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Crystal Structure of the Complex of Porcine Trypsin with
Soybean Trypsin Inhibitor (Kunitz) at 2.6-A Resolution?

R. M. Sweet, H. T. Wright,$ J. Janin,# C. H. Chothia,# and D. M. Blow*

ABSTRACT: The complex of porcine trypsin with soybean tryp-
sin inhibitor (Kunitz) was crystallized from 17% ethanol at pH
7. The crystals have P2,2,2; symmetry with @ = 59.0, b =
62.2, and ¢ = 150.5 A. They contain one molecule of the 1:1
complex in the crystallographic asymmetric unit. Three-dimen-
sional X-ray diffraction data were measured for these crystals
and for crystals soaked with 0.3 mM K,PtCls, | mM K;UO,Fs,
5 mM mercury salicylate, 0.2 mM (NHy);3IrClg, and 5 mMm
mercury acetate. All strong reflections to 2.6 A were measured,
including almost all reflections to 3.8 A and 56% of the reflec-
tions between 3.0 and 2.6 A. Beyond 3.8 A only the K3UO,F;s
and salicylate derivatives were useful. In the resulting electron
density maps the trypsin molecule was easily identifiable, and
although some parts of the inhibitor were not clear, a precise
interpretation of residues 1’-93’ was made, including the con-
tact region. Coordinates for this part of the inhibitor, and for
adjacent parts of the trypsin molecule, were refined by the real-

W)rk on the structure and activity of chymotrypsin and its
homologs gave information about the conformation of groups
at the active center of the enzyme, and about the mode of bind-
ing of small substrates on the amino-terminal side of the bond
to be cleaved (for a review see Blow, 1971). This led to a de-
tailed, hypothetical model for the steps of a chymotrypsin-cata-
lyzed hydrolysis (Henderson er al, 1971). The interactions
made by a substrate on the carboxyl-terminal side of the sciss-
ile bond could not be studied directly, because no suitable sub-
strate analog is known, and because it is difficult to investigate
a true substrate before it is hydrolyzed by the enzyme. Soybean
trypsin inhibitor (STI)! can be reversibly hydrolyzed at a
unique site by trypsin, and this reaction is strictly analogous to
the enzyme-catalyzed hydrolysis of a normal substrate (for re-
views, see Laskowski and Sealock, 1971; Laskowski et al.,
1971). We began the experiments described below in the hope
that crystals of the STI-trypsin complex would show how the
polypeptide chain is oriented at the active site, and that the ori-
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space refinement technique. Interactions made by soybean
trypsin inhibitor with trypsin at P3, P,, P}, P/, and P, are ex-
tremely similar to interactions observed in a crystallographic
study of the complex of pancreatic trypsin inhibitor (Kunitz)
with bovine trypsin (Rihlmann, A., Kukla, D., Schwager, P.,
Bartels, K., and Huber, R. (1973), J. Mol. Biol. 77, 417) and
to the interactions which a normal polypeptide substrate is be-
lieved to make. These interactions account for two-thirds of
about 300 interatomic contacts and for 13 of the 18 probable
hydrogen bonds between the inhibitor and the enzyme. Intera-
tomic distances at the active site show the complex to be in the
form of a tetrahedral adduct of the scissile bond to the active
serine. The strong binding energy of the inhibitor and the stabi-
lization of the tetrahedral form result from the nature of the
active site of the enzyme, which is designed to stabilize the
transition state of peptide hydrolysis.

entation of the scissile bond proposed in the hypothetical model
could be confirmed. The chemical state of the scissile bond in
the complex was unknown.

We selected porcine trypsin for crystallization experiments
because of its greater stability and homogeneity (Viyathil et
al., 1961). In addition, the structure of bovine trypsin was al-
ready well advanced, and we felt that further evidence about
the conformational homology of the trypsins would be useful.

We learned that Huber and his colleagues were conducting a
parallel investigation on the structure of the complex of basic
pancreatic trypsin inhibitor (Kuntiz) (PTI) with bovine tryp-
sin. The results of this study have now been published (Rihl-
mann et al., 1973). Prior to this, however, the structure of free
PTI (Huber et al., 1970) allowed our two groups to put togeth-
er all the structural data and predict a structure for a PTI com-
plex which turned out to be correct in its major features (Blow
et al., 1972). A similar prediction was made independently by
Stroud et al. (1971).

The crystallographic study of Rihlmann er a/. (1973) vindi-
cated these predictions, but added a most unexpected feature.
The complex existed neither as a Michaelis complex, nor as an
acyl-enzyme intermediate, but as a tetrahedral adduct. We
shall present evidence that the ST1 complex with porcine tryp-
sin exists as a similar adduct, and that both inhibitors bind in
an extremely similar fashion. The polypeptide chains adjacent
to the scissile bond probably bind exactly as a good polypeptide
substrate would bind. We shall compare the similarities be-
tween the two inhibitors, and use these similarities to obtain as
clear an understanding as possible of the strong, specific bind-
ing which they show toward trypsin. In neither case is the area
of contact between the two molecules extensive, but it is suffi-
cient to supply 15-20 kcal of binding energy.

These results give excellent confirmation of the existing
model for the mode of action of the trypsin family of enzymes,
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and give further insight into the role of the tetrahedral inter-
mediate in the reaction mechanism. They also emphasize the
importance of secondary specificity in the hydrolysis of protein
and peptide substrates. Finally, they suggest that sufficient
binding energy to ensure a stable complex in an intracellular
environment can be achieved if a dozen or so amino acids make
contact. A short preliminary account of this work has been
published (Blow et al., 1974).

Materials and Methods

Crystallization. The first samples of porcine trypsin were a
gift fr n Novo Biochemicals. Later samples were purchased
from Koch-Light. We were grateful for a gift of purified soy-
bean trypsin inhibitor complex from Professor M. Laskowski,
Jr. Later samples were purchased from Worthington.

Six milliliters of buffer (0.1 M Tris-Cl (pH 8.1)-0.1 M
NaCl) was used to dissolve 210 mg of soybean trypsin inhibi-
tor. To this solution was added an equal volume of buffer con-
taining 190 mg of pork trypsin. The solution was left for 3 hr at
4°, filtered, and passed through a column of Sephadex G75
equilibrated with the same buffer. About 250 mg of complex
preceded impurities from the column. The fractions containing
the complex were concentrated and exchanged against 0.1 M
Tris-Cl (pH 7.0) by ultrafiltration on an Amincon PM30 mem-
brane under nitrogen pressure. The volume was adjusted to 7.5
ml and divided into 0.9-ml samples in small dishes.

