that only

certain residues can be accommodated at the contact area with the proteinase.

Since the effect of N-terminal truncation of the different stefins are inconsistent, many believe that the main
contact area of stefins with their cognate enzymes comes from the first (QVVAG) binding loop with the N-
terminal ‘trunk’ helping to pilot the inhibitor into the active site cleft following binding to the enzyme (Stubbs
et al., 1990; Thiele et al., 1990). This would imply that the N-terminus is flexible and Martin et al. (1995)
have indeed shown, by NMR, that the N-terminus of free stefin A does not populate any single conformation
to a significant degree but changes its conformation on binding. Jerala (1992) also suggests that the
conformation of the N-terminal residues of free and bound stefins differ. It seems, therefore, that the N-
terminal ‘trunk’ of stefin A bends and aligns itself to the groove of the enzyme upon binding to the proteinase
so helping to ‘anchor’ the inhibitor. The contribution of the amino-terminus of stefin B to binding in this
region is, however, negligible (Jerala, 1992). This may explain why truncation of the N-terminal parf of stefin
B does not weaken binding to the enzyme.

Tate et al. (1995) have used the differences between the inhibitors to propose a basis for the classification of
the cystatins. They argue that cystatins can essentially be divided into two groups. Those in group I include
cystatins such as oryzacystatin and stefin B that do not require the N- and/or C-terminal segments to maintain
the active conformation of the first hairpin loop. Those in group II, on the other hand, such as stefin A, do
require both the N- and C-termini. In the case of stefin A, for example, truncation of a few residues after Pro’
from the N-terminus would cause the N-terminal peptide segment to pull apart from the C-terminal region thus
causing a change in the conformation of the first hairpin loop (Tate et al., 1995). In the case of stefin B (Jerala
et al., 1991) and oryzacystatin 1 (Abe e al., 1988) where the N- and C-terminal interactions are not required to
maintain their active conformation, these deletions are without effect. Further experiments are needed to
determine the validity of this theory, especially since there is now conflicting evidence on the effect of N-

terminal truncation of oryzacystatin (Abe et al., 1988; Urwin et al., 1995b).
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2. Importance of the N-terminus in Family II Cystatins

The function of the N-terminus of family II cystatins has, as in the case of the family I cystatins, been
elucidated by inhibition experiments with N-terminally truncated forms of the inhibitor. Detailed analyses of
the N-terminal segments of chicken cystatin and human cystatin C indicate that, when family II cystatins
inhibit their target proteinases, residues near the N-terminus bind in a substrate-like manner to one or more of
the unprimed substrate-binding subsites in the enzyme. The experimental results indicate that the specificity of
different cystatins for the different cysteine proteinases is partially determined by the residues present in this

area of the enzyme (Bjork et al., 1994).

Chicken cystatin has been shown to form complexes with cysteine proteinases even after their catalytic sites
have been inactivated by bulky active-site-directed reagents (Anastasi et al., 1983). Keilovda & Tomasek
(1974) showed that a complex could be formed between chicken cystatin and cathepsin B even if the free SH-
group of the catalytic site was blocked with mercury. These findings raise the possibility that, in the complex,

the surface of the proteinase and inhibitor are not closely associated in the region of Cys®’ (papain numbering).

Truncation of chicken cystatin from its full length (N-terminal serine) to the truncated form beginning with
Leu’, causes no change in the inhibitorv activity ( Maéhleidt et al., 1989). Truncation beyond Leu®, leads to an
approximately 5000-fold lower affinity for papain (Machleidt et al., 1989). Truncation of chicken cystatin
beyond Gly’, on the other hand, caused no further loss of inhibitory activity. Thus, Gly® and residues 1 to 6
account for a substantially smaller portion of the binding energy than do the two leucine residues (Auerswald

et al., 1995).

Bode er al. (1988) claimed that the functional importance of Leu® stemmed from its interaction with the S,
subsite of papain. Lindahl et al. (1992) showed that this residue only contributes approximately one-third of
the unitary free energy of binding of the N-terminal region of cystatin to papain. Leu’, on the other hand,
contributes a larger portion of the binding energy (Lindahl ez al., 1992). The general consensus (Machleidt e?
al., 1989; Abrahamson et al., 1991; Lindahl et al., 1992; Bjork et al., 1994) is therefore, that Leu’ and Leu® are
important for interactions of the N-terminus, while residues N-terminal to Leu’ stabilise the interactions
between the enzyme and the inhibitor. These results are in accord with the X-ray studies on chicken cystatin
which show that the N-terminus is flexible. Removal of this region shows no alteration in the 3-D
conformation of the rest of the protein (Bode et al., 1990) and the loss of affinity following truncation is due.to
the loss of contacts in the N-terminal region. The N-terminus thus contributes to stability by keeping the

inhibitor anchored to the proteinase and thereby reducing the rate of dissociation (Bjork ez al., 1994).

The function of the N-terminal segment of chicken cystatin is not entirely straightforward in the sense that the
effect of its removal depends upon the structure of the active-site region of the proteinase with which it is

interacting. Thus the reduced affinity after N-terminal truncation of chicken cystatin is due to either a
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decreased association rate constant or an increased dissociation rate constant, or both, depending on the target
enzyme (Bjork et al., 1994). For example, the decreased affinity of N-terminally truncated chicken cystatin, is
due to an increased dissociation rate constant in the case of papain, to both a decreased association constant
and increased dissociation rate constant for actinidin, and finally, to a decreased association constant for
cathepsin B. The differences between papain and actinidin may be due to the fact that these enzymes differ in
their S; subsites (Drenth et al., 1971) and may thus bind the N-terminal regions of cystatins differently. In the
case of cathepsin B, the presence of the occluding loop causes collision around Trp'™ in chicken cystatin

which prevents close contact of this residue with the active site of cathepsin B (Bjork et al., 1994).

Truncations and substitutions in the N-terminus of cystatin C have also been extensively studied (Abrahamson
et al., 1991; Hall et al., 1993; Lindahl et al., 1994; Hall et al., 1995). As with chicken cystatin, it appears that
the N-terminus of this inhibitor makes an important contribution towards its inhibitory activity. For example,
truncated forms of human cystatin C starting with Leu’ and Val'® before the conserved Gly"' (Gly’ in chicken
cystatin) has the same affinity for papain as the full length sequence. However, a truncated form starting with
Gly'? is a 1000-fold weaker inhibitor (Brzin, 1984).

The glycine residue (Gly'' in cystatin C and Gly® in chicken cystatin) is highly conserved in the family II
cystatins and in the other cystatin families. Experiments that have replaced the evolutionary conserved Gly'!
residue with different amino acids (Hall ef al., 1993), even those with small side-chains such as a serine or
alanine have shown decreased affinities for papain, cathepsin B and ficin (Lindahl et al., 1994). Substitutions
with bulky side-chains had the same effect. This further confirms the hypothesis that the conserved glycine
residue, by conferring flexibility on the N-terminal region of the inhibitor, allows maximum interaction
between this segment and the substrate binding pockets of the target enzyme. The glycine residue that is

similarly conserved in family I is also responsible for flexibility of these cystatins.

Despite the findings that truncation of the N-terminus affects the binding of chicken cystatin to the
endopeptidases, Nicklin & Barrett (1984) showed that the N-terminus of chicken cystatin makes no
appreciable contribution to the inhibition of the exopeptidase, dipeptidyl aminopeptidase I (cathepsin C).
Thus, the N-terminal contact region of cystatins seems to be indispensable for effective inhibition of cysteine

endoproteinases, but not for the inhibition of the exopeptidase cathepsin C.

In conclusion, it appears that in the family II cystatins, the conserved glycine residue, as well as one or two
residues preceding this glycine, are responsible for the tighter binding of cystatins to papain. The amino
terminus may be important in family II cystatins to compensate for less favourable contacts made in the hairpin
loops such as the QLVSG sequence in chicken cystatin, for example. Family I cystatins (with the exception of
stefin A) can be truncated to only one residue before the glycine residue without loss of activity (Machleidt ez
al., 1989). Furthermore, in the case of both the cystatins and the stefins, the amino terminal residues have

distinct but differing effects on the binding to papain, actinidin, ficin, and the cathepsins B, H and L.
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Cathepsin L is perhaps the most sensitive proteinase to changes in the N-terminal region of cystatins
(Auerswald et al., 1995). It can thus be concluded that the importance of the N-terminus may depend on the

cysteine proteinase and thus the amino acid residues involved in the contacts with the inhibitor.

Table 2.1 gives a summary of some of the mutation experiments reported in the literature, and the K; obtained

with different cysteine proteinases as a result of these mutations.
2.5.2 Variants of the First Hairpin Loop

X-ray analysis of chicken cystatin has revealed three contact regions between the inhibitor and papain. The
most important of these is the first hairpin loop containing the QXVXG region that has been shown, by
sequence alignments, to be highly conserved and therefore involved in the inhibitory activity of the protein
(Barrett ef al., 1986; Abrahamson et al., 1987; Turk & Bode, 1991). Experimental results using site-directed

mutagenesis have for the most part, established the validity of this conclusion.

Studies on papain have shown that this enzyme does not have a binding pocket that is selective and specific for
the QXVXG sequence of the inhibitor as there is no specific interface for this arrangement of amino acids
(Yamamoto et al., 1992). It is rather the hairpin loop structure that this sequence contributes to the tertiary
structure of the inhibitor that is important. Most of the binding energy comes from the tight interaction of the
first hairpin (QVVAG) loop with the S;-pocket of the enzyme (Thiele et al., 1990 ).

Of the amino acids in the first hairpin loop, the most highly conserved are GIn> (which forms a H-bond with
Gly’® of the N-terminus), Val®® and Gly”’ (chicken cystatin numbering, see Figure 2.5). Mutations in any of
these positions results in a reduced affinity for the cysteine proteinases by up to three orders of magnitude
(Turk & Bode, 1991). The extent to which substitfutions in any of these regions affects inhibition is very much

dependent on the various cysteine proteinases.

Nikawa et al. (1989) probed exchanges in this conserved region by replacing the QVVAG of cystatin A with
KVVAG or QVTAG. They found that these replacements did not significantly affect the inhibitory activity of
cystatin A towards papain or the cathepsins B, H and L. In the case of Oryzacystatin I, on the other hand,
substitutions of Pro and Leu for Q™ and G*' respectively or Asp for the second Valine (V %) resulted in an
increase in the K; (Abe ef al., 1991). It has been suggested (Bjork et al., 1995) that the increased K; from

variations in the QVVAG region are mainly due to an increased dissociation of the complexes.
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Table 2.1: Summary of mutation experiments reported in the literature and the effect on the K;

Sequence * K; (nM)
Papain | Cathepsin | Cathepsin | Cathepsin B Reference
H L
Family I Cystatins I
Human Stefin A
MIPGGLSEAKP... | 1.2 ND ND 17.7 Shibuya et al., 1995
IPGGLSEAKP... | 2.45 ND ND 20.5 Shibuya et al., 1995
GLSEAKP... | 414 ND ND ND Shibuya et al., 1995
LGGLSEAKP... | 6.35 ND ND 293 Shibuya et al., 1995
Human Stefin B
MMCGAPSATQ... | 0.12 ND ND 73 Barrett ef al., 1986
LLCGAPSATQ... | 0.004 ND ND 113 Thiele et al., 1990
LLFGAPSATQ... | 0.005 ND ND 273 Thiele et al., 1990
LLEGAPSATQ... | 0.120 ND ND 881 Thiele et al., 1990
SATQ... | 0.008 ND ND ND Thiele et al., 1990
CGAPSATQ... | 0.010 ND ND ND Thiele et al., 1990
 Family I Cystating |~ |~ o [ PR
Chicken Cystatin '
SEDRSRLLGAPVPVDEND... | 0.006 ND ND 4 Bjork et al., 1994
AEFMVPVDEND... | 166 ND 1.6 > 20000 Auerswald et al., 1994
GAPVPDEND... | 12 ND ND 1800 Bjork et al., 1994
LLGAPVPDEND... | 0.05 ND ND ND Lindahl et al., 1992
LGAPVPDEND... | 0.12 ND ND ND Lindahl et al., 1992
GAPVPDEND... | 33.9 ND ND ND Machleidt et al., 1989
APVPVDEND... | 31.6 ND ND ND Machleidt et al., 1989
_Cystatin C
SSPGKPPRLVGGPMDASVEE. | 0.0011 ND ND 0.3 Bjork et al., 1994
SSPGKPPRLVGGPMDASVEE. | 0.0011 ND ND 0.28 Lindahl et al., 1994
SSPGKPPRLRGGPMDASVEE. | 0.13 ND ND 4.2 Lindahl et al., 1994
SSPGKPPRLVAGPMDASVEE. | ND ND ND 8.1 Bjork et al., 1995
SSPGKPPRLVEGPMDASVEE. | 1.7 ND ND 18000 Bjork et al., 1995
SSPGKPPRLVWGPMDASVEE. | 0.8 ND ND 9600 Bjork et al., 1995
GGPMDASVEE. | ND ND ND 1.3 Bjork et al., 1995
GGPMDASVEE. { ND 2.15 2.11 101 Abrahamson et al., 1991
SSPGKPPGLVGGPMDASVEE. | ND 0.27 <0.01 1.9 Hall et al., 1995
SSPGKPPRGVGGPMDASVEE. | ND 0.01 <0.01 46 Hall et al., 1995
SSPGKPPRLGGGPMDASVEE. | ND 10 <0.01 500 Hall et al., 1995
SSPGKPPRLVAGPMDASVEE. | 0.024 ND ND 4.4 Hall et al., 1993
SSPGKPPRLVSGPMDASVEE. | 0.077 ND ND 14 Hall et al., 1993
SSPGKPPRLVWGPMDASVEE. | 2.4 ND ND >50 Hall et al., 1993
SSPGKPPRLVEGPMDASVEE. | 3.5 ND ND >50 Hall et al., 1993
SSPGKPPRLVRGPMDASVEE. | 3.8 ND ND >50 Hall et al., 1993
GGPMDASVEE. | 29 ND ND 13 Hall et al., 1993

* The above K; determinations were carried out using Z-Phe-Arg-AMC as the substrate in the case of papain and the
cathepsins B and L. The substrate Arg-AMC was used for cathepsin H.
Amino acids shown in bold and underlined represent changes made by mutation experiments.

ND = not determined.
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Peptide inhibitors that mimic the QVVAG loop of cystatin surfaces have been synthesised (Lalmmach et al.,
1993; Serveau et al., 1994). These were shown to retain significant inhibitory activity towards papain.
However, the inhibition by this QVVAG peptide was time dependent. Peptide backbone cleavage was found
to occur at the A-G bond following long incubation with papain whereas the QVVAG sequence is not cleaved
in the natural inhibitors. This may be due to the particular spatial conformatioh of this sequence within the
natural cystatin structure (Lalmanach et al., 1993; Serveau et al., 1994).

It is clear that the first hairpin loop is extremely important in the binding of cystatins to their cysteine

proteinases. This loop may contribute most of the free energy of binding.
2.5.3 The Second Binding Loop

In comparison with the N-terminus or the first binding loop, relatively little is known of the importance of the
second hairpin loop for the stability of the molecule or its contribution to inhibitory activity. It is however,
generally believed that all three regions must contribute to the “overall fit” of the inhibitor into the active site

~

cleft of the enzyme.

14 (chicken cystatin

The second binding loop, like the first is quite hydrophobic in nature. Pro'® and Trp
numbering) are well conserved in the family II cystatins and in the third domain of the kininogens (Kellermann
et al., 1986) suggesting that they are functionally important. No counterpart to this conserved region has been
- found in stefin A. In fact, stefin A and rat cystatin o are devoid of any aromatic amino acids in their second

binding loop, whereas most of the other cystatins have a his/trp residue on this loop (Bode et al., 1988).

Support for the contribution of the second hairpin loop to the function of chicken cystatin was obtained by
Nycander & Bjérk, (1990) who modified Trp'® with a 2-hydroxy-5-nitrobenzyl group and showed that the
product had a 100,000-fold lower affinity for papain than the intact inhibitor. '

Similar results were obtained for oryzacystatin I, where substitution of amino acids in the second binding
region resulted in a significantly higher Ki value, indicating the importance of this region for the inhibition of
proteinases (Urwin et al., 1995). Complete loss of the second hairpin loop of oryzacystatin i.e. a large deletion

at the carboxyl-terminus, also resulted in weaker inhibitory activity (Abe ef al., 1988).

Despite the importance of the second loop, mutations in this region have been shown to have a significantly
lower effect on the stability of the molecule and on the affinity for proteinases than mutations in the N-
terminus or the first hairpin loop (Auerswald ef al., 1992;. Auerswald et al., 1995; Stubbs et al., 1990). On the
other hand, Trp'® of chicken cystatin and the N-terminus have been shown to be equally important for the
inhibition of cathepsin S, whereas Trp'® is more important than the N-terminus in the case of cathepsin H and

less important for cathepsin L (Hall et al., 1995; Auerswald et al., 1995).

4
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These results further support the observation that modifications of the inhibitors have effects that differ
depending on the enzyme that is used to test them. Binding to cathepsin B has been shown to be even more
affected by insertion of a ‘wrong’ second hairpin loop than variations in the first loop (Auerswald et al., 1995).

