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“ Abstract
Three crystal structures of serine proteiha;?,inhibitors,
two coﬁplexed to serine proteinases,fhave beén Solveé and
refined at high resolution. S
‘subtilisin Carlsberg was the first bacterial serine

 proteinase to be discovered; it was isolated from Bacillus
subtilis. Subtilisin Novo is a related bacterial serine
'proteinase. isolated from Bacillus amylol i.quefacien's.
Subtilisins-Carlsberg and Novo have hf§h seguence homology
to each other, but no sequence homology to known eukaryotic
serine proteinases. The subtilisins-and the eukaryoticy
serine proteinases do shafe a similar geometry of the
catalytic residues in the enzyme active site.

5 Chymotrypsin inhibitor 2 (CI-2) is a protein from the
seeds §f the Hiprol§ strain of barley. It inhibits a npmber
of serine proteinases, including the subtilisins and
a-chymotrypsin.p CI-2 has been assigned to the potato inhi-
“bitor 1 (PI-1) family of seriné proteinase inhibitors on the
basis‘of 8seguence homologies.‘ Eglin-c is another member of
the PI-1 family, isolated from the leech Hirudo medicinalis.
Eqlin-c also inhibits a wide range of serine(protginéseg,
including the subtilisins, a—chymptrypsiﬁ, mammalian
leﬁkocyte elastases, and cathep;in G. Neither CI-2 nor
eglin-c contain disulphide bridges; such indges are a
common feature in ozher inhibitor familie:'and ;re tBought

to stabilize and provide conformational rigidity for the

reactive site loop.



The structure of a molecular coﬁplex of ;ubtilisin Novo
and CI-2 has been solved by the molecular replacemént method
ané?féfined to a crystallographic R-factor of 0.154 for data
in the rahge 8.0 to 2.1R. CI-2 binds in the active site of
subtilisin Novo in the manner of a good substrate, but is
not cleaved. The folding of the polypept ide chain of the
inhibitor is unlike the folding of inhibitors from other
families with known structures.

The structure of a molecular complex between subtilisin
Carlsberg and eglin-c has also been-solved by the molecular
replacement method and refined to an R-factor' of 0.136 for
data in the range 8.0,to 1.8R. Overall, thé struétd;eé of
sﬁbtilﬁsin Novo and subtilisin Carlsbefg are very similar.
Differences in the active site regions of -the two enzymes
indicate that there is a small but significant induced fit
of enzyme to inhibitor upon complex formation. Differences
in-the structures of CI-2 and eglin-c are observed due to
changés in the nature of theirkhydrophobic cores and to
packing contacts in the crystal, but the overall folding of
the inhibitors and the conformations of their reactive site
loops are almost ident;cal. Both inhibitors have an extens-
ive network of hydrogen bonds and salt bridges from residues
supportiﬁg and stabiliziﬁg the conformagion of thg reactive
site loop to residues of the loop. ’

The structure of the inhibitor CI-2 in the absence of

J
an enzyme has been solved by the molecular replacement

N

~method and refined to an R-factor of 0.198 for data in the

r\L vi



range 8.0 to 2.0R. The structure of the main body of the
inhibitor-is very similar to its structure in complex with
subtilisin Novo, but the reactive site loop of the native
inhibitor is-a somewhat disordered region with high temper-

ature factors. This kind of disorder in native inhibitors

’
L4

has been observea for other inhibitor families, and is
believed to indicate flexibility and adaptability"of the

reactive site lobp.

Evidénce is presented that CI-2 and eglin-c act by th;\//’
standard mechanism of Laskowski and Kato kAnn. Rev . |
Biochem. 49, 593-626, 1980) for protein inhibitors of serine
:prot;inases. Comparison of CI-2 and eglin-c with members of
other inhibitér families shows some conserved structural and

electrostatic features that gay contribute to the inhibitory

-
nature of these small proteins.

. vii
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J 1. Introduction
Proteins are fascinating and intricate devices designed Sy
nature to perform a myriad of functions in the cell, ranging
from provision of structural support through transport 6f
metabolites to catglysis of biochemical reactions. The
function and properties of a protein are .determined essen-
tially by its three-dimensional structure (the relative
spatial arrangement of its amino acids and the folding of
its polypeptide backbone). This structure can be visualized
at near-atomic resolution by means of X-ray crystallography.
Once the structure of a protéin is known, the major
challenge for the crxstallograéher is to relate that struc-
tufe to other biochemical aﬁd pﬁysical data for the proteih
to determine how it carries out its function. This can be a
tong and difficult process; solving the crystal structure of
'a single protein can take many months or years, and to date
the structures of only 200 to 250 different proteins have
been solved. Hypotheses about stpucture—function
‘relationships can be made on the basis of a few related
structures, but are often difficult to test thbroughly (é.g.
Baldwin, 1975). » \\
Recent advances in genetic manipulation have extended
the potential for understanding structure-function
relationships in proteins. Site-directed mutagenesis may

-~

provide clues as to how small alterations in structure, such
i & .

as single amino acid changes, are correlated with changes in

functional properties (e.g. Alber et al. . 1986). X-ray

a



crystallography is important in determining how the Qtruc-
ture of a mutated protein has changed. The eventual goal of
this kind of work is to design and synthesize proteins to
perform new and desirable functions, often for use in
industrial or pharmaceutical applications. Present
knowledge of structure-function relationships is not suffic-
ient to be able to design new proteins on a rational basis,
although some work is béing done on altering known proteiﬁé
- to improve function (Craik et al., 1985).

| Enzymes are proteins that act as catalysts for bio-
logical reagtions that generally would not ocgur at
perceptible rates in their absence. They accelerate
reaction rates by factors of several orders of magnitude,
‘and are specific in both the reaction that they catalyze and
the substrates that they act upon. Precise knowledge of the

structure oNan enzyme is essential for understanding

enzymatic cataly 1 chemical environment that
enables 'an enzyme to accelerate a chemical reaction is
c&eated by the spatial arranggment of the components of the
enzyme. Crystallographic studies allow direcf visualization
of these spatial relations. At present, ciystallography s
unable to examine directly enzyme-substrate interactions
during a reaction, because thé time scale of an X-ray
experiment is many orders of magnitude longer than that of
an enzymatic reaction. Even if the X-ray data could be

collected in milliseconds, arranging the molecules in the

crystal to act in synchrony would be a major obstacle to



obtaining an ordered view of a reaction; In spite of this O
limitation, changes in the structure of an enzyme upon
interaction with inhibitors and analogs of intermediates in
the reaction pathway may be seen c¢rystallographically, and

can prévide important information about the mechanism of
catalysis.

Crystallographic studies of two enzyme:inhibitor com-
plexes and ‘one native inhibitor structure torm the body of
this thesis. Chapter 2 discusses the solution of the'sf?uc-
ture of the complex between subtilisin Nod% and the protein
-
broteinase~inhibitor Cl-2 from barley seeds. The structures
of the enzyme and the inhibitor are describéd in detail, as
well as the interactions between them. Chapter 3 is a
similar discussion of the sttucture of the complex between
subtilisin Carlsberg and eglin-c, an inhibitor from leeches.
Chapter 4 describes the structure of the rmative inhibitor
C1-2, crystallized in the absence of an enzyme. Chapter 5
contains comparisons of the structures of the two enzymes,
the two inhibitors ‘from the complexes, the interactions in
the two complexes, and the Nhative versus the complexed inhi-
bitors. Some comparisons are also made with other serine
proteinages and other families of protein inhibisors of
serine proteinases. ¢

For the non-crystallographer, an excellent introduction
to X-ray crystallography can be found in chapter 6 of

"Proteins: Structures and Molecular Properties™ by T. E.

Creighton (1983). Two other standard texts in the area are



¢

"Protein Crystallégraphy"by T. L. Blundell and

' L. N. Johnson (1976), and "Crystals, X-rays and Proteins" by

D. Sherwood (1976). In a discussion such as this, is it
difficult to give a brief but meaningful description of the

"subject to someone not already familiar with it.
J

1.1 Serine Proteinases and Their Catalytic Mechanism

Proteiﬁases are a group of enzymes that fﬂnction bio-
logically to catalyze the hydrolycis of peptide bonds and
thus cleave otﬁer proteins or peptides. The serine protein-
ases are distinguished as a class by haviég an unusually
reactive serine residue ih the enzymé active site that pleys
an important role in catalysis. The active site also
contains a histidine and an éspartic acid residue that are
essential to catalyéis; these three residues together are
termed the catalytic triad. Two general families of serine
proteinases are known at present; the chymottypsin-like
enzymes and the subtilisins. Members of both these tamilies
use the same mechanism of catalysis, but the two families
dictfer completely in three-dimensional structure except 1in
the arrangement of their catalytic residues. Chymotrypsin-
like serine proteinases have been found in a wide variety of
organisms, both prokaryotic and eukaryotic, but to date the
subtilisins have been identified only in prokaryotes.
Because their overall three-dimensional structures are so

different, these two families of serine proteinases are

believed to have developed through convergent evolution,

i ¢
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A wide variety of bibiogical functions ate performed by
serine proteinases (Neurath, 1984). They hydrolyze proteins
in food in the digestive systems of many organisms. They
can activate other proteins by selective proteolytic cleav-
Age e.g. most steps in the blood clogting cascade require
that the serine proteinase generated in J!! step activatgs
the serine proteinase zymogen in the nextc- Many serine pro-
teinases are extra-cellular and .play a degradative and pro-
tective .role for the cells that secrete them., Numerous
other biological roles also have been attfibuted to these
enzyhes, ranging from involvement in virus replication
(Jacobson & Baltimore, 1968) to differentiation of
adipocytes (Cook et al., 1985).

Serine proteinaseg have been studied extensively, bo
crystallographically and by many other physical and biochem-
ical techniques. The kinetic data on serine proteinases
havereen reviewed by Bender & Killheffer (1973) for the
achymotrypsin-iike enzymes, and by Philipp & Bender (1983)
for the subtilisins, The X-ray crystallographic structures
of a number of serine proteinases have been solved;
including subtilisin Novo (Wright et al., 1969; Drenth
et al., 1972), and many of the structures of the
chymotrypsin-like enzymes have been refined at high resol-
ution.. Reviews by Huber & Bode (1978) and Kraﬁt'(1977) con- .
tain discussions of these structural results and their
relation to ;he chemical and kinetic data. Aspects of the

-

catalytic mechanism studied by both crystallographic and NMR



techhiques have been reviewed by Steitz & Shulman (1983),
Jami et al. (1980) present a detailed proposal for'the
catalytic méchanism of serine proteinases that is based on
the proposal of Kraut (1977) and further structural studies
on enzyme:product and :inhibitor complexes'.

The transition state theory of reaction rates is
generally used to désgribe how enzymes are able to.act asg
catalysts: This theory proposes that the rate of a chemical
reaction will be accelerat;d if the transition sfate of the
reaction can be reached more gasily. Enzymes are thought to
bind more strongly to the transition state than to the sub-
strate for the reagtion, increasing the concentration of the
transition state»and thus accelerating the reaction
(Pauling, 1946; Jencks, 1966; Wolfenden, 1972; 'Lienhard,
1973). Serine pEotei;aSes cataly;e acyl trans?éi reactions,
The transition state for this type—of reaction is bglieved
to resemble a tetrahedral adduct to the acyl group; such a
tetrahedral adduct is an intermediate in the reaction

pathway for acylation and deacylation (Jencks, 1969). Thus

serine proteinases should be designed to stabilize a trans-
- »

o i

ition state closely resembling this tetrahedral inter-
mediate.

'  The pathway of chemical reactions believed to be

followed by serine proteinases during catalysis is shown in
Figure 1.1. The following discussion of the molecular
events in catalysis is based heavily on the mechanistic pro-

posal of James et al. (1980). The substrate is assumed to
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Figure 1.1. Reaction Pathway for Serine Proteinase
Catalysis (after James et al. (1980)). The upper line shoys
the sequence of reactions in the formation of the acyl
enzyme; ‘the lower line shows deacylation. The enzyme is
indicated as E, with the active site serine and histidine
residues as -CHpOH and Im respectively. RCOX is the sub-
strate, which can be a peptide, ester or amide.

Non-covalent Michaelis complexes of the enzyme and substrate
are depicted in (2) and (6), covalent tetrahedral inter-
‘mediates in (3) and (5), and the acyl enzyme in (4).

be a protein or peptide. The initial step in the reaétion
is the formation of a non-covalent co&ple# between the
enzyme and substrate, termed the Michaelis complex. Mcodels
of such a comp1e§ are difficult to find for crystallographic
Apﬁrposes'but, as may be seen in lafer chapters, tﬁe protein
inhibitors of the, serine proteinases may provide the best
.'model yet available. Tight, productively-oriented binding
of the substrate is promoted by complementagity of regions\
on the surfaces of enzyme and substrate close to the enzyme

active site.” The second step of the reaction is the



formation of a covalently bound tetrahedral intermediate.
The carbonyl oxygen atom of the Py amino acid residue in the
' substrate' lies in a strongly polarizing environment, in a
pocket on the enzyme surface known as the oxyanion hole
(Henderson, 1970; Robertus al., 1972b). The polarization
withdraws electrons from the carbonyl carbon atom of P; and
induces on it a partial positive charge. The proximity of
this charge to the 0Y of the active site serine of the
énzyme facilitates transfer of the proton from the serine to
the leaving group, and the formation of a bond betw;en 10}/
and.the substrate carbonyl carbon. The path followed by the -
~proton to the leaving group is determined by‘the special
electronic enQiéonment existing in the active site region.
This special environment is created b; the presence of the
serine OY, the histidine sidechain (hydrogen bonded to the
essential aspartic acid residue of the. enzyme), the oxyanion
hole, .and the carbonyl carbon - carbonyl oxygen dipole of
the substrate. Neutron diffraction studies have shown that
a deugjeron is present on the histidine N€2 in a model of the
tetrahedral intermediate (Kossiakoff § Spencer, 1981); this
“Y s presumed to be phe»prokon‘being passed from khe serine OY
to the Py’ leavinéggroup. As the P, carbonyl carbon forms a

’

bond with the serine 0OY, it must\gghybridize,from sp2 to Sp3€
\) -

'The notation of SchecAter and Berger (1967) is used to
facilitate discussion o\ the interactions between a protein-
ase and bound peptides. ino acid residues of substrates
are numbered Py, P, etc., in the amino-terminal direction
and Py', P»', etc. in the carboxy-terminal direction from
the scissile bond. The complementary subsites of the enzyme
binding region are numbered S;, S, and S;', S,', etc.




to form the tetrahedral intermediate. This lengthens and
thus weakens the peptide bond. ’

The third step in the reaction\Sequence is the resol-
ution of the tetrahedral intermediate into a covalent acyl ~
enzyme complex. The leaving group, the amide nitrogen of
the P,' residue, accepts the proton from the histidine NE2
of the enzyme, breaking the peptide bond and releasing the
C-terminal part of the substrate from the enzyme. This
leaves the N-terminal part of the substrate bound to the
enzyme via an ester linkage, whi;h was originally presumed
to be planar. Spectroscopic data (Bernhard & Lau, 1971) are
not consistent with the existence of a planar ester, which
would be very stable chemically and difficult to hydrolyze
at the catalytic rates observed for these enzymes. Instead,
J;més et al. (1980) have proposed that the carbényl carbon
of the substfake retains_its pyramidal conformation and its
partial positive'charge in the acfl enzyme. This leaves the
acyi enzyme poised fof the deacylation steps in the -
red%tion, which is probably the reverse of the acylation by
+the principle of microscopic feversibility.

In the deacylation reaction, a water molecule takes the
place of the nitroéen atém of the deparfed C—ferminal
portiog of the substrate. The partial positive charge on
the acyl enzyme induces the formation of a strongly
nucleophilic hydroxyl ion from the water molecule; the
histidine side-chain may play a role in orienting the

P

incoming water molecule (Kossiakoff & Spencer, 1981). The
. &
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hydroxyl ion attacks the carbonyl carbon of the substrate.
A second tetrahedral intermediaté is formed from the acyl
enzyme, with both thé attacking hydroxyl group and the I§?7
serine OY bound to the carbonyl carbon, and the proton in %<4;
transit between the two nucleophiles. This tetrahedral
intermediate breaks down to a non-covalent enzyme:product
complex. The proton is transferred to the serine OY as the
bond to the substrate carbonyl carbon i1s broken, and the
hydroxyl ggn is incorporated into ;he newly formed carboxy-
terminus of the cleaved substrate. The amino-terminal part
of the substrate is then free to dissociéte from the enzyme,
leaving enzyme active site fully regene;ated and ready
to begi‘other cyc‘le. | o

Extensive chemical and kinetic evidence supports the
existence of various intermediates in the reaction pathway
for serine proteinases given here. A summary of this
eviden;e is given by Kraut (1977) in his review of the
catalytic mechanism of serine proteinases.

The mechanistic proposal outlined above addresses some

of the 1ssues that have been discussed for many years

" regarding the nature and role of each of the residues com-

prising the catalytic triad. Some of the gquestions that

- have been asked are: Why is the serine such a strong .nucleo-

phile? What are the roles of the hisﬁidine,aﬁd the aspartic
acid? The ;charge—relay' system of Birktoft & Blow (1972)
was one attempt to explain the nucleophilicity of the

serine. Early unrefined x-ray‘structures of a-chymotrypsin
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(Blé?f%?%al., 1969) And subtilisin (Wright et al., 1969)
were interpreted as showiné a good hydrogen bond between the
serine OY and the histidine N€2, The role of the neéﬁtively
charged aspartic acid was to withdraw the proton from the‘
serine OY, with the.histidine as an intermediary, and thus
render the serine more nucleophilic. In sube-yuently solved
structures of serine proteinases, the serine-histidine
hydrogen bond was not fbund; the OY to N¢2 distances found
ra;ge from 2.9&8 in the kallikreiﬁ structure (Bode et al.,
1983) to 3.7& in the refin®d structure of subtilisin
(Matthews et al., 197%). The angle be}ween donor and
acceptor in these stfuctures is about 110°, which would give
a severely distoréed hydrogen bond. This distorted geometry
is found in structures done at both high and low pH
(Matthews et al., 1977; Blevins & Tulinsky,'y985; Fujinaga
et al., 1985; James et al., 1980; Bode & Schwager, 1975), so
Ehe distortion is not a functiop of the pr&tonation state of
the histidine.

According to James et al. (1980), the serine is not
intrinsically more nucleophilic than usual, but its
nucleophiliciti_is induced by the presence of the partial
positive charge on the carbonyl carbon of the scissile bond.
This partial positive charge arises from enhan;ed
polarization of the bond between the carbonyl carbon and the
qarbonyl oxygen, due to proximity to the oxyanion hole. As
well, structures of serine proteinases with analogs of the

-

Michaelis complex or the tepraﬁedral intermediate show an

b
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excellent hydrogen bond betweerserine and histidine (e.qg.
Huber &'Bode, 1978;%Réad et al., 1983; Kossiakoff & Spencer,
1981), in céntrast to the free enzyme. .The fofmation of
this bond upon binding of a substrate may enhance the
nucleophilicity of the serine in the Michéelis complex.

The coupled histidine and aspartic acid residues have
been assigned the role of 'proton shuttle' during catalysis
by Kraut (1977), with the histidine acceptifng a proton from
the serine and passing it to the ieaving group during
acylation, and reversing the sequence during deacylatibn.
Although the pK, of the histidine is around 7 in the free
enzyme (Robillard & Shulman, 1974; Bachovchin & Roberts,
1978), Kossiakbff & Spencer (1981) have postulated that the
burial of the histidine side-chain upon substrate binding
ﬁ;y raise” its pK; to above 9.5 to allow .it to extract
protons from attacking nucleophiles. The specific role of

the aspartic acid is then to orient the histidine side-chain

<

for its interactions during catalysis, to maintain His in a
‘single tautomeric form when N€2 is unprotonated in the free
enzyme, and to provid; ion pair stabilization when His 1is
protonated in the enzyme-substrate complex. Moult et al.
(1985) haQe performed qdantuﬁ mechanical calculations that

show that the electrosgatic environment provided by the
aspartic acid polarizes the bond between the N€2 of the
.histidine and the proton accepted from the serine, and may
.thus also enhance proton transfer,

N\

\ ‘ “\\ .
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1.2 The Subtilisins

Subtilisins are a group of extracellular bacterial
Seriﬁe prateinases tﬁ:f\?re most active at alkaline pH.
Thex are excreted by a‘variety of strains of Bacillus as
part of a developmental sequeﬁce that results in the
bacteria producing heat-resistant spores. Studies gf a
deletion mutant of Bacillus subtilis‘1168 have shown that
the proteinase is probébly not necessary for spore éevelop-
ment, but {t may play a nutrient scavenging role in the con-
ditions of nutrient deprivation necessary'to initiate spore
formation (Stahl & Ferrari, 1984). As a separate family of
serine proteinases, the subtilisins differ greatly from the
chymotrypsin-like enzymes in primary seguence and overall
tertiary structure, have much broader substra:é
specificities, andthave different pH optima. Members of the
subtilisin family are highly homologous in sequence, and
have very sim}lar physical and enzymatic properties.

The X-ray structure of a fungal enzyme, proteinase K,
has been solved recently (Pahler et al., 1984); the folding
of its main-chain is very - similar to that of the subtili-
sins. Comparisons between proteinase K and the subtilisins
will be of interest wﬁen the amino acid sequencé of the
fungal enzyme is known and its structure has been refined.
This is the only member of the subtilisin family from a
species other than Bacillus to héve its three-dimensional

structure solved, and few other non-Bagillué subtilisins are

"known.
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Subtilisin Carisberg was discoveréd by Linderstrem-Lang
and Ottesen in 1947, and was subsequently isolated and puri-
fied in the Carlsberqg laboratories in Denmark
(Linderstrom—ﬂang & Ottesen, 1947; Guntelberg & Ottesen,
1954). The bioclogical source of this enzyme was reported to
be a strain of Bacillus subtilis. The purification of sub-
tilisin BPN' was reported by Hagihdra et al. (1958) and that
" of subtilisin Novo by Ottesen & Spector (1960).- These two
subtilisins were proved by subsequent work to be chemically
identical (Olaitan et al., 1968; Robertus et al., 1971;
Drenth et al., 1972). Originally, they both were reported
to have been isolated from B. subtilis, but Welker and
vCampbe%l (1967) later showed that the organism producing
BPN' was actually B. amylol iquefaciens. Other subtilisins
have been purified from B. amylo;écchariticus (Tsuru et al.,
1866), B. }ichenifonmis, and B. pumilis (Keay & Moser,
1869). Keay & Moser (1969) tested the iitalytic aqq _
immunological propertiés of subtilisins from several types
of Bacillus and divided them into two groups: those that
resembled subtilisin Novo and those that resembled subtil-
isin Carisberg, The Novo group includes BPN', NRRLB3411,‘
and amylosacchariticus. The Carlsberg group includes
licheniformis and pumilis. The Novo type has a lower ratio
of esterase to prote}nase activity, and the two types are
not immunologically cross-reactive. Much of the early work

on the isolation and characterization of subtilisins has

been reviewed by Ottesen & Svendsen (1970). The chemical
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and physical properties of these enzymes were reviewed by
Markland & Smith (1971), and the kinetics ®of subtilisin Novo
by éhilipp & Bender (1983).

The genes for the subtilisins from B, amyloliquefaCiens
and B. licheniformis have been cloned and expressed in B;
subtilis (Wells et al., 1983; Jacobs et al., 1985). Both
genes have heen sequenced and the amino acid sequences of
the proteins deduced from the DNA sequences. These deduced
sequences show some differences from the published protein
sequences. In the case of subtilisin Novo (the B.
amylol iquefaciens sequence), the electron density map for
the enzyme structure described in this thesis is consistent
with the'ﬁﬁi’sequence. The B. licheniformis sequence is
that of a Carlsberg-type enzyme; 'the bacterial strain
carrying the gene was isolated with antibodies‘raised
against commercial subtilisin Carlsberg. The electron
density map for the Ca;lsberg structure described here 1is
consistent with the original protein sequence in all bv.'me
position. It is enfirely possible that the protein used in
these X-ray studies was produced by a Bacillus variant otheé
than B. licheniformis, thus the differences between the DNA
and protein séquences may be real.

The DNA sequences of the two cloned subtilisins both
have a large op;B reading frame between the présumed ribo-
some binding site and the beginning of the matﬁre protein

sequence. The amino acid sequence deduced for the first 30

to 35 residues of this reading frame are homologous to



16

signal sequences observed for other secreted proteins from

/‘\\.

Gram positive bacteria. Followiﬁg the proposed silgnal pep-
tidé, there are abproximately 75 amino acids befofe the
start of the mature protein. Eukaryotic secreted protein-
ases are often synthesized in an inactive zymogen form‘with
a 'pro-peptide’ interféring with productive substrate bind-
ing, to prevent unwanted proteolysis inside the cell. This
pro-peptide is removed once the proteinase has reached its
extra-cellular destination. This phenomenon had been
observed only for streptococcal proteinase in prokaryotes
(Liu & Elliot, 1971). The proposed pro-peptide sequences
for these subtilisins do have some sequence homology with
known eukaryotic pro-peptides (Wells et al., 1983).

The mature subtilisin-Novo is composed of a single
.polypeptide chain of 275 amino acids, M/ N~ 27583 (Olaitan
et al., 1968). Subtilisin Carlsberg has 274 amino acid res- .
idues, M, = 27292 (Smith et al., 196é). The amino acid
sequences of these two enzymes are given in Figure 2.1
(chapter 2), aligned on the basis of three-dimensional
structufal homology. Neither enzyme contains cysteine res-
idues. Both subtilisins are very acid labile, but are
highly resistant to denaturing agents such as 6M urea and
detergents (Markland & Smith, 1971). This latter property
has encouraged great interest in subtilisins by manufactur-
ers of enzyme-based laundry detergents. Subtilisin
Carlsberg is produced in greatér quantities than any other

enzyme, primarily for industrial use (Aunstrup et al.,



1979). A great deal of work is currently in progress on
modifying subtilisins to improve heat stability and suscept-
ibility to oxidation, using cloning and site-specific
mutaéenesis technology. Subtilisin BPN' (= subtilisin Novo)
has been shown to be stabilized by Ca?* and other salts
(Matsubara et al., 1958); this is characteristic of both
prokaryotic and eukaryotic serine proteinases.

The X-ray crystallographic structures of subtilisin
Novo (Drenth et al., 1972) and subtilisin BPN' (Wright
et al., 1969) have been solved in two different crystal
forms. This work provided part of the evidence that the two
enzymes are chemically identical. The Novo structure was
solved at 2.8& resolution, with the enzyme active site
acylated with diisopropylfluorophosphate (DFP). The  BPN'
structure was originally solved at 2.5& resolution, with the
enzyme active site acylated'with phenylmethanesulfonyl-
fluoride (PMSF). The structure‘gf the native enzyme was
later solved from difference maps, at a resolution of 2.0&

Y

(Alden et al., 1971), and refined by ynrestrained difference
Fourier methods to a crystallograpﬁi;ﬁR-factor’ of 0.229
.

(Matthews et al., 1975). Atomic coordinates for the 2.8R&
Novo structuresand the 2.5R BPN' structure have been )
deposited with the éfodkhaven Protein Data Bank (Bernstein
et al., 1977), but coordinates for the refined 2.0&8 BPN' ]

structure have not been published. The BPN' structure at

"The R-factor is a measure of agreement between observed and
calculated structure factors. It is defxned as
R=Z||Fo|-|Fc||/Z|Fo]. ‘
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various stages of refinement has been used to examine the
enzyme structure with virtual substrates (Robertus et al.,
1972a; Robertus et al., 1972b) and transition state analogs
(Matthews et al., i975; Poulos et al., 1976) bound in the
active site, by means of difference Fourier maps
(coefficients |F |-|F.|, ac). ¥ -

The work described in this thesis was undertaken to
study interactions betweemn subtilisins and their protein
inhibitors. The structures of subtilisin Novo and subtil-
isin Carlsberg from these enzyme:inhibitor complexes have
been extensively refined by least-squares methods, and
atomic.coordinates for these refined structures will be
deposited with the Brookhaven Protein Dajf Bank (Bernstein
et al., 1977). Since the original subtilisin Novo and BPN'
structures were solved, advances in computer technology and
imprcvements in refin;ment strategies and programs have
allowed more thorough refinemeng of prolein structures. A
well-refined enzyme structure is essential in.studying an
enzymatic reaction mechanism in any detail; the precise
placement of catalytically active groups, and the careful
definition of possible hydrogen-bonding or electrostatic
interactions are imporéant in i1nterpreting such a mechanism.
More confidence may be placed in the atomic pos}tions of a
refined structure; the errors in those positions typically
are around 1.0& in an unrefined structure, whereas thé

errors in the refined atomic positions of structures from

well-refined structures are around 0.158 (James & Sielecki,
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1983; Read et al., 1983; Fujinaga et al., 1985), \
The structure of subtilisin Carlsberg is of particular
interest because it had not been solved previously. —_

Subtilisin Novo and subtilisin Carlsberg are 70X identical
in sequence (Fig. 2.1) and sequence changd% between the two
are generally conservative or lie on the surface of the
known subtilisin Novo molecule .(Wright et al., 1969). On
this basis, and because of the similarities in the\physical
and biochemical properties of the two enzymes, their three-
dimensional structures are alsc expected to be very similar.
Even so, quantitative differences have been observed in some

kinetic parameters and in the substrate specificities of

Navo and Carlsberqg (Barel & Glazer, 1968).

1.3 Protein Inhibitors of Serine Proteinases

Small proteins that act as inhibitors of serine pro-
teinases have been isolated ffom many biological sources, -
from bacteria to plants and humans, and from many types of
tissues or fluids. Their obvibus biological function is to
prevent undesirable proteg!,;is, but their physiological
sﬂ“ificance in maﬁ} situations.is not clear. One likely
role is the prevention of premature activation of zymogens
of digestive proteinases in the vertebrate pancreas.
Another is the iimitation of proteolytic cascades in
processes such as blood ciot;ing and complement activation.
In plants, serine proteinase inhibitors are thought to

protect against wounding and infestation by insects. Most
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inhibitors are discovered on the basis of their asbility to
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inhibit standard screening enzymes; in the words of

Laskowski & Kato (1980)

.
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They thus become proteins in search of a function, ,
rather than proteins isolated to account for s pre-
viously discovered biological function. ...The lack v *
of knowledge of true target enzymes for the majority.
of inhibitors is now one of the major stumbling
blocks in the understamding of inhibitor evolution
and inhibitor specificity.’
L4
Laskowski & Kato (1980) have divided the known serine

v

proteinase inhibitors into more-than 10 families, based on
[}
sequence homologies and patterns of disulphide bridge

.~ /
topology. Members of six of these families have been i

L
RN
inhibitors are knowg, both in the native sta*fand complexe%‘ ‘

studied by X-ray crystalloéraphy; structures of some of thé

to an enzyme (Read & James, 1986). Many of t‘p known inhi- . ’

bitors‘act by a standard mechanism (Laskowski & Kato, 1980).

Kinetic®and biéchemi;nl data, combined with the crystalio-

. graphic results, have shown that these inhibitors bind to an
enzyme in the manner‘?k 2 good substrate, but are cleaved at

a verf slow rate. The

. .
tight binding of the inhihitor to the enzyme (low Ky), slow

inhibition results primarily from

hydrolysis (low keg¢), and slow release of the cleaved inhi-
. :
bitor.
The simplest form of the reaction between enzyme and

inhibitor is
E+ 1 E1I®E + Is

where E is the enzyme, I is the uncleaved inhibitor, E-1 is

e
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the enzyme:inhibitor Michaelis complex and 1% is the cleaved
inhibitor (Finkenstadt & Laskowski, 1967). Three If

equilibrium constants can be defined for this reaction:

K = [E-1)/([EJ[TI + 1%])

assoc
Khyd = [I*]/Li]

. Ky = [E-1)/([E)(1]

Kagsoc Should be righ for a good :nhibitor, in order that a

large amount of the enzyme:inhibt:tor complex be present at

equilibrium. Kpyg is the equilibrium constant for the

hydrolysis of inhibitor and K; is the equilibrium constant

, for the association of enzyme and uncleaved 1nh1b1toﬁ.

"Kassoc can be deflned in terms of the other’ two constangs as
° o Rassoc = Ka/(1 * Kpyg) &

/’ -

(Read”& James, 19%6, Read et al., 1983). To maximize

Kassocs @ 9ood inhibitor should have a high K; and a low

Khyd’ \

4

A high value of Ky implies strong favorable inter- .
actions between enzyme and inhibitor to promote formation of

Y‘\'f .\ * . . .
E I. Crystal structures of inhibitotrs and enzyme:inhibitor

-~ ¥

complexes have SWown that free inhibitors maintain conform-

ations of tHeir reactive site regions complémentary to the

enzyme.-4ctive site (the reactive site is the region contain-
ing the bond cleaved when I is converted to I#). This
#

relatively rigid conformational complementarity allows the

inhibitor to bind tc the enzyme with little loss of motional

a0
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freedom, and thus little entropy cost relative to a conform-
ationally labile substrate (Huﬁ%r et al., 1974;: Swveet
et al., 1974; Blow, 1974). Consequently, the inhibitor has
a higher binding-energy than a substrate; K, valués for
enzyme:inhibitor complexes are typically on the order of
1010 M1, |

Finkenstadt et al. (1974) have demonsgrated that Khyg
for most inhibitors is close to unity at neutral ﬁH, whereas
sﬁbstrate hydrolysis rapidly goes to completion. Rigidity
of the inhibitor reactive site region may contribute to“this
slow rate of hydrolysfs by rot permitting relaxation of the
inhibitor after cleavage. Features such as gi‘sulphide
bridges or hydrogen boending netwdrksvencompassing the reac-
tive site bond are present in all inhibitors of known struc-
‘tu;e; these features would hold together the two halves of a
cleaved inhibitor and promote the reversal of the cleavage
reaction. The net effect of the reactive site rigidity
‘ would be to decrease [I*] and increase [I], thus decreasing
Khyd-overall. |

In addition to high Kakand low Kpyg, @ third factor has
been suggested as a limit to inhibitor hydrolysis. Early
studies showed that the rate of complex formatiogifrom
-enzyme and cleaved inhibitor was ﬁbéh slower'%han that from
enzyme and int;;t inbipitor. Tﬂégé;hata were %hterpreted as
indicating that a barrier to‘thé hydrelysis ofxtpe inhibitor
existed i.e. that E + I could form E-I much moré-é;pidly

than E + I*x (Quast et al., 1978). Some interactions in
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inhibitor structures have been noted that could hinder the
formation of the tetrahedral intermediate, a necessary step
in hydrolysis after E + 1 ﬁas formed E-1I (Fujinaga et al.,
1982; Read et al., 1983). Recent data, however,'show that
the relative rates of dompléx fofmation from cleaved and
intact inhibitor vary over several orders of magnitude for
Iéhe reaction of one inhibitor with different enzymes (Ardelt
i Laskowski, 1985). The observed interactions that could
hinder the formation 6f the fetrahedral intermediate may be

one factor in the slow hydrolysis of inhibitors,

similar in their active site regions, so the diftérences may

\be~quiteggubtle. Read & James (198§) have‘suggested two
possibilities:
1) that the dynamic properties of the enzyhes result in some
éomplexes being more rigid and less reactive than others,
and 2) that the S;' region of the enzymes differs more than
other partZ\of the active site and this could alter binding
interactions with the Py' residue, particularly after cleav-
age.

Inhib{bors of serine proteinases have been the subject

of t@ﬁémajority of crystallographic studies of inhibitors

K
%

-that are proteins as well. These inhibitors possess
characteristics of good substrates such as the appropriate

amino acid sequence around the reactive site for specific

4

- | | By
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recognifion by the enzyme, and they bind productive}y to the
enzyme (as a good substrate would, yet they are inhibitors,
not substrates. The goal of the crystallographic work has
been the identification of structural features that contri-
bute to the inhibitory properties discussed in the preceding
paragraphs. The crystal structures of‘pratein inhibitors of
serine proteinases that have been solved to date are
reviewed in Read & James (1986) . a

The crystal structures of. two new serine proteinase
inhibitors are discussed.i“ﬁ is thésis7 ClI-2, isolated
from barley seeds, and egl(iﬁ, from leeches, are both
members of the potato inhibitor 1 family in the
"classification of Laskowski & Kato (1980). The archetype of
this family is the potato chymotrypsin inhibitor 1 (PI-1),
isolated from Solanum tuberosum by Ryan & Balis (1962). 3
PI-1 1s a strong inhibitor.of'a-chymotrypsin and éubtilisin.
It coﬁtains only one intrachain‘digulphide bg}dge that can
be reduced and alkylated without affecting its inhibitory
properties (Plunkett & Ryan, 1980). Eglin-c and CI-2 were
assigned to this family of idhibit@rg on the basis of‘
sequence homologies; neither contains disulphide bridges or.
cysteine residues.

CI-2 was originally isolated as the protein contri-
buting most to the high %gsine content of the albumin

fraction of the Hiproly strain of barley’ (Jonassen, 1980).

The amino acid sequence of this protein was determined; ‘it
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consists of 83 am{no acids, with a blocked amino-terminus
(M, = 9250) (Svendsen et al., 1980a) (Fig. 2.2, chapter 2).
1t was shown by immunocheﬁical techniques to be identical to
an inhibitor of a-chymotrypsin and microbial serine protein-
asés also isolated from Earley seeds, and assigned to the
PI-1 family of inhibitors (Svéﬁdsen et al., 1980b). The
inhibitor reactive sitk bénd wés demonstrated to lie befween
Met59i and Glu60I’ for interaction with a-chymotrYpsin,:sub—
tili%in Novo and subtilisin Carlsberg (Jonassen & Svendsen,
1982).
Eglin-c was isolated from the leech’H}Pudo medicinalis

‘on the basis of its anti-chymotryptic activity (Seemuller
et aI.J 1977). 1t was subsequently found to form strong ’
coﬁSﬁexes (K = 10fi] M) with granulocytic elastase and
cathepsin G (Seemuller et al’., 1980; Schnebli et al., 1985).
It is very stable to denaturation by acid and heat and to
proteolytic degradation, and does_not react with'any .
mammalian proteinases tested other than the ones mentioned
above and a-chymotrypsin. All these properties have made it
a potential candidate for therapeutic treatment of con-
ditions such as emphysema and septicemia. Eglin-c consists
of 70 amino acids, M, = 8092, and its reactive site bond is
located betweéh Leu471 and Asp481 (Leu59I and Asp60I in the
CI-2 nﬁmbering used here, Fig. 2R2' chapter 2). The gene

for eglin-c has been synthesized and expressed in E. coli by

*An 'I' follows the sequence numbers of inhibitor residues
to distinguish them from those of the enzymes.
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recombinant DNA techniques by.Rink et al. (1984). The
recombinant eglin-c differs from the naturalfﬁCOduct oﬁly in
being acetylated at the N-terminus; it retains all the bio-
logical properties of the natural product.

When work was begun on the X-fray structures of CI-2 and
eglin-c, the serine proteinase inhibi;ors,qP'known structure
all containéq at least one disulphide bridge encompassing
the reactiQe site bond. This disulphide is believed to con-
tribute to the stability and rigidity of the reactive site
loép of these kinds of inhibitors, and thus to their inhi-
bitory properti;s (Laskéwski & Kato, 1980; Read et al.,
1983).  The structures of CI-2 and eglin-c consequently were
of vparticular interest to determine how they were stabjilized
enough without this covalent link to function by the
standard inhibitory mechanism (if they did function by the
standard mechanism). ‘Since eglin-c has potential
therapeutic applications, knowledge of its structure may
eventually be useful in the design of drugs to infhibit
specific kinds of harmful proteolysis. In additipn, the
X-ray structures of two enzymes, subtilisin Novo and subtil-
isin Carlsberg, and these two‘inhibitors,Aall of which lack
disulphide bridges and all of,whic; are particularly ﬁ}able
. to denaturation, will be of interest to those concerned with

v

the general structural basis of protein stability.
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¥ Z.CSubtililiﬁn Novo and Cl-2', [
Subtilisin Novo is a bacterial serine proteinase active at
alkaline'pH. The three-dimensional X-ray crystallographic
struceure of this enzyme was solved by Drenth et al. (1972).
The structere of a chemically identical enz{?e, subtilisin
BPN' was solved by Wright et al. (1969), and has been -
refined to a crystallographic R-factor® of 0.229 at 2.04
resolution with no constraints on bond lengths and angles
(Matthews et al., 1977). The coordinates for the unrefined
structures of both these enzymes are available in the
Brookhaven Protein Data Bank (Bernstein et al., 1977).
Subtilisin Novo has no sequence homology with the ogper *
family of serine p:ote1nises, ‘those 5esemb11ng
a- chymotrypsxn. f&s thﬁ&Qrdxmeg;éonal E?i%cture is also
entirely. differeht ﬁm@rggs el;mbtﬁy;s,lnz)éke 'er;ymes except
foer the sides éhaznsibf thgﬁgﬁgal?t1c*_;“

blve
site u§g1on . ‘, R ﬁ%&
, E 43‘ e : ,-J':' L 4 .
C1-2 Is a mgmbér of” thé potqto 1nn£bi€or . family of

serine profei ase 1nh1b1tors It 1s‘isolated from -the seeds

stna1n of barley (Svehdsen et al., 1980b).

Members oqg;fx famxly of,qnhxbxtors show sequence homoloqg\

vith othed $bh1b1tor families only in the reactive site
,'“f ’ . a

‘A versiog

rtions of this chapter has been published
[McPhalen @ { A., Svendsen, 1., ‘Jonassen, 1., &
James, M§ (1985) Proc. Natl. Acad. Sci. U.S5.A. 82,
7242-72
'The R-gﬁ pis a measure of agreement between observed and
calculage ‘fUCture factofs. It is defined as

-~ %
L .
“ *
. .
M . . K
ﬁﬁiihn-
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4
region. CI-2 is the first member of the PI-! family to have
had its x‘rgy’structure solved,

« Crystals of a molecular complex of subtilisin Novo and
Cl-2 have been grown. The molecular replacement method '
(Rogsmann, 1973) was used to obtain an initial electron
density map for the complex. It was possible to trace in
this map all of the polypeptide bagkbone of the enzyme and
part of the backbone 2; thé inhibitor. .The remainder of the
CI-2 molecule (beginning at Leu20l) was fitted to the elec-
tron density after several cycles of regpqaxned ~

&

squares refxnement of the complex struct ment

of the structure completed aftel’*ycles, at an

R-factor of O. 154 t8r data in the resolution rang& from 8.0

’

to 2.1ﬂ. Thé secondary'hnd tertiary structures of the

enzyme and the inhibitor have been examined in detail, as
well as the interactions between the two in t:b\cgmplex.

