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) Abstract | o
A low molecular weight protein inhibitor of serine proteinagcs from ;lusset Burbank.potato
tubers, polypeptide thmotrypsin inhibitor-1 (PCI-1), has been cfy'st.allized in complex with:
S. griseus proteinase.- B (SGPB). The three dimensional structure ‘of .the complex has been
solved at 2.1A resolution by the molecular replacement method and has been refined to a
final R-facxor»-(:ZnFol-.chn/ZlFol) of 0.142 (8.0 to 2.1A resOlut;on data). The reactive
site bond of PCI-1 (Leu38l to Asn39l) is intact in the complex, ang there is no‘significam
distortion of the peptide from planarity. The distance between the aétive.site setine QY -of
SGPB and the carbonyl carbon of the scissile bond of PCl-1 is 2.8A. The;irmibitor has little
secondary structure, having  three-stranded antiparallel 8-sheet on the sidi opposite the
reactive site and 4 B-turns. PCI-1 has fqur disulphide bridges; these presumeébly && the
place of ‘extensive secondary structure in keeping the reactive sité conformationally
constrained. The pairing of the cysteine fesidues, which had not"tgcen characterized
' chcmical‘ly, is as follows: Cys3I to Cys401, Cys6l to Cys24l, Cys7l to Cys36l; and Cysl3I 10
Cys49l. The moleeular structure of SGPB in the PCI-1 cdﬁlplex agrees closely with the
slrlucture of SGPB complexed with the third domain of {the turkey ovomucoid inhibitor
(OMTKY3; Read, R. J., F,ujin'aga,. M., Sielecki,(A. R.. & James, M. N. G. (1983)
Bioche:mislry 22, 442@-4433). A least §quares overlap of all »atoms in SGPB gives an rpfs
difference of 0.37A. One of the loops of SGPB (Ser35 1o Gly40) differs in conformation in
the two complexes by more than 2.0A g f(;r the main-chai'n. atoms. Thr39 displays tﬁe.
largeét differences with the carbonyl carbon atom deviating by 3.6A. This cqnformational
alternative is a result of the differen‘ces in the molecular structures of‘ the f". residues
following the react\\i've site bonds of the two(inhibitors. This displacein;nt avoids a close
contact (1.3A) between thé carbonyl oxyéen of Ser38 of SGPB and Pro42l CB of PCI-1.
The solvent structure of the PCI-1SGPB complex includesy179 waters, 2 sulphat¢ or
phosphate ions: and one calcium or potassium ion, which appears to play.a role in crystal
formation. The molecular structure of PGI-1 determix;ed_ here has allowed the proposal~of &

N

. model for the structure of a two domain inhibitor from potatoes and tomatoes, Inhibitof II

iv . f



. ‘\ ~
{(Graham, J. S._, Péarcc, G.. Merryweather. J., Titani, K., Ericsson, 1. H., & Ryan, C. A.
(1985) J. Biol. Chem. 260, 6561-6564). i_The twq domains of the model aré related by a

1

psendo two-fold axis between the three-stranded B-sheet of each domain.

.
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1. Introduction
<~
A Serine Proteinases

Serne protemnases are ubiquitous i nature They funcuon as degradative enzvmes by
catalvzang the hvdrolysis of peptuide bonds This provides a means. for example, 10 convert
proteins and peptides 1nto thair constituent amino aads for intake as nutrients. Proteinases
are also useful for sclecuive processing of larger polvpeptuide precursors to form. for
instance, hormones and neurologically 1mportant peptides. The reaction catalvzed by the
segne protemases. and their postulated mechanism are described below .

On the basis of their overall three-dimensional structure. the serinc proteinases can
be divided nto two groups. the trvpsin class of enzvmes and the subtlisin (formerh
subulloprotease) class of enzyvmes. Though these two classes, or families, have fissimilar
folds of their polvpepude chains, they share several key residues which are arranged with
similar spanal relationships. Three of these residues make up a catalytic triad. which 1
essential for the hvdrohvuic activity of the enzyme In the trypsin type enzvmes these arc
Serl95. HisS7. and Aspl02. In the subulisins these are numbered Ser221, His64 and Asp32.
Some other common features include a site for blpdlng the substrate with antiparallel
B-sheet intera_tions, and two amide nilrogen atoms oriented to form hydrogen bonds with
the carbenyl oxygen of the target (scissile) bond of the substrate. The former serves to
onient and bind the substrate, while the latter two-fold interaction is believed to stabilize
tetrahedral catalytic intermediates (Henderson, 1970), and ﬁas been named the oxyanion
binding site (Robertus er al., 1972).

The trypsin type enzymes are found widely in both eukaryotes and prokaryotes.
Well-known examples are the enzymes, trypsin, chymotrypsin, and elastase, found in the
. digestive tracts of ve;lebrates. Bacterial exampiles include Streptomyces griseus proteinase A
(SGPA) and S. griseus proteinase B (SGPB), which can be isolated from the extracellular

fluid of cultures of this bacterium. The subtilisins, on the other hand, are found exclusively



*

m bacidl . wath one exception from tungi. proteiase K (Pahler & al., 1984)

<

T'he reaction catalvzed by the serine protemases i1s as follows:
R—=CO-NH-R" + H.O 2 R—COO + HN-R’

Though this s shown as an cthﬁrmm, phvsiological condittong. where the products are
further processed. favour the hvdrolvsis reaction. Furthermore, the aG™ for the reaction 1s
large and negative (-6 S kcalzmole. Tinoco er al, 1978).

The hydrolysis reaction can occur 1n the absence of enzvme n witro. though other
catalysts are necessary (o achieve appreciable approach to equilibrium. The a.md catalvzed
mechamism involves protonation of the carbonyl oxygen atom. This renders the oarb(;nyl
bond more electrophilic, and suscepuible 10 attack by weaker nucleophiles such as water. The
details of the reaction are as follows (adapied from Streitwieser and Heathcock . 19%1) -

0 © OH

! I
R—C—NH-R" + H" 2 R=(—NH-R’

OH OH
il |
R—C-NH-R' + H,0 > R—C-NH-R’
I 4 . | -
\ OH,
OH OH

I [
R—C—=NH-R" 2 R—C-NH,—R"

! 1

OH, OH

OH 0

| I
R—C-NH,—R' 2 R—C—OH + H,N--R"
|

OH
~—



In the absence of acid. the mechamism would involve attack by a weak nucleophile, and

.

charge separation:

0 o)
.. 1 |
R—C—NH-R" + H,O% R—C~NH-R’
|
OH,
y X

v

.

Both effects are unfavourable. This 1s consistent with the observation that amide hvdrolysis
1s negligible at neutral pH. In basic solution a strong nucleophile ( OH) initiates tho

reac)lon : -

0 0

H !

R—C—NH—-R' + OH ? R—C—-NH-R’
[

OQ
I “
-0 0 .0
I}

I ]!
R—C-NH-R' 2 R—C-OH + NH-R' 2 R—C-0O + NH,—-R’

An "ideal” mechanism would presumeably involve attack by/a strong nucleophile on a fairly
electrophilic carbonyl group (C=OH"). Such a combination, however, is impossible to
achieve in aqueous solution, since the acidic conditions required to enhance the
electrophilicity of the carbonyl group are not conducive to the formation of lhe,h.ydroxidc
nucleophile.

The precise mechanistic details of the chemistry employed by serine proteinases to
hydrolyze peptides remains u;xclear. An assessment of the voluhinous amounts of data on

‘this topic is beyond the scope or this thesis. Interested readers are referred to reviews by

Kraut (1977) and by Steitz and Shulman (1@82). as well as 1o papers by James ef al.

\

-
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(1980b), ahd by Moult er al. (1985). Mucl; of the controversy revolves around the
| movement of electrons and the path of protons during the course of the reaction. It is
generally acccp@d_ howévcr, that the mechafism involves formation of an ester linkage
involving the substrate and the active site serine of the enzyne. The-gcncral details of the
mechanism are shown here schcmalical.ly (after Kraut (1977) and James er al. (1980b);

trypsin family numbering): N , ’ .

E - CHOH +2:o = pcnzon-fro = F.an»o-é{-o@

Im X Im m-- H X HX
®
&

* Michaelis Complex E-CHy -O- g =0
I

~ /A
B HY

[.Z»CHiOH + 220 % E-CH;0H .5:0 - E—-CHz-O-éf-O@
Y. Im ? Im-eooeeens HY

Im
Nuclcophilic; attack by Serl95 O7Y initiates the reaction; the proton from the attacking

hydroxyl group is believed 1o be accepted by HisS7 N‘a‘. Whether this transfer occurs before

the nucleophilic attack, is concerted, or whether it occurs after covalent bond formation is a

point of controversy. It is nevertheless apparent that the resuit is a tetrahedral enzyme

adduct. The alkoxide ion is thought to be stabilized by the oxyanion binding site (nitrogen

atoms of Serl95 and Glyl93), and wquld Abe unprotonated.’ Breakdown of this tetrahedra)

AU imerr;lediale with loss of the leaving group (the P', nitrdgen’ in the case of a peptide)
' results in the formation of an enzyme esteri comm’nly known as.the ac$l enzyme. The final

step in the reaction sequence involves nucleophilic attack by a solvent molecule to give back

the free enzyme and product. In a manner similar to the first half of the reaction, the

2

' Support for this hypothesis comes from the crystal structures of SGPA inhibited.
by peptides which are terminated by aldehyde functions rather than carboxylate
ames et al., 1980b). . :
omenclature .of Schechter and Berger (1967), which labels the
substrate residue3\ "P" and the corresponding contact sites on the enzyme "S". The *
residues on .the acyl side of the scissile peptide are numbered P,, P,, P,, etc..
starting with the re§idue whose amide bond is cleaved. Residues towards the
carboxy-terminus are] labelled P',, P',, P',, etc., starting with the residue
immediately followipg the cleaved peptide bond. '

L
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proton .of the nucleophile i1s thought to be accepted by the imidaiole‘ N€: of HisS7. If the
attacking nucleophile 1s a water molecule, the overall reaction isQ h‘ydroly.sis of the amide
bond of the substrate. If an alcohol is the nucleophile, the l‘“reaclion is trahgacy'lalion.

It can be seen Clhal serine proteinases appear to employ variations of -the two rate
enhancing conditions given above for non-enzymatic hydrc:rlysis of peptide bonds. While
these two mechanisms are mutually exclusive in ac}ueous a‘sqolution. fhe surface of the protein
can create isolated environments to contain the elements necessary for each type of calalysis;‘
Thus, the peptide hydrogens of the oxyanion binding site may serve both to increase the
electrophilicity of the carbonyl bond, and to stabilize the resuiting alkoxide interrﬁediale.
This is similar to, but not identical with, the acid catalyzed non-entymatic reaction where
the carbonyl oxygen atom is protonated® On the other hand, the coﬁpling of tRe reactive site
serine, histidine, -and .z.xispartic acid side chainslprobably servAe to increase the nucleophilicity
of the serine OY through general base calalysis, creating a situation analqgou‘s to the alkaline
non-enzymatic peptide hydrolysis described above.

. .,
B. Inhibitors of Serine Proteinases _ ” ‘ d

Protein inhibitors of serine proteinases ate a widely distributed and erﬁcturally
varied grouﬁ of molecules (LAaskowski ar{d Ka;o. 1980; Read énd James, 1986). These
inhibitors are fascinating in that their mechanism of action is not apparent upon inspection
of their sequences, or even their tertiary structures. This is in contrast to other énzyme
inhibitors ~  which  generally ohave ~ more.  obvious mod\c¥-. of inhibitioni

Tosylphenylethylchloromethyl ketone (TPCK)® for example, has. a very clectrophilfc

methylene carbon (between the carbonyl group and the chlorine atom) which would be a

likely cagpdidate for nucleophilic attack. Indeed, this compbund alkylates the N€? gf ‘the
A . A
- /

active site histidine of serine proteinases, and irreversibly renders them inactive. The

carbonyl group 1s also attacked by Serl195 OY, probably before alkylation qLHi§57 occurs
3 CsHsSOzNHCN(CH)CJ’i;)COCH;C] ‘ * t . \

. 3 .
. . M N
3 - .



(James et al., 19803)?