This is due to steric collision with the occluding loop of cathepsin B.
2.5.4 Studies Involving ‘Whole Cystatin Region’ Substitutions

Relative to the substitution and deletion experiments, very little has been done with whole sequence
replacement of cystatin binding areas. Those experiments which have been carried out have yielded
interesting results. When, for example, stefin B was used as the master protein onto which different blocks
similar either to cystatin C or kininogen were ligated (Jerala e? al., 1994), both amino termini were longer than
that of the original stefin B and both substitutions introduced an ionic residue. The affinity and kinetic
properties of these hybrid stefins was nevertheless found to be largely unaffected for papain and cathepsin L.
These modifications did not improve inhibition of cathepsin B, which is only moderately inhibited by stefin B,
and inhibition of cathepsin H was found to be weaker than that of the original stefin (K; 0.14 nM and 0.9 nM
compared to 0.02 mM for wild-type stefin B) and approached that of human cystatin C (0.28 nM) and the
second domain of human kininogen (1.2 nM). Most differences that were bbserved could be ascribed to a
decrease in association constants of both mutants, indicating that the rate of complex formation is altered by

adding a charged group to the amino terminus (Jerala et al., 1994).

Auerswald et al. (1996) substituted the N-terminus as well as the first and second hairpin loops of chicken
cystatin for the corresponding regions of human kininogen domain 2 in a single and combined manner. The
characteristic feature of this second kininogen domain is that it'can inhibit calpain (Miiller-Esterl ef al., 1986;
Bradford et al., 1993). Temporary inhibition of calpain was achieved with hybrids carrying the N-terminus of
kininogen alone and with those carrying both the N-terminus and the first hairpin loop. Hybrids of the second
loop were weaker inhibitors of calpain. This suggested, therefore, that the N-terminus and first hairpin loop
play the most important role in the calpain inhibition by human kininogen domain 2.

In this project, the N-terminus of oryzacystatin was substituted for amino acid residues from the N-terminus of

chicken cystatin. The effects of the substitutions on oryzacystatin inhibition of papain have been investigated.
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2.5.5 General Conclusions

It can perhaps be concluded that both hairpin loops, as well as the N-terminal trunk of the inhibitor complex,
contribute to complex formation. The first hairpin loop possibly maintains its conformation so as to fit
properly into the active site cleft of the enzyme. The N-terminus and the second hairpin loop, which often
have weaker contacts with the proteinase, adopt a conformation which stabilises the interactions between the
first binding loop and the enzyme (Tate ef al., 1995). In fact, the importance of ‘correct conformation’ of the
hairpin loops for binding has been shown (Machleidt et al., 1995). In these experiments, papain activity was
only transiently inhibited and reappeared with time. This was found to be due to a selective cleavage of the
Gly’- Ala'® bond in the N-terminal region of chicken cystatin (Machleidt et al., 1995) and the Gly''- Gly"
bond in cystatin C variants (Grubb et al., 1990). This resulted in truncated inhibitors with lowér affinities.
These results suggest therefore, that distorted contacts of one of the hairpin loops affects the binding of the N-
terminal contact area. Covalent interaction of the Gly-Ala or Gly-Gly bond with the active site cysteine
residue of papain can thus occur, and the bond is cleaved in a substrate-like manner (Machleidt et al., 1995).

This is the so called ‘trunk model’ shown in Figure 2.6 (from Machleidt et al., 1995).

@/y papain + cystatin {\A@

“inhibitor-like” binding “substrate-like” binding
s V' ' Nl

cystatin cystatin

First
Binding
Loop

C25

papain

Sa

trunk cleavage

Figure 2.6: The ‘elephant-trunk’ model showing cystatin binding to papain. Cleavage of the Gh’-Ala"’
bond is thought to occur via one of two possible mechanisms. (1) competition of inhibitor-like and
substrate-like complexes for free papain; or (2) rearrangement of the inhibitor-like conformation by

‘slippage’ in the hydrophobic environment (from Machleidt et al., 1995)



Chapter2 . Page 43

PART 2: Molecular Modelling

2.6 Aims of the Molecular Modelling

From the literature, it is clear that the regions interacting in the complex of cystatins with their cysteine
proteinases have been identified, and site-directed mutagenesis can be employed to probe the importance of
each residue or region for inhibition. The aim of the molecular modelling was two-fold:
o To determine a possible structure for oryzacystatin.
¢ By studying the structures of chicken cystatin and the generated OC I model, determine which sections
of the amino terminus of OC I could be replaced by those in chicken cystatin.
¢ Having decided on the areas to substitute, determine how this new ‘hybrid’ inhibitor might interact with
papain.
Any improvement in the inhibitory capabilities of this hybrid inhibitor would be beneficial, since a long term
goal of this project is to utilise protein engineering methodology for the development of a proteinase inhibitor
which has strong inhibitory activity against physiologically relevant cysteine proteinases such as those found

in the insect order Coleoptera.

2.7. Reasons for using Papain in the Modelling Studies

4

Papain was used as the model proteinase in the modelling studies for the following reasons:

o It is well-characterised (Polgar, 1973; Angelides & Fink, 1979; Berti et al., 1990; Matsumoto et al., 1994)
and is often used in the study of protein-inhibitor interactions with cystatins.

e It is available in pure form and in large quantities. This would be useful for the kinetic studies performed
in this project.

e Its X-ray structure has been elucidated and its co-ordinates are readily available for use in computer

modelling and docking studies with cystatins.

Since the long-term goal of this project is to look at insect biocontrol, it is perhaps more appropriate to use
insect cysteine proteinases in the modelling studies, specifically those from the Coleoptera. However, very
little work has been done on insect proteinases, and most have not been characterised. Thus, since the
foremost aim of this project was to investigate the effects of substitutions in the amino terminus, papain would

be sufficient as a model proteinase.
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2.8 Oryzacystatin Secondary Structure Predictions

Although coordinates for the X-ray crystallographic structure; of oryzacystatin are not available, the tertiary
structures of a number of cystatins are known and from these and sequence alignments it appears that all
cystatins have a similar basic structure. Given the high degree of homology seen in the primary sequence
alignments (Figure 2.5), one may assume that oryzacystatin I (OC I) should form a very similar structure to

that of the other cystatins and hence base prediction on this assumption.

1 2 3 4 5 6
Al12345678901 A23456789012345678901234567890123456789012345678901AB2345

OCIl: MSSDGGPVLGGV---EPVGNENDLHLVDLARFAVTEHNKKANSLL—-EFEKLYSVKQQVVAGTLYYFTIEVK

ccccce----cectttacnaaacaaaoacccce BARRRRARRARARAARL Lt BRRRRRR—BLLRB

CC: SEDRSRLLGAP- - - -VPVDENDEGLQRALQFAMAEYNRASNDKYSSRVVRVISAKRQLVSGIKYI- -LQVE

SB: MMCGAP - - - - SATQPATAETONIADQVRSQLEEKTNKKF-- PVFKAVSFKSQVVAGTNYF - - IKVH
tttte- - - -ccccccanaononananaaanaacact tt - - BBRPPRRRRPRL t tt t PRRR—BLRBR
7 8 9 10 11

67890123456789012345678901234567A89012A345A6789012345ABCDEFGHIJK

OCI: EGD--------mmmmmmmeeemee o2 AKKLYEAKVWEK - PWMDFKELQEFKPVDASANA

PBRPRPtttacaaaaanaaacccc-PRRRRRAR-PRAAR-tLt -t PRRBAARR-A

CC:  IGRTTCPKSSGDLQSCEFNDEPEMAKYTTCIF-VVYSI-PWL-NQIKLLESKC-Q
SB:  VGD-------mmmmemmeee EDFVHL- RVFQSLPHENKPLTLSNYQTNKAKHDELTYF - -
Ptt-----mmmmmmmooe oo tPBPRA-PAARARL Lt tPPPRARARARAAALLLLAPBR—

Figure 2.7: Primary sequence alignments of oryzacystatin I (OC 1) with chicken cystatin (CC) and
stefin B (SB) (numbering is as for chicken cystatin, extra amino acids in the other cystatin structures are
represented using letters from the alphabet; adapted from Turk & Bode, 1991). The predicted
secondary structures for chicken cystatin (Bode et al., 1988) and stefin B (Stubbs et al., 1990) are
shown above and below the sequences respectively. |
Key:
o = o-helix t = B-turn

B = B-sheet ¢ = random coil

The Chou and Fasman algorithm (Chou & Fasman, 1978) was used to predict local structural elements, such as
o-helices, B-sheets and B-turns and this revealed a possible secondary structure similar to that of other

cystatins (Bode et al., 1988; Stubbs ez al., 1990). No a-helices or B—sheets were predicted for the carboxy or
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amino-termini. An almost equal number of a-helix former and helix breakers were shown to occur in the first
18 amino acids. This would make up the N-terminal region of OC I and suggests that this region has no
definite a-helix or B-sheet structure. Residues Asp'® to Lys* (numbering as in Figure 2.7, above) showed
strong a-helix formation, which is similar to results shown for stefin B and chicken cystatin. The last 60

residues showed a high probability for 3-sheet formation, with some a-helix.

An alternative méthod for modelling OC I was to consider the known structures of chicken cystatin and stefin
B (Figure 2.7) and together with their primary sequence alignments (as reported by Turk & Bode, 1991) with
each other and OC 1, predict a secondary structure for OC L

Thus, from the above sequence alignments, patterns of homologous residues are evident amongst the
sequences which can be used to infer similar secondary structure. Figure 2.8 shows a predicted secondary
structure for OC I as deduced from primary sequence alignments and Chou-Fasman secondary structure

predictions.

1 2 3 4 5 6

A12345678901 A23456789012345678901234567890123456785012345678901AB2345
OC1I: MSSDGGPVLGGV---EPVGNENDLHLVDLARFAVTEHNKKANSLL-—EFEKLYSVKQQVVAGTLYYFTIEVK

cccccectttte- - -ceccccoaaaaaoaaoaaacaottttttcc--BRRARRRRRARL Lttt BPRBRRRBRALA

10 11

678 234567A89012A345A6789012345ABCDEF

OCIl: EGD----s-mmmmmmcmm e o AKKLYEAKVWEK—PWMDFKELQEFKPVDASANA
1 BBARBAEAAARL -ttt tPPBRARARAARRLLELE

Figure 2.8: Secondary structure prediction for OC I (numbering as for chicken cystatin, extra amino
acids in the OC I structure are represented using letters from the alphabet).
Key:
o = a-helix t =B-turn

B = B-sheet ¢ = random coil
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A number of observations can be made from these primary and secondary structure predictions. For example:

* The QVVAG region is common to both stefin B and oryzacystatin, while chicken cystatin has a similar

sequence in the form of the QLVSG region. These sequences have been shown by X-ray crystallographic
data to be involved in the formation of a hairpin loop (Bode ef al., 1988; Stubbs et al., 1990) and so this
corresponding region in OC I would be expected to take on a similar conformation. Furthermore, the
importance of this region in the inhibitory activity of OC1 has been demonstrated (Abe et al., 1991). Thus,
from the secondary structure predictions, it seems likely that oryzacystatin forms a similar wedge in the

binding region as chicken cystatin and stefin B.

From the alignment, it can be seen that the PWMD sequence of oryzacystatin is equivalent to the PHEN
sequence in stefin B and the PWL sequence in chicken cystatin. The tryptophan residue is thus conserved
and this loop in oryzacystatin was presumed to form a similar conformation to that of the other two

cystatins.

There are regions of homology in the amino-terminus with respect to the conserved glycine residue.

2.9 A Tertiary Structure Model of Oryzacystatin |

To construct a model of the natural OC I inhibitor, it was decided to use one of the known cystatin structures

(available in the Brookhaven data bank) to serve as a ‘backbone model’. The question of which cystatin

should be used for this purpose then arose and the following points were considered in making this choice:"

Firstly, although OC I is a member of family V in the cystatin superfamily, it has a high degree of
sequence homology with the family I cystatins and indeed, Turk & Bode (1991) have suggested that it
could be considered a member of this family. The only member of family I whose structure was available
at the time of modelling was stefin B (Stubbs ez al., 1990). This structure (available in the Brookhaven
data bank) was therefore used rather than chicken cystatin (Bode et al., 1988) which belongs to the family

II cystatins.

Secondly, the coordinates for stefin B represent the inhibitor in the bound form (i.e. complexed to papain).
I thought this was more informative in terms of the contacts the amino terminus makes with papain. It has
been suggested (Martin et al., 1995), that owing to the flexibility of the amino terminus, changes in the

position of this region occur on binding.

In constructing a model of OC I, greater emphasis was placed on the three binding regions of this cystatin,

since these are the main areas which interact with the proteinase. Therefore, I assumed that any insertions or

deletions needed to change the stefin B structure into the OC I structure could be accommodated in the loop



Chapter 2 Page 47

region joining helix I to strand B (Stubbs ef al., 1990), or in the open B-hairpin loop region from Val® - Asp™
(stefin B numbering; Stubbs et al., 1990). This is however, discussed more fully in section 2.11.

Alignment of the sequences of oryzacystatin I and stefin B (Figure 2.9) showed two obvious differences
between the two structures:
e the OC I amino terminus extends beyond the stefin B amino terminus by 6 residues.

o the stefin B carboxy terminus extends beyond the OC I C-terminus by 5 residues.

In the case of OC I, the shorter C-terminus is compensated for by a longer N-terminus — a feature that should
allow the two termini to come into contact with each other when the inhibitor is in the unbound form as was
shown with stefin A (Tate ef al., 1995). In this conformation the N- and C-termini interact very closely with
one another to form a more compact structure, making the N-terminus less susceptible to proteolytic attack.
The authors do, however, caution that the relative orientation of the N-terminal segment in their structure was
in sharp contrast to the random conformation of the N-terminal segments in the solution structure of cystatin A
as deduced by Martin et al. (1995) at pH 5.5. With respect to OC I the question therefore arose as to how the

extended N-terminus would lie when free in solution or when bound to the proteinase.

1 2 3 4 5 6
Al12345678901 A23456789012345678901234567890123456789012345678901AB2345678

OCl1: MSSDGGPVLGGV~—-EPVGNENDLHLVDLARFAVTEHNKKANSLL-—EFEKLYSVKQQVVAGTLYYFTIEVKEGD-

SB: MMCGAP- - - ~-SATQPATAETQNIADQVRSQLEEKTNKKF - ~ PVFKAVSFKSQVVAGTNYF - - IKVDVGE-~

9 10 11
901234567A89012A345A6789012345ABCDEFGHIJK

OCl: ---AKKLYEAKVWEK-PWMDFKELQEFKPVDASANA

SB: ~--EDFVHL-RVFQSLPHENKPLTLSNYQTNKAKHDELTYF

Figure 2.9: Sequence alignment of oryzacystatin I (OC 1) and stefin B (SB) (numbering as for chicken
cystatin, extra amino acids in the OC I structure are represented using letters from the alphabet;

adapted from Turk & Bode, 1991). The similarities between the sequences are highlighted in bold.

As no model of a cystatin with as long an amino terminus was available to determine the interactions in this
area, a possible model was inferred from a consideration of the interactions of the amino acid residues of the
inhibitor and those of papain in this region. Biograf software (Biodesign, Pasedena, U. S. A) on an Evans and

Sutherland computer was then used to complete the model as follows:
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Primary sequence alignments were used as a point of departure to model the N-terminus of OC I onto that of
stefin B. In the OC I model, the Gly’-Gly'’-Val'' residues of OC I (numbering as in Figure 2.9) replaced the
Gly*-Ala’-Pro® sequence of stefin B (stefin B numbering; Stubbs et al., 1990). The additional Glu''* residue in
the OC I sequence (Figure 2.9), was inserted after the Val'? (ex-Pro®) residue in the stefin B structure, as there

was no corresponding residue in stefin B.

The extra amino acids required for the construction of the OC I N-terminus were M”* to L® (numbering as in
Figure 2.9). These were then built onto the end of the N-terminus beyond Gly9 (ex stefin B Gly*). This
produced a long extended strand which projected off the papain surface while the other amino acids in this
region remained fixed. A series of steps consisting of alternating energy minimisations and simple dynamics
were then set up to minimise this structure. Both papain and the N-terminal 17 residues of OC I were included
in this energy expression. This was done to minimise bad through-space contacts and to regularise the steric

hindrances between the N-terminus and papain in this region.

Most of the movement during these energy minimisation steps was found to occur in the N-terminal 5 residues
(A — 4). Residues Gly’ ~ Leu® (numbering as in Figure 2.9) showed little movement, possibly due to steric
hindrance from papain. This model suggests therefore, that on binding, the amino acids from Gly’ to Leu®
could lie along the surface of papain. Gly’ of OC I in this model kept its open type II turn following the
energy minimisations and simple dynamics. This residue may, therefore, provide the anchorage for the
contacts in the amino terminus as is seen with Gly’ of chicken cystatin (Bode et al., 1988) and the Gly*

residues of stefin B (Stubbs ef al., 1990) and stefin A (Martin et al., 1995).

To determine if it were plausible for the N-terminus of OC I to ‘wrap’ around papain rather than projecting out
into solution, the carbonyl bond of the Gly* residue was rotated. This moved the first four residues of OC I
down close to papain (Figures 2.10 and 2.11). This new structure was then energy minimised with papain also

being included in the energy expression.