For crystallization, each sample of protein solution was
cooled to approximately —2° and cold ethanol was added slow-
ly with stirring until persistent precipitation occurred, usually
after the addition of roughly 0.18 ml. The precipitate dissolved
as the dishes were warmed to room temperature. Each dish was
seeded with several (from one to a dozen) small crystals or
crystal fragments and was left covered at 20° to crystallize.
Usable crystals often formed in 3-12 weeks.

The orthorhombic crystals are blocks elongated along the a
dimension and shortest along 5. The faces {010}, {001}, {101},
and {101} are developed, so that they appear six-sided when
viewed along b. For diffraction experiments crystals were
transferred successively into 10 mM Tris-Cl (pH 7.0) solutions
containing 20% ethanol and 20% 2-methyl-2,4-pentanediol,
40% 2-methyl-2,4-pentanediol, and finally 50% 2-methyl-2, 4-
pentanediol. For X-ray diffraction experiments, crystals typi-
cally 0.6 X 0.3 X 0.2 mm in size were mounted in tightly fitting
glass capillaries, the a axis along the length of the capillary,
and held in place with cotton fibers in order to prevent move-
ments of the crystal during measurement. The crystal was
completely surrounded by the 50% 2-methyl-2,4-pentanediol
solution.

Crystallographic Data. Symmetry and systematic absences
indicate that the space group is P2,2,2; (orthorhombic). The
diffraction angles of 12 high-order reflections measured with a
Hilger-Watts diffractometer and a 0.8-mm focal spot width
gave the parameters a = 59.0, 5 = 62.2, and ¢ = 150.5 A.

The asymmetric unit (one-quarter of the cell) has a volume
of 138,100 A3, and if one assumes that it contains one molecule
each of trypsin (mol wt 23,400) and of inhibitor (20,100), the
fraction of volume occupied by protein can be estimated to be
389%, a relatively low value (Matthews, 1968).

Collection of Intensity Data. A computer-controlled Hilger-
Watts four-circle diffractometer was used for collection of
three-dimensional diffraction intensities, The specimen was
275 mm from the X-ray source, a Philips fine-focus tube with a
Cu target and a Ni filter, and 330 mm from the Xe-filled pro-
portional counter. The crystal was mounted so that its a axis
coincided with the ¢-spindle, and apertures, chosen to admit
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the full integrated diffraction intensity and to minimize back-
ground, were placed immediately in front of the specimen and
the counter.

A first set of 5-A data was collected using w scans of 50
0.01° steps, 1.2 sec each, from which the largest sum of 25 con-
tiguous counts was taken as raw intensity and the sum of the
remaining 25 taken as background intensity (Watson et al.,
1970). High-resolution data were collected by the integrating
geometry-peak scan technique (Wyckoff et al., 1970) in order
to increase the speed of measurement. The apparent size of the
X-ray source was set to 0.4 (height) X 0.8 (width) mm by in-
creasing the take-off angle to about 6°. Eight counts of 3-8 sec
were made at intervals of 0.02° in w and the largest sum of
four contiguous counts was taken as raw intensity. The back-
ground was found to be adequately represented as a spherically
symmetrical function of sin 8, which was estimated by observ-
ing the intensity of scattered radiation when the crystal and
counter were oriented midway between positions for Bragg re-
flections. The diffracted intensities at settings corresponding to
indices (h/2,'4,0), (*%,k/2,0) and ('5,'5,/) were measured and a
smoothed function of sin # was derived from these measure-
ments for each crystal.

Corrections for X-ray absorption by the specimen were
made according to Furnas (1951); the axial reflection (2,0,0)
was scanned at intervals of 11.25° of the ¢ angle throughout
360° rotation. Possibly due to focusing effects by crystals hav-
ing experienced mechanical distortions, systematic differences
sometimes occurred between measurements made 180° apart.
When such differences were large the crystal was rejected. The
maximum absorption correction derived by this technique was
typically 5-10%.

The number of reflections which could be measured from
each crystal was limited by X-ray-induced disorder, which was
monitored by periodic measurement of four standard reflec-
tions at 4.5-A spacing. Crystals were changed when the intensi-
ty of the standards had dropped by about 10%, which allowed
about 8000 reflections to be measured from parent crystals, but
only 3000-5000 from heavy atom derivatives. Complete data
sets therefore required the use of several crystals, and the fol-
lowing procedure was established. (a) A complete set of parent
intensities with positive k,k,/ between 20- and 2.6-A resolution
was obtained from crystals of the complex. (b) Reflections
more intense than twice their standard deviations were selected
and sorted in ten shells of increasing sin 6. They included al-
most all of the 3.8-A data, 87% of the 3-3.8-A data, and 56%
of the 3-2.6-A data. (c) Native and derivative intensities for
the reflections selected in (b) were measured (for longer times) -
shell by shell, alternating blocks of fifty (h,k,/) with the corre-
sponding (A,k.1).

The structure amplitudes of symmetry-related reflections
agreed to about 5% between 20- and 3.5-A resolution, 6.5%
from 3.5to 3 A, and 11% from 3 to 2.6 A. The reflections from
two planes, (k,1,/) and (4,2,/), were measured on a single par-
ent crystal in order to provide a scaling set of data, overlapping
with all shells. The radial distribution of F shows a minimum
at 6-A resolution and a maximum at 4.5 A. Between 4.4 and 3
A it follows a Debye-Waller distribution with a temperature
factor B ~ 25 A2. The parent structure amplitudes were scaled
together by a full-matrix least-squares procedure. Scale factors
were determined for each shell of derivative data by least-
squares fit to the corresponding parent amplitudes.

Preparation of Heavy-Atom Derivatives. Heavy-atom deriv-
atives were prepared by the soaking of crystals for 2-4 weeks in
50% 2-methyl-2,4-pentanediol solutions with various heavy
metal compounds added. A preliminary survey of intensity dif-
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FIGURE 1: (h0/) difference Patterson projection of mercury salicylate
derivative at 3.2-A resolution. Crosses indicate heavy atom vectors.

ferences was made by comparison of 15° precession photo-
graphs of the (k0!) zone. Three-dimensional data to 5-A resc-
lution were collected as described on crystals soaked in 0.3 mM
K,PtCly, 1 mM K3UO3Fs, and 5 mM mercury salicylate. High-
resolution data eventually included the last two derivatives as
well as (NH4)31rClg (0.2 mM) and mercury acetate (5 mM, pH
neutralized before addition).