Other inhibitors resemble either catalvtic transition states, or intermediates which are
;
~f
structurally similar to transition states. Sirice ttle enzyme binds transition states most tightly,

these inhibitors have very large association constants. The inhibition is, never[tﬁless,
reversible Wi‘lh very high substrate concémrations. An example of this tvpe of inhibiter is
pepstatin (l'va-Val-Val—Sla-Ala-Sla)‘ which inhibits aspartic pro‘leinases: The -CHOHCH,-
group of the statine residue rese{nbles the tetrahedral intermediate tttlat is formed during the
course of the normal hydrolysis of a peptide bond. The inhibitors discussed in this work,
however, résemble, in their primary structures, standard substrates. Even the eluciQation of
their tertiary stru‘ctures by x-ray crystallography has not provided a clear-cut mechanistic
basis for their inhibitory properties. Various hypotheses have be(én put forward, and these
are discussed in the text.
The crystal structures of several proteiﬂ inhibitors complexed to their cognate serine
proteinases have been solved and refined at high resolution. These are pancreatic trypsin
" inhibitow (PTI, Huber ef al.. 1974: Huber and Bode, 1978; Marquart et al.. 1983), pancreatic
secretory tryp;i; inhibitor (PSTI, Bolognesi er al.‘, 1982), turkey ovomucoid ‘third do.main
: (OMT!S\{.?, Fujinaga et al., 1982; Read et <l 1983; Fujinaga et al., 1987), eglin-c from
lee-ches (McPhalen et al., 1985a, 1988; Bode et al., 1986; 1987),"and CI-2 from barley:/seeds

Y

(McPhalen er al., 1985b). Many of theinhibitors can be grouped into structurally related
families (Laskowski and Kato, 1980; Re:;d and James, 1986). For example, eglin-c is similar
to CI-2 in tertiary structure, and OMTKY3 belongs to the PSTI family. Despite their
" different tertiary structures, however, all the inhibitors have very sir:filar conformau'bns in
the loo;;s xﬁlich bind to the respf_:ctive enzymeé. These loops are known as the reactive sites
of the m‘olecules. Also, all the inhjbitors are welige- or pear-shaped with the reactive site

loop being the thin edge or narrow end of the molecule. Furthermore, all the inhibitors of

* The statine residue _(Sta) is a derivative of leucine, and has the following

chemical stiucture:
~NHCH(_CH,CH(CH,)z)CHOHCH,CO-



known structure have a seg.mem of the P’y stretch of chain involved in B-sheet structure
(Bolgnesi er al., 1982).

Another gommon feature among the inhibitors is an apparently constrained reactive
_site. In afk but two of the solved inhibitors, the reactive site is flanked by one or two
disulphide bridges which are thought to limit somewhat the number of conformations
available to the reactive site loop. This led to lh‘e hypothesis that the relatively rigid inhibitor
does not ;ose as much conformational freedom, relative to a flexible substrate, upon binding
to the enzyme (Blow, 1974; Read e al.. 19}3). Thus, inhibitor binding occurs with a
relatively lower entropy loss, which, coupled to electrostatic and van der Waals interactions
between these highly c%mplememary structures, gives a large and negative free energy of

t

association. This would allow the formation of a stable inhibitor-enzyme complex. In the
two cases that ha;e no flanking disulphide bridges, elglin-c and CI-2 (McPhalen er al.,
1985a, 1985b; McPhalen & James, 1988), there are extensive secondary strhcture and
electrostatic interactions which might have similar stabiliﬁng effects. The segments of the
polypeptide chain that precede and follow the reactive site loop form paraliel étrands in the
B-sheet region of both CI-2 and eglin-c. The electrostatic interactions involve Arg65 and
Arg67 which originate on the B-strand formed by the P', side of the reactive site loop. The
guanidinium groups of thesé rgsidues interact with the P,, P,, and P', resjdues {(McPhalen et
%, 1985b). Thus, in all of the inhibitors studied to ‘date, it #s elieved that the rcac‘tive site
loop is constrained tg) adopt. a small group of closely related conformations, which are
complementary to the active sitos of possible target enzymes (Blow, 1974; Huber et al., 1974;
Sweet ef al., 1974) .. |

The structures of some of the inhibitors have also been solved in- the uncomplexed
state (Webpr et al., 1981; Papamokos et dl., 1982; Bode et al., 1985; McPhalen and James,
1987). In these crystal structures, ihe rFactive site loops have large amplitudes of thermal

motion relative to the rest of the molecule, as indicated by their substantially higher

B-factors. The conformations of these loops, mevertheless, are essentially unchanged from
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the enzvme-bound forms. This can be seen from a comparison of the bound and free forms
of CI-2 (McPhalen and James, 1987). The increase in mobility possibly represents a trade
of [ between xna;imally restraining the loop in a rigid conformation to permit tight binding,

\

and allowing the loop the flexibility to adapt to similar but different proteinases (Read and
James. 1986).
Polypepu’de chymotrypsin inhibitor-1 (PCl-1) is one of many proteinase inhibitors

of various molecular weights that have been isolated from Russet Burbank potato tubers

\

(Ha;s et al.. 1976; Pcircc et al., 1982). PCI-1 is héat stable and is .presem in the water
“soluble extracts of the tubers. There are 51 amino acids in Lh.e' form discu‘ssed here, and the
molecular weight is 5.600._There are other isoforms which might have one or two additional
residues at the C-lermi}lus. During the initital characterization of PCI-1, only 6 cysteine )
residues were detected. but subsequent careful sequencing (Hass er al.. 1982) gave 8
cysteines in the form of 4 disulphide .bridges. However, the pairing of the cysteines in the
four disulphide bridges was not elucid;aled. The presence of 4 disulphide bridges is confirmed
by the crystal structure presented here. In addition the connectivity of the cysteines has also

o

been determined directly from the structure. -

An inhibitor closely related to PCI-1, that is specific fé)rh trypsin, has also been
isolated from potatoes (Pearce er al., 1982). It is known as polypeptide trypsin inhibitor,
PTI. This nomenclature can be easily confused with the better known pancreatic trypsin
inhibitor, PTI, so in order to avoid confusion the potato trypsi;l inhibitor will be abbreviated
here_:' as PoTl. The sequences of PCI-1-and PoTI are.78% identiéa} (Hass et al., 1982); the P,
leucine of PCI-1 is replaced by a lysihe in ‘PoTl. An inhibitor specific for trypsin and
sharing high sequence identity with PoTI, has been isolated from eggplant (Richardson,
1979).

Another serine proteinase inhibitor from tomato leaves, called wound;induceg‘

tomato Inhibitox II, has been cloned and the cDNA has been sequenced (Graham et zzl.r

1985). The tomato inhibitor is active against both chymotrypsin and trypsin, and is 84%



indentical to an inhibitor from potatoes, potato Inhibitor I (Thornberg er al., 1987).
Inhibitor 11 is one of the-major proteins in Russet Burbank potato tubers, represeminé aboﬁl
5% of the soluble proteins. In both potato and tomato 3%5, Inhibitor 11 accumulates in
response to wounding, mediated by a systemic signal. This signal has been associated with
pectic fragments from plant cell walls, apparently solubilized during pest auackg (Ryan et
al_, 1985). The inhibitor is thought to Nave adverse effects on the digestive physiology of
insects (Broadway er al., 1986a; Broadway er al., 1986b). The possible relationship bctwee;i
PCI-1 and Inhibitor II is presented in the discussion of this work.

Streptomyces griseus proteinase B (SGPB) is a small bacterial serine proteinase with
chymotrypsin-like specificity (Jl;r:iSek et al., 1974). It is isolated from. the extracellular
culture filtrate, Pronas\e. SGPB has 185 imino acids, and a molecular weight of 18,600. The
structure of this enzyme h-as been solved bl‘;\‘x-ray crystz‘l"lllography in the free state (Delbaere
et al., 1975) and subsequently refined at 1.7A resolution (Sawyer, Sielecki, and James,
unpublished results). The structure of SGPB has also been solved and refined in complex
with the third domain of lﬁe turkey ovomucoid inhibitor, OMTKY3 (Fujinaga er al/, 1982;
Read er al., 1983). The availat‘)ilify of these structures contributed to the decision 10 solvé:\
the structure of PCI-1 in complex with SGPB. The structure of SGPB from the OMTKY3
complex proved to be an \excellem search model for molecular replacement, as des&ribed
below. Another contributing factor to the de:cisior: was that the PCI-1-SGPB corpplcx would
p}ov}q'e information gboui how two different inhibitors (PCI-1 and OMTKY3) intgract with

the same enzyme. ’ .

The sequence of SGPB has been aligned with a-chymotrypsin and its topological
I .

. structure 1s similar o the, oth¥r mammalian serine proteinases (Fujinaga et al., 1985). Thus .
all gequence numbers used for SGPB in this paper are based upon this alignment to
a-chymotrypsin; this supersedes the nu}ni)ering presented in Read et. al. (1983).

Three important conclusions have come from crystallographic stud;es of these

< .
enzyme-inhibitor compléxes. Firstly, the scissile bond of the inhibitor is not cleaved in the
.0 : .

— —
1
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bound state, and that it is this bound form which is the stable inhibited complex. Secondly,

there appears 10 be the possibility that some inhibitors have large scale structural ﬂixibility
to adapt to differeht enzyme topolegies (Fujinaga et. al., 1987). Finally, the solvent
structure in the active site of the native enzyme does not appear to be conserved upon
formation of the inhibitor:enzvme compiex, and lhe’ resultant solvent structure depends

heavily on the structure of the inhibitor. This latter result is presented in this work.

C. X-ray Diffraction

For a detailed 'descriplion of x-ray crystallography, the realler is referred 10 a

standard text by Stout and Jensen (1968) and a work dealing with protein crystallography by

\
\

Blundell and Johnson (1976)_.

The technique used in this work to elucidate the structure of the PCI-1SGPB
complex, x-ray crystallography, is a diffraction-based technique. Thus, the ’physical basis of
x-Taysscattering by atoms is analogous to scattering of yisible light by a set of‘narro‘w slits,
where the wici[h of the slits is comparable to the'wavelength of light used. If the light
p.assing through these slits strikes a sheet of paper, one sees a series of lighth‘d dark bands.
The spacing between the bands is inversely proportional to the separation bétween the slits®
This pattern of light and dark bands is caused by constructive and destructive interfererice

1Y
among the scattered "waves” of light as they emerge from the slits. The pattern of light and *
dark regions is called the optical transform of tl:e slits, ar;:i can be derived mathematically.
A suitable lens ‘placed behind the slits would perform a reverse transformation, and give
back an image of the slits. This, essentially, is the principle behind vision:

X-rays can be produced by directing a stream of electrons against a metal anode.

é

The larger the potential of the electrons (voltage) and the greater their number (current) the
’
more intense the generated x-rays. The wavelength, and therefore the energy, of the x-rays «

is characteristic of the metal used as the anode. In protein crystallography, copper anodes

are used almost exclusively. The most intense emission by copper anodes is a doublet at 7
®

~
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wavelengths 1.541A ar}q_\l.544A, with lhg former having twice the imeosity of the latter. It

is this doublet which is used experimentally, and the value for the effective wavetength is a

Weighled' average of the two contributors. Sincé atomic interactiona, such as carbon-carbon

bonds (1.5A), occur on this scale, x-rays are diffracted by atoms and. molecules.
. (8]

Specifically, it is the electron density “around the atoms which diffracts x-rays. Thus, in

principle, if one could hold a molecule fixed in space and place it in an .x-ray beam, one

could observe the continuous transform of the molecule in three dirnensiorrs about it. As in
the case of the optical transform of the slirs the x-ray\hysform would be made up of

"bright” regions (large numbeis of photons) and dark regions (few photons),
corresponding to areas of consrrucuve and destructive interf erence respectlvely lf one had a
lens which couid focus x-rays, One could then recdmbine the scattered photons and produce
an image of the diffracting object. Since suirable lengses for x-ray}/do not oxist. one is forced
. to collect the transf om;.

Because molecules in solution cannot readily be held fixed, and since the diffraction
caused by one molecule would be undetectably weak, crystals of proteing are used in x-ray
diffraction studies - for producing detailed, atomic . résolurion m of these
macromolecules. A crystal of a protein is a regular array of moleEules with “the same
orientation. Because of this, the transforms of individual molecules all have the same
oriemation and so reinforce each other. Jf t‘he rnolecules, had random'; orientations, a\s in a
‘solution. the resultant transform would be ‘a corfiplex combination of the individual
transf_orms.’ The reinforcement of the transform aiso has the effect of inc‘rcasing irs

!

intensity, making it detectable.

It should be noted that the three dimensional array, called a lattice, ipto which the

Y

" molecules are packed also has a transform The transform of an array, in this appllcanon

is merely another array, where the dlstanccs betWeen array nodes -(latti

)

$ Solution scattering studies are possible, though they do not yield' as much
detailed information as high resolution crystal structures. Inieresfed readers are
referred to Cantor and Schimme! (1980).
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transform are proporlibnal to the inverses of the distances between lattice points in the
. original array. Because of this inverse relationship, the coordinate system of the tra‘nsform 1s
~called reciprocal space, while the coordinate system of the diffracting array is called real‘ or
direct space. The effective transform that is observed in reciprocal space is a combination of
the transform of the array and the transform of the molecule. Mal’herl‘na[icalily, this process
.of combination is referred to as a convolution of two functions. Thus, the continuous bands
of varying intensity associated with the molecular transform are reduced to discrete spots by
the imposition of the lattice transform. Put another way, the pattern of spots is de?ermined
by the transform of the lattice, while the intensity of each spot is determined by the
intensity of‘the transform of the molecule at that point in reciprocal space.
It is possible to express the x-ray transform of a molecule in a lattice by the
following formula:
N .

bt 8 F(hkl) = T fj g exp[ 2ui(hx + kyj + lz})] K
5 . ,

. Each spot in the reciprocal lattice is indexed by three integers, A, k, and: /. Thesé spots, or
intensities, are refer;ed o as "structure factors”, or "F's". All N atoms in the unit cell
contribute to thev magnitude of each intensity. The size of the contribution from any given

--atom depenqs on the number of electr\onsu associated with that atom, and on the angle,
relative to the incident beam, at which the intensity is recorded (scattering angle). This -
contribution is given by the function fjg which is a function of the %mmber of electrons in

® atom J and the scgttering angle, 6. Thi; term becomes more com;ﬂicated if the thermal

3

motion of atoms is accounted for.
Note the presence of i in the exponential term of the definition of F( hkl). This
implies that each structure factor is a complex value. Using an Argand diagram (Figure 1.1)

to represent a structure factor, it is apparent that each F(hkl) can be represented as a e



o

I'F 1 (cosa) F o

IFI(isina) .

ol I

- Figure 1.1. Argand dxagram showing F(#hkl) as a vector quantity, with components
along the rcal and imaginary axes. »

vector, with magnitude IF(hk/)| and angle a relative to the real ag;is.‘ Using the wave
analogy for light, each structure factor has amplitude F and phase ahgle a. The intensity of
a wave is equal to the square of the amplitude, thus, I(hk!) = \F( hki )i, or sirnpiy I = F.