2.1 Structure Solution and Refinement

2.1.1 Crystallization ‘

Purified lyophilized CI-2 was prepared at tgegCarlsberg
Research Center, Copenhagen, Denmark (Jonassen, 19;9;
Svendsen et al., 1980?). During purification procedures,
the inhibitor is subject to hydrolysis at 3 bonds near its
amino-terminus, and the product‘with a 'ragged' amino-
terminus was used in crystallization trials. Subtilisin ¢

Novo was a gift from Novd Industry, Bagsvaerd, Denmark
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Figure 2.1. Amino Acid Sequences of Subtilisins Novo and
Carlsberg. Secondary structural elements, determined as
described? in section 2.2.1, are indicated by a (a-helix), R
(B-sheet) and T (319 turn). The elements indicated here are
those determined for subtilisin Carlsberg; those of subtil-
isin Nowo are very similar (section 2.2.1). Some residues
participate in two kinds of secondary structure e.g. - '
donating a hydrogen bond to residue i-4 in an e-helix and
receiving a hydrogen bond from residue i+3 in a turn. (]

v

I3

(batch i120-4%, The enzyme consists of a single polypeptide
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c £ 275 ahino acids, M, = 27583 (Olaitan et al.,1968;
Wells et al.,19832‘(Fig. 2.1). The intact inhibitor
contains 83 amino acids, M, = 9250 (Svendsen et al., 1980a)
(Fig. 2.2). The amino acid sequence of subt;lisin Novo,
deduced from the DNA sequence (Wells et al., 1983), shows
the following changes from the published protein sequence
(Olaitan et a].,11968): Pr056;A$n56, Asn57-Prob57,
Asp61+Asn61, SerBB8-+AlaB8, AlaB89-Ser89, Asp98-+Alad8,
Ala99+Asp99, semss»qnmss, Thr 159+Ser 159, Gin251+Glu251.
The sequence of.subtiliﬁin Cérlsberg shows oné’changé from
tge published protein seguence (Smith et al.f“1968):
Asn158~Ser158. These changes are observed in the electron
densit; maps of the twb enzyhe structures. There are 82
amino acid changes between the.two enzymes, and.one deletion
at Thr55'(ﬂovo), thus they are 70% identical.

Small crystals of the complex, shaped like rods or
‘hexagonal plates, were grown by the hanging-drop vapor-
diffusion method (Davies & Segal, 1971; McPherson, 19@2).
Subtilisin Novo (7.5 mg/mL) and CI-2 (2.5 mg/mL) wefé
dissol&ed in distilled water and a hanging drop was prepared

‘consisting ‘of equal- amounts of the protein solution and a

buffer of 1.4 § (NHy) 2S04 and 50 mM KHpPOy at pH 5.5. Thé

P

reSqrvoif of the crystallization tray was filled with 1.Q mL
‘5%,bbffer solution. The crystals'gfew to their maxiﬁum size
‘En‘B‘tb 4 weeks. They often had one dimension mea’tring

more than 0.2 mm, but at least one dimension was always less

>

than 0.1 mm. - In order to grow larger crystals suitable for

a .
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high-resolufion.data collection, small crystals were placed
“into freshly prepared hanging drops of buffer and protein
solutioﬁ};and grew within days to an average sizeiof
0.7x0.6x0, 15 mm. | S
<Analysis of,preéession photographs showed that the

crystals di‘ffract to a minimum d spacing o‘fj 2.148. -
Systematic absences were observed for reflections with

h+k = 2n+1. The lattice symmetry and systematffﬁlbsenceg
are consistent wiﬁh monoclinic space group C2. The crysta1§
have unit cell dimensions of a = 103.2(1)R, b = 56.83(4)&,

c = 68.7(/)k, and B = 127.4(2)°. The volume per unit molec-
Iy

ular weight, Vp, is 2.20R&°/dalton,. which is consistent with

Y

one molecule of the complex (M, = 36833) per asymmetric unit
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Fiqure 2.2. Amino Acid Sequences of CI-2 and Eglin-c. The
amino acid sequence of CI-2 was determined by Svendsen

et al. (1980a), that of eglin-c by Seemuller et al. (1980).
Notation as for Figure 2.1. The secondary structural
elements indicated here are those for eglin-g; those of CI-2
are yery similar (section 2.3). CI-2 is subject to hydro-
Jysis during purification between Asni1l and Thri2l, Glyi15I
and Asp16I, and Arg17I and His18I (Svendsen et al., 1980a).



and a solvent content of 44% (Matthews, 1968). T {
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2,.1.2 Data Collection and Processing
Intensity data sets were collected from two crystals,
described in Table 2.1. Both data sets weré collected on a
Nonius CAD4 diffractometer. The incident radiation was
Ni-filtefed CuK,, at 40 kV and 26 mA, using a 1.3 mm;
diameter incident beam collimator. The crystal-to-counter
dﬁstance was 60 cm, and the diffracted beam passed through a
He-filled tunnel. The peaks were scanned 0.5° in w at
0.67°/min., and backgrounds were scanned 0.125° in w on
eiﬁher side of the peak scan. To minimize ldss of weak
reflections at higher resolutioﬁ due to decay, the data for
‘the 2.1% data set were collected in three shells; first from
2.1 to 3.0&, then from 3.0 to 5.0R, and finally from 5.0 to
43,98, ‘ |
| . Ddfing data prOcessfng, the measured backgrounds were
co;récted for intensify dependénce and an averaging function
of 26 and ¢ was apblied. AThe.absorption torrection applied
"was an empirical function of ¢ (North et al., 1968).
.w‘torentz and polarization corrections were also applied. The
absolute scale and an overall temperature factor (B, &%)
Qgre.caiCUlated with fhg program ORESTES (Thiessen & Levy,
88 o
Intensity decay dueypd radiation damage was evaluated
by collecting the same seﬁ»of approximately 1000 reflections
at thé beginning and.end of data collection and analyzing

>

@
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Table 2.1

Crystal Data for the Subtilisin Novo:CIl-2 Complex

Crystal 1 Crystal 2
Resolution range (&) 43.5 - 2.5 43.9 - 2.1
Total reflections measured . 13174 21672
Total unique reflections 11071 18705
Total reflections I 2 o(I)' 9695 16539
Rmerge’ , 0.037 " ‘0.064
Maximum ﬁbsorption correction 2.55 2.09
Maximum decay correction 7 % 11 %
Scale - 33.44 28.99
__Overall B (&%) . - 24 15
vo(I) = (I + c?I* + (t /tpk)? (IBk + c? IBk?))' /3, where I =
total intensity; Bk o ground counts; tr = time for

intensity measurement-'t Bk. = time for background measure-
ment c = instrument 1nstab111ty constant = 0.01.

me‘?ﬁ = Ly (Z31I5-<I>|/Z;1;) for reflections measured
more an once in a data set *
them for decay as a function of time and 26 by the method of
Hendrickson (1976). Since the diffractometer was out of
order for two weeks in the middle of the 2.1& data
collegtion, a third set of decay standards was co;lected
when it was restarted. The overall decay was analyzed on
the assumption that decay as a function of time ook place
at the same rate when the diffractometer was not working as
when data were being collected. Five standard reflections

were also collected periodically, and the adeduacy of the

decay correction was tes@ed with them. The intensity of
{‘ .
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each of the five was corrected as a functi 'o@g;ime, first
'without including the two weeks of diffractoﬁetef. nél
malfunction, and then with the assumption abdve. TRe

corrected intensities were then plotted against time;

‘omitting the lost two weeks. The two plots were very

similar,land no large discontinuity was seen in the first
plot at the point when the diffractometer was down. Thi;
indicates that either method would have p}ovideé adequate
decay correction for this data set, but this may Aot be true
for data sets with greater amounts of overall decay. 1In
this data set, the low amount of overall deéay;makes the
detection of differences from the two methods difficult, but
also reduces the need for a highly accurate decay
correction,
2.1.3 Structure Determination

The method of molecular replacement (Rossmann, 1973)
was used to solve the phase problem for the strycture of
CI-2 in cémplex with subtilisin Novo. The search mo@el was -
the crystal structure of subtilisin BPN', with atomic coord-
inates for the model taken fr&m the Brookhaven Protein Data
Bank. These coordinates ‘had been partially refined by di‘f-
ference Fourier methods to an R-factor of 0.44 at 2.5R

resolution (Alden et al., 1971). This was considered to be

\modél for fwo reasons; first, the model enzyme

Wame Sequence as the enzyme in the complex, and was
: . : ' 4
believed to have a very similar overall conformation,

. y ,

3
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although the two ' might differ in details; second, the model

accounts for 77% of the scatteriﬁg matter expected in the

complex, a rel?tively\high_percentage. Data froﬁ crystal 1

(Table 2.1) were used for the molecular replacement calcul-
)

ations. “

The first step in the molecular replacement was to find
the orientation of the search model in the unit cell of the“
complex. The rotation function search was performed with
the fast rotation function of Crowther (1973), using a
program written by E. Dodson and modified locally by L.
Sawyer and R. Read. The rdtation funétion attempts to
maximize the agreement between the Patterson maps of the
model and the unknown structuréy(Rossmann & Blow, 1961),.

The Patterson funttion (Patterson,.1934) is the Fourier '
transform of the intensities (I) or the squares of the
stricture factors (|F|?). The map of this function contains
peaksaat positions corresponding to all the interatomic
vectors in the structure. It includes both intra- and
inter-molecular vectors from within the crystal. Since the
shortest interatomic vectors will be mainly intra-molecular’

&ectQFs, the majority of peaks close to the origin of the

Patterson function will be those arising from these intra-

mo lar vectors,

The vectors for tLENIEECEPEN "uétqfé will héve a partic-

o Ulaf.onbentQtionierE_"
\»‘ : R . v' , “ ‘ . -
map. If the model and ¥

&

BYunknown structure are similar,

h:) P

1 Ll

oo, e . . . . ' .. ; i
theilr structgre factors~w11;)q1v€‘flse%€8 a similar set’ of

. E
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interatomic vectors, but the two sets will probably not be
oriented in the same direction relative to the Patterson
origin. The fast rotation function search is equivalent to
rotating the Patterson map of the'model structure relative
to that of the unknown structure-and checking for the
ariéntation that méximizes the match between the two. The
search is done only in the arsg~gg the maps close to the
origin. This excludes most inter-molecular vectbrs from the
problem, since they will be different for the model and
unknown structures even when the intra-molecular vectors
have been matched correctly.

The coefficients of the rotation function search for
the subtilisin Novo:CI-2 complex were |E|'s (normalized
struétyre factors). The |Ec|'s were calculated for the sub-
tilisin BPN' ;i(}odel placed in an orthogonal Rnit cell of
symmet}y P1, with each edge of the cell measuring 65&. The
cell'dfmei§ions are calculated to be 10 to 158 larger than
the diameter of the model molecule, to minimize the number
of inter-molecular vectors close to tHe origin of the
Patterson map (Lifchitz, 1983). The |Eq|'s were calculated
for the unknown structure, from the structure factors
. derived froln data processing, with the program ORESTES
(Thiessen ‘fLevy, 1973). The radius of integration for the
sgﬁrch‘wasﬁ4 to 188 (the Patterson maps are only compared
between these distances from the origin,4to limit the com-
parison'toiéntra-molecular vectors). The resolution range

H

of reflections included in the search was 10.0 to 3)0%. The

e
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limit of 5.03 was chosen to be of medium resolution; past
experience in this lab has shown that using a higher resol-
‘ution limit does not work as well because the details of the
model and unknown structures tend to differ at high resol-
ution; using a lower resolution limit leads to broader peaks
in the rotation’ function (Read, 1986a). The limit of 10.0&
<i;mits very low resolution reflections that.primérily contain
information about overall molecular shape and bulk solvent.
The number of |E|'s uged in the rotation function calcul-
ation is limited by the capacity of the program to 2500. In
addition to the resolution limits, a minimum size cutoff was
used to restrict the data chosen. A minimum acceptable
vaiue for |E| of 2.5 gave 2368 |E.|'s. The cutoff for |Eg|
was set at 1.0, which gave 1864 reflections, close to the
number "of |E.|'s. Past experience shows that maximizing the
nymber of reflections accepted increases the height apd
accuracy of the rotatioﬂ&fﬁPSt;on solution (Read, 1986a).
Two rotation function seatches were performed, one with
subtilisin BPN' as the model, described above, and one with
the 2.8K& subgilisrn Novo coordinates from the Brookhaven
Protein Datagﬁgnk.’ The initial coarse search was performed
on an asymm@@fﬂc unit of rotation function space (Rao
et al., L?ég), along a grid of 5° in each of the Eulerian
angles &, B, and y (Crowther, 1973). The maximum peak for
the Nové model in this se?rch was 10.50 above the mean and
6.10 above the next highesfgﬁggﬁ; that for the BPN' model

was 12.70 above the mean and 8.50 above the next highest

o
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peak. Both these results indicate the correct solution to
the rotation problem quite unambiquously; the section of the
rotation function map containing the peak for the BPN' model
is shown in Figure 2.3. The BPN' model may have given a
higher peak becau.. the data extend to higher resolution an'l
have been partially refined. The BPN' model was used for
all subsequent steps in the molecular replacement situcture(///
solution. | .
Another rotation search was performed at 1° intervals
in B and 5° intervals in a and y about the maximum peak from
the coarse rotation search. This fine search gave a maximum
peak of 11.20 above the mean of that map. The final values

of the orientation parameters from the rotation search were

L 8 Q 74 175
e ) o
0 0
o
355 ° ¥ o

Figure 2.3. Rotation Function Map, Subtilisin Novo:CI-2
Complex. The section of the rotation function map, from the
molecular replacement solution of the subtilisin Novo:CI-2
complex structure, containing the maximum peak. The Euler
angle B is 50° in this section. The model for this search
was subtilisin BPN'., Contours are in increments of 1o from
the mean value of the map and begin at 2o0.
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interpolated from the fine soﬁgch map to 0.2° in B and 1° in
a and y. The program does not allow a finer search in a and
y due to considerations of computing time.

Once the correct orientation of the unknown structure
in the unit cell has been found, it must be placed correctly
relative to the origin aﬁd symmetry elements. This is the
translation problem. .The translation ‘problem for the sﬁb-
tilisin Novo:CI-2 complex was solved using a }mogfam written
locally by M. Fujinaga, called BRUTE. The principle of this
search is similar to that of the rotation function; struc-
ture factors are calculated for the rotationally oriented
model at positions on a.grid throh;hout the unit cell, and
these are compared to the structure factors of the unknown

molecule. The algorithm used is a correlation coefficient

(r) search on |F|* , where
- r=Z(x-x)(y-y)/[Z(x-X)2L(y-y)2]11/2

In this algorithm,b|Fo|’ = x and |F.|* = y. The correlation
coefficient search is preferable to the more usual R-factor
search because r is insensitive to scaling errors and gives
smoother and more consistent maps (M. Fujinaga, personal ‘
communication). )

The translation function search must be done oyer a
volume of the unit cell that contains a single permissible
origin; thi;,volume is not ,necessarily the same as the

asymmetric unit of the unit cell. For the space group C2,

all points on the b-axis are permissible origins, as are the
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axes (1/2, y, 0) and (0, vy, 1/2). The translation search
area is thus a plane perpendicular_to the b-axis with 0 < «x
S 1/2,)0 S 2z < 1/2. Due to limitations in the capacity of
computihg equipment, the search program can accépt only 4000
reflections. Limiting the resolution range is the method
used to limit the number of reflections: data between 4.0
and 5.08 were used in this search. Past experieanﬂin this
~lab was the basis for this choice of resolytion rénge (Read,
1986a). The use of relatively low resolution data minimizes
the effect of detailed differences betwéen the mbdel and the
unknown structure, as well as minimi;ing the number of grad
points that must be evaluated in the sea;ch. The S.OR limit
exéludes low resolution data that contains information about
disordered solvent; since this solvent is not included in
the molecular replacement model, low resolution_data will
not contribute significantly to the solution. In the
initial coa-se translation search, the grid spacing over the
search area was set at 1/4dp;,, or 1.0&. ®his grid spadcing
1s again a compromise between the desiﬂb‘to examine a very
fine grid to ensure that no peaks are missed between grid
points, and limitations on available compﬁting power. The
rule of thumb that the grid should be 1/4dp;n derives from
tria%s and numerical experiments (M. Fujinaga, per;onal
comm;nication). In general, the translation search sgould
be repeated with the translation origin offset 1/2 grid unit
along each axis, in order to effectively decrease the size

of the grid. With a grid of 1/4dpin, in a single search
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tinguishable from noise. “The hexght of the peak found by
the first search in this structure solution made a second
search unnecessary.

With the model coordinates rotated to the orientation g4
found with the rotation function search, a t?in}lation |
search with the above parameéters gaW a peak of 8.00 above
the mean and 2.50 above the next highest peak. This peak in
the: plane searched by the translation function is shown in

Figure 2.4. A second translation function search was made

‘!‘r

al/2™

0 ” ) w2

Figure 2.4. Translation Function Map, Subtilisin Novo:CI-2
Complex. The section of the translation function map, from
the molecular replacement solution of the subtilisin
Novo:CI-2 complex structure, containing the maximum peak.
The xz plane vas searched at y = 0, x = 0 » 1/2, z = 0 -
1/2. Contours are in increments of lo from the mean value
of the map and begin at 20.
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about this peak at grid iptervals of 0.1&, extending 11.04
along the x and z axes from the peak..LTﬁe max imum éf the
fine seatch was 9. Ba above the mean of the coarse search
map. The BRUTE progfhn also allows refinement of the
rotatxonal parameters of the solution, using a 6-dimensional
rotation and tranglation search over a small area of the
map. Although this option has improved significantly the
rotational parameters for other structures solved in this
lab, in this case the orientation found by BRUTE in a 6D
search about the translation funcfion peak was identical to -
that found by the rotation function search alone. The
unambiquity and sharpness of the rotation and translation
function peaks for this problem are probably due to the high
degreé of resemblance between the model and the unknown

J

structure.

The R-facfor  for the subtilisin BPN' model, rotated and

_translated by the parameters of sthe molecular replacement
solution, was 0.52 for all data to 2.58 resolution. This
model, with no contribution ffom any model for the inhi-
bitor, was used in the cailculation o£ structure factor
amplitudes and phases for the inﬁputat“n of .an initidl
electron density map. The coefficients for all maps calcul-
ated in this structure solution were q‘rlved from an
'expre551on designed to suppress model bias resulting from
phasing by partial structures with errors (Read,.498gb{i@A
Unrefined or partially refined models of macromolecules ;re
generally incomplete and typically have large coordinate ©

0 ~ e
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's;ors. Electron density maps calculated with phases from

4

. 4 . .
models are biased toward the model, so Fourier coefficients
. . X

that reduce the amount of model bias will give electron
density maps that more closely resemble thezfrue structure,

The coeffi;ients'%ﬁggested by Read (1986b)

1

- #y = (2n|Fy|-D|FE|exp(iag) - .

-
[N

. ) ']
vhere Fy is the structure factor for the complete structure; ,.

m is the expected value: of the cosine of the phaé% error (=
) . -

figure of merit), D is the‘coetficient to reduce model bias,
Fg is the structure factor of the partial structure with

errors, and af is the phase of the partial structure WIth

; » & ~..
Lerrors. : . TN

. ' : »
A D = <cos(2ns-Ar)> ) |

(Luzzati, 1952), thus if there are no coordinate'errors

D =1, > ‘ .

2.1.4 Structure Fitting and Refinement
Througﬁgut the f1tt1ng and refinement of the subt11151n
. €0
Novo:Cl-2 complex structure, the;MMS-X interactive graphics

»(Barry et al.x 19769 with the macromolecu‘ar modelling

‘system M3 developed by C. Broughton (Sleleckl et al

-

-1982), was used for map interpretation and model f1tt1ng o

The backbone &f mos ty of thgtsubtllf%1n Novo molecule,
0
as ve%l as many s1de chaipey could be _seen ea511y in the
7

ixnlt;al electron density map calculated from the subtilisine
‘ R )
‘ i

kN
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.
L)

BPN' model. The density for the chain around Ser98 to, ‘-

Ser104 and Gly154 to Thri164 was wéak and somewhat

Y T

.

discontinuous, and short breaks in the main-chain occurred

at several other points} but ‘the entire course of the chain

\ could stlll be'?ollod!! adlly w1th the model , Thi;Avas

one conflrmation of ;&alsunfptmn\ rqade durmg the \molecular

TR,

replacement procedure that the confotmatlon of the enzyme ip
the complex did not change significantly.from that of the

native enzyme. Before refinement of the complex was. begun,

7

the entire subtilisin molecule was Yefitted to-the’ electron
_ density map, although most of the refitting consisted of

only mjnor adjustments to main-chain and side-chain
-

x ' - ’ )
As a starting model for the inhibitor CI-~2, the Py to 3

positiong.

P3' resiglues (the reactive site loop)® from the third domain
- A

of the ovomucoid inhibitor from turkey eggs (OMTKY3) was

fitted to electron density in the active site of the enzyme.

A ]

. . 1] N v .
-The structure of this inhibitor has been dolved in complex

4. . . v 7
1trith a bacterial serine proteinase, StPeptomyces griseus

proteinasé B (SGPB) (FUJlnaga et al., 1982; Read et al.
L I v @
.1983), and w1th a-chymotrypsin '(Read egjal 1984). The. W

‘s;de chains of these 7p.:,es/dues. were mutated' to the

- % : ‘\( v,

sequence at the react;ve “8i f?op‘o! c1-2, feta;nxng the

*The notation of- Scheqhté’qigddﬂ rQequ1967) is used to -
facititate discussign of ‘eractioss between a pro®ein-
ase and bound pept1§;s. ino, atrd”residues-of substrates
are numbered P1, Py, etc., in® the N-terminal/{direction and
P1', P,', etc. in theC-terminal directfon from ghe scissile
bond. The complementary subsites of the*enzymé b1nd1ng
region are numbered §1, S; and S;'5:5y", etc. "
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coordinates of the main-chain atoms and ‘the appropriate
- side-chain torsion angles from the known §tructufe (program'
| of R. Read). The conformations of the two inhibitor reac-
five site loops were expected td be similar, because all
inhibitors acting by the standard mechanism of Laskowski &
Kato (1980) are thought to bind to the enzyme in the manher
‘of a good substrate. In fact, the mutated OMTKY3 model fét
the density in the active site of subtilisin Novo very weil.
A 'mini-map' of the eléctron density contours for the

?gmplex was calculated and copied onto ciear plastic sheets

-

that could be stacked up to prov1de a three-dimensional viéw
.- -
of the.map. This map was used in conjunctlon with

information on the packing o{ the enzyme in the unit cell to

L]

. determine a molecular boundary for the inhibitor. Electron

- 13

density was present throughout the volume belleved to be

occup1ed by the inhibitor, but was weak in many places. ."
Short stretches of pdﬁypeptlde baq#?one could be 1dent1f1ed
both in the ‘mlna map' and on the\MMS X graphics system, but

the connectivity between them was poor. Resjidues from

‘,

Val531 to Tyr61I , pPlus two segments of four residues each
of poly-L-alanine that appeéred to be part of a B- sheet

structure close to the reactxve 51te loop, were fitted into
: . ' 3 e
density. %%is wai.Fhe‘extent of the chain-that could be
. / *

fitted with Some ce;sﬁinty, and these three segments were

all of the inhibitdr ;hatbﬁés included at the beginning of
the refipsment. @f@
&"{‘ﬁ N

b,

Do
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The retinement‘of'the structure of the complex was
carfied out yith tﬁe restraineé-parameter least-squares
refinement program of W. Hendrickson and J. Konnert (1980),
modified iocally by M. Fujinaga for the FPS164 attached

processor. The purpose of refinement %3 to improve the

agreement between the observed structure factors '(F,) and

-

those calculated from the atamic coordinates of the current .,

4

model (F.), while maintad ing good stereochemistry in the "
r"much is known about the geometry

protein 'structure. Si

of amino acids and peptide bonds from small molecule crystal

»

structures, this information can be included in the refine-
ment as restraints on stereochemistry. 1In tsgs refinement,
*

restraints were plaged on covalent bohd.lengths, interbond

1 3

’
angles, planar groups (peptide bonds, aromatlc rings, guanl-
l

dinium groups, carboxyl groups, amide graups, 1m1dazole
~

groups), chirality of chiral centers, non-bbnded contacts,

A\

'hydrogen:bond distances, and w torsion angies. Restrainte

were also applied to individual atomic temperature’Tactors

they were added to the refinement. " The pract1cal A

.

dtion of restraints in protein structure refinement

n discussed by Hendricksdn (71981).

L]
The course of this refinement is summarized in Table

; & ,
2.2 and the changes in the R-factor dyring the refinement

are shown in Figure 2.5. Data from crystakfp (Table 2.1)
¥

LY
were used for the entire refinement. The gx%eral strategy )

r

employed in the refinement was to fit the model to' an elec-

tron density map as well as possibie“omitting residues with

v
N . .
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Figure 2.5. Progress of the Subt11151n Novo:Cl-2 Complex
Refinement. The R-factor-at, eagh cycle is plotted versus ,
- cycle number. The resolution ; nge of the data included at
_each cycle is indicated. Dat¥ f 6.0 to 2.BR were used
for cycles 10 to 13.. Electron ity maps with
coefficients 2m|F,|-D|F.|; a. wer®e calculated and used to
refit «the model on the graphlcs system at the pouﬁt marked
“MMS - X"

. - M
very'weak or unifiterpretable density. This model was
refined for several cycles, st;¥¢ing with f‘irly loose'
geometric restraints (e.g. 0.05R8 on bond lengths, 0.06& on

“ . ' L
interb?nd’angles).‘ As thesrefinemeht began to converge, the

restraints were tightpned sufficiently to produce a model
- LI . ., . . *
with good stereochemistry for the next examination ‘on ahe ’

. TR .
graphics system (e.g. 0.02R oh bond léngths,.0.03% on

~interbond éngles). Structure factors were calculated from

EY

. , . . PR
- . . -
. , R . N
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the\hiiwibdel and a new electron density map calculated with.
. fo . ¥

the.cdeffic}ents described in section 2.1.3. The model was

‘panuakly adjusted to fit the new map.and residues added in

mproved density where posslble. At later stages of the

"re£1ne@ent, difference electron density maps with
‘ .. ~
coefficients m|Fqo|-|F.|, ac were also calculated at each

refxtt1ng?x These maps were searchéd for 51gn;f1cant pea&sﬂmg,l
4,9
us1ng a 1ocal-prggramf and*thé peaks “examined oﬁ“?he

graphics system for 4nd1cat1ons}of errors”in fitting the

model or for the presence of solvent moiedules

v
Followlng thlS strategy, a model for the 1nh1b1tof’CI*2 0.

x...

was gradually built. The tracing of the chain of the h1- PR

»
a
bitor was essentially complete by cycle 29 with rJ‘!ngmeq;L °
PV
of the model, the connectivity of the inhibitor ché:n%@ecdﬁe

much more clear% and alanine residues that had been pb%d@d v

in stretches of disconnectegd dens:ty wefe replaced with the ™
wo- ~

proper sequence of the inhibitor: The model ektends only to,

u G T

LéUZOI‘gt the N-terminus of CI-2; electron density is .
lackihg for the first 19*¥esidues. The regions of':éakﬁk\ o
density that gave rise to the d15cont1nu1t1es in the chain
in the edzlyxmaps are loops connecting elements of secondary
structure in the 1nhn§fﬁor. These loops are located at the
edges of the molecule and have higher thart average temper-
‘ature factors in the fully refined structure.
.

Bec%use_the molecular replacement model for subtilisin

. -~
Novo was so similar _to the structg:e of the enzyme in the

complex, the manQal adjustment of the model was not

»d.

»
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Y

extensive, even in 'the early stages M refinement. At éycle

40, a new sequence of subgigTsin No’!‘became available,
derived f;om the DNA sequence (Wells et al., 1983). The DNA
sequence éontain\d the following changés from the published

.‘ protein sequence (Olaitan esal 196.: Prg$6-Asn56 '
Asn574Pro57, Asp61-+Asn61, Ser88-+Ala88, AlaB8Y+Ser89,
Asp+Ala98, Ala99-+Asp99, Ser158-Thr138, 3&5139*Ser15%,
Gln251+Glu251. Examination of the“elect?gﬁ density ‘map at
that stage showed unambiguously tkat the DNA sequence was.
correct in six of these changes. 'Tha‘anvefsion of Ser89 and
Ala 88 was less clear in the map, but the change was made in
the model and the two residues subsequently refined well in
their new position;. The difference between Asp and Asn or
Glu and Gln.usually cannot be dftected directly by X-r;y )
crystal{ography, but Asp61-was chapged to Asnél and Gln251 .
to 613251 for the res of~ refinement, - . ¢
' Sblventfmolecul.s were chosen from diff ;:;2e‘e1ectron
density mabs (éoefficients”decribed above), eéinning at

) cycle‘uo. It is often difficult to diéfinguﬁsh real solvent

cmolepuleg from noise in a diffegence map; real atoms that
are not included in the model, used to phase the map appear
at- only 1/2 their weight (Lugzati, 1953). 1In addition, sol-
vent-molecuLes are often weakly bound té the protein and
appear as weaker peaks.on a d{fference map because their
occupancy of a ﬁosition is less than 1.0, ¢ To minimize the

. ' *
inclusion of -noise peaks as solvent molecules, only strong:

peaks with vell-defined convex shapes in the electren
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density map were chosen from fach difference map. Solvent
molecules included in the model were refined with both
variable B-factors and occupancies. 1If the B-factor of a
solvens moidcule rose above 26R%, or its occupancy dropped

below 0.40, it was consiNered to be naise, and was removed

from the model. Because of these fair})4 stringent criteria,

the final model includes only 167 solyent moiecules. 165 of

these are interpreted as water molecuies; the re#Maining 2

are believed to be Ca2* ions, based on their refined o

occupancies and B-factors, their cqQordination geometry, and

their characteristic non-bonded cohtéf?\distances to
3

. : RS .
ligands. When treated as water molecules, tlhe occupancies
4~‘ g

of the 2 ions;refined rapidly to J:éégan¢~fheir B-factors to
the lowest value éllpwed by the ptograﬁ. They were subse-
quentl; refined a slehur atoms to cycle 64, when the
scattering factor’ for Cq2+ ions were added to the \
information provided to the 'refinement program. The water

———

. AN
molecules from the final refinement cycle were ordered

-

adderdiqg to an empirigal tquality factoi', defined as

A4

occupancy?/B (James & Sielecki, 1983). Thus, water molec- b

ules with low sequence numberévare.relativgly more reliable
than those with high sequence numbers (gequence numbers of

water molecules in this structure begin at 342).

a
&

’
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2.1.5 Quality of the Refined Complex Structure
The completeness of a refinement ;nd the quality of the

resulting crystal structure can be assegsed by a number of
criteria. A refinement can be considered complete if the
-model has essentially ‘.oppcd changing, and there are few
indicq}ibnﬁ that further changes in the model are necessary.
The qualitﬁ;of”the structure can be judged by measures of
‘the accurady of éoprdinates, the reasonableness of stereo-

chemistry, and the agreement between observed and calculated

L 4

struc tors. :
‘ inement of the spbtilisin Novo:CI-2 complex was

considered cohpxete atter 1 cyfles. }ﬂe final refinement
parameters'are summacizedW@gyTab&c,é.BK"LThe indicated
parameter shifts for this final cycle are very small. The
root-medn-square, (rms) coaqrdinate shift is 0.012&; the
maximum coordinate shifts are 8.082& for atoms‘in the
.enzyme, 0.075& for atomsfin the inhibitor, and 0.2308 for
water molecules. The largest shifts in the pr;§§ins are }or
atoms in lysine s‘ide-chains. sf‘hg’ majority of 'coorginate
shifts for both protein and solve%t atoms are less than
0.0108. - ..
e s o
r'R'difﬁerence electron density mep was cqmputed at cycse

71 and examined on the graphics system: The highest peak on

¥
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Table 2.3
#?
Final Refinement Parameters and nolults
No. of cycles ’ e | 71
R-factor ‘L 0.154
Resolution range (&) - 8.0-2.1 &
.No. of reflections (I20(I)) 16128
No. of protein atoms 2451
No. of solvent atoms' 167
No. of variable parameters : L 1064Q
<||FPol=|Fcl|> \ 67
<Coordinate shift> (&) . 0.012
<B-factor shift> (&?) ) 0.25
A r .
. . g ‘.
Rms deviations from ideal! values®
Distance restraints (R), P
Bond distance o 0.006(0.008)
Angle distance i S 0.02%(0.016)
Planar 1-4 distance " * . 0,018(0.016)
Plane restraint (&) ".0.013(0.012)
. Chiral-center restraint (&°) 6.119(0.080)

Non-bonded contact restraints (K} ‘ oo
Single torsion contact .276(0.400)"j'
Multiple torsion contact .202(0.400)
Possible hydrogen bond 0.183(0.400)

Isotropic thermal factor restrarnts (R?)
Main-chain bond. A

o o

.721(2.000)

1
Main-cfain angle 2.258(2,000)
Side~-chain bond ) 3.866(3.000)
Side-ghain angle =~ ', 5.183(3.000) .

'Including 2 ca?* ions.

*The values of o, in parentheses, are the input estimated
stahdard deviations that determine the relative weights of
the correspond1ng gestraijints [see Hendrickson® aanésgnert

I3 ’ . ...4 %.
. ) v

(1980)1].

addxtlonal peaks wlfh!' e th P L, ' ; ! -
. “” "’ i " ': 4 .“v . o " W ’ .“‘,\&”

‘Electron density map&were ca ulate omiu g the contrl‘-
bution of the Fgpg térm and thus have a mdanaflectron .
density of zero, 8ont0ur levels therefore /dp not refgf5;o
the actual electron density but rather to.the deviation
above the mean. density of the map. Cortour levels for:dif-
ference maps do refer to actual electron density because the
Fpop term is common to calculated and observed structure

factors. /P‘ :
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negative troughs with d thp same rdﬁgé _ The'highest

,beak is superposed &n n 1., The smallAparameter
shifts for this ion if final cycle of refinement
indicate that its po

"its B-factor 3,‘ pro

al par¥meters are accurate, thus
overestimated. The height of, Vthil”’
residual peakqi'q the di'fference map is én;all compared to the.
total peak height expected for a%ca?* jon.

Six of the remaining.? po.sitive peaks are most likely
aéditional solvent molecuies. The 7th may be a wegkly' _
occupied alternate conformation for the si\de-chain of
Glu261. Nine of tﬁ; 11 negative troughg.géé as!bciat;d with.

® . :
segments of the model that are not properly centered in the

“electron density; the &nsity does not conform to a model
with good geo'inetry. All of these deviations are small. One
trough is 0.68 from the Q%' of Asp259, a residue %ith poor
sid‘e-chain density and B-factors of 25 to.428%, that could -
be sohewhat mis'plac.ed. The final trough is 0.6& from the C¢
of Met591, the Py residue of the inhibitor. The density at
the tip'of this :ide-éhain is a round blob surroundihg the’
sY, Qith,littlé indication of the C¢ positio’n; its current
'posxtxon in the model may be wrong.

AI?I estxmat'k of the acCurac? of the coordmat’ g e
particularly 1mportant ‘for crystal structures of enzymeg, ‘
where the catalytic mecham'sm is of special interest. Small
changes in distances between'imbortant functional groups, on
the- or\der‘ of 0.1R, can affect the validity of proposed chem-

¥

_ ica{ reaction sghemes. Unfortunately, estimated standard
oS
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deviations for atomic parameters are not available from the
cu‘gent version of the refinement pro§ram, thus coordinate
errors must be estimated by less direct means;,; One Jommonly

_used methoa for protein structures is that of Luzzatti

*

(1952). The variation of the R-factor as a function of

sin 6/\ is compared to a theoretical variatior to deterMine
\an overall coordinate error for the molecule; Th; main

assumption of this method is that differences between the

observed and theoretical variations are due only to coordin-
»
ate errors. Differences due to errors in data measurements

and errors in' the protein model from omission of hydrogen

\

atoms and disordered solvent, that can be an important part //

of the observed differences, are not taken ifito account,
For the subtilisin Novo:Cl-2 complex, coordinate errors
were .estimated by two methods: the o, plot of Read ‘.

i

(1986a,b), and the method of Cruickshank (1943, 1954,.1967).
. The op plot gives an overall estimate of the coordinate
i E .

errors inh the structure based on a derivatvpn similar to

. that of Ldzzafi, but with a somewhat diffefent set of basic
assumptions. :Omi;sion of 'some atsms from the model is )
accounted. for, although the assumpt1on is Tigf tggt th;
missing atoms are of the same type and hgé; the same overall
B-tactor as the atoms of the model. éryG}s in data measure-

_ men? can stili be a sigﬁificant part of,the estimatcd'coérﬁ;'

) (-l ;("

inate errors,'especiall for a higﬁly'refined structure
Y A

The o0, plot is eas1er to interpret than the standard Luz;atxa
]

plot because the cootrdinate e:rors are der1ved from the
3 ' .

L
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In(a,)

0 00 0.01 0.02 0 03 0 04 0 06 0 06
(sing/\)’

Figure 2.6. op Plot to Estimate Coordinate Error. The slope
of the straiggt-line portion of this plot is [-w’(<|Ar]>)?)
(mean coordinate error), or [-(8%x?/3)<|Ar|*>) (rms coordin-
ate error). The line is determined by a least-squares fit
to all data points but the first three. The first three
data points describe low resolution data that is affected by
omission of bulk solvent from the protein model. ‘

slope of a straight line, rather than comparison with a
tamily of standard curves. The o plot is also unaffected
by errors in scaling the structure factor data, since it is
calculated with normalized structure factors. .

' The o, plot for the fully refined structure of the sub-
tilisin Novo:CI-2 ¢ is presented in Figure 2.6. The &&
slopé ef the strai%ortion of t};is plot is -1.318R&*

AN <
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and the corresponding mean coordinate error is 0.2064. Tﬁe
rms qpordinate error is 0.224K. These estimated errors _are
larger than those observed for other Eéfinéd protein struc-
tures; for protein§ of a similar size grefined to Qimilar
R-factors, the errors are in tge range of 0.10.to 0.154
(James & Sieleéki, 1983; Read et al., 1983). The accuracy
of atomic coordinates, however, is limited by the resolution
bf the data available. Crystals of the subtilisin Novo:CI-2
complex are more disordered than those of the above pro- '
teins; and do not diffract to as high a resolution.;imit
(2.18 vs 1.7 to 1.8&). This disorder leads to less

certaimty in the determination of atomic positions, and thus

.

larger estimated coordinate errors.
An estimate of individual atomic cbordinate erqprs ls
often more meaningful than the overall estimate obtained
from the o, plot or the method of Luzzati. A modification
of the formulae of Cruickshank (1949; 1954; 1967) can be
used to obtain an est-imate of the coordinate error for each
atom type as a funct}on ole-factor.l Cruickshank's formulae
originally were‘derived for the determination of errors in
peak positions in electron density maps, not for errors in
atomic coordinates. Peaks in maps are assumedvto correspond
to atémic positions, and atoms are assumed to be well-
resolved from each other. This second assumption 1s not
generally true for protein structures. Despitg these -
theoreticél problems, Cruickshank's method gives results

that are very close to error estimates from other methods
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Figure 2.7. Atomic Coordinate Error by the Method of
Cruickshank. The estimated radial standard deviations in
atomic position are given as a function of B-factor. The 4
curves, from top to bottom, are for carbon, nitrogen,
oxygen, and sulphur atoms in the final refined strugture of
subtil%sin Novo and CI-2. No curve is shown for Ca‘*; the
two Ca‘* ions have estimatged standard deviations of 0.05K%
(ion 1) and 0.11& (ion 2).

(Read et al., 1983).

‘Read (1986a) has shown tﬁat Cruickshank's estimatgd
coordinate error must be divided by the number of centering
translations for centered space groups; thés factor is 2 for.
the space group C2. The resulting formula for a monoclinic
'space group, for the estimated standard deviation in the y

coordinate for atom i, is

o
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B-factog (A')
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Protein Sequence -

&

Figure 2.8. Variation in B-factor Along the Polypeptide
Chain. The heavy line denotes the mean B-factor of the
main-chain atoms, the light line that of the side-chain
atoms. The vertical line separates enzyme and inhibitor
residues. 1Inhibitor residue numbers are followed by an 'I’
to distinguish them from those of the enzyme. No B-factors
. are given for residues 11-191 of the inhibitér; they are not
seen -in the electron density map. The mean overall B-factor
for the complex is 1347, \

b [Zk2(|Fy|-|Fc])2)3/2
o(y;) = —x——ror X
4x Z(m/2)k2fy;exp[-B;(sin6/2) 4]

vhere b is the axial length, fo;j is the atomic scattering
factor and m = 2 or 1, depending on whetgef the reflection
is centric or non-centric, respectively. In the monoclinic
case, o(x) = a(z) = o(y). The éadial error in agomic
position is calculated as o(ri):s V3a(y;). Radial errors
are calculated for each atom type in the structure and for a
range of B-factors. A plot of radial error as a functioh of

B-factor is given in Fig. 2.7 for the carbon, nitrogen,

oxygen, and, sulphur atoms -in the subtilisin Novo:CI-2
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/

~complex structure. The data in this plot can be used with

that in Figure™M#.8, showing B-factors as a function of ,
u : un

position in the?polypeptide cﬁain, to obtain an estimate of
the'accuracy of a/specifi reéion of the structuré.‘.

An overall ggtimated coordinate error can be determined
from the method of Cruickshank by calqulating the rms value
of the estimated radial errors for all the atoms in the
model. This value for. the subtilisin Novo:CI-2 complex is
0.210&7 very close ;o”the value of 0.224R obtained from the
op plot. ' | |

Another measure of the quality of a crystal struc£ure
1s the deviation of: the geometry of the model from idea{
values. Values for devxitfon from idéality of some geomet-
rical parahetefa are given in Ta?le 2}3; the ideal valuei i
are derived from small molecﬁle crystal structures (Sielecki

et al., )979). These deviations for the subtilisin

Novo:CI-2 complex are in the range of the deviations found

-

for the small molecule structures. A more detailed summary

of the peptide bond geometry for the subtilisin Novo and

—~—

CI-2 molecules is given in Table 2.4. The mean Values of

the observed parameters all deviate from the expected values

by lessV%than 0.5 times the rms deviation. The deriat{on of

el -
minimum or maximum values from the mean exceeds 3 t1mes‘the

%

“

rms deviation in only one case, the mimimum iif;;ved w for

the enzyme. e

- -

The distribution of the main-chain torsionuangles ¢ and

——

¥ in the structure of theccomplex can be compared with
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Figure 2.9. ¢-v Plot for Subtilisin Novo. The solid lines
enclose the fully allowed conformational regions for r
(N-C%-C) of 110°; the dotted lines.enclose the more
permissive regions of smaller acceptable van der Waals' con-
tacts for r of 115° (Ramakrishnan & Ramachandran, 1965).