Determination of Heavy-Atom Positions. Difference Pattér-
son projections of the (h0/) zone from 15° precession photo-
graphs suggested that mercury salicylate (Figure 1) and
K,PtCl, might both provide acceptable isomorphous substitu-
tions. A three-dimensional 5-A difference Patterson map of the
K,PtCly derivative was calculated, and a consistent set of
peaks could be identified on the three Harker sections, x = 1,
y = 5, and z = Y%, from which the position of one Pt atom was
derived. Single isomorphous replacement phases were calculat-
ed from this position, and the difference electron density map
calculated with these phases revealed the presence of at least
one other Pt site. Single isomorphous replacement phases from
these two sites were then used to calculate a difference electron
density map for the K3UQ,Fs derivative, and a tentative solu-
tion of this derivative was used for further interpretation of the
K,PtCl, data. Six Pt and five U sites were eventually identified
by extension of this procedure.

At this stage, diffractometer data were collected to 5-A reso-
lution on the mercury salicylate derivative. A difference elec-
tron density map phased with both K,PtCl; and K,UO;F5 con-
firmed the presence of two clean Hg sites in this derivative.
The same technique was then used to identify one Ir site in the
(NH4)3IrClg derivative and three Hg sites (different from the
mercury salicylate sites) in the mercury acetate derivative.

Refinement of Heavy-Atom Positions. Refinement of heavy
atom positions, occupancies, and scale factors for derivative
data was first attempted by a procedure minimizing

Z[(‘\FP\ %Fpﬁhg - (z/ﬂ)lfHK\Q]Q
hel '

(Rossmann, 1960) in the absence of known phases. When pre-
liminary phases became available, refinement procedures mini-
mizing Zpxmai|Fp + fu| — [Fpul)? were used (Dickerson et
al., 1961). Refinement was carried out independently for the
shell of data from each individual derivative crystal, and
showed in several cases that the occupancies of individual sites
varied from crystal to crystal. In each case, an overall scale
factor and a temperature factor were refined as well as the oc-
cupancy and coordinates of each site. All reflections with a fig-
ure of merit mux; larger than 0.2 were included in the calcula-
tion. Data collection from individual crystals often covered a
limited range of resolution, and meaningful refinement of
atomic temperature factors was impossible. Occupancies were
refined with the Debye-Waller factor B arbitrarily fixed at 20

AZfor all atoms.
In order to avoid the bias toward the starting values that cal-
culated phases introduce in the refinement of heavy atom pa-
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FIGURE 2: Variation of mean figure of merit, m, with Bragg spacing,
d.

rameters, phases calculated with all derivatives but one were
used (a) to calculate a difference electron density map with
data from individual crystals of the derivative omitted in the
phasing and (b) to refine the corresponding atomic positions.
This procedure eliminates spurious sites and leads to rapid con-
vergence at the correct positions (Blow and Matthews, 1973).
However, it tends to give low values for the occupancies. The
refinement was therefore done in the last stages using phases
from all derivatives. Finally, the anomalous occupancies were
refined by a procedure minimizing

Z ”7hkl[gH -

hkl

(AF/2)]

where gy is the projection on (Fp + fpy) of the calculated
anomalous scattering contribution and AF is the observed
Bijvoet difference (| Faxd — | Faxd).

Phasing and Electron Density Maps. Phase information
from K,PtCly, K3UO;,Fs, (NH4)3IrClg, and mercury salicylate
derivatives to a resolution of 5 A was first used to calculate an
electron density map of a quarter of the orthorhombic cell. The
mean figure of merit was 0.70 for 2791 reflections.

The K,PtCly derivative was abandoned for phasing after the
initial 5-A investigation because of lack of isomorphism and ir-
regular substitution of the main Pt sites. Only partial data were
collected on the (NH4);3IrCls and mercury acetate derivatives:
the phasing of the 3.8-2.6-A data relies entirely on the
K3UO;Fs and mercury salicylate derivatives. Table | summa-
rizes the refined parameters which were used. Although the
two Hg sites of mercury salicylate have similar and reproduci-
ble occupancies, those of the U sites vary. Minor sites were
omitted from refinements when their inclusion led to no signifi-
cant decrease of the lack of closure. Despite changes in occu-
pancy, the refined positions are practically the same in all crys-
tals of each derivative. The lower quality of the high-resolution
data limits the use of anomalous dispersion in phasing, as can
be seen from the relative values of the average calculated
anomalous contribution fy”” and of corresponding lack of clo-
sure £7. The mean figure of merit of 12,127 reflections be-
tween 20- and 2.6-A resolution was 0.67, but the phases are
poorly determined between 3.5 and 2.6 A (Figure 2).

An electron density map using only part of these data and
limited to 3.0-A resolution was computed at an intermediate
stage of the investigation. In this map, the trypsin molecule
could be interpreted with few difficulties, but the polypeptide
chain could not be traced in the STI molecule.

In parallel with extension of the isomorphous replacement
data, the interpretation of the trypsin molecule was used to
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FIGURE 3: Section x = —%4 to —%4 of the “combined” electron densi-
ty map. The high contours at the upper left are part of the trypsin mol-
ecule (¢f. Figure 6). C* positions which appear in these sections are in-
dicated. C« positions for trypsin are underlined.

provide further phase information. The underlying principle of
the technique is that if a substantial part of a structure is
known accurately, the phase angles of the scattering of this
part of the structure will provide a useful estimate of the phase
angles of the structure factors of the total structure. The accu-
racy of this approach has been analyzed by Sim (1959). Ross-
mann and Blow (1961) suggested a technique for combining it
with isomorphous replacement data (see also Hendrickson and
Lattman, 1970), but this has never been seriously used.

Rough coordinates for the trypsin molecule in the STI com-
plex were generated by appropriate rotation and translation of
preliminary bovine trypsin coordinates kindly provided by Dr.
R. M. Stroud. The orientation of the porcine trypsin molecule
in the STI complex is given in Table II. Suitable editing of
these coordinates, coupled with the Diamond (1966) model
building technique, were used to convert the sequence to that of
porcine trypsin. Real space refinement was then used to fit the
coordinates to the electron density map (see next section). It

TABLE 1: Orientation of Porcine Trypsin Molecule in the STI
Complex.*

x' 0.4306 —0.2285 0.8732\ /x —-9.05
v' =1 —-0.0430 0.9611 02727y }+{ —6.25
z’ —0.9015 —0.1550 0.4040/\* 36.25
?The transformation matrix relates the coordinates

(x’,y’,z") of a point in the porcine trypsin molecule centered
near (10,0,30) in the STI complex to an equivalent position
(x,y,2) in the coordinate system for a-chymotrypsin (Birktoft
and Blow, 1972). The coordinates are in angstroms in each
case, and in the STI complex they are measured from the
crystallographic origin. The transformation relates homolo-
gous atoms with a standard deviation of about 2.5 A, but is
more accurate in the active center region.
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TABLE 1I: Analysis of a Sample of Trypsin *“‘Heavy Atom”
Phases.