The reverse transform can generate the image of jthe electron densxty from the

structure factors, Thus, for any point in the crystal lattice with coordinates (x,y,z). thc
-

@On density is given by the expression

p(x,y,z) = L LEF(hkl) e2wi(hx +7ky + Iz),
hkil - '

The coordmatcs (x,y,z) used in thxs equauon are not to be confused wnth the coordinates

used in the structure “factor equauon though uyey boyefcr to real ‘(crystal) spacc Thc
.calculatxon of this formula requxres both the amphﬁ/ de and phase angle of each F(hkl). In

the real expenment however, -data collectmg devices - measure mtcnsmcs (number of

&

photons) of scattered x- rays As stated before the mtensxty is equal to thc square of the

.¢ The magmtude of a complex number is is glven by the squarc root of the
product - of the number wnth its complex conjugate Thus, ngcn a complex/ﬁ'l'ic—
'z = x + by, |z|-zz’-(x+ly)(x-1y) » ) }
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A
amphtdde. and so the square root of ecach intensity gives a value tor the amphtude of that

.\Huuur(@mr The phase angle. a. for cach structure factor s lost, making the reverse

transform incalcuiable This s known as the phase problem

Molecular Replacement

There are vanous methods used 1o overcome the phase problem: the most common
l(‘(hmquo\J\\ known as mulnple.ismnnrphous replacement (MIR), where binding 01. heavy
metal atoms s used 1o provide estimates for the phase angles. The reader is referred to
Blundcll and Johnson(1976) for a more detailed descripuion of this technique.

The method emploved 1n this work is known as molecular replacement (Rossmann,
1972) It :lhc unknowr? structure, or at least a large part of i, 1o similar 10 a known
structute. then the known structure can be used to supplv phase informauon for the

r
structure factors of the unknown molecule. The more closely related the two siructures are,
the more similar the phases of the model will be to those of the unknown structure, and so
the betler w’*l'l{ be the correspondence between the calculated eleclronw’ and the
unknown molecule. It should be noted. however. one must first ensure 1hal“,L;ie molecujes
are in the same oner'nalibn_ both rotationally and with respect to lhe~crysml lattice
(translationally ). Since movements in reciprocal space cause related movements in di'rem
~space (in the crystal). a maximal overlap of the transform of the mndel with the observed
transform of the unknown structure should result in an overlap of the two molecules in
direct space. While this is conceptually true. in pracuce a slightly different approacﬁ 1s used.
“Interested readers are referred to a detailed work dealing with the matter (M. Rossmann,
1975)A The problem is also divided into two seperate steps: the rotational orientation is

.

determined Hrs}. and then the translational overlap is. done.

In the:‘»ﬁfablcm dealt with by this work, an enzyme of known structure (SGPB) was
compl;xed with an inhibitor of unknown structure (PCI-1). Since the enzyme represented

&
the majority of the scattering matter in the complex, it was reasonable to assume that a
p
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propetly onented SGPB molecule would give meammngtull approumations for the phases
generated by the enture complex. The model used was the structure of SGPB from the
complerx with OMTKY3 (Fujinaga ef af . 1982; Read er a/.. 1983). The assumption was that
conformatonal changes in SGPB caused by the binding of a different inhibitor and by

changes 1in c¢rvstal packing would be small This assumpuon proved correct, as s evidenced

by the results presented below .

Limitations of Crystallography

One of the chief limitations of protein crystallography is that the collecuon of data
occurs over a long period of time (dayvs or weeks). As a result, mdtxons which occur on a
more rapid ume frame, cause the mobile atoms to be either poorly characterized with respect
to their positions, or simply invisible. Such motions generally involve side chains or entire

“

loops on the surface of the protein. large scale conformational changes in proteins usually
present the same problem. in addition to the fact that such motion~cannot usually be
tolerated by the crystal packing constraints. Thus, it is often lhé case that crystals of native
proteins which bind substrates cra<k or shaue-r when soaked in soluu'.(\)gs of these substrates,
indicating that some conformaliopal change is occuring.

The consequence of this restriction to a static model is that many of the interesting
events wtlich occur in proteins, such as enzymatic catalysis, folding upon association of a
ligand, and transport, are .difficull to study by x-ray crystallography. Recent advances in
millisecond x-ray diffgaction, using synchrotron radiation, have allowed the _tudy of short
timescale events (Hajdu ef a/., 1987), but this technique is still in its infancy.

Further to these considerations, proteir crystallography is also limitcdv‘ by the fact
that hydrogen atoms are not visible, owiqg to their weak scattering ﬁrOperu"cs. These atoms
do, howewer, contribute to the diffraction pattern, amd their absence is a source of error in

the ‘models of proteins derived fmqn such patterns. As well, the lack of hydrogen atomic

\
positions hampers the analysis of hydrogen bonds in proteins, and so many questions remain

Y
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with regarc o these tmportant interactions I‘h:mgh neutron dx}‘f‘racnon can locate hvdrogen
atoms, this technique 1s hmited by the availability of a source d‘ neutrons (nuclear reactor)

Other  problems n\wolvc obtaining the crystals themselves. The techniques for
obtaining suitable cryvstals are highly empinical;, the growing of protein crystals, then. could
be quite accurately described as an art, rather than a science For instance, limited changes
to the charged group distribution on the surface of a protein may result in the requirement
for drastic changes mn the crvstalhzauon condittons of that protein: Furthermore. not all
crvstals diffract a-rays well enough to allow useful data collection.

This dissertation presents the crystal structure of the complex of polypeptide
chymotrvpsin inhibitor-1 (PCI-1) anddS. griseus proteinase B (SGPB) at 2.1A resolution.
This structure is the fifth 1in a senes of enszvme-inhibitor complexes solved n the laboratory
of M. N G. James. The aim of this series of investigations has been 10 4clucxdate the

\ °
mechanism by which the inhibitor prevents itself from being cleaved at an appreciable rate.
Despite the relatively large number of structures solved. no clear answerﬁhas vel emerged
(Read and James., 1986). An hvpothesis regarding the mechanism of action of Lhe;se
inhibitors 1s presented in the final chapter of this thesis. Site directed mutagenesis may

provide 1mportant data by changing those residues thought to be vital to the function of

these inhibitors.

o
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It. Experimental

ﬁA. Crystallization | o

SGPB was purified as per Jurddek er al. (1974). and PCI-1 was putified as bcr
Pcarce ‘et al. {1982). Solutions of the two molecules were mixed in a 1.7:1 moIar ratio of
inhibitor to enzyme. The concentration of .PCl—l was 4 mg/ml. (0.71 mM) and the
concentration of SGPB was 8 mg/ml. (0.43 mM). The crystals of the PCI-1-SGPB complcx
were grown from a solution of 30% saturated (NH,),SO. in 0.1 M potassium phosphate
buffer and 30 ul./ml: 2-methyl-2 4-pentanediol at pH 6.8-7.2 using the hanging drop
technique. The crystals are thombic in shape and have a tabular habit. The space group is
P2, Unit cell dimensions are a=50.9A, b=46.2A, c=52.5A, B=117.08" as measured from
18 reflections in the range 16°<26<22°. The volume per unit molecular weight (V) is
2.27A%/Da. If a partial specific volume, D, of 0.74 is assumed for the complex, and there
are two complexes per unit cell, this corresponds to 46% of the volume of the unit cell ‘(or
50.400A*) being occupied by water. This amounts to approximétely 850 water molecules per

«©

asymmetric unii.

B. Data Collection and Processing

X-ray intensity data were collected on an Enraf-Nonius CAD4 diffractometer.
12,941 unique reflections were corrected for absorption (North et al., 1968) to a#naximum
value of 2.12, as well as for decay (Hendn‘ckson,‘ 1976), ahd for Lorentz vand polarization.
The program ORESTES (Thiessen and Levy, 1973) gave an absolute scale factor of 0.086

and mean isotropic thermal vibration factor (B) of 12.8A%. See Table I for a summary of
|

i

the crystal data. "
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Table ILL: Data Collection and Data Processing

diffractometer Enraf-Nenius CAD4

incident beam Ni-filtered CuKg, 40 kV, 26 mA

diffracted beam 60-cm étrystal to counter He-filled beam path

JScan type  scan, continuous

scan width 0.5° at 0.67°/min

background measurcment 0.125° in w on cither side of peak scan

background correction measured background corrected for intensity
dependence and averaged over ranges of
20 and ¢

max. absorption corrccu?on

(North et al., 1968) 2.12

decay correction (Hendrickson, 1976) empirical function of time and resolution, 26
max. 10%

geometric comrection Lorentz and polarization factors

C. Structure Petermination

" Molecular replacement was used to solve for an Thitial set of phases for the complex.
The search model was SGPB by itself, using the cobrdinates from the OMTKY3SGPB
complex (Read er al., 1983). The fast rotation function (Crowther, 1972; program modified
by E. Dodson) was used with the search model in a 60A X 60A X 60A triclinic Plxce.II 10
eliminate the generation of symmetry contacts. The radius of integration was from 6 to 21A.
The final oriema£ion chosen gave a peak which was 10.70 above the mean. The translation
vscarch algorithm was a correlation coefficient search of |F)? (BRUTE; Fujinaga and ‘Read.

|
1987); the highest peak was 8.80 above the mean. Since P2, is a polar space group, the

¢

“search was done in the y=0 plane using the approximately oriented SGPB molec‘xle as the
search model. A fine search (5 dimensional) was done to determine the best orientation for

the model. Coefficients used for all subsequent electron density maps were derived using a
~
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A/

method to reduce model bias 1n the maps (Read. 1986a). The MMS-X graphics system {Barry
et al.. 1976) wil}l the molecular modelhng program by C. Broughton (Sieleck: el al.. 1982)
was useds{or fitting density . and UCSD MMS by . Dempsey (run'njng on a Sihcon Graphies
“lris 303(;')» was used for general structure analysis. The program TOM™ was used I'-or the model
building described below .

The 1nitial electron density map showed the reactive site of PCI-1 from Ala3sl* 1o
Aspdll quite clearly, but the dehsity quickly became uninterpretable after these residues. The
disulphide bridges from Cys361 and Cysd40] were also clear. but the direction of the chain on
the other sides of these cystine bonds could nél be determined unambiguously. Through a
combination of fitting and rephasing most of the sequence of PCl-1 was placed in electron

density . A minimap contoured o stacked acetate sheets was used at one point Lo sort oul
some of the more confusing density . especially around Cys6l anc?Cyﬂl. Refinement of the
model was begun when all but cight residues of PCI-1 had been fit. These cight residues were
Proll. LysIIl, Lvs311-1.vs34], and Pro50I-ArgSll. One segment of SGPB had also been
.

remodelled (Tvr34-Argdl), and one segment was left out (Argd&-Tyr50) at the start of the

refinement.

Refinement

The restrained-parameter least-squares refinement prégram of Hendrickson and
lionnerl (1980), modified lqcal]_\' by M. Fujinaga for compalabiliAty with a Floating Point
Systems' FP-164 attached processor, was used to refine the structure of the complex. The
protocol foliowed in the‘ of the refinement is described in detail in Sielecki er al.
(1979), &nd in James and Sielecki (1983). Thus, the restraints were initially relativel_xl weak, 10

+ ‘
prevent the model {rom falling into a local minimum. This danger cxists by virtue of the

~incompleteness of the model. As the refinement progressed. and the model became more

I o \ .
"/This is a new versiqn of the program FRODO (originally written by A. Jones)
written specifically for the later model Iris workstations, by C. Cambillau.

* Throughout thiS work. the residues of PCI-1 are distinguished from those of
SGPB by the addition of an "I™ following the sequence number.

@
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accurate and complete, the restraints were tightened to impose better geometry. For the first
60 cycles, 5.0 to 2.1A resolation data was used. After cycle 60, the low resolution data were
cxtended to 8.0A. '

The program to generate electron density map coefTficients uses a statistical algorithm
(Read, 1986a)_that réquires the inclusion of weak data. To maintain consistancy between
the data used Tor calculating maps and the data used for refinement, ﬁo cutoff was used in
the F, values gupplied to the refinement program. Negative F values were sct}cqua_l o zero
for both programs. .

A plot of the R-factor vs resolution is shown in Figure 11.1. The profile presented is
typical. Low -resolution data, with significant scattering from unmedelled bulk solvent and
omitted hydrogens show poor agreement. High resglution data tend to be weak, and so have
larger associated errors.