The result of this rotation brought the first methionine residue, for example, into the vicinity of the Trp®, Val®’
and Phe”® residues of the enzyme. Whether or not these first few residues of OC I do make contact with
papain could only be deduced from X-ray crystallography studies. It is clear, however, that any contacts made
by these four amino acids with papain would not strengthen the binding in this area. This was in accord with
Urwin et al. (1995b). These authors found that removal of the first 21 amino acids from the N-terminus of OC
I did not affect its inhibitory activity towards papain. This is in contrast to chicken cystatin whose N-terminal
Leu’ and Leu® residues make contacts with similar papain residues in this region. However, if these last four
residues projected out into solution, they could be susceptible to proteolytic attack. Unlike chicken cystatin, no

natural N-terminally truncated forms of oryzacystatin have been isolated.
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demonstrated (Abe et al., 1988; Un ° et al., 1995a). Removal of this loop resulted in weaker inhibitory
activity. A comparison of the OC I and stefin B models is shown in Figure 2.12. This shows the small
changes that have occurred in the second loop by insertion of the OC I sequence. It also shows the extended
amino-terminus. The other changes seen (i.e. in the first loop after the a-helix), occurred through substitutions
of the OC I sequence onto the stefin B structure. This section of the OC I model is similar to model 3 and so

t ide in this area will 1 [ in terms m A 11.

Carboxy-terminal contacts of oryzacystatin with papain appeared from the modelling studies to be similar to
those of chicken cystatin i.e. there is no cont ~ with papain. Stefin B, on the other hand, was shown by X-ray
crystallographic studies to contact papain through the side-chains of residues Tyr'** and Phe'® (Stubbs et al.,
1990). The importance of these C-terminal contacts of stefin B is controversial. Despite the X-ray
crystallographic findings, deletion of the C-t. ninus resulted in little change in the inhibitory activity of stefin
B (Jerala et al., 1991). In the case of oryzacystatin, removal of the C-terminal 11 residues also showed no
change in the activity of the inhibitor (Abe et al., 1988). This is in agreement with the modelled structure of

OC I which suggests that there are no contacts with papain in the C-terminal regions.

Figure bbon models of OC I ¢  stefin B showing the differences between them. The arrows

indicate the changes made by amino acid substitutions to form the OC I structure.
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2.10 Construction of the Hybrid Oryzacystatin

The OC I model together with the protein sequence alignments, secondary structure predictions and published

Ki values for cystatins, were used to consider possible sites for introducing mutations that might improve the

inhibitory capacity of OC I and, at the same time, shed light on the possible functions of the amino terminus.

In this regard, the approach that appealed to me as the most interesting and potentially the most informative

was that in which the N-terminus of oryzacystatin would be removed and the N-terminus of chicken cystatin

inserted in its place. The reason for this choice was as follows:

* ltis clear that, along with human cystatin C, chicken cystatin is one of the most potent inhibitors of papain,

with a Ki in the region of 0.006 nM (Machleidt ef al., 1989).

It has been proposed (Auerswald et al., 1992) that chicken cystatin has strong interactions in its amino-

terminus in order to compensate for less desirable contacts in the QLVSG binding loop. In fact, Machleidt

et al. (1991) estimated that 36% of the binding energy is involved in the formation of a complex between

the N-terminal residues of chicken cystatin and papain. The N-terminal residues of stefin B on the other

hand contribute less to the binding energy in complex with papain (Thiele ez al., 1990). A similar effect is

thought to occur with OC I (Abe et al., 1988). Hence, the amino terminal contacts in the family II

cystatins may be more important than in the family I cystatins (Tate ef al., 1995). Thus, by substituting the

N-terminus of chicken cystatin for the oryzacystatin I N-terminus it was hoped that this would create a

hybrid oryzacystatin with stronger interactions in its N-terminal region and thus a more potent inhibitor.

In deciding how much of the N-terminus of oryzacystatin to substitute or replace, the following points were

considered:

Firstly, according to Abe ef al. (1988), the amino acids in the N-terminus of OC I do not make any
contribution to the inhibitory capability of the inhibitor. Thus, alteration of any of these residues
would not be expected to change the inhibitory activity of the inhibitor. This is, of course, debatable in
view of the recent findings of Urwin et al. (1995b) who found that removal of Gly'® of OC I greatly
decreased its inhibitory activity.

Secondly, according to the sequence alignment of OC I with chicken cystatin (Figure 2.13), it is
evident that there are regions of homology between the two sequences in the N-terminal region. For
example, the sequence ‘END’ is common to both sequences. In chicken cystatin this is the start of the
o-helix (Bode ef al., 1988). A similar prediction was made in this area for OC I using Chou-Fasman
predictions of protein secondary structure. Thus, since the ‘END’ sequence could form the start of the
o-helix in both sequences, the addition of the chicken cystatin sequence onto the N-terminus before
these three residues should not affect the structure of the rest of the protein, particularly considering
that the is flexible. '
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OCI:
CC:

OoCI:
CC:

1 2 3 4 5 6
Al2345678901 A23456789012345678901234567890123456789012345678901AB2345

MSSDGGPVLGGV - - -EPVGNENDLHLVDLARFAVTEHNKKANSLL—-EFEKLYSVKQQVVAGTLYYFTIEVK

SEDRSRLLGAP- - - - VPVDENDEGLQRALQFAMAEYNRASNDKYSSRVVRVISARRQLVSGIKYI - -LQVE

7 8 9 10 11
67890123456789012345678901234567A89012A345A6789012345ABCDEFGHIJK

EGD--------~---=---------- AKKLYEAKVWEK-PWMDFKELQEFKPVDASANA

IGRTTCPKSSGDLQSCEFNDEPEMAKYTTCTF-VVYSI-PWL-NQIKLLESKC-Q

Figure 2.13: Sequence alignment of oryzacystatin I (OC 1) and chicken cystatin (CC) (numbering as

Jor chicken cystatin, extra amino acids in the OC I structure are represented using letters from the

alphabet; adapted from Turk & Bode, 1991). The similarities between the sequences are highlighted in

bold.

A final consideration was the extent to which the N-terminus of chicken cystatin was to be substituted.
It is known that the full length and the truncated forms of chicken cystatin (starting at Leu’) are equally
active (Machleidt et al., 1989). Since this hybrid inhibitor was to be synthesised, the shorter N-
terminal sequence is preferable in terms of both cost and ease of synthesis. Thus, the first 18 residues
of oryzacystatin were replaced with the truncated chicken cystatin sequence to generate the following

sequence for the proposed hybrid oryzacystatin:

LLGAPVPVDENDLHLVDLARLHLVDLARFAVTEHNKKANSLLEFEKLYV

SVKQQVVAGTLYYFTIEVKEGDAKKLYEAKVWEKPWMDFKELQQFKPV
DASANA

The chicken cystatin residues are shown in bold with underlining.
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2.10.1 The Hybrid Oryzacystatin Models

Having decided upon the sequence substitutions and hence the sequence alignment, the structure was then
modelled to determine whether the N-terminal substitutions were likely to have any structural effects in this
region. Since stefin B was used as the basic structure for modelling OC I it was used again for the HO which

should have essentially the same structure as OC I but with changes in the position of the amino-terminus.

Before modelling the HO structure, a series of alignments were carried out using the GCG computer
programme (Devereux et al., 1984). With computer alignments it is possible to vary the gap weight and so
obtain a number of different alignments. Thus, when aligning, it is important to bear in mind the structural

characteristics of the protein so that the sequence is aligned structurally as well as sequentially.

From a comparison of the hybrid and stefin B sequences, it was clear that, in order to model the HO onto the
stefin B backbone, a number of substitutions and deletions of amino acids needed to be accommodated.
Furthermore, since different alignments were possible, the positions of these deletions and insertions, with

respect to the stefin B sequence, would vary. Three models were generated. Their features were as follows:

The HO - Model 1

The first alignment carried out on the GCG program used a gap weight of 1 and a length weight of 0.1. From
this alignment (Figure 2.14), a table was drawn up to highlight the areas common to stefin B (shaded), as well
as the areas where deletions (DEL) and insertions into the stefin B structure should occur in order to

accommodate the oryzacystatin sequence (Table 2.2). This table was then used as the basis to produce the first

model.

Model 1 represents the construction made according to the alignment shown in Figure 2.14. The stefin B
molecule was used as the backbone structure. Using the table created (Table 2.2), amino acids in the stefin B
structure that differed from the HO sequence were replaced with the corresponding hybrid amino acid residues.

The insertions and deletions were then studied. The first modification in this alignment was to delete the Ser®
and Ala" - Gln'® (stefin B sequence, see Table 2.2.). The first deletion was catered for by deleting the Ser®
residue and forming a bond between Leu’ and Gly’ (HO sequence). The second deletion, following the
- ‘GAPV’ sequence (residues 9 - 12, stefin B numbering, Table 2.2), was catered for by moving the ‘GAPV” up

by three residues, i.e. the N-terminal 6 residues were docked onto the rest of the amino terminus.
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Gap Weight: 1.000  Average Match: 0.540
Length Weight: 0.100 Average Mismatch: -0.396
Quality: 55.7 Length: 109
Ratio: 0.605 Gaps: 8

Percent Similarity: 58.824 Percent Identity: 35.294

Hybrid Sequence (HO) x Stefin B Sequence (SB)

HO 1 1l.gapv...pvdendlhlvdlarfavteh.nkkansllefeklvsvkqqg 45

. . . .
..... Ry . . s e . .

SB 1 MMSGAPSATQPATAETQHIADQVRSQLEEKYNKK. . .FPVF.KAVSFKSQ 46

HO 46 vvagtlyyftievkegdakklyeakvwek.pwmdfk..elgefkpvd... 86

|I|||| ..... l..l ..-l.. |. I- I .......

SB 47 VVAGTNYFIKVHVGDED. . .FVHLRVFQSLPHEN.KPLTLSNYQTNK... 93

HO 87 asana... 92

| ..

SB 94 AKHDELTYF 102

Figure 2.14: Sequence alignment of oryzacystatin I (OC 1) and stefin B (SB) generated using the GCG
computer programmes (Devereux et al., 1984). Alignment was carried out using a gap weight of 1.0

and a length weight of 0.1.

This sequence was then processed by repeated steps of energy minimisation and simple dynamics to
give a theoretical structure with the amino terminus moved away from the surface of papain. Rotating the
carbonyl bond of the HO Gly’ (stefin B numbering) did not bring the amino terminal leucine residues into
sufficient contact with the papain surface, so that one would not expect an improvement in the inhibitory

activity from such a structure.

Insertions of amino acids were also required to convert the stefin B structure into that of the HO. From the
alignment in Figure 2.14, the ‘ANS’ insertion (residues 39A - 39C; see Table 2.2) occur outside the binding
loop regions of the inhibitor. There is also a deletion of the Tyr*® residue of stefin B in this area. Thus, the
| tyrosine residue was deleted, a bond formed between His®® and Asn®’, and the inserts at residues 39A - 39C
and at 45A (Table 2.2) were accommodated by bulging the loop, following the a-helix, outwards. This region

from Thr to Val*® was then energy minimised.

A similar procedure was carried out for the other insertion, AKK (residues 93A - 93C; Table 2.2), since these
occurred in the vicinity of the second loop. Hence they could be accommodated by bulging this second loop

outwards.
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Table 2.2: Positions of substitutions, insertions and deletions for Model 1.

Stefin B Stefin B Hybrid
Residue Number Residue
Met 6 Leu
Met 7 Leu
Ser 8 DEL
Gly 9 Gly
Ala 10 Ala
Pro 11 Pro
Ser 12 Val
Ala 13 DEL
Thr 14 DEL
Gln 15 DEL
Pro 16 Pro
Ala 17 Val
Thr 18 Asp
Ala 19 Glu
Glu 20 Asn
Thr 21 Asp
Gln 22 Leu
His 23 ‘His
Ile 24 Leu
Ala 25 Val
Asp 26 Asp
Gln 27 Leu
.| Val 28 Ala
| Arg .29 Arg
Ser 30 Phe
Gln 31 Ala
Leu 32 Val
Glu 33 Thr
Glu 34 Glu
Lys 35 His
Tyr 36 DEL
Asn’ 37 Asn
Lys 38 Lys
Lys 39 Lys
39A Ala
39B Asn
39C Ser
Phe 40 Leu
Pro 43 Leu
Val 44 Glu
Phe 45 Phe
45A Glu
Lys - 46 Lys
Ala 47 Leu
Val - 48 Val
Ser 49 Ser
Phe 50 Val
Lys 51 Lys
Ser 52 Gln
Gln 53 Gln
Val 54 Val
Val 55 Val
Ala 56 Ala

Stefin B Stefin B Hybrid
Residue Number Residue
Gly 57 Gly
Thr 58 Thr
Asn 59 Leu
Tyr ] 60 Tyr
Phe 61 Tyr
Ile 62 Phe
Lys 63 Thr
Val 64 Ile
His 65 Glu
Val 66 Val
Gly 67 Lys
Asp 68 Glu
Glu 92 Gly
Asp 193 Asp
93A Ala
93B Lys
93C Lys
Phe 94 Leu
Val 95 Tyr
His 96 Glu
Leu 97 Ala
| Arg 98 Lys
Val 99 Val
Phe 100 Trp
Gln 101 Glu
Ser 102 Lys
Leu 102A DEL
Pro 103 Pro
His 104 Trp
Glu 105 Met
Asn 105A Asp
105B Phe
“Lys 106 Lys
Pro 107 DEL
Leu 108 DEL
Thr 109 Glu
Leu 110 Leu
Ser 111 Gln
Asn 112 Glu
T 113 Phe
Gln 114 Lys
Thr 115 Pro
Asn 115A Val
Lys 116 Asp
Ala 117 Ala
Lys 118 Ser
His 119 Ala
Asp 120 Asn
Glu 121 Ala
Leu 122 DEL
Thr 123 DEL
T 124 DEL
Phe 125 DEL
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Figure 2.15: Ribbon structures of stefin B (white) and model 1 (pink). The different positions of the
« no-te ni (arrow 1) and the loops generated by insertions (arrow 2) are shown. The papain

surface is shown in yellow.

The Hybrid Oryzacystatin - Model 2

A second alignment was generated as shown  Figure 2.16. In this alignment the early deletions in the amino
terminus seen in model 1 have been moved to the end of the a-helix. Structurally, this results in removal of
the last few turns of the a-helix. Thus, to - termine the structural effects of this new alignment, a second

model, was created.

Thus, to generate this model, the stefin B amino acids which differed from the HO sequence, were replaced
with the HO residues as in model 1 (see T le 2.3). In this alignment (Figure 2.16), the first methionine

residue of stefin B is removed, and two leucine residues replace the Met’ and Ser® residues.

The second deletion occurs at residues Glu®-Tyr*® in the stefin B sequence. These residues were thus deleted
and a peptide bond was then formed between His*® and Asn®’ (stefin B numbering) of the OC I sequence. The
insertions, Ala**-Ser®*° required to form the HO model, were built in following Lys39 (Table 2.3). Energy
minimisations and simple dynamics steps were then carried out over this region. However, despite these steps,
there was still a large net energy in this region. An analysis of the surface of this modified area (see Figure
2.17), showed the formation of a ‘hole’. It was therefore concluded that this model was not a compact

structure and may in fact be implausible.
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dominates the interactions (Stubbs e al., 1990). Whether or not these contacts would improve the hybrid

could only be deduced from kinetic studies (see Chapter 6).

A further observation made from this model is that the glycine residue lies close to the active site residues of
papain, as does the first hair-pin loop which lies close to the depression of the cleft between Cys” and His'* of
papain. Energy minimisations on the N-tern 1us brought the N-terminal four residues close to the active-site

residues, although not too close to be cleaved at this site.

The single amino acid deletion at the amino terminus seen from the alignments of models 2 and 3 provides a
better scenario than that shown in model 1. In models 2 and 3, the N-t nus lies in close contact with the
enzyme, forming similar contacts to those se  with chicken cystatin (Stubbs et al., 1990). Model 1, however,
has no contact with the enzyme in this region. Of all the alignments, that of model 3 was considered to be

structurally the most feasible.

Figure 2.20: Half-bonded structure of the N-terminal four residues. The papain electrostatic surface is

shown.
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alf 'ed structure of the N-terminal four residues. The hydrophobic amino acid side-

chains of papain amino acids are shown in orange. Water molecules are denoted by the tetrahedra.

2.12 Conclusions

It is clear from a review of the literature that the importance of the cystatin binding loops is still a matter of

debate. The study that I have made of this has led me to suggest the following:

The N-terminal contacts do play an important role since contacts in this area help anchor the inhibitor and
so enable the other loops (particularly the first) to fit correctly into binding site cleft of the proteinase. The
contacts may, however, be more important in some cystatin families (e.g. family II) than others (e.g.
family I). Thus the loss of activity seen with truncation, particularly in the family I cystatins, could as
suggested by the trunk model (Machleidt et al., 1995), be due to loss of conformation in the rest of the
loops. This suggests that the cystatin binding loops do not act independently of each other but rather in a

concerted fashion so that each contributes to the stability of the interactions of the others.