Mean Phase Angle
Discrepancy (Deg) between
Isomorphous Replacement

and Trypsin “Heavy
Atom’’ Phases®

Fig of Merit of Phase Determ.
by Isomorphous Replacement

0.9-1.0 54
0.8-0.9 51
0.7-0.8 64
0.6-0.7 57
0.5-0.6 70
0.4-0.5 67
0.3-0.4 93

¢ Mean difference of phase angle between the “most prob-
able phase” derived from the complete isomorphous results
and the phase of the calculated trypsin structure factor, from
a sample of 500 reflections of moderate intensity.

was found that a considerable amount of guidance was needed
to keep the chains in the density of the 3.0-A map.

Model electron density generated by the real space refine-
ment program was transformed into a set of trypsin structure
factors in the appropriate unit cell by the use of a fast Fourier
transform program (Ten Eyck, 1973). These phases were used
to compute electron density maps phased on trypsin, or com-
bined with the complete isomorphous replacement phases
(Rossmann and Blow, 1961). We are grateful to Mr G. Bri-
cogne for his help in these calculations.

As is usual in such maps, the electron density of parts of the
structure used for phasing is greatly enhanced (Figure 3).
Questions about whether the “combined” map is more suitable
for structural interpretation can only be answered in a subjec-
tive way, and the enhanced density of the trypsin molecule is
certainly a disadvantage, on the subjective level. It also makes
the “combined” map unsuitable for use in real space refine-
ment. In practice, the final isomorphous replacement map was
found to be readily interpretable in most regions, and we only
referred to the “combined” map in regions of difficulty. In the
majority of difficult parts of the inhibitor, the “combined’ map
was no easier to interpret, probably indicating that most dif-
ficulties are not due to inaccuracies of phasing. The “com-
bined” map was definitely useful in regions close to the heavy
atom sites, where there tend to be disturbances in the map ob-
tained by isomorphous replacement.

In order to assess the performance of the heavy atom meth-
od, the phase angle data for a small number of reflections have
been analyzed in detail. A summary of this analysis is given in
Table III, which suggests that the mean phase error in the
trypsin phases is about 50°.

Model Building and Refinement. An electron density map
using all isomorphous and anomalous scattering data was com-
puted at intervals of a/64, b/64, and ¢/160. Contours traced
on transparent sheets as sections of constant y at a scale of 2.0
cm/A were the basis for model building in a half-silvered mir-
ror system (Richards, 1968). Model components were pur-
chased from Cambridge Repetition Engineers.

Coordinates for parts of trypsin close to the active site and
for residues 1’-93’ of the inhibitor were recorded from the
model using a plumb-line, and these were adjusted to conform
to standard bond lengths and angles by a model building proce-
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dure (Diamond, 1966). These coordinates were refined to the
electron density by the real space refinement procedure (Dia-
mond, 1971, 1974). In a first cycle of real space refinement,
atomic radii were fixed, and only the overall scale factor, K,
and the atomic positions were refined. A radius of 1.6 A was
chosen from preliminary trials. In a second cycle of real space
refinement atomic radii were allowed to vary up to a maximum
of 3.0 A. Following the usual practice, the angle 7 (C*) was not
constrained in either the model building or real space refine-
ment calculations.

The coordinates resulting from the second cycle of refine-
ment are given in Table IV. These coordinates contain a few 7
(C®) angles up to 30° from ideal values, the geometry of the di-
sulfide bridges is imperfect, and some unreasonable atomic
contacts exist, especially at the interaction of Lys-60 and Asp-
1”. In the best defined parts of the map, however, including the
active-site region, atomic positions are probably good to better
than 0.4 A. This impression is strengthened by the comparison,
discussed below, of certain interatomic distances and confor-
mational angles with those given for the PTI complex (see Ta-
bles VIII and IX).

Results

The three-dimensional structure of this complex can be con-
sidered at several levels of molecular organization. The struc-
ture will be described first as a crude dimeric aggregate and
second as two complicated but independent molecules. Finally,
the contact region between the enzyme and inhibitor molecules
will be described in terms of atomic interactions, and we will
present the evidence for our interpretation of the molecular
conformation in the enzyme’s active site.

Low-Resolution Structure. The 5-A electron density map
clearly showed two globular regions of high density in the
asymmetric unit of the orthorhombic cell, one of which was
recognized from its shape to be the trypsin molecule. The other
more spherical molecule made contact over small areas with
two trypsin molecules. One of the contact zones could be iden-
tified as the active site of the enzyme. The molecular complex
between soybean inhibitor and trypsin, as demonstrated by the
5-A map, is represented in Figure 4.

Porcine Trypsin Molecule. Interpretation of the trypsin part
of the electron density map was facilitated by the obvious anal-
ogy with the known structures of bovine chymotrypsin (Birk-
toft and Blow, 1972), porcine elastase (Shotton and Watson,
1970), and bovine trypsin (Stroud et al., 1974). The amino
acid sequence of porcine trypsin (Hermodson et al., 1973),
which was kindly made available to us before publication by K.
A. Walsh and H. Neurath, shows a high degree of homology
with the bovine enzyme, and our studies confirm that the same
disulfide linkages are made. The most significant differences
between porcine and bovine trypsin, so far as the complex with
soybean inhibitor is concerned, are the substitution of Tyr-39
in the bovine enzyme for Ser, and the substitution of Ser-217 in
the bovine enzyme for Tyr in porcine trypsin.

The structure of the porcine trypsin molecule in the STI
complex has not yet been critically compared to the other
structures which are known. We have concentrated our efforts
so far on the part of the molecule involved in binding the inhib-
itor. Even in this region, only qualitative comparisons with the
other known structures can be reported at present.

There are two differences between trypsin and chymotrypsin
for which these studies give further information. In chymotryp-
sin the buried residue Asp-102, involved in the charge relay
system, is hydrogen bonded to His-57 and to the hydroxyl of
Ser-214 through one of its carboxyl oxygen atoms. The other
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"FIGURE 4: Model of the STI complex, made from an electron density

map at 5-A resolution. The part representing trypsin is shaded less
strongly.

carboxyl oxygen is hydrogen bonded to the main chain NH of
His-57. In trypsin, Stroud et al. (1974) observed this carboxyl
group to be oriented so that N4!-(His-57) lies between the two
carboxyl oxygen atoms, so that it is presumably equally hydro-
gen bonded to each of them. A similar situation has been noted
by Huber ef al. (1974) in the PTI-bovine trypsin complex, and
we find the same in the STI-porcine trypsin complex. Since
this point was not mentioned by Vandlen and Tulinsky (1973)
in their studies on the chymotrypsin structure as pH is varied,
it seems to be a difference between trypsin and chymotrypsin
and not an effect of pH.