The weighting scheme used for the structure factors changed as the refi;)er;lent
progressed. Initially, the weighting was independant of the scattering angle, thus w =
1/(og)*, where og = <IFyl - 1F.1>/2. Starting with refinement cycle 61 (R-factor = B
0.165), the value of of was a function of resolution: o = C, + C,[(sin6)/\ - 1/6]. The
slope of the line was defined such that greater weight was given to higher resolution data. As
the refinement progressed, the values of the constants C, apd C, were adjusted so tha‘t the
difference betwééh o and <AF>/2 was minimized for these data. This was done by
plotting <AF>/2 vs [(sin€)/\ - 1/6], and fifting a straight line to th’ewﬁgher resolution
points (3.0 - 2.1A; with linear regression. Initial values for C, inf C were 13.8 and -28.3,
respectively; final values were 12.2 and -29.7. Figure I1.2 shows the plot used to derive these"
final values,

Solvent molecules v‘vere givén variable occupancy factors after cycle 60. When ‘these
were refined, the B-factors were held fixed, and \;ice-versa. See Table II.Ifor a éummary of

the refinement results. The small rms shift in coordinates {(~ 1/10 of the minimum estimated

error), indicates that in all practicality, the refinement had converged.
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Table ILIL: Refinement Parameters and Results for the Last Cycle

PCl-1.SGPB

no. of cycles
R(=DIF -F VI, )
no. of reflections (rcs:)luu'on range)
no. of prolcinA atoms
. no. of solvent atomsb .
no. of variable parameters
_ coordinate shift-¢A) in final cycle
B factor shift (A2) in final cycle
rms deviations from ideal values®
distance restraints
- bond distance
angle distance
planar 14 distance
plane restraint
chiral-centre restraint
nonbonded contact’{estraims
single ‘orsion contact
multiple torsion contact
possible hydrogen bond

conformational torsion angle restraint

planar ()

129

0.142

12685 (8-2.1A)
1690

190

7711

0.011

0.22

0.014 (0.015) A
0.040 (0.030) A

0.037(0.030) A .

0.014 (0.015) A
0.213 (0.150) A3

0.203 (0.300) A
0.153 (0.300) A.
0.143 (0.300) A

24.25)°

OMTKY3-SGPBe

0.017 (0.008) A
0.037 (0.016) A
0.042 (0.016)-A
0.021 (0.012) A
0.192 (0.080) A3

0.259 (0.400) A
0.155 (0.400) A
0.201 (0.400) A

3.8 (2.8)°

2Read et al,, 1983.

bThe value'shown is the sum of 179 waters, 1 Ca**/K* ion, and 2 sulphate and/or ph?sphatc
ions. : - -

“The values of o, in parenthesces, are the input estimated standard deviations that determine the
rclative weights of the corrcspo’nding restraints [see Hendrickson & Konnert (1980)].




I11. Results and Discussion

A. Quality of final model

The method of Cruikshank (1947,)1967) was used to provide an cstimate for the
radial coordinate error as a function of B-factor for different atom types in the final model
of. the PCI-1-SGPB complex (l-*igur.c 11.1). These estimates for the radial coordinate errors
of the atoms in the PCI-1-SGPB complex are comparable to those :obtained for the
OMTKY3SGPB complex (Rcad er al., 1983). The validity of the application of lh;zse
formulac to protein crystallography has been discussed elsewhere (Read er al., 1983). The
mcthod of Read (1986a) can be used to obtain a value for the rms coordinate errbr of the
model. Figure 111'2 shows a plot of ln(oA.) vs [(sin€)/A]*. The slope .of the line is equal to

-26.3189 * (the mean square coordinate error). The slope of the linear regression line is

<

- | | /

-

08

Radial Error (A)
086

0.0

M T M T v T x T T . T
00 10.0 200 300 40.0 50.0 60.0 70.0
B-factor (A?) o
Figure III.1. Curves showing the estimated radial error in atomic positions, based on

atom type, as a function of B-factor. Produced using the equationg of Cruickshank
(1949, 1967); C = carbon, N = nitrogen, O = oxygen, and S = .sulphur.

?’ l.‘
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Figure lll.Z.. Plot of In(oa) vs [(sin6)/A]" based on the method of Read (1986).
The y-intercept ( = O.Sln[ZP/ZN]) has a value of 0.00216, so that Ip/IZyN =
1.004.

(4

-0.723 ahd so the rms coordinate error is 0.166A. Dividing this value by a-factor of

(3n/8)2/? gives a mean coordinate error of 0.153A (Ghambers and Stroud, 1979; Read,
%

>

'1986b).
§ ’ .
In Table III.I, a summary of the main-chain bond léngths shows that ihere is good
agreement with expected values. ’ ' I
*Jhe average B-factor for each residuc is shown plotted against\sequence number in
Figure I11.3. There are some differehces between the profile for SGPB shown here, and that
obtained for SGPB in the complex with OMTKY3 (Read et a/, 1983). These differences are

discussed in detail when the structures of SGPB in the two inhibitor complexes are

compared.

o

; e
Figure I11.4 shows a Ramachandran-type plot for SGPB and, PCI-1 seperately. The

-

SGPB’ plot contains one non-glycine, non-asparagine residue “;hich lies in the rcgic;n of

positive ¢ values. This is Arg80 (é.¢ = 62°,52°), which has relatively high B-factors, even
' ' ~



Table 1LI: Summary of Main Chain Bond Lengths for PCI-1-SGPB Complex

Number  Idcal Value Mcan Valuc rms? Max. Min.

N-Ca 236 1.47A 1.47 0.02 1.5 1.4

Ce-C 236 1.54A 1.53 0.02 1.6 1.5

C=0 236 1.23A 1.25 0.01 1.3 1.2

C-N 234 1.33A 1.32 6.01 1.4 1.3

1b ’ 236 109.7* 109.4 39 120. 98.3

o (peptide) 233%a - 180.0° -179.5 24 -1752 171.3
N ! . ’

3Calculated with r¢spect to the ideal values.
bAngle formed by N-C*-C.
“Excluding cis-peptide before Pro95 of SGPB.

f(;r the main chain atoms (25A? forthe a-carbon), and is found on an cxtgrnal‘loop of the
enzyme. One of the asparaging residues, Asnl00 (é.¥ = 83°,-60°), occupies the third
position of a reverse open turn (Ramachandfan & Mitra, 1976) and immediately follows
Pro95 which is part of a cis-peptide. A similar turn occufs in SGPA (S.ielecki‘ et al., 1979);
and in a-lytic protease (Fujinaga et al., 1985). ‘ ) '
Though no cutoff was used for thé Fo valﬁes in the refinement, the quality of the
final model is comparable to that of the final model f or.. the OMTKY3-SGPB complex (Read
et al, 1983), which was refined using l 2 20j, for 6.0-1.8A4 resoh;tion data. lnﬁ‘gble II the
results for the OMKTY3-SGPB refinement are presemc:i with the PCI-1-SGPB refinement

-

summary .
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Figure II1.3, Plot of average B- factor for each residue vs sequence number. The
thick line represents the average values for the main-chain atoms; and the thin
line represents the average values for the side- chain atorns. (A) SGPB molecule,
with chymotrypsin numbering at top. (B) PCI-1- melecule.

™

B. Structure of PCI-1 i ’

PCI,-l_iS‘a‘ thin,adisk-shaped‘n.lolecule. with little secoi}dary‘siructur.e. A schematic
h drawing of the inhibitor (Figure I1l.5a) ‘shows the o?erall fold ot:. the polypeptide chai_n.
Also presented is a stereo ‘image (figure 111.5b) showing all ti\_‘: atoms, @nd: ;u the

intramolecular hydrogen bonds’ in PCI-1. Table HLII lists these hydrogen bonds. -

* The defmmon used f h'ydr'ogcn bonds was based stnctly on geomemc
consxderauans using a program developed by M. Fujinaga. The geomcmc
definitions used are discussed in the review by Baker and Hubbard (Baker and *
Hubbard, 1984). The maximum donor to acceptor - distance was 3.6A and the
“maximum hydrogen to acceptor_distance was 2. §A The angle formed by the
donor-hydrogen-acceptor was allowed to take on’ any value, but no interactions lha!
satisfied the dlstance constraints had values less than 110‘ _

k3
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Figure I11.4. (¢.v)-Plots for PCI-1SGPB complex. The residues are divided into
four types: glycine (+), proline (O). B-branched side chains (V). and others (e).
The continuous lines enclose the fully allowed conformational regions that are
obtained by using normally accepted van der Waals' contact radii and-a r angle
(N-C®-C) of 115°. The dashed lines enclose the extended allowed regions when the
contact distances are decreased to the absolute minimum found in small molecules
(Ramakrishnan and Ramachandran, 1965). (A) SGPB. (B) PCI-I.

&

The extended segment of polypeptide chain fror;_] Ala35l to Prod2] is the réacu’ve site
of PCI-1; the peptide linkage between Leu38l and Asn39l is the reactive, or sci‘ssile, bond.
The side chain of Leu38l fits into the hydrophobic S, specificity pocket of SGPB. A close

non-bonded contact is 'made between Ser195 OY of SGPB and Leu38l C of PCI-1 (2.84).
=

The electron defsity of this region is presented in Figure II1.6, and an a-carbon atom

t3

»” ,
representation of the complex is»shown in Figure I11.7.

h.
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The most prominent piece of secondary structure'® present in PCI-1 is a region of
antiparallel B-sheet on the side opposite the reactive site (Figure 111.8). This sheet has 3
strands, with Asnldl to Tyrlél lying in the middle. This stretch of chain is flanked by
Phe22l to Glu25I on one side and by Tyrd6l to Lysd481 on the other. Ile231, Cys24l, and
TyrlSI are involved in a "classic® type B-bulge (Richardson et al., 1978), where Ile23l is
residue 1 (¢, = -106,-49), Cys24l is residue 2 (¢.¢ = -169,166), and TyrlSI is rcsidue X
(¢.v = -116,135). The carbonyl oxygen atom of Tyrl5I forms hydrogen bonds to the amide
hydrogen aton;s of both lle231 and Cys24l (Figure I11.8), as is sometimes observed for this

type of B-bulge.

' The program of Kabsch and Sander (1983) was used to help locate rcgw{ of
defined” secondary structure in PCI-1.



o

Figure III.5a. Schematic

clements, disulfide bndges and the C* backbone.

]

representation of PCI-1 showing secondary structural
The

location of the rcactive site loop.

Figure III.Sb. All-atom stereo pair, in an orientation similar to that shown in
Figure IIl.5a, with main-chain bonds drawn in thick lines and side-chain bonds
drawn in thin lines. Hydrogen bond interactions are represented by dashed lines.

thick arrow shows the

30

One of the hydrogen borids is not shown for the sake of clarity. This interaction
is Cys24l NH to TyrlSI O. Every fifth residue is labelied.



Table HLIE Inramolecular H-bond Distances in PCI-1 (A)
- 0. - e = - e e e e e PR

Oxygen as Donor

Donor "Acceplor d(O-A) d(A-H)
S281 CB - OY .C710 N 2.6 1.7
\fm CB - OV . S471 0 -3 22

Nitrogen as Donor
o’

Donor : Acceptor d(N-A) d(A-H)
12IN . A4S1 O 3.5 25
NSIN .. T 410! - " 30 2.4
N 51 N&2 - .. P3NO 29 2.1
N 51 N82 ..N3910 3.0 2.0
C7IN ~ _.Ns10% 3.1 25
A 8IN : . Ns10d ' 2.9 1.9
GI9IN . NS5IO . 2.9 2.0
Y10IN L Y1SION 2.9 20
KIIIN ..S281 0 2.9 1.9
GI2IN ... E251 02 2.6 1.6
CI3IN Y010 . 2.8 2.0
NI14IN .. K481 0 2.8 18
YISIN ..C210 28 18
Y161 N .. Y461 O : 2.9 19
SI7TIN ..A211 0 28 1.8
N19I N Lsimof® 3.4 26
G20IN .. S1710 ~ 30 20
A21IN ..S1711 07 3.1 22
1231 N. L YISIO 2.7 17
C24IN . YISIO 3.4 2.4
G26IN ..C1310 3.0 2.0
Q271N ..C6l0 3.0 2.2
Q27IN ..G910 3.1 2.6
S28IN ..G91 0 2.9 20
K31IN ... D291 0! 3.1 2.2
K32IN ..D291 O 2.7 1.9
N39I N ... N391 o1 2.9 2.1
D41IN ..T4l0 2.8 1.8
H43IN ... D411 081 2.8 1.8
A4SIN .. Y161 O 2.8 1.8
Y461 N ' . Y1610 31 2.2
K48IN .. N141 0 3.0 2.1

/
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Figure 111.6. 21k, - 1F.l density of the reactiver site of PCl-1, with His57 and
Serl95 from the active site of .SGPB included. The contgpuring was constrained to
a 1.4A radius around each atom. Contour level shown is 0.45e /A’. .