The symbols denote prolines (o), B-branched amino acids (A),
glycines (+), and all other amino acids (), Residues
outside the allowed conformational regions and their ¢-v
-angles are Lys12 (77,27), Asp25% (65,21), Asp32 (-159,-148),
- Ser63 (106,-22), Asn77 (-153,-148), Va181 (-110,-168),
Asn118 (62,38), Asn184 (69,23), and Ser204 (58,45).

allowed conformations, calculated from minimum contact radii

of énon-bonded atoms, in the familiqr Ramachandran plot

(Ramakrishnan & Ramachandran, 1965) (Fig. 2.9 and Pig.
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2.10).. Subtilisin-Novo has 9 non-dlycine residue’s that fall
outside the aNowed conformational regions; all are part of
irregqular structural features on the surface of the molecule

4

such as turns or kipks. Five 'of these are in segments of

chain witw; ctors and their geometry may be more

t -

of them

poorly define e catalytic

aspartic acid, with ¢ = -159° and -148°, and one 1is
Ser63, next to the catalytic histidine. In these latter 2
‘ éa;es, the unpsual torsion angles may Be due to strain
imposed by stringent structural requirements, such as the
precise positioning éf the catdlytic side-chains. Two
others are Asn77 and Val81, both ligands for Ca2* ion site
1. CI+~2 has 1 non-glycine residue outside the allowed
regions, Asp741; it is part of a highly mobile irregular
turh at‘the edge of the inhibitor. The torsion angles for
*most residues fall well within the allowed regions for both
m3leculbeS. A major cluster of conformations can be seen in
the region for right—hanaed a-helix (-62°, -41°, Baker &
Hubbard, 1984) for subtilisin Novo. The>average wvalues for
residues in a-hglices in subtilisin Novo are ¢ = -64° and v
= -39°, v

The final'electron density map calculated for the sub-
tilisin Novo:CI-2 complex *at cycle 71 of the refinement is
generally of high quality. Some regions of unsatisfactory
density are still present; these are described in Table 2.5.
All residues were examined for weak density at a contour

level of 0.56e/R°, 10% of the maximum density in the final
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Figure 2.10. ¢-¥ Plot for CI-2. The solid lines enclose the
fully allowed conformational regions for r (N-C%-C) of 110°;
the dotted lines enclose the more permissive regions of '
smaller acceptable van der Waals' contacts for r of 115°.
(Ramakrishnan & Ramachandran, 1965). The symbols denote
prolines (o), B-branched amino acids (4), glycines (+), and
all other amino acids (o). The residue with torsional
angles outside the allowed regions is Asp741 (71,34).

map. Not surprisingly, most residues with weak or missing
density are on the surface of the enzyme or the inhibitor,
where there is more freeadom for motional disorder. The

possible alternate side-chain conformations noted in Table
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2.5 have been iﬁcluded in ‘the model by_g}acinﬂ water molec-
ules in them. .Examples of regions of gooé';hd poor density
are given in Figure 2.11, Fig, 2.11a shows part of the
active site of the enzyme; including the‘Pz, P,,\and.P1'
residues of the inhibitor. Fig. 2.11b shows a segment of
the only a-helix in‘the inhibitor; 4 of the 5 residues shown
are charged and lie on the hydrophilic side of the helix
with their side-chains pointing into the surrounding sol-
vent,

One final number i1s generally quoted to indicate the
overall guality of a crystallographic structure, This is
the R-factor, which was defined at the beginning of this
chapter. The Advantage of using thé R-factor as a measure
of qualidy.is that it is a measure familiar to .

~crystallo raphers.and'iéaders of grystal structure papers;
crystallographers usually have a qualitative idea of the
relationship between the soundness of a structure and its
R-faétorp The R—facgor is not, however, a valid statistical
measure of the agreemeﬁt between the observed and calculated
structure factors. 1In addition, all workers do not use‘the‘
same criteria for the selection of data to calcufate their-
R-factors, so that the values quoted for different struc-
tures are not directly comparable. Alternate measures such
as the correlation coefficient (r) have been proposed, but
have not been widely calculated or repbrtea. .The R-factor
for the structure of the camplex between subtilisin Novo and

.CI-2, for all data in théi;;solution range 8.0 to 2.1& with



Table 2.5

Residues with Poor Electron Density at Cyclo 71

»

Residue Comment

Ser9 Noisy density for OY, possible thermal disorder.

Lys12 . No density past C

Asn25  Weak alternate sxde-cha:n conformation with x,
rotated by 180°,

Lys27 No density for C¢, NS.

Lys43 No density for C€. weak for CY & NS,

Thr55 No density for CY &Y, weak for CO.

G1ln59 No density beyond ch.,

Ser16! Weak density for C9, nbne for cB,

Gln185 Weak density for C6 none for CY & carboxyl oxygens.

Pro20! Chain break between C® ¢ €.

Lys213 No density beyond C7,. '

Tyr217 Weak density along sides of '‘pheny X ring.

Met222 , No density for C7,

Asn240 Weak density for side-chain amxde, possible
altermate conformation with x, rotated by 120°.

Lys256 No density for C7, cd, n§,

AsSp259 No density for.SIde chaxn carboxyl oxygens,

Lys265 Possible alternate conformation with x4 rotated by\
180°.

Gln275 No density beyond C7.

*

Leu20I No density except at the‘Farbonyl oxygen,

Lys211 Weak side-chain denzxty

Glu33l No density beyond C

Glu34l No density for CY & cé

Lys361 No density for C¢ & NS .

Lys371 No density beyond C7Y,

Gln41I No density beyond Cﬁ

Ile63I No density beyong ch

Leu731 No density for C

Glu781 Possible alternate conformation with x; rotated by
180°.

ArgB1l No density beyond cY.

I20(I), is 0.154. This value wvas calculated with 16128 —A

reflections, 86% of the unique set of reflectiond measured.

The R-factor calculated on the complete unique set is 0.211.
In summary, the sStructure o} this complex is of high

guality as measured by a number of criteria. The shifts in



Piqure 2.11., Regions of Good and Poor Electron Sinsity.
Both figures are contoured at a level of 0.56e/R>.

a) Residues Asp32, His64, and Ser221 from the subtilisin
Novo active site, and Thr58I to Glu60l from the reactive
site loop of the inhibitor. This region has some of the
s§trongest and cleanest electron density in the map.

b) Residues Glu33l to Lys37I from the a-helix of CI-2. The
side-chains of these residues protrude into bulk solvent and
are highly disordered. The density for the main-chain in
this region is still strong and clear.



. R .
atomic parameters from the final E;clf‘ot least-squares
refinemént are small and a difference electron density map

’» - .
calculated at this'stage/}naicotes that few adjustments need

to .be made to tﬁe model , thua:the re{in:ment appears to have
converged. The estimated ertors in atomic positions are
also smali and are comparable to the errors measured for
Ofﬁ;r high- resolution fully*refxned protein structures, ?he
jJeometric parameters of the structure do not deviate signit-
icantly from ideal values; the variable main-chain térsion
angles lie within or very close to thé€oregdcally allowed
conformational ranges. Finally, the agreefment between
‘observed and calculated séructure factors |s very gaod for

the resolution range of data that could be collected from

the crystalé of the complex.

2.2 The Structure of Subtilisin Novo

/

<

2.2.1 Secondary and Tertiary Structures ~

4-\j%e subtjlisin Novo molecule is a globular protein that
is apprgximatefy heart-shaped. The active site 1is IAZated
in a relatively shallow grbove on the surface of the molec-
ule between the 2 lobes of the heart (Fig. 2.12a). The
basic foléing of the subtilisin Novo molecule in this com-
plexitith the inhibitor CI-2 is the same as that described
for the unrefined structure of subtilisin Ncvo alone (Wright

et.al., 1969; Drenth et al.,1972). The molecule is divided

into 2 segments by a central 7-stranded parallel B-sheet

b

ay, | . 7%

2
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Figure 2.12. Views of Subtilisin Novo. a) An a-carbon
backbone drawing of the refined subtilisin Novo molecule
from the complex with CI-2, Side-chains are shown for the
catalytic triad, Asp32, His64, and Ser221, The active site
is in the groove at the top of the molecule. b) The molecule
rotated 90° down from view (a), so that the active site is
now at the front. c) The molecule' in the same orientation as
view (b), showing all main-chain atoms and the hydrogen
bonds between them (dashed lines). d) The molecule in the
same orientation as view (b), with side-chains added for all
residues. Thick lines denote the main-chain, thin lines the
side-chains. Every 10th a-carbon is labelled in each view.
(Fig. 2.12b, Fig. 2.12c). The larger segment contains a
bundle of 7 a-helices packed against one face of the
B-sheet, with 5 of the helices rufnning( approximately anti-
parallel to the strands of the sheet. The smaller segment
contains the remaining 2 a-helices, that also pack against
the B-sheet, antiparallel to it. According to the protein
taxonomy of Richardson (1981), subtilisin has a doubly-wound
parallel a/f structure, similar to many of the classic
nucleotide binding proteins. The active site of subtilisin

Novo is located similarly to the nucleotide binding sites of

- . -
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‘these other proteins, at one edge of the central sheet close
to tﬁe point where the winding of the sheet changes
direction, vA'schgmatic representation of the organization
of secondary structural elements in subtilisin Novo is shown
in Figure 2.13. The residues that make up‘each of thégt .
elements are listed in Table 2.6.

Secondary structural elements are gegerally.defined by
hydrogen-bonding patterns and ¢-Vy torsional angles for the
main-chain. Hydrogen atoms are not often included in the
refinement of prdtein structures from X-ray diffraction
data, so their posit{ops must be inferred by other means.
Two methods were used in the assignment of hydrogen bonds

and subsequently the definition of secondary structural

elements for the subtilisin Novo and CI-2 molecules. The

"

L

Figure 2.13. Topology of Subtilisin Novo. Strands of the
central parallel B-sheet are numbered and indicated by
boxes.. The a-helices are indicated by circles and capital
letters., Thé side-chains of the catalytic triad, Asp32,
'His§4, and Ser221, show the approximate position of the
active site.
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first method requires the calculation of hydrogen atom
positions based on standard geometry. Hydfogen bonds were
defined by three parémetérs; distance from‘donor to acceptor
(maximum 3.40R), distance from proton to acceptor (maximum
‘2.408), and donor—proton;acceptor angle (minimum 125,0°).
Since the hydrogen.htom position is ambiquous for serine,
threonine and tyrosine hydroxyl groups, and lysine and
N-terminal aminb groups, hydrogen bonds involving these res-
idues were chosen solely on the basis of donor-acceptor dis-
tance. From the list of hydrogen bonds defined by this
method secondary structural elements were chosen according
to characteristic hydrogen—bénding patterns and ¢-vy ahgles.
Visual inspection of the structure on the computer graphics
system was used to check all assignments.

The second method used to define secondary structure
was that of Kabsch & Sander (f983). With this method,
hydrogen bonds are assigned based on the electrostatic
lnteraction ehergy between dono; and acceptor. Secondary
structural elements are then built up from elementary
hydrogen—bonding patterns. The agreement between these two
.metheds was very good. In the few cases where the two
methods did not agree, the secondary structure was assigned
by the geometric criferia. Most pofnts'of disagreement |
occurred at the beginning or end of secondary structJ}al
elements, where the'geometry{of hydrogen bonds is frequently
paor. Hyérogen bonds involving side-chain atoms are not

\.\
considered by the Kabsch & Sander program, so these were
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. _ Table 2.6

SQCOhdary Structural Elements of Subtilisin Novo
-~

Element ) Residues Involved

Parallel (1) val26-Asp32, (2) Gly46-Met50,

B-sheet (3) Ser89-val95, (4) Aspl120-Met 124,

N . (5) vali48-Ala153, (6) I1le175-valiso,

(7) val198-Gly202. . .

Antiparallel 1le205-Leu209, Lys213-Tyr217.

B-sheet - L

{ B-bridges' . Gly128, Tyr167, Ala179-Aspi81,

Gln185-Ala187, Thr255, Leu267.

a-helices (A) Tyré6-1Iet1, (B) Ala13-Ser18,

(C) 8er63-Ala74, (D) .Tyr104-Asni117,
(E) Ser132-Ser145, (¥) Ser224-His238,
(G) Thr242-Asn252, (H) Asp259-Gly264,
(1) Asn269-Ala274.

Helical turns. Thr220-Ser224, Asp259-Tyr263.

Type I turns? Ser9-Lys12, His17-Gly20, Asp36-His39,
His39-Leud42, Val51-GluS4, AlaB85-AlaB8,
Gly97-Gly100, Iles115-Asni118, Val143-Glyl4e6,
Tyr171-vali174, Asp181-Asni184, Alal187-Ser 190,
Gly193-Leu196, His238-Trp241, Ala272-Gln275.

Type II turn Gly23-valzé. )

Type II' turns Ser159-Ser162, Tyr263-Gly266.

Type 111 turns Alal3-Leul6, Leul6-Gln19, Gln103-Trpl106, .
Pro168-Tyr171, Gly219-Met222, Ala223-His226,

. Ser224-val227, Asp259-Tyr262.

"B structure involving only 2 hydrogen bonds (Kabsch &

*Sander, 1983).
The turn type is assigned on the basis of the ¢,-y,; and
¢:-V, angles (Crawford et al., 1973).

®
assigned solely by the geometric criteria.

The hydragen bonds defined by the criteria given above
can be‘groubed %ntq,several classes according to the type of
secondary structure they Sélong to and/whether side-chain or
solvent atoms participate in the bond. The mean geometric

-

parameters for the hydrogen bonds of each of these classes

are summarized in Table 2.7. The mean values of the dis-

tances and angles are the same for the a-helices, parallel
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Table 2.7 .
Hydfogen-bonding Parameters for Subtilisin Novo
\
o Type : No.' N---O0(R) H --0(R) N-R-0(°)
\ (0---0)?
R .

Main-chain to main-

chain . ‘ ,

a-Helix(5-1) 51 2.99(0.14) 2.06(0.15) 154( 9)

Antiparallel B-sheet 12 2.92(0.10) 1.98(0.12) 157(11)

Parallel B-sheet 30 2.93(0.15) 1.97(0.16) 162( 8)

340 turns(4-=1) 26 3.05(0.13) 2.18(0.11) 147(12)

Main-chain to side-

chain

N-H- -0 32 2.96(0. 2.04(0.19) 155(12)
' C=0---H-N © 10 2.89(0.10) 1.97(0.12)  155(14)

C=0- - -H-O 26 2.86(0.29) -3 -

Side-chain to side-

chain t : .

N-H---0 7 2.93(0.22) 2.00(0.21) 155( 9)

O(H)- - - (H)O 14 2.87(0.25) - -

Main-chain to solvent

N-H- -0« 31 2.99(0.20) 2.06(0.21) 156(12)

C=0---0 73 2.92(0,34) - , -

Side-chain to solvent ' ' . L.

N-H- -0 11 2.92(0.26) 2,04(§.26) 147 11)

O(H) - - (H)O 35 2.88(0.26) <o T e

'Limits for acceptance of a hydrogen bond: donor-~accteptor
distance s 3.408, hydrogen-acceptor distance < 2.40&, donor-
hydrogen-acceptor angle 2 125°,

*Values in parentheses are the sample standard deviations
from the mean.

*Values are not given for donors with ambiquous hydrogen
atom positions, :

-

and antiparallel B—shéeté, within thetlimits of accuracy of
.the structure.’ The two types of turns listed have somewhat
lower average values for thefdQnor-hydrogén-acceptor angle,
but the avérage depends strongly on the lowest angle

accepted as being a hydrogen bond. The lower 'limit of 125°

-
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used here is a loose criterion. The variance of this angle
for the tufns is also somewhat larger thag for the more
‘regular and‘extended types of secondary :Qructur!f The mean
valles of the distances given are statisgicglly the same for
intra-main-chain hyd;ogen bonds and those invoiving siQe-
chsins or solvent molecules. Results similar to these have
been }eported for other fully-refined protein structures:
peniEillopepsin (James & Sielecki, 198395 actinidin (Baker,
. 1980), and Buman’lysozyme (Artymiuk & Blake, 1981),

| Tﬁe"followfng paragraphs contain a more detailed
description of the tertiary structure’of the subtilisin Novo
molecule,, in terms of the characteristics of and ¢
relationships between the secondary structural elements of
Table 2.6. The discussion may be understood more easily
with frequent reference to Figuiss 2;12 and 2.13. The
N‘terminus of subtilisin Novo lies on the surface of the
molecule and begins a short stretch of extended chain that
runs alongside a large surface loop. The loop (residues
Leu75 to Gly83) is the binding site for the first of two
Ca®* ions associated with the enzyme and the side-chain of
Gln2 is one of the ligands to this Ca2*. Helix A follows
the_extended chain; it i1s 1.5 turns long &nd also lies on
the molecule's surface. 'All the surface helices in subtil-
isin Novo have some amphipathic character, with a“propensity
for polar ;esidugs on their outer face .mnd non-polar res:"

idues on the face toward the protein interior. A type 1

turn leads into helix B, which lies at an 82° angle to helix



A; B is also shprt and amphipathic.

An extended loop (residues Gln19 to Asn25) traverses
.the enzyme surface -and makes a 180° turn to reach the start
of strand ' of the central parallel B-sheet. All but one of
the strands of the parallel B-sheet are buried in the
interior of the protein; strand 2 is somewhag exposed on the
surface, as i; forms one edge of the sheet. The other edge
of the sheet is buried by segments of extended chain.
Parallel B-sheets in general are well-pfotected from solvent
by other segments bf main-chain covering both sides of the
sheet. On the basis of observations of similarly well-pro-
tected parallel B-sheets in a number of proﬁeins; Richardsena
(1981) has proposed that parallet B-sheet is inherently'less
stable than éntiparallel sheet and requires more p}otection '
for its hydrogen-bonding network.

Strand 1 of the central sheet runs up through the
molecule toward the active site, antiparallel to helix B but
. 20 angstroms away from it. Asp32; the essential aspartic
‘acid of the caialytic triad in the subtilisins, is located
at the C-terminus of strand 1; A large irregular surface
loop (residﬁes Ser33 to Ala45) brings the chain around 360°
and back to the N-te;minal edge of the sheet for the start
of strapd 2. This loop lies agajnst the loop binding ca?*
ion 1, on the opposite side from the N-terminus qof the
enzyme. It contributes the second ligand for the calt ion,
the side-chain of Asp4l, $trand 2 of the sheet is only 5

residues iong (Gly46 to Met50) and is partly exposed to bulk
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solvent, Another large irregular surface loop follows
strand 2 (val5! to Asné2); this loop.contains Thr55, which
is the single deletion in subtilisin Carlsberg relative to
subtilisin Novo (determined on the basis of three-dimen-
sional structural homology). There is a very unusual left;
han8ed crossover connection between strands 2 and 3 in sub-
tilisin Novo (Richardson, 1976). :

Helix C begins in the active site, with Hisé4 of the
catalytic triad located at its N-terminus. This helix is
predominantly buried and lies antiparallel to strands 1\;nd
2 of the sheet. The C-terminal residue of helix C is Ala74
bgt, based on hydrogen-bonding parameters and ¢-y angles,
residues ValB4 and AlaB5 can be considered as a continuation
of the helix. An interrupteé helix such as this 1s very
rare in known protein structures (Richardson, 1981). The
segment of chain that i;terrupts the helix 1is the loop Leu75
to Gly83, the Ca2+-binding loop discussed above. Secreted
serine proteinases are characteristicallyIstabilized by
Ca?*, often to provide protection against proteolytic
degradation or autolysis (Kreésinger, 1976). Kretsinger has
propoéed that this caiciumzrequirement brevents these pro-
‘teinases from being active inside the cell, where Ca2* con-
centrations are usually very low. Subtilisin Novo is stab"\
ilized against autolysis by Cal* (Matsubara et al., 1958).
A role for the Cazt;binding loop observed here in the

stabilization of the subtilisin Navo molecule can be pro-

posed readily. Removal of the Ca2* jon from the loop could
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disrupt its structu%f and at the same time disrupt the

structure qf helix to which it is intimately attached.

This helix runs thijégh the hydrophobic core of the énzyme

and contains one o¥ffhe essential active site residues

(His64). A diéturb%?ﬁg‘of the hydrophobic core could alter

‘ :{gﬁfﬁn and leave it vulneraple td pro-

¢

MM isturbance of the geometry of the
active site residues would likely render the enzyme inac-
tive; this may be the situation of the enzyme before it is
secreted. The knqen instability of subtilisin Novo below pH
5 (Otteset & Spector, 1960). could be due to protonation of
Asp41 and disruption of this Ca?? binding site.

Helix C is followea by a 180° turn to strand 3 of the
parallel fp-sheet. This strand runs back up toward the
active~site, qp;iparallel to helix C. A reverse turn at the
end of the strand leads into a segment of extended chain,
residues Leu96 to Gln103. Residues in the first half of
this segment form past of the side-chain binding pocket for
the Py residue of a substrate or {nhibitor; the second half '
forms a short stretch of antiparallel B-sheet with the P, to
P4 residues before turning to the start of helix D, Helix D
is the first of the two helices that pack on the opposite
face of the central sheet to the other six helice;. It lies
on the surface of the molecule, antiparallel to strands 1
and 3, and at an angle of 31° to helix C. Algbough all the

helices packed against the‘parallel sheet run antiparallel

to it, they are not all parallel to each other due to the

x
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characteristic twist of the sheet. The sheet in subtilisin
Novo is strongly tvisted, such that the strands at one edge
of the sheet are perpendicular to the strands at the other
edge. .

Looking down the axes of helices D and F- (Fig.2.12), a
plane can be dravn through these two helices that divides
the molecule roughly in half. All the residups from the
N-terminus thr&ugh helix D pack together to mgke upéone half

“of Ythe holecule, and most of the remaining ,‘sidues make up

‘ the second half of the molecule. Since subtilisin Novo is a
globular protein, howev:;, there is extensive contact at the
.interface of the two halves and they cannot be ;onsidered to
be separate 'domains’' 1in the usual sense of the term.

A 180° turn and strand 4 follow helix D. Strand’4 is
the point of reversal of the B-sheet winding, and lies
beside strand ! in the core of the molecule. This strand
ends in another extended chain regionqthat interacts with
substrates or inhibitors in the active site; Gly127 ﬁorms R
two antiparallel B-sheet bonds with the P3 residue. The
main-chain of residues Ser125 to Gly128 forms one side of
the P, specificity pocket on the enzyme surface. Another
turn begins helix E, which packs on the same side of the
central Theet and parallel to helix D. A final 180° turn
leads to strand 5, which again runs back toward the active
site. The C-terminal residues of this strand form the other

wall of the Py specificity pocket and contribute to the

oxyanion hole, the polarizing pocket for the carbonyl oxygen
\
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of the P, :esidue.

A large extended surface loop, containing several
kinks, eventually turns almost 360° to the start of strand
6. This loop protects strands 5 and 6 from contact with
solvent, and portions of it also lie against the side of
helix E. Because it dies on the surface énd is very
irreqular ig structure, po;tiong of the loop are disordered
and have poor electron density (Fig. 2.11a and Table 2.5).
Residues Gly169, Tyr171, and Val174 from this loop are three
of the ligands binding the second Ca4* ion in sttilisin
Novo. A function for Ca<* ion 2 in stafilizing the protein
1s more difficult to visualize than for ion 1, since the
secondbinding site is not directly connected to the active
site and tﬁe protein chain’around 1t is already irregular.
The single cis-peptide bond in subtilisin Novo is contained
in the loop, between Tyr167 and Prol68; *-e cis bond is
between the i1+1 and 1+2 residues of a 5-membered turn on the
surface of the enzyme.

Strand 6 of the parallel B-sheet is followed by another
large irreqular loop that packs against the loop-besween
strands 5 and 6. Only one edge of this-loop is on the pro-
tein surface. Strand 7, the final strand of the sheet, is
followed by a long twisted loop of antiparallel B-sheet that
crosses over from the second half of the molecule to the
first half and then back again. This 'arm' is in/yéntéct

with helix C and the loop binding Ca?¢ ion 1. Hef%y F comes

after the antiparallel loop and runs down the center of the



molecule across its entire diameter. It is the central
helix of the 6-helix cluster on one side of the parallel
B-sheet, and is at angles of 10° and 23° to helices D and E
on the other side of the sheet. Helix C ie at an angle of
35° to F. The N-terminus of helix F contains the remaining
residues/forming the oxyanion hole, as well ag the third
member of the catalytic triad, Ser221t,

A short surface loop after helix F (residues Pro239 to
W241) reverses the direction of the polypeptide chain and;is
followed by helix G. The helix axis of G i1s at an angle of
64° to that of F but, due to the twist of the S-sheet, G“is
still antiparallel to strand 5 of the sheet and in contact
with strands 6 and 7. Residues Asn252 to Asn269 forms the
final ‘extended surface loop that stacks against the loop
between strands 6 and 7 and covers the edge of the parallel
p-sheet. The interactions between this lo?p and strand 7
are too irreqular to be considered an extension of the
sheet, Helix H 1s in the middle of this loop; it is

composed of ;esidues Asp259 to Gly264 and is 1.5 turns }ong.
'It lies on the supface of the molecule. Helix I terminates
the molecule; it is short and amphipathic. The C-germinus
of subtilisin Novo is thus on the surface of the molecule,
at a distance of about 34& from the N-terminus. Both
termini are distant from the active site.

The observed distribution #€ angles between the axes of
helices packing together in proteins has been explained by a

‘'ridges into-grooves' model (Chothia et al., 1981), with the
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ridges formed by residues on the surface of oﬁe helix ’
packing iﬁto the grooves betwveen the ridqgs on an adjacept
helix. The angle between tvd helix axes is calcuiatéd.by
projecting the two helices onto their plane of éontact;

ﬂPositive angles correspond to counterclockwise rotations of
the top helix relative to the bottom one. The distribution
of observed packing angles has a méximum at -50° and another
at +20°, although the distribution is spread over a wide
range of possible values. The observed inier—helix angles
in the subtilisin Novo structure fit the general distri-
bution fairly well. Within the bundle of 7 helices on one
side of the B-sheet,_thg angles range from -31° (F and 1) to
~64° (F and G). The angle between B and F is +35°. The
mean value for the angles clUstered around -50° is -46°.
The angle between D and E, on the other side of the B-sheet,

is +14°,
\///
2.2.2 Calcium Binding Sitas

-~

s

@ Among the first set of solvent molecules chosen from a
difference map during réfinement of the subtilisin Novo:Cl-2
complex were two whose occupancies stayed a' 1.0 and whose
B-factors dropped rapidly to 2, the lowest value allowed by
the local version of the refinement program. Since the
crystallizétion medium for this complex contains KH,PO, and

) subtilisin Novo is known to be stabilized by divaleﬂt

cations, these two solvent molecules weressuspected to be

either K* or Ca2* ions. 1In subsequent refinement cycles

\ \
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Figure 2.14. Binding Sites for Ca2* in Subtilisin Novo.
a) Residues of subtilisin Novo coordinating Ca* ion 1.

Coordination bonds are indicated .with dashed lines.
b) Residues of subtilisin Novo ®qordinating Ca¢* ion 2. The

single water ligand is indicated with a solid circle.
these two molecules were treated as sulphur atoms, with no
restraints on non-bonded.‘hptact distances. Sulphur was

considered a reasonable temporary model for a large ion of

.
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unéeftain chemical nature. Near the end of Jﬁe refinement, -
examination of difference maps, the coordination geome??y of
t@e ions, the nature of their ligands, and the jon-ligand
distances indicated that the ions were probably Ca?* and
they were refined as such nn}the last 7 cycles. The final
B-factor and occuﬁaggy for ion 1 are 10&% and 0.97, and for
ion 2 are 28B&? and 0.72, indicating that ion 1 is better
de. ned and probably bound more tightly to the enzyme.
Although no cal* is ac . the crystallization medium, the
enzyme may be purifiec - - he 1ons attached, especially if
they ére tightly bound and necessary for stablity. 1In the
structure Bf ﬁhe native subtilisin Novo (Drenth et al.,
1972), high peaﬁsfof eléctronvdeﬁsity were also found in
posit;ons close to these two ions. The two Ca?* ions and
their ligands are shown in Figure 2.14, and their
coordination geometry 1is described in Table 2.8.

The ;:;rage distance of the coordinating ligands to
Ca?* idn 1 is 2.40R, and the average for Ca’* ion 2 is
2.918. A typical Ca?*—o distance in small molecule crystal
structures is 2.44&8 (Brown & Shannon, 1973), and
coordination by 6 or 7 ligands in a roughly octahedral

arrangement is common for Ca?*

ions bound to carboxyl and
carbonyl ligands (Einspahr & Bugg, 1981, 1984).5 The
coordination bond lengths for Ca?* ion 2 are longer Ehan,the

typical distances; this may indicate that this ion is

actually K¥, for which the typical coordination bond length
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Table 2.8

1

Geometry of Calcium Ion Binding Sites

Coordinating atoms ca?* - 0 bond ca?* - 0 - C bond
length (X) angle (°)
ca?* #1
Gln2 OFf! 2.38 143
Asps1 090! 2.43 96
Aspéd ! 062 2.56 90
Leu75 O - 2.35 148
Asn77 09 2.43 ‘ . 123
1le79 © 2.35 T
val81 O 2.31 V162
Cal* 42
Gly169 O 2.85 167
Tyr171 O 3.01 116
vall74 0 2.83 153
Glu195.0 '3.04 144
Asp 62 2.81 136 .
0391 e 2.92 -

s 2.828 (Brown & Shannon, 1973). Whether ion 2 is cal* or
K*, its final atomic parameters would remain. the same
because the two typgs of ions are isoelectronic and have
very similar scattering factors in the relevant resolution
range. Both ion binding sites in subtilisin’ Novo are
unusual in one respect compared to other>Ca2+ binding sites
in proteins. Einspahr & Bugg (1984) found that most of the
ligands in ca?* binding sites come from a siﬁgle segment of
less than 13 residues in the protein sequence; the ligaéas
1n subtilisin Novo come from widely separated segments of

the protein sequence.
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2.3 The Structure of Ci-2

The CI-2 molecule is a wedge-shaped disk of approximate
dimensions 28x27x19&, similar in gize and shape to the avian
ovomucoid inhibitors (Fujinaga et al., 1982). The loop con-

taining the reactive site bond (the peptide bond attacked by
the catalytic apparatus of the enzyme) forms the narrow e;d
of the wedge. The polypeptide chain folding of CI-2 is
quite different from.the tertiary organizati~n of the ovomu-
coid inhibitors and other inhibitor families o: known three-
dimensional structure (Marguart et al., 1983; Hirono et &l.;
1984). The éore of CI-2 1s composed of an a-helix of 13
residd.i, 3.6 turns, and a 'pseudo' B-sheet of m:xed
parallel and antiparallel strands (see below). Figure 2.15
‘Ygives 3 representations of the folding of CI-2. Table 2.9
contains a list of the secondary structural elements of CI-2
and the hydrogen bonds made by the residues comprising those
elements (Fig. 2.1éb).

The firgt 19 residues of Cl-2 (Fig. 2.2) are disordered
and aa&;not seen‘in the electron density map of ghe complex.
The inhibitor is subject to h®drolysis during purification
and the amino acid seqguence of the inhibitor from the com-
plex crystals indicates that the inhibitor has a 'ragged'
N-terminus in the crystals (M. Carpenter & L. Smillie,
unpublished results). The first residue observed in the
crystal structure is Leu20I. Leu20I to Lys21I are in an

extended conformation and interact little with the body of

the inhibitor. Thr22I and Trp24l form a B-bridge of two
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Figure 2.15. Views of CI-2., All views include only res-
idues Leu20I to Gly83I; residues 1 to 19 are not seen in the
electron density map. a) A stylized drawing of the secondary
structural elements in CI-2. The small arrow at the top
indicates the reactive site bond. Large arrows denote
strands of B-sheet, wide ribbons are a-helix, and narrow
ribbons are turns or unclassified structure. b) The main-
chain atoms of CI-2 and their hydrogen-bondin? interactions,
Hydrogen bonds are drawn with dashed lines. c)

Cl1-2 molecule, The main-chain is drawn with heavy lines and
the side-chains with light lines. Hydrogen bonds are
indicated with dashed lines. Every fifth amino acid residue
1s labelled in views (b) and (c).

hydrogen bonds to Pro801 and Val82] near the Ctterminus.
They are followed by two linked 3,9 turns that reverse the
direction of the polypeptide chain and lead into the single
a-helix. The i-1 and i+1 residues of the a-helix (Lys301l
and Val32I) also participate in an antiparallel B-bridge to
Asp741 and Ile761 near tﬁé C-terminus. The a-helix lies in
the curve created by the characteristic twist of the
'pseudo'ﬂﬂ-sheet, with its helix axis antiparallel to the

direction of the two parallel strands of sheet.

The complete -

¢4



Secondary Structural Elements of Ccl-2

Table 2.9

9
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Element Residues' N-H- >0 N-A-0
length (&) . angle (°)

Parallel B-sheet 1n471-Asp64l T 2.67 160
" ale6l-Glng71 -+ 2.97 166

le491-Valé6bl 3.09 . 163

eu68l-~Jled 9l 2.76 170

Leu511-LeN681 2.81 172

Val70I-Leuj1I 2.94 158

Val531-Val7dl 2.86 154

Antiparallel ValB21-Thr221 2.97 61
B-bridges Trp241-Pro801 2.96 154
S Ile761-kys301 2.75 160
Val321-Asp741 3.00 135

Ala771-Pheb69l 2.70 173

‘\\ Asp71I-Asn751 3.09 162
a-helix Ala35]-Ser311 2.93 163
Lys361-Val321l 2.96 168

. Val38I1-Glu34l 3.32 161

I1le391-Ala35! 3.02 173

Leu40I-Lys361 3.02 167

Gln411-Lys371 3.20 136

Asp421-Val38l 2.96 145

Lys43I-11e391 2.59 156

Type 1 turns Ala46l-Lys431] 2.98 158
Arg65I-Arg621 3.28 159

Asp741-Asp711 2.95 165

Type II turn Lys30I+Leu271 2.84 151
Type III turn Leu271-Trp241 3.15 162
Unclassified Gly29I-1le761 2.85 166
Arg62I1-Gly831 2.93 178

GlyB83I-Arg65I 2.98 164

'The residue listed first in each pair is the hydrogen bond

donor,

A reverse turn follows the a-helix and starts the first -

strand of parallel B-sheet, residues Gln47I to ValS53I,

reversal of chain direction ends.

A

A

;Eﬁis strand and leads into
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a wide loop of extended chain that contains the reactive
site bond. The reactive site loop lies on the opp&site'side
of the B—sh;et from the a-helix and forms a large
semi-circle above the sheet, with no interactions between
the main-chain atoms of the loop and the main-chain atoms of
the sheet. The loop is concluded by a reverse turn and the
second strand of the parallel B-sheet. This strand’contaihs
Arg651 and Arg67]1, residues with extended side-chains that
reach acro#s the gap begween &he sheet and the loop to pro-
vide part of the hydrogen-bonding network that supports the
extended conformation of the loop (Fig. 2.16).

| The final reverse turn begins the C-terminal strand of
the B-structure. Residues Asn751 to Ala771 form an anti-

parallel B-bridge of two hydrogen bonds to Phe791 to Asp80I

Figure 2.16. Hydrogen Bonding of the Reactive Site Loop in
CI-2. Dashed lines indicate hydrogen bonds. Side-chains of
residues not involved in hydrogen bonding have been omitted
for clarity. '
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;in strand 2 of the parallel sheeé. From Ala771 to Gly83I,
the C-terminal strand diverges from str;nd 2 because the
main-chain is kinked after Ala771. The remaining residues
have the appropriate ¢-y angles for B-sheet, but interacty -
with strand 2 through a group of well-ordered solvent mol;l—
ules lying between the two strands and participating in”
ﬁydrogen—bond bridges (Fig. 2.17).. The 'pseudo’ ﬁjsheet is.
thus composed of Thr22l to Trp24l at one adge with two anti-
parallel bonds to the C-terminal strand, the C-terminal
strand with two antiparallel bonds to strand 2, and strands
! and 2 of‘the parallel B-sheet. For convenience, these 4
strands will be referred to as a B-sheet in all following
discussions, but itvshould be remembered £hat some of their
hydrogen-bonding patterns are irregular.

The *interface between the a-helix and the B-sheet pro-
vides the hydrophobic core of CI-2, which is composed of
residues Trp24l, Leu271, Val32l, Ala35I, Val381, I1le39I,
Leu40l, Ala46l, 1le481, valsor, Ya1661, Leué681, val701I,
Ile7§I, Pro801, and Vval82l. The aliphatic portions of 3
lysine side-chains are also part of the core: Lys2'l,
Lys361, and Lys431. Being a small protein, CI-3 has a
similar number of hydrophobic residues partiallﬁ or fully
exposed on its surface. The only buried polar group in the
molecule is the carboxylate of Gly83I1, the C-terminal res-
idue (Fig. 2.16). The reactive site loop of this inhibitor
is supported sy aﬁ extefisive network of hydrogen bonds and

electrostatic interactions, involving the P, and Py’
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residues (ThrS81 and Glu60I), Arg62I, ArgéSI, Arg??l, and
the C-terminal carboxyl group. This network is shown in
Figure 2.16. '

The mean geometric parameters for various classes of
hydrogen bonds in CI-2 are given in Table 2.10. None of
these values are statistically different from the values
found in the larger subtilisin Novo molecule.

>

2.4 The Subtilisin Novo:Cl-2 Complex

2.4.1 Inhibitor Binding Interactions

The most striking feature of the comple& of subtilisin
Novoﬂand CI-2 is the apparent lack of contact between the
enzyme and the inhibitor except at the reactive site loop
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Figure 2.17. Bridging Water Molecules in the B-Sheet of
Cl-2. Strand 2 of the parallel B-sheet and the C-terminal
strand of CI-2, with the water molecules providing hydrogen-
bonding bridges between them.
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Tane 2.10

Hydrogen-bonding Parameters for CI-2

Type No.' N---0(R) H---0(R) N-R-0(°)
(0---0)*

Main-chain to main-

chain

a-Hélix(5-1)" 8 3.00(0.21') 2.06(0.24) 139(12)
Antiparallel B-sheet 6 2.91(0.16) 1.98(0.20) 158(12)
Parallel B-sheet 7 2.87(0.14) 1.90(0.15) 163( 6)
Jpg turns(4-1) 5 3.04(0.18) 2.09(0.17) 159( 5)
Main—chain to side-

chain

N-H - -0 B 2.95(0.22) 2.05(0.16)~ 151(14)
C=O"~H\§. 1 2.84(0.00) 1.88(0.00) 161( 0)
C=0- - ‘H- 2 2.94(0.29) -2 -
Side-chain to side-

chain

N-H- -0 9 2.97(0.22) 2.05(0.25) 155(15)
O(H) - - (H)O 2 2.98(0.23) - -
Main-chain to solvent

N-H- -0 . 5 3.02(0.04) 2.03(0.02) 170( 8)
c=0--:0 19 2.85(0.24) - -
Side-chain to solvent :

O(H) - -(H)O 10 2.84(0.32) - -

'Limits for acceptance of a hydrogen bond: donor-acceptor <
3.40&, hydrogen-acceptor < 2.40&, donor-hydrogen-acceptor
angle 2 125°, )

'Values in parentheses are the sample standard deviations
from the mean.

*Values are not given for donors with ambiguous hydrogen
atom positions.

(Fig. 2.18). This phenomenon is common to mMOSt serine pRrO-
» .“
.teinase inhibitors of known structure (Read & James, 1986).

This mode of binding allows the extended loop of the inhi-
bitor reactive site region to interact extensively with res-

idues in the active site cleft, but avoids possibly

unfavorable interactions between residues to either side of
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Figure 2.18. The Subtilisin Novo:CI-2 Complex. An a-carbon
representation of the CI-2 molecule (filled bonds) in com-
plex with subtilisin Novo (open bonds). Every fifth amino
acid residue is labelled with the residue type and sequence
number . N ~
the active site and residues in the main body of the inhi-.
bitor. Eleven residues of CI-2 make a total of 134 contacts’
less than 4.0& with 22 residues of subtilisin Novo. These
contacts are summarized in Table 11,

The majority of the contacts between subtilisin Novo
and CI-2 are between side-chains of residues in the reactive
site loop and the enzyme residues comprising the side-chain
binding pockets or recognition sites. There are far more
intermolecular contacts of CI-2 with subtilisin Novo
involving residues P4 to P, than residues P;' to P3'. This
distribution of contacts has also been observed in other

complexes of inhibitors with serine proteinases (Huber &

Bode, 1978; Read et al., 1983). The active site region of



. ‘ 102

Table 2.11

Intermolecular Contacts <4.08 for Subtilisin Movo and CI-2

Ile Leu Gly Thr Ile Val Thr Met Glu Tyr Arg
491 511 541 55I 561 571 S8I 591 60I 611 621
Pyy Pg Pg Pgs Py P3 Pp Py Py" P’ Py’

™

" His64d w 1 3

LeuSé 1 . 1
Asp99 1 4

Gly100 1 4 3
Seri101 2

Gly102 4
Gln103 1
Tyr104 3 1
1le107

Ser 125 : 1
Leul126
Gly 127
Gly128
Alai152
Gly 154
Asn 155 , 1
Phe 189 > 5
Tyr217 4 <
Asn218 3 5
Gly219 2 1
Thr220 4
Ser221 : 12 2

-—

—- W N o m N w
wnw

- WwN
w

—
PR WwODPEPDNWRN -~ OOV O - OVDNOONN D

z ’ 1 6 3 6 23 12 15 41 11 12 4 134

subt:Jisin Novo and the reactive site loop of CI-2 are shown
together in Figure 2.19, which includes most of the residues
and contacts given 1n Table 2.11.