The importance of the various binding regions may be dependent on the stereochemistry of the proteinase,
i.e. the fit of the inhibitor into the proteir e active site. Papain and actinidin, for example, are two similar
enzymes with widely different susceptibilities to different cysteine proteinase inhibitors. These differences
have been attributed to the differences in the catalytic-site reactivity, to small changes in the S,-subsites

(Baker & Drenth, 1987), or to differences in the electrostatic properties of the two enzymes (Pickersgill, et
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CHAPTER 3

Automated DNA Synthesis of the Hybrid Oryzacystatin Gene
and Cloning into Escherichia coli

3.1 Introduction

The supply of proteins of clinical, industrial or research interest is often limited by their low natural
availability and gene cloning and expression can provide a more abundant source. In this case, large quantities
of the HO inhibitor were required for study and hence the aim was to clone the gene into a suitable expression

system thereby producing the inhibitor in large quantities for inhibition assays.

This chapter will thus describe the synthesis and cloning of the hybrid oryzacystatin inhibitor gene into a
suitable bacterial system. Cloning of the amplified gene into an expression vector for production of the

protein is discussed in Chapter 4.
3.1.1 Considerations Prior to Gene Design

Two general considerations led to the selection of an E. coli-based expression system to produce the HO gene,

for example:

1. The technology for DNA manipulation and cell culture compared with that of other expression systems is
well established.

2. It is the most frequently used expression system, a large amount of information is available and genetic
techniques have been well described. This information can be used to address any difficulties encountered

in the expression of a particular gene.

Two options for producing the hybrid gene were considered. The first was to obtain the two inhibitor genes,
oryzacystatin I and chicken cystatin. These two sequences could then be cut and joined together at the junction
as determined by the hybrid model. The second option would be to synthesise the modified gene on an

automatic DNA synthesiser.

After careful consideration, the second option was chosen for the following reasons:

1. Synthesis of the gene enables the selection of gene codons optimal for the expression system being used
which can improve expression levels. De Boer et al. (1983) showed that the use of genes with low codon
usage for the organism in which it is expressed could result in poor expression levels. For this gene, the

codons used were as reported for E. coli by Wada et al. (1981).
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2. Synthesis also makes it possible to introduce restriction sites and other features necessary for cloning into

the required vector systems.

PART 1: Cloning of the Gene in Two Parts

3.2 Considerations in the Design of the Gene for Cloning and Expression

Prior to synthesis it is necessary to consider the methodology to be used for cloning since this may have a
bearing on the gene design. The modified HO has 94 amino acids. This results in a gene sequence of 282
bases, which is too long to be synthesised in a single step on an automatic DNA synthesiser without loss of
purity and fidelity (D.P. Botes, personal communication). Thus, to try and reduce the incidence of any errors,
it was decided to divide the gene into smaller fragments which would then be cloned, in a step-wise manner,

into pUC18 for gene amplification.

A number of methods have been used for cloning multiple sections of a gene, including the oligonucleotide-

directed double-strand break repair method of Mandecki (1986) and PCR methods such as that of Michaels et

al. (1992). It was decided to use this latter method as it has a number of advantages, for example:

e Low amounts of template DNA are required, reducing the cost of synthesis.

e It enables the inclusion of unique restriction sites which, by designing them on the end of a primer, can be
incorporated into the template. These restriction sites can then aid in cloning of the gene into the required

vector.

A further consideration in the design of synthetic genes is that of the stop and start codons, especially (as in
this case) if these are not supplied by the expression vector. The TAA termination sequence was thus used as
the stop codon at the end of the gene sequence (Figure 3.1). The start codon was not included in the gene
design since it was to be supplied by the pMAL system of vectors (New England Biolabs) that were to be used
to express the inhibitor following gene amplification. In the pMAL system (discussed in Chapter 4), foreign
genes are- expressed as a fusion linked to the maltose binding protein whose coding sequence is provided by

the transcription start codon.

3.2.1 Dividing the Gene into Two Templates

To decide where division of the gene should occur, the sequence was scanned for restriction sites using the
Genetics Computer Group (GCG) database of 181 restriction enzymes (version 7.1; Devereux et al., 1984). As
no restriction sites were found that were unique to the HO compared with the pUC18 vector, and which cut the
sequence into two manageable pieces, the sequence was then scanned for partial restriction sites. The GCG
program is able to determine where in a sequence changes in the wobble base of degenerate codons will

introduce restriction sites and still code for the same amino acids. Thus, using this method, a unique Nael site
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PCR of the ‘mixed’ template A species was highly inefficient and in order to obtain full length PCR product
conditions had to be optimised for template, primer and magnesium concentrations, as well as for optimal
annealing temperatures (results not shown). Figure 3.3 (lane 5) shows the most optimal amplification product

obtained.

Figure 3.3: 10% Non-denaturing polyacryl. iide gel showing the synthesised oligonucleotides and the results
of PCR amplification for template A. Lanes I, molecular weight markers pBR322 digested with Hpall; 2,
reverse PCR primer; 3, forward PCR primer, 4, template A only; 5, PCR product for template A.

The presumed full length PCR products (top band in lane 5) was then excised from the polyacrylamide gel and
eluted, cut with BamH]1 and ligated to the mH]1-linearised pUC18. After transformation, positive clones
were detected by PCR screening and the sequence checked by DNA sequencing. This showed that the PCR
products were not full length, despite the re oval of the upper-most PCR band from the polyacrylamide gel
prior to cloning. Twelve residue deletions were observed from the 3’ end indicating that the smaller PCR
products had been cloned. Purification of the top template band from the polyacrylamide gel before PCR did
not solve this problem. These base deletions were clearly too small to be detected by PCR screening because
the differences between those with deletions and the full length PCR products were not detectable on a 1%

agarose gel. There were also other random errors in the sequence that may have been introduced by PCR or
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Uracil DNA glycosylase was used for the removal of the full length PCR product from the Dynabeads (lane 4).
However, cleavage using this enzyme was found to be extremely slow and inefficient leading to poor yields of
cleaved product. To overcome this probl 1, the PCR product was cleaved off the Dynabeads using the
BamH]1 restriction site present at the end of the reverse primer for template A (lane 5), a process found to be

far more efficient. The incubation time was also considerably less (1 hour as opposed to 4 hours with uracil

DNA glycosylase).

Figure 3.5: 10% non-denaturing polyacrylamide gel showing the results of affinity purification using
streptavid’in Dynabeads. Lanes 1, molecular weight markers, pBR322 digested with Hpall; 2, template A; 3,
template A PCR product, 4, uracil DNA glycosylase cleaved PCR product; 5, BamHI cleaved PCR product.

This BamHI-cut template A was then ligated to the dephosphorylated BamHI-cut pUC18 vector and
transformed into E. coli. Of the 37 colonies that appeared on the ampicillin-LA plates, 20 were selected for
PCR screening. Of these, 12 colonies showed an increase in size by PCR screening (results not shown). Four

of these were then selected and the plasmid | ified by CsCl ultracentrifugation and sequ  ed.

DNA sequencing results showed that although the template used was now full length, it still contained errors.
These were found to occur towards the 5° end of the DNA in the form of a deletion and two incorrect base

substitutions. The error occurred in all four clones and extended to all subsequent clones tested. It was
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Figure 3.8: Purification of oligonucleotides by HPLC wusing a Pharmacia Mono Q HR 3/5 ion
exchange column.

(A) HPLC profile of the purification. Elution was via a linear gradient of 3 M LiCl, 10 mM NaOH, pH
12.0. The peak numbers correspond to the lane numbers in (B).

(B) 10% non-denaturing polyacrylamide gel. Carrying 20 pl of samples eluted from the column,
processed as described in Materials and Methods (section 3.3.3). Lanes 1, molecular weight markers,
pBR322 digested with Hpall; 2; previous template A synthesised (section 3.4.1); Lanes 3 — 10, are the
different peaks which eluted off the HPLC column. Lane 11, final ‘DMT-containing’ peak which is the

Sfull length template A.
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Figure 3.9: 10% non-denaturing polyacry: nide gel showing the full length PCR products in relation to the
purified templates. Lanes 1, template B PC product; 2, template B; 3, template C PCR product, 4, template
C; 5, template D PCR product; 6, template D; 7, molecular weight markers, pBR322 digested with Hpall,

After each successive HO portion was clon¢  in, the resultant plasmid was termed pUC18a to d, depending on
the oligonucleotide most recently inserted (Figure 3.7). Because the templates contained the same restriction
sites on each end, the orientation of the insert also had to be confirmed at each stage. This was done by
restriction enzyme mapping of ‘miniprepped’ DNA or of the products of PCR screening. The insert DNA at
each stage was then sequenced to confirm orientation and that the sequence was correct before continuing

further.

Sequencing results showed that each cloned template was not only full length but was correct. Once all the
templates had been cloned the gene was again sequenced from beginning to end using the forward and reverse

pUCI18 primers. This was to make a final check to ensure that there was no frame shift or error in the gene

sequ

In conclusion therefore, all 282 bases of the HO gene have been successfully cloned into the pUC18 vector.

With regard to the synthesis of long lengths « DNA, the following conclusions can be drawn:

1. Sufficiently sized CPG column should be used to accommodate the required length of DNA to be
synthesised.

2. The length of DNA used for synthesis should not be too long such that the fidelity of the sequence is
compromised.

3. Long lengths of DNA (i.e. greater than 30 bases) should be purified, especially if used for PCR.
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CHAPTER 4

Expression of the Hybrid Oryzacystatin Gene in Escherichia coli

PART 1: Cloning, Expression and Purification of the Hybrid
Oryzacystatin in the pMAL System.

4.1 Introduction

High-level expression of eukaryotic genes in microorganisms has often proved difficult to achieve despite the
use of strong promoters (Nagai & Thog ‘en, 1984). The most common problems encountered with
recombinant proteins include insolubility, aggregation or incorrect folding (Marston, 1986). To overcome
these problems, many eukaryotic proteins have been efficiently produced as hybrids in which expressed genes

are fused to the coding sequences of E. coli genes such as [3-galactosidase.

A similar approach has been developed by New England Biolabs in the form of the pMAL vectors. In this
system, target proteins are fused to a maltose binding protein (MBP; Maina et al., 1988). This protein has a
high affinity for amylose such that a cross-li  2d amylose resin can be used as an affinity matrix to purify high
yields of the fusion protein in a single step. It is this pMAL system that was used for the expression and
purification of the hybrid inhibitor. The « aracteristics of the pMAL vector system and the purification

method are discussed more fully in the follov 1g section.

411 The pMAL Series of Vectors for High-level Expression of Foreign Genes in E.

coli

In the pMAL vector system, the cloned gene is inserted downstream from the malE gene, which encodes the
MBP (New England Biolabs manual). This, as mentioned previously, results in the expression of a MBP

fusion.

The tac promoter controls transcription of this fusion complex. Strong rrnB ribosomal RNA transcription
terminators have been cloned downstream of the lacZa gene to prevent transcription from prac from
interfering with plasmid functions (Maina et al., 1988; Figure 4.1). The promoter is kept in a switched off or
repressed state by the Jac repressor (the product of the lac/ gene), which is also carried by the pMAL vectors.

In order to separate the target protein from the MBP, a sequence coding for the cleavage site of blood

coagulation protease, factor Xa, has been ins ed between the malE gene and the multiple cloning site (MCS;
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4.2 Materials and Methods
4.2.1 Escherichia coil Strains and Culture Conditions

All plasmids constructed for protein expression were cloned into E. coli strain TBI. E. coli cells were grown at
37°C in Luria broth (LB) containing 0.2% glucose with shaking at 300 rpm. Strains carrying the plasmid were
grown as above, with the addition of 100 pg/ml ampicillin (Sigma) to the medium.

4.2.2 Construction and Analysis of Recombinant Plasmids

Unless otherwise stated all molecular biology techniques were carried out according to Sambrook et al. (1989).
The HO insert was removed from pUC18 by cutting with the restriction enzymes Pvull and HindIll
(Boehringer Mannheim). This 282-bp DNA fragment was gel purified from a 10% non-denaturing

polyacrylamide gel as described in section 3.3.5.

For preparation of the pMAL vector, 10 pg of pMAL-p was cut with Stul and Hindlll and purified from a 1%
agarose gel in TAE buffer (0.4 M Tris; 0.4 M Acetic Acid; 0.002M EDTA) using the GENECLEAN® II kit
(Bio 101 Inc.) according to the manufacturer’s instructions. The 5’-phosphates were removed using calf
intestinal phosphatase (Boehringer Mannheim) and ligated to the HO insert using T4 DNA ligase (Promega).
Colonies carrying the correctly inserted plasmid, designated pMAL-HO, were detected by colony blots using a
digoxygenin (DIG) labelled probe of the HO gene (see section 4.2.3). These were then confirmed by
‘miniprepping’ the DNA and digesting with various restriction enzymes. DNA sequencing was carried out
using primers designed to anneal to the multiple cloning site of the pMAL vector. The designed sequences

were as follows:
Forward primer: 5° GCAGCGACATTTTGCTGCCGTTCGGGCCCGCATTAGTAT 3’

Reverse primer: 5° TCGAGCTCGGTACCCGGCCG 3’

4.2.3 Colony Blot Hybridisation and DIG Detection

Colonies were replica plated onto two LB plates containing 100 pg/ml ampicillin. Following growth overnight
at 37°C, Hybond N membranes (Amersham International) were blotted over the colonies onto the surface of
the agar plates. The membranes were then placed onto filter-paper soaked in denaturing buffer (0.5 M NaOH;
1.5 M NaCl) for 3 minutes and onto filter-paper soaked in neutralising buffer (0.5 M NaCl; 1 mM EDTA; 0.5
M Tris-Cl, pH 7.0) for 7 minutes. The membranes were then washed in 5 x SSC (0.6 M NaCl, 0.06 M Sodium
Citrate) for 5 minutes, allowed to dry and UV cross-linked at.595 nm for 5 minutes. A probe labelled with
DIG (Boehringer Mannheim) was made by PCR amplifying the insert. The PCR method used is as described
in Chapter 3, section 3.3.4, except that DIG-labelled dNTPs were used at concentrations as described by the
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manufacturer (Boehringer Mannheim). The primers used for PCR were the forward primer to template A (the
first template in the ‘4-part’ cloning strategy) and the reverse primer to template D (the last template in the ‘4-
part’ cloning strategy). Detection of the DIG-labelled probe was as described by the manufacturer (Boehringer

Mannheim).
4.2.4 Expression of the Hybrid Oryzacystatin Fusion Protein in E. coli

Overnight cultures of E. coli TBI transformed with parental (pMAL-p) or recombinant (pMAL-HO) plasmids
were grown in one litre LB containing 2 g/l glucose. Cultures were grown at 37°C until the Agq reached 0.4
(approximately 2 hours). Isopropylthio-3-D-galactopyranoside (IPTG; Sigma) was then added to 0.3 mM.
Preliminary studies of the time required for induction (see section 4.3.2) had shown maximum expression after

24 hours, so cultures were grown for a further 24 hours before isolation of the periplasmic fraction.
4.2.5 Periplasmic Fraction Isolation

Cells were ‘grown at 37°C for 24 hours, pelleted by centrifugation at 5000 rpm for 20 minutes at 4°C and
resuspended in 20% sucrose; 30 mM Tris-Cl, pH 8.0. This suspension was incubated for 20 minutes at room
temperature with stirring. The cells were then pelleted, as before, resuspended in 5 mM MgSO, and incubated
at 4°C for 20 minutes. The suspension was centrifuged and the supernatant kept as the ‘cold osmotic shock’

fluid.
4.2.6 Optimisation of Induction Time

The induction time with IPTG that gave optimum concentrations of fusion protein was determined as follows.
Five millilitreé samples were withdrawn from a one litre culture at various times after the addition of IPTG and
~ these were used to prepare the cold osmotic shock fluid (periplasmic fraction) as described above. Twenty
microlitre samples of this was used for SDS-PAGE gels. The concentration of fusion protein in the cold
osmotic shock fluid was determined by incubation of 0.5 ml of the fluid with 0.5 ml of packed amylose resin in
column buffer (0.2 M NaCl; 1 mM EDTA; 20 mM Tris-Cl, pH 7.4). This was then spun down at 14,000 rpm
in a bench top centrifuge. Following washing with column buffer, the fusion was again spun down, and eluted
from the amylose resin with 10 mM maltose. The protein concentrations in the eluate were determined using

the Bio-Rad protein assay (Bradford, 1976) as described in Appendix C.

4.2.7 Column Purification of the Fusion Protein

The periplasmic extract was diluted 1:5 vﬁth column buffer (0.2 M NaCl; 1 mM EDTA; 20 mM Tris-Cl, pH

7.4) and loaded onto a pre-swollen amylose affinity column (2.5 x 10 cm) at a flow rate of 1 ml/min. The
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column was then washed with 8 column volumes of column buffer to remove the last of any unbound proteins.
The fusion protein was finally eluted with column buffer containing 10 mM maltose. Five millilitre fractions
were collected using a fraction collector and the Ayg of each 5 ml fraction was read on a Beckman DU-64
spectrophotometer. The inhibitory activity of the various fractions was determined as described in Appendix

C.

4.2.8 Polyacrylamide Gel Electrophoresis (PAGE) and Western Blotting

Fusion proteins were separated on 13% SDS-PAGE gels with 6.4% stacking gels as described by Laemmli
(1970; Appendix C). Electrophoresis was performed at 4°C at constant current (15 to 40 mA) until the
bromophenol blue tracking dye reached the bottom of the gel. The proteins were identified by staining with
Coomassie brilliant blue R-250 (Chen et al., 1993).