Figure III.7. C® plot of the PCI-1SGPB complex. PCI-1 is drawn with the
thickest lines. The disulphide bridges of PCI-1, the side chain of Leu38l, and the
three catalytic residues of SGPB are drawn in medium thickness. SGPB is drayn
in thin lines. Every tenth residue is- labelled. ’



A

Figure II11.8. Representations of the B-sheet region of PCI-1. (A) Stereo plot
showing hydrogen bonds in dashed lines. The two.SGPB residues, Asnl00 and
Tyrl78, are from a (-x,y+1/2,-z+1) symmetry neighbour. (B) Schematic drawing
showing the actual hydrogen bonding pattern in solid lines and letters, and the
ideal associations in dashed lines and hollow letters.
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A type | B-turn from Serl7l to Gly20l connects two of the strands in the B-sheet
(Table IILIIT). This turn is interesting in that the residue in postion four is the first residue
of a Gl B-bulge (Richardson er al., 1978). Gly20l and Ala2ll are residues 1 and 2 of the
bulge. respectively, while Serl7l is residue x. The (d>.¢:) values for Gly20I are (86°.11") and
for Ala2ll are (-79°,135"). Also noteworthy is the fact that Ser171 OY interacts with Ala2ll
NH, thus providing further stabilization. An analysi\s\\by Wilmot and Thornton (1988) shows
that position 1 of a type I turn is more often occupied by either aspartic acid, asparagine,
serine, or threonine, and that the side ’chains of these residues form hydrogen bonds to the
amide hydroger: of the ¢+2 residue. Those turns involving aspartic acid or asparagine are
referred to as "Asx-turns” (Rees ef al., 1983‘).

Cys6l and Cys7I are in a helical conformation: ¢ and v for Cys6l are -62° and -31°
respectively, and -69 and -51° respectively, for Cys7l. Since this ‘'helix' extends for just 3
residues (Cys6l to Ala8l C%), other régions 61“ the inhibitor associate with the carbonyl
oxygen atoms and amide hydrogen atoms to form the favourable electrostatic interactions
norrqally found in helices. Thys, the_ carbouywyge% of AﬁnSI forms a hydrogen b0n.d.with
the amide hydrogen of Gly9l, the ca;bony? oxygen of Cys6l interacts with the amide
hyd;ogen éf Gly271, and the carbonyl oxygen ofICys7I forms a hydrogen b.ond with the OY
of Ser28l. In addition, th‘e amide hydrogen atoms of Cys71 and Ala8I “both interact with the
0% of ‘ Asn3l. It is important to note that an analogous interaction exists in OMT§Y3
(Asn36l NH to Asn33l 0%; Read e al., 1983). Immediately following this section of chain
1s a type II B-turn with. the carbonyl oxygen of TyrlOl forming a hydrogen bond with the
amide hydrogen of Cysl31 (Figure II1.5b)

There are twq\more reverse turns in the molecule, both of which have Asx-type
interactions as well. Furthermore, both have a proline residue in position 2 of the turn.
These turns with prolige» in position 2 have been defined as type IIl turns §Baker and
Hubbard, 1984). The f ifst is from Asp29I to Lys321, which has the carbonyl oxygen atom of

the former interacting with the amide hydrogen of the latter. In addition to this, the 0% of
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Asp29] forms a hydrogen-bonded Asx-turn with the amide hydrogen of Lys311. The second
type HI turn occurs from Asp4ll to lled4dl, with a calculated interaction energy of only -0.6
kcal’/mol for the main-chain hydrogen bond (Kabsch and Sander, 1983). The side chain
interaction between 0% of Aspdll and the amide hydrogen of His43l is thus likely to have
an important slabilizing effect. See Table IIL.IIl for a summary of the reverse turns in
PCI-1.

The stretch of chain from Pro30! to Lys34l has very poor density associated wilk; it;
it was not possible to fit the intervening residues until after refinement cycle 21. The
B-factors for the main-chain atoms in this loop are the highest in the molecule, ranging
from 38A’ to 50A? (Figure II1.3) The side chains of Lys3llrand Lys32] have very little
density associated with them, and are probably very mobile. To test the validity of this part.
of the model, the residues Lys311 to Lys341 were removed at-the end of the refinement,
three cycles of refinement were run, and a difference map calculated. The electron density

Al

map in this region is shown in Figure 111.9. I

C. Reactive sité"

There are a total of 103 contacts less than 4.0A between the ‘Enhibilor -and- the
enzyme ('Fab‘le I1.1V), excluding those a;socialed with crystal packing. Ninety percent of
these occur between reactive site residues of PCI-1 and the active site of SGPB. One set of
contacts removed from the active site occurs between Argdl of SGPB and the disulphide
bridge from Cysd40l to Cys3l of PCI-1. There appear to"lée favourable electrostatic
imcrﬁns in addition to the van der Waals forces, involved in the contact between the
guanidinium group of Arg4l and the cystine bond. A similar association is seen in S. griseus
proteinase A (SGPA; Sielecki er al., 1979) between the side chain of Argl58 and the cystine
group Trom Cys189 and Cys220 (numbering after Fujinaga er al., 1985). |

The distance of the active sne Ser OY (Serl95) to the carbonyl carbon of Leu38l is

2. 8A similar to values in other mhxbnor -enzyme complexes (Bolognesi et al., 1982

l
i *

.
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Figure I11.9. 'I)iﬁ'crcncc density (1Fg1 - (F.1) showing [it )of residues Lys3ll to
L.ys34l of PCI-1. The map was calculated by removing this section of chain from
the final model, refining 3 cycles, and calculating difference density coefficients
based on the incomplete model. The contour level for the map is 0.13¢ /A’
Marquart er al., 1983, Read er al., 1983; McPhalen er al., 1985b; Fujinz;ga et al., 1987).
Furthermore, lec planarity of the scissile peptigle bond from Leu38l to Asn39l does not
appear to be distorted. Evidence for this is presented in Table II1.V, where the planarity of
the scissile peptide bond is compared to the planarity of other peptides in PCI-1 with similar
B-factors. The most distorted peptide bond in PCI-1 is from Glu251-Gly26l, with a 8* anglc
“of 4. This corresponds to a deviation of 0.03A fg’r.u{c carbonyl-carbon atom from the
plane defined by the C%, O, and N. The largest deviation from planari_ly for the-entirc
PCI-1SGPB complex was for tEe peptide bond from Thrl37 to Arg138. of SGPB (-6"). The
possibility that restrained least-squares refinement could mask true distortion has becn
discussed at length elsewhere (Read ef al, 1983; Read and James, 1986).

The above results differ from those obtained for the PTlbovine trypsin (BT)

complex (Marquart ef al., 1983) that was refined with the EREF program (Jack and Leviu,

>

' This angle measurcs the deviation of the carbonyl bond from the plane defined
by the a«-carbon, the carbonyl-carbon, and the amlde mtrogen A perfect
tctrahedron has a & value of -54°,
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Tablc HLIV: Summary of inracomplex co‘nlac(s between PCI-1 and SGPB

Pro Lys Ala Cys Pro Lcu  Asn . Cys Pro
331 341 351 361 371 381 3917 401 421

Pe P P, Py P, P, Py - P, P, b3
Scr38 » 2 2
Thr39 1 3 4
Gly40 : 2 1 3
. Argdl ) _ 2 10 12
Cys42 . 1 1
His57 : 2 1 3 6
Val169 , ,‘55“ 1
Tyrl71 b F 4 5 - 13
Alal90 MER . - 1 VD 1
Glul91 v m 3 3
Prol192 3 1 4
Gly193 4 1 2 7
Asp194 1 1
Scr195 10 2 12
Ser214 1 1 2
Gly215 2 2 4
Gly216 1 2 6 - 1 10
Ser217 3 3 6
Gly219D 1 ‘ : 1
z 4 5 6 12 8 27 10 15 6 ' 93

An additional 10 inhibitor-cnzymc contacts are made among residues Cys-31, Thr-41, and
Ala-81 of PCI-1 to Arg-41, Pro-192, and Gly-193 of SGPB.

1978). A tetrahedrally distorted geometry for the scissile bond was reported, with a 8* value
N .
of -11°. li should be noted that Asn233 of BT had the largest distortion for the whole
complex (Read and James, 1986), with a displacement of 0.177A. Similarly, in a recent
publication of the structure of eglin-c bound to subtilisin Carlsbérg, Bode er al. (1987)
reported that the scissile peptide bond of egli‘n-c was deformed considerably from planar
geometry. This result was achieved, however, by running three additional cycles at the end
of the refinement process with all potential energy terms restraining the bon;j and torsion

angles of the scissile peptide set to zero. Thus, as was done for PTI (Marquart et al, 1983),

the peptide bond was afforded freedom not allowed to ‘any other peptide group in the

' ' ' 3
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model. As a result, this group could shift to absorb any errors in the model or in the data.

’,

D. Solvent Structure
Systematic searches of difference maps' (program of J. Moult, modified by M.
Fujinaga) at various stages of refinement led to the inclusion of 179 water molecules in the

present structure. Peak scarches were conducted until the heights of the remaining peaks

N

were less than 30 above the rms error of the map. The rnfs.of the ma\p was calculated to be
. £

0.06 e /A? (pﬁram of J. Moult) for 8.0 to 2.1A data. Mitially, the number of peaks

assigned to water molecules was 210. At the end of the refinement, the waters were removed

~ \ .
30 at a time, the model refined for a few cycles, and a difference map calculate%%iliminated

waters that did not reappear on the difference map or that appeare\d\ as very small peaks

(less than two grid points) were not included in the final model. This method is Qi}nilar to
— N )

one employed during the refinement of the structure of «-lytic proteinase (ﬁyjinaga et al.,

1985).

During the course of the refinement of the enzyme-inhibitor complex, three strong:

peaks in the electron density map were modeled as solvent ions. Two of these peaks werg

modelled as sulphate anions, though these could also be phosphates (Figure 11.10). One of

the anions (#1) has only one full counterion as a ligand $Hi5158); the remaining charge

balance may come from the hydrogen atom donor ligands. A more striking example of this

is given by the sulphate binding protein (Quiocho et al., 1987), where there are no fully
charged ligands in direct contact with the sulphate anion. On the other hand, the other

anion (#2), has two cationic ligands (Arg139 and Argl82), in addition to numerous

@ .
hydrogen donating ligands (Figure II1.10). It should be noted, however, that Arg 139 N™

forms an ion pair with Asp3l 0b: (2.9A). Thus. it may be that Argl39 should not be

: 4 ,
considered a fully charged ligand with respect to the sulphate anion. Despite the differences

in the coordination geometry of the two anions, both have similar B-factors: for sulphate 1,

!

the values range from 30 to:32A?, and for sulphate 2 the range is 28 to 32A°. The ligafld to

\

»
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Figure II1.10. Stereo figures showing the environments of the two
sulphate/phosphate ions. Ligand to ion distances are given in Table II.VI. Dashed
lines are hydrogen bond interactions, and filled circles are water molecules. The
anions were refined as sulphate ions, with sulphur to oxygen distances of 1.5A
and oxygen to oxygen distances of 2.45A. '

.

#2
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amon distances are grven e Table TV

the l\lmd peak was ascnbed to o potassiumycalaum 1on which secms to plav a key
tole mocrvstal packing. This catton s chelated by hgands from two symuncetry related
compleaes (higure W1 11) . The hgand o caton distances and the coordination angles are
gIven 1 il able HI.VIL. The peak was modelled as a potassium cation since this appeared the
only posstbility among the cations added 1o the crvstallizaton medium (NH, and K-). The
coordimation geomelry 1s pentagonal bipvranudal, which has been obAscrvcd for potassium
ons (Albertsson et al . 1973) . but the 1on 1o oavgen distances are significantly shorter than
those typically reported for K° 1o m\'gcn distances i small molecule crystal strtuctures (2.6
0 3.0A; Mariczcurrena and Rasmussen, 1973 Berman er al, 1973). The distances are
consistant  with average distances (2 4A) observed between water molecules and Ca*
’( Finspahr and Bugg. 1980). and between carboaviate groups and Ca " (Finspahr and Bugg.
1981) 1n small molecule crystal structures and in protein structures (kinspahr and Bugg.
1984) . Fu;[hcrmorc. the mean distance is mmparrablc to those observed in the refined
structures of Troponin-C (2.3A. Herzberg and James, 1985), and S. griseus trypsin (2.37A.
Read and James, 1988) for the calcium binding sites. Since K° and Ca’ have similar
scattering propertes, these distances provide strong evidence that the ion is, in fact, a
calcium ion, despite the fact that calcium was not explicitly added to the medium. The
resulting charge balance,.lhen, would be even, with three negative carboxylate groups
(Aspl20K, Tyr243, and Arg5ll), and three positive charges (Ca**, and the guanidinium
. v .
group of Argsll).

The reactive site region of the complex with those waters that are within SA of both
PCI-1 and SGPB is presented in Figure Il1.12. Though extensive bridging networks of
solvent molecules exist between the polar groups of both proteins, the importance of these
retworks in inhibitor binding is not easily assessed. Thus, it would be difficult to predict any

changes the equilibrium binding constant might incur as a result of side chain modifications

that would disrupt these networks. Furthermore, changes that might alter the association
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Table IIEVE Ligand Sulphate Distances (A)

Sulphate 1

Ligand

Alom Symngiry
Ser 68 Oy X.y,zZ ‘
Ser 159 N I-x,y+1/2,1-z
Wat 74 X.y.zZ
Ala6Y N’ X.y.z
Wat 27 L x,y+1/2,1-z2
His 158 Noi I-x,y+1/2,1-2
Wat 85 X.y.Z
Ser 68 N X,y.z
Sulphate 2

Ligand

Atom _ m
Wat 31 I-x,y+1/2,1-z
Thr 163 Oy 1-x,y+1/2,1-z
Arg 182 Ne I-x,y+l€,l-z
Wat 10 ’ X.y.z
Arg 139 Nnt X,y,z
Wat 56 1-x,y+1/2,1-z
Arg 182 Nn2 1-x,y+1/2,1-2
Wat 56 l-x,y+1/2,1-2
Arg 139 Kni X,y,Z
Thr 157 Oy X,y,Z
Arg 139 Ne X,y,z

Sulphate Oxygen
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02
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03

4
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Figure IILIL. Sterco aepresentauon of the environment of the Ca* /K ion. l.igand
to 1on distances and angles are given® in Table I VII. Smaller filled circle is a
watcr molecule. Additional interactions are: ArgSll N™ to Tyr243 O, 2.6A. ArgSll
N¢ to Wat 7. 27A. and Aspl20K 0% 10 wat 7, 2.7A.

constant of an inhibitor with a given enzyme could not be cxpeeted 1o give the same results
with different enzymes. Similar considerations are discussed in the comparison of the

structure of OMTKY3 bound to two different enzymes., _SGPB and a-chymotrypsin

(a-CHT; Fujinaga er al.. 1987).