The large contribution of the Py and P4 residues of the
inhibitor to tight binding to the enzyme is indicated by the
number of their contacts to the enzyme; these two reSiéues
account for almost half the enzyme:inhibitor contacts less
than 4.0&8 (Table 2.11). The side-chain of the ¥, residue

(11e561) fits neatly intq the complementary S4 hydrophobic "
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Figure 2.19. Interactions Between Subtilisin Novo and CI-2.
An ORTEP drawing (Johnson, 1965) of the active site region
of subtilisin Novo (open bonds) and the reactive site loop
of CI-2 (filled bonds). Hydrogen bonds are indicated with
thin lines. The hydrogerbond shown from the NH of Met59]
(Py) to the carbonyl-oxygen of Ser125 is long (3.38R) and
probably weak.  This bond is characteristic of an incipient
tetrahedral intermediate (Robertus et al., 1972a). Part of
the stabilization energy for the formation of a tetrahedral
intermediate would be obtained by shortening, and thus
strengthening, -this hydrogen bond. ‘//

pocket in the enzyme, formed by the side-chains of Leu96,
Tyr104, Ile107, and Leul26, and the main-chain atoms of
Gly127 and Gly128. The primary binding pocket in subtilisin

Novo, Sy, is similar to the analogous pocket in

a-chymotrypsin in its position in the enzyme and its .

.génerally aliphatic or hydrophobic nature (Robertus et al.,
1972a). The pockets of both enzymes are designed to bind
large or ;edium-sized hydrophobic residues’and the nature of
this S; pocket is the major determinant of the enzyme spec-
ificity (Kraut, 1977; quertus et al., 1972b; Markland &

Smith, 1971). The atoms of the main-chain segments Ser125



‘ . ., 104

to ély127 and Ala152 to Asni155 form the walls of this pocket
in/subtilisin Novo.

The‘Sz bindiné pocket in subtilisin Novo is al;o hydro-
phobic, being formed by-the plane ofrthe imidazole ring of
His64 and the side-éhain of Leu96. The polar OY of the P,
residue, Thr581, interacts with the hydrogen-bonding network
of the inhibitor reactive site loop. The side-chain of the
P3 residue in CI-2, Val571, points back toward the body of
the inhibitor and does not interact with a specific binding
site on thé'enzyme. This is common to all inhibitors of the
kserine proteinases. On Fhe C-terminal side of the scissile
bond, Glu60l (Py') also points back toward the body of the
inhibitor. This residue is a central part of the hydrogen-
bonding networ{‘supporting>the reactive site region (Fig.
2.16). The side-chain of the P,' residue, Tyr61I, stacks
with the side-chain of Phe189 in a hydroﬁhobié interaction
on the surface of thé enzyme, rather than in a defined bind-
ing pocket. The aliphatic region of the P3' residue side-
chain, Arg62l, takes part in another hydrophébic interaction
on the enzyme surface, lying close to the side-chain of
Tyr217. 1In the subtilisin Novo:CI-2 complex;, the secon@ary
contact region defined by Hirono et al. (1984) consists of 7
contacts less than 4.08 -between the enzyme and the side-
chains of Ile491 and Leu511. There are no intermolecular
hydrogen bonds in this region.

The hydrogen-bonding interactions between subtilisins

and their protein inhibitors are somewhat different than

v
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those of the chymotrypsi;—like enzymes, Both families of
.;roteinases have a short segment of extended chain at the
bottom of the active site cleft that forms a short B-sheet
with the Py to P3 residues of the inhibitor. 1In the subtil-
isin Novo:CI-2 complex, there is a B-~bridge of two anti-
‘parallel hydrogen bonds between Va!ﬂ and Gly127, plus the
long - hydrogen bond from Met591 to Ser125 (Table 2.12). The
subtilisins,have an additional segment of extended chain
along one side of the wall of the active site cleft that
forms a short B-sheet with the P, to P4 residues of the
inhibitor (Hirono et al., 1984). 1In subtilisin Novd, re;-
idues Gly100 and Gly 102 form an antiparallel B-sheet with
IléSﬁI'and Thr581 of CI-2. The first half of the reactive

siige loop is thus the central strand of a short 3-stranded

antiparallel sheet (Fig. 2.19).

Table 2.12

*2

Hydrogen Bonds Between Subtilisin Novo and CI-2

Site « Residues N---0(R) H---0(&) N-B-0(°)
Py~ 1le561 NH-Gly102 CO 2.87 1.89 164
Gly102 NH-Ile561 CO 2:94 2.07 T 144
Pj Val571 NH+Gly127 CQ 3.01 2.01 176
. Gly127 NH-+Val571 cg '2.97 2.05 152
P, Thr581 NH-+Gly100 CO 3.15 2.28 145
P, Met591 NH-Ser125 CO 3.38 2.49 148
Asn155 NS624Met 591 CO 2.73 1.77 160
Ser221 NH-Met591 CO 3.06 2.19 144
2.74 1.76 167

\\\\pz' Tyr611 NH+Asn218 CO
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| The carbonyl oxygen of the Py residue, Met59I, .is the

recipient of two good hydrogen bonds from Ser221 and Asni155,
the residues comprising the oxyanipn‘hole (T;blé 2.12). The
hydrogen-bonding interactions on the C-terminal side of the
scissile bond are minimal. The side-chain of Asni155 is |
within contact distance of the NH and CO of Glu60l, but the
distances are too ldng to be considered hydrogen bonds (3.5
and 3.8R). The NH of Tyr61I (P,') forms a hydrogen bond to
the CO of Asn218; this interaction is conserved in the

chymotr}pgin—like enzymes, with a bond from P,' to the CO of
residue 41 (numbering of chymotrypsinogen A (Hartley &

Kauffman, 1966)). -

2.4.2 The Reactive Site Bond and the Active Site

Information on binding constants and kinetic parameters
for the inhibition of subtilisin Novo by CI-2 are not
availlable and thus whether this inhibitor and other members
of its family actually act by the standard mechanism of
Laskowski & Kato (1980) is not known definitively. CI-2
da;; bind io subtilisin Novo in the manner of a good sub-
strate ‘and in a similar manner to the binding of protein
inhibitors that are known to act by the standard mechanism
(Fujinaga et a]., 1982; Read et al., 1983; Hirono et al.,
1984; Marquart et al., 1983). The large number of favorable
W‘inkeractions between the reactive site loop of the inhibitor
and the active site region of the enzyme are expected to

result in a hi%glequilibrium constant for the association of
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the two molecules, one of the tharacteristics of the
standard mechanism,

Because inhibitors acting by the standard mechanism are
hydrolyzed ektremely slowly, the X-ray structures of their
complexes‘show>that the scissile bond is still intact. The
state of this bond in CI-2 was checked at the completion of
the refinement by calculating structure factors for the com-
plex omitting all atoms of Met591 and Glu60l. These struc-
ture factors were used to calculate a difference electron
5ensity mép with coefficients m|Fo|-|F.|, a., and the map
was examined in the region around the active site. The ohly
significant feature seen in the map was strong continuous
electron densit)' the two inhibitor residues that had
beep omitted fromWhe calculation. This region of the map
is shden in Figure 2.20. This experiment shows that the
reactive site bond of CI-2 is likely uncleaved in the com-
plex, further evidence that the inhibitor may act by the
standard mechanism. _

Initial unrefined structures of pancreatic trypsin
inhibitor (PTI) with bovine trypsin (Ruhlmann et él., 1973)
and soybean trypsin inhibitor (STI) with porcine trypsin
(Sweet et él., 1974) were intefpreted as having the inhi-
bitor covalently bound to the enzyme as a tetrahedral
adduct. More recent refined structures of the trypsin:PTI
system (Marquart et al., 1983) and the ovomu?oid inhibitors'

(Read et al., 1983) have indicated that the interaction

between the active site serine OY and the carbonyl carbon of
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Figure 2.20. Electron Density of ghe Scissile Bond in CI-2.
A difference electron density map of the immediate region of
the active site resitlues, calculated omitting atoms of the
P, and P;' residues of CI-2. The electron defisity of the
scissile bond is strong and continuous. Contour surfaces
are drawn at 0.42 e/R°.

the P; residue is too long to be a covalent bond (average
length of about 2.78) but too short for a normal van der
Waals contact (3.1R). NMR data have also been interpreted
as showing that no tetrahedral adduct is formed (Baillargeon
et al., 1980; Richarz et al., 1980), but the results do not
show whether the peptide of the scissile bond is planar or
distorted to some extent toward the tetrahedral.—rgbme
workers have found distortions toward the te}rahedral in
their inhibitor structures of -34° in the 8* angle (the
out-of-plane bend _angle of the carbonyl oxygen relative to
C%, N and the carbonyl carbon) (Huber & Bode, 1978), and
others have found distortions of only -5° (Fujinaga et al.,

1982; Read et al., 1983). The current concensus seems to be
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that some distortion is observed when several independent
structures are compared (Marquart et al., 1983), but that

the amount of distortion is at the limits of detectability
given the éccuracy of the crytallographic»structurés (Read &
. James, 1986). o

The peptide of the reactive site bond of CI-2 shows
little 1f any distortion from fhe expeéted planar trigona!
carbonyl carbon atom. The torsion angle w _
(C*(591)-CO-N-C*(60I)) is 175°, not significantly different
from the expected value of 180°. The angle 6*' of this bond
is 1°, indicating pha; no pyramidalization has occurred in
the complex. The‘distance from OY of Ser221 to the carbonyl
carbon of Met591 (P;) is 2.73&, similar to the eguivalent
distance in okher serine proteinase:inhibitor complexes
{Read et al., 1983).

The geometry of His64 and Ser221 in the activé site of
the enzyme in relation to the scissile bond is generally
very similar to that of the equivalent residues in the
chymotrypsin-like enzymes (Fujinaga et al., 1982). The
hydrogen bond from His64 N€2 to Ser221 OY is 2.72R long.
The relative orientation of Asp32 to His64 in the other
interaction of the éatalytic triad is quite different to
that of Asp102 and His57 in, for examplg, the cohplex of
OMTKY3 with SGPBN(Fujinaga et al., 1982). 1n the
chymotrypsin-like enzymes, the plane of the Asp cafboxYlate

group is at an angle of -30° to the plane of the His

imidazole ring. The carboxylate group of the Asp receives 4
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hydrogen bonds from H1557 N81, ser214 ©Y, His57°NH, and
Gly56 NH. 1In contrast, in the subtilisin Novo:CI-2 complex,
~the carboxylatelafﬁﬁb\of Asp32 is at an angle of +27° with
the imidazole ring of His64 (Fig. 2.19). His64 NOI provides
a bifurcated hydrogen bond to both the oxygen atoms of the
carboxylate group, and the two other hydrogen bonds to the
carboxylate are provided by Ser33 NH and a water molecule
buried behind the active site. A more detailed description -
of differences in the active site regions ?; the subtilisins.
and the chymotrypsin-like enzymes is-given in chapter 55
One other feature,se;n in subtilisin Noyo that may
interact with an inhibitor or gubétrate ls the‘hélix dipole
of helix F. This helix begins at Gly219 with three type III
‘370 turns; the regular helix begins at Ser224 and is 3%9
turns long. The positively charged end of the helix Qipole
points at Ser 221, and‘the interaction of the two may‘
enhance the catalytic action of subtilisin by promoting
proton transfer (Hol, 1985). The positive charge of this
dipole is also well-positioned to add to the polarizing
environment of the oxyanion hole, which would promote proton
transfer and a nucleophilic attack of the Ser221 OY on the

Py residue, as discussed in section 1.3.



2.4.3 Solvent Structure of the Complex

The final refined model of the subtilisin Novo:CI-2
complex includes 167 solvent moleéules; 165 of these have
been treated as watér molecules and the remaining two have
been refined as Ca?* ions (section 2.2.2). Rough calcul-
atioﬁs of the amount of solvent to be expected in the
asymmetric unit of these crystals indicate that only 10 to
15% of the solvent presen{ has been modelled. This low
percentage is due in part to the conservative criteria used
for choosing water molecules and for retaining less' ordered
solvent in the model (section 2.1.4). In structures of pro-
teins of a similar size and with a similar solvent content
in the crystals, 2 or 3 times as many water molecules can be
reliably defined, although the occupancies of the weaker
‘ones may ranéé as low as 0.3 (James & Sielecki, 1983).

In regions of ciose contact between protejns in a crys;
tal, deciding which molecule that a solvent atom 'belongs

2
can be difficult. To be sure of including all possible

to
solvent atoms from the refined model that are interécting
with subtilisin Novo or CI-2, symmetry-related solvent atoms
within 4.0ﬂ-ﬁf a protein atom were added to the model for
thé following analysis. A total of 193 waters were thus
part of all calculations. The complete solvent structure of
the subtilisin Novd:C}—2 complex 1s shown in Figure 2.21.
The distribution of water molecules on the surface of
the complex was examined by comparing the accessibility of

surface residues calculated in the presence and absence of
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Figure 2.21. Solvent Molecules Associated With the Complex.
Water molecules are indicated by open circles, Ca?* ions by
closed circles, the main-chain atoms of subtilisin Novo with
thick lines, and the main-chain atoms of CI-2 with thin
lines. —Atl solvent molecules in the model of the crystal
structure and all symmetry-related solvent molecules within
4.08 of a protein atom have been included in this figure.

L

vwatér. Accessibility of all the atoms in the
enzyme:inhibitor complex was calculated with the algorithm
of Lee & Richards (1971), using a local program written by
J. Moult. Four accessibilify calculations were made: the
protein complex with all solvent present plus all
neighboring symmetry-related solvent and protein atoms, the
protein complex without solvent but with symmetry-related
protein atoms, the protein complex with solvent but without
symmetry—;elafeg protein atoms, and the protein complex
alone (Figqg. 2:22).» Atoms were considered to be accessible
(and thus presumably at the protein surface) if more than

10% of their total surface area was accessible in the
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Figure 2.22. Residue Accessibilities in the Complex.
Accessibilities are calculated for each atom in the complex
by the method of Lee & Richards (1971). Residue accessibil-
ities are the sum of atomic acessibilities, in &*.
a) Accessibility in the presence of all solvent and
symmetry-related molecules. b) Accessibility with symmetry-
related protein molecules removed but all solvent within
4.0 of the protein surface retained, including symmetry-
‘related solvent. c) Accessibility in the absence of all sol-
vent and symmetry-related molecules.
absence of solvent or symmetry-related protein molecules.
By this criterion, 15% (367) of the proggin atoms in the
complex are accessible; this is similar to the percentage
seen for another protein of comparable size analyzed by this
method (Streptomyces griseus ‘trypsin, R. ioada&‘J. Moult,
unpublished results). e

K total of 232 of the accessible atoms defined by the

/

above procedure show little change in their accessibility in
the presence or absence of solvent molecules when symmetry-
related molecules are present. These atoms tend to be

clustered in regions on the surface of the complex and these

clusters can be termed 'bare patches', i.e. regions that are
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lacking in coverage by ordered solvent molecules. About 65%
of the atoms in the bare patches lie in regions of contact
with symmetry-related molecules. This can be deduced from
the increase in the calculated accessibility of these atoms
in the absence of symmetry-related molecules compared tP
accessibility in their presence (Fig. 2?52).

The remaining 35% of the atoms in bare patches can be
considered truly exposed on the surface of the complex in
the crystals. All of these atoms belong to residues in
turns or segments of irreqular structure on the complex sur-
face and most og'the‘residues have hydrophilic or charged
side-chains. Approximately half of these true bare patches
are regions of abovejaverage temperature factor: ‘kcause the
protein residues are more disordered in these areas, solvent
molecules associated with the% may be more disordered also
and probably wc ild not meet the criteria used for solvent
selection. It 1s difficult to see why ithe rem;ining‘bare
patdhes have little associated solvent, since they havé
moderate or low B-factors relative to the overall average of
the complex.

Water molecules 1in the subtilisin Novo:CI-2 complex
make a total of 210 hydrogen bonds with polar protein oxygen
and nigrogen atoms, and an additional 10! hydrogen bonds are
made gi\ween water molecules. The geometric criteria for
choosing these hydrogen bonds are the same as those used for
defining hydrogen bonds in secandary structural elements

(section 2.2.1). The hydrogen bonds between water and
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protein atoms can be broken down into 4 groups; 18% are
between water aﬁd main-chain nitrogen atoms, 47% between
vater and main-chain oxygen atoms, 8% between water and
side-chain nitrogen atoms, and 27% between water and side-
chain oxygen atoms.

Of the,193 solvent molecules within 4.0& of the surface
of the complex, 33 (17%) can be classified as buried in the
interior of the enzyme. Two of these are the Caé*\ions;
Ca?* ion 1 is completely buried by the residues coordinating
to it; Ca?* ion 2 is completely buried in the complex with
solvent included, and 3% accessible when other solvent
molecules are omitted from the calculation. Nineteen of the
buried watér molecules have accessibilities of less than 5%
when other solvent and symmetry-related molecules are
omitted from the calculation, and the remaining 12 have
accessibilities between 5 and 10%.

Seve;al of the buried water molec:les are located close
to the active site. The buried polar side-chain of His67
lies close behind the active site ‘.'64 and Ser221 and is
far from bulk solvent in the complex, but it\is still
connected tg&bulk solvent through a long channel of well-
ordered water molecuies that leads to the surface of the
enzyme near the N-terminus (Fig. 2.23). This channel is
composed of 0344, between the side-chains of Met222 and
His67, Thr71 OY, 0360, 0367, 0398, and 0384 at the bottom of

a surface cleft. The buried side-chain of His226 is also

" connected to this channel via 0353-+0360 and 0367. Another
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gure 2.23, Buried Water Channel in Subtilisin Novo. The
vater molecules forming a channel from the buried side-
chains of His64, Thr71, and His226 to the enzyme surface,
with nearby ptotexn te:xdug. The channel stretchﬁi{{rom
behind the active site, under the 'arm' of antipar el
B-sheet straddling the two halves of the enzyme, and Pmerges
close to the N-terminus.
important buried® water molecule at the active site is 0370,
vhich bridges the center of the S-membered turn containing
Asp32. 0352 provides one of the four stabilizing hydrogen
bonds to the side-chain of Asp32 and also has hydrogen bonds
-

with the NH of Ser125 and the N%2 of Asn123,

One water molecule associated with the inhibitor is

. . ’

buried, 0374. This is one of the chain of water molecules
that lies between strand 2 of the parallel S-sheet and the
C-terminal strand, providing hydrogen bonds to both segments

of protein. Only two water molecules are trapped between

the enzyme and the inhibitor in the active site region and
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"thus rendered inaccessible. 0372 lies’at the bettom of the
P, specificity pocket, hydrogen bopding with the tarbonyl
oxyqen atoms of Leul26 and Alal52, and the NH of Gly169.
0325 is between ThrSSI and Pro129, at the outer end of the
short 3-stranded B-sheet formed by the inhibitor and the
enzyme.

Some of the buriec water molecuiec lie close to the
surface of the complex in clefts that are covered by the
side-chain of a single residue. The covering residue 1is
often one with a long flerible side-cha:n, thus these water
molecules may have more access tc buik solvent than 1is
indicated by a static measure of their accessibility. There
are an additional 32 solvent‘molecules that are accessibls .
in the absence of other solvent, but can be consiaered" ‘3 Q»i
buried in 1ts presence. A number of these lie at the bottem”f
of clef s on,ehe'éomplex surface. Water molecuies with the
same accesplblllty in the presence or absence of other sol-
vent, but with 1ncreased access1b111ty in the absence of
symmetry related molecules are probably burled in the
interfaces between the symmet;y related molecules,’ There
are 43 water molecules of this type. The total number of-
water molecules that may be considered Bhried,«either inside

N
the complex, in clefts-geneath other ordered&;ater or
‘between symmetry- S?tated molecules, is 108, This is 56% of

all the water associated with the complex.



2.4.4 Accessibility of Protein Residues

, The variation in accessibility of individual protein
residues along the polypeptide chains of subtilisin Novo and
ClI-2 1s shown 1in Figure 2.21. The differences in accessi-
bility in the presence of solvent or symmetry-related molec-
ules have been discussed in the previous section. Because
it is a much smaller protein, the accessibility of CI-2
varies much more rapféLy along the chain than the accessi-
bility of subtilisin Novo. Residues in the active sit;
region and the reactive site loop are almost totally

inaccessible, even ‘in the absence of solvent and symmetry-

¢
related molecules (Fig. 2.21c). N

L

Table 2.13 gives a summary of accessibilities for each
residue type in the complex, both in the crystal environment
with sqlvent and symmetry-related molecules present and in
their absence. The percentage of each residue type buried
in this complex structure can be comparéd to the percentages
found by Chothia (1975) in a survey of 9 globular proteins.
Chothia calculated potential accessible surface area by the
ﬁethod.of Lee & Richards (1971), and used fully extended
side-chains in a Gly-X-Gly peptide as standard residue con-
formations. With this procedure, Chothia obtained numbers
for potential acceésible surface area for. each residue—
similar to those of Shrake & Rupley (1973) thus Cho&hxa s
percentages of buried residug@s of each eype can be campafed
to the percentages for the subtllls&n Novd?EI—Z compley }n

\Y
the absence of solvent and symmetry-related molecules. -
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Table 2.13

Accessibilities by Residue Type

Residue No. % Buried' % Partially % Exposed % Buried

buried? (Chothia)?

+ ¢ - + - + -

Ile 19 79 68 0 0 21 32 - 65

Val 40 85 70 . 5 8 10 22 56

Met 6 100 67 0 17 0 16 50

" Phe ‘ 4 100 0 0 25 0 75 48

Cys 0 - - - - - - 47
Leu 21 76 57 0 10 24 33
Ala 39 82 62 5 8 13 30
Gly 35 86 51 0o 1 14 38
Thr © 16 75 38 12 12 13 50
Ser 38 56 21 11 0 34 79
Trp 4 75 25 25 0 0 75
Pro 18 56 22 117 33 61
Glu 1 45 9 0 0 55 91
His o 83 67 17 0 .0 33
Asp 4 57 14 7 14 36 72
Tyr 1 73 0 18 18 9 82
Asn . 19 58 5 16 5 26 90
Gln 12 17 0 0 0 83 100
Lys 16 31 * 6 12 0 57 94
Arg 6 Ep 0 17 17 33 83

" A residue is considered buried if the sum of its atomic
accessibilities is less than 5% of its potential accessible
surface area in a fully extended conformation as the central
residue of a Gly-X-Gly peptide (Shrake & Rupley, 1973). N-
and C-terminal residues were excluded from these calcul-

- ations.

* A-residue 1s considered partially buried if the sum of 1its
atomic accessibilities is between 5 and 10% of its potential

. -alessible surface area.

* Prom a survey of 9 globular proteins (Chothia, 1975).
* "Plus' 1s accessibility calculated with all solvent and
symmetry-related molecules present, 'minus' is with no sol-
vent or symmetry-related molecules.

The majority of :the residue types in the subtilisin
Novo:CI-2 coméféx have a similar percentage of buried res-

1dues to the proteins in Chothia's survey, within 10 to 15%.

Some of the larger differences, such as that for
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phenylalanine residues, are probably due to the small number
of that particular residue type in the complex. The most
striking difference is for histidine residues, with 4 out of
6 being buried in phis éomplex; the Eesidues considered
i)éjpgried,are H1539; His64, His67, and Hi§226. His39 1is
ﬁsésaéﬁndwiched between two loops in subtilisin Novo, close to
the enzyme surface. Its side-chain forms hydrogen bonds
with the carbonyl oxygen of L§s213 and the amide nitrogen of
Asp41. His64 1is thecatalytic histiéine and is, of course,
buried at the interface between the enzyme and the inhi-
-
bitor. His67 lies behind the activjgite in sdbtilisin
Novo, some distance from the enzyme-surface in any
direction. It forms hydrogen bonds to members of a channel
of buried.water’molecules that leads to the enzyme surface
near the N-terminus. HisZZS is close to His6é7 and interacts
with the same channgel of buried water molecules. This
channel of water mglecules is buried bf the 'arm' of anti-
parallel B—sheet Lgst reaches“across from domain 1 to domaln
2. All of the burigd~histidines thus have fully hydrogen
bonded side-chains énd, if they are charged at the pH of
their micro-environment, hay balance that»charge through
indirect contact with bulkvsolvent. The nature of their
hydrogen bonds indicates, however, that all but Hisé4 are
neutral in their proteir environment.
Eight other chargedgresidues in the complex are either

buried (less than 5% exposed) or partially buried (less than

10% exposed). They include Asp32, in the active site, and
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Glu60I, Arg651, and GlyB3I in the reactive site loop of the

inhibitor. These 3 residues are fully involved in hydrogen-

bonding or electrostatic interactions in the active site

region (section 2.4.2). Asp36 lies in a surface cleft and
its side-chgin participates in 4 hydrogen bonds, one of them
to an ordered water molecule of thé enzyme surface. Aspél
is the single negatively charged ligand for ca?* ion 1. "The
side-chain of Asp60 pagticipate; in 4 hydrogen bonds to pro-
tein ligands and is also close to the N-terminal end of
helix C; the Régative charée of the Asp is at least partly

compensated by the positive helix dipole. Lys94 is fully

s,

buried and forms a salt bridge with Glu54.
Chothia (1975) has shown that the molecular weight of a
globular protein is proportional to the accessible surface

o

area that protein would have &0 the unfolded and fully
v

extended conformation.
AT= 1.44XM

where M is molecular weight. The proportion of the total
accessible surface that is buried on folding the protein is
linearly related to molecular weight, an¢ the acessible area

buried on folding is
*Ag = (0.859 x M) + (0.774 x M* x 10°%)

The accessible surface area of the native protein is the

difference between Ap and Ag:
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Ag = (0.581 x M) - (0.774 x M* x 10-*)

The accessible surface area of the subtilis)m/Novo:CI-Z com-
plex from this calculation, assuming a complex molecular
weight of 36863, is 113008°. The accessible surface area
calculated as the sum of the accelssible atomic surface areas
obtained from the program of J. Mcult, i§*L21OOX’. These
two values are reasonably close; the’formulae of Chothia are:
applicable strictly only té monomeric proteins.

The accessible surface areas of theeenzyme and ihhi-
bitor can be calculated in the absence of the other member
of the complex. The sum of the accessible atomic surface
areas for subtilisin Novo in the absence of CI-2 is 9300&?,
and that for CI-2 in the absence of subtilisin Nbvo is
44008*. The value for CI-2 is much higher than would be
predicted from its molecular weight, but it is a much
smaller and less globular protein than those used to derive
the proportionality constants of Chothia.- Phe difference in
accessible surface area between the complex and\ﬁhe sum of
the two components of the complex is 1600A:. Wodak & Janin
(1978) have calculated the amount of .accessible surface area
buried on the binding of the inhibitor PTI to trypsin to be
between 1300 and 1500K:. Assuming'a free energy gain of 24
cal. for each A? removed from contact with water on form-
ation of the complex (Chothia, 1975; Lee & Richards, 1971),
the free energy gain on binding of CI-2 to subtilisin Novo
is 38.4 Kcal/mole. This energy gain can be transléted to a

huge and obviously unrealistic value of 1028 for the binding
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constant. Other factors are important; the free energy of
association calculated from the amount of hydrophobic sur-
face buried is a large part of the total free energy of
association, but contributions from polar and van der Waals
interactions must be included to be able translate the free
energy to a binding conétant (Wodak & Janin, 1978). The
formation of a complex from two mo@ecules also adds an
unfavorable entropic term to the calculation, especially 1if
there is a loss of inté}nal degr;és.of Jotidhal freedom for

-

the inhibitor on b'indi‘g (see section 5.6).
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3. Subtilisin Carl:boré and Eglin-c' &
Subtilisin Carlsberg was the fifst bacterial serine protein-
aseafo be digcovered (Linderstrom-Lang & Ottesen, 1947). It
‘consists of a single polypeptide chain of 274 amino acids,
M, = 27292 (smith et al., 1968), and has strong sequence
homology with subtilisin Novo (= BPN', Fig. 2.1)., The
catalytic activity and substrate specificity of subtilisin
C;rlsberg are gqualitatively similar to those of subtilisin
Novo but subtilisin Carlsberg has a higher ratio of esterase
to proteinase activity (Barel & Glazer, 1968). The two
enzymes do not éross-react serologically (Keay & Moser,
1969), despite being 70% identical in amino acid sgquence.

Eglin-c is a small pdbteln 1nh1b1tor o§ s?rlne protein-

33

ases isolated from the leégh H*HUHO meq;plnalls M amino
o ,.?’

acids, M, = 8092) (Seemuller éf b 2577- Seemu{ier etmal

1980) (Fig. 2. 2) It is a membegr ffth!lpotﬁtéaﬁﬁilbxtor 1

family of 1nh£p1tors mos; of whose mdhﬂ@%s ghck stubxlxthg

disulphide brldges (Melw;lle'& Ryan, 1912,ﬂ§yendsen et al.

, i o (o
1982). Eglin-c i fery strong inhibitor of»mqmmal1an

kithep in G~and a-chymotrypsin

leukocyte elastash
(K; = 10711 M), bp& nat of other mammalian proteinases

R4
tested (Schnebli- ?ﬂ eP.,'1985) It is also a good 1nh1b1éor

, ¢
SinSn In the kinetic studies and the

of several subt1L

present structu 5'¢rmination,'the genetically engineered

g,

'A version of pg &1pnue of this chapter has been published
. [McPhalen, C. Af“' hebli, H. P., & James, M. N. G. (1985)

8 88-p8]. o X

’ ;‘(zs 7 {.

'}‘

’ N -
.
ﬁ e :6.\,., :!'k , . 1 30

LR 7 3 oo s . - ; -



//r v T - ‘ 13
product, N-acetyleglin-c (M, = 8111), was used (Rink et al.,
1984). & o
Crystals of & molecular co;plex of subtilisin Carlsberg

and eglin-c have been grown. Grutter et al/. (1985) have
reported crystals of a molecular complex of subtilisin

- Carlsberg and eglin-c that are isomorphous with the subtil-
isin Carlsberg:eglin-c crygtals studied here, but grown
under aifferent crystallization conditions. The molecular
replacement method (ﬁossmann, 1973) was used to obtain an
initial electron density map for the complex. Th® majority
of the polypeptide backboneyg of the inhibitor'coukejﬁe fitted :
to this map, as well as t omplete sequer‘;& the enzyme,

The least—squarss refinement of the structure was completed
affefiﬁ? cycles; at an R-factorléf 0.136 for data in the
¢ - .

resolution range 8.0 to 1.88. The secondary and tértyary
structures of the enzyme and inhibitor have been examined.jn
some detail, as well as the interactions between the two in
the complex. The subtilisin Carlsberg:eglin-c complex is
compared to the subtilisin Novo:CI-2 complex 1n chapter 5.

3.1 Structure Solution and Refinement

3.1.1 Crystallization )
Purified lyophilized eglin-c (batchu#84, 25-4) was
obtained from Ciba-Geigy AG., Basel, Switzerland (Rink

tet al,, 1984). Subtilisin Carlsberg was the kind gift of

Dr. I. Svendsen, Carlsberg Laboratories, Copenhagen,
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\
Denmark. Small rod-shaped crystalsiss the complex were
grown by %&g hanging-drop Qapor—diffegion method (Davies &
Segal, 1971; Phersoh, 1982%, Subtilisin Carlsberg (1.7
mg/mL) and eglin-c (0.6 mg/mL, a 1.2 h!éxcess of eglin-c to
subtflisin Carlsberg) werg dissolved in iistilléd water and

~a hanging drop was preparea cohsisting of equal amoﬁnts of

f ;he~protein$solution and 5. buffer of 0.7 M KHPO4 ‘dRt-KoHPO,

Y

\
' at mH 5.6. The reservoir of the crystallization tray was

filled'zith 1.0 mL of buffer solution. The crystals grew to
theif maximum size in less than a week, but were usually
smalltfor high_ resolution data collection purposes. Small
seed crystais were placed into freshly prepared hanging —
drops of protein and buffer solution, and grew within a week

)

or two to an average size of 0.8x0.4x0.2‘mm.
7 “Analysis of'pfecession photographs showed that the
érystals diffract to a.minimum d spacing of 1.88. No
ﬁystematic absences were observed; ghe lat;ice éymmetry ls
& corifstent with triclinic space g:oﬁp P1. The unit cell
+dimensions of the crystgﬁi are g = 38.31(3)8, b= 41.41(4)%,
C = 56.50(6)k, g - 69.5(1)°, B = 83.7(2)°, and y = 75.3(1)°.
These dimenék%ns are the same as those found by Grutter
N ét a . (1@85) if the differeat conventions used to assign
the unit c;£} anglesvare taken into account. The volume per
gnit molecular weight of the crystals, Vp, is 2.298°/dalton,
s}nsisteht with one molecule of the complex (Mp = 35384) per
ﬁn{t\céll and a‘solvent content of 46% (éachews, 1968).WJ

>



3.1.2 Data Co K and Processing
v, : . ‘
Intensi sets ‘were collected from two crystals,
described in Table 3.1, Both data sets were collected on'a

CAD4 diffractometer, The incident radiation was Ni-filtered

w

CuK,, at 40 kV and 26 mA, using a 1.3 mm diameter incident
beam collimator. The crystal—to—countér dist;nxe was 60 cm,
and the diffracted beam passed through a He-filled tunnel.
The peaks were scanned 0.8° in ; ét 0.67°/min., and
backgrounds were scanned 0.2° in w on either side of the
peak scan. To qinimize leos of weak reflections at higher
resfolution due to decay, both data' sets were collected in®
shélls. " Three shells were collected for the 2;08 data seét;
first from 2.0 to 3.0&, then from 3.0 to 5.0R, and finélly
from 5.0 to 37.98. Five shells were collected for the 1.8R
data set; first from 1.8 to 1.9&, then 1.9 to 2.1&, 2.1 to.
2.5R, 2.5 to 3.2&, and finally from13.2 to 37.9K.

During data processing, the measured backgrounds of the
reflectio;s collected were corrected for intensity depend-
ence and an averaging function of 26 and ¢ was applied to
them. The absorption correction applied was an empirical
function of ¢'(North et al., 1968). Intensfiy decay due to
radiation damage was-monitored by per.odic measurements of 5
standard reflections. Tﬁelapplied decay correction was a
function of tﬁeidegree of decay of these standards with
time., Lor;nii:and polarization corrections we{é also

applied §o the data. The absolute scale factor and an over-
.

all temperature factor (B, R?) were calculated for each data

*
" -
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., Table 3.

Crystal Data for the Subtilisin Carlsberg:Eglin-c Complex

{ - Crystal 1 Crystal 2
Resolution range (&) 37.9 - 2.0 37.9 - 1.8
Total réflectiohé mqesured’ : 23596 / 33153
Total unique reflections 21906 29275
Total reflections I 2 o(I)’ 19143 - 275177
Rmerge’ , 0.062 0. 005"
Maximum absorption correction 1.26 : 1.48
Maximum decay correctior u 28 % 42 %
Scale ; 10.33 5.57
Overall B (&%) : 10 12

'o(I) = (I + c*I* + (ty/tgk)® (IBk + c? EBk?))'/?, where I =
total intensity; Bk = background counts; tr = time for
intensity measurement; tgy = time for background measure- -
ment; c = instrument instability constant = 0.01.

’Rméfge = Lpy(Zi]Ii=<I>|/Z;I;) for reflectiong measured
more than @ce ln a data set.

set with the progrém ORESTES {Thiessen & Levy, 1973).
3.1.3 Structure Determination

The method of molecular replacement was used to solye
the phase problem for the structure of eglim-c in complex
with subtdilisin Carlsberg (Rossmann, 1973). The search
model wag the structure of‘subtilisin Novo as determined in
this laboratory in‘cqmplex yith the inhibitor CI-2 (McPhalen
et al., 1985). Tﬁis search model had beén partiélly refined

to an R-factor of 0.193 at 2.18 resolution. Although the

[\
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model enzyme and the enzyme in the complex are not tﬁe same,
they do have 70% sequencé>identity,‘and the conserved
regions betweeh.the two were believed to be in the enz;ﬁe
core; thus, 1t was reasonable to expect the two to have
similar conformations (Wright et al., 1969). As in the
molecular replacement solution for the.subtilisin Novo:Cl-2
complex, ﬁhe model accounts for a high percentage of the
scattéring matter expected in the complex,’77%. Data from
ctystal ! (Table 3.1) were used for the molecular
replacement calculations. Detailed explanations of proced-
ures aﬁb choice‘of parameters in the molecular replacement
hethod followed here are given in section 2.1.3.

The rotation search‘Zas pefformed with the fast
rotation function of Crowther (1973) (program of E.
‘Dodson); the agreement between the normalized structure
factors (|E|'s) of the model and the subtilisin Carls-
berg:eglin-c complex was maximized in the search. The
|Ec|'s were calculated for the subtilisin Novo model placed

in an orthogonal unit cell of symmetry P1, with each edge of

the cell measuring 65&8. The |Eqg|'s were calculated for the

']
v

unknown structure of the complex, from the structure factors
de&#édﬂrom data processing, with the program ORESTES
(Thiessen & Levy, 1973). The Patterson maps calculated from
these two sets of |E|'s were compared only between 4.0 and
18.08 to.;li@it the comparison to intra-molecular vectbrs.

The resolution range of reflections included in the rotation

function search was 10.0 to 3.0&8. |E.|'s with magnitudes

. e
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greater than 2.5 were used in the search; there were 2358
structure factors above this limit. 1636 |Ej|'s were
included, with magnitudes above 1.5,

The initial coarse rotation function search was per-
formed on an asymmetric unit of rotation function space (Rao
et al., 1980), along a grid of 5° in each of the Eulerian
angles a, B, and y (Crowther, 1973). The maximum peak in
the rotation function map was 17.00 above the mean and 11.70
above the second highest peak. This result indicates the
correct solution to’ the rotation problem quite unambig-
uously, according to previous experience in this lab. A

° intervals in B8

second rotation search was performed with 1
and 5° intervals in « and y about the maximum peak from the
coarse rotation search. This fine s;arch gave a maximum
peak of 16.40 above the mean of Qﬁé second map. The final
values of the orientatian parame£ers from the rotation
seérch were interpolated from the fine search ma& to 0.2°’in
"B and 1° in o« and y.

. No translation search was required to position the sub-
tilisin Carlsberg:eglin-c complex in its unit cell: bécause
the space grogP ©of the complex crystals is P1 and any point
in the cell may be chosen as the origin.- The locél trans-
lation function program, written by M. Fujinaéa, may be used,
to refinevthe rotational parameters found by the rotation
function search, using a 6-dimensional rotation and trans-

lation search over a small area of the translation function

map. The translation search algori}hm 1s a correlation

»
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coefficient search on |F|?. e orientation found b&}théi
: Ty

6-dimensional searéh was very close to that found by?‘kb',-
rota;ion function search; the maximum deviation,betweép Ebe
“two in any of the 3 angles was 0.37°.

The R-factor for the transformed coordinates of the
subtilisin Novo model was 0.47 for all data to 2.0R resol-
utioﬁ. The initial phasing model was this subtilisin Novo
molecule alone; no contribution from thc inhibitor was ¢
included. The model was used in the calculation of étruc—
ture factor amplitudes and phases for the computation of an
initial electron density map. All electron density maps
used 1n this structure solution were calculated with th;
coefficients of Read (1986), which are derived from an
expression designed to suppress model bias resulting }rom

phasing by partial structures with errors.

3.1.4 Structure Fitting and Refinement
Throughout the fitting and refinement of the subtilisin,
"Carlsberg:eglin-c complex, the MMS-X interactive graphics
(Barry et al., 1976) with the macromolecular modelling
system M3, developed by C. Broughton (Sielecki et al.,
1982), was used for map interpre‘ilﬁon and model fitting.
The initial electron density map from the molecular

replacement solution was of High guality and allowed the

sgbtﬂ'ﬁsin Ca
. & : i
easily to -thej A:iygx The electron density for.the

} polecule to be recognized and-fitted

majority of the amino acid side-chdins differing between

P
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subtilisin Novo.and subtilisin Carlsberg could be inter-
preted correctly, indicating that model bias was not
affecting the map strongly. Two regions had weak electron
density: the exterior loop in which Thr55 is deleted from
Novo to Carlsberg (Fig. 2.1), and the exterior lddp
Gly157-Thr162. The entire subtilisin Carlsberg molecuie was
fitted to the electron density map before refinement of the
complex was begun.

. This map had relatively poor electron density in the
region that was assigned to eglin-c on the basis of .packing
‘considerations. The structure of CI-2 (McPhaled et al.,
1985) was used as a guide in fitting the inhibitor; with
this quide, residues 43I té 711 and 751 to 831 of eglin-c
were fitted through some discontinuities in the density.
The weakest regions of inhibitor_density were in loops at
the edge of ahe molecule, as was the case with CI-2. An
ideal a-helix of poly-L-alanine was fitted to é
discoétinuous but clearly a-helical segment of density in
the region of Thr311 to His42lI. These 50 residues were
added to the molecular model with the refitted subtilisinh\
Carlsberg -and a second electron density map was calculated

‘with the augmented model. The remainder of the eglin-c

"

molecule, Lys22] to Lys30l and Pggdel to Asn741, was fitted
. . A o ‘

T

Helix.was replaced
- . T
SN rom the idhibitor.

with %he correa&,sequen@g of amg
B¥Q and eglin-c were used

. These ﬁ%dekspbf subtilisihbéaf*y

A

he cemplex. One
. , } - o
B -w Vi

to beginv;east‘ﬁGhéres refinement of
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strong peak was observed in the initial electrén density map
in a position close to that of Ca2* jon 1 in the subtilis:n
Novo:CI1-2 complex, although the Ca* ion had not been

.+ 1included in the\Qggsing model. On the assumption that the

, ?“peak corresponded to an ion attached to the subtilisin
Carlsberg moiecule, 1t was included in the refinement of the
complex as a sulphur atom, with no'restraints on 1ts non-
bonded contact distances.

The restrained-paramete;\\east-squares refinement
program of Hendrickson and Konnert (1980), modified locally
by M. Fujinaga for the FPS164 attached processor, was used
to refine the atomic parameters of the subtilisin Carls-

*berg:eglin-c complex. The parameters that were restrained
and the genéral strategy used for the refinement are the
same as those used for the subtilisin Novo:CI-2 compkx

(section 2.1.4). The course of this refinement is

summarized in Table 3.2 and the changes in the R-factor

during the refinement are shown in Fiqure 3.1, Data from
crystal 1 were used for the first 22 cycles, and data from
crystal 2 for cycles 23 to 57 (Table 3.1). As with the sub-

tilisin Novo:CI-2 complex, the subtilisin Carlsberg molecule

was similar enough to the molecular replacement model that

1arge manual adjust@ents during refitting were unnecessary,

even in early stages 6f the refinement. The eglin-c molec-
Y

ule was adjusted more‘extensively, particularly in the

exterior loops with weak density, but its folding is

basically the same as that of the CI-2 model used for the
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Figurg 3.1. Progress of the Subtilisin Carlsberg:Eglin-c
Complex Refinement. The R-factor at each cycle is plotted
versus cycle number. The resolution range of the data
included at each cycle is indicated. Data from 6.0 to 2.8R&
were used for cycles 1 to 4, 6.0 to 2.5& for cycles 5 to 8,
8.0 to 2.0k for cycles 23 to 24, and 8.0 to 1.98 for cycles
25 to 27. Electron density maps with coefficients
2m|F,|-D|F.|, a. were calculated and used to refit the model
on tge graphics system at the pz}nts marked "MMS-X".