In trypsin there is a deletion at residue 218, which lies at the
bottom of the substrate binding pocket in chymotrypsin. In the
STI complex of pork trypsin there is rather clear evidence that
the chain 216-217-219-220 forms a 3 bend of type I (Venka-
tachalam, 1968) in which CO(216) is hydrogen bonded to
NH(220). In chymotrypsin, CO(216) is directed toward the
solvent, almost 180° from its orientation in the 8 bend, and is
implicated in secondary binding of a polypeptide substrate.
Both Krieger ef al. (1974), illustrating the binding of benzam-
idine to bovine trypsin, and Huber et al. (1974), illustrating the
binding of pancreatic trypsin inhibitor, show this carbonyl
group in an intermediate position, about 90° away from either.

Inhibitor Molecule. The amino acid sequence of soybean
trypsin inhibitor (Kunitz) contains 181 residues and is repre-
sented in Figure 5 (Koide and lkenaka, 1973). It is quite dif-
ferent from the other trypsin inhibitors whose sequences are
known. It contains two disulfide bridges, Cys-39'-Cys-86" and
Cys-138"-Cys-145". The peptide bond between Arg-63’ and

1974 4217
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TABLEV: Coordinates for Residues 1’~93” of STI and the Adjacent Residues of the Trypsin Molecule.®