E. Comparison of PCI-1 to Other Solved Inhibitors

The fold of PCI-1 is novel compared to all previously determined inhibitor
structures. In spite of this, the reactive site loop of PCI-1 is conformalionaiy equivalent to
those of the other inhibitor families. '

The summary of contacts between PCI-; and SGPB, presented in Table HI.IV, is
similar to results obtained for other inhibitor-enzyme complexes. As in the OMTK Y3SGPB

complex (Read er al.. 1983). the OMTKY3«-CHT complex (Fujinaga et al., 1987), the

eglin-csubtlisin Carlesberg complex (McPhalen, 1986) and the CI-2-subtilisin Novo complex

7 :
A
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Table I VIL: Ligand-lon Distances and Coordination Angles for K*/Ca** lon

Atom Symmetry Distance (A)

Arg S110 X,y.Z 2.2
“Tyr 243 O x,y,z+1 23
Tyr 243 OT x,y,z+1 2.5
Asp 120K 092 x.y.z+1 2.3

- lle 121 O x,y,z+1 2.4
Gly 1200 x.y,z+1 2.5
Wat7 x,y,z+1 2.5
Mean 2.38

Atom 1* Atom 3 Angle (°)
Tyr243 0 Wat 7 74
Tyr243 0 Tyr 243 OT 55
Tyr 243 OT Gly 1200 78
Gly 120 Asp 120K 092 - T8 e
Asp 120K 092 Wat7 ~ 76
4

lle 121 O Tyr243 OT / 80
lle 121 O Tyr 2430 {91
lle 121 0 ' Wat 7 T 87
lle 1210 . Asp 120K O3 86
lle 121 O Gly 1200 87
Arg 5110 Tyr243 0 97
Arg 5110 Tyr2430T - ' 101
Arg 5110 Wat7 100
Arg 5110 Asp 120K 082 91
Arg 5110 Gly 1200 84
Arg5110 ° Tlel210 171 -

Qn each case, the apex of the angle (Atom 2) is the ion.

? (Mcphalen-et al., 1985b), the P, residue of PCI-1 makes the most contacts of any single
4

residue. Asp4ll makes no.contacts to SGPB, unlike the P,’ residue in the other complexes.

Ra{her, it &:ces the main body of the irhibitor and is involved in an Asx-type turn (see

Table I1.IIT).
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Figure II1.12. Stereo figure of solvents in reactive site of PCI-1SGPB complex.
PCi-1 is drawn in thick lines, SGPB in thin lines, and hydrogen bonds are dragwn
dashed. Water molecules, shown as filled circles, were included only if they were
within 5.0A of any atom of both PCI-1 and SGPB. The solvent molecule forming
a hydrogen bond to Alal90 O is conserved in the structure of OMTKY3SGPB
complex, and in the structure of SGPA (Sielecki et al., 1979), as discussed in the
text. ~ ~ &

Qo

L] .
A lcast squares overlap procedure (program of W. Bennett) was used to compare

the P.-P’, main chain atoms of CI-2, eglin-c, and OMTKY3 (in complex with both SGPB
and a-?HT) with those of PCI-1. In addition to the main chain atoms, the Cﬁ of the P,
residue of all the inhibitors was included in the overlap. The root mean square (rms)
distance of each of the reactive sites from PCI-1 was: 0.38A for eglin-c, 0.43A for CI-2,
0.49A for OMTKY3 (SGPI;). 0.46A for OMTKY3 (a-CHT), and 0.75A for PTI. The
carbonyl oxygen atom of P', was excluded from the least-squares fit calculations because of

large deviations (>2.0A for OMTKY3 and eglin-c) relativs_ to PCI-1. The extent to which

<
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the reactive sites assume closely related yonformations can be seen in Fig;\xre lIl.l'3, where
PCI-1 is compared to four other inhibitors. This relationship is also evident in Table
II1.VIII, which compares lhei (¢.¥) values for the P,-P', residues of the inhibitors shown in
Figure 111.13; the values for OMTKg'3 bound to a-chymotrypsin are included. though this
molecule is not shown in 'the figure.

. The geometry of the P, leucine side-chain in PC]~1 is significantly distorted.-The
chirai volume at the C* was.2 23A" (ideal is 2.49A°%). an‘d at the CY was -1.92A° (ideal is
-2.68A4%), the largesli deviation of the whole complex. Though two different conformations
were modelled, peak searches consistantly showed unaccounted density at the location of the
CY of the alternate conformation. These observations strongly suggest that there are two
conformers of Leu38l present in the crystals of complegf and the distortion is an attempt to
model an average structure. This need not imply rotation of the Leu38l side chain in the
complex; rather, selection of a given conformation could occur upon binding.

The P’ residue of PCI-1 is Asn391. CI-2 and OMTK Y3 have a glutamate at P’, and
oglin-c has an aspartate. It has been postulated (Fujinaga et al., 1982) that formation of a
hydrogen bond by the side chain of the P', residue with its own main-chain nitrogen atom
should raise the gctivation energy for nucleophilic attack at the P, carbonyl carbon .alom. In
addition, ab initio quanium mechanically derived electron densities (Moult and James,
unpublished results) show that the interaction of a negatively charged carboxylate oxygen
bonded to the ami\de hydrogen atom of the scissile peptide increases the delocalization in the
carbonyl bond, [hl;S increasing the staty{?}t; the peptide link. Although Asn39l of PCI-1
does hot have a negative charge, the'corresponding hydrogen bond to 0% is formed. It
should be noted that although PTI has an alanine as t'he P’, residue, there is an anah{;ous
hydr5gen bond to the carbonyl oxygen of Gly36 in the inhibitor (Huber and _Bodc. 1978).
Furthermore, in the recently determined sequences of 100 avian ovomucoid inhibitors
(Laskowski et al, 1987), all but-one have a glutamate or an aspartate, at the P', position.

The exception is the inhibitor from the road runner, which has a leucine in the P', position.

Q?



48

A

Figurg. 111.13. Sterco representations of overlaps of OMTKY3, eglin-¢. Cl-2, and
PTI to PCl-1, by the method described in the text. PCI-1 i1s drawn with thin
lines in each diagram. (A) OMTKY3. (B) Eglin-c. (C) Ci-2. (D) PTIL
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The effect of this substitution was not reported.

The complete explanation for the size of the barrier to hydrolysis cannot be found in
the structure of the inhibitor alone. Studies with OMTKY3 and several different enzymes
(Ardelt and Laskowski, 1985) and one involving PTI with a-chymotrypsin and trypsin
(Quast er al., 1978) have shown that the ratios of the off rates for the virgin inhibitor to
the off rates for the cleaved or modified inhibitor vary greatly depending upon the enzyme
used. Thus any explanation for the variation in these ratios, which differ by up to six orders
of magnitude, must include the structure of the enzyme and indeed the dynamic aspects of
the molecular complexes themselves (Read and James, 1986).

F. Comparison of the SGPB structures from the PCI-1-SGPB and OMTKY3'SGPB complexes

A least-squares overlap (program of W. Bennett) of the main-chain atoms of SGPB
from the two complexes gave an rms deviation of 0.33A for 735 of the 741 main-chain
atoms in SGPB. The overlap program has a feature for omitting from the calculation those
atoms that deviate by more than a certain cutoff value (in the present case, 1.9A). Only one
section of chain had deviations greater than this value: the loop whi;:h includes Ser38 énd
Thr39. The maximum deviation for this section of chain was 3.7A for Thr39 O. The
difference in the conformations of the loops can be seen in Figure II1.14. If the loop
maintained the same conformation as in the OMTKY3-§GPB compiex, the carbonyl carboﬂ
of Ser38 woﬁld make a close contact of 1.3A with Prod21 CB of PCI-1. In the PCI-1-SGPB
complex, Thr39 OY takes the place of a water molecule in the dMTKYS-SGPB complex in
making hydrogen bonds to Cys‘58 O and Ser35 OY. The B factors for the main-chain atoms
of this loop in the PCI-1 complex lie between 20.0A? (Ser38 C?) and 20.7.{.’ (Thr39 0),
while in OMTKY3 complex the range is from 20.2 (Ser38 N) to 24.8A? (Thr39 0).

The section bf chain from C:lyl72 to Glyl74 had main-chain atom deviations }
greater than lc.OA, with a maximum value of 1.4A for the carbonyl oxygen of Gly173. In the

PCI-1 complex the B-factors of the main-chain atoms of this loop are between 18.5 and



Figure 1I1.14. Stereo plot of the Ser3S to Gly40 loop of SGPB showing the
different conformations assumed in the comgplexes with PCI-1 (thick lines) and
OMTKY3 (thin lines). Dashed lines are hgdrogen bond interactions in the PCl-1
complex. Additional interactions are found Y{etween Thr39 OY and Ser3s OY
(29A). Thr39 NH and Ser3S OY (3.0A). /Glyd0 NH and Ser3s O (3.1A). and
Ser35 NH and Gly40 O (3.0A). The interactions shown have the following
distances: Cys40l NH to Argdl O, 3.1A, Argdll NH to Cys40l O, 3.4A, and
Thr39 OY to Cys58 O, 2.6A. The open circle is a solvent molecule from the
OMTKY3 complex which is 0.3A from OY of Thr39 of the PCI-1 complex, based
on the overlap described in the text.

20.1A*. In the OMTK Y3 complex, the B-factors range from 19.0A? for Glyl72 N to 32.2A®
for Glyl73 O. The lowering of the thermal motion parameters of the residues in the
PCI-1-SGPB complex is most probably due to crystal contacts to a symmetry related PCI-1
molecule at (-x,-1/2+y.1-z). This loop can be seen in Figure 111.15.

A comparison of the average main chain B-factors for SGPB from the two

\complexes (Figure III.16) shows that there are only a few regions where there are large

-

-

differences. If one considers those regions which have 1A<B>| of 5.0A? or greater, then
these differences can be rationalized in terms of differences in crystal packing. The
environments of each these regions in the two complexes are summarized in Table IILIX,

which shows the apparent correlation between the number of contacts and the relative
-

ll magnitude of the main-chain <B>.
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Figure III.15. Stereo drawing showing difference in conformation between Glyl72
and Aspl75 of SGPB in two complexes; PCI-1-SGPB (thick lines) and
OMTKY3SGPB (thin lines). Relevant portions of PCI-1 and OMTKY3 are also
shown in thick and thin lines, respectively. Ordered waters are also shown as filled
(PCI-1) and open (OMTKY3) circles. The segment of PCI-1 from Serl7l to
Ala2ll is from a symmetry related molecule (-x,-1/2+y.,1-z). The distance from
Serl71 OY to the carbonyl oxygen of Glyl74 is 2.5A. .
o>

One additional region, involving Gly59B, has significant A<B> values arising from
causes other than crystal packing. The probable cause of the reductipn in the average
B-factors for these residues in the PCI-1 complex, relative to the OMTKY3 complex, is the

. A
closer prox_ir'nity of Ser38 and Thr39 in the former complex (vide supra). There are a total
. Boal )

of 8 :camﬁdts between the segment Gly5S9B-Ala60 and Ser38-Thr39, the shortest being Ala60
N 10 Thr39 CY? (3.5A).

- A similar comparison between the main-chain <B> values of SGPB from the
complex with PCI-1 and native SGPB is shown in Figure III.17. In this case, differences in
main-chain B factors arise from the fact that an inhibitor is bound in the former case and
not in the latter, and from crystal packing. Contacts to the inhibitor have been summgrizcd
in Table IILIV. The anomalous decrease in mobility of the region Glyl72-Glyl74 in the

nativelenzyme can be attributed to the large number of symmetry contacts whith occur in

.~
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crvstals of the free enzvme Though there are symmetry contacts to this region i the
civstals of the complen, these are not as numerous as the mnm)ﬂ\ which occur tn the crystal
of the native enzvme. This s summarized i Table HEX | along with data for other 1egions
of SGPB where changes n main -chain <B> values arc caused by diffcrences in crystal
pak hng. The cause of the significant A<B> values for GlyS9B and Ala60 are the same as
those given above in the companson between SGPB bound to PCL-1 and OMTK Y3
y W
G . Comparison of Solvent Structure in the Two Complexes
To compare the solvent structures of the two compiexes, the following procedure

was used. The X, Y, and Z limits of the PCI-1-SGPB complex, the OMTKY3SGPB
complex. and the structure of native SGPB were extended by 10A to define boxes which
were filled with all symmetry related solvent molecules generated from unique sets. The
sthrec solvent sets were then superimposed based on the overlaps of the main-chain z;loms of
SGPRB, using the enzyme from the complex with PCI-1 as the fixed molecule. The solveat set
from the native structure (1126 atoms) was used as the standard against which the other two
solvent boxes were compared. Two solvent molecules were considered to be “identical” if
they were within 1.0A of each other in the two sets. The Pd-lSGPB solvent set (861
atoms) had 97 solvent molecules in common, while the OMTKY3SGPB solvent set (966
atoms) had 92 solvent molecules ir; common with the native set. Atoms found in both lists
(47 atoms) can be considered common to all three fBrms of SGPB. From this list of 47
atoms, however,,only two were within 5.0A of both the enzyme and PCI-1, when the
solvent coordin‘atgs from the PCI-1-SGPB complex weré used. One molecule forms a
hydrogen boﬁd with Gly219D NH (2.6A), and the other forms hydrogen bonds with Alal90
O (2.7A), and Gly219D O (2.8A). Neither molecule forms any hydrogen bonds to the
.inhibitor (Figure I11.12).