A .

initial fitting. At cycle 42, the sidechains of Tyr104,
His41I, Tyr63I and Asn74I rem;ined poorly determined. For
cycles 43 to 46 these four residues were refined as ala-
nines. Ideal sidechgg?s were fitted to an electron density
map calculated aftgé;éicle 46; this map showed improved
density in thesexré%ions:

Solvent mqiécules were chosen from difference electron
density maps and added to the model beginning at cycle 20.

At cycle 35, two water molecules wi#h¥occupancies of 1.0 and
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unusually low B-factors were converted into lons, to give a
total of 3 ions in the model. All 3 ions were refined as
Sulphﬁr atoms to cycle 46; based gn their refined
occupancies and B-factors and their coordination geometry,
they were subsequently refined as Ca* ions. The water
molecules from the final refinement cycle were ordered
according to the empirical 'quality factor' of Jam &
Sielecki (1983), defined as occupancy’/B. Thus, water
molecules with low sequence numbers are relatively more
reliable than those with high s?ﬁﬂénce numbers. The lowest

Sequence number for a water molecule in this complex is 342.

3.1.5 Quality of the Refined Complex Structure

The refinement of the subtilisin Carlsberg:eglin-c
Structure was considered complete after 57 cycles. The
model had essentially stopped changing and there were few
indications that furt er changes in the model were
necessary. This section describes the criteria used@®to
judge the completeness of the refinement and the‘!Lality of
the final structure.

The final refinement parameters are given in Table 3.3.
The restraints on this final structure are tight, and the
indicated parameter shifts for this final cycle are very
small. The ;gs coordinate shift is 0.005&; the maximum
coordinate shifts are 0.044R for atoms in the enzyme, 0.033R%

for atoms in the inhibitor, and 0.040& for solvent molec-

ules. The vast majority of the coordinate shifts for both
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"Table ‘3. 3 ' g

Final Refinement Parameters and Results

No. of cycles 57
R-tactor 0.136
Resolution range (R) 8.0-1.8
No. of reflections (J2o(I)) 27094, .
No. of protein atoms 2450
No., of solvent atoms' 167
No. of variable parameters L 4 10636
<||Foi-|Fcl|> 17
<Coordinate shift> (&) 0.005
<B-factor shift> (&%) 0.22

Rms deviations from ideal values'
Distance restraints (&)

Bond distance 0.009(0.008)
Angle distance 0.027(0.016)
Planar 1-4 distance 0.031(0.016)
Plane restraint (&) 0.017(0.012)
Chiral-center restraint (&?) 0.146(0.080)
Non-bonded contact restraints (&)
Single torsion contact 0.268(0.400)
Multiple torsion contact 0.176(0.400)
Possible hydrogen bond 0.147(0.400)
Isotropic thermal factor restraints (&?) ,
Main-chain bond 1.954(2.000)
Main-chain angle 2.506(2.000)
Side-chain bond 3.897(3.000)
Side-chain angle 5.329(3.000)

‘Including 3 Ca?* ions.

'The values of o, in parentheses, are the input estimated
standard deviations that determine the relative weights of
the corresponding restraints [see HendrYckson and Konnert
(1980)].

protein and solvent atoms are less than 0.010&. The
restraints on this final structure are the same as the ones
on the final refined structure of the subtilisin Novo:CI-2
complex. The indicated parameter shifts for the subtilisin
Carlsbezg:eglin-c complex are very close to those of the

Novo:CI-2 complex; the maximum coordinate shifts are

approximately half those of the Novo:CI-2 complex. In
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general, the refinement of the subtilisin Carl;berg:eglin—c
complex proceeded more smoothly and rapidly to.éonvergence.
This is probably due to thé’us! of an almost fully refined
model in the molecular replace;ent, one with few conform-
ational differencés from thf new structure, and one that
accounts for a high percentage of t he expected scatterin§
matter in the new structu}e.

A difference electron density map was computed at cycle
57 and examined on the graphics system. The highest peak on
the difference map was 0.22e/8°.? The map contained 7
additional peaks with heights greater than 0.20e/R’, and 35
negative troughs with depths greater than 0.20e/R*. The
eight positive peaks are most likely additional solvent
;molecules. Five of the negative troughs arefassociated with

i

side-chains of amino acids on exterior lqops with high temp-
erature factors: seven ;roughs lie.close go main-chain atoms
in these regions. In such regions, negative troughé may
indicate underestimation 6f temperature factors due to the
relatively weak.eleétron density. Three small troughs are
associated with one of the calcium—binding loops kﬂ subtili-

sin Carlsberg, Leu75 to Val80. The remFInder a’ the -

negat:ve troughs are associated with segments of the model

*All electron density maps were calculated om§§t1ng the con-
tribution of the Fpgg term and thus have a mean electron
density of zero. Contour levels therefore do not refer to
the actual electrdn density but rather to the deviation
above the mean density of the map. Contour levels for dif-
ference maps do refer to actual electron density because the
Foop term is common to calculated and observed structure

factors. ,
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Qﬁhat are not properly centered in the eYectron density; the
density is distorted and does not conform to a model with
gobd ggomet"ry. ‘The majority of these daviatibn‘s are small.

After the tefinement of the subtilisin Carls-
berg:églin—c complex was cbmpleted, the DNA sequence of a
" subtilisin Carlsberg:like albeline proteinase from B'j/

licheniformis was published (Jacobs et al., 1985). The cul-

-

_ture medium‘of this %acterium was tested for the presence of
the enzyme with antlbodles raised against commerc1al subtil-
1sln Larlsberg. Keay & Moser (1969) have shown, og\the &
"basis of ﬁdnetic properties andllmmunOIOglcal c;oss—reacti—

vity, that seéveral specié% of B&illus p;oduce enzymes that
bbelong to the Jroup of Carlsberg-like eﬁzyges. Antibodies

N _
raised against this family dofnot‘croés—react with subti}<“\
* : \
.isin Novo-like enzymes. The DNA squence of the B.
i
licheniformis enzyme is different frgm the publlshed protein

sequence (Smith et al., 1968)'in 5 placés. Careful
examination of the electron density and éifference maps from

cycie 57 showed that in one M™ase the DNA sequence was prob-

~

- ably éorréct; the side-chain of residue 158 has density much

4

mbré appropriate for # serine than an asparagine. In the
other f cases, Ser103; Ala]éQ, A$ﬁ212, ah@ Ser161, there a;e .
- no ‘indicationg in ei&hei map that the residse assig&ed'by
«the protein sequgnce 1s incorrect. Therinformation from the
|, X- ray strucgpreriast Re treated with caution, however,’Q

bJ’guse the side-chains of these. 4_;e51du): are - soqgwhat

less ordered thaq avkrage.' It JSquggyble that the proteln

— I N
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. ! .
used in these structural studies has 2 slightly different

sequence than that from the organism providing the DNA

sequence. The protein used in our studies may be produced

by a different Bacillus or a different strain of B.

licheniformis. Since our protein is acommercial product,

its origins presumably aresa clﬁ’ply'guarded gsecret,
An estimate of the addutac{ipf gﬂe ;oo:d1natgs from a

' -
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"to all data points but the first thr Y he,tzr " three
data poxnts describe low resodution kﬁ‘tﬁaf is affected by

om1551on of bulk solvent from the protein model

3

R (.4



148

)

crystal structure is impoftant té the assessment of Fhe
quality of fhe structure. The accuracy of the atomic coord-
inates in the fully refined subtilisin Carlsberg:egiin—c
‘structure Qas estimated with two different methéds: the o,

’ : v
~plot of Read (1986) and the method of Cruickshank (1949,
1é54, 1967). The .o, plot gives an overall estimate of the
coordinate errors in the structure based on a derivation
similar to that of Luzzati (1952), but with a soméwhaf dif-
ferent set of "basic assumptiong (section 2.1.5). The op
plot for the subtilisin ‘Carlsberg:eglin-c complex 1is given
in Figuregﬁ;é. The overall mean coordinate error for the
structure from’this method is. 0.07 j correspbnding to an rms
error of 0.08&, These §stfgéted éﬂkgrs are somewhat smaller
than thoseyobservéﬁ for other highly refined protein struc-
tures; for structures of a similar s%ze, resolution range,
and R-factor, the'e}rors are in the range of b.lp to 0.15%
(James & ;ielecki, 1983; Read.et al., 1983). The estimated
errors for the Eubtilisin Carlsberg:eglin-c complex are
about half those for the suptiiisin Novo:CI-2 complex, Qyﬁ
at least part of this éifference ig due to the higher resol-
ution of the data for the supfilisin Carlsberg:eglin-c com-

\ . Y

plex. > ‘

?he formulae of Cruickshank (1949, 1954, 1967) may be
used to' obtain an edtimate of individual atomichbondinagt
errors in the‘structunel The acgurate 8se of these

~

equations requires, however, uéﬁt the axes of the cell be .,

. ENUC L .
close to orthogonal;ip that tggatoordlnate errors along each
Y.
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Radia! Error (A)
(o]

00 100 200 300 400 500 800 7.0 “"80 0
§-factor (A") ' '
13 ,
Figure 3.3. Atomic Coordinate Error by the Method of
Cruickshank. The estimated radial standard deviations in
atomi¢ position are given as a function of B-factor. The ¢
curves, -from top tq bottom, are for carbon, nitrogen, -
oxygen, and sulfur atoms in the final refined structure of
sugtilisin Carisberg'and eglip-c. No curve is shown for
Ca +, +

‘ the 3 Ca ions have estimated radial standard
deviations "of 0.03R. ,

\ . Ve

axis are not intercorrelated. This assumption does not hold
. LY )
for the crystals of this struc¢ture, with cps .a = 0.351, cos

B =0.111 and cos y = 0.255. With this probable source of

. ; . *
error in mind, the coordinate errors along each axis were
¢ N

calculated with the Cruicksh_ank formula for a non-cer’Qred

. e
monoclinic space group, (section 2.1.5). Radial errogl vere

calculated for each atom type in the structure and for a
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e

range of B-factors, with :(ri);=/§a(yi). A plot of radial
error as a function of B-factor is giveh in Figure 3.3 for
the carbon, nitrogen, oxygen, and sulphur atoms in the sub-
tilisin Carlsberg:eglin-e complex. The data in this'plot
may be used. in conjunction with Figure 3.4, showing
B- factors as a function of position along the polypeptide

* chain, to ‘aln an estimate of the accu'racy of a specific
region of the structure. Regions with -m®in-chain temper-
ature factors above the mean for the comp¥ex are a;l

'external loops. Residues foriémg the active site ef the

m *gnzyme or-the reactive site loop of the 1nh1b;tor have some

P .
of the.}owe‘% main-chain temperature factors .in the ‘complex.

S

An‘verall estxmbﬁpd coordlqate error can ®e ‘Betermined
L 4 »
from ‘the method of Cruickshank by calcula&1ng th -rms value
, !
of the estimated radial exrors for all the atoms in thé

- model. This value for the subt11151n éar%sberg:eglln-c com-
plex is'0;122, close to ehe'value of OlOBK ained ﬁromvthe
~method of Read - ' : % {
- A second measure of the quality of a crystal struature
1s the’ dev1at10n of the geometry of the model structure from
‘ideal values. 1Ideal values of geometric parameters may%be
obtained from small molecule crystal structures (Sielecki

: ) L . R
“ et al., 1979). Vatﬁee for deviation’fromfideality of some

~

[}
geometrical parameters for this complex are given in Table
.o L N \ - .

3.3; a more detailed summary of the pepiide.bond geomeiry i
. . L ] ‘

for the subtilisin Carlsberg and eglin-c molecules is given
¢ ' . . - )
in Table 3.4. The deviations from ideal values for the
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subtilisin Carlsbergreg!&n;c complex are within the range of
devidtions found for small molecule structures. The meia

values of the observed parametef§>in Tahle 3.4 deviate from
N ; h . - ¢
the expected values by less than 0.4 tgmeg-the rms

bviation. The deviation of minimum 6:.,&ximum ;:W,,f’;om
i . S ) X ‘ A
the mean exceeds 4 times the rms 'deviation in only-one case, -

the maximul) observed C .- N bond length. The.agreemen§a§£ N
, _ R ™

e

Fyc parameters of this structure with ideal values
igs as g or better than that of the subtilisin Novo:CI-2

compfex: thwdeviation of m}nimum and maximum values froﬁ

v

the mean is slightly higher for this structure.
* £

-

B-factor (A") .
30 4 30 e
»
4
.

e -
4

3

e} - - —
v ALl P2l D4 N62 L83 G2 1123 A2 TI62 Si82 G201 M2 S243 Y162
2 Protein Sequence
&

Al
.
N S o,

Figure 3.4. Variation in B-factor Along the Polypeptide
Chain. The heavy line denotes the mean B-factor of the
wain-chain atoms, .fhe light line that of the side-chain

atoms. The veitiéal line separates enzyme and ,inhibitor
residues. Inhibitor residue numbers are followed by an 'I'

to distinguish them from those of the enzyme. No B-factors
are given for the 6 N-terminal residues of the inhibitor;

they are not seen in the electron density map. The mean '
overall B-factor for the atoms of the complex is 12K*.
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Figure 3.5, ¢-¢ e&ot for Subtilisin Qarlsberg and Egljn-c.
The solid lines #nclose the fully allowed conformational =
regions for r (N-C®-C) of 110°; tH® dotted lines enclose the
more permissive regions of smaller acceptable van der Waals'
contacts for r of 115° (Ramakrishnan & Ramachandran, 1965).
The symbols denote prolines (o), B-branched amino acids (a),
glycines (+), and all other amino acids (e). Residues
outside the allowed conformational regions and their ¢-vy
angles are Lys12 (64,33), Asn25 (74,0), Asp32 (-161,-149),
Asn77 (-153,-149), Vval81 (-120,-170), Asp1B1 (-108,-170),
Ser184 (67,25), Asn212 (58,33), Thr213 (-131,-163), Leu257
*(-125,-21), and Asn741 (59,38).

~ b

" The qualiéy o the geometry of a structyre may also be

tested by examining how well its main-chaig/torsional angles

\
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conform to allowed values, calculated from minimum contact
radii of non-bonded atoms (Ramakrishnap & Ram"kandran,
1965). The distribution of the mainL;hain torsion angles
for the entire cbmplex is Eresented in Figu;e 3.5, a
Ramachandran plot. “The torsion angles for most }esiéues
fall well within the conformatﬁwallyﬂllowed r.io;g, with
major clusters in the a-helix and B-sheet areas.  The 11
residues other than glycines that fall outside ﬁﬂziallowed
reqgions are mainly‘found in irregular turns or segments of
unclassified structure. Five of these are én segments of
chain with higher B-factors and their geometry m;y be more

poorly defined. Two of them are Asn77 and Val81, iigands of

ca?* ion 1; these two residues also lie outside the allowed
— T TN

regions in subtilisin Novo. Pwo others follow Thr211, one

of the residues preceded by a Cis-peptidekbond, and are part

of a 5-residue turn. One is Asbp32,

J
the catalytic aspartic

In the latter 2 ¢ 5227

acid, with ¢ = =161° and ¢y = -14
. . s
the unusual torsion angles may be due to strain impos y
. /
stringent structural requirements, such as the precise 'S

positioning of the side-chain of Asp32. Asp32 in subtilisin
- ' ' Al

Novo also falls outside the a110wed‘conformationhl regions.
The single residue of eglin-c outside the allowed pégioms<ts
Asn741, and Asp741 has similar torsi;n;l angles in CI-2,

The finaiyelectron density map calsulated for the sub-
tilisin £arlsberg:eglin-c compiex at cycle 57 of t?e least-

squares refinement is genemally of excellent gquality.: Some

regions of weak density remain; these are described in Table
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Table 3.5

-

Residues with Poor Electron Denkity at Cycle 57

Residue Comntent

Lysis Weak density f%r c®, N, none for ct.

Lys15 No density past ?Y.

Lys27 No density for N>, b

Val45  Weak density for CY's.

Tyr104 Weak density for CS, none for C&Q, C‘z, OH.

Ser105 Weak density for 0Y.

Gln112 Weak density between CY & co.

Thr11é Weak density for CY. -

Ser130 Weak density for 0Y. e

Lys136 Weak density for €7 & NS, :

Asn158 No density beyond CY. May be serine accerding to
DNA sequence, ' '

Ser159 Weak density for c®, cB, ov. g '
Gly160 Weak density for C%. L\
Ser16! Weak density for OY. : )
Thr162 Weak density for €9 ’ %
Lys170 No density beyong CS. ' .- -
Asp172 No density for 0°. L8 -
Asn240 No density for CY, 091 < @
Asn248 Weak density b&tween CB & CY.
Lys265 No density beyond co.
Leu21l Weak density for allgatoms.
Lys221 No density beyong o ¥
Asp331 No density for O 2,
Arg36l Weak density for guanidinium ggoup.
Glu37I_ No density betwegn CY & C7. *
Leu416‘ No density for C 2 -
His421 Weak density_ for cd & ce. ' .
Tyr63l Weak density for agoms of ring. :
Asn6dl Weak\aensily for 0°s. .- | L
Gly72A1 No density for C9.
Asn741 Weak density for 0%s.
His811 Weak density for guanidinium dYoup.

- ——

'Jacobs et al., 1985. o 4

[ 4
N

3.5. As with the subtilisin Novo:CI-2 compfex, all of the
4 p

residues with weak density are on the surface of the enzyme

or the inhibitor, and many have side-chains protrudihg out

into the solﬁent. All residues were exaﬁinqp for weak

4
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density at a contour level of 0.56e/R’ to facilitate compar-

ison with the subtilisin Novo:CI-2 complex. Examples of
regions of good and poor density arelgiven in Figure 3.6.
The electron density for six residues in the acti;é site, a
fegion of good density, is shown.‘w Figure 3.6a. The poorly
ordered external loop, Asn158 to Thr162, a region of very
weak density, is'shown iq Figure 3.6b.

One f}nal indication of the quality of a crystallo-
graphit structure is the R-factor. The R-factor for the

fully refined strugture of the complex between subtilisin

Carlsberg and e for all data in the resolution range

v -

fromy8.0 to 1.8% with J20(I), is 0.e36. This value was cal-

! b N

culated with 27094 reflections, 93% of the unigue set of

Cwe W py LI
£ 0 " (o

reflections measured. The R-factor calculated on the
complete unique set 1s 0.164. The criteria of quality dis-
cussed in this section indicate that the JStructure of this

complex has been refined to convergence, that the errors‘in

L 4

the atémic parameters are small, that the geometric parad¥\

eters do not deviate greatly from ideal %alues, and that.the
[ J

" agreemdnt between observed and calculated s#ructure factors

is good. )
. . -~
- .

3.2 The Structure of Subtilisin Carlsberg

/

- —

3.2.1 Secondary and ?!rtiary Structures ’

The folding pattd&rn of the backbone of the subtilisin

L . . .
Carlsberg molecule is almost identical to that ofi:'subtilisin

) B

.

‘
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Pigure 3.6. Regions of Good “Wnédi} :
Both figures are contoured at a leg I3
a) Residues Asp32, His64, and Jpr2217XTOR CIHONEEOR ) sIWw
Cardsberg active site, and Thr38! to Asp60l from thé f&q—
tive site loop of the inhibitor. The active site bok@ lies
between LeuS591 and Asp60I. b) The external loop Asnib8 to ’
Thr162 in subtilisin Carlsberg. This region contains the ‘
wveakest density in the final glectron density map and all 5
residues have high B-factors. " ‘

PR
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Figure 3.7. Views of Subtilisin Carlsberqg. a) An e-carbon
backbone drawing of the refined subtilisin Carlsberg molec-
ule from the complex with eglin-c. Side-chains are shown
for the catalytic triad, Asp32, His64, and Ser221. The
active site is at the front of the molecule. b) The molecule
in the same orientation as view (a), showing all main-chain
" atoms and the hydrogen bonds between them (dashed lines).

c) The molecule in the same orientation as view (a), with_
side-chains added for all residues. Thick lines denote the
main-chain, thin lines the side-chains. Every 10th a-carbon
is labelled in each view, .

Novo as'doscribeq in chapter 2. The central 7-stranded
parallel f-sheet is conserved, as well as the a-helﬂées
paCkeq adhinst the sheet and running,anfipaq,llel t;’it
(Fig..3.7). The general t;polbgy of subtilisin,Car}%berg,;s
the same as that depicted fgt‘subtiiisinANovg;in Figur® -
'5.13, The hydrogen-bonding patterns of'the twg moiécules

" are not idehtical, hovwever, so the extent of some of the
secondary structural elements in‘subtilisin Carlsberg is
slightly different (Table 3.6). - The same méthods and
criteria were used in the assignment of hydrogen bonds and

[ 4
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secondﬁ?y structural elements in subtiliéin Cé;isberg as in
subtilisin Novo.

The strong conservation of topology between the two
enzymes is not entirely surprising; most of the a—ﬁelices
and the strands. of B-sheet comprise the mplecular core and.
this is the region of the structures with very few amino
acid changes, With kno@ledge of the structure.of the native
subtilisin Novo and the positions of the sequente chasges
bétween the two enzymes, Wright et al. (1969) predicted that
the three-dimensional structure of subtilisin Carlsberg‘
would strongly reéemb}e ;hat of subtilisin Novo. The strong
conservation.of turns and turn types on the surfaces of the
molecules is more surprising, since these regions would be
.expected to be more'conformationally tree and labile; and
‘most of the sequence changes are for surface residues.

The hydrogen bonds in the subtilisin Caflsberg:eélin;c
vcomplex have been grouped acco;ding to the types of'a;bms
forming them and the type of secondary structure to wﬁich
they belong. The mean geometric parameters of these éroups
are summarized in Table 3.7. As in Ehe subtilisin Novo
molecule, the mean vaiues‘of the parameters.are the same for
the different types of secondary stracture, within the
limits of accuracy of the‘atdmic coordinates. The mean
values are also the same gor intra-main-chain bonds versus
thote involving side-chain or solvent molecules. The mean

values of all the geometric parameters listed in Table 3.7

are statistiZQTLX—Qti\same for subtilisin Novo and -

4
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Table 3.6

Secondary -Structural Elements of Subtilisin'tatlsbefg

r
Element : Residues Involved
Parallel (1) Val26-Asp32, 46-Phe50,
B-sheet 4 (3) Ser89-valos, (4? A p120-Met124
| (5) vall48-Ala153, (6) Ilel7ggyaliso,
’ (7) val198-Gly202.
"Antiparallel Val205-Tyr209, Thr2’3-Leu217.
B-sheet . ’
B-bridges' Gly128, Tyr167, Alal179-aspi81,
Asn185-Ala187, Thr255, Gly266-1le268.
a-helices (A) Tyré6-Ile11, (B) Alat3-Alails,

(C) Gly63-Ala74, (D) Ser103-Asni17,
(E) Ser132-Arg145, (F) Ser224-His238,
(G) Sser242-Ser252, (H) Ser259-Gly264,
(I) Asn269-Ala274. ' ‘@
Helical turn Thr220-Ser224.
Type I.turns? Pro9-Lys12, Gln36-His39, His39-Leu42,
» Ala85-val88, Asn97-Gly100, Tyr143-Gly146,
Tyr171-Vali174, AspiB1-Ser 184, Ala187-Ser 190,
‘ Gly193-Leu196, His238-Leu241, Ala272-Gln275.
" Type 11 turns Gly23-val26, Val51-Glub4. -
Types I1' turns Ser159-Thr162, Tyr263-Gly266. ,
Type 111 turns Pro5-Ile8, Val16 Gln19, Gln17-Gly20,
5 Pro168- Tyr171 Gly219- Met222 Thr220-Ala223,
Ala223-H18226, Ser224- Va1227 Ser259-Tyr262.

'B structure involving only 2 hydrogen bonds ZKabsch &
Sander, 1983).. R

"The turn type is assigned on the basis of the ¢.,-y, and
¢:-V¥, angles (Crawford et al., 1973).

subtilisin Carlsberg.

Because the two subtilisins are so similar in their
folding and seconé%ry’structural‘élements, the description.
of the subtilisin Novo molecule given in section 2.2.1
generally is applicable -also to subtilisin Carlsberg (with
the appropriate changes in amino acid §%quence). One dif-
ference between the two subtilisins is the presence of a
third ion binding site in subtilisin Carlsberg. This third

a

ion, which may be Ca?* or K* (see next section), is bound on

U



Hydrogen-bonding Parameters fbrusubtilisin'Carl;pergu.
| »

Table 3.7

162

A}

A
+

N --0(R)

Type No.' H---0(R) N-R-01°)
, . (0---0)? - )

Main-chain to main-

chain ’ ‘ , .
a~-Helix(5-1) 57 2.98(0.11) 2.06(0.13) 154( 9)
#ntipatallel B-sheet 12 2.89(0.09) 1.95(0.11) 157(11)
Parallel B-sheet 33 2.94(0,11) 1.98(8.12) 161( 8)
310 turns(4-1) 23 3.04(0.13) 2.16(0.12) 149(13)

o . | .
Main-chain to side-
" chain ' : A

N-H---0 31 ..2.99(0.16) 2.07(0.17) 155(13)
- C=0- - -H-N 18 2488(0.11) 1.99(0.16) 149(12)
C=0" - -H- 24. 2.9610.25) - . -
Side-chain to side- ;o

chain C T
N-H---0O 15 2.88(0.18) 1.95(0.23) 166(12)
O(H) - -(H)O 7 2.75(0.11) - -
Main-chain to solvent

N-H- -0 : 42 2.96(0.12) 2.02(0.184) 158(13) -
C=0---0 96 2.87(0.21) - -~
Side-chain to solvent : , ‘ :

N-H- -0 20 2.95(0.20) 2.03(0.21) 156(14)
O(H)---(H)O . - 65 2.86(0.20) - ‘ -

'Limits for acceptance of a hydrogen bond: donor-acceptor

distance < 3.40&, hydrogen-acceptor distance s 2.40&, donor-
hydrogen-acceptor angle 2 125°, ,
*Values in parentheses are the sample standard deviations

from the mean..

’Values are not given=for donors with ambiguous hydrogen

atom positions.

the surface of the molecule in the loop between strands 1

and 2 of the central B-sheet.

It has 3.carbonyl oxygen

ligands from the protein (His39, Leu42, Ala37) and two

ordered water ligands. This ion binding site is closely

connected with the binding site of ion 1, as Asp4!l from the

!
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loop detining site 3 is one of the ligands for ion f.
“ Subti;ﬁsin Carlsberg contains two c{s-pepthe bonds.

" The first i} the bond between Tyr167 and Prol68, that
“corresponds to a c/s-peptide found in the same position in
subtilisin Novo. The second is between Pro210 and Thr211t
(Pig. 3.8); the cor:espoﬁding residﬂesrin subtilisin Novo -
are Hro0210 and Gly211, with a normal tﬁans-peptiQe\baﬂﬂ.

4 between them. The ¢-v angles for Gly211 in subtilisin Novo
are 70° and 40°, not an unusual conformation for a glycine.-
Both of the cls-peptidéskin subiilisin Carlsberé, as well as

the one in subtilisin Novo and the bond between residues

<X

Figure 3.8. The clis-Peptide Bond Preceding Thr211, Stereo
view of the electron density in the region of the second
~ cls-peptide bond in subtilisin Carlsberg, between Pro210 and
-gh;gi}i The electron density was contoured at a level of
.60e/A%, E '

¢
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Pro210 and ‘Gly211 in subtllxsxn Novo, are located between

[ 4 @

re31dues i+1-and i+2 of 5- MEmbered reverse turns on the sur*

“face of the molecule. Cis-peptide bonds before proline res-

L)
’

idues have bJ'n observed fbr about 25% of all preline
res1dues in protein cryztal structures- they are found much

more rarely before other residues due to energetxc and con-

forma'tbionak_restri&:tions (Ramachandran & Mitra, 1976) . Only-
4 cfs-peptide bondi_before resi®ues other than proline have
been repogted previously in reliable protein Crystal‘stcuc-
tures (Creighton, 1983), although more are being seen as

-

"investigators come to believe that they are a rare but

\

reasonable conformation.
3.2.2 Ion Binding Sites"
In the initial ekpctron density map calculated from the
molecular rep}acement model for! thé subt1lls1n Carls- )
berg:eglin-c complex, the h1ghest peak in-the map was
'locpted in the position of ca2* ion 1 of subt11151nﬁNovo,
although this ion had not been included in the phasing
model. During the initial stages of refinement, this ion
was modelled as a sulphur atom, as was doqg;yﬁth the ions
bound to subtilisin Novo. Aﬁong the solvent molecules
chosen from difference maps during the refinement were two
more that refined to occupancies of 1.0 and veqy lo
B- faétors as water molecules; these also were ref1ned)as

. : . 5 .4
ions subsequently. No restraxnts were app;;sd\to non-bonded

contact distances for any of the ions durirfg refinement.

*
Ed

o ~
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Figure 3.9. 1Ion Binding Sites in Subtilisin Carlsbsrg.
a) Residues of subtilisin Carlsberg coordinating Ca<* ion 1.
Coordination bonds are indicated with daghed ‘lines. .
b) Residues of subtilisin Carlsberg coordinating ca?* jon 2.
c) Residues of subtilisin Carlsberg coordinating K* ion ,3.
The %ater ligands are indicated witﬁ”solid circles.

“ ’ [N \
The,chprdination geometry of the ions arfd the nature of

‘their ligands indicated that they were probably eitHer ca2*
or K*. For the last 11 cyclés of refinement, 211 three ions
vere refined as Ca2*, TMe final occupancies and B-factors
of the 3 ions are: 1.00 and 8&* for ion 1, 0.91 aﬁd 108* for
ion 2, and 0.88 and 13&* for ion 3, The coordination |
geometry of the ions is described in Table 3.8, and each of
‘the ions with their ligaﬁds is shown in Figure 3.9.

The average distances f:) the coordingting ligands tof
the ions are: 2.378 for i&% 1, 2,568 for ion 2, and 2.85%
for ion 3. Of the ions tabulated by Brown & ShanQ?n (1973)

in their study of metal - oxygen bond 1oﬁgths and bond

4 v
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Table 3.8 -

Geometry of lon Binding Sites

]

. I3 "~
Coordinatiqg atoms lIon - O bond Ion - 0 - C bond
‘ length (R) angle (°)

ca* ¢1
Gln2 o¢} 140 /
As 98
As . 89
Leu?5 “ 164"
Asn77 © ' 133 \?
Thr79 O 165
val8t O 1%7

ca* 42
Ala16% O v 2.57 161
Tyr171 0O . 2.57 128
vali74 0 2.54 ’ . 157
0361 o 2.59 ‘ -
0430 0] 2.53 -

K* #1
Ala37 O 2.81 156 1
His39 © 2.64 . 139
Leud42 O 2,58 165
0373 Q- 3.17 -
0463 0 3.06 : -

<

streﬂgkhsk oﬁly 3 have typical values similar to those of
the ions in this compléx; Na* at 2.428, Ca?* at 2.44&, and
K* at 2.82R. Based on the biochemical data shéWing the

. stabilization of subtilisin Novo by Caz*,‘and.the fact that
the crystall%zation media of both compiexes contain K*, only

these two ions were considered when the ion types bound to
& .

v

the enzymes were assigned. Octahedral coordination is
common for Ca* ions bound to carboxyl and carbonyl ligands

(Einspahr & Bugg, 1981, 1984) .
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The mean bonq‘}ength and octahedral coqrdination
geometry of ion 1 indicate strongly that i; is a cal* jon;
in adqftion, Phe of its ligands is negatively charged. loi”
2 has only 5 ligands but is-relatively accessible to bulk
sofvent. Its 5 ordé;ed ligands are located approximately in
5 of the ﬁ possible octahedral coordination positions,\and i
weakly occupied solvent molecule could occupy the sixth
position. Being accessible to solvent, this ion would not
require a negatively charged protein ligénd to ‘balance its
positive. charge(s). These conSider;t;ons combin&d with the
;éan coordination bond length for i?p 2 indicate that i} is
also a Ca* ion. 1Ion 3 has its ligands arranged similarlyh
to ion 2 and can also be feached by bulk solvent to fill
open coordination positions and qupplf charge balance. 1Its
coordination bond lengths, however, are more typical of a K*
ion than a ng* and it has been labelled as K* in tables and
figures. , .

;53 The Structure of Eglin-c

As wiﬁh subtilisin Novo and subtilisin C;rlsbérg,lthe
overali folding of CI-2 and eglin;c from the two com;Iexes
1s similar. Both molecules as seen in the crystal struc-
tures are wedge-shaped disks of about 28x27x19&, with their
‘reactive site loops at the narrow end of the weddge. CI-2
has 14 more amino aciés at its N-terminus than eglin-c .

‘according to the amino acid seqpenées (Fig. 2.2). 1In the

crystal structures of the complexes, however, both



Figure 3.10, Views of Eglim-c. Both views include only
residues seen in the electron density map of the subtilisin
Carlsberg:eglin-c complex, Leu21l to GlyB3l. a) The main-
chain atoms of eglin-¢ and their hydrogen-bonding intec-
actions. Hydrogen bonds are dravn with dashed lines. b) All
atoms of the eglin-c molecule. The main-chain is drawn with
heavy lines and the side-chains yith light lines. Every
fifth amino acid residue is labelled in both views.

inhibitors have the same number of_observed residbes-due to

a ‘combination of hydrolysis during purifichtion (CI-2) and
N )
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disorder of the N-termini (both inhibitors). The first res-
idue of eglinec with visible gicctron density ie Lou211:{tho
6 N-termina}lrosiduos are not seen., The body ot eglin-c is
made up of an a-helix of 13 resxdues, packed adhinst a
'pseudo’ 4-stranded mixed parallel and antiparallel S-sheet.
Figure 3.11 gives 2 representatxons of the tolding ot
eglxn c and Table 3.9 lists the secondary structural
elements of eglin-c and the hydrogen bonds between the res-
idues comprising those elements.

A comparison of Tables 2.9 and 3.9 shows that the
secondary structural elements of CI-2 and eglin-c, the res-
idues comprising those elgments, ang.tﬁe geometry of the
“hydrogen. bonds in the elements differ very little. The
general description of éhe molecules is thus similar, and
the éetailed description of the CI-2 molecule in section 2.3
is alsd applicable to eglin-c in most respects. The
'pseudo’ B-sheet of eglin-c, however, is not identical to
the sheet in CI-2., The sheet in eglin-é'is composed of
Lys22I to Ppezil at one edge with two antiparallel bonds to
the C-terminal strgnd, and strands 1! and 2 of the pafallel
B-sheet. The C-terminal strand ié connected to strand 2
oﬂly by a set of weli-ordered‘water_molecules participating
in hydrogen-bonding bridges linking the two strands. In
CI-2, the C-terminal strand is connected to strand 2-by an
antiparallel B-bridge in adaition.tq‘the bridging water

molecules (Fig. 2.17).
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- . Table 3.9, J
Secondary Structural Elements of Eglin-c ¢
Element Residues' N-H: -0 N-R-O
length (R) anglp (°)
\ - :
Parallel A-sheet °  Asnd7I-Asnéél 2.77 ;174
' Val661-Asnd?? 2.94 2173
Tyr491-Valéé! 2.88 159
Valé68!-Tyr49l 2.63 177
LeuS511-val68I - 2.76 170
Tyr70I-Leu511 3.00 149
-GluS31-Tyr701 2.80 - 160
Antiparallel Val821-Lys221 2.92 165
B-bridges . Phe241-Pro801 2.88 154
. Val761-Lys301 -~ 2.95 - 167
Val32i-Asn741] - 2.92 149
a-helix Ala35I-Thr311 2.91 158 '
Arg36I-val321l 2.81 157
i Glu371-Asp33I 3. 159
B Tyr381-G1ln341! - 3.00 154
. Phe39I-Ala35I 3.04 168
‘Thré40I-Arg361 3.10 1%0°
Leu411-Glu371 2.87 164
His421-Tyr381 2.82 151
Tyré431-Phel9l! 2.68 146
Type 1 turns .Val281-Pro251 3.10 158~
Tyré6I-Tyrd3l 3.10 166
. ; Argé5I-Arg62I 3.24 183
'Type,II turns ‘ Lys30I-val271 3.06 156
Ser551-Pro§31 3.18 149
‘Type III turn Val271-Phe241._ - 3.12 164
Unclassified Gly291-val761 -2.85 174
Arg621-Gly831! 2.85 ~ 173
Asn711-Val751 2.99 173
AsSn741-Asn711] 2.66 130
Gly831-Arg65I 2.84 N 151

'The Tesidue listed first in each pair is the hydrogen bond
donor. ‘

The hydrophobic core of eglinrc.istetveen the a-helix

and the B-sheet. It is composed of:residues-?hf24lf val2?l,
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Pigure 3.11. Hydrogen-Bonding of the Rdactive Site Loop in
Eglin-c. Dashed lines indicate hydrogen bonds. Side-chains
of residues not involved in hydrogen bonding have been
omitted for clarity. . ‘

&

val32l, Ala3SI', Tyr381, Phe391, Thr401, Tyr43l1, Tyré6l,
Val48I, PReS0I, val66I1, Val681, Tyr701, Val76l, PrbBOI, and
- Val82l. The hydro;hobic core of eglgh-c is formed almost

entirely from residues in the same position in the sequence
as that of Ci-2, but almost 75% of these positions contain

. ‘Ehino acid’;ubstitutions. The core of eglin-c congains ?
aromatic residues and 10 aliphatics; CI-2 .contains 1
aromatic and 15 aliphatics. The single buried polar gfoup
in églap-c is is the C-terminal residue, Gly831, as in C1-2,
TQ; reactive site loop in eglin-c is supported by an extens-
ive retwork of hydrogen—bonéing and e€lectrostatic inter-

actions analogous to thoge seen in CI-2 (Pig. 3.11). There

-
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\ i1s one major chadge between the two reactive site loops, the
|

substitution of Asp60! in eglin-c for GIQSOI in CI-2, The

differences between the two reactive site regions as a

result of the substitution are discussed in chapter 5. .
, ® .

3.4 The Subtilisin Carlsberg:Eglin-c Complex

«
—

%

The mode of ‘lndlng of Egl1n -c to SgbtlllSln Carlsberg

3.4.1 Inhibitor Binding Interactgons
1s-11ke that of CI 2 to subtiilisin Novo in the relatively
small number of reszdues in the enzymes and inhibitors
actually invoiyed-in intermolecular coa;acts (Fig. 2.18).
Twelve residues of eglin-c make a total of 134 contacts less
than 4.08 with only 25 residues of sué}ilisin CarlsbergN\
these contacts are summarized in Tablé 3.10. | ) v T
A similar pattern of enzyme:inhibitor contacts is
~present in the subtilisin Carlsberg:eglin-c and subtilisin .

Novo:CI-2 complexes. The majority of contacts are between

residues of the reactive site loop and their cognate binding
sites on the enzyme. About 60% of the imhibitor c;ntacts
involve residues P4 to P;, and another 22% involve residues
Pi' to P3'. The active site region of subtilisin Carlsbérg
ané the reactive site loop of eglin-c are shown together in
Figure 3.12, which includeg most of the residues and con-
tacts given in Table 3.10.

The contacts between eglin-c .and subtilisin Carlsberg

are moré.EQenly distributed among the residues in the

1
”
\
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Table 3.10"

Intermolecular Contacts <4.0& for Subtilisin Carlsberg and
Eglin-c -

i
/
‘

Tyr Leu Gly Ser Pro val Thr Leu Aspxﬁeu Arg Arg

491 511 541 55I 56I 571 581 591 60V 611 621 671
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Asn6? 4 J 6
His64 9 A 4 : 1
Leu96 ﬂ 1

Ser99 3 ‘ .
Gly100 3
Ser101 1
Gly102

Tyr104 5
{le107 B

Swr125 N 1
Leul26 o
Gly127
Gly128
Ala12¢
Ser130
Alai152 ) , 2
Gly154 :
Asn155 ) 6 3 1
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reactive site loop than invthe subtilisin Novo:CI-2 complex.
Only 34% of ﬁhe contacts are.méhe by‘the Py and P4 residues
in the subtiliéin Carlsberg:eglin-c complex, compared to
almost 50% in the other. The major difference between the

contacts of the two complexes is at Gly541, the Pg residue,

in 1ts interactions with Tyr104, Alal129, and Ser130. .
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Figure 3.12. Interactions Between Subtilisin Carlsberg and
Eglin-c. An ORTEP drawing (Johnson, 1965) of the active
site regiqn of subtilisin Carlsberg (open bonds) and the
reactive site loop of eglin-c (filled bonds). Hydrogen
bonds are indicated with thin lines. The hydrogen bond
shown from the NH of Leu591 (P4) to the carbonyl-oxygen of
Ser125 is long (3.64R) and probably weak. This bond is
characteristic o©f an incipient tetrahedral intermediate
(Robertus et al., 1972). Part of the stabilization energy
for the formation of a tetrahedral intermediate would be
obtained by shortening, and thus strengthening, this hydro-
gen bond. .