X Y 2 X Y z I Y X Y b ] X 1 3 X 1 4
37 SERINE cz ~0.8 10.0 31.2 105 198 PROLINE 3' VALINE [} ~8.1-12.2 19,23
oG ~6.7 =-0.5 36,1 CE1 =-1.8 9,6 30.3 L] 7.9 6.8 33.7 L] 11.2 =5,5 31.3 L) =10.7 0.5 25,8
CB ~6.5 -1,4 37.2 CD1 =-1.6 B.8 29.6 co 10.7 -6.3 32.8 CG2 =10.5 1.3 23,1 15' GLICINE
CA =5.4 -1,0 38.0 cG “0.5 7.6 29.9 150 SERINE CG 11.9 -7.1 32,8 CG1 =12,7 0.2 22.6 N -8,8-10.1 19,8
(o} -6.0 -2,3 38.5 CB ~0.4 6.2 29.1 N =5.,0~18,9 26,6 CB 13.1 -6.3 32.4 CB -11,5 0.3 23,5 CA  -10.2-10.8 19.9
o] -5.4 -3,2 39.1 CA -0.5 5.0 30.0 0G -4.5-16,7 25.3 cA 12,7 «5.6 3.1 CA -11.9 0.6 25,0 [o} =11.5=11,1 19.6
c ~1.8 5,7 30.5 cB =3.4-17.1 26,2 c 13.1 -6,3 29.9 (o} =12.6 -0.6 25,8 [} =12,1-11,7 20,5
38 GLYCINE o =2.2 6.7 29.9 o3} ~3,7~18,8 27,0 [o] 12.5 -7.3 29,5 o ~11.9 ~-1.8 26,3
N =73 =2,5 38.1 [o} ~2.8-17.7 28.0 16" TEREOBINE
Ck -8,0 -3,7 38,5 60 LYSINE [} ~1.7-18.3 28.3 199 4' LEBUCINE L] =12,0~11.0 18.8
o -7.7 =-5.1 38.1 N -2.,4 5,2 31.6 N 18,1 -5,7 29,2 N =13.9 -0.5 25.8 CG2 ~11,7-13.5 18.6
Y] -8.1 ~6.1 38.7 NZ ~9.2 6.5 32.4 151 TYROSINE CD2 -13.8 -0.0 29,3 0G1 -14,0-13.5 19,2
CE ~7+9 6.5 31.7 Ll ~3.2-16.6 28,5 212 CD1 ~16.0 1.1 29.1 CB =-13,1-13.1 18,2
39 SERINE cD =7.2 S.1 31.9 OBH  =1,3-10,2 26.6 Ch 1.3 -2,3 27,2 €6 =-14,9 0.3 28.3 CA =13,3-11,6 18.0
L] ~7.0 -5.3 37.0 CG ~6.0 5.2 32.8 cb2 ~3.4-12.3 286.8 C 10.6 -3,0 26.1 CB =15.5 ~0.9 27.7 (o} -18,3-11,0 18.9
[ol¢} -7.4 =5,9 34.2 c8 ~4,8 4.8 32.1 CE2 =3.0-11,2 27.9 [o] 11,1 =-3.0 24,9 CA =18,7 =1.6 26,5 o] -168,4-11.3 20.1
CB -7.,4 -6,9 35,2 Ch ~3.6 5.7 32.2 cz ~1.7-11.3 27.4 (o} =15.7 ~2.5 26.0
CA ~6,6 ~6.,6 36,5 [o} ~3.5 6.1 33,6 CE1 =~0.8-12,3 27,6 213 VALIKE o] -16.8 =-2,2 25,0 17' TYROSINE
C -5.1 -6,2 36,2 [} ~2.4 6,4 34,1 CcD1  ~1.,3-13,8 28,5 L] 9.5 =3.6 26.4 L] =15.1=10.1 18,4
Q -4.6 -5.5 37.0 CG “2,6-13,8 29,0 €62 9.0 -6.5 26.7 S5* ASPARTATE OBH =-12,2 ~8.2 248.0
61 SERINE CB ~3,0-14,6 29,9 €G1 7.0 -6.3 25.2 L] =15.,8 =3.7 26.6 €D2 -15.2 =-8.8 22,0
40 HISTIDINE N ~4,6 6.2 38,3 Ca ~2,3-15.9 29,5 CB 8.0 -5.6 26.1 OD2 -18,4 ~6.2 26,2 CB2 ~14,3 -8,4 23,1
X -4,6 -6.8 35.2 06 -5,8 8,4 34,7 C -1.8-16.8 30.9 CA 8.7 -8,8 25,4 0oD1 -14,7 =7,0 28.1 CZ =-13.0 -8.2 22.9
cp2 -0.6 -7.9 33.4 ce =~5.5 7.7 35.9 o] -2.6-17.1 31,6 (o} 7.8 -3.3 24.8 €6 ~15.1 —~6.8 27.1 CE1 =-12.5 -7.8 21.8
" NE2 0.8 -8.0 33,5 CA ~4.,6 6.6 35.7 [} 6.9 -2,8 25.5 CB =16.6 -6.0 27,0 CDY -13.3 -7.8 20.6
CE? 1.2 -8.0 38,7 C =5.1 5.5 36,7 152 PROLIRE Ch =16.7 ~4,7 26.1 c6 =-18,7 ~8.0 20.8
ND1 0.2 =7.9 35.5 [} ~-6.2 5.4 37.1 N ~0.6-16.1 31,2 214 SERINE (o} =18,2 ~4.3 26.1 CB ~15,6 =8.0 19.5
c6 -1.0 =7.9 3.7 co 0.2-15.2 30.5 X 8.0 -3.,1 23.5 [} -18,5 ~3.3 26.8 Ch =16,1 =9.4 19,1
CcB -2.3 -7.8 35.3 62 CcG 1,3-14.8 31.6 06 7.3 «0.0 21.6 (o} -17.3 -9.4 18.1
[or =3.2 ~6.6 34,9 N ~4.1 4,6 37.0 cB 1.4-16.1 32.5 cB 8.0 =1.2 22.0 6' ASPARAGINE o] -17.3 -8.6 17,2
C -2.7 ~6.,3 33,5 Cch -0,0-16.6 32,5 CA 7.1 ~2.1 22.8 L) =19.0 ~5.0 25.8
] ~3.1 -7.0 32.5 97 ASPARAGINE o -0,2-16,6 38,0 (o} 6.0 ~2.7 21.9 ND2 -22,2 -6.5 26.7 18" TYROSINE
N 3.3 9.4 18,3 ] -0.8-15.5 3a.6 [¢] 4.9 -2,3 22,0 0D1 =23,5 ~6.6 28,9 L] ~18,2-10.3 18.4
41 PHENYLALANINE oD? 2.3 5.7 17.6 CG -22.,4 ~6.3 25.8 OEH -22,0-15,8 15.2
X -2,0 ~5,2 33,3 ND2 0.4 5.9 18.9 153 215 TRYPTOPHAR cB -21,2 -5.,8 28,6 CD2 -20.7-13.8 17.9
€p2 -2.6 -1.4 31,2 [ofc} 1.6 6,3 18.6 R -0,2-17.8 34.6 L] 6.5 =3.6 21.0 CA =-20.8 ~#,7 25.4 CE2 -21,1-18,9 17,1
CE2 =2.7 -0.1 31,9 CB 2,2 7.4 19.4 CcD2 6.8 ~2.5 16.9 (o} ~20.2 ~4,7 26.9 CZ =~21.7-16.7 15.9
cz =2.7 -0.,1 33.3 CA 3.5 7.9 18,56 189 ASPARTATE CE3 5.7 =3.2 5.9 [} =19.2 -4,1 27.8 CE1 -21,8-13,5 15.3
CE1 -2.6 -1,2 34,0 C 3.7 7.6 17.1 N 8.3-14.0 22,4 Cz3 6.3 -3.0 14,6 CD1 =21,4-12,3 16,1
CD1  -2.5 -2.5 33.3 0 2.7 7.7 16.3 0p2 8,3-11,3 20,0 CEH2 7.8 -2.3 148.3 7% GLUTAMATE CG =20,9-12.5 17.4
CcG -2.6 -2,6 32,0 oD1 6.9-12,3 18.8 Cz2 8.1 ~1.6 15,2 L] =21.1 =5.4 27.6 €8 -20.5~11.3 18.2
CB -2.5 -3.9 31,3 98 THREONINE CcG 7.9-12.3 19,5 CE2 7.6 -1.8 16.5 OB2 =-22.2 ~9.7 30,3 Ch ~19,4-10,4 17.5
Ch -1.5 -4.,8 32,0 N 4,9 7.2 16.8 CB 8.6-13,5 20.0 NE1 8,0 -1,2 17.6 0E1 -22,0 -7,8 31.4 C =19.6 -8.9 17.4
C =03 =4.2 31,2 CG2 6.5 7.8 13,4 Ca 9.2-13.8 21.48 cD1 742 =1.7 18,7 CD =-21.8 -8.5 30.5 o] -20,7 ~8.4 17.3
o] -0.5 -3,9 30,0 061 5.9 9.1 15,4 c 8.,4-13,2 22.6 CcG 6.2 -2.8 18,3 ¢ ~=20.9 -8.1 29.3
CB 6.3 7.8 14.9 o 8,2-14,1 23.a cB 5.1 -3.1 19.1 CB =-20.2 -6.7 29,5 19' ISOLEUCINE
42 CYSTINE Ch 5.2 6,9 15,4 CA 5.5 -4.2 2041 Cr ~21,0 =-5.5 29.0 L] =18,5 =-8.2 17.4
N c.A -4,1 31,8 C 5.4 5.5 16,0 190 SERINE C 5.8 -5.4 19,2 (o} =20.,3 -4.8 29.9 CD1 ~16,6 -8.6 18,2
56 1.9 =1.3 29.13 0 5.6 4,5 15,2 L] 7.8-12,0 22.8 o] 6.2 -6.5 19.8 o ~21.0 -3,7 30,6 cG1 ~16.2 -7.1 18.5
CB 1.8 -2,0 31,0 o) 8.4 -9.8 23.9 CB -17.3 -6.1 18,1
Ch 2,0 -3, 31,2 99 LEUCINE CB 7.6-10,5 24,6 216 GLYCIKE 8* GLYCINE €62 -18.1 =5,4 19,1
C 2,8 ~4.1 32,2 N 5.4 5.4 17,3 CA 6.9-11.7 23.9 N 5.7 =5.3 17,9 N -19.0 -8.2 29,7 Ch =18.,5 -6.7 17.4
s} 2.3 -4,9 33,1 cn2 4,0 1.1 17.8 C 5.6-11.6 23,2 [o1 3 5.9 -6.8 17,0 Ch -18,2 -3.2 30.4 C =-18,5 =5.5 16,5
cD1 4,1 1,7 15,4 [o] 5.6-11.8 21.9 C 4.8 -7.3 16,5 c -17.0 -3.8 31,0 [o] ~17.6 -5.4 15,5