The 10-kDa hybrid inhibitor was electrophoresed in triton gels using the loading buffer and procedure as
described (Schigger & von Jagow, 1987). Electrophoresis was performed at 4°C at constant current (15 to 40
mA) until the tracking dye reached the bottom of the gel. Separated proteins were visualised using the silver
staining method of Merril et al. (1983).

For Western blotting, proteins were electroblotted onto nitrocellulose and processed according to Towbin et al.

(1979) with modifications (Appendix C). The antibodies used were:

e anti-OC I (a gift from Professor Soichi Arai, Department of Agricultural Chemistry, Faculty of
Agriculture, University of Tokyo, Japan) used at a 1/1000 dilution.

e anti-MBP antibodies (New England Biolabs) used at a 1/10 000 dilution.

4.2.9 Digestion of the Fusion with Factor Xa

The fusion product, eluted from the amylose column, was diluted to 400 ml with 100 mM NaCl; 10 mM Tris-
Cl, pH 8.0. This was then dialysed against 5 litres of 0.1 M NaCl; 10 mM Tris-Cl, pH 8.0, with a number of
changes over 48 hours at 4°C. The dialysed protein was concentrated by ultrafiltration under pressure using a
P10 membrane (Amicon Inc., U.S.A) and the concentration of the fusion protein was determined using the

BioRad protein assay (Bradford, 1976; Appendix C). Factor Xa was then added at a ratio of 1:200 (factor
Xa:fusion), and incubated for 12 hours at 25°C.

4.2.10 Purification by lon Exchange Chromatography

Following digestion with factor Xa, the proteins were dialysed against 5 litres of column buffer (25 mM NaCl;

20 mM Tris-Cl, pH 8.0) at 4°C. A1 X 10 cm column was packed with 6 m! of Q-Sepharose resin (Pharmacia)
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and equilibrated in column buffer before placing the dialysed proteins over the column. The column was
washed with 5 column volumes of column buffer and proteins were eluted using a salt gradient from 25 mM
NaCl, 20 mM Tris-Cl, pH 8.0 to 500 mM NaCl, 20 mM Tris-Cl, pH 8.0. Fractions (2.5 ml) were collected and
the A,go was read on a Beckman DU-64 spectrophotometer.

4.3 Results and Discussion

4.3.1 Construction of the Hybrid Oryzacystatin Fusion Protein

The synthesised gene was subcloned into the pMAL vector after removal from pUC18 by digesting with Pvull
and HindlIl. This resulted in the removal of a 282-bp fragment (Figure 4.3) which was gel purified to separate
the insert from the rest of the plasmid. This was particularly necessary since PvuIl cuts in the pUC18 plasmid
(Appendix D) so the correct size band had to be isolated.

The recognition site for the factor Xa protease consists of four amino acids, Ile-Glu-Gly-Arg (Nagai &
Thegersen, 1988). The ideal cloning procedure would be to insert the gene of interest directly 3’ to the coding
sequence for factor Xa. To do this, the gene of iﬁterest must be cloned into the Stul site in the vector multiple
cloning site (New England Biolabs manual). By cutting the insert at the specifically engineered Pvull site a
blunt-ended fragment resulted, with the first amino acid (leucine) at the start of the gene. Cutting the vector
and the insert with HindlIll allowed directional ligation of the Pvull-HindllI-cut insert into the desired position

and in frame with the malE and factor Xa sequences.

The insert and vector were ligated and transformed into E. coli strain TBI by the method of Chung & Miller
(1988). When the putative recombinants were transferred onto fresh LB plates containing 100 pg/ml
ampicillin, 80 pg/ml 5-bromo-4-chloro-3-indoyl-B-pD-galactopyranoside (X-gal) and 0.1 mM IPTG, the
majority of white colonies did not grow well. This could be attributed to the over expression of the foreign
fusion prétein on the plates. Some fusion proteins have been shown to be toxic to E. coli when IPTG and X-
gal are included in LB plates, even at induction levels of 10 uM IPTG (New England Biolabs Manual). The
identity of positive clones was thus further verified by colony hybridisation using a DIG-labelled probe of the
HO gene. The DNA of a few of these positive clones was extracted using the ‘miniprep’ method (Sambrook et
al., 1989) and digested with restriction enzymes present in the insert (Figure 4.4). The Stul and Xbal
restriction sites (lanes 2 and 3) are lost from the multiple cloning site once the insert is cloned (see Figure 4.1)
and thus would not be expected to cut. They do cut the pMAL-p plasmid, as is shown in lanes 6 and 7. The
restriction enzyme, Styl, was used to clone in template D of the insert in the 4-part cloning strategy (Chapter
3). It is not present in the pMAL-p vector (Appendix D) as can be seen from the uncut band (lane 5). The
pMAL-HO plasmid does cut with Syl (lane 1), however, which verifies the presence of the HO gene in the

plasmid.
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Figure 4.3: Schematic diagram showing the cloning procedure. The insert was removed from pUCI§-
HO by cutting with Pvull and Hindlll and ligated into the pMal-p plasmid (linearised with Stul and
Hindlll) to produce pMAL-HO.
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Figure 4.14: 13% SDS-gelatin-PAGE gel showing the stability of cystatin/papain complexes following
electrophoresis. Lanes 1, papain only; 2, E-64/papain complex; 3, PMSF and papain, 4, SBTI and
papain; 5, HO-fusion protein/papain complex; 6, Chicken cystatin (CC)/papain complex; 7, OC
I/papain complex.

4.6.3 Insect Trial Assays

Since the MBP-HO was an effective inhibitor of papain and is available in relatively large amounts, this

compound was used for insect trial assays using the confused flour beetle, Tribolium confusum. This insect

was chosen for two reasons:

1. It was readily available as a test system at the S.A.B.S. in Pretoria, South Africa.

2. [Initial investigations of casein hydrolysis by the midgut proteinases of 7. confusum have shown maximal
activity between pH 6.5 and 6.9 (B < et al.,, 1962). This suggests that these insects use catheptic

proteinases for digestion.

Crude periplasmic proteins containing 55% HO-MBP (determined by densitometric scaning of SDS-PAGE

gels) were isolated as described in section 4.2.5. These and control MBP fractions were freeze-dried and sent

to the S.A.B.S. in Pretoria.

The results of the insect assays are shown in Table 4.3. Problems were encountered in the administration of
the fusion protein in the trial assays as the proteins were not easily crushed with the media. Repeated attempts
to do this resulted in the proteins becomi  sticky and difficult to mix in with the dry media. The proteins thus
had to be dissolved in water and sprayed onto the nutrient medium (D. Van der Linde, personal

communication).
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Table 4.3: Insect trial assay results using the confused flour beetle, Tribolium confusum.
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Number of Tribolium Confusum adults that have emerged .-
T ;Sample . — o j,Replicates T i -
e 1 2 | 3 7 5
Proteinase Inhibitor T>600 >700 >700 >600 >400
Control Protein (MBP) >800 >700 >700 >500 >600
Untreated Control >700 >600 >700 >400 >500

Results showed very little difference between the controls (the maltose binding protein and the untreated

control) and the fusion. This could be attributed to a number of reasons: | , '

1. There may have been other proteinases besides cysteine proteinases in the insect midgut which could have
overcome any toxic effects of the inhibitor.

2. The concentrations of inhibitor used in this assay (0.1%) may not have been sufficient to deliver toxic
effects. Should this be the case, the use of this inhibitor in transgenic plants would be questionable since
it would be difficult to achieve higher concentrations in plant tissues.

3. In this study, an artificial diet was used. In many cases, the relative effectiveness of proteinase inhibitors
has been shown to vary with dietary proteins of differing digestibility and/or quality (Kuroda et al., 1996).

4. The procedure used in this experiment, for adding inhibitor to the dry medium may not have been effective

for obtaining adequate mixing with the medium or dosage.

4.7 Conclusions

The HO fusion protein has been successfully cloned and expressed in the pMAL system. 42.5 mg of
periplasmic proteins per litre were obtained from the periplasmic fraction following incubation of the induced
pMAL-HO culture at 37°C for 24 hours. This was then purified on a cross-linked amylose column to give 7

mg of purified fusion protein.

Sufficient yields of this fusion protein were obtained and the inhibitor showed activity when assayed against
papain in fluorescent assays and in the gelatin assay. It was also confirmed that this protein acts as an inhibitor

rather than as a substrate of papain.

The system was, however, unsatisfactory in as much as low yields of inhibitor (0.025 mg) were obtained on
cleavage with factor Xa. Attempts to optimise the conditions for factor Xa cleavage failed to improve the
yield. Sufficient purified HO inhibitor was, however, obtained to enable N-terminal sequencing. This
confirmed that factor Xa had cut at the correct site between the MBP and the HO proteins.
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The usefulness of this inhibitor as an agent for biocontrol could not be fully assessed by the insect assay that
was used. A better option would be to use the HO inhibitor protein (rather than the fusion) in biocontrol
assays. Furthermore, because of the insect’s ability to overcome the toxic effects of proteinase inhibitors
(discussed in chapter 1, section 1.7), these assays should perhaps be:

1. expanded to include a range of concentrations of inhibitors

2. conducted in conjunction with other inhibitors such as the serine or aspartic proteinase inhibitors, with

appropriate controls designed to provide more efficient ways of administering the HO inhibitor.

In conclusion therefore, the HO inhibitor had been successfully cloned and expresed in the pMAL system.
However, the yields of 0.025 mg of fusion from one litre of culture were low. To try and improve this yield,

another expression sysem was explored. This is described in Appendix A.
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CHAPTER 5

Expression of Natural Oryzacystatin | in the pET System

» 5.1 Introduction

The previous chapters have described the synthesis, cloning and expression of the modified hybrid inhibitor.
However, in order to study this hybrid inhibitor in relation to its two derivative proteins (i.e. the natural
chicken and oryzacystatin inhibitors), it was necessary to obtain these two inhibitors. Chicken cystatin is
commercially available (Sigma) but oryzacystatin on the other hand is not and I had either to express it in a
genetic vector, or isolate it from rice seeds. I chose the former and was grateful to receive the natural OC I
gene cloned into the pET-3a plasmid as a kind gift from Dr Lisa Jouanin (Department Of Cellular Biology,
National Institute for Agricultural Research, Cedex, France).

The pET system is useful for the expression of foreign proteins. Target genes are cloned under the control of
the strong bacteriophage T7 RNA polymerase promoter in the host cell. For protein production, a recombinant
plasmid is transferred to an E. coli host strain, which contains a chromosomal copy of the gene coding for T7
RNA polymerase. These bacterial hosts are lysogens of bacteriophage DE3, a lambda derivative that has the
immunity region of phage 21 and which carries a DNA fragment containing the lac/ gene, the lacUVS5
promoter, and the gene for T7 RNA polymerase (Studier & Moffatt, 1986). Once a DE3 lysogen is formed,
the only promoter that will direct transcription of the T7 RNA polymerase gene is the lacUV5 promoter, which
is inducible by IPTG. Addition of IPTG to the growing culture of the lysogen, induces the production of T7
RNA polymerase, which in turn transcribes the target DNA in the plasmid (Rosenburg et al., 1987).

This section therefore, will describe the expression and purification of the OC I protein from the pET system.
The expressed protein was then used in the kinetic studies and its activity compared with that of the hybrid

oryzacystatin.

5.2 Materials and Methods

5.2.1 Escherichia coli Strains and Culture Conditioris

pET-3a plasmid (Novagen) and pET-3aOC I (Leplé et al., 1995) in E. coli strain BL21(DE3) (Novagen) were
used for these experiments. The cultures were grown in M9ZB media (see Appendix B) at 37°C with vigorous
shaking and plasmids were maintained by selection in the presence of 100 pg/ml ampicillin. For expression of

the native inhibitor, cultures containing the parental (pET-3a) or the recombinant (pET-340C I) plasmid were
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grown until the Agq reached 0.9 (approximately 5 hours). Expression was induced by the addition of 0.4 mM
IPTG in the presence of 200 pg/ml rifampicin. The culture was then incubated for a further three hours at
37°C before pelleting the cells.

5.2.2 Isolation of Total, Soluble Cell Proteins

Isolation of the soluble, cytoplasmic cell proteins was carried out according to the method of Leplé et al.
(1995). The cells were first pelleted at 5000 rpm for 20 minutes at 4°C and resuspended in 50 mM Tris, pH
7.5; 0.2 mM NaCl; 2 mM EDTA and 10% glucose. Cells were frozen overnight at -20°C. The following day,
the cells were thawed and sonicated on ice (3 times for 40 seconds at 100 W) on a Soniprep 150 sonicator.
This was repeated over 3 minutes and the suspension was centrifuged for 1 hour at 15 000 rpm. The soluble
supernatant was heated at 65°C for 15 minutes and centrifuged as before to remove the heat-sensitive proteins.
The supernatant was concentrated at 4°C by pressure ultrafiltration using a Diaflo YM3 membrane (Amicon
Corp. Beverly, MA, U.S.A.).\ '

5.2.3 Gel Exclusion Chromatography

For gel exclusion chromatography a Sephadex G25 gel filtration matrix was used and prepared
according to the manufacturer’s instructions (Pharmacia). Once the column was packed, it was then
equilibrated in 10 mM Tris, pH 7.5 before placing 25 ml of the concentrated supernatant over the
column. Five millilitre fractions were then collected using a fraction collector, and the A,z of each 5 ml
fraction was read on a Beckman DU-64 spectrophotometer. Samples were analysed by SDS-PAGE and
Western blotting (Appendix C). Fractions containing inhibitory activity (assayed as described in Appendix C)

were pooled and freeze-dried.
5.2.4 lon Exchange Chromatography

Ion exchange chromatography was carried out using DEAE Trisacryl M (Sigma) according to the method of
Leplé et al. (1995). Forty millilitres of the column matrix was packed into a 20 cm x 2.5 ¢m column according
to the manufacturer’s instructions (Sigma). This was then equiiibrated in 8 column volumes of 25 mM Tris-
HC], pH 7.5. The freeze-dried OC I extract was then dissolved in 30 ml distilled water and placed over the
column. This was followed with 30 ml of distilled water and then a discontinuous salt gradient from 0.15 to
0.6 M NaCl was used tov elute the proteins (Leplé et al., 1995). Following ion exchange, the salt was removed

by dialysis at 4°C against 5 mM potassium phosphate buffer, pH 6.5.
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5.2.5 Affinity Purification

Cm-papain-Sepharose was prepared according to the method of (Anastasi et al., 1983) such that a final
concentration of 2.3 mg of protein per ml of gel was attained. This was then packed into a column, 2.5 cm x
10 cm. The column was equilibrated in 50 mM phosphate buffer, pH 6.5, containing 0.5 M NaCl and 0.1%
Brij 35 (Anastasi et al., 1983). After absorption of the proteins, the column was washed in this same buffer,
but with 10% glycerol in place of the Brij 35. Non-specifically bound material was eluted with 50 mM K;PO,,
pH [1.5 containing 0.5 M NaCl and 10% glycerol. The collected fractions were then adjusted to pH 7.4 by
dialysis at 4°C against 5 mM potassium phosphate buffer, pH. 7.4.

5.2.6 Polyacrylamide Gel Electrophoresis and Western Blotting

Samples were prepared for electrophoresis on a 20% SDS-PAGE gel as follows:

1 ml volumes were removed from E. coli cultures and pelleted by centrifugation in a microcentrifuge at 14 000
rpm for 5 minutes. Cell pellets were then resuspended in 50 pl sample loading buffer. Immediately before
loading onto SDS-PAGE gels, samples were boiled for 5 minutes to disrupt the cells. 20 pl of this suspension
(approximately 30 pg of protein) was loaded. 20% SDS-PAGE gels were prepared as described in Appendix
C. For Western blotting, proteins were electrophoresed onto nitrocellulose and analysed according to Towbin
et al. (1979) with modifications (Appendix C). OC I antibodies were kindly supplied by Professor Soichi Arai
(Department of Agricultural Chemistry, Faculty of Agriculture, University of Tokyo, Japan).

5.3 Results and Discussion

5.3.1 Analysis'of the Expressed Oryzacystatin | Protein

Expression was induced by the addition of IPTG (and rifampicin; 200 pg/ml) to a late log phase culture. The
antibiotic inhibits transcription by the host RNA polymerase and thus reduces the backgrg_und synthesis of host

RNA and proteins (Novagen manual).

One millilitre aliquots were removed from the céll cultures at various times following induction. The
expression results of the pET-3a0C I are shown in Figure 5.1. The uninduced culture (lane 2), shows almost
no expression of OC I, whilst lanes 3 - 5, show an accumulation of a 12-kDa protein. 12 kDa is slightly larger
than the published size of 11,800 kDa for natural OC I as shown by Abe et al. (1987a). However, there is
often a slight over-estimation of the molecular weight of cystatins when compared with commonly used
molecular weight marker proteins (Abrahamson et al., 1986). A band size of 12 kDa for OC I has been
observed on SDS-PAGE gels by Abe et al. (1987a).
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A K, value of 63 pM was obtained for the substrate under the assay conditions described in section 6.2.3
(Figure 6.2). This is similar to the K, values of 60 pM obtained by Lindahl ef al. (1992) and 65 uM by Zucker
et al. (1985).