The S4 specificity pocket of subfilisin Carlsbefg“is
composed of the same residues as in subtilisin Novo, but

with different orientat: s of'some of their sitde-chains and «
different contacts to the P; residue, Pro56I. Changes in

this region in the two complexes are discussed more fully in
chapter 5. The S, specificity pocket changes little between
the complexes, although the Py residues are different in the
two inhibitors (Met591 in CI*2 and LeuS591 in eglin-c). The
remainder of the binding interactions of the residues in the
reactive sixg loop of eglin-c are much like those in CI-2;

the residues are conserved between the inhibitors (Thr58I,
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Arg62I) or interact primarily with o;he; inhibitor residues
(Ser551, Asp60I). | o

" The hydrogen-bonds between subtilisin Carlsberg and
eglin-c are given in Table 3.11. The short 3-stranded
B-sheet composed of;residues Gly100 toiGlleZ, Ser125 to-
Gly127, and Pro561 to Leu591 is present, although Pro56I
cannot form a hydrogen bond from its imide nitrogen to the
carbonyl oxygen of Gly102., An additional hydrogen bond is
formed between the OH of Tyr104 and the carbonyl oxygen of
Glyb54r1, réflecting the increased proximity of these two res-
idues in this comple}. Asn 155 N82 and Ser221 NH form the
hydrogen bonds in the oxyanion hole with the carbonyl oxygen

of Leu591. Two extra hydrogen bonds are made by the side-

chaitr of the P3' residue, Arg62I, to Asn62, that are not

Table 3.11

Hydrogen Bonds Between Subtilisin Carlsberg and Eglin-c

Site Residues N---0(R)  H - -0(R) N-R--0f°)
Pe Tyr 104 OH+Gly541 CO 2.48 1.53 188
Py Gly102 NH-+Pro561 CO 3.40 2.54 153
P3 ValS71 NH+Gly127 CO 2.94 1.98 160
"Gly127 NH»ValS57I €O 2.94 2.01 154
Py Thr581 NH+Gly 100 CO 2.90 2.01 147
P; + Leu591 NH+Ser 125 CO 3.64 2.76 147
Asn155 N92speus591 CO 2.77 1.85 152
- Ser221 NH»Leu59@ CO 3.16 2.21 158
P,'  Leu611 NH+Asn218 CO 2.84 2.14 ‘125
P3'  Arg62I N7lsasn62 CO 3,12 2,37 159

Arg621 N"2+asn62 CO 3.33 2.45 146
T
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present in the subtilisin Novo:CI-2 complex althbdgh ba}h

’

residues are cgonserved, ,

-~
B -

3.4.2 The!&:,:tfvc Site Bond and the Active Site

- Early Qorb on the mechanism of inhibition of
a-chymotrypsin by eglin-c indicated that within 90.min. of
coTplex fbrmation 40% of the egiin-c had been cleaved,
resulting in the release of a C—~terminal fragment and the
formation of 'a covalent bond between the enzyme and the
N-terminal fragment (Seemiiller et aly, 1980). This is akin
to the‘inhibitdry meéchanism propOSid for some of the plasma
proteinase inhibitorég(Travis & Salvesen, 1983), in which
Khyd fg far in favor of hydrolysis. 1In contrast, inﬁibiforsl
acting by the standard mechanism of Laskowski & Kato (1980)
are hydrolyzed very slowly, ;nd both fragments qf the .inhi-
bitor are released from the enzyme. Our investigations
support the view that eglin-c does act by the standard‘mech?_
anism with the bacterial sztilisins, as dé:;‘CI-Z (section
2.4.2).

Both eglin-c and CI-2 bind to the subtilisins in the
complexes studied here in the manner of a good subsfrsfe and
in a manner similar to the binding of protein inhibitors
that are fnown to act by the standard mechanism (Fujinaga
et al., 15%2; Margua;f et aJ., 1983). The rate constants
for association of eglin-c with elastase and cathepsin G are

about 107 M- sec”! and the inhibition constants for eglin-c

with the same enzymes are 10"'! M (Schnebli et al., 1985).’
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At the completion of the }etinement of the subtiliiin éarls~
berg:eglin-c complex, structure factors vere calcylated for
the complex omitting the contribution of all atoms in gke Py -
and Py’ fesidues. } diftérenco electron density map vith
‘coefficients m|F,|-|F.|, ac was calculated for the region
around the active site and examined for large features. As
in the subtilisin Novo:CI-2 complex, thé only pignificani
feature in this map was strong continuous electron density
for ‘the Py and Py' residues. This region of the map. is
‘reproduced in aigurg 3.13. . The reactive site bond of
eglin-c in complex vitp Subtilisin Carlsberg is probably not
cleaved to any gignificant . extent.

.

The peptide of the reactive site bond in eglin-c does

not show arny distortion teward a tetrahedral intermediate.
‘ : Y

Figure 3.13. Electron Density of the Scissile Bond in
Eglin-c. A difference electron density map of the immediate
region of the active site residues, calculated omitting
atoms of the Py and P;' residues of eglin-c. The electron
density of the scissile bond is sttong and contipuous,
Contour surfaces are drawn at 0.42 e/A’.
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The 6* angle (out-of-plane béndigb of the cgrbonyl oxYgen
with respecf to C%, C, and N) of«ﬂ?u5§l is -4°, indicating
that essentiaily no pyramidalization of ‘the carbonyl carbon
has taken place. The torsion angle (C®-CO~N-C®) between
LeuS591 ané ASpGOI is 170°, close to the expected value of
180° for a planar peptide bond. Th;&mbde of binding of
eglin-c to.subtilisin Carlsberg, the strong density of the
reactive site bond, and the lack of distortion toward a
tetrahedral intermediafe all indicate that eglin-¢ agts by
the stand?rd mechanism of inhibition, not by_cleavage of the
reactive site‘ﬁond and covalemt attachment of the inhibitor
N-terminus to the enzyme.

The differences in the positions of the ac%ﬁve site
residues in subtilisin‘yovo reiatiyg to a-chymotrypsin are
also observed in subtilisin Carlsberg. The positions of the
residues in the active sites of  the two subtilisins are very
much alike, and the interactions discussed in section 2.4.2
for the active site of subtilisin Novo are s;en in subtil-
isin Carlsberg as well. More quantitative comparisons are
made between the two active site regions of the subtilisins,

as well as between the subtilisins and a-chymotrypsin, in

chapter 5.
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3.4.3 Solvent Structure of the Complex

The final refined model df the subtilisin Carls-
berg:eglin-c complex includes 167 solvent molecules; 164 of
these have been treated as water molecules and the remaiping
3 haQe been getined as Ca2* ions. The fact that both the
ghbtilisin Novo:CI-2 and subvilisin Carlsberg:eglin-c com-
plexes contain the same number of solvent molecules is a
cpincidence. Some of theAbetter‘prderea and internal vater
molecules, and'two of the Ca2* ions are conserved between
the complexes, but many of the water molecules are in dif-
ferent positions (see chapterKS). This is to be expected

since most of the amino acid changes between the two enzymes

e
Figure 3.14. Solvent Molecules Associated With tge Complex,
Water molecules are indicated by open circles, Ca‘* and k*
ions by closed circles, the main-chain atoms of subtilisin
Carlsberg with thick lines, an8l the main-chain atoms of
eglin-c with thin lines. All solvent molecules in the model
of the crystal structure and all symmetry-related solvent
molecules within ¢.0& of a protein atom have been included
in this figure. |

J
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are on the molecglar surface and the local properties of any
particular surface region might not be strongly eonserved.
Different surface environments would be expected to result
in different distributions of solvent molecules. . ’

As in the subtilisin Novo:Cl-2 complex, calculations of
the amount of solvent expected in the unit-cell indicate
that only 15% of the solvent present has been modelled. All
symmetry-related solvent molecules within 4.0R of a protein
atom were added in to the'model for the following calcul-
ations and discussion, on the assumption that they may b;
considered to belong to the referepce complex or be shared
betwean neighboring molecules. There are 44 water molecules
“in th}s situation, bringing the total included in the model
to 211, The subtilisin Carlsberg and eglin-c molecules are
§howh:in Figure 3.14 with all associated solvent moleculé!s

The distribution of solvent molecules on the surface of
the subtilisin Carlsberg:egiin-c complex and the presence of
'bare patches' were examined by the same procedure as for
the subtilisin Novo:CI-2 complex (section 2.4.3). By the
criterion‘that an atom be considered accessible if more than
10% of its total surfaée.area is accessible in the absence
of solvent or symmetry-related molecules, 15% (370) of the
protein atoms in the‘gﬁbtilisin Carlsberg:eglin-c complex
are accessible. The accessibilities of the individual -amino
acid resi@ues in the complex are plotted as a function of

position along the polypeptide chain in Figure 3.15,

/
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FPigure 3.15. Residue Accessibilities in the Complex.
Accessibilities are calculated for each atom in the complex
by the method of Lee & Richards (1971). Residue accessibil-
ities are the sum of atomic acessibilitiesy in X2, .
a) Accessibility in the presence of all sojvent and
symmetry-related moleCules. b) Accessibilify with symmévtwy-
related protein molecules removed but all fsolvent within
4.0R of the pfotein surface retained, in¢luding symmetry-
related solvent, c) Accessibility in the absence of all sol-
vent and symmetry-related molecules.

Sixty percent of the atoms defined as accessible do not
change in accessib@lity if all solvent atoms are removed;
/xhese atomsAconstitute the 'bare patches'.on the surface on
the complex. Some 6t~tbc bare patches are regions of
contact vwith symmetry-related molecules. Of the atoms com-
prising the bare patches, 35% are in regions involved in
symmetry contacts. The remaining 65% show less.tﬁ;n 30%
change in accessibility whether or not solvent and/or
" symmetry-related molecules ;te present. The subtilisin
Carlsbfrgéeglin-c complex thus has almost twice as many
atons exposed on its surface in the environment of its crys-

tals than the subtilisin Novo:CI-2 complex, although the two
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complexes have almost the same amount of ordered solvent
asspciated with them. About 40X of the atoms in bare
patches sre from eglin-c. Many of the bare pstches are

associated wiéh residues in turns or(zf;:ahri; surface

structure; a fev are on the hydrophilic faces of a-helices.
The ﬁ;jority are ?egions of above-average temperature
factor, and the solvent associated with them may’also be
more disordered. o |

Wate;'molecules in the subtilisin Carlsberg:eglin-c
complex make a total of 311 hydrogen bonds; 255 of these are
to. polar protein atoms and 56 to other water molecules. The
hydrogen bonds between water and protein atoms can be
divided into 4 groups; 18% are to main-chain nitrogen atoms,
44% to main-chaiﬁ oxygen atoms, 11% toﬂside-chain nit;ogen
atom;7 and 27% to side-chain oxygen atoms. These .
percentages are almosé identical to those observed for the
subtilisin Novo:CI-2 complex. Higher percentages of bonds
between water and oxygen atoms are seen than between water
and nitrogen atoms because the vast majority of main-chain
nitrogen atoms have only one ligand, whereas oxygen a;oms
commonly have two. (Baker & Hubbard, 1984). ‘

Of the 211 _solvent molecules within 4.0& of the surface
of . the subtil(::n Carlsberg:eglih-c cémpiex, 116 can be con-
sidered to be buried in the crystal environment i.e. they
have accessibilities of less than 10% of their total surface
area in the presence of other solvent or symmetry-related

molecules. This is 55% of all the water molecule
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associated with the complex, close to the'pcrcontqggiéalcul—
ated for the subtilisin Novo:CI-2 complex. All 3 of the
ions bound to subtilisin Carlsberg are buried inh the crystal
environiont, although {oris 2 and 3 become marginally acces-
sible when other solvent molecules are removed from the cal-
culation. 1If all other solvent and symmeiry-related solvent
molecules are omitted, 49 of the buried wateriyolechles ha;e
“accessibilities of less than 10X and can be éonsidered

buried In the interior of the éomplex. i

Several of the water molecules buried close to the
active site of subtilisin Novo are conserved in subtilisin
Carlsberg (section 5.4.3, Fig. 2.23). These include the
channel of well-ordered vater‘molecules between Hisé67,
Thr71, H§5226, and the surface of the enzyme, the water
molecule bridging the center of the 5-membered turn contain-
ing Asp32,‘and the water molecule with hydrogen bonds to the
side-chains of Asp32 and Asni123. The water molecule trapped
at the bottom of ihe's, specificity pocke® is also con-
served.

Six water molecules associated with the inhibitor are
buried in this complex, in contrast to only one in khe sub-
t}lisin Novo:CI-2 complex. Three of them prov}de hydrogen-

‘ bonding bridges between the C-terminal strand and strand 2
of the parallel portion of the inhiSitoz B-sheet; one of
these is conserved in the subtilisin Novo:CI-2 complex. The

remaining 3 are bound to the side-chains of the two arginine

residues supporting the reactive site loop; one of these is
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E} the center of the hydrogcn~5§nqﬁng nftvork staba{izing,//ad
the teactive site loop. ‘ ‘
As in the subtilisin Novo:CI-2 complox, some of th’ O

buried vater noleculcl lie tlose to the’ aurtace of the com-

plex, ofnen covorod by only a single flexible side-chain.

The removal of other solvent molecules leaves 26 wafer

£ molecules exp&sed that would be buried otherwise. THere are
an additional 46 vater molecules -that are buried in the
presence or absence of other solvent, but that become
exposed when symmetry-related protein moleculés are removed,
3.4.4 Accessibility of Protein Residues

The variation, in accessibility of individual protein
residues along the polypeptide chains of subtilisin Carls-
berg and eglin-c is shdwn in Figure 3.15. Table 3.12 gives
a summary of the accessibilities for ea;h residpe type in
the complex, both in the crystal environmeﬁt ﬁitp solvent .

\\\iﬂg/ﬁymmetry-related molgcules present, and in their ,
absence. The percentage of each residue type buried in the

2 complex is also compared to the percentages found by Chothia
(1975) in his survey of 9 globular‘B}oteins.

Several differences are seen in the percentages of res-
idue types buried in the subtilisin Carlsberg:eglin-c com-
plex compared to the figures from the survey of Chothia.
Larqof percentages of isoleucine, alanine, proline,

histidine, and aspartic acid residues are buried in this

complex; smaller pers;ntages of phenylalfnine and glutamic

[N . =~
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Table 3.12 .
3 Accessibilities by Residue Type
. @ . » ~
Residue - No. % Buried' % Partially % Exposed % Buried .
buried:? ; (Chothia)?
Ile 10 100 100 0. 0 0 0 65
val 42 79 67 14 14 7 19 56
Met 5 100 100 0 0 0 0 50
Phe ‘ 8 50 25 25 0 25 75 48
Cys 0o - - - = - -. 47
Leu - 20 65 40 30 20 5 40 41
Ala 41 83 63 7 2 10 35 38
Gly ¢ 38 71 45 5 11 24 © 44 " 38
Thr 23 48 26 13 0 39 74 25
Ser 34 41 18 12 v 9 47 73 9 24
Trp , 1 0 0 e 0 100, 100 23
Pro 15 47 40 0 7 53° B3 - 21
Glu 60 ,0 33 0 67 1go 20
His 8 62 50 0 0 38 0 19
Asp 11" 36 36 18 0 46 64 15
Tyr 19 16 0 26 5 58 95 13
Asn 24 17 4 12 0 71 96 10
Gln 10 30 0 20 20 50 80 6
Lys 11 36 9 0 0 ' 64 91 4
Arg 8 50 12 25 13 25 75 0

' A residue is considered buried if the sum of its atomic
accessibilities is less than 5% of its potential accessible
surface area in a fully extended conformation as the central
residue of a Gly-X-Gly peptide (S#rake & Rupley, 1973). N-
and C-terminal residues were excluded from these calcul-
ations.

* A residue is considered partially buried if the sum of its
atomic accessibilities is between 5 and 10% of its potential
accessible;surface area. ‘ '

* From a survey of 8 globular proteins (Chothia, 1975).

‘* 'Plus' 18 ac¢cessibility calculated with all solvent and

-symmetry-related molecules present, 'minus' is with no sol-

vent or symmetry-related molecules.,

L

acid residues are buried. Some Qf the differences are prob-
ably due to the small size 6f t;:\zémple for s%me residue

types in the complex.

K. 8



188

]

The same 4 histidine side-chains are buried in the sub-

tilisin Carlsberg:eglin-c complex as in the subtilisin
R SR ) . . ’
Novo;CI-Z'complexu»His39, His64, His67, and His&@ﬁ. The
o I
‘environment of these buried histidines is similar in the two

Ltheir side-chains are fully hydrogen bonded

# -

. ‘ . 3 '
and indirectly accessible to bulk solvent in both complexgﬁ

complexes and

(section %§4.4). The nature of the hydrogen bonds of the
histidine side-chains indicates that all of them but His64
are probably neutral f% their protein environments. Other
rgsiﬁwes with buried and probably charged side-¢hains that
are conserved between the .4« complexes, and with conserved
environmenés, are Asp32, sy~ Asp60, Lys94, ArgGSI,‘and
Giy831. In the subtilisii _arlsberg:eglin-c complex, Asp60l
is buried at the enzyme:inhibitor interface and involved in
the hydrogen-bonding netwprk of ‘the reactive.site loop,
analogously to Glu60I in CI-2. Arg67! in eglin-c is
partially buried, and involved in the same network.

The totél accessible surface area of the subtilisin
Carlsberqg:efTin-c complex from the formulae of Chothia
(1975} (section 2.4.4), based on a complex molecular weight
of 35384, is 10900R8:. The same area calculated by the
program of J. Moult (section 2.2.4) is 119004* for the com-
plex in the absence of solvent and symmetry-related molec-
ules. If the accessible surface areas are calculated for -
the enzyme and the inhibitor alone, using their coordinates

from the complex, the values are 92008? for subtilhsin

Carlsberg alone and 41008* for eglin-c alone. The
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difference’in accessible surface area for the complex and
for the sum of its two components is thus 14008%. This
value is in the range obtained for the subtilisin Novo:CI-2
complex (section 2.4.4) and for the complex éf PTI with
trypsin (Wodak & Jahin, 1978). Assuming a free energy gain
of 24 cal. for each A* buried on formation of the complex
(Chothia,‘1975; Lee & Richards, 1971), the ffee energy gain
on'bindiné-of eglin-c to subtilisin Carlsberg is 33.6

Kcal/mole.
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o " 4. Native CI-2'
CI-2 is a member of the potato inhibitor 1 (PI-1) family of
serine proteinase inhibitors in the classification .of
Laskowski &QK;to (1980). It was isolated partly on the
basis of its activity‘as an inhibitor of'a-chymotrypsin and

o
microbial serine proteinases, and assigned to the PI-1

family by sequence ;omparﬁsons (Svendsen et al., 1980b).
C1-2 is the only/ﬁEﬁPe; of this family for which the st;uc-
ture of the native inhibitor, ciystallized in the absence of
an enzyme, is known, Inhibisors from other families that
have had their X-ray structures solved in the native state
are pancreatic trypsin inhibitor (PTI, reviewed in Marquart
et al., 1983) from the Kunitz family, the Japanese quail
(Papamakos et al., 1982) and silger pheasant (Bode et'al.,
1985) third domains of ovomucoid inhibitors from the Kazal
family, Streptomyces subtilisin inhibitor (SSI, Mitsui

et al., 1979) and plasminostrgptin (Ps, Kami}a et al., 1984)
from the SSI family,rand a,-proteinase inhibitor (Loebermann
et al., 1984) from the a,-proteinase inhibitor family.

Crystals of CI-2 in the native state have been grown.

Initial attempts were made to s the structure by the
multiple isomorphous replacemer (Bragg & Perutz,
1954; Blow & Crick, 1959; Matt: -. . ., but were

unsuccessful. The structure l '.c.svltly solved by the

'A version of portions of this Mhas been published

[McPhalen, C. A., Evans, C., Hayakawa, K., Jonassen, 1.,
Svendsen, 1., & James, M. N, G. (1983) J. Mol. Biol. 168,
445-447]). .
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molecu{arvreplacement method (Rossmann, 1973). The complete
polypep(ide backbone of the inhibitor could be traced in the
initial electron density map, beginning at.Lys211. The
least-squares refinement of CI-2 was completed after 133
cycles, at an R-factor of 0.198 for data in the resolution
range 8.0 to 2.08. The secondary and tertiary structures of
“the inhibitor have been examined. The structure of the”
native CI-2 isi%ompared to that of CI-2 in complex with sub-
tilisin Novo in chapter 5. ,

»

4.1 Structure Solution and Refinement

4.1.1 Crystallization

Purified lyophilized CI-2 was ﬁrepared at the Carlsberg
Research Center, Copenhagen, Denmark (Jonassgn, 1980;
Svendsen et al., 1980a). During purification procedures,
the inhibitor is subject to hydfolysis at 3 bonds near its
amino-terminus (following Asn11l, Gly151, and Arg171, Fig.
2;2), and the producf with the 'ragged' amino-terminus was
used in crystallization trials. The intact inhibitor
oontains 83 amino acids, M, = 9250 (Svendsen et al., 1980a)
(Fig. 2.2). Small crystals of native CI-2 were grown by the
hanging-drop vapor-diffusion method (Davies & Ségal, 1971;
McPherson, 1982). CI-2 (2.0 mg/mL) was dissolved in
distilled water and a hanging drop Qas prepared consisting
of egual amounts of the protein solution and a buffer of 40%

(w/v) (NH4),SO, and 50 mM Tris-HCl at pH 8.0. The reservoir
A .
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of the crystallization tray was filled with +.0 mL of buffer
solution. Swall hexagonal prisms grew after one to two
months, but these crystals were plate-like and less than 0.1
mm thick in one dimension. Subsegquent seeding produced
crystals of sufficient size for high resolution X-ray anal---
ysis, 3 to 4 weeks after placing‘small crystals into freshly
prepared hanging drops of protein and buffer solutions.
Precession photographs show that the crystals diffract
to a minimum d spacing of 2.0R. There are no systematic
absences. The lattice symmetry is consistent with space
group P622. The crystals have unit cell dimensions of a = b
= 69.1(1)&, ¢ = 52.9(1)R, and y = 120°. The volume per unit
molecudar weight, V, is 2.0&’/dalton, cdnsistent with one

protein molecule per asymmetric unit and a solvent content

of 38% (Matthews, 1968).

4.1.2 Data Collection and Processing

Intensity data sets for the native inhibitor were
collected from 3 crystals, described in Table 4.1. A number
of data sets were also collected for a variety of potential
heavy atom derivatives, discussed in section 4.1.3. All
data sects were collected on a Nonius CAD4 diffractometer,
with incident radiation Ni-filtered CuK, at 40 kV and 26 mA,
and a 1.3 mm diameter incident beam collimator. The
crystal-to-counter distance was 60 cm, and the diffracted
beam passed through a He-filled tunnel. The size of the

peak scan varied among the data sets from 0.5° to 0.66° in
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Table 4.1

JCrystal Data for Native CI-2
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Crystal 1 2 , 3
Resolution range (&) 39.7-2.8 21.0-2.0 59.5-250
Total reflections measured 4283 11362 12197
Total unique reflections 2075 5597 5903
'Total reflections I 2 o(])® 1625 3783 4471
Rie:ge’ 0.062 0.043 0.046
Ma x i mum absorption correction 1.36 1.33 1.86
Maximum decay correction 4 % 9‘% 9 %
Sééle 30.49 19.72( 13.93
Overall\;_y(ﬂ’) 23 21 21

o(I) = (I + c’I" + (ty/tpy)® (IBk + c* EBk*))'/?,

where ] = total intensity; Bk

background counts;

ty = time for intensity measurement; tg, = time
instrument instab-

for background measurement; ¢
ility constant = 0.01. °

'Rmerqge = Lhk){ZilIi-<I>|/Z;I;) for reflections

measufed more than once

. 2o

w; the scan rate was constant at 0.67°/min.

in a data set.

Backgrounds

were scanned for 1/4 of the width of the peak scan in w on
either side of,the peak scan. The data for both 2.0& data
sets were collected in shells to minimize the loss of weak
reflections at higher resolution. Two shells were
collected;
lower resolution limit of each data set (Table 4.1). Jﬂp

During the processing of each data set, the measured

backgrounds were corrected for intensity depenéence and an

averaging function of 26 and ¢ was applied. The absorption

P

first from 2.0 to 2.58, and then from 2.5&8 to the
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correction applied was an”empiridhi function of ¢ (North

et al., 1968). Lorentz and polarization corrections were
also applied. The absolute scale and an overall temperature
factor (B, 8') vere calculated with the program ORESTES
(Thiessen & Levy, 1973). Decay due to radxatxon damage was
monitored by the periodic co%}ection of 5 standard reflec-
tions; the decay correction applied to the data was an
empirical function of the decay of these'standards with
time.

4.1.3 Structure Determination i

The initial approach to solving.the structure of CI-2
was to use the isomorphous replacement metﬁod (Bragg &
Perutz, 1954; Blow & Crick, 1959; Matthew;, 1974). ‘rhe ~
general procedure followed was to soak medium-sized crystals
of CI-2 in solutions bf heavy metal salts or organometallic
compounds at concentrations of 1 to 10 mM, for periods rang-
ing from 24 hours to 2 weeks. The heavy metal compounds
tested were chosen on the basis of their ability to scatter
X-rays strongly. Precession photographs were taken of the
crystals after spaking and were compared by eye tg
precession photographs of CI-2 crystals that had not been
soaked. If the photographs of the soaked crystafs showed
noticeable changes in the intensities of the diffraction

pattern, a full set of diffraction data was collected on the

diffractometer for that heavy atom derivative,

-
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Ideally, the heavy atons‘snguld be incorporated at a

few specific sites in the asymmetric unit of the crystal and

should contribute strongly to the diffraction pattern, but
should not change the structure of the protein signif-
icantly. 1If these conditions are fulfilled, a Patterson map
can be calculated with coefficients that are equal to the
difference in the intensities of the heavy atom QPrivative
and native protein diffraction patterns (|Fpy| - |Fp|).
Such a map will show the interatomic vectors between all the
heavy atoms in the unit cell, and the positions of the heavy
atoms may be determined from it. If the positions of the

- heavy atoms are known, tﬁeir’contribution to the structure
factor phases and intensities of the diffraction pattern
from the derivative crystals may be calculated. With this
knowledge, the phases of the protein contriQution to the
diffraction pattern may be determined and combined with the
intensities from the diffraction pattern of the‘%ative pro-
“tein t® calculate an electron density map of the native pro-
tein,

The heavy atom compounds tested that gave noticeable
chan;;s from the diffraction pattern of the native protein
crystals were Sm;(SO4)3-8H,0, mersalate sodium mersalyl (an
organo-mercury compound), K;PtCly, UO,(Ac),, K2HgI4, and
AuCl,. Peaks were present in all the Patterson maps, but
the protein phases determined from each of the derivatives
were not coﬁsistent, indicating that the true positions of

-~

~the heavy atoms had not been found in the Pattefson maps.

“u
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”

The structure of Cl1-2 was subgequently solved by the
molecular replacement method (seé below) and refined at 2.08
vresdlution. Difference electron density maps were then cale™
culated from the intensities of the natiQe and heavy atom
derivative structure factors, and the phases from the
refined native structure (|Ppyl - |Fg|, ap). 1In one case,
the KoPtCl, derivati;e, the peaks on the difference map
showed little correspondence to those from th; Patterson
map. One cell dimension of'these crystals changed by 1.5%
upon soaking; this change may have resulted in sufficie:!
non-isomorphism of nativg and derivative crystals to
invalidate the use of the isomorphous rep%acement method.
For all the other derivamives, the major heavy atom sites
seen  in tﬁé‘difference maps were very close to special
positions on the symmetry axes of the crystal cell. The
§ide~chain of thé single metgionine residue in the inh>7
bitor, Met591, lies close to 5 two-fold axis; most of the
heavy atom derivatives were expected to bind to this res-
idue, and it appears as though they ;ctuélly did to some
extent, Unforfuﬁalely, the computer brograms used to find
the phases of the native protein from the heavy atom
pqsitions Seem to have been unable to handle positioﬁs so
‘close to a symmetry axis.

Once,the structure of CI-2 in complex with subtilisin
Novo was known, the method of molecular replacement was used

to solve the phase problem for the native CI-2 (Rossmanﬁ,

1973). The Search model was the crystal structure of CI-2

™~
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from the complex with subtilisin Ncvo, partially refined to

* ¥

-~ an R-factor of‘0.193 at 2,1& resolutioﬁ{ Data from crystal
2 {Table 4:1; were used for the Tolecular replacemenf cal-
cylations. The procedures and choice of parameters in the
molecular replacement strateéy used here are‘similar t’o
those discussed in section 2.1.3.

The rotation search was performed with the fast
rotation function of Crowther (1973) (program of E. Dodson);

- the search maximized the agreement between the normalized
i structure factors (|E|'s) of the model an@ the native CI-2
data. TheKIEcl's were calqulatéd for thévéi-z model placed

g 1n an orthogonal unit cell of symmetry P1, with each edge of

_the cell mea;urihg 42K. The |Eo|js were calculated for the
unknown structure, from the structure factors derived from
data processing, with the program 6RESTES (Thiessen & Levy,
1973). The Patterson maps calculated from these two sets of

nLEJ's‘were'tompared between 4.0 and 18.0& from the origin;
The resolution range of reflections included in'the search
was 10.0 and 3.0&8. The 2292 |Eé|'s with magnitudes greater
than 1.00 were used in the search: 1301 |Egl's with
magnitudes greater than 0.10 were included. \

The initial coarse rotation function search was pér-
formed on an asymmetric unit of rotation function space (Rao.
et al., 1980}, on a grid_;f 5° in each of the Eulerian

- ﬂng‘::>a, B, and vy (Crowth;r, 1973). The maximum peak in

S~ s
the rotation function map was 5.60 above the mean and 2.3o0

above the next highest peak. This rotation function
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solution was not as dramatically correct as those seen‘for
the subtilisin Novo:;I-Z and spbtilisin Carlsberg:eglin-c
complexes, but the size of the peak and its height above
otfer peaks were sufficient for it to be unambiquous. A
.second rotation search was performed with 1° intervals in 8
and 59'intervals in a and y about the maximum of the coarse
search. The fine search gave a maximum peak of 4.80¢ above
the mean of the second map. The fin values of the orient-
ation parameters from the rotation sich were 1interpolated
fromtthe fine search map to 0.2° in B8 and 1° in a and y.

The trénslation function searchiaéea for the native
CI-2 molecule, in space group P622, is 0 < x < 1, 0 < vy s‘1,
and 0 € z < 1/2. Data between 4.0 and 5.0&8 were used for
‘the translat{on function seérch, performed with the local
progra@ BRUTE, written by M. Fujinaga. The grid spacing for
the igiéial coarse search was set at 1,18, The search gave
a peak of 4.80 above the mean of the map and 1.10 above the
next highest peak. A second search was performéd about this
peak at grid intervals of 0.2%, extending 11.03251009 each
axigf The second search also varied the rotational param-
ete- at intervals of 3°, extending th about the angular
values from tPe rotation search. To refine the complete
molecular replacement selution further, two fine searches
were perfofmed at grid intervals of 0.13 in the translation
component and 1° in the rotffion companent. The second fine

search was offset from the first by 0.5° in a to define the

location of the peak maximum morg closely. The fine

\
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searches gave a single peak of 5.90 above the‘mean, a sig-
nificant improvement from the .initial coarse search. The
improvement was dué mainly to better def;nition of the
rotational parametefs; the value of a for the final solution
was 3° smaller than that'found‘by'the rotation fﬁnctioﬁ
search, - \

The R-factor for the transformed c&ordihates of the-,
model of CI-2 from the complex with subtilisin Novo was 0.50
tor all data to 2.0& resolution. This model was used in the
calculation of structure factor amplitudes and phaseé for
the computation of the initial electron density map. As for
the structure solutions of the two complexes discussed pre-
viously, all electron density maps were calculated with the
coefficients of Read (1986), designed to suppress model bias

resulting from phasing by partial structures with errors

(section 2.1.3).

4.1.4 Structure Fittihg and Refinement

Throughout the fitting and refinement of the native
CI-2 structure, the MMS-X interactive gréphics (Barry
et al., 1976) wifh the maéromolecular modelling system M3,
d veloped’%y C. Broughton (Sielecki et al., 1982), was used
for map interpretation and model fitting.

The initial electron density map from the molecular
replaéement sclution was of'good quélity. No large conform-
ational changés were seen in the CI-2 molecule, although the

molecular replacement model required minor adjustment in
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Figure 4.1. Progress of CI-2 Refinement. , The R-factor at
each cycle is plotted versus cycle number. The resolution
range of the data included at each cycle is indicated. Data
from 6.0 to 2.8% were used for cycles { to 5, from.6.0 to

"2.5R for cycle!o 8, and 6.0 to 2.2& for cTcles 9 to 11.
d

!’

Electron densi: ps with coefficients 2m|F,|-D|F.|, «
were-calculate used to refit the model on the grapﬁics
system at the points marked "MMS-X".

3

most regions. The model of CI-2, adjusted to the initial
electron density map, was used to begin least-squares
refinement. :

The restrained-parameter leaét-squares refinement
program of Hendrickson & Konnert (1980), modified locally by
‘M. Fujinaga for the FPS164,attached processor, was used for
the refinement of the atomic parameters of CI-2, The param-
eters that were restrained and the general refinement

strategy are the same as those used for the subtilisin

Novo:Cl-2 complex (section 2.1.4). The Sourse of the
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refinehent is summarized in Table 4.2 and the changes in the
R-factor during the refinement are shown in Figure 4.1.
Data from crystal 2 were used for the first 64 cycles, and
; data‘ftom crystal 3 for cycles 65 ﬁo 133 (Table 4.1). Most
regions of the native CI-2 molecule were similar enough to
the molecular replacement model from the complex with sub-
tilisin Novo that large manual adjustments during refitting
were not necessary. Density in the region of the reactive
site bond (Met591 - Glu60I) was poor throughout the refine-
ment and the B-factors of these residues are high, h

No density was seen for residues 11 to 18I in the elec-.
tron density maps at any stage of refinement, and the tight
packing of the surrounding symmetry-related protein molec-
ules indicated that no large extra segment of CI-2 was dis-.
ordered but preseht in the crystals. The size of the
inhibitor in ﬁhe,crystal was compared to that of the tnhi-
bitor in the lyophilized purified powder provided.by the
&arlsberg Laboratories by SDS polyacrylamide gel electro-
‘phoresis. The gel is shown in Figure 4.2. The major band
in each of lanés_Z and 3, running at a molecular weight of
approximately 6500 dalton, is CI-2 (both CI-2 and eglin-c
are known to run at anomalously low molecular weights on SDS
gels (Seemuller et al., 1981; Svendsen et al., 1982;).
, Altﬂough the bands are broad, the major component of CI-2
from the crystals is clearly running at a lower molecular
welght than that of the lyophilized powder, indicating thgbﬂf—\\%
some further hydroly51s has taken place during the

. -\5 [
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Figure 4.2.. SDS Gel of CI-2 from Crystals. A 15% Laemmli
polyacrylamide gel containing 0.1% SDS and 6M urea (gel run
by B. Lemire). Lane 1 contains molecular weight standards:
ovalbumin (43000), a-chymotrypsinogen (25700), B-lacto-
globulin (18400), lysozyme (14300), bovine trypsin inhibitor .
(6200), and insulin (A and B chains, 3000). Lane 2 contains
CI-2 from crushed and redissolved crystals. Lane 3 contains
CI-2 from the lyophilized purified powder used Wp grow crys-
tals. The gel was stained with Coomassie Brilliant Blue.

crystallization procédure. Some minor bands can be seen in
‘boty lanes 2.and 3 at a lower molecular weight than the
major bands; these are probably some of the cleavage
products. The molecular weight of these products cannot ?e
determined accurately from a single SDS gel, thﬁs the exact

\

point of cleavage of the protein in the major band cannot be
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calculated. The conclusion drawn from this experiment is

- that part of the N-terminus of CI-2 is not present in the
cr}stalline protein, so it is not surprising that it cannot
be seen in the electron density map. fh; size of the
cleaved portion of the N-terminus relative to the size of
the disordered portion in the crystals is not knowni The
faint bands in lanes 2 and 3 that run at molecular weights
higher than the major form of CI-2 may be aggregation

products or minor contaminants.

4.1.5 Quality‘of the Refined CI-2 Structure

The refinement of the native CI-2 structure was halted
at cycle 133. The model had essentially stopped changing,
although the R-factor was still high at this stage compared
to-th;~?hlly refined complex structures of chapters 2 and 3.
- Bhis section describes the criiteria used to judge the
completeness of the refinement and the quality of the
refined structure.; ‘

The final refinement parameters are given in Ta?le 4.3.
The restraints on the final structure are tight and are the
same as those at the final ?efinement cycles of the two com-
plexes; the indicated parameter shifts at the final cycle
are small. The rms coordinate shift is 0.014&; the maximum
coordinate shifts are 0.068&8 for the N%‘of Lys371 in the
proteinaandK0.102R for solvent molecules. The final param-

eter shifts for this mblecule are similar in size to those

of the subtilisin:inhibitor complexes.
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Table 4.3

Final Refiﬁbment Parameters and Results

~ No. of cycles A 133

. R-factor ‘ 0.198
Resolution range (&) 8.0-2.0
No. of reflections (I20(I)) 4471
No. of protein atoms 521
No. of solvent atoms . 64
No. of variable parameters 2405
<|iFol-IFc||> 40
<Coordinate shift> (R) 0.012
<B-factor shift> (&%) 0.25

RM®» deviations from ideal values'
Distance restraints (R)

Bond distance 0.007(0.008)
Angle distance 0.029(0.016)
Planar 1-4 distance Q.021(0.016)
Plane restraint (R) 0.014(0.012)
Chiral-center restraint (&?) 0.123(0.080)
‘Non-bonded contacgt restraints (&)
Single torsion contact 0.297(0.400)
Multiple torsion contact 0.276(0.400)
Possible hydrogen bond 0.240(0.400)
Isotropic thermal factor restraints (&?)
Main~chain bond 1.956(2.000)
Main-chain angle 2.909(2.000)
Side-chain bondg 3.611(3.000)
Sidetchain angle ~— 5.285(3.000)

'The values of o0, in parentheses, are the input estimated
standard deviations that determine the relative weights of
the corresponding restraints [see Hendrickson and Konnert
(1980)].

-

The refinement of the native CI-2 structure proceeded
less smoothly than those of the two complexes. If the full
shifts in atomic parameters indicated at each cycle were
applied to the model, the refinement tended to diverge,
rather than converging. This problem was overcome by‘
applying only half the indicated shifts to all atomic param-

eters, beginning at cycle 39. Due to the lower resolution
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and higher overall B-factor for the. native CI-2, the elec-
tron density of the inhibitor was generally less
well-defined than that of the complexes. This meant that
fitting a model to the densigy with good stereochemistry was
more difficult, and proved to be almost impossible in some
regions e.g. the two N-terminal residues, Asn191 and Leu20I,
and at the reactive site bond, Met591 and Glué0I. In spite
of such difficulties in the manual fittingvéf the model on
the graphics system, the good geometry of the final refined
structure has not been achieved at the expénse'of good
agreement between observed and calculated\structure factors.
yThe R-factor and the meén overall difference between the
observed and calculated structure factors rose little as the
restraints on geometry were tightened in the final refine- .
ment cycles (Fig. 4.1).

A difference electron density map was calculated after
the final refinement cycle and examined on the'graphics .
system. The highest pe;k on the differeqie map was

0.48e/&", 7nd there were 16 other peaks with heights greater

/R°., Ten of the peaks were located.en symmetry

——— 4 S

. P .
the other 7 were too small and poorly( defimed to be

than
axes;’
consTdered as additional solvent molecules.' JThere were 29
negative troughs in the difference map with depths greater
" than.0.40e/R*: Fourteen of the troughs are associated with
segments of the model that are not centered properly in the

electron density; the density does not conform to a model

with good geometry. The remaining troughs are close to
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Figure 4.3. o, Plot to Estimate Coordinate Erroﬂé The slo

of the straight-line portion of this plot is [-=x?(<|Ar|>)?®

(mean coordinate error), or (-(8x?/3)<|Ar|*>] (rms coordin-
ate error). The line is determined by a least-squares fit

to all data points but the first one. The first data point
describes low resolution data that is_affected by omission

of bulk solvent from the protein model.

-

atoms with relaﬁively high B-factors.

-The accuracy of the atomic coordinates in the refined
structure of the native CI-2 was estimated with two methods:
the op plot of Read (1986) and the method of Cruickshank
(1949, 1954, 1967) (section 2.1.5). The o, plot for the
native CI-2 is given in Figure 4.3. The slope of the
straight-line portion of the plot is -2.374, corresponding

to a mean coordinate error of 0.288 and an rms coordinate
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Radial Error (A)

00 100 200 300 400 600 600 700 80.0
2
B-factor (A’)

Figure 4.4. Atomic Coordinate Error by the Method of
Cruickshank., The estimated radial standard deviations in
atomic position are given as a function of B-factor. The 4
curves, from top to bottom, are for carbon, nitrogen,
oxygen, and sulfur atoms in the final refined structure of
CI-2.

)

- error of 0.308, These errors are close to those estimated
for the subtilisin Novo:CI-2 complex refined in a similar
resolution range, but the compler‘ a much lower final
R-factor. '&

‘The individual atomic coordinate errors may be
estimated with the method of Cruickshank. The space group
P622 was treated as monoclinic, with the non-orthogonal
angle equal to 120°. The coordinate error along the z axis

was calculated with the Cruickshank'formula for a
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Protein Sequence

igure 4.5. Variation in B-factor Along the Polypeptide
ain. The heavy line denotes the mean B-factor of the
gin-chain atoms, the light line that of the side-chain

ms. No B-factors are given for residues 11-181 of the
hibitor; they are not seen in the electron density map.
Th; mean overall B-factor for the atoms of the structure is
21A*,

[ T :
non-centered monoclinic space gpoup (section 2.1.5);gn the
monoclinic case, o(z) = o(x) = o(y). Radial errors were
calculated for egch atom type in the structure and for a
range of B-factors, with o(r;) = y30(z;). A plot of radial
error as a function of B-factor is given in Figure 4.4 for
the carbon, nitrogen, oxygen, and sulphur atoms in CI-2. An
estimate of the accurdty ot a particular region of the
structure can be obtained using the data “of Figure 4.4 with
Figure 4.5, showing B-factors as.a function ot’pqsition
along the polypeptide chain. Two features of Figure 4.5 are
of particular interest. The reactive site loop of the

native inhibitor (residues 56 to 62) has very high

B-factors, second only to the disordered residues at the
-
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N-terminus. As well, a distinctive 'sawtooth' pattern can
be seen for B-factors of residues in the a-helix (31 to 43).

Residues in positions on the outside of .the %eiix; exposed

-

to bulk solvent, have B-factors corresponding to pe€aks in

the pattern, and residuee on the inside correspond to
trnghs. Similar patterns can be seen less clearly for the
amphipathic helices in the subtilisins (Fig. 2.8, Fig. 3.4).