43 GLYCINE CcG 4,2 2.3 16.8 o] 4,3 -8,2 17.3 o ~16.5 =3.4 32,0
N 4.1 -3.8 32,2 CB 5.5 3,0 17.0 191 CISTINE 20¢ LEUDCINE
CA 5.0 -4,4 33,2 Cce 5.6 4.2 18.0 N 4,6-11,3 23,9 217 TYROSINE 9* ASPARAGINE N -19,4 -4,6 16,7
C 5.9 -3,1 33,3 o 7.0 4.5 18.6 SG 1.7-12.5 21. 4 N 4.4 =7.1 15,3 N -16,5 -8,9 30,3 CD2 -16.,8 -4,8 13,7
0 5.7 =2.2 32,5 o} 7.6 3.7 19.3 CB 2.6-12.4 22,9 OER 4.4 ~2.9 10.8 nD2 -17.4 ~8,2 32.1 CD1 -16.7 -3.6 15,8
ca 3.2-11.1 23.3 cD2 4.4 6,5 11.3 oDp1 -15,9 =-7.0 33,3 CG =-17.3 -3.6 14,4
uy 100  ASPARTATE C 2.2-10.2 28,1 CE2 4,6 =5.3 10.7 CG =-16.3 -7.8 32,2 CB -18,8 -3,6 14,5
N 6.8 -3.1 34,2 N 7.4 5.7 8.2 [o] 2.5 -9.8 25,2 cz 4.2 =4.1 1.4 Cc8 -15.6 -7.1 30.9 CA =19.5 =-3.4 15.9
op2 11,3 7.7 16.7 CE1 3.7 4.2 12,7 Ch -15.3 -5.6 30.8 C -21.0 =3,6 16,2
54 SERINE oDV 1.5 6.3 18,2 192 GLUTANINE CcD1 3.5 =5.5 13.3 (o} =18.5 ~5.1 29,6 [o] “21.4 =4,7 16.3
N 9.2 1.7 33,3 cg 10.8 7.1 17.5 N 1.1-10.0 23,4 cG 3.9 «6.7 12.5 [} -15,0 -5.0 28,5
0G 5.9 0.6 32.6 CcB 9.3 7.2 17.7 NE2 1.0 -8,9 21,3 ce 3.6 =-8,0 13,2 21* SERINE
CR 6,8 1.7 32.8 CA 8.8 6.1 18,7 OE1 -~0,6 -7.,4 20.9 CA 3.4 =8,0 14,7 10* PROLINE R ~21.7 =2.5 16,2
Ch 8.2 1.4 32.3 C 8.8 6.7 20,1 cD -0.2 ~8.6 21,3 C 3,1 -9.4 15,1 N -13,3 -4,7 29,9 0G =23.,0 ~4.7 17.7
c 8,2 2.0 30.9 0 7.7 7.2 20.6 CG =1.2 -9,5 22,0 ] 2.0 =9.7 15.7 CD =12.5 =5.0 31.1 CB =-23.4 -3.3 17.8
¢ 9.0 2.8 30.5 ce ~1.3 -9.5 23.5 C6 =11,1 -4,9 30.7 Ch =-23,2 -2.6 16,5
101  ASPARAGIRE CA 0.1 -9.1 24,1 219 GLICINE CB =11.1 -3.,9 29.6 C -28.7 -2.5 16,7
S5 ALANINE N 9.9 6,6 20.8 C =0.,2 =9.1 25,6 N 6,0-10.3 14,7 CA =12.8 -u4.2 28.8 [o] ~25.,5 =3.3 16.4
N 7.2 1.6 30,1 oLt 10,4 9,7 20.0 [o] ~1,3 -9.5 26,0 CA 3,9-11.7 15.1 C -12.1 =5.0 27.6
CcB 7.5 1.0 27.8 ¥D2 12,2 9,1 21.2 C 3,5-12,2 16,4 [} =12.3 -6.3 27.6 22' ASPARTATE
[op.} 7.1 2.1 28,7 CcG 11.0 9.2 21,1 193 GLICINE o] 2,3-12.1 16.9 L] =25,0 =1.3 17.3
C 5.7 2.7 28,2 cB 10.0 B.6 22.1 N 0.8 -8.7 26.3 11' LEUCINE 0D2 =27.3 2.4 17.5
a 4,8 1,9 27.9 Ch 10.0 7.1 22.1 CA 0.7 -8.6 27.8 220 CYSTIRE N =11.6 -4.8 26,6 0oD1 ~27.7 0.9 16.1
C 8.9 6.5 23,0 (o} 2,0 -8.,08 28,6 N 4,8-12.8 17,1 CDh2 -11,9 -3.4 21,8 C6 =-27.2 1.3 17.2
56 ALANINE [« 7.9 7.2 23.2 o] 2,0 -8.2 29.8 SG 2,7-11.7 20.3 CDY1 -13.7 -3.7 23.5 CB =-26.6 0.3 18,2
N 5.6 4,0 28,1 ce 2,8-12.9 19.0 cG -12.3 -6,2 23.0 Ch =-26,4 =1.1 17,7
CB 5.1 5,7 26.8B 102 ASPARTATE 194 ASPARTATE CA 4,2-13.3 18,5 CB =-11.3 -8,0 24,1 C -28,0 =0.9 17.6
Ca 4.4 4,6 27.5 N 9.1 5.3 23,4 N 3.1 -8,5 27.9 (o} 6,5-14,8 18,3 CA =-11.3 -5,0 25.3 o] -28.7 ~1.5 18.4
[o} 3.1 4.3 26.8 0oD2 5.8 2.1 23,1 0D2 4,2-10.9 29.1 0o 3.7-15.6 18.8 C ~10.0 -5.8 25.2
[of 2.7 5.0 26,9 on1 5.6 3,2 24.9 oD 5.5-11.7 27.6 o] -8+9 =5,2 25,2 23 ISOLEUCIKE
cG 6.3 2.8 23.9 CcG 5.0-10.7 28.2 221 N =~28,4 =0,1 16.6
57 HISTIDINE CB 7.7 3.2 23.6 ce S.4 -9.3 27.9 N 5.,8-15,0 18.2 12' GLUTAMATE CD1 -30.1 -0.8 19.6
N 3.2 3,2 25,0 [e}.} 8.0 4,6 24,2 CA 4,4 -8,3 28,5 X =1041 ~7.1 25.1 CG1 -29.7 0.6 19.0
Ccp2 2.0 -0.7 24.7 c 8.7 4.5 25.6 [ 4,9 -6,9 28,3 1' ASPARTATE 0E2 =9,6-12,2 25.7 cB -30.4 0.9 17,7
NE2 2.7 -1.7 25.4 o] 9.3 3,5 26,0 [} 5.9 -6.5 28,9 N -7.6 6,0 28.4 OE1 -8,4-12,0 27.5 CG2 =31.9 0.5 17.6
CE1 3.9 -1.2 25.8 0D2 =-11.2 5.6 29.5 CcD ~9.1-11.6 26.6 CAh -29,8 0.1 16.3
N2 4,0 0.0 25,4 103 TISOLEUCINE 195 SERINE oDl -9.,3 5.9 30.8 CcG -9.5-10.1 26.8 C -2%9.9 1.0 15,0
[ele} 2,8 0.4 24.7 N B,5 5,6 26.4 X 4.2 =-6.1 27,5 cG =10.0 5.4 29.6 CcB 25,0 [} -29.7 2.2 15.1
CB 2.6 1,7 24,1 c¢pt 10,1 6,3 25,2 0G 2.8 -4,5 25,2 CB -9.5 4,4 28,6 Ch 24.6
ca 2.1 2.8 251 CG1 11,0 6,7 26,4 cB 3.4 -4.1 26,4 Ch -8,0 4.6 28,3 (o} 23.3 24' THREONINE
C 1.1 2.3 26.1 CB 10.5 6.0 27.8 Ch 4,6 =4.7 27.2 C -8.1 3.2 27.7 0 -9.0 -8,3 22,2 L] -30,1t 0.3 13,9
] -0.1 2.0 25.8 CG2 11.2 4,6 28,1 C 5.0 ~3.8 28.4 o] ~7.3 2.8 26.9 c62 -27.8 1.2 12,2
CA 9.0 5.6 27.8 0 4.4 ~3,8 29.5 13* ASPARAGINE 0Gt -29.1 -0.8 11,9
S8 CYSTINE c 8,7 6.4 29.0 2' PHENYLALANINE R -7.0 -8,2 23.4 cB =29.1 0.6 11,8
¥ 1.5 2,2 27,4 ol 8.8 7.7 29.0 196 GLYCINB R -9.1 2,4 28,2 ND2 -3.1 -6.0 21,8 Cx =30.2 0.8 12,4
5G 2.3 -0.,5 29.1 N 6.1 -3,1 28,2 cp2 -6.9 0.0 28.8 0D1 -5,2 -5.8 20,8 C -31.8 0,0 12,8
CcB 1.4 1,1 29,6 104 METHIONINE Ck 6.6 -2,2 29.3 ce2 =-5.7 -0,5 29.13 CcG -8,5 -6.1 21,5 Q ~32.4 0.6 13,8
Cca 0.6 1.7 28.4 N 8,3 5.8 30,0 c 7.8 =2,9 30.0 cz =5.6 =1,3 30.4 ce -5.0 -7.0 22,6
C -0,3 2,8 29.0 CE 3.4 3.8 31,5 s} 8,7 -2.2 30.5 CE1 ~-6.8 =-1.,8 31.0 Ck -6.2 =-7.8 22,2 25' ALANINE
0 =1.5 2.6 29.0 $D 3.9 5.5 31.3 cpl -8.0 -1.3 30,4 C -5.8 -9.,0 21,3 L] =31.3 -1.3 12,6
CcG 5.7 5.3 31.2 197 GLYCINE CG -8,1 -0.3 29,8 0o -8,7 -9.5 21.8 CcB -33.4 -2,7 11,8
59 TYROSINE cB 6.4 6.6 31.4 N 7.9 -4.2 30.0 CB -9.4 0.1 2B.9 Ch ~32.5 -2,2 12.9
N 0.3 3.9 29.u4 Cr 7.9 6.4 31.3 Ch 8,9 -4,9 30.7 CA -9.3 1.1 27.7 14" GLICIBE C -31.1 -2.9 12.7
QEH -0.9 11,2 31.8 C 8.2 6.0 32,7 (o 10.¢4 ~4.9 30.8 C -10.6 1.2 26.9 N -6.7 -9,4 20.4 [o] -31.0 -4,0 13,2
CcDp2 0,4 8.0 30.8 8] 8.7 4.8 32.9 s} 10.9 -4.,4 29,3 [o] =11.5 2.0 27.3 Ca ~6.08-~10.5 19.5
CE2 0.3 9.2 31.5% C ~7.8~11.0 19.6 26° GLYCIRE
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TRYPSIN-SOYBEAN TRYPSIN INHIBITOR COMPLEX