6.3.3 Determination of Equilibrium Constants (K)

A number of different methods have been used to determine the equilibrium dissociation constant (K;) of
cystatins and their cognate enzymes. These include the determination of the initial reaction velocities V)
under presteady state conditions in which activated enzyme is added to a mixture of inhibitor and substrate.
The results are then fitted (by non-linear regression) to the Cha equation (Cha, 1975). Other methods that have
been used are those described by Henderson (1972) in which the reaction is started by the addition of enzyme
to the substrate. The relative steady state velocities before (V,) and after (V;) the addition of the cystatin

inhibitor are then used to calculate the apparent K; value (Kjpp)).

Protocols, such as those used by Bjork er al., 1989; Turk er al., (1996); Lindahl er al. (1994), that depend upon
the analysis of pre- and post-steady state reaction velocities are best used when computer-controlled
experimental systems are available for the automatic addition of reagents and for monitoring the subsequent

accumulation of fluorescent product.

Since I did not have access to the necessary equipment and had, instead, to rely on manual timing' of the
experiment and a strip chart recorder for‘output, I chose to use the approaches described by Kondo et al.
(1990), in which initial reaction velocities are measured in the absence of inhibitor (V,) and in the presence of
different concentrations of inhibitor (V;) after co-incubation with enzyme for a long enough period for

equilibrium to have been established.

Each assay took approximately 60 minutes to complete since this period of time was needed before linear
recordings of V; were obtained. Control incubations, without inhibitor, for 0, 20 and 60 minutes gave similar

V, values for the enzyme.

-+

The data obtained for V; and V, for the different inhibitors are shown in Appendix E. The points in these final
graphs represent the means of several experimental observations. To ensure that residual enzyme activity
could be detected at the high concentrations of inhibitor used in these assays the substrate was used at
concentrations of 25 uM. A lower amount of enzyme (0.8 nM) was used for the HO as there was less inhibitor
available for assay. Apparent K; values (K;a,y) were calculated as the slope of the plot of [I}/1-V/V, versus
V./V; (Henderson, 1972) and the K; was determined from the relationship:

- Kigap = K, (1 + [SVKp).

using a K, vélue of 63 uM. The corrected K; values obtained are shown in Table 6.2.
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Table 6.2: K, data for the different inhibitors

- Imhibiter, < T Ki(M)
‘C:hicken Cystatm | 595 X 10‘"2 |
Oryzacystatin I 1.58 x 10
HO-MBP Fusion 2.89 x 107

HO 3.6x 107

Analysis of the data (Appendix E) showed considerable variation between the data sets, (i.e. the standard
deviation at a given inhibitor concentration was greater than the differences between the average points at
different inhibitor concentrations) so that very large differences in inhibitor concentration were required to

document significant changes in V;.

Estimates of K; obtained for the different oryzacystatin variants (Table 6.2) were slightly higher than described
in the literature. Represented values for K; of oryzacystatin range from 7.0 nM to 36.4 nM (Abe et al., 1988;
Kondo et al., 1990; Arai et al., 1991; Michaud et al., 1994; Urwin et al., 1995). K, values obtained for HO
were similar to those observed with the natural OC I. If anything, the natural OC I was a marginally better
inhibitor. No significant difference was observed between the fused and the free hybrid inhibitors.

Because chicken cystatin is such a tight-binding inhibitor that does not readily dissociate from the complex, the
K; for this inhibitor was obtained from the k. and k,, data determined in pre-steady state experiments where
the enzyme was added to a mixture of the inhibitor and substrate (described in Turk et al., 1996). The data

were fitted by non-linear least squares regression to the equation:
[Pl=vt+(,-v)(dA- e Fa'y / k s

(Cha, 1975), where [P] = the concentration of product formed by hydrolysis of the

substrate
t = time
V, = initial rate of substrate cleavage
V; = final rate of substrate cleavage

kos = the observed pseudo first order rate constant for the reaction of the inhibitor
with the enzyme
Detailed evaluation and graphic presentation of results (Appendix E) was performed using FigP (Biosoft

Cambridge).

kops was found to be linearly dependent on inhibitor concentration (Appendix E). These observations indicate
that, under the conditions used, the interactions followed the mechanism E + I = EIj i.e., the combination of

enzyme and inhibitor occurred as a simple, reversible, bimolecular reaction (Morrison,1982). According to
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this mechanism, the linear dependence of K, on inhibitor concentration is described by:
Kobs = k.j + ki [I]

where k-; and k., represent the ‘fo and the ‘on’ rate constants, respectively.

Using the equation it should, theoretically be possible, by plotting ko as a function of [I], to obtain values for
both the ‘on’ and ‘off’ rate constants — the former as the slope of the curve and the latter as the intercept on the

coordinate axis. The value that I obtained (9.1 M's™) is similar to that described by Bjork et al. (1990).

The ‘off’ rate , however, is so slow that I was not able to get a reliable estimate of the k. and the derived rate
for K; (10"'2 M) should be regarded as no better than the upper estimate. Bjork ef al. (1990) using a superior

experimentan system, recorded a K; of 107 M.

6.4. Conclusions

The results that I obtained show that the substitution of the N-terminal 21 residues of oryzacystatin for the N-
terminal 15 residues of chicken cystatin did not generate a significantly better inhibitor. In fact, a comparison
of the inhibitory constants of the hybrid oryzacystatin with the natural component inhibitors showed the HO to
have a K that is similar to the natural OC I and significantly higher than that of the truncated chicken cystatin
inhibitor. Similar K; results were seen for the HO and that fused to the MBP. This is in agreement with results
obtained by Michaud et al. (1994), Thiele er al. (1990) and Kaji et al. (1990).

In terms of the molecular models, these kinetic results suggest that model 1 for the HO inhibitor (Chapter 2) is
an unlikely structure. Urwin et al. (1995b) showed that Gly'® of OC I was important for maintaining its
inhibitory activity and that the loss of this residue resulted in an increased K;. They suggested that the
importance of this residue lies in the fact that it is involved in a turn formation which brings the Leu’ residue of
OC I into contact with the proteinase for tighter binding in this region. In model I, however, there is no contact
between the amino terminus of the HO and papain and hence, from the results described by Urwin er al.

(1995b), one would expect such an inhibitor to have a greatly increased K; My results do not support this.

Since model 2 was found to be improbable, the most likely structure for the HO is model 3. In this model the
amino-terminal contacts of the HO, containing the substituted chicken cystatin N-terminus, makes similar
contacts with the N-terminal region of papain to the natural chicken cystatin. The importance of the N-
terminal region of chicken cystatin has been demonstrated (Machleidt et al., 1989; Abrahamson et al., 1992;
Lindahl et al., 1992; Bjork et al., 1994) and loss of the amino-terminal residues Leu’ to Gly’ have resulted in
Iarge increases in the inhibitory constants of chicken cystatin. The question that therefore arises is if the N-
terminus does play such an important role, why was there such a small change in the inhibitory constant of the

HO compared to the natural OC 1?
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From the results and in answer to this question, the following points can be made:

1. Urwin et al. (1995) showed that deletion of the N-terminal 21 residues from oryzacystatin resulted in
the inhibitor becoming completely inactive. Abe er al., (1988) who used a similar strategy, (although
their inhibitor had an additional 15 amino acids at the N-terminus derived from the pUCI18 vector)
found no change in the inhibitory capabilities of the moiecule. These results, as well as those shown
here. suggest that'a pre-requisite for inhibitory activity of the inhibitor is the presence, in this area, of
residues that provide some contact with the proteinase. In this way, the N-terminus may help to pilot
the molecule over the active site of the enzyme and thus, as long as there are no residues in th¢ amino
terminus that provide steric hindrance with papain, a degree of inhibition is obtained. Although not
determined in this project, there may in fact be differences in the association and dissociation constants

between the natural and hybrid rice inhibitors.

2. Shibuya et al. (1995) have shown that changes in the N-terminus can affect the positioning of the first
hairpin loop which has been shown to be important in the cystatins for conferring inhibitory activity
(Abrahamson et al., 1987; Abe et al., 1988; Turk i& Bode, 1991). Furthermore, Bode et a/l. (1988)
showed that interactions occur not only between the cystatin and the proteinase but also between the
different cystatin loop regions (for example, len5 3 of chicken cystatin forms a H-bond with Gly’ of the
N-terminus). Although I was not able to show (through molecular modelling) any changes in the
interactions of the different loops of OC I by replacing the N-terminus with that of chicken cystatin, it
must be remembered that the OC I part of this modelled molecule was based on the structure of stefin
B and there may be slight differences to the actual OC I inhibitor. Thus the interéction of the
substituted region and the two binding loops of the HO may have been different from that of the
natural chicken cystatin and this could have been responsible for the increased K; of the HO. This is
particularly important since chicken cystatin has a different sequence (i.e. QLVSG as opposed to
QVVAG). Shibuya er al. (1995) showed that the contacts between the cystatin binding loops are
essential and any changes may affect the association constant and he.nce the Ki. Iagree with Urwin er
al. (1995), Machleidt ef al (1995) and Shibuya et al. (1995) who suggest that the inhibitory regions of
cystatins do not act independently but all contribute to the inhibitory capabilities of the inhibitor.

3. Many of the effects of mutations on the K;’s have been the result of significant changes in the
properties of the substituted amino acid residues. For example, in experiments with stefin B, changes
in the K; were observed when ionic residues such as glutamine replaced Cys’. In my case, however,
substituted amino acid residues were all very similar in the form of their hydrophobics and charges,

and thus I would not have expected a large change in K; on this account.
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4. It has been suggested that binding of the N-terminus in family II cystatins compensates for less
favourable contacts made in the other hairpin loops such as the QLVSG region of chicken cystatin
(Machleidt ef al., 1989). The results I obtained with the HO indicate that the N-terminus in the family
I cystatins niay not be as important as in the family II cystatins, since substitution of the whole N-
terminal region of OC I for the chicken N-terminus did not significantly change the inhibitory constant
from that of the natural inhibitor.

5. Finally, experiments in which the N-terminus of stefin B was replaced by the N-termini of cystatin C
or kininogen (Jerala, 1994), yielded protein whose activity was largely unaffected as far as papain and
cathepsin L were concerned. Inhibition of cathepsin H by these hybrids, however, was considerably
weaker than that of the natural stefin. Since only the inhjbitdry effects against papain were
investigated in ﬁﬁs project, it would be interesting to determine the effect of sﬁch a substitution on

other cysteine proteinases such as the cathepsins.

Thus in summary, the interactions between the three binding loops appear to be important for inhibitory
activity of the cystatins, particularly in the family II cystatins. The flexible N-terminus being responsible for

the positioning of the cystatin over the active site residues of the cysteine proteinase.

In terms of biocontrol, this inhibitor was shown to be slightly less effective an inhibitor of papain than the
natural inhibitor. To improve its inhibitory capabilities for use in plants, therefore, one would need to study

other substitutions such as those in which other loop regions of chicken cystatin were introduced as mentioned

by Urwin et al. (1995b).
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Appendix A

Expression of the Hybrid Oryzacystatin in the Yeast Pichia
pastoris

A.1 Introduction

The production of the HO gene as a fusion product in bacteria was successful in that a large amount of
biologically active fusion protein was produced. Cleavage of the fusion with factor Xa, however, gave poor
yields of liberated inhibitor, so it was decided to explore other expression systems. To this end, the hybrid
inhibitor was expressed in a yeast system. The yeast Saccharomyces cerevisiae has often been used for the
expression of foreign genes for the advantages that yeast offers over other expression systems i.e:

e The organisms can be grown rapidly and to high cell density (Bucknolz & Gleeson, 1991).

e The production of proteins in yeast often leads to higher levels of heterologous protein expression than in

bacterial systems.
e Yeasts are eukaryotes and hence their intracellular environment is often more suitable for the correct

folding of eukaryotic proteins.

The low yields of expressed proteins and difficulties in secreting some proteins in Saccharomyces have,
however, led to the use of alternative yeast expression systems. One of these is Pichia pastoris developed by
Invitrogen, San Diego. The Pichia pastoris expression system was used in this study. The following sections

give a brief review of this yeast expression system and discuss the expression results.
A.1.1 Pichia pastoris as an Expression Host

Pichia pastoris is a methylotrophic yeast that is capable of using methanol as its sole carbon source. It has
been used successfully by a number of groups to produce recombinant proteins (Cregg et al., 1987; Clare et
al., 1991; Scorer et al., 1993) and often produces higher yields of expressed protein than many other yeast

expression systems.

The first step in the metabolism of methanol by this yeast is the oxidation of methanol to formaldehyde using
molecular oxygen and the enzyme alcohol oxidase (4OXI7). This reaction generates formaldehyde and
hydrogen peroxide. To avoid toxicity of the latter, methanol metabolism takes place in the peroxisome which
sequesters these toxic by-products. from the rest of the cell (Ellis ez al., 1985). The 40X! enzyme has a poor
affinity for oxygen and so the yeast compensates by generating large amounts of this enzyme. It is the 4OX]
promoter which has been used in the Pichia pastoris system to drive heterologous protein expression (Cregg et

al., 1989).
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There are two genes in P. pastoris that code for alcohol oxidase - 40X and AOX?2 (Cregg et al., 1989). The
AOXI gene is responsible for the vast majority of alcohol oxidase activity in the cell, and in methanol grown
cells the 4OX] gene message represents approximately 5% of the total poly A* RNA levels (Cregg et al.,
1993). The AOXI promoter is under the control of both a general carbon catabolic repression/ derepression
mechanism and a C-specific induction mechanism (Johnston, 1987). In this system, growth on glucose
represses transcription, even in the presence of the inducer, methanol. Hence, before induction, this yeast is
grown on glycerol as the carbon source. The second functional alcohol oxidase gene, 4OX2, encodes a protein
that is 97% identical to and has almost the same specific activity as AOX7 (Cregg et al., 1993). Clones lacking
the AOX! gene grow much slower on methanol and this allows for the isolation of Mut® strains (Cregg et al.,
1989; Koutz et al., 1989). The reason these transformants can grow on methanol is because of the second

alcohol oxidase gene, 4OX2, which provides a less efficient source of alcohol oxidase (Cregg et al., 1987).
A.1.2 Heterologous Protein Secretion In Pichia

The goal in this case, and with many other expression systems in Pichia pastoris, was secretion of the foreign
protein into the media. This has the advantage in that Pichia secretes very low levels of its own native proteins

and so it provides a first step in the purification of the protein of interest.

The pPIC9 vector, which is used for secretion of foreign proteins in this yeast, was used in this study (Figure
A.1). This expression vector contains the Saccharomyces cerevisiae pre-pro-o—mating factor leader sequence
which is responsible for directing the secretion of several proteins from the cell (Clare et al., 1991). Itisa 13-
residue peptide that is secreted by cells of the a-mating type and functions by acting on cells of the opposite
mating type to promote efficient conjugation. This leads to the formation of diploid cells (Brake et al., 1984).

For the processing of this pre-pro-a-factor signal peptide a number of different proteolytic activities are
required (Clare et al., 1991). For example, the glycosylated pro-o-factor is cleaved firstly by an
vendoproteinase that cleaves on the carboxyl side of the Lys-Arg sequence (Figure A.2). This endoproteinase is
encoded ’t;y the KEX2 gene and is used in conjunction with the a-factor leader sequence to direct the secretion
of small peptides (Clare et al., 1991). An investigation into the properties of this endoproteinase (Clare et al.,
1991) has shown it to be a membrane-bound, calcium-dependent serine protease which is homologous to
subtilisin and other related proteases. Since the inhibitor being cloned was a cysteine proteinase inhibitor and
not a serine proteinase inhibitor, cloning of this HO protein into a vector containing this protease was not

expected to interfere with the protease action.
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Preliminary cleavage of the signal sequence by the KEX2 gene product occurs between arginine and
glutamine in the sequence Glu-Lys-Arg* Glu-Ala-Glu-Ala where * is the site of cleavage. The STE13
gene product then further cleaves the Glu-Ala repeats. This STE/3 gene encodes a membrane-bound, heat-
stable di-peptidylaminopeptidase which is fesponsible for removal of Glu-Ala sequences after the signal
cleavage site (Romanos et al., 1992). The a-factor signal sequence, the cleavage sites and the multiple

cloning site of pPIC9 are shown in Figure A.2.

Secreted proteins are often glycosylated. However, an advantage of Pichia over Saccharomyces, is that Pichia
does not hyperglycosylate. Thus, although both S. cerevisiae and P. pastoris have mainly N-linked
glycosylation of the high-mannose type, the length of the oligosaccharide chains added post-translationally to
proteins in Pichia is much shorter than those added in S. cerevisiae (i.e. 8-14 in Pichia as opposed to 50-150 in
S. cerevisiae; Tschopp et al., 1987). Furthermore, S. cerevisiae core oligosaccharides have terminal 1,3 glycan
linkages whereas P. pastoris does not. It is believed that the 1,3 glycan linkages in glycosylated proteins
produced from S. cerevisiae are primarily responsible for the hyper-antigenicity that makes them particularly
unsuitable for therapeutic use (Cregg et al., 1993). This is predicted to be less of a problem for glycoproteins
generated in P. pastoris since these resemble the glycoprotein structure of higher eukaryotes (Cregg ef al.,

1993).