The rms value of the estimated radial errors for all
the atoms in the model is an estimate of the overall coord-
inate error in the structure. This value for the native
CI-2 is 0.24&, close to tne overall rms error of 0.30R
estimated fram the o, plot. |

The quality of a crystal structure may be assessed by
the deviation of the geometry of the model structure from
ideal values. Values for deviations from ideali'ty of some &ﬁ
geometrlcal parameters for CI-2 are given in Table 4, 3
more detailed summary of the peptide bond geometry is glven
in Table 4.4. /ﬁhe‘dean values of the observed pawameters
all deviate féom the expected values by less than 0.7 times
the rms dev1at10n. The 5§v1atlon,of élnlmum or maximum
values from the mean does not exceed 3 times thefrms
deviation. The ;egiide bond geometry of”tﬁe native CI 2

Y
molecule is thus as good as or better than that of the two

T

complex structures, A,
R . 43'9 . ‘\ |~ N
The distribution of the main-chain tbrsib§31 angles ¢
« ‘_‘ . .

and v for the nativewlﬂ is shown in Figure 4.6, 3

Ramachandran plot (Ramakrishnan & Ramachandran,:ﬁQGSX. This;,
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Figure 4.6. ¢-y Plot for CI-2. The solid lines enclose the
fully allowed conformational regions for r (N-C%-C) of 110°;
the dotted lines enclose the more permissive regions of
smaller acceptable van der Waals' contacts for r of 115°
(Ramakt§§?nan & Ramachandran, 1965). The symbols denote
prolines (o), B-branched amino acids (A), glycines (+), and
all.other amino acids (e). Residues outside the allowed
conformational regions and their ¢-y angles are Leu20I

. (457,130), Met591 (-63,27), and Asp741 (74,35).

[
distribution can be compared to that in Figure 2.10, the

Ramachandran plot for CI-2 in the complex with subtilisin
Novo. The greatest’ difference between the two plots is that

the native CIQEéhas two more non-~glycine residues with ¢-y
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Uy

angles outside the allowed regions. Asp74l is outside the

’

allowed regions in both native and complexed inhibitors. 1In
the native CI-2, Leu20I and Met591 are also outside the
allowed regions. All 3 residues are in regions of high
B-factor, amd the eiectron densities of Leu20I and Met59I]
are weak; so the torsion angles of these residues are not
. myell-defined.
LF IO

," \'."% .
"'".f'

The final electron density map calculated for the
nétive CI-2 structure is of excellent quaiity in some

- regions and rather poor quélity in others. The regions of
p@orest quality are those of residues with high atomic
B—fgctors. Regions of weak densityiare described in Table
4.5; to facilitate comparison withgb structutes of the two
complexes, all residues were examined.for weak density at.a
contour level of 0.56e/&°. Examples of regions of good ana
poor density are given in éigure 4.7,

One final indication of the quality of a crystallo-
graphic structure is the R-factor. The R-factor for the
refined structure of the native CI-2 mélecule, for all data
in the resolution r&nge 8.0 té’Z.OX with J20(I), is 0.198.
This yalue was calculated on 4471 reflections, 76% of the
unique set of reflections measured. The R-factor calculated
on the complete unique set is 0.293. The cnit}ria of |
quality discussed in this section indicate that: 1) the
estimated errors in atomic positions are small and

comparable to the errors measured for structures refined in

a similar resolution genge but with significantly lower:
)
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Figure 4.7. Regions of Good and Poor Electron Density.

Both figures are contoured at a level of 0.56e/&°.

a) Residues Arg651, Arg671, and Gly83I, supporting the reac-
tive site loop of the inhibitor. b) Residues Val571, Thr581,
and Met591 of the reactive site loop. Atoms in this segment
of the protein have high B-factors.

A

R-factors; '2) the geometric parameters of the structure do

not deviate significantly from ideal values; 3) the
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inqgcated shifts in atomic parameters at-the final refine-
menﬁ cycle are smail, and there are few indications on é
differenée'electron density map that the model requires
major adjustments. The structure is of good quality, and
the refinement appears to have converged. The relatively
high final R-factor, indicating only modé%ately good agree-

ment between observed and calc&:ated structure factors,

-~

r‘t"
Table 4.5

Residues with Poor Electron Density at Cycle 133

Residue Comment

Asn191 Density only for C% & carbonyl oxygen.

Leu20I Density only for CB, CY, carbonyl carbon & oxygen.

Lys211 No density for ch & C7. . .

Thr22I No density for CY2, ;

Glu23l No density for 0€2, .

Lys30I No density past C7Y,

Glu33I No density for CY & O¢!., Possible alternate con-
formations ‘at x, * 90°.

Glu34l No density for C7.

Ala351 Weak density for CA.

Lys361 No density past CY,

Lys371 No density' past SB.

Ile391 No density for Cc°!.

Gln41l No density past gﬁ.

Ile481 No density for cO1.

Ile561 No density past C%. .)

ValS571 No density for CY2,

Thr581 No density past B, chaih break betwe%n N & Co,

Met591 Ng density for CP, CY, C%, carbonyl oxygen.

Glu60I CP out of densit§. )

Arg62I No density for C i ~

Ile631 No density for CY', cd', no density between C® & CA.

Lys72I No density past CY. ' )

Leu731 No density for CY', weak at CB.

Asp741 Weak density for CB.

Arg81I No density past CY. ,
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seems to be due in large part to the high overall.B-factor
of the molecule in th® crystal. The high B-factor is cor-
related with thé larger percéntage of weak electron density
observed in the maps and the resulting difficulties in
fitting the model to the hapg.

s

4.2 The Structure of the Native CI-2 Inhibitor

$.2.1 Secondary and Tertiary Structures
The ‘structure of the native CI-2 molecule is close to:
‘e

that of C1-2 in the complex witpvsubtilisin Novo in most

.

regions. The two 1nh’t1tor structures are compéred in
detail in chapter 5. Two views of the native inhibitor
molecule are shown in Figure 4.8; Table 4.6 lists the
secondary structural elements of the native CI-2 molecul
and the hydrogen bonds between residues‘comprisihg those °
" elements. .

‘The secondary structural elements of the native and
cSmplexed CI-2 molecules are almost identical; one hydrogen
bond of a B-bridge between the N-terminal and C-terminal
strafds of the 'pseudo' B-sheet is missing (Val32I to
Asp."41), and tﬁe hydrogen bonding in fhe a-helix is more
irregular in the native structure. Otherwise, even the
main chain hydrogen bonds that are not part of secondary
struc%ural elements are conserved.

The extensive hydrogen-bonding network supporting the

reactive site loops in the structures of CI-2 and eglin-c in
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Figure 4.8. - Views of CI-2, Both views include only res-
idues seen in the electron density map of the native CI-2
molecule, Asn19I to Gly83I. a) The main-chain atoms of CI-2
and their hydrogen-bonding interactions. Hydrogen bonds are
drawn with dashed lines. b) All atoms of the CI-2 molecule.
The main-chain is drawn with heavy lines and the side-chains
with light linesg Every fifth amino acid residue is
labelled in bot iews.

AN

the complexes is partly maintained in the native CI-2 struc-

ture. There are some differences in the hydrogen bonds of
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Secondary Structural Elements of CI-2

Element

Residues'

Parallel B-sheet

Antiparallel
B-bridges"

a-helix

Type 1 turns

Type Il turn
Type 111 turp

Unclassified

Gln471-Aspb4l
Valé6l-Glnd71
Ile491-vValébl
Leu681-11e491
Leu51I-Leu681
Vval70I-Leu511
Val531-val701l

Val82I-Thr221
Trp241-Pro801
Asp71I1-Asn751
Ile761-Lys301
Ala771-Pheé691

Ala35I-Ser311I
Lys361-Val32l
I1le391-Ala351I
Leu40I-Lys361
Asp421-Val38l
Lys43I-1l1e391

Ala46I-Lys431I
Arg65I-Argé62Il

‘Asp741-Asp711

Lys30I-Leu271
Leu271-Trp241
Gly29I-1le76%

Arg621-Gly831
Gly83I-Argé65I

N-H-- -0 N-R-0
length (&) angle (°)
2.62 153
2.84 172
2.89 172
2.54 168
2.80 165
2.81 165
2.99 151
2.86 151
2.9 163
3.1 158
2.75 158
2,83 172
2.80 164
2.90 151
3.08 154
2.79 163
3.10 158
2.62 136
2.95 162
3.11 187
2.88 157
3.11 161
2.83 151
2.64 159
2.78 148
2.96 158

'The residue listed first in each pair is the h

donor.

ydrogen bond

the native and complex structures, due mainly to contacts of

the native inhibitor with symmetry-related molecules.

These

can be seen by comparing Figures 2.16, 3.11, and 4.9, and

are discussed in chapter 5.

The side-chain of Thr581 is

turned by -90° in x, in the native structure and makes
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hydrogen bonds to Glu78I of a symmetry-related molecule.
The position of thi§ side-chain is not defined by. the elec-
tron density map given in Figure 4.7b, but at contour levels
of 0.35e/A’ there is adequate density for the OY of ThrS8I.
The electron density is continuous with that of Glu78I from
the neidhboring molecule, and the OY of ThrS8I is the
obvious atom to position in the density to form a hydrogen
bond. There is no density for the CY even at the‘lower
contdur level.

The mean geometric parameters of various classes of
hydrogen bonds in the native CI-2 structure are given in

Table 4.7. All of these values are within two standard

1621

Figure 4.9. Hydrogen Bonding of the Reactive Site Loop in
Native CI-2. Dashed linec indicate hydrogen bonds.
Side-chains of residues not involved in hydrogen bonding
have been omitted for, clarity.
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deviations of the values found for the two complex struc-

tures, and most values are within one standard deviation. -
' ’

/

4.2.2 Solvent Structure

The final refined model of CI-2 contains 64 solvent
molecules, all refined as water, Calculations of the amount
of solvent to be expected in the asymmetric unit of these
;:ryistlal~s indicate that 25 to 30% of thedsolvent has been
- modelled. This is about twice the amount found for the two
complex structures, although the same criteria were used iﬁ
éhoosing and retaining solvent molecules in the model for
all structures (section ,.1.4). Although the native CI-2
molecule has a higher overall B-factor than the inhibitor in
the complex, most of the differencg is due to the active
site yegion (see’ Fig. 5.7). The remainder of the mglecule
would be expected to have about the same number of<§idered
water molecules associated with it. 1In addition, a much
higher percentage of the water molecules associated with the
native inhibitor are buried between symmetry-related molec-
wles. The higher percentage of ordereé solvent present in -
the native crystalsvmay be due the greater numbers of these
‘trapped’ and more ordered waters. For the calculations on
protein accessibility and packing in this section, symmetry-
related water molecules within 4,08 of thé reference protein
molecule were added to the model; there are 26 of these.
The complete solvent structure of the native CI-2 molecule,

including the 26 symmetry-related waters, is shown in Figure



Table 4.7

Hydrogon-bondin§ Pn;p-otors t" Cl1-2

Type Na.' N---0(R) H---0(R) N-R-0(°)
(ggvo)ﬂ

Main-chain to main- i ]
chain !
a-Helix(5-1) 6 2.88(0.19) 1.95(0.15) 157(12)
Antiparallel B-sheet S 2.89(0.13) 1.94(0.14) 160( 8)
Parallel B-sheet 7 2.78(0.16) 1.81(0.16) 164( 9)
319 turns(4-1) 5 2.98(0.13) 2.03(0.12) 158( 4)
Main-chain to side-
chain
N-H---0 5 2.92(0.19) 1.99(0.14) 159(17)
C=0 - -H-N 3 2.86(0.18) 1.93(0.15) 154( 7)
C=0- - -H-0 1 2.69(0.00) y = -
Side-chain to side-
chain,
N-H-- -0 4 2.94(0.1 .98(0.14) 164(15)
Main-chain to solvent .
N-H:-- -0 6 2.97(0.17) 1(0.18) 165(14)
C=0- -0 18 2.89(0 ’ - -
Side-chain to'solvent
N-H- -0 5 3.05(0.14) 2.08(0.15) 165( 8)
O(H) - - - (H)O 8 2.80(0.33) - -

'Limits for acceptance of a hydrogen bond: donor-acceptor s

3.40&, hydrogen-acceptor <

angle 2 125°,

2.40&, donor-hydrogen-acceptor

’Values in parentheses are the sample standard deviations

from the mean.

*Values are not given for donors with ambiguous hydrogen

atom positions.

4'100

Almost 45% of fhe solvent molecules within 4.0&8 of the

surface of CI-2

are buried in the crystal environment i.e:

in ghe presence of other solvent and symmetry-related molec-

ules (less than

10%¥ of their total surface area accessible).

Of. these 39 buried water molecules, however, only 3 are
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FPigure 4.10. Solvent Molecules Associated With CI-2. Water
molecules are indicated by open circles and the a-carbon
back-bone of CI-2 with thick lines. All solvent molecules
in the model of the crystal structure and all symmetry-
related solvent molecules within 4.0& of a protein atom have
been included in this figure.

\ . -
still buried in«the absgnée of .other solvent and Symmetry-
related molecules. Thesyfa 11; between isané;p f the
'pseudo’ B-sheet in ‘Cl- 2 and th%ide;g eﬁof th%ﬁyyd(egpn-
bonding btxdges schb}lxztpg the i“ebui'The,‘  d‘?hy gt tb:ﬁ&

buried vater hlecules, Sﬂ ate’rbqgi‘:d?@ % rtaces ;

with symmetr?*q,lgted prgﬁbxﬂ m&fﬁcules:f. 'ffé?ﬁf?; "

Water molecufes make. a total ‘of 47;{EJ'“?J)}

4

polar protein oxjge

and nx;fbgen I:oms, and another 32

bonds with other &_ 1 molecules. The dxstrxbutxon of, the
hydrogen bonds tjg gc?te_in ~atomg is clqse to that founS\l
the larger complf‘fscructute5° 21% to hazn chain nitrogen
atoms, 36% to mai;}ig;ln oxygen atoms, "11% to side-chain

nit;ogen atomsgfﬁ ?,2% to sxde-chaxn oxygen atoms.
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4.2.3 Accessibility of Protein Ro;idlos <
fhe variation in the aécessibility ot the protein res-

idues in the nativc CI-2 molecule is shovn in Pigure C ll

* There are 6 potentially charged resxducl with less than 5%

otnthexr potential accessible surface area exposed in the

- molecule in the crystallenvironment: Lys431, Arg6SI, Arg671,
Asp71I, Glu78I, and Gly83I. Two of these, Lys43I and

. Gly83I, may still be considered buried vheq solvent and
symmetry-relaggd‘golecules are removed from the calculation.
The side-chain of this lysine is involved in hydrogen- _

bonding and electrostatic interactions with the "ge chain

of Glud45I, the carbonyl oxygen atom of Ile631, ag‘#’he of

. b
4
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x&sidue Accessibilities in CI-2.

Protein Sequence

V791

Accessibil'}‘es are calculated for each atom in the molecule

a) Acces

. by the method of Lee & Richards (1971),
ities arg.the sum of atomic_.acessibilities,
}

in &2,

bility in the presence of all solvent and

Residue accessibil-

A

symmetry-related molecules. b) Accessibility with symmetry:

‘related prgtein molecules removed but all solvent within

4.08 of the protein surface retained, including symmetry-

‘related solvent. c) Accessibility in the absence of all sol-
}ent and symmetry-related molecules.
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the 3 bd water molecules mentioned in the previous
sectibn (Fig. 4.8b). 1ys431 is not buried in the CI-2
molecule in co ith subtilisin Novg, using the’éritefia
- given here.' rboxylate group of G1y83I, the C-terminal
'residue, forms hydrogen bonds with the amide nitrogen of
Arg62I, the N¢ and NT2 of ArgéSI,'and a buried water molec-
ule (Fig. 4.9). )

The reactive site goop of CI-2 is relatively
well-buried by symmetry-related molecules in the crystal.
The accessibilities of 17 residues in CI-2 from the complex
showagchanges in their re.idue accessibilities in the pres-
ence and absence‘of the enzyme: Ile49I,.Leu5]I to Arg621,
Ar9671; Glu78I1, Arg81I, and'Gly8312‘10008z of surface area®
5& these residues is bufied on éomplgx formation. The *
change in accessibility of the same residues in the rative

inhibiter in the presence and absence of symmetry-related

molecules is 50082, .

u
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5. Discussion and Comparisons of Structures'

In this chapter the structures of the subtilisin Novo:CI-2
complex, the subtilisin Carlsberg:eglin-c complex, and the
native'CI-z molecule are compared. The primary purpose of
these comparispns is the detection of features in the struc-
tures that may be relevant to the biological activities of
these proteins. Comparisons are also made among inhibitors
from other serine proteinase inhibitot families, CI-2,hand
eglin;c, and among the chymotryﬁsin-like serine proteinases,
subtilisin Novo, and subtilisin Carlsberé.

Most of the'comparisons were made after overlapping two .
molecules by a léast-squares superposition of a selected .
group of common atoms. All of the least-squares superposi-
tions were performed with a program written by W, Bennett.
Except for the superpositions of entire molecules{ the
L common atoms overlapped were chosen such that as few

assumptions as possible were madq about which atoms in a

structure should be equivalently p051t1oned.

e

'Versions of portions of this chapter have been published .
[McPhalen, C. A., Svendsen, I., Jonassen, 1., &

James, M. N.-G. (1985) Proc. Natl. Acad. Sci. U.S5.A. 82,
7242-7246; McPhalen, C. A., Schnebli, H. P., &

James, M. N. G. (1985) FEBS Letters .188, 55-58].
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5.1 Subtilisin Novo and Subtilisin BPN'

The refined structure of subtilisin Novo from tﬁ:hgym-
plex with CI-2 can be compared with the structu;e of;ﬁwezg
subtilisin BPN' molecule that was used in the molecuﬁiﬁ'ﬂjﬁ
replacement solution for the complex.x The 275 q-carbdﬁlh.
atoms in each molecule can be overlapped with an rms
deviation of,0.64& in atomic positions. _Comparison of the
unrefined strudtures of subtilisin Novo (Drenth et al.,

1972) and subtilisin BPN' (Wright et aJ., 1969) gave an rms
deviation of 1.148 in the a-carbon positions, on the order
of the errors estimated for the atomic positionsqin those
structures. Thg positions of 3 a-carbon atoms differ by
more than 2.0&: Gly100, Ser101, and Gly102. The loop con-
taining theﬁg residues appears to lie closer to the eng;me
active site in the complex, perhaps to form the necessary
hydrophobic and hydrogen-bonding interactions for inhibitor
binding. The true magnitude of this change is difficult to
assess, however, since the electrén density for the loop in
the subtilisin BPN' structure is poor (Alden et al., 1971)
and the coordinate errors mus£ be large. Three other res-
idues close to the loop have a-carbon positions differing‘by
more than 1.0&: Gly97, Asp98, and Gly128. These changes are
probably connected with the changes in the position of the
loop upon inhibitor Sinding. -’ﬁ‘

rm\ﬁf

An additional 10"residues in the proteins have a-carbon

positions differing by more Ehan 1.0R. None of the 10 are

c;osgﬂip@the‘ ssdte, and all are part of exterior loops
. vi‘., A " < :

[}
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- with relatively high B-factors. These changes may Qe due t6
relatively pdor determination of the positions of the res-
.idues in the ©loops, rather than any feal difference in the
atomic positibns. The changes could also be due to differ-
ences in packing contacts in the‘crystals. Detailed compar-
isons between the structures of the native and complexed
enzymes are difficult to make because the coordinéﬁés of -the

i

native structure available from the Brookhaven Protein Data
'Bank (Bernstein et al., 1977) are only partially gefined to
an R-factor of 0.44 and may still contain coordinate errors
en the order of 1.08 (Alden et al.; 1971).

Alden et al. (1971) have included 17 well-ordered water
molecules in their model of subtilisin BPN'. 1If the coord-
inates of the waters are‘transf0tmed by the matrix relating
the coordinates of the a-carbon atoms og-the two enzymes, 6 )
of the BPN' water molecules are within 1,08 of subtilisin
Novo water molecules. All 6 are buried'water.moiecules in
the subtilisﬁp Novo structure and are some of the best- .
-defined water m8lecules in the complex. Three of the 6 are
part of the chain of water holecules between the side-chains
of His67, His226, an? the bulk solvent (Fig. 2.23). Two are
associated with Asp32, and the last is buried in the bott&ﬁ

of the Py specificity pocket.
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5.2 Subtilisin Carlsberg and"SuQ:ilisin Novo

$.2.1 Global Comparison }

The refined structure of sqbtilisin Carlsberg in com-
plex with eqlin-c wili be compared withlthe refined struc-
ture of su&gilisin Novo in complex with CI-2. A .

least-squares superposition of the 274 structurally equiv-

‘alent C* atoms in the two enzymes (omitting ThrS5 gf subtil-

o
isin Novo) gives an rms deviation of 0.53%, a relatively -

small value that indicate;\fubstantial similarity between
the twq structures (Fig. 5.1), Sixteen C%'s differ in

position by more than 1.0&, two of ‘these by just over 2.0R&
(53 and 159); residues 16 to 20, 52 ;o 56 (deletion at res-

idue 55 in subtilisin Carlsberg), 131 and 132, 159 to 162,

Figure 5.1. Superposition of Subtilisins Carlsberg and
Novo. The 274 structurally equivalent a-carbon atoms of the
two enzymes were everlapped. - Subtilisin Novo is drawn with
thin lines, subtilisin Carlsberg with thick lines. Every
tenth residue is labelled for subtilisin Novo.

%
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and 211, d

Residues 16 to 20 are part of helix B, on the surface
of the enzyme and far from the active site; this region has
contacts with a symmetry-related molecule in the subtilisin
" Novo crystals, but not in the Carlsberg ¢rystals. The shift
in position of hélix B ié associated with smaller shifts, on
the order of 0.6&, in helices G and I which pack against B.
No associated shift is seen in helix F, which also packs
against B; thus the shift in B is not propagated to the
active site. Residues 52 to 56 are part of the loop cén—
taining Thr55 in s&btilisin Novo, which is deleted in sub-
tilisin Carlsberg. This is:élso an exterior loop with
relatively high B-factors. Residues 131 and 132 are part of
an erterior loop tht changes position in concert with a .
shift ?n the position ofAthe side chain of Tyr104. The
tyrosine side-chain may be shifted as a result of differ-
ences in contacts with the bound inhibitors, particularly
the Py side-chain. Residues 159 toﬁ16g are part of poorly
ordered external loops in both g#ﬁ?@ﬁs:(Fig. 3.6b) and the
errors in the atomic coordinates of‘such regions are higher
(Figs. 2.7 and 3.3), thus the differences in the a-carbon
positions may be less“significant. Residue 211 is the

'
threonine preceded by¥h.

Lo 5, {j . sy s .
Carlsberg; it is a diycine in subtilisin Novo, with ¢-y

Cis-peptide bond in subtilisin

angles of 70°, 48 huite normal angles for a glycine.

%'

3

There are 82 amino acid differences between subtilisins

Carlsberg and Novo (Fig. 2.1). The effects of these
. W4

*
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seguence changeslon the structures of the enzymes were
examined by overlapping the two molecules with the matrijx
relating the positions of the equivalent a-carbon atoms, and
looking at the overlapped molecules on the graphics system.
About 40% of the diffcrences.are in residues that.,lie on the
sdrface of the molecule and protrude into the solvent; th;y
have only a small effect on the course of the protein

~ backbone. Another 15% are in surface crevices or\the pro-
tein interior, but the changes are conservative and the
side-chains occupy essentially the equivalent space in each
enzyme. Several changes are less conservative in terms of
the space occupied by.the side-chains, but hydrogen-bonding
atoms overlap closely e.g. the substitutions (Carlsberqg to
Novo) Thr33+Ser33, Thr78-+Ser78, Ser183-+Asni83, and
Ser242-Thr242. '

. In several casgs, a single amino acid change from
Carlsberg to Novo is very non-conservative but is
compensated by another change close by in space; the nét
effect of the changes 1s that two side-chains ﬁogether
occupy the equivalent space in each enzyme. Examples of
this are Tyr57 and Asn58 in Carlsberg occupying the equiv-
alent space of Asn56 and Phe58 in Novo, Asn97 and Sér99 to

- Gly97 and Asp99, Tyr143 and Ala243 to Vall43 and Asn243,
Glu197 and Ser251 to Asd197 and Gln251, and Leu241 and
Arg249 to Tr§241 and Ser249. A somewhat more elaborate
compensatory substitution is that of Gly63, Tyr209, and

Leu217 in Carlsberg for Ser63, Leu209 and Tyr217 in Novo

-
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(see Fig. 5.2),

In 6 instances, substitutions of longer side-chains
allow the formation of new salt bridges'br hydrogen bonds:
"Gln10 (Carlsberg) with Aspi81, G1ln36 (Carlsberg) with
Asn212, Gln59 (Novo) with Asné1, Lys141 (Carlsberg) with
Glu112, Ser158 (Carlsberg) with Arg186, and Asni163
"(Carlsberg) with Glu195. 'The position of the main-chaiﬁ of
the external loop from Ser158 to Thr162 in Carlsberg is more
than 1.0& from its position in hovo; this difference is
associated with the formation of the new hydrogen bond
between Ser158 and Arg186 in Carlsberg.

Other changes in the position of the main-chain are
associated with the substitution of a larggg side-chain at
:he position of a buried residue: IIle165+Vali65 (Carlsberg
to Novo) with the shift of Glu195, val205-+11e205 with the
shift of Pro201, Ala254~Thr254 with the shift of its own
main-chain atoms. The course of the main-chain also differs
about residue 211, the site of the second cis-peptide iq
Carlsberg. The C-terminus of subtilisin Caflgberg lies
closer to the side-chain of Arg249 (substituted for Ser249
in subtilisin Novo). Finally, the changes of Ala52+Pro52
(Novo to Carlsberg) and Ser103-+Gln103 allow the formation of

a surface crevice in Novo that fits around the side-chain of

Trp106 (Glvi06 in Carlsberg).
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5.2.2 Active Site Regions
The active site regions of subtilisin Carlsberg and

subtilisin Novo can be compared after the superposition of

-

the 274 equivalent a-carbon atoms of the two enzymes. The
residues of the catalytic triad, Hisé4, Ser221, and Asp32, ~
have essentially identical conformations at this resolution:
most equivalent atoms of these 3 residues are less than 0.1
to. 0.28 apart, and none are further than 0.3%, /cher res-
idues with differences in atomic positigns in Ehe range of
0.1 to 0.38 are Thr33, Ser125,_Gly128, Thr220, and Met222,
Residues Asn62, Ala129, and Asnl155 overlap to within 0.5R
for equivalent atoms. The loop of residues Leu$6 tolSer105
has shifted from its position in'subtilisin Novo to lie
closer to the inhibitor in subtilisin Carlsberg. The shifts
for equivalent atoms in this loop are in the range of 0.5 to
0.98. In the crystal structure of the native subtilisin
Novo, this loop was described as very mobile and flexiole
(Drenth et al., 1972; Wright et al., 1969). The different
positions of the loop in the two enzyme:inhibitor cﬁvplexes
may also indicate some degree of induced fit in ‘ﬁb’form—
ation of the complex, In addition to the general change in
the loop,_the side-chain of Tyr104 is rotated 90° in x, and
out toward the solvent, changing the shape of the S; binding
pocket on ;he enzyme, Ty
The act%ve sites of subtilisin Novo and su?tilisin

Carlsberg may also be superposed by first overlapping

functional groups in the region, rather than the global



Figure 5.2. Superposition of Active Sites of Sdbtilisins.
Functional groups in the active site regions of subtilisin
Carlsberg and subtilisin Novo were overlapped as described
in the text., Subtilisin Novo is drawn with thin lines, sub-
tilisin Carlsberg with thick lines. The residues of subtil-
isin Carlsberg are labelled.
superposition of the a-carbon atoms. The superpositions of
twvo sets of functional groups were examined. First, all
atoms of the catalytic histidine and serine residues, plus
the main-chain atoms of the P; and P;' residues were
overlapped. The inhibitor atoms were included to compare
the geometry of the active sites in relation to the position
of bound inhibitor/substrate. The rms deviation in position
of the 26 superposed atoms is 0.228. The active site
‘regions of the two enzymes overlapped with the matrix
relating the functional groups are shown in Figure 5.2.

The second superposition of functional groups

overlapped all main-chain and CA atoms (except for glycine

residues) of the following segments in Carlsberg and Novo:
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*Leu3d! to Gly34, A8né2 to Thr71, Met124 to Gly128, Alats1 to

Asni155, and Leu217 to His225. These segments include
sequences flanking the cétalyyic triad, and regﬁdues formin§
the walls of the S, spccifgcitx pocket and the oxyamion
hole. The rms deviation in po;}tién of these 161 superposed
atoms is 0.19&, very close to thé 0.228 found for the first,
much more limited, fJﬁction;l superposition.

The results of the two superpositions of functional
groups indiéate that the active site regions of subtilisin
Novo and subfilisin Caflsberg are ‘much more similar than
implied by the global superposition of a-carbon atoms. Even
residues not directly involved in substtate binding and
catalysis have almost .dentical conformations, and the rms
deviation between the two sets of atoms in both functional
isuperpositions is close to the estimated errots in atomic
positions for the subtilisin Novo structuge. J

After the functional superpositions, ihe maig-ghain
atoms of the loop from Leu96 to Ser105 still differ by 0.6
to 1.34. Considering how closely the rest of the active
Ssite regiong overlap, this is a signifigant difference that
poiﬁts strongly to an adjustment of this part.of the active
site to the conformation of different iwpibitor .ﬁ.

Overall, the few changes in the aative siﬁe region may
have some effect on the specificity or streng§? of
substrate/inhibitor binding, but the general simiiarity of

the catalytic apparatus and binding sites indidates that

there should be little difference in catalytic activity
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1

between Carlsberg and Novo. The obsgrved differences in the

".ratios of esﬁé;ase to proteinase ‘activity (Barel & Glazer,

: / ) .
**1968) must thus be due to more subtle conformational differ-

ences than those discussed here, or to other factors such as

d1fferénce;‘qn the electrostatic envirdnment' ;} the two

1
active sites.

4

5.2.3 Solvent Structure . {/
A number of solvent molecules are conserved between the
- % . .
subtilisin Novo:CI-2 amd subtilisin Carlsberg:eglin-c com-

plexes. A solvent molecule was considered to be conserved
. , ) \ [ 4
if, after the two‘enzymes'were oyerlapped by the global &
R A
superposkt{on of a-carbon atoms described above, the solvent
[ ]

molecule had a counterpart i% the second structure less than

1.0R away. There were 45 water moleculeg that met this
b , ' c
criterion. Some of the conserved water molecules have 5h\\\
* N F q ‘
obviouS'SQrgsgural role, sqch,aS'?roviding hydrogen-bonding

interactions to a buried polar regidue. Conserved waters in

this category include the channel of 6 ggters from the

side-chains of His67, Thr71, ang Hisziglto the enzyme sur-
-
face, and burled waters adjacent to the 51de chalns of

Asp32, Ser190, and Thr253 (Figqg. 2.23). The water trapped at

L4
1

, the bottom of the Syﬂ;pecifiéity pocket is conserved, as is -

one gpter molecule{bﬁried bepwéen‘straﬁds.bf the B-sheet in
\ ) . . f . o '
the inhibitors. “The sqcond water molecule conserq&d between

b

,“the 1nh1b1t9rs 1s ong . bound to the C- term1na1 carboxyl group'

—

of Gly83i. . _ .

~ . :
- } m'

¥ &
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’

» .
Thirty-three water molécules are conserved in crevices

on the surfaces of the ehzymes. Six of the conserved_ waters
‘on the surface lie in a crevice close to Leu75 and the loop
forming the binding site of Ca2+ iqn 1. An acetone molecule
from the crystallization medium was observed in fhis aréa in
the structure of.the native subtilisin Novo (Drenth &t al.,
1972; Hol, 1971).. | ) g e o,
The two ca?* iqpé boﬂhq.tq,lbbﬁilisin'Caf%sberg are o
conserved in subqili;in‘Nggﬁz e&‘akﬁqﬁb;~is-repfﬁcédiby a.
water molecule with an occupancy of 1.0 and a éffactbr of -

’,

1287, The two ordered water molecules coordinating the K*
ion in subtilisin CéblSSerg are;n&k conserved in subtilisin
Novo. The difference in the positioqs of the Ca?* ions .«
af&er ;ﬁe global superposit{on of a-carbon atoms of the two
enzymes is 0.36R for Ca?* ion 1 and 0.918 for Ca?* ion 2.
As;&%gkseen for‘thg.active.sife region, jhovever, a local
‘fséte"rposition of"fgnc‘:tionally impo_rtantlatoms can revea}
much 5£ronger stfuitﬁral homoLogies.'- ] e

CA2%* site 1 from the two enzymes was superposed by a

. N\ . . : . -
least-squares fit of equivalent atoms from the protein res-
. .y s .

idues acting as ligands to the Ca?*; included were all atoms

of Gln2, A§p41, Leu75, Asn77,,main-chaih and CB atoms of ™
_ - - ' * a
Thr79 (I11e79 in Novo?, anq all atoms of Val81. The rms

L3

-

deviation of these atoms after the supeﬂpositibquas 0.14%,
. v - - Y

less than the estigated rms coordinate errpr §or the subtil-

- % o, . ¥ . "7\”' -“?YO‘:! ) s “ » . \
isin Novo complex. The differerce’i »ﬁ? p35¥‘ions of the .
il . ’ A . "p"'_ - “' o Ty 2l .
Ca2* ions after the superposit ion w&g 0. ] e ﬁ?;Qificantly”
- : » ' ‘? Y
e w7

. e .
" S ST g
N : \

;

.

.

X

= - .



o ‘ ‘ “«

245

Figure 5.3, Superposition 9f Ca2* lon Binding Sites.
Functxonal groups of the Ca ion binding sites of subtil-
isin Carlsberg and subtilisin Novo were overlapped as
described in the text. Subttlisin Novo is drawn .with thin
lines, subtilisin Carlsherg with thick 1i eg The residues
of subtilisin Carlsberg are labelled. a) * ion binding

" site 1. b) ca?* ion binding site 2.. The unlabelled residues
ofrsubt111sxn Novo are Glu195 and Asp197 "

_ L) . , ). v
smaller than the value, obtaa.pd from the global

superposition. .The superpose/vand;ng sxtes £rom the tve

(. ,
B A
3 ~;;d,’33



v
enzymes are sho§nliﬁ Figure 5.3a. ¥
A similar fdndtional'spperpoﬁition was performed for

the binding site of Ca?* ion 2; all atoms except CP of
Ala169 (Gly169 in Novo), and all etoms Qf Tyr171 and Va11;3
were ipcluded. The results of this superposition are shown
in Figure 5.3b. The rms deviation of the superpoéed Qtoms
is 0.16&, close to the value for Ca?* site 1. The Ca?* ions
from tﬁe'two enzymes are 0.353‘apartc again a sﬁgni%icantly
smaller value than that ‘obtained from®the global

, superposition. The coerdinating ligaﬁd’036l in Carls;erg is

- 0.81% from the 092 of AspL‘gﬁ;in m buti both the other two

. B “ » N
ligands ia Novo are more than 2.0R™way from any possible

corresponding ligand in‘Carlsberg. The geometry of ca2*
binding site 2 is thus much less well conserved than that of
site 1. This may be related to the relative impomtance of

the two ions to. enzyme stabig&jty; Ca?* ion 1 is proposed to
- é »

N

be more impoftan% to the integrity of the active site and
the hydrophobic core of the enzyme than Ca?* ion 2 (sectiom

2.2.11)0 . r‘,'

Ll
N I

5.3 Subtilisin Carlsberg and «-Chymotrypsin
PreJApus comparisons ofut%e active_site’regiong of £he
' native éubtélisin‘Novo and a-chymotrypsin concluded that the
geometry of the catalytic triad was vittuafly‘idehtical in
tﬁe two enzymes (Wright{ 1972; Kraut et-al.k 1972), a%}héugh
the remainder of the molecules ares different. 'A'simiia; |

- comparison has been made between subtilisip Carlsbgt“




. . . : v

. . . ‘ et e ;' ’, 2 ‘ 7
the complex with eglin-c and a refined a-chymotrypsin struc-

ture from the complex witg OMTKY3 (R-factor = 0.168 for data
' /

in the resolution range from 8.0 to 1.8} (Read et al.,
1984)). The a-chymotrypsin from an enzyme:inhibitor complex
was chosen‘for the compqrison to minimize possible differ-
ences in the conformation of catélitic residues as a result
of ssybstrate/inhibitor b1nd1ng ‘The structure of subtilisin
Carlsberg ‘was used for the comparison bggause 1t!;as been

refined a't.i‘gher resolution than.the subtilisin Novo com-
. * ' . '
plex. Ty

The active sites of the enzymes weré'superposcd by a

.least-squares fit of the sideM¥hains of the catalytic
[ ]
4hlst1d1ne ‘and seriné residues, C® of. tge h1st1d1ne, C“ and N

o£ the' %er1 e plus the ma1n chain atoms of the P} and Py'

residues of th& respeg!lue unh1bitor; This get of atoms
‘ - i
~ was chosen by visual inspectlon on the MM§ -X graph1cs system

o

after a rough manual superp051txont” Atogg»clearly not

equ1valent were excluded (e g. the main-chain ot the o
' '

catalytic histidine goes in opposite direc®ions in thke two

enzymes). .Assumptions abouyt the equivalence of residues ‘
Ld g ' :

(e.g. the catalytic Asp) were avoided as much as'possiﬂie;
", The conformations of the inhibitors' Py and Py' main-chain
atoms are virtually idenﬁical. The inhibitor atoms wePG

1ncludgd in ordgr to compare the geometry of the act1ve
4 «
sites in relation the pos1t1on of bound

substxate/xnh1b1tor.._The rms deQ&at1on of the 19 superposed
. ’ . ' 3
atoms is 0.46& after the least-squares,minimization. The

v

L}

K
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4

\ a-Chymotrypsin
' -
Carlsberg atom \ Chymoetrypsin atom Distance (R)-
His64 ‘C& F : Hisb7 ¢c¢ : .30
His64 CB' ' His57 ch o .87
Hises cY * ® " His57 ¢V ’ ; 0,33
His64 NO! .- " His57 N&1 : _ 0.45

Hise@ c‘52 Hig57 c%2 o 0.50
Hise4 ce! His57 ce] 0.57 X
His64 N€2. His57 N€2 ‘ " 0.54
Ser221 NH . Ser 195 NH 0. 12
Ser221} - Ser195 co - 0.31
Ser223°C ' Ser195 cA 0.52 :

- Ser2Z1 OY Ser195 0Y’. . Ogd 2 ‘
LeuS91 NH ' " Leul8I NH -, 0v27 %
Leu591 C& ) LeuiBl c« 0.29 g
Leu59I C *  LeulBl C N : - 0.24
LeuS91 0 - Leu18I O . -  0.46
Asp60I NH : Glu191 NH , ) 0.12
ASp60I. C¥ . Glu191 ¢@ ©0.33
Asp60I C - - Glu191 ¢ ‘ : 0.75

' ASp60I O '~ +Glut9r O . - L 0.58 e

248 “

. ®»
di§tances between the equivilent atoms included in the

superposition are given in Table,*l'. The two active site

regions overlapped after the superposition are shown in
L i
3

‘The side-chains of the two.active site histidines and

serines, His64 and Ser221 in Carlsberg, His57 and Ser195 in .

. a~chymotrypsin, sup MR well, indicatirg that their relat--

K. 4
K]

Lin both enzymes The act“e Bite

aspartates, Asp T QZ, are qu1te d1ffere=nt in
'OP. and o;fi‘ " . In a-chymotryp*sm, the carboxyl
/ | . a '
.
" Table .

D# tatfces Between Equivalent Atoms, Subtxlxsxn Carlsberq and

i
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Figuge 5.8 Superposition of Subtilisin Carlsberg and
a-Chymotrypgin Active Sites. The active site regions of the
- tvo enzymes were overlapped as described in the text. .
a-Chymotrypsin is drawn with thin lines, subtilisin Carls-
berg wish thick lines, " The redidues of subtilisin Carlsberg
are labelled. : :

[4

, {

grouﬁ.pf Asp102st at an angle of 30° to the imidazqQle ging
of Hish7; there is one hydrogén bond from N81 of the
Ahistﬁdine to 081 of the gppartic acid, and 082 points bebiﬁd
the histidine toward 'thﬁtot'ein interior. Tbﬁ' ‘.n
provides another pydroge:fbond.to 081, and 0%2 recetves
_hg?régen bohdS from tzﬁ’mainqchain nitrogens ot,ﬁlﬁS‘ a;d
His57. In Carlsberg, Asp32 is somewhat fess bJriéé‘ its
carboxyl group is also at an angle of 30° to the me. of
the »iu‘uid?{él‘go;ing of Ris6e, but 052 points in front of the

. [°¥S
histidine toward the protein exterior. The angle between

the two carboxyl groups in the o§er1apped proteins is thus
60°. Both carlgoxyl oxygen atoms of Asp32 form hydrogen

o

!
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v

3

. bonds to Hi564 NOT1, but the strongesb interaction is with
082, The second hydrogen- pondmg )partner for 052 is the ®
main-chain n;:?BQOﬂ of Thr33, and Qa' interacts with a

buried water mdlecule, The geometry EY‘rhqse interactions

in qubt1l1s1nQ(No 3A Carlsberg, and a- chymotrypsxn is
»
&ummar.xz in 'I‘ le 5.2. 2

Apart from the catalytic triad, theré\are three other
. \
close superposxt1ons of atoms. The carbonyl\oxygens of\

© Ser125 (Carlsberg) .and Ser214 (e-chymotrypsin), wﬁ)ch\aqe )
ibelleved fo. be 1Mportaqk 1n,$hd.£orm§tﬁon of the tntrahegral
erizyme : substrate, interm dlatq (Robertus et afl., 1972), are
0. g& apart and both oriented toward the main- chaln n}trogee

of the inhibitors" P, re51due° the. oxygen - nitrogen dis-

tance is 3.64R in the subtilisin Carlsberg: egl1n c complex

and 3.33% in the a- chymotrypsxn.OMTKY3 complex. The $® of -
- : s
Met222 is 0.88 from the‘qubf Cys42, above and in the plane o

of the His-Ser catalytic‘isteraction. Substitution of amino

acids without sulphur atoms in their gide- chalns at posxtxon'
LYRY
222 in subt11151n results in spec1f1c act1v1t1es for the

i

mutant enzyhes ofj? to 50% of the nattve_act1v1ty (Estell
et al., 1985). TThe role of the sulfhur atom in serine pro-

teinase catalysis is unknowp; it may play anJeiectro§tatic
\ ) _ ) - * :
role, but this has not been investigated to.date. The

.

eafbonyl'oxygens of Asn218 and Phe41 are 0.9& apart; each
fofms a hydragen bond with the main-chain NH of thé P, res-

‘idue in their respective inhibitor. The hydrogen bonds and

) L}

c.® . . . -
short contact distances seen in the active siye regions of 4

for

J

. : ¢ 4
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Table 5.2

Hydroghn Bonds of the Catalytic Triad

Bond' N---0(R) H‘W N-A-0(°)

T

His64 N€2 .