_This result implies that the solvent structure in the region of the active site of the

native enzyme is almost entirely replaced or displaced when the inhibitor binds. Thus, it

L d
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appears that the {inal solvent structure around the enzyme active site in these complexes is
mostly dependant upon the combined topology of the two molecules, rather than ihal of the
enzyme.

Onc of the two cor‘lscrvcd water molecules that was found contacting both the
inhibitor and the enzyme in the two complexes makes a total of three contacts to\lhc side
chain of Leu38l (Figure 111.18). The shortest contact is 3.6A to C® The molecule makes 20
contacts to SGPB including the two hydrogen bonds. An equivalent water molecule is also
found in the refined structure of SGPA (Siclecki er al., 1979). It could be argued that
replacement of the side chain of Leu38l with one containing an unbranched aliphatic chain
with a terminal hydroxyl group could displace this water. This wpuld likely increase the

association constant, and so render the inhibitor even more effective. ‘During attempts 10

N391 N39I

G219 G219

Figure III.18. Stereo plot showing one of two solvent molecules (filled circle) in
contact with both the inhibitor and the enzyme which is conserved between the
three forms of SGPB (native, and in complex with PCI-1 and OMTKY3).
Displacement of this molecule with an hydroxyl group attaced to the P, residue of
PCI-1 might increase the association constant of the inhibitor. An attempt to model
this is shown using a lysine side chain (thin lines). The distance of the terminal
atom of the side chain to the water molecule im question is ~1.0A.
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model such a side chain in the active site of SGPB using a lysine residue, it quickly became
apparent that there werz many water molecules which could be displaced. Furthermore,
several of thess alternatives did not require the uniavouhral)k torsion angles required to bring
the proposed hydroxyl group within 1A of the targgl solvent molecule (Figure 111.18). The
n)o(;cl shown in the figure is based on results obtained with SGPA and peptide amide
substrates (Jamcs ef al., 1980). In thesc studies, the solvent molecule in question was
displaced by the p-hydroxyl group of a P, tyrosine reidue of a bound tetrapeptide product

complex. The x' values for the tyrosine residue was -94° and for the lysine side chain in

Figure 19, x'1s -52°.

H. Relationship of PCI-1 to Inhibitor 11

Inhibitor 11, isolated from cither lomatoes of potatoes, inhibits both chymotrypsin .
and trypsin. The ¢-DNA sequence (Thornbrug ef al., 1987), and the derived amino-acid
sequence of these two inhibitors (Table II1.X]1) shows the two domain organ‘i-z.ation of these
two molecules clearly, and provides an explanation for this inhibitory property. The boxed
regions on tomato Inhibitor Il indicate that the sequence obf the protein is made up of two
repeats, with each repeat co.maim'ng one reactive loop, located near the N-terminal of the
repeat” The amino terminal repeat contains the trypsin specific region, and the carboxy.
terminal repeat contains the chymotrypsin specific region. In Table II1.XI, ihe scissile bond
for each region is indicated by an arrow. Southern blot analysis suggests that thérc is a gene
family (8 to 10 copies) producing Inhibitor Il proteins, all with slight variations in amino
acid sequence (results not shown). This is consistant with earlier observations regarding
electrophoretic and immunological differences in components of Inhibitor II isolates (Bryant
et al., 1976). In fact, isoforms of Inhibitor II have been isolated which have two trypsin

specific domains, rather than one trypsin specific and one chymotrypsin specific domain

(unpublished results).
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—_—

The amino acid sequence of PCI-1 (Hass et al., 1982) can be matched identically
with a region of potato Inhibitor II. This is indicated in Table II1.XI, where. the nuvmbering
beneath the residues of Inhibitor II (underlined region) is the numbering of P&I-l. Thus
PCI-1 could result f rorﬁ post-translational processing of Inhibitor II, in which the protein is
~ cleaved leaving the carboxy {ermina'l reactive site loop intact. To confirm this hypothesis,
two tests were carried out (Thornburg, R. W., Pearce, G., Ryan, C. A., unpublished). The
first test involved probing nascent proteins, translated from potato mRNA, with antibodies
against Inhibitor II. These studies were unable to detect 'any smaller nascent proteins related

to Inh{bitor II. The second test involved performing Northern blots of tuber mRNA with the

Inhibitor I cDNA probe (Graham et al., 1985). No smaller mRNA's could be detected by

»
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this method. These results strongly suggest that mRNA for PCI-1 does not exist.

This hypothesis implies a processing cleavage of Inhibitor 11 between Asn24 and
Pro25, a herctofore unknown specificity. Though a P, a;paraginc-spccific endopeptidase was
postulated in tHe processing of the concanavalin A ((k)n:A) precursor (Bowles et al., 1986),
the isolation of the enzyme was not reported. lurthermore, the cleavages associated with
ConA processing do not involve a P’, proline. The difficulty of an Asn-Pro specifi¢ enzyme
may be overcome by cleavage closer to the amino-terminal of Inhibitor II, for example at
‘Argl7, 8 residues before the proline in question. Then non-specific aminopeptidase activity
could trim the pepude to Pro25, to form the amino-terminal of PCI-1. Steric bindrance
caused by the residues of PCI-1 might stop the aminopeptidase at this point. Processing at
the C-terminus could be.a trypsin specific cleavage at Arg75 (ArgSll of PCI-1).

Alternatively, non-enzymatic cleavage of Asp-Pro peptide bonds ts known to occur
more readily than with other peptide linkages (Landon, 1977; Piszkiewicz et al., 1970).
Strongly. acidic conditions (pH < 2.5) are required®for these hydrolyses. Asp-Pro cleavége
was also noted in the sequc'ncing of rabbit skeictal muscle myosin light chain kinase during
the decitraconylation steps using 9% formic acid (Takio et al, 1986). Acid catalyzed
deamidation of glutamine and asparagine side chains is also well known. Thus, hydrolysis of
the side chain amide .in the presence of acid, followed by non-enzymatic cleavage of the
resultant Asp-Pro bond is a possible 'mcchanism for the formation of the amino terminus of
PCI-1 from Inhibitor II. It is not apparent, however, that the acidity of the plant cell
vacuoles, where PCI-1 is localized, is sufficient to duplicate the in vitro conditions described
above. 0

However this processing is accomplished, it is unclear whether or not it occurs at the
expense of th‘e other reactive site on Inhibitor II. This other reactive site domain is not the
source of the trypsin-directed single inhibitor, PoTI. PoTl probably originates from
processing of a form of Inhibitor Il with two trypsin-specific domains, where the carboxy

terminal reactive site is preserved in the final produqt. Evidence for this comes from the
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vcry.high sequence identity between PoTl and PCI-1 (Hass er al., 1982). Isoclectric focusing
experiments performed on samples of PCI-1 showed at least S bands with pl's ranging from
4.0 to 8.6 (results not shown). A similar result was achieved with PoTl, though the pl range
was smaller (4.0 to 6.5). These results are consistant with the hypothesis that PCI-1 and
PoTl are products of the isoforms of Inhibitor HI, but they do not clarify the fate of the
other domain. The electrophoretically distinct forms of PCl-1 and PoTl may include
molecules which are active remnants of‘thc other domain of Inhibitor II.

It is remarkable that the sequence of PCI-1 corresponds to a region which lies across
the two repeats of Inhibitor II, rather than being contained within one repeat or the other.
This is contrary to the common assumption that large repeated sequences will fold into
separate domains linked by a short stretch of ypeptide chain. The avian ovomucoid
inkibitors, for example, consis-l of three \\ammpcaled sequences, and each repeat gives
rise to a separate structural domain (Laskowski and Kato, 1980). If this were’the structural
basis for Inhibitor II, then cleavages to form FCI-1 would have to take place inside each
domain, while leaving the linker region intact. Furthermore, the disulphide bridges would
have to be reduced, the remaining fragment refold, and the disulphide bridges reform,
before PCI-1 could assume the structure observed in the complex with SGPB.

While this sequence of events is possible, we propose an alternate structure for
Inhibitor II which would simplify the process required to generate PCI-1. The ‘proposal is
based on the assumption that no refolding: of PCI-1 occurs. It is possible to achieve a
structural model of Inhibitor II that has two domains related by a pseudo two-fo!d axis. To
do this, the remaining portions of Inhibitor II (Lysl-Asn24, and Thr85-Lys116) must fold
.in a conformation similar to that seen for PCI-1. Thus, one must first establish that the
other domain can assume a structure similar to PCI-1. An 4alignment of the sequence of
PCI-1 with the missing segments of Vlnhibitor II is shown in Table III.XII; all ot" ‘»thc gaps
that are shown in Table III.XI have been eliminated, save two. There is ah insertion (Pro66,

Prod42l of PCI-1) between the residues corresponding to Gly8 and Asn9. The other insertion,
~

I



"1-1Dd 10§ are s19)ovIq U SIaqUINU 30U3INbag p

L1 _ 01 [ LIT  SII
4 dO1 94 9071TN-9D3 ¥ 1|0V AV Mda3aijas|a  urewop wisdA1],
4 dOX SAV I HdAdPDINTJIdDVAdPDNX d|d s|d urewop ursdAnowAy)
(1¢) (1v) (1€)
SL $9 99
\
) $6 S8
O FDIA XD N DO JXK[ADOAXOLODDLILIOL urewop utsdA1 ]
O F DI |4V O NV S AXINIDONXODVIDOOINILDI d urewop ursdAnowdyd
(17) ) (1y) e(1)
Sy o3 . ST

urewoq uisdA g aq1 [ JoNqIyu] Jo (1~[Dd) urewo( utsdAnowdy) sy jo wourudyy IX I 21qe.L




65

Glull4, did not require modelling (vide infra). A model for the rcéion surrounding the
dcietion (Gly8-Asn9) was generated using the program TOM. A database of 17 proteins was
scarched to find a streteh of polypeptide chain with ends in similar conformations as the
amino acids surrounding the deletion. A segment of amylase (Matsuura ef al., 1984) from
Lys36 to Trp42 was fit and regularized. The side chains of the entire model were checked,
and any apparent clashes relieved by manual adjustments to x-angles. To eliminate bad
main-chain contacts resulting from the loop building, and any other unfavourable
interactions, the model was then subjected 10 energy minimization using the GROMOS
program (van Gunsteren and Berendsen, 1987: Version ‘{ used). The crystallographically
derived model for PCI-1 was also energy minimized for comparison. A summary of the
results are shown in Table III.XIII. Only two atoms in the PCI-1 structure had shifts larger
than 1.0A, and these were Lys321 O (1.2A) and ProS0l O (1.2A). The differences between

the two models of the trypsin domain of Inhibitor II were larger, mostly due to shifts

S 1 ) .
‘,required to relieve a short contact between the carbonyl groups of Glyll and Tyr99. Figure

I11.19 shows the energy minimized model for the N-terminal domain of Inhibitor II, in a
similar orientation to PCI-1 in Figure III.5b. Note that, despite the deletion of a proline
between Gly8 and Asn9, and the subscqu{zm change in the chain conformation, the side
chaire of LeulO has adopted a conformatio'n which brings the two C® atoms jnto positions
similar to those of the corresponding CY atoms of Ile44l in PCI-1. Figure I11.20 'is a detailed
view of . the deletion (Gly8-Asn9l with the cor‘ponding region of PCI-1 shown for
comparison. » |

The backbone hydrogen bonding network in the trfpsin domain is \gry siailar to
that f*d in thf; chymotrypsin!omain '(PCI-l), if one excludes those hydrogen bonds
involv;iné side chains or involving the }egion around, the deletion (Gly8-Phel2). T\;o main
chain ‘hydrogen bonds shd‘wn in the trypsin do'-n do not appear in PCI-1; these are Lys105
NH to Asnl03 O, and Glu6 NH to Ile4 O. It should also be ioted@at the replacement of

Asn3I of PC# with Thr89 in the trypsin domain of Inhibitor II has removed, .in this model,
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Table HLX1II: Summary of in-vacuo ® cncrgy minimization results