The recognition site for glycosylation is Asn-X-Ser/Thr (Brake, 1990). This sequence is not present in the HO

sequence and hence glycosylation was not considered to be a problem in secretion of this protein.
A.1.4 Recombination and Integration in Pichia

Pichia pastoris has no stable episomal vectors and so those used for transformation into the yeast are
integration vectors. Integration into the genome has the advanfage in that it confers stability through meiosis
(Romanos et al., 1995). There are three ways in which the vector expression cassette can be inserted into the
yeast genome, depending on the restriction enzymes used to linearise the vector. This is illustrated in Figure

A.3 and is described in more detail below.

(A) The vector is cut with Bglll

Digestion with Bg/Il produces a fragment with ends homologous to the 5’ and 3’ ends of 40X/. On
transformation, these are then targeted to transplace into the AOX! locus (Figure A.3 (A)). The chromosomal
AOXI is thus disrupted by this event and Mut® transformants are produced. Multiple insertions can also occur.
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{B) The vector is cut with Sacl

A second method of integration is to linearise the vector with Sacl. This targets integration by a single cross-
over event into the AOXI locus (Figure A.3 (B)). The 40X gene remains intact in this case, and the resultant

clones have the Mut” phenotype. Multiple insertions by repeated single cross-overs can also occur.

(C) The vector is cut with Stul

Linearising the vector with Stul targets integration into the chromosomal 4is4 locus by a single cross-over

mechanism (Figure A.3 (C)). These transformants are again Mut” and multiple integrations can occur.

Thus in summary, the gene of interest is cloned into the multiple cloning site of the vector, this vector is then

integrated, in one of the above ways, into the yeast genome.

A.2 Materials and Methods
A.2.1 Yeast Strains

P. pastoris, GS115 (his4; Cregg et al., 1995), SMD1168 (his4, pep4,; Invitrogen, San Diego, USA) were used
as host strains for the expression of the HO in yeast. E. coli strain DH5a was used for the plasmid pPIC9
(Invitrogen, San Diego, USA) and pPIC9-HO constructions and propagations.

A.2.2 Cloning of the Hybrid Oryzacystatin Gene in Pichia pastoris

All molecular biology methods were carried out according to the methods of Sambrook et al. (1989).
. Restriction enzymes were from Boehringer Mannheim. The insert was removed from the pUC18 vector by
cutting with the restriction enzymes Pvull and HindIll and gel purified as discussed previously (section 3.3.5).

For cloning into the SnaBI site of the pPIC9 vector, the Hindlll site was blunt-ended using Klenow
(Boehringer Mannheim). This 282-bp fragment was then cut with SnaBI and cloned behind the 40X1
promoter in pPIC9 (Figures Al and A.2). Transformation into the E. coli host DH5a was carried out using the

method of Chung & Miller (1988).
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Figure A.5: 0.8% agarose gel showing the results of PCR amplification of chromosomal DNA from
transformants. Lanes 4 - 7, Pichia transf. nants; 3, GS115 PCR product, 2, pPIC9 only; 1, molecular
weight marker, lambda DNA digested with Hindlll and EcoRI.

A.3.3 Screening for High Levels of Expressed Protein.

Cregg et al. (1993) have shown that independently isolated P. pastoris strains transformed with the same
expression vector routinely display a range « product le 5. This clonal variation has been obsc  :d ex

with clones containing the same number of expression cassettes (Cregg er al., 1993). Thus, in order to
determine which clones give the best product expression levels, it is necessary to screen a significant number

of transformants.

A small-scale expression study was therefore carried out. For this test, 10 ml cultures of a number of both
Mut® and Mut" clones, containing the insert, were grown to an OD of 17 (8.5 x 10° cells/ml). The optical
density of the medium at 600 nm (ODgy) was used to estimate the cell density, assuming that 1 ODgq is
equivalent to 5 x 107 cells/ml. Once this OD was reached, the cells were placed in 10 ml minimal media

containing methanol in 100 ml volume Erlenmeyer flasks for a further 2 days. Extracts of the cell medium,

before and after induction, were then analysed y SDS-PAGE for the presence of the HO.
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In all the clones tested the levels of HO in the culture medium were found to be < 0.001 pg/ml in;he YNB

minimal medium. There was also no difference between the Mut™ and the Mut® strains (results not shown).

Similar results were obtained with all other clones tested. The lack of expression could be due to a number of

reasons, for example: ' |

e The flasks used in this expression may have been too small for adequafe aeration. This is a critical
requirement for Pichia expression, as dissolved molecular oxygen is necessary for growth in methanol (J.
M. Cregg, personal communication).

e Induction in methanol was only carried out over 48 hours. This may not have been sufficient for large
scale production of the inhibitor.

¢ Richer medium containing yeast extract and peptone may be better for expression. Clare et al. (1991)

showed that yeast induced in rich media produced higher levels of mouse epidermal growth factor than

yeast grown in minimal media.

From the above results, it was clear that the culture condiﬁons for growth of the yeast needed to be fully

optimised.
A.3.4 Optimisation of the Culture Medium for Expression

The first step in the optimisation process involved a study of different media. Often different media may be
optimal depending on the particular protein being expressed. For example, Clare et al. (1991) found yields of
mouse epidermal factor to be higher in richer media (BMMY) than minimal media (Appendix B), however,
they found that proteolytic degradation of their expressed protein was less of a problem in the minimal media,
especially if supplemented with casamino acids. Hence, it was decided to test a range of transformants in
BMGY media (Appendix B). This rich medium contains yeast extract and peptone. Transformants were
grown as 100 ml volumes in 1 litre Erlenmeyer flasks to provide good aeration. Cultures were grown in this
BMGY medium containing glycerol at 30°C until a large cell density of about 8.5 x 10° cells/ml (17 OD units)
was obtained. Cultures were then resuspended in fresh volumes of the same medium, but containing 0.5%
methanol instead of glycerol as the sole carbon source. Aliquots were withdrawn on each day to determine the
extent of HO production by SDS-PAGE. However, an analysis of the results showed similar low levels of

expression to that observed in minimal media.

Romanos (1995) observed that heterologous secretion is more demanding than intracellular expression and is
not guaranteed to work. Sometimes the secretory pathway can be blocked due to malfolding of the protein
(Romanos et al., 1992). Thus, to determine whether such a breakdown in the secretary system had occurred in -
this case, the cellular fraction was analysed. Extracellular and intracellular protein preparations were extracted
according to the method of La Grange (1995). Proteins retained in the periplasmic space were also isolated by

sphaeroplasting (White et al., 1995) to determine whether a build up of any non-secreted protein within the cell
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had occurred. However, SDS-PAGE analyses of the cellular and periplasmic fractions showed no HO protein
(results not shown).

A further point to note, however, was that any HO protein expressed was observed on day 1 of expression in
methanol. None or very little HO protein was detected in the medium beyond day 2. It appeared therefore,
that the low yields could be a result of proteolysis. Romanos (1995) observed proteolysis to be a common
problem in the expression of many proteins in yeast. Proteolysis rather than a lack of oxygen was considered
the most likely problem since: |

e no ‘fermentation odours’ were detected in the yeast culture which might indicate anaerobic metabolism

e no increase in protein yield was seen even if molecular oxygen was bubbled into the culture vessel.

There are a number of options available to minimise protein degradation. Clare et al. (1991) demonstrated that
the yield of mouse epidermal growth factor could be improved by firstly, adding 1% casamino acids to the
medium, and secondly, by buffering the YNB medium to pH 6.0 using a phosphate buffer (Clare et al., 1991).
Proteolysis of human immunodeficiency virus type I envelope glycoprotein, on the other hand, was minimised

by maintaining a low pH (Scorer et al., 1993).

In this study, proteolysis of the HO inhibitor was observed even though the cells were cultured in buffered
medium (pH 6.0) containing the peptide components of yeast extract and peptone. The addition of 3%
casamino acids to either medium did increase the amount of HO produced (results not shown), but a decrease

in the protein concentration with time was still observed (Figure A.7).
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Figure A.7: Yeast strain GS115 carrying the pPIC9-HO integrated plasmid was grown for 6 days.
Aliquots of the media were removed on each day, the Asoy was read and after pelleting the cells, the

supernatant was tested for protein concentration using the Bio-Rad protein assay (Bradford, 1976).
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Whether this proteolysis was occurring during or after secretion into the yeast medium was not clear. Human
albumen (Bathurst ez al., 1987) and Aspergillus glucoamylase (Innis et al., 1985) which were secreted from S.
cerevisiae, have been shown to be processed by the KEX2 protease during secretion. P. pastoris, as mentioned
previously (section A.1.2), also possesses an analogue to KEX2 protease during secretion (Buckholz and
Gleeson, 1991). This KEX2 protease of S. cerevisiae exhibits a substrate specificity toward the carboxyl sides
of Lys-Arg, Arg-Arg and Pro-Arg sequences (Mizuno et al., 1989). These cleavage sites are not, however,
present in the HO sequence. Thus, if the substrate specificity of the XEX2 homologue of P. pastoris is
identical to that of KEX2 of S. cerevisiae, unknown protease(s) rather than the KEX2 homologue must be

responsible for the breakdown of the protein product.
A.3.5 Approaches to Reduce Proteolysis

Romanos et al. (1992) have reported that the proteolysis of some secreted products could be reduced by using
the protease-deficient strain SMD1168 i.e. deficient in a gene (PEP4) that is homologous to protease A in S.

cerevisiae. 1 therefore decided to try this option.

By using YNB medium that had been buffered to pH 6.0 and supplemented with 3% Casamino acids, secreted
HO levels were increased to approximately 0.055 pg/ml. These levels are still disappointing, particularly since
levels of expression of some proteins in this yeast system have been as high as 4 g/l as in the case of human
serum albumin (Barr ef al., 1992). Discussions with others at a Pichia expression conference in San Diego,
California, indicated that not all proteins could be expressed in Pichia and in such cases, other expression

systems should be considered. Other possible reasons for the poor expression levels are outlined below:

1  The use of a fermenter might have been better for large scale production. Romanos et al, (1991) found

that due to oxygen limitation, P. pastoris shake-flask inductions are often sub-optimal when compared to

fermenter inductions.

2 A second problem could be RNA truncation. Some consensus sequences considered to be a problem in S.
cerevisiae (which may be similar in P. pastoris), include (TAG)..(T rich).. TA(T)GT..(A + T rich)..TTT
(Zaret and Sherman, 1984) and TTTTTATA (Henikoff and Cohen, 1984). Scorer et al, (1993) found
termination to be a problem when attempting to express the HIV-1 envelope glycoprotein in yeast. This
protein had AT-rich consensus sequences similar to the problematic TTTTTATA sequence. The HO
sequence also contains many AT runs, for example: 151............... 160

5’ TTTATTATIT 3’

3 The HO gene codon usage had been optimised for expression in bacteria rather than yeast. According to
Hadfield et al. (1983), a major factor influencing translational efficiency in the expression of foreign
genes in yeast, is codon usage. To determine whether the codon usage for the HO gene was sufficient for

yeast expression, the so called ‘codon bias index’ (CBI) described by Bennetzen & Hall (1982) was used.
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The CBI is a measure of directional codon bias towards the use of 25 out of the 61 possible codons for the
20 amino acids. It measures the occurrence of any of the 25 optimal codons in a gene sequence. This
reaches a maximum value of 1.0 in a gene with extreme codon usage. If all the possible codons for amino
acids are used equally, the CBI value is 0.0. A negative value indicates the occurrence of very few
optimal codons in a specific gene (Sharp & Cowe, 1991). The codon bias for the HO gene in yeast was
0.311. This is not optimal for yeast (W.H. van Zyl, personal communication), and hence the presence of
the minor codons may have resulted in limited translation owing to the demand placed upon rare tRNAs,
thus resulting in low concentrations of recombinant HO protein. Temporary but specific pauses during
polypeptide elongation have been attributed to secondary structure formation on mRNA. These
translational pauses can result in mRNA degradation and reduce the proportion of DNA synthesised in its

active conformation.

itk
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* Appendix B : Media, Buffers and Solutions

B.1 Bacterial Media

B.1.1 Luria-Bertani Medium (LB)

Bacto-tryptone u 10g
Yeast Extract - ~ 5g
NaCl | ~ 5g

Sterilise by autoclaving

For Luria agar media, add agar to 1.5% before autoclaving.

B.1.2 M9ZB Media

Bacto-tryptone , 10g
Glucose o ' 40g
MgSO.,7H,0 | 20g
KH,PO, N ~ 30g
NH,Cl ' | | ; T 10g
Na,HPO, o | " 60g
NaCl B ' 50 g
pHto 7.2

B‘.2 Yeast Media

B.2.1 RDB Plates

» Dissolvé 186 g sorbitol and 20 g agar in 700 ml of water and autoclave. When cool the medium is maintained
at 45 °C and a prewarmed mix of the following solutions are added:
100 mls 20% Dextrose _
100 mls 10 x YNB (13,4% yeast nitrogen base with ammonium sulphate and without amino
acids) ’
2 ml 0.02% Biotin
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10 mls 100 x amino acids*

88 ml sterile water

*100 x Amino Acids

Dissolve 500 mgs each of L-glutamic acid, L-methionine, L-lysine, L-leucine, and L-isoleucine in 100 mls of

water. Filter sterilise and store at 4°C.
B.2.2 YPD

10 g yeast extract

10 g peptone

100 ml 20% Glucose stock solution
Distilled Water to 1000 ml

B.2.3 Minimal Methanol (MM) Media B.2.4 Minimal Dextrose (MD) Media
1.34% YNB 1.34% YNB

4 x 10”° % biotin 4 x 10" % biotin

0.5% methanol 1% dextrose

To make plates, 15 g/l agar is added to the above solutions

B.2.5 BMGY ' B.2.6 BMMY

1% yeast extract 1% yeast extract

2% peptone ~ 2% peptone

100 mM potassium phosphate, pH 6.0. 100 mM potassium phosphate, pH 6.0.
1.34% YNB | 1.34% YNB

4 x 10 % biotin 4 x 10” % biotin

1% glycerol 0.5% methanol

B.2.7 Minimal Media for Large Scale Protein Expression

1.34% YNB
4 x 10° % biotin
100 mM potassium phosphate, pH 6.0.

1% glycerol initially and then 0.5% methanol is added to induce protein expression.



Appendix B Page 165

B.3 Enzyme Assay Solutions

B.3.1 4 x Papain Assay Buffer

350 mM KH,PO, 49 g
50 mM Na,HPO, 6.8 ¢
4 mM EDTA 15g
pHto 6.8

2 mM DTT (Dithiothreitol) is added just before use.

B.3.2 0.1% (m/v) Brij 35

0.5 g Brij 35
Distilled water to 500 ml

B.3.3 1 mM Substrate Solution

Dissolve 1 mg Z-Phe-Arg-AMC in 1.5 ml DMSO (Dimethyl sulphoxide). Stock solutions were aliquoted and

stores at -20 C. Solutions were thawed for use and diluted to working concentrations

B.3.4 20 uM Substrate Stock Solution

Stock substrate solution (100 pl) was diluted to 5 ml with distilled water. Solutions were discarded after use.

B.3.5 10 mM E-64 Stock Solution

E-64 (3.8 mg) was disoolved in 100 pl DMSO and diluted to 1 ml with distilled water. This stock solution

was diluted to a 10 uM working solution when required.
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- APPENDIX C : General Techniques

C.1 10% Non-denaturing Polyacrylamide gel electrophoresis -

Non-denaturing polyacrylamide gels were run using a Hoefer SE600 vertical slab electrophoresis unit (Hdefer

Scientific Instruments, San Fransisco, USA).

Acrylamide® 33.3
10 x TBE® T 20
10% Ammonium persulphate 0.7
TEMED T T0.035
Distilled Water . to 100 mlsi

*30% Acrylamide stock solution
e 29 gacrylamide
e 1 gN, N’ —methylenebisacrylamide

®10 x TBE (2 1) was made as follows:
o 216 g Tris-base

e 110 gboric acid

e 80 mlof 0.5 M EDTA (pH 8.0)
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C.2 SDS Polyacrylamide gel electrophoresis (SDS-PAGE)

Discontinuous SDS-PAGE was done according to the method of Laemmli (1970), using a Hoefer SE600

vertical slab electrophoresis unit (Hoefer Scientific Instruments, San Fransisco, USA). Gel spacers were 1.5

mm thick.

Component S - i Millilitres”
13% Resolving Gel | T

30% Acrylamide (as above) 20
1.25 M Tris, pH 8.8 12.5
10% SDS 0.5
10% Ammonium persulfate 0.5
TEMED | 0.02
Distilled Water to 50 mls
6.7% Stacking Gel

30% Acrylamide 1.7
0375 M Tris, pH 6.8 ' 1.25
10% SDS 0.1
10% Ammonium persulfate 0.1
TEMED 0.01
Distilled Water to 10 mls

SDS-PAGE tank and loading buffers were as described by Laemmli (1970)
C.3 Western Blotting

For the Western blotting assay, proteins were transferred by the electroblotting procedure to a nitrocellulose
filter (Amersham International) according to the method of Towbin et al., (1979). Electrotransfer was carried
out using a Hoeffer Transphor (TE 42) unit in transfer buffer (0.196 M glycine, 0.025 M Tris, and 20%
methanol, pH 8.3) at constant voltage (20 V) for 6 hours at 4°C. Once blotted and dried, the nitrocellulose
membrane was then blocked in phosphate buffered saline (1 x PBS; phosphate buffered saline) containing
4,5% milk powder for 1 hour at room temperature. The primary antibody was then added (at dilutions as
indicated in the relevant sections). Incubation was for 1 hour at room temperature. The blot was then washed
three times in wash solution (1 x PBS + 0.5% Tween 20). The primary antibody was detected with a
secondary antibody conjugate (goat anti-rabbit IgG conjugated to alkaline phosphatase; Sigma), at a 1/5000
dilution. The membrane was washed again with three 10 minute washes in 1 x PBS containing 0.5% Tween

20, followed by 30 minutes in 1 x PBS. Colourimetric visualisation was performed using the chromogenic
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substrates, BCIP and NBT (Sambrook et al., 1989). Colour was allowed to develop, in the dark, at room

temperature and stopped by washing the nitrocellulose membrane in deionised water.