Novo - Ser22t OY 2.73 1.79 154

Carlsberg - Serg21 oY %. 2.68 1.70 165

Chymotrypsin? - Ser 195 OY 2.51 1.83 . 123
¥ v o

Hisg4 NO1 e € ¢ %

. Novo - asp32 09! 3.11 2.20 ¥ 150
Novo - Aasp32 092 2.79 1.83 .4 159
Carlsberg - Asp32 08! 3.14 2.274, | 145
Carlsberg - Asp32 0%2 2.68 1,779, 162
Chymotrypsin - Asp102 09! 2.76 1.78 ° 168

Asp32 0%

Novo - 0352 O 2.72 e - . -
Carlsberg - 0344 O 2.64 -
Chymotrypsin - Ser214 0Y 2.61 1.61 113

Asp32 052
Novo - Ser33 NM 2.72 1.79 153
Carlsberg - Thr33 NH 2.69 1.81 145
Chymotrypsin - AlaS56-NH—. 2.76 2.29 107
Chymotrypsin - His57 NH 2.85 - 1.93 151

'His64 and Asp32 are equivalent to HisS74%nd Asp10@2 in
a~chymotrypsin. '

. f
*The values ‘for “a-chymotrypsin fre from its structure in
&omplex with OMTKY3 (Read et al\, 4). : . )

serine proteinase:inhibitor complexes are given in Ta

5.3. . L4 . . N ©

~

Other componen%s of the active site regions are shifted
by mor;‘than 1.04, or are construct;d from different .
foldings of the polypeptide chain. fhe strand Glpdaa\tb‘:'
élle? in Carlsberg, which forms anszh;r antiparallel
B-interactioﬁnwith the inhibitor, has no counterpart in
a-chymottypsin and is distant from any residues o; that

.

enzyme. Residues Ser125 to Gly127 in Carlsberg and Ser214
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Table 5.3
Contacts (&) in the Active Sites of Serine Proteinase
Complexes
Site . Carlsberg: Novo: SGPB: Trypsin:
‘ Eglin-c CI-2  OMTKY3' PTI1* -
Pg 1 CO - Tyr104 O 2.5 - - -
A P4 ! NH - Gly102 CO - 2.9 - -
I CO - Gly102 NH 3.4 N\ 3,0 - -
P3 I NH - Gly127 CO' 2.9 3.0 2.9 3.3
I CO - Gly127 NH 2.9 3.0° 3.0 - 4
P, I NH - Gly100 CO 2.9 3.1 - -
P, I NH - Ser125 CO 3.6 3.4 3.6 "3.4
1 CO - Ser221 NH 3.2 3.0 301 3.8
I C - Ser221 OY 2.8 2.7 2.7 216
1 CO - Asni155 Nb2 2.8 2.7 2.6 2.9
Po' 1 NH - Asn218 CO 2.8 2.8 2.8 -
I CO - 0370 0 2.6 2.7 -  §.2 3.0

¥ V\ .

« 'The equivalent residues in SGPB.and trypsiﬁ are:
Ser125+Ser214, -Gly127+Gly216, Asn155+Gly193 NH, - %@
Asn218-+Phed41, and Ser22i-+Ser 195, .. Data from Read et al.,
1983. .. IS o
' Data calculated from coordinates obtained from ghe
Brookhaven Protein Dat% Bank (Bernstein et al., 1977).

to dly216 in a-EhYmotrypsin ith form a short stretch of
antiparallel B-sheetA.with inQ(i]bitor,residues P, to P3, but
‘this ﬁfrand in a-chymotrypsin is shift;d more thaqdl;g§-away
° , \
from the Py side-chain. An accompanying shift of the res-
idues in the “atheriwall of the spocifici;Y,pocket iﬁ
a-chymotrypsin makes the width of the.Pockets.in the two
enzymes comparable. Carlsberg lacks residuesv;Ofi;sponding:
t9 Seg?lalto Ser221 in a-chymotrypsin, which loop up to form
& wall at the end of the Py specificity pockeé; the distal

end of the pocket is mich more open in Carlsberg, and the

subtilisins thus have a more broad substrate specificity;

*

I 4
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The side“gnhaln of Gly166 of the subtilisins, at the bottom
of the Py Qpecificity pocket, has been mutated to each of
the other 19 amino acids té study its effect on substrate
specificity (Wells et al., 1985). Specificity can be
eltered significantly, depending on the size and charge of
the amino acid replacing the glycine.

The éarbonyl oxygen atom of the P, residue points into
the oxyanion hol; in both complexes and forms a hydrogen'
bond to the NH 6f the caialytic serine; the NH's of the two
serines are 0.18 apart in the overlapped active sites. The
other components of the oxyanion hole are the N32 of Aeni55
in Carlsberg an of Gly'93 in a-chymotrypsin, whi&h
_arexg.SR apart. ; ?ugh the two a}trdgens‘argmﬂistant,
hyé&bgen atoms piaced;at iBeal positions &n the nitrogens
would be only about 1.0R aBirfL‘.%gaggfdéfbﬁéins'Bifaspar-
agine residues are not normally considered to be as rigid
conformationally ;; the nifrogen of a peptide boqd;A Asn155,
_however, is invol\;ed’iﬁ additional hydrog;n bonds to the WH
and OY,of *Thr220 and is relatively fixed in‘position (Figy,
3.12). ' The B-factors of the 08! (108:) ipd N82 (9R%) of tgé
. Asn155}side-chain reflect the lack of flexi&}lity; the . t
averag B-factors for these atoms in the 18 Qther .
asparadines in thjénzyme are 238 fog 0% an8l 198 for N¥2:

The Sz'spgé;ficity site in subtilisin Carf;berg is’a
hydroghobié pbcket bounded by the plane of the imidazole
ting of His64, the S;ZE-ghain of Leu96, and the main-chain

of Gly100. Because atchymotrypsin lacks the loop containing

. -~
’

s
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Gly100, its S, specificity pocket is much more open. fhis
~is not true of all chymotrypsin-like enzymes, however; in
the complex of SGPB:OMTKY3, an addition#} wall for the §;
pocket is provided by the side-chain of‘Ty;171 (Read et al.,
1983; James et al., 1980) and the shape of the pocket is :
more like that of subtilisin Carlsberg. .

In the Carlsberg complex, the P4 side-chain. of the

inhibitor is buried in a deep pocket bounded by Tyr104,

-

Ile107, Leu126, Leu96, Gly127 and Gly128. A smaller cleft
is formed in a-chymotrypsin by Trp215, Trpi72=and Gly216.

The cleft in subtilisin Novo is also smaller because the
. »

-

~Qide~chain’of Tyr104 has. rotated inward and ‘avay from the \\

.t . '3 -

solvent in subtilisin Novo relative to its position B sub-
tiligin Cardsberg (Fig. 5.2). There is a hydr.ophobic ’

h , X

stacking of the P,' side-chain with Phe189 in Carlsberg; no

comparable residue is present in a-chymotrypsin. .Finally,

-

both enzymes have qgmparable hydrophobic patéhes, possibly

to bind to P3' residues; this is comggSgd of ‘Leu217 in
‘Carlsberg, and Phe41 plus G1y59 in a-chymotrypsin,

A second functional superp051t1on ©f the actxve sites

of subtilisin Carlsberg and a’chymotryps1n was performed fJF‘=§

comparatiuve purposes. The atoms overlapped were al?

inyolved in hydrogen- bondxng 1ntef;.fiod§ 1n the:: ';‘

oad V.

sﬂ:e the carbonyl oxygen of "1’%‘:

L]

... as chgmotrypsxn) the N&! and N1P of.valf.

of Asp32 (08! of Asp102), the carbonyl oxygen af Seryfs

¢

(Ser214), and the amide nitrogen and OY of Ser22! (Se;195).
. * - . ) ‘
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with.and§w1thout the

main-chain atoms of the inhibitor \1' re81duel; The

ons were 60! and

——

ating the’' two enzyme

" rms deviations for these tvo su
0.638, respectively. The matrice

active sites were very similar 1 3 fumctional superpo-

sitions, so the above di;usn mparing the active s1tes

is not highly dependent the choice of atoms faf“?ﬁg/

)
superposition, oy

5.4 CI-2 and Eglin-c

The structuges of eglin-c and CI-2 from the complexes®

with the subtilisins were overlapped by a least-squares _.

*

superposation of structurally eduiValent a-carbon étéms,

. Lys221 tg Pro72I and Thr731 to Gly83I (Glyﬂzh; is an
insertion ir; eglin-c relative to'8—2 (Fig. 2.2)). The rms
difference in position fof ail thesg.C“'s is 1.684. ¢
iiteration of the least-squares process and gradual'renoval-

o{ the most wi?ely séparateé pairs of atoms from t£e calcul-
ation leads to an rms devxatxon of 0.73& for 39 out of the
62 a-carbon pairs. , Resxdue? 1nc1uded in the calculat1on of
this final rms deviatxon are Lys221] (eglln—c sequence) to
Lys301,‘Glu451 to Glu53I, Leu591 to Asn69], and Val76I to
,xnﬂ%j83i ‘The. rfixons of-best cgreement between the two 1nh ﬁ‘.&‘
b1tors are thus the 4 strands of B-sheet and the second part
of the reactxve site loop (Fig. 5.5). )
Although eglin-c and CI-2 have only moderate sequence

homology (Eig.‘2.2) and show some relatively large

»



Figure 5.5. Superposition of Eglin-c and CI-2. The
a-carbon atoms of the two inhibitors were overlapped as
described in the text. CI-2 is drawn with thin lines,
eglin-c with thick lines. The residues of eglin-c are
}abelled. !
conformational differences, maior Structural features are
very well cogserved. These features include the‘hyd;osﬂobic"
core, the central B-sheet, and the hydrogen-bonding neﬁvork
supporting the reactive site loop. The residues of the
a-helix show deviations of 1.9 to SFZX'betﬁeen a-carbon
atoms.: In eglin-c, thiﬁ helix has a number of packﬁhg con-
taots‘with.symmé%ry-relateg molecules that do not ofcur in
Cl-2. These cont;cts may be partly‘reSpon;‘Ple’for fhe ’
shifted helix position (also see below). o : .
A second segment of egliﬁ-c.tﬂht-devfites in bo ttion
Afrom CI-2 is Gly54l. to Thrsél, the first paff'of t reac-
tive site 1oop‘f2.1 to 4.1R'dit£ergnce in a-carbq atoms) .

| J

The enzyme residues interacting'with this portion of the '{'

reactive site loop, Gly100 to Ser105, have adso shifted

.



‘between the active sites of subtilisin Carlsberg and subtil-
isin Novo«. The third ségment differing between the two
inhibitors is.the exterior loop which contains the inserted
nesiéue Gly72AI in eglin-c. .

The reactive site loops of eglin-c and CI-2 were ,
overlapped by a least-squares’superposition of the'main-
chain plus Cﬁlatoms of the P1‘and P1x residues, in order to .
compare the environments of their reactive site bonds. The
rms deviation of the 10 pairs of atoms in this overlap was

0.11R. A second overlap was performed to compare the entire

reactive site loops; the atoms overlapped were the

Figure 5.6. Superposition of Eglin-c and CI-2 Reactive Site
Loops. The reactive site loops of the two inhibitors were
overlapped as described in the text. CI-2 is drawe with
thin lines, eglin-c with thick lines. The residues of
eglin-c are labelled. .

. ’ ' - 287

I
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main-chain plus CP atoms of the P; to P;' residues and the
main-chain atoms of the P4 residues (P4 ofteglip~c is a pro-
line). The rms deviation of the dtoms in the second compar-
ison was 0.19%. »

The superposed reactive site loops ;nd the sur:agpding
residues that interact with them are shoﬁn in Figure 5.6.
The resulﬁs of the second overlap ;ere used for this figure.
In this view the very cloée overlap of the reactive site !
loops can be seen clearly, including the Py to P{' residues,
This is.in contrast to the differences sqﬂh in this region |
when the whole inhibitors are overlapped,’thus the body of"
the inhibitor must have shifted relative to the reactive
site loop between the two complexes.

There is one major change betwfen%she twd re?ctive site
loops, the substitution of Asp60I in eglin-c for Glué60l in
CI-2. The P;' side-chain is extensively involved in hydro;'
gen bonding that preéUmably stabilizesg the conformation of
the loop and the réactive site bond. The hydrogen-bondiné
" networks of the two inhibitors are shown in Figures 2.16 and
3.11. The 082wt AspGOI-and the 0€2 of Glu60! are 0.6& |
apart in thed superposed reaétive site loops; this is relet-
ively close, since one side-chain is one carbon shorter than
the other. Part of the compensation for the shorter P’
side‘chaih comes from a difference in x, of 30® and a dif-
ference in orientation of the two carboxyl groups. A sécond
part of the compensation comes from a shift of Arg62I,

Arqg65I1, Argé671, and Gly831 up toward Asp601 relative to the
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B . . -~ \
. positions of these residues in CI-2; the shift can be seen

¢

in the positions of the maxn-chaxn atoms of thgrresudues in
Figure 5.6. The ma1n<cha1n C“'s of- the arg1n1nes in the two

.
inhibitors are over .08 apart.

A third part of, the compensat1on comes from the pres-
ence of an additional water molecule adjacent to’ AspGOI 052
This water molecule (0372) provides hydrogen-bomding bridges

between,ﬁngOI, Thr581, and Arg65I. The number of hydrogen

bonds in the network .and the atoms involved in the bonds are
- 1

thus highly conserved‘between the th\}nhibitors, This is
‘ B

“an indication of the importance of the network to the stab-
: 4 -

iﬁity of the reactive site loop.

. Thé helix in eglin-c is shifted by an angle of 18° and
translated by 0.88 relative to the helix in CI-2 when the
a-carbon atoms éf the inhibitors are overlapped. Most 6{
the change in helix position relative to the B-sheet ané
reactive site loeop appears ;o'be due to changes in the
packing of thé Bydrophobiz'core of eglin-c. The core of
eglin-c is férmed almost entirely from the same residues as
that of CI-2, but almost 75% of ﬁhese positions éontain
amino acid substitution The core of CI-2 contains |
aromatic res{due'and 15 aliphatics; eglin-c contains 7 ;o
aromatics and 10 aliphatics. |

The reasons for the change in conformation with ﬁhese -
substitutions are not obvious from a simple examination of
the overlapped helices 6n the graphics sysiem. The residues

of CI-2 were therefore 'mutated’ to the corresponding

/ -
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» ’ 3 ~
. residues in the core of eglin-c (program of R. Read). . The

'mutfted’ residues retain the positions of the main-chain

atoms and the appropriate side-chain'toféional angies of the

o?iginal re(idues. .The 'mutated’ CI-2 molecule was examined
on ‘the graphics for bad contactd of sid?-chains that might
be relieved by a chﬁnge in conformation. Thfg:‘jﬁg contacts
were’gpund; all of which could be relieved by a shift of the .
eglin-c helix iﬁ the direction of the observed shift. The
bad contacts were from the substitution of Tyr46I (eglin-c)
for Ala46l (CI-FZ‘),,'PheSOI for val50I, gnd' Phe3SI for Ile39I
(Fig. 2.15, Fig._3.10). Tyr461 was seriously ‘entangled with
Tyr431 in the ‘mutated' CI-2, Phe501 bumped into Val32l and
'Arg361, and Phe39I was in close contact with Phe24I. The
shift in the helix of eglinsc also aliows\a more favorable
stacking of the side-chain rings of Tyr38I with Phe39I,
Phe241, and His42I. |

&

5.5 Inhibitor Intefactiéns with Serine Proteinases
LY

A numbet of standard interactions of inhibitors or sub-

strate analogs bound to serine proteinasés have emerged from

-

comparisons of X-ray structures of a variety of complexes
(Read & James, 1986, and references therein). The compar-

]

isgns indicate that ﬁhe reactive site loops of the inhi-
bitors studied all have similar conformations, and the
conformation is presumed to be similar to that of a, -
préductive binQing mode of a peptide substrate. To a first

approximation, the formation of the eﬁzyme:inhibitor complex
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is by the 'lock and key' mechan;sm,.with little adjustmen:—-‘
dT—theAcbnfotmation of either. partner. B
| ~The standard interaction$ fﬂét are seen in all serine
proteinase:inhgg}tot comple#gs are:’gpecificity‘pockets for
Py, Py, anq P, side-chains, a'ﬁ-sheef interaction from P3 to
residue 127 din the subtilisins (216 in the chymptrypsin-like
enzymes), a long ﬁ;drogen bond from th‘hmain-chain NH of the
Py residue to residue 125 CO (214), a close approach
(= 2.78) of Ser221 OY (195) to the carbonyl carbon atom of
Py, and a ﬁ}drogen Bond from the P,' main-chain NH to the CO
of residue 218 (47). 'Complexesaof inhibi;ors‘;ith subtili-
sins exhibit an additional set of B-interactions with_tﬁé
loop of residﬁes 100 to 104 as seen in the structures of SSI
(Hirono et af.q,1?84), CI-?, and eqlin-c with subtilisins.
Arf examination éf’the dgtails of the interacti&ns of
inhibit%rs-wilh’serine proteinasesrshows conside‘able'”
diversity within and beyond éhe standard interac?ions; fhev
hyarogen bénds Betweén"enzymés and inhibitors are{somewhat~'
variable (Table 5.3).. For example, one'half ok the

)

B-interaction Lbetween P3 and residue’216 is missing in the

tfypsin:PTI’complex, as is the hydrogen bond fromﬁzﬁe-main- )
chain NH of Pz"to residue 41 (Read et al., 1983). The‘
hydrogenfbonding interactions in subtili;in:ihhibitor com-
plexes are summﬁrizea in Tabie’5.4, and ghow\gﬁpy diffex-

B 2
_ences between complexes. In some cases, the differences are

. \ . -
due to changes in the sequences ot t reactive site loops,

"‘\4 Lo~



(;;_ "Table 5.4

Hyarogen Bonds of Subtilisin:Inhibitor Complexes
¢ , ]

Site Bond Eglin-c GQl-2 §ST' Hypothetical
: ~ ' Substrate?
Pg 1.CO - Tyri04 NH v
"1 CO - Tyr108 OH. 'V .
Ps I CO - Ser130 NH | _ v
P, 1 NH.- Gly103 O % v oo
I CO--“Gly102 NH 4 v ,
P3 I NH - Gly127 CO v v v vV
I CO - Gly127 NH v v vV v
P, I NH - Gly100 CO v Voo
Py I NH - Ser125:CO long long v
I CO - Ser221 NH v v |
1 CO - Thr220 NH v
1 CO - Asni155 N82 v v .
P2' I NH - Asn218 CO v ooV 4 «
; 1 CO - Asn218 NH, .
'HiTono et al. (1984).  _. R
= J'Robertus et al. (1972). a

v
particulafly4the pfesénce of prolines at P4 in eglinfc and
P, 'in SSI. ' :
‘Q;her‘diffErences occur in integactibns with’the lgpp
from Gly100 to Tyr104. As was demonstrated in the compar-

<

isonAof the active sites of subtilisinézdvo and subtil(%in
o Ll ¢ ‘
Carlsberg, this loop has shifted betwe

th% two complexes
and the side-chain of Tyr104 is in a different positioﬁ and
orientation. In order to form the hydrogen bonds between
the loop and thé inhibitor shown for the subtilisin:SSI com-
plex, the conformation 6f the loop would have to be differ-
ent again in that complex. These data imply that there is a
) small but significgﬁl induced fit'be;Qeen the subtilisins

@ .

v

-
. — -
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and thexr inhibitors.

One possible souyrce of the differing ;oop contorm&&ions

is the size andhshape of the Py side-chain. The dxftercnces

v

- between the P4 residues of eglxn c and CI-2 can be seen in

Figure S.Q& The size and shape of the Sy spezgskggty pocket
is also different in the cognate enzymes, and the‘loop from
Gly100 to Tyr104 forms one wall of he poéket.
5;6 C1-2 Native and él-z in Compleq’ . . ] e

The native CI-2 étructure and CI-2 from the complex

with subtilisin Novo can be overlapped by a superposition of
equxvalent a-carbon atoms, }euZOI to Gly83I. The rms

!
deviation in atomic positions is 0.47R for the a-carbon
- >

\

atoms. The largest deviations in posiiion, between 0\5 and

A\

o

Figure 5.7. Superposition of CI-2 Molecules. The a-carbon
atoms of the two inhibitors were overlapped as described in
the text. CI-2 from the qomplex 1s drawn with thin lxnes,
CI-2 native with thick lines.

‘
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1.4R, occur in the r;active site loop. The body of the

inhibitor changes:véry little between the complex and native
stru®tures (Fig. 5.7)., Changes in the reactive site lgop
are difficult to assess; the high B-factors in this”rdéiqn

in the native structure imply larger coordinate errors, on

f half the/obS'rved rms deviation,
‘ A - s

0f the solf e of the CI-2 molecufe in

the complex with subtilisif® Novo is conserved in the native

_mqleéule. If the two molecules are overlapped by the'matrix
relaging the a-carbon atoms, there are 7 water molecules in
eqguivalent posftions,‘yithin 1.08 of each other. Four of
these are the water molecules that form the hydrégen-bonding
bridges in the p-sheet of the‘compiexed inhibitor (Fig.
2.1%). The otherl3 lie close to the C-terminus of the
single a-helix.

The-difference in the mean B-factor of main-chain atoms

a

for each residue is plotted in Figure 5.8. The mean
. .

. 'B-factor for all main-chain atoms in the native CI-2 is 19;
the mean for CI-2 from the coé@lex is 14. .In most regions
the na}ive Cl-2 dﬁiecule has B-factors offly marginally above
or below those of the molecule from the comélex. Some of
the exterior loops in the native structure are better

»

ordered than in the complex structure, probably because they
are involved in contacts wiéh symmetry-related molecules‘in
the native“CI—Z crystals. The reactive site loop of the
native inhibitor is obviously the major region of disorder

relative to the inhibitor from the complex, and the major
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Figure 5.8. Difference B-Factor Plot, CI-2 Native vs CI-2
in Complex.' The mean B-factor of the main-chain atoms was
calculated for each residue in native CI-2 and C!-2 from the
complex with subtilisin Novo. The difference in mean
B-factor is plotted versus residue number. NO& value is
given for Asn19I; no density is seen for this residue in the
CI-2 structure from the complex.

contripﬂtor to the difference in overall B-factor.

The differences in position of the redctive site loop
do not disappear if a more local superposition is performed.
As in the comparison of eglin-c and CI-2 from the complex,
the main-chain plus CB atoms of the Py to P;' residues of
the loops were overlapped; the rms deviatgdn for this
superposition was 0.51R, more than twice the difference
between the eglin-c¢ and CI-2 reactive site loops. Figure

5.9 shows the result of the local superposition. ' The

deviation in position of main-chain atoms is spread
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Figure 5.9. Superposition of CI-2 Reactive Site Loops. The
reactive site loops of the two inhibitors were overlapped as
described in the text. CI-2 from the complex is drawn with
thick lines, CI-2 native with thin lines.
throughout the loop region. - '
The positions of'several side-chains in the reactive
site loop are also changed between the two ‘inhibitor struc-
tures. Thr581 has changed by -90° in x,; O'! in the native
inhibitor,points away‘from Glu60! and forms a hydrogen bond
‘with the side-chain of Glu781 of a‘neighborind molecule.

Glué0I in the native ‘inhibitor no longer bends back toward

its own main-chain NH, but has a more extended conformation.

Arg62l has rotated to form a ;alt bridge with Asp64l in the
native inhibitor, rather than the hyaroqen bonds with Glu60I
seen in the complex. MetS59I is in an extended conformation
iﬁ the native inhibitor; the less extended conformation iﬁ

the compléx is presumably due to li&iting contacts with the

Sy specificity Qz?let.
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The chaﬁbes in side-chain conformations in the reactive
site loop are associated vitp the less of several hydisqcn
bonds from the stabilizing network in the 'native inhibitor,
primarily those formed by Thr58I end Glu60l in the complex.
Although it is difficult to assign cause and effect in guch.
matters, the~la§k of the hydrogen bonds in the native inhi-
bitor may allow freer movemenﬁ of the reactive site loop,
resulting in the high B-factors and disorder observed'in
this regioh. The arginines supporting the loop retain most
of their hydrogen bonds between complex and, native, and are
well-ordered in both structures (Fig. 4.7). .

The relati@e&y high‘B’fac:ors for the reactive site
Jloop of native inhibitorS'compaFed to the inhibitors in a
complex have been observed previously for inhibitors of the‘\
Kazal family (Read & James, 1986). Thié indication of flex-
ibility in the reactive site loop has been proposed as the
mechanism by which inhibitors act on a wider range of
enzymes; while the. reactive site loop is stabilized by vari-
ous hydrogen-bonding and covalent interaction;~to a conform-
ation complementary to an enzymé active site, it it still
able to adapt to more thanvone enzyme active site kRead (3
James, 1986). The increase in flexibility of an inhibitor
reéctive site loop results in a leﬁs tight binding to
cognate enzymes; the entropic cost of the loss of extra
internal degrees of freedom in the inhibitor reduces the

available binding energy. 1In evolutionary terms, however,

the increase in broadness of inhibitor action may be warth
\
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the decrease in tightness of binding. (

A change in the relative orientation of the reactive
site loop to the body of the inhibitor in complemes with
dilferent enzymes has been observed for oﬁ%xiﬁ‘in complexes
with SGPB and e-chymotrypsin; the change has been described
as a8 hinge-like msvemont (Read et al., 1984). A similar
change can.be seen between the complexes of subtilisin
Novo:Cl-2 and subtilisin Cdrlsberg:eglin-c. The conform-
ations of the reactive site loops are almost identical (see
above) in the two inhibitbrs,.and the majority of the enzyme
active sites overlap closely. If the two complexes are

overlapped by the hatrix relatiné the two enzymes, however,
there is a noticeable twist of one inhibitor rela;i!o to the
other (Figure 5.10).

Some of the d?fference in orientation of the two inhi-
bitors is due to the changes in their hydrophbbic cores and
a shift in the positions of their.a-helices. The angle
betwveen the two helices in Figure 5,10, however( is 45°,
compared ‘to 18° if only the inhibitors are overlapped: at
least half of the difference in orientation of the inhi-
bitors in the two complexes is due to other factors. 1If
‘ eglin-c is placed in the active site of ;:btilisin Novo,
vusing'the matrix relating the two enzyme active sites, there
is only one contact less than 2.0R between enzyme and inhi-
bitor. This contact is between the OH of Tyr104 and Gly541;

Tyr 104 changes position in -subtilisin Carlébefg relative to

subtilisin Novo. The lack of badvcontacts in a subtilisin
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Figure 5.10. Superposition of Engyme:Inhibitor Complexes.
The complexes were overlapped vit) the matrix relating the
tvo enzymes. The subtilisin Carlgberg:eglinec complex is
drawvn with thick lines, subtilisin Novo:CI-2 with thin
lines. Residues of*subtilisin Carlsberg:eglin-c are
labelled. o s \

Novo:églin-c model compiex indicates that the change in
inhib@tor orientation is not due to changes in
enzyme:inhibftor interactions. There are few bad contacts
between eglin-c in the model ccmplex with subtilisin Novo
and, symmetry-related molecules in the subtilisin Novo crys- -
tal Env;;onment, thus packing contacts shodid only contri-
bute a small améunt te- the change in orientation,
Flexibility of the reactive sitg loop region appears to
allow the inhibitors to change orientation and still

* !int.ain good interartions with the enzyme active site.

the flexibility of the reactive site loop relative to

: - )
the body of these jnhibitors may be due to Argé5! and

Arg671. They act as spacers supporting the reactive site
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loop, in a role analqgoui to that of Asn33I of OMTKY3
(Fujinaga et al., 1982; Read et al.‘6 1983); the spacers
allow the loop to protrude from the inhibitor surface and
interact easily with the enzyme active site. Arginine .
side-chains are also relatively flexible and would gllow”the
reactive site loop some freedom to adapt_to the acfive sites
of different enzymes by changing its position relative to

the inhibitor body. The a;ginines thus hsse a dual role; ' g
the& prov}dl'flexibiliky to broaden the specificity of the
inhibitor,!and Fhey fofa an integral part of the hydrogen
bonding network that stabilizes the conformation of the res-

idues of the reactive site loop to be complementary to the

enzyme active site.

: _ P
5.7 Why Are-Eglin-c-and CI-2 Go&ﬁ-lnhibitors? q\\ v T
According to the standard mechanism of qction for pro-

tein inhibitors of serine proteinases put forward by
Laskowski and‘kato (1980), a good inhibitor binds';ery
tightly to the enzyme (low KQ) and is hydrol;zed very slowly
(low keat). The association rate constants ?%r églin—c with '
elastase and cathepsin G are on the order of 107 M™! gec™!
‘and the equilibrium«asgociation constants are< 1011 M~
(Schnebli et al., 1985). The rapid ahd tight association of
enzyme and inhibitor is promoted by the reactive site region
of the inhibitot being held fairly rigidly in é conformation
complementary to the enzyme active site. .

-
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' Both eglin-c and CI-2 seem to confornm to the part of
the inhibitory mechanism req&iring tight binding to the
enzyme, The complementarity between thg{r reactive site
loops'and the énzyme active site is exéellent as seen in
previous.chapters. The reactive 51Lé loop of the inhibitors
is_stabilized by exten51ve hydrogen bond1ng, if the reactive
site residues were simply a free/pept1de in solution, they
would presumably be much more lablle in conformation than“
even the reactive site doop,of the native inhibitor. Some
of the lack of disorder 1n;the reactive site loop of a bound
inhibitor thus comes from;£he stabilizing hydrogen bohds,
and the rest from interactions with the enzyme on complex
formation. The conformations of the loops of CI-2 and
eglin-c are highly similar, as are their interactions with
the enzyme active site. In the complex, a number of inter-
actions favor tight binding of the inhibitor to the enzyme.
These include the hydrogen bondiqg 1n the two sets of |
B-sheet interactions with subtilisin, as well as extensive
hydrophobic interactions of inhibitor side-chains with deep
specificity pockets on the enzyme. _

The second required property of a good inhibitor is a
slow rate of hydrolysis. The Khyd fé; inhibitors is usually
close to 1 near neutral pH (Finkenstadt et al., 1974;
Laskowski & Kato, 1980). Values of Khyd are not available
for CI1-2 and eglin-c, but the simiiarity of their inter-

actions in enzyme complexes to the interactions of other

families of inhibitors indicates that they may share a

(%%
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mechanism. The slow rate of hydrolysis of protein inhij-
bitors of serine proteinases may be due to aétivation enefgy
barriers at many points ih the reaction. Some of the
barriers may be due to structural properties of the inhi-
bitors alone; others may be due to interactions between the
inhibitors and enzymes. ” e
One activation energy ba: :er has been proposed for -the
formation of the tetrahedral i~termediate from enzyme and
Uncleaved.inhibitor (Fujinaga et al., 1982; Read et al.,
1883). The presence of this type of barrier is in agreement‘
with early observations that modified inhibitors (ones with
a clea?eqfreaétive site bond, but with the two halvgs_still
jbined b} disuibhide bonds) bind more slowly to
a-chymotrypsin than uncleaved inhibitors by a factor of
about 10% (Quast &t al., 1978). The experimental daﬁa
implied that oncewan,inhibitor was cleaved it would lose its},
function, thus‘a good inhibitor would be especially
resistant to cleavage. Some of the structural features of
OMTKY3 that would%’ﬁhder the formationtof a tetrahedral’
intermgdiaﬁe on the péz;;ay to cleavage are the hydrogen
bonds from the side-chain of Asn331 to the carbonyl oxygen
atoms of P, and Py', from the NH of the P;' residue to its
own side-chéin, and from the side-chain of P, to the side-
chain of Py' (Fujinaga et al., 1982). Hydrogen bonds.or
electrostatic interactions analogous to these are seen in
CI-2 and egiin-é, involving Thr581, the Py' residue, Arg65I,

and Arg67I (Fig. 2.16 and 3.11). An -inhibitor closely
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related to CI-2, CI-1, has a phenylalanine fesidue-in‘blace
of Argﬁ?l (Svendsen et al., 1982). CI-1 isbcleaved and
dissociated from serine proteinases more rapidly than Cl-2,
indicating the importance pf the arginine residues to inhi-
bition (I. Svendsen, personal communication).

Recent reports have shown that for subtilisin Novo and
suétilisin Carlsberg, the ratio qf the association rate con

- - +
stants of the enzymes with uncleaved or modified OMTKY3 are

«
close to 1, in contrast to the ratio of 106 found with
a“chymotrypsin (Ardelt & Laskowski, 1985). Barriers to
cleavage of the inhibiter thus may also_be important after

/

formation of the acyl enzyme but before release of the

cleaved inhibitor from the enzyme.

Figure 5.11, Superpositian of Eglin-c and OMTKY3 Reactive

Site Loops. The reactive site loops of the two inhibitors

were overlapped as described ip the text. Eglin-c is drawn
with thick lines, OMTKY3 with thin lines. Residues of

eglin-c are labelled.
. a
‘
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4
Read et al. (1983) have proposed that barriers to

relaxation of the reactive site region after hydrolysis-
would afsd contribute to the overall slow hydrolysis. They
cithhthe;disulphide bridges flanking the reactive site bond
and involvement of the C-terminal end of the reactive site
loop in B-structuré as factors that would réauce the con-
formational freedom of the cleaved inhibitor.. The covalent
disulphide linkages are miss%ng in CI-; and eglin-c but may
‘pe replaced by the extensive hydrogen-bonding network stab-
iliiing the reactive site loép. Thg residues before and
;fter the loop in these two &nﬁibitors ;ré part of their
central p;rallel B-sheet, again analogous to the inter-
actions in OMTKY3.

Specific barriers to separatior of the new termini in a
‘cleaved inhibitor could.be another fqptorﬂcontribUting to
slow hydrolysis. Figure 5.11 shows the overlapped feactive
site regions of egliﬁ-c and OMTKXQ'(least—squares — |
superposition of main-chain plus cB atoms of Pé, Py, and
Py', rms deviétion of 0.24&). The hydrogen—bonding and
electrostatic interactions mentioned above would be
unfaworably disrupted by separation of the termini. A means

"of stabilizing the charges on the newtfermini of a cleaved
bond is common to.the inhibitors. The side-chain of P1l is
bgnt dowﬁ toward its own NH in fhe‘eglin—c complex, close to
hydrogen-bonding position; this negatively charged side-
chain (Asp in eglin-c, Glu in CI-2 and OMTKY3) is well

situated to interact with a new positively charged
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N-terminus. 1In eglin-é and CI-2, ‘the négative/cbargé?on‘a

new C-terminus would be readily compensated';y the siéec

chains of ArgGSI and ArgG?I The pos1t1ve end of the héllx

dxéole (Asn33I to AsntSI) in OMTKY3 lies on th:.txé of

Arg65I from eglln c when the two are overlapped, and the
dipole points toward the reagtxve site bond: ’

A model of CI-2 after cleavage of the reactive site

bond can be built into the active site of sgbtilisin Novo.
Starting from the coordina;es of the in;aét inhibitor,
rotations about the N-C* bond of P, aﬁd the C¥-C bond of P’
are sufficient to move the new termiﬁi to non-bonded contact
distahcel The'carbonyl carbon of Py can pg pladeg about
4 .8R from the oY of.?er221, to.simulate the acyl enzyme,
The side-chain of Met591 can be adjusted to a more exﬁended
confo:@gtion within the broad Si spgcificity pocke}. -
Moveméﬁt of the NH of P,' away from the carbonyl carbdn of

— Py shifts the side-chain of P’ away from its ﬁosition ¥n -
the hydrogen- bond1ng network,. but rotntions aboui gl’pnd=xz

'. 0

restore, most of its 1nteractqons. No sttong coﬁt1031ons can

o *

‘be drawn from such a rough model but it does indicate that

/the\lnhlbztor could- ain bound to the enzyme after‘cleav-

,'/ +

age/without excessivd disr ption of favorable binding and

::QEQBTT%Qiné interactions. -

Differences in the rate of dissociatiqn_of‘hnéleaved
and modified OMTKY3 from a-chymotrypsin but éot from the
subtilisins (Ardelt & Laskowski; 1985), brobably are due to

different interactions between the enzymg; and inhibitor.

o’

Ty

)
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- ’ \
The mosi\}mportant differences must be in\interactions on

the C-terminal side of the scidsile bond. Once the bond has

.

been cleaved and an acyl enzyme complex forgfd, the P’

gsegment of the reactive site loop must shift, enough to allow

access of a water molecule to the active site. The water
‘molecule must attack the afyllenzyme complex before the

aleaved inhibitor can be released from the enzyme. The

freedom of the P' segment to adjust its position in the -

.‘active site thus should have an infiuencé on the rate of

hydfoly‘!s and release of the inhibitQr from the enzyme.

-~ A structyre of OMQKYB'ﬁith subtilisin is not available

but CI-2 in complex with subtilisin Novo is a reasonable ?
- @

model. The Py' to P3' .residues are the same-in both inhi-
bitors and the conformations of their reactive site loops
are similar (McPhalen. et af: 1985). The interactions of
nCI -2 w1th the act1ve 51tes of subt111s1n Novo and |
a- chymotryps1n overlapped with subtilisin Novo (as for an'
tilisin‘Carlsbergy see above) were examined on the graphics
system. There aré rglatively few"nzyme:inhibitor inter-
_actions on the P’ siée of the scissile bond (section 2.4.1)
to interfere with movements of the P’ segﬁeht of the inhi-
bitor. :

The moét obvious difference between subtilisin and
a-chymotrypsin in this region is the presence of an extra
surface loop in a-chymotrypsin, residuds Gln34 to Phe39.w

_;yhis_loop lies close to the si@e—chaih of %he Py' residue

and has no counterpart in subtilisin. The loop may
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y
interfere with adjustment of the position of the P segment *
with fofmation of the acyl enzyme and attack of a water |
molecule, or it may interfere wifh release of.the—cleaved
inhibitor from the eﬁzyme. This is only a speculation,
théugh: it is difficult to make good comparisons of this

~nature among the two subtilisin complex structures and the
two'OMTKYB‘complex structures due’to the changes in orient-
ation of the inhibitors relative to the enzymes. Until the
causes of the different orientations are more firmly
established, comparisons of contacts and interactions can be
only tentative,

¢

5.8 Future Directions - o

Compar?éon,of éﬁzyme:inhibitor interactiong to find
structural factors affecting kinetic énd biochemical prop-
erties of protein inhibitors would be aided by the avail-
ability of more X-ray structures. Two structures that wou.d
be of particular interest with respect to some of the
qﬁestions raised in this thesis are complexes of OMTKY3 with
sﬁbtiiisin, and eglin-c or CI-2 with a-chymotrypsin.

Kinetic parameterf/gazgzggakcat and Kpyg for CI-2 and
eglin-c with a variety‘of serine proteinases are of
interest; knowledge of these parameters would establish
whether inhibitors {rom the PI-1 family ‘really do function
by~§pe standard mecﬁanism of Laskowski & Kato. MeaSurement

of association rate constants for uncleaved and modified

inhibitors other than OMTkY3~with»serine proteinases might
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indicate .whether the ratios observed by Ardelt.& Laskswski
(1985) afe characteristic of the enzymés. Other inhibitors
may have different relative ratios with the enzymes tested,
and such information would indicate‘whether tﬁe ratios are
dependent only on the enzyme structure or whether possible
inhiQ}tor contributions should also be examined. '
%urther model-building of enzyme:inhibitor complexes.

“such as eglin-c with a-chymotrypsin (in the absence of crys-

tals and an X-ray structure), perhaps combined with energy

minimization of the models, might provide clués about

~additional structural features contributing to bharriers to

hydrolysis. Models could also be built of cleaved inhi-
b;tdrs in different enzyme active sites, to examine inter-,
actions affecting dissociation rate constants.

Calculations of the electrostatic field in various
regions of the active site could quantify some of lhe
electrostatic interactions proposed to céntribute barriers
to hydrolysis. 1In particular, the electrostatic field at

the reactive site bonds of eglin-c and OMTKY3 due to the P,'

- side-chain and the positive charges of the arginines

(eglin-c) and the helix dipole (OMTKY3) would be interesting
to compare. Another igtereéging comparison would be the
eiectrostatic effect on the distribution of charge in His64
and Asp32 due to the different hydrogen bonds formed by the-
catalytic residue§ in q—chymotrypsin and the subtilisinsr

- Final%), no thesis onvprotein structure would be

3

complete in this era withoyt some suggestions for

A4
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experiment§ using site-directed mutagenesis. In this area,

we have be@n anticipated by some of the bibtechnology

coflpanies ®rking zjth subtilisin. The role- of AsSn155 as
part of t‘~90xyani0n hole is being explored; the effects of
RN ‘ ’
]

mutations @8k this position on binding constants and rates of

Ve #éen examined (D. Estell, personal
v. ! s .

: '
Ryqy Substitutions at Met222 are also being
charécterizeé{&tgrticularly to find mutants less susceptible
to oxidative inactivation in detergent solutions (Estell

et al., 1985). The specificity of subtilisin Novo has been

»

altered witr mutations at Gly166, at the bottom of the S,
b;nding pocket (w;ils et al., 1985). ‘

The role of Ca2* in stabilizing subtilisias might be
éxplored by mutations in thecresidues that act as ligands in
Cal* jon site 1, such as Asp4! to Asn41 and/or Glné to Glu2.
The importance o&bbinding interactions on the P' side of the
inhibitor scissile bond could be examined by substitutions
such as Phe189 to Tyr1§9, Ilel%Q, or less conservative
changes to reduce the hydrophobic interactions. Mutﬁtion of
Tyr2t7 to Glu217 might increase binding of inhibitors with
Arg in" the P3 position (Table 2.11).

Mutatioqf in CI-2 and eglin-c would also be oE
intgrest. The most obvious changes to make would be to res-
idues forming the hydrogen-bondiné network supporting the
reactive site loop e.g. Glu60I or Asp601 to Gln60I or
Asn60I, Thr581 to SerS581 or VaiSBI, amd any of the 3

arginines to lysines or histidines. The effect of these
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relatively conservative'éhanges on inhibitory properties
could indicate the most important contributions to stability
of the loop. The differences in packing between the hydro-
-phobic cores of‘egli;-c and CI-2 could be examined by
systgmatiQ mutation of one inhibitor core to the other. The
imporéanée of the position of'ﬁhe body of the inhibitor
-‘relative to the reactive site loop might be indicated by

' ¢
~such mutations i.e. how much flexibility in the inhibitor

- can be tolerated. , N
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