PCI-1

Inhibitor II trypsin domain

" Inital Findl Initial Final

Totat cnergy® 394 2190 2350 1730
Change in total cnergy
from cycle 990 -3 -2
No. of non-bondcd atom )
pairs 17,332 17,216 16,153 16,115
Bond cnergies ‘

not involving hydrogen 288 547 278 634

involving hydrogen 1.38 2.15 1.28 3.04
Bond angle energics

not involving hydrogens 551 227 383 181

involving hydrogens 98.9 16.7 101 | 15.3
Improper dihedral energies

not involving hydrogens 218 292 485 342

involving hydrogens 2.58 213 2.64 15.1
Dihedral encrgics ®

not involving hydrogen 414 250 295 188

involving hydrogen 1.64 ¢ 6.01 0.129 6.68
Third ncighbour interactions

clectrostatic -1040 -1390 -552 -1010

Lennard-Jones 930 -1410 " 1360 -1230
Solvent accessible surface areac

(A% 3506 3620 3597 3646

* 37D4 force field used

b All energies are in KJ/mole -

¢ Program of J. Moult
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Figure II1.19. Stereo figure of the energy minimized model of the trypsin specific
domain of Inhibitor 4I. The residues from Lysll6 to Metl23 have not been
included, since there is no corresponding segment of PCI-1 to use as a model.
The conformations shown for Aspll3 and Proll4 are also likely incorrect. The
model was energy minimized ‘with Alall7 joined to Lysl, in the same conformation
as the corresponding region of PCl-1 (Pro33I-Lys34l). This was done so that the
energy minimization results would correspond as closely as possible. There would
presumably be no problem accomodating the additional residues at the
carboxy-terminus. If one exlcudes hydrogen bonds involving side chains, and those
hydrogen bonds involving residues in the area of the deletion, the two domains
share a similar bac e hydrogen bonding network. _—_—

the interactions with the peptide nitrogens of Cys91 and Thr92. It should be noted, however,
that the conformations shown for side chains in this model which differ from the
corresponding ones in PCI-1 are somewhat arbitrary. There is no Teason, then, to assume
that a different set of conformations for the threc) threonine residues in that region (Thr88,
Thr89, and Thr92) could. not better satisfy these hydrogen bonding requirements.
Furthermore, solvent molecules could also fulfill this role. -

Despite the success of the ;ncfgy minimir;ation in obtaining}a..‘model for the trypsin

domain with .an energy comparable to that of PCI-1, these results must be viewed with

%8 caution. As Novotny et al (1984) have shown, energy minimization does not necessarily

lend any validity to the model obtained. We have shown that it is possible for the side_



Figure II1.20. Stereo view of the region surrounding the deletion between
Gly8-Asn9 in the energy-minimized model of the trypsin domain of Inhibitor II.
The same region of PCI-d is drawn with thick lines, and the labels correspond to
PCI-1.

chains of the residues in the trypsin domain to be accorﬁqdated in a structure similar to
PCI-1. The high sequence identity (52%) between the two domain; (Table 12), the
conserved disulphide bridges, and the requirement for a reactive site loop do lend so.me
credence to this model, at least in termas of its general structure.

The next step is the proposal of a reasonable association between the two domains.
The positioning of the two domains relative to each other. involves many variable
parameters, and thus any proposals about the complete structure of Inhibitor II are
speculative. Two constraints which do limit the number of possibilities are that Argl7 must
.be near Pro25S (Proll of PCI-1) and likewise, Arg75 (ArgS1l of PCI-1) must be near Pro84.
Given these restrictions, ofe possible model for Inhibiter II (Figure 1H.21) extenﬂs the
three-stranded B-sheet of PCI-I into a six-stranded sheet with 4a pseudo-two fold axis
roughly perpendicular to the centre of the sheet, between the two'domains. Examples of
similar modes of association between domains include concanavalin A (Reeke et al., 1975)

and HLA-A2 antigefy (Bjorkman et al., 1987). Since the lbops which join the two domains

are related by the symmetry axis, they could potentially be processed by the same
' % "

.
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/ .‘..'.g". Arg73)
»

Figure I1I.21. A ‘schematic diagram of the prcposed model of Inhibitor II. The
domain in the foreground corresponds to PCI-1, while the domain in the
background contains- the amino- and carboxy-termini, as well as the trypsin-specific '
reactive site loop.- The amount of propellar twist between the two domains ™
conveyed by the diagram is arbitrary. The reactive site loops are indicated by the
curved solid arrows. Argl7 and Arg75 are the possible processing sites for the

_ cleavages necessary to form PCI-1. Pro25 would become Proll of PCI-1, and

~ Arg75 would become ArgSll. The conformations shown in the. diam for these
loops are purely arbitrary, and are shown only as a visual aid. The deletion
_between Gly8 and Asn9 in the trypsin domain of the proline corresponding to .,
Pro66 'in the chymotrypsin domian is shown with dashed lines. The conformation .
of the segment of chain from Proll5 te Metl23 cannot be accurately predicted, . .
dnd so this region has not been shown. : : .
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mecharsm The tao arpmne tesidues, Argl 7 and Arg /S are candidates for tivpan hike

cleavage. O should note, however, that any seune protemase which mnght accomphsh this

L.
~ -

. 3 .- dUeavage couid potentially be inhibited by the trvpaim-speailic reactive site loop
- The positomng of the two domains i Gus moael s subject to several degrees of
~
freglont. 1wo of the most mmportant vanables volve the imterdomain angle (Figure 111,22
J B

and the propellar twist of the sheets. The interdomain angle could, in fact, be vanable in the
solution form of tie fice mhibitor - Binding of two cnzvines at the two reactive site loops

» L4

would hikely limat thas flexibihty | sinee a smald mterdomamn angle might- result in clashes
L4

between the enzvime and the other domamn oY the other bound enzyme. The amount of

twisting at the umerface between the two domains could bé wery sifiall, as in the case of
HI A-A2 o1 1t could be as large as that f{)und in the B-sheet of PClL-1.
. »

An aliernate model for the structure of Inhititer 11‘involves the association of the

sutfaces of the B-sheets 1in cach domain. This "would give a B-barrel type structure

" DifficulueS arose. however, since suitable hydrogen' bonds (\mld not be found for tht barrel -
) AN

58\

‘\E Y N PNS - P1S
Wy N

Figure llf,'ZZ. C¥ plot of Inhibitor II 'which is rotated ~90° about W¥e pseudo
two-fold axis relative to Figure II1.21. This view demonstrates wide range of values ‘
that the interdomain angle could assume. The loops connecting the two domains are
shown in arbitrary conformations, and are not meant to Tepresent any serious ‘
attempt to model these sections. As in F’igure I11.21, the amount of twist in the
sheets between the two domains is also arbitrary. /

~
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structine, and so the model was abandoned

I the proposed model for the structure of Inhitutor 11 s correct, this protein could
not have originated as a single domain inhibitor, which, thicugh gene duplication, became a
wo domam mhibitor, sinee the folding webld appear 10 be across the repeat. If gene
duphcation was the cause of the repeated amino acids i Intibitor 11, this process was an

essential step, without which the domains could not have assumed this postulated form.

-




1V. Mechanism of Inhibition
A standard mechanism of inhibition for proteinase inhibitors has been discussed at length
{Finkenstadt and l.askows$ki, 1967; Laskowski and Kato. 1980; Fujinaga er al, 1982, Ardelt
ands Laskowski, 1985, Redad and James, 1986). The kinetic schemes proposed are all bzsed

'y

upon the following equilibna: A
E+12C2F + 1

wher¢ 1 1s the uncleaved inhibitor. 17 1s the cleaved inhibitor, and C 1s some stable complex.
L3 4
Work by Ardelt and laskowski (1985) and crystallographic evidence show that in the

conditions employed in these studies the stable complex ts E-1, where the intact inhibitor is

tightly bound to the enzyvme. The above kinetic scheme can be rewritien as
3

"

kon koH .
F+12EI2E +1

koH kon’

as suggested by Read er al (1983). It has been argued that in this scheme, the ratio

kof‘f‘/kon". 1s a measure of the relative heights of the activation energy barn'.ers on the virgin
and modified‘inhibilor sides of the regcn‘or. (Read and James, 1986).

It 1s useful at this point to distinguish between two mechanistic classes of inhibitors:
kinetic inhibitors and thermodynamic inhibitors. A kinetic inhibitor is one that slows down
hydrolysis by some means, in spite of the fact that the cleavage reaction is
thermodynamically favoured. In this case, the reaction I — I" is spontaneous; the system E
+ 1° has the lowest free energy of any point along the reaction coordinate. Inhibition is
achieved by raising the activation barriefs at one or more stages, such that a bound form of
the enzyme exists for a much longer period of time than would be observed with a regular

substrate. An example of this type of inhibitor may be CI-1 (Svendsen er al., 1982) which

binds tightly, but is slowly cleaved and releasy. .
. o

*
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A thermodynamic inhibitor is one which creates an inhibitor:enzyme complex which
has the lowest free energy of any point on the reaction profile. Thus, in the presence of the
enzyme, the reaction | - 1* is no longer spontancous. Rather, the reactions £ + 1 » b1 and
E + 1" = Fl are thermodynamically favoured. The free energy change associatéd with
binding of ecither I or 1* 1o an enzyme would depend upon the various interactions between
the two niolecules, such as hydrophobic surface area contact. and longer range clectrostatic
forces.

As previously noted, the reactive site loops are conformationaly constrained, either
covalently by disulphide bridges (eg., PCI-1) or by oéher forces (eg., C1-2). (Laskowski and
Kam1 1980; Fujinaga et al, 1982; Read et al, 1983; Read and james, 1986). These constraints
Iimiqlthe number of degrees of freedom allowed to the loop, thus decréasing its entropy
relative 1o a peptide substrate of similar sequence. In this case, more of the enthalpy of
binding is realized in the overall free energy change for the binding reaction (Blow, 1974;
Read er al, 1983). Furthermore, it appears from work by Ardelt and Laskowski (1985), that
mixing of serine proteinases with mpdified inhibitors (cleaved at scissile bond) produces
inhibitog :enzyme complexes which have the scissile bond intact. Fhese observations strongly
suggest that the seriﬁe,proteinase inhibitors are thermodynamic inhibitors, rather than
kinetic inhibitors. Thus, the El }'complcx is the most thcrmodyar_nically favourable state along

-y e

the entire reaction coordinate. . ,

llnitially, this ponclusion would appear to dispose of the need to create barriers to
hydrolysis on the part of the inhibitor, as ha§ been previously discussed. One is led,
however, to question the functien of the apparently, conserved hydrogen bond between an
acceptor and the NH of the PY, residue. The function of this interaction, as well as the
network of hydrogcﬂ bonds that surround it in ihe known i‘bilor crystal structures, may
be to stabilize the jﬂ;eact inhibitor relative to the cleaved form. The enthalpic and entropic
gains realized b); peptide hydrplysis (Tinoco et al, 1978) _wduld create a éignff iéam free enery

[}

drop in going f rom the uncleaved inhibitor to the cléaved form. The El complex would then
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have to be lower 1n enérgy than the cleaved form. which may be difficult. There s,
however, evidence to indicate lhal. the eql.xilihn'um constant for the hydrolysis of the scissile
peptide bond of the inhibitors is cloye to unity (Laskowski and Kato, 1980). This suggests
that the function of the elaborate network of hydrogen bonds in the reactive site loop is to
limit the entropic gain which could be realized by hydrolysis of the scissile bond. The

cmhalpr{ gain may be offest by disruption of a few of the hydrogen bonds which existed tn

the native inhibitor. If the free energy difference between the native and cleaved inhibitors is

minimized, then association of the enzyme with either form could readily create a complex
with the lowest {ree energy of any point on the reaction coordinate. Information to support
or refute this hypothesis should be provided by the crystal slruclur:of a free cleaved
inhibitor where the extent of hydrogen bonding‘in the reactive site loop could be assessed.
Furthermore, the structure of the complex of a cleaved inhibitor and an anhydro-enzyme

-(5erl95 OY removed) would _provide valuable information about how the enzyme

accomodates the geometric changes associated with peptide bond cleavage.
- ~ "

%
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V. Conclusion
The elucidation of the structure of the PCI-1SGPB complex has added furlhc.r support to
the idea that protein inhibitors of serine proteinases all interact ww] their cognate enrymes
in similar ways 3-despite largé* differences in the structures of the inhibitors and of the
enzymes. Furthermore, it appears that the problem of forming a suitable reactive site loop
on the inhibitor can be solved by several structural frameworks. The combirb»alion of these
two factors makes formulation of a hypothesis for the mechanism of acliori\ of -{hese
inhibitors challengir?g, since the same function seems to be fulfilled in a variety of ways. The
mechanisrﬂ of action presented in this dissertation has attempted to view the problem in a

more general way than has been attempted in the past, though it is definitely based upon

these earliet considerations. Furthermore, the hypothesis presented has accounted for the

.

presence of the enzyme, and for the thermodynamics of the system as: whole. This is in

' 'keeping with the issues taised by Read and James (1986), where mechanisms of inhibition -

which concentrated solely on the structure of the inhibitor were found to be inadequate.
Nevertheless, fhe hypotltesis prescme-(; here lacks delale, in terms of the nature of the
interactions which might be lost or gained upon hydrolysis of the sciss;le bond. Further
analysis is requircd,and a more adequate method of assessing the energy of interaction for
'different complexes is needed. Towards this end, investigations into the cﬁange in solvent
accessible surface ar;\s of various inhibitor; have -been initiated. It is hoped that 1hesc
changes will provide _rrl:ére information on the cnétgy .of bindir;g.‘ which may then be

correlated to inhibition constants. . .
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