C.4 Biorad Protein Assay

Protein concentrations were determined according to the instructions in the Bio-Rad Laboratories manual
which is based on the method of Bradford (1976). Two standard curves were prepared in triplicate using BSA
fraction V (Boehringer Mannheim) as the protein standard. Microgram dilutions of this BSA were made and
the volume made up to 800 millilitres with distilled water or the buffer the protein to be determined was
dissolved in. To this was added 200 ul BioRad dye reagent concentrate. The tubes were then mixed by
vortexing and incubated at room temperature for 20 minutes. The ODsgs was then read against the reagent
blank (water + dye reagent). The ODsos versus the standard concentrations was then plotted and the regression
curve (y=mx+c) was determined using the computer software package Microsoft Excel for Windows 95

(Microsoft, USA).

C.5 Inhibitory Assays of Column Fractions

Assays for inhibitory activity were carried out using the fluorimetric substrate Z-Phe-Arg-NHMec as described
by Barrett and Kirschke (1981). 200 pM papain was incubated with papain assay buffer (87.5 mM KH,PO,

12.5 mM Na,HPO, 2 mM DTT, 4 mM EDTA, pH 6.8) and water (in the case of the control samples) or 20 pl
of column samples, for 20 minutes at 30°C. For all assays percent inhibition was expressed as a percentage

using the equation:

control fluorescence — sample fluorscence
control fluorescence

x100

% Inhibition =
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APVPENDIX D: Bacterial Plasmids

. Multiple
* cloning
site (mcs)

Figure D1: Physical map of the plasmid pUCI18 (Yanish-Perron et al., 1985), a high copy number

cloning vector.

P, .. multiple
Sacl . cloning site

BsEll
Miul

Tth1111 "Ahdl

Ndel

Figure D2: Physical map of the expression vector pMAL (from New-England Biolabs Manual).
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APPENDIX E: Kinetic Data
E.1. Active-Site Titrations

E.1.1 Papain Active site Titration

Inhibitor Experiment 1 Experiment 2 Experiment 3 Average | Stddev
Conc. _ Vo
(uM E-64) _
Ve 1 Vo r2 Vo r :
0 8.02x10° | 0.9999 8.13x10° | 0.9992 | 8.18x 107 | 0.9999 8.11x10° | 0.0008
1 6.84 x 10" | 0.9974 7.26x10° | 0.9999 6.55x10° | 0.9999 6.88x 10° | 0.0036
2 6.24x10° | 0.9998 6.34x10% | 0.9992 6.08x 10° | 0.989 6.23 x10™ | 0.0014
3 4.93x10° | 0.9996 5.21 x10° [ 0.9999 5.27x10° | 0.9994 5.14x 10° | 0.002
4 4.22x10° | 0.9998 4.19x10° | 0.9949 4.47x10° | 0.9997 4.29x 10 | 0.0036
5 3.15x 10" | 0.9986 3.54x10° | 0.999 3.57x10° | 0.9937 3.42x10™ | 0.0023
6 2.78x10° | 0.999 2.58x 10° [ 0.9974 235x10° | 0.9989 2.57x 10" | 0.002
7 1.55x 10° [ 0.9986 1.35x10° | 0.9952 1.43x10° | 0.9934 1.44x 10° | 0.001
8 6.1x10° |0.982 5.8x10° | 0.9999 6.1x10° | 0.9826 6x107 0.0002
0.09
0.08
0.07
0.08
":c: o.os.-
E
z
o 004
>
0.03
0.02 4
0.01
0 T
0 1 2 3 4 5 8 7 8 ]
uM E-64

Figure E.1: Standardisation of papain by titration with E-64. A solution of papain (10 uM) was
prepared from the commercial product and titrated with E-64 as described in section 6.2.2. The
extrapolated linear regression curve intercepted the abscissor at a point corresponding to a papain

concentration of 8.66 uM. Error bars show 95% confidence limits.
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E.1.2 Chicken Cystatin Active-Site Titration

Inhibitor Experiment 1 Experiment 2 Experiment 3 Average | Stddev
Conc. Vo
(ng Vo r Vo Vo
Chicken)

0 1.14x 107 | 0.9997 1.11x 107 | 0.9999 1.13x 107 [ 0.9999 1.13x 107 | 0.002
100 9.24x 10" | 0.9992 9.54x10% | 0.9997 9.66 x 10° | 0.9998 9.48x 10 | 0.002
200 7.4x10° | 0.9997 7.06x10° | 0.9995 7.38x 10° | 0.9999 7.28 x 10° | 0.0019
300 5.64x 10" | 0.9999 5.89x 10 | 0.9997 5.66x10° | 0.999 5.73x 10" { 0.00013
400 3.99x 107 | 0.9990 3.66x 10° | 0.9992 3.98x 10 | 0.9999 3.88x 10° | 0.0002
500 2.22x 107 | 0.9999 1.22x 107 | 0.9985 1.04x 10° [ 0.9999 1.28x10° | 0.0002
600 1.59x 10° | 0.992 1.21x 107 | 0.999 1.03x10° | 0.9999 1.28x 10" | 0.003
700 45x107 | 0.9999 4.7x10”° | 0.9999 43x10° | 0.9999 45x%10° | 0.0002

0.14
0.12
0.1

0.08
0.06
0.04
0.02
]

] 50 100 150 200 250 300 350 400 450
ng Chicken Cystatin added

Figure E.2: Active-site titration of chicken cystatin using E-64 standardised papain. Papain was
incubated with chicken cystatin for 30 minutes at 30 °C and residual enzyme activity was detected by

continuous fluorimetric assays using 5 uM Z-Phe-Arg-AMC. Error bars show 95% confidence limits.
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E.1.3 Oryzacystatin I Active-Site Titration

Inhibitor Experiment 1 Experiment 2 Experiment 3 Average Std dev
Conc. V, '
(ngOCD
Vo r V, r V, r
0 7.44x10% | 0.9997 7.08x10° | 0.9969 7.01x 10" [ 0.9981 7.17x10° | 0.003
200 | 5.69x10° [ 0.9992 5.94x 10" | 0.9998 5.97x10% | 0.9997 5.87x10° [ 0.0016
400 4.4x10° |0.996 436x10° | 0.9997 4.38x10° | 0.9995 438x10° | 0.0002
600 3.11x10° | 0.9992 3.12x 10" | 0.9993 3.4x10° [ 0.9992 3.11x 10" [ 0.0017
800 1.42x10° | 0.9994 1.4x10° [ 0.9992 1.53x 10° | 0.9995 1.45x 10" | 0.9994
1000 7.3x10° | 0.9994 7.4x10° | 0.9874 7.3x10” | 0.9984 7.3x 107 [ 0.9994

a.08

0.07

0.08 4

0.05

0.04

Vo

0.03

0.02

0.01

[ 100 200 0 400 500 600 700 800 000
ng of OC | protein added

Figure E.3: Active-site titration of OC I against E-64 standardised papain. Papain was incubated
with OC I for 30 minutes at 30 °C and residual enzyme activity was detected by continuous fluorimetric

assays using 5 uM Z-Phe-Arg-AMC. Error bars show 95% confidence limits.
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E.1.4 Fusion Active Site Titration
Inhibitor Experiment 1 Experiment 2 Experiment 3 Average Std dev
Conc. ) Vo
(ug HO-
MBP)
Vo r Vo r Vo P
0 8.37x10° | 0.9981 8.49x10™ | 0.9998 9.31x10° | 0.9998 872x10% | 0.0051
500 6.85x 10° | 0.9973 6.53x 10" | 0.9995 7.02x 10% | 0.9984 6.8x10° | 0.002
1000 5.34x10° | 0.9988 5.73x10° | 0.9954 6.32x10° | 0.9977 5.79x 10° [ 0.005
1500 3.64x 10" | 0.9998 3.42x10° [ 0.9996 3.48x10° [ 0.9995 3.64x 10" | 0.0011
2000 2.71x10% | 0.9999 2.66x 10* | 0.9999 2.84x10° | 0.9997 2.74x 10" | 0.0009
2500 1.96 x 10° | 0.9999 1.81x 10° | 0.9994 1.93x 10° | 0.9999 1.9x10° | 0.00008
0.1
0.09 ‘
.
0.07 -
0.06 4
5 005 |
004 |
0.03 4
002 ]
001 |
% 200 400 600 800 1000 1200 1400 1600

ng HO-MBP added

Figure E.4: Active-site titration of HO-MBP fusion against E-64 standardised papain. Papain was

incubated with the fusion for 30 minutes at 30°C and residual enzyme activity was detected by

continuous fluorimetric assays using 5 uM Z-Phe-Arg-AMC. Error bars show 95% confidence limits.
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E.1.5 Hybrid Oryzacystatin (Cut with Fxa) Active Site Titration

Inhibitor Experiment 1 Experiment 2 Experiment 3 Average | Std dev
Conc. V,

(nM HO)

o v, P KA r v, r2 l ,
0 9.48x10° | 0.9997 9.41x 10" | 0.999 9.35x 10™ | 0.9998 9.41x10™ [ 0.0006
500 7.93x10™ | 0.9996 7.9x10% | 0.9997 7.60 x 10™ | 0.9993 8.06x10™ [ 0.0018
1000 621 x10° | 0.9999 557x10° | 0.9991 6.17x10™ [ 0.999 5.98x 10™ | 0.0035
1500 4.09x 10° | 0.9999 4.26x10° | 0.9997 3.6x10° | 0.9989 3.98x 10” | 0.0034
2000 2.88x 107 | 0.9998 2.79x 10° | 0.9999 2.61x10° | 0.9996 2.76x 10™ | 0.0014
2500 69x10” |[0.9979 1.1x10° | 0.9968 1.04 x10™ [ 0.9968 9.49x 107 [ 0.0022
3000 5.03x10° [ 0.9843 0.00503 0.9899 3.91x10° | 09999 4.66 x 10° | 0.0006

0o
0ce
> 005
0os
om
o
’ 0 o0 1520 00
ng HO added

Figure E.5: Active-site titration of HO against E-64 standardised papain. Papain was incubated with
HO for 30 minutes at 30 °C and residual enzyme activity was detected by continuous fluorimetric assays

using 5 uM Z-Phe-Arg-AMC. Error bars show 95% confidence limits.
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E.2 Determination of K, and Vo« Values for Papain

c Experiment 1 ~ Experiment 2 Experiment 3 Average | Stddev
V,
V, r "V, r Vo r
1.5 2.53x 10" | 0.998 2.73x10° | 0.999 2.68x 10" | 0.994 2.64x107 | 0.01
3.75 420x10° | 0.999 3.83x10° | 0.998 3,71x10° | 0.998 3.77x 10" | 0.0025
7.5 1.23x 107 | 0.999 1.24x 107 | 0.999 1.21 x 107 | 0.999 1.23x 107 | 0.0016
15 3.12x107 | 0.999 3.03x107 | 0.999 2.94x 107 | 0.999 3.03x107 | 0.0092
22.5 464x107 [ 0.999 4.32x107 ] 0.999 454x10" | 0.999 4.50x107 | 0.016
30 6.36x107 | 0.999 6.07x 107 | 0.999 5.81x107 | 0.999 6.08x 107 | 0.02
45 6.65x 107 | 0.999 7.25x 107 | 0.999 6.86x 107 | 0.999 6.92x107 [ 0.03
75 8.16x 10”7 | 0.999 8.01x 107 | 0.999 7.98x 107 | 0.993 8.05x10”7 | 0.009
100 1.04x 107 | 0.997 1.03x 107 | 0.995 89x10° [ 0.998 9.88x 10 | 0.008
1.2
1 i
0.8
—.‘E‘
€
E‘ 0.6
2
i
0.4
0.2 4
V] v v - T T
V] 20 40 60 80 100 120

Substrate Concentration (u)

Figure E.6: Michaelis-Menten plot for papain.
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E.3 Determination of Equilibrium Constants (K;)

E.3.1 Data For K; Determination of the Hybrid Protein

Inhibitor Experiment 1 Experiment 2 Experiment 3 Average Std dev
Conc. Vo
(nM HO) Vo r Vo r Vo r
0 203x10° | 09999 |142x10° | 09999 |195x10° [09999 | 1.49x10° | 4.66x10°
Inhibitor Experiment 1 Experiment 2 Experiment 3 Average Std dev
Conc. : Vi
(nM HO) Vi r Vi r Vi r
8 3.46x 10" [0.9998 [298x10"" 09997 [3.22x10" 09995 |3.22x107 | 240x107
16 3.56x 10" [0.9998 |2.81x10™ 09991 [3.72x10" 09993 [3.38x10° |4.83x10"*
24 347x107" 109993 [3.23x10" [0.9991 |3.26x10" 0.9998 |3.32x107" |[1.310x10™"
32 3.22x 10" (0999 [3.09x10T [09992 |3.26x10"! 0.9991 [3.19x10"" [8.89x10"
40 2.89x 107 109997 [296x10™ {09992 |3.21x10™" 0.9996 [3.02x10"" |1.68x10"
4,00E08 -{ [ ]
3.50E-08 .
% 2.50€08 )
g
1,00E-D8 .
omi’.?OEt»m 4.20;5001 4.30é+01 4.40E+01 4.50;5001 4.60;5001 4.70,E+01 4.80'E+01 4.90E+01
Vi

Figure E.7: Henderson plot for the determination of the K; of the HO inhibitor.
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E.3.2 Data For K; Determination of the Fusion Protein

Inhibitor Experiment 1 Experiment 2 Experiment 3 Average Std dev -
- Conc. Vo
(nM Vo r Vo 1 Vo r*
Fusion)
0 814x 10 [0999 | 815x10° [0.998 |[8.01x10™ | 0.999 8.10x 107" 7.81 x 10
11 .
Inhibitor Experiment 1 Experiment 2 Experiment 3 Average Std dev
Conc. Vi
(oM Vi 1 Vi r Vi r
Fusion)
20 6.96x10" 10999 [6.78x10"" 0998 |7.08x10"" [0.999 | 6.94x10" 1.39x 107"
40 6.88x 1077 [0.999 [6.73x107 {0999 [6.1x10™ 0.996 | 6.57x10™" 2.06x 107
60 6.46x 10" 10.999 [ 6.96x107 [ 0999 [6.26x10" [0.999 |6.56x10"" 3.61x10™"
80 631x10™ 10999 | 597x107 [0.998 [65x10" 0.991 |[6.26x10™" 2.69x 107"
100 5.89x10T 0992 {6.12x107 [ 0994 |587x10" [0.991 |596x10"" 1.39x 107"
1.20E-07
1.00E-07
8.00E-08 -
% 6.00E-08 4

4.00E-08

2.00E-08 1 L

0.00E+00
1.15E+02

1.20E+02

1.25E+02

1.30E+02
Vi

1.35E402

Figure E.8: Henderson plot for the determination of the K, of the Fusion protein.

1.40E+02
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E.3.3 Data For K; Determination of Oryzacystatin I
Inhibitor Experiment 1 Experiment 2 Experiment 3 Average Std dev
Conc. Vo
(@M OC 1) Vo r Vo t* Vo r ,
0 4.03x 10" 10999 | 4.25x 10" 0.999 | 4.3x 10 0999 |42x107 1.41 x 107°
Inhibitor Experiment 1 Experiment 2 Experiment 3 Average Std dev
Conc. Vi
(nM OCI) Vi r* Vi r Vi r
20 4.03x107 | 0.997 | 3.96x 10 0.999 | 3.7t x 107" 0.998 [ 3.9x10™" 1.67x 107
40 3.46x10™ ] 0.999 | 3.89x 10 0.999 | 3.75x 10" 0.999 [ 3.7x10" 2.19x 10
60 3.71x 10 [ 0.999 [3.39x 107" 0.998 [ 3.16x 107 0.997 [ 3.42x 107" 1.63x 107
80 323x 10 [ 0999 [2.97x10™ 0.999 | 3.11x 10" 0.999 | 3.09x 107" 9.89x 107
100 2.76x 10" 1 0.999 [ 3.1x10"" 0.999 [3.14x10™M 0.999 | 3x10™ 2.83x 107"
1.20E-07
1.00E-07 -
8.00E-08 -
2
>' 8.00E-08 -
S
4,00E-08
2.00E-08 -
0.00E+00

9.00E+01

1.00E+02 1.10E+02

VoV,

1.20E+02

1.30E+02

Figure E.9: Henderson plot for the determination of the K; of OC 1.
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E.3.4 K;Determination of Chicken Cystatin

3.00E-02
2.50E-02
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Figure E.10: Plot of ko versus inhibitor concentration for chicken cystatin.