X Y z X Y 2 X 1 4 2z X A4 2 X 1 2 I 4 2
N =30.2 =2.2 12,1 Cz =13,2-14,4 ~8.6 CG =31.8 -5.%1 13,2 c 1.7 =3.6 18.5 0 ~5.2 2.0 18.1 C62 -17.7-18.4 =3,3
CA -28.9 -2.8 11,9 ¥E ~14,2-13.5 -8.8 CB =-31,6 =6,3 14.1 4} 2.7 ~4,2 18.9 CA ~-18,1-20.1 -1,7
c -28.2 4.0 12.6 cb =15.5-13.7 =8.3 CA =30,9 -7.4 13,3 72 PROLINE c =17,3=21.1 =2,6
[} -28.3 -4,1 13,8 CG =16.,2-12,3 =8,0 [ -31.2 -B.5 14,4 62' TYROSINE N ~3.0 2.4 17,7 o =16,1-20.8 =-2.9
CB =17.6-12,.5 -7.4 o] -31.4 -8,3 15,6 N 1.1 =2,7 19.3 o1} =1.6 2.6 18.1
27¢ PHENYLALANINE ch -17.8-11,8 -6.1 OEH 3,0 3.7 20.1 Cc6 -0.7 2.0 17.0 84' METHIONINE
L] -27.4 -4.8 11.8 [+ =17.4=-13,0 -5.2 50' LEUCINE cD2 0.5 1.1 20.8 [} =1.6 2,0 15,8 N ~17,9-22.2 =3.0
CD2 -26.4 -B.6 13,3 Q =17.7-14,2 =5.,5 N -31,1 -9.8 13,9 [.] 1.0 2,4 20.4 Ca 3.0 1.9 16,3 CE =17.8-27.3 ~6.9
CE2 -26,4-10,0 13.8 CD2 -33.5 ~9.8 13,5 Cz 2.4 2.5 20.4 c “3.6 0.8 16.3 5D -18.8-26.6 -5.6
CZ -26.7-11.0 13,1 39¢ CYSTINE CD1 =34.7-1%.5 14,8 Ce1 3.3 1.4 20.6 4} -2.9 -0.5 17.0 C6 =17,6-25.4 =5,0
CEt -26,9-10.8 11,7 ] =16,8-12,6 =4,1 €6 =-33.6-11.3 13.7 cp 2.7 0.1 20.9 CB =18.3-24,2 -4.4
CD1 =26.9 -9.5 11,2 SG ~15,1-16.2 ~3.1 CB <-32,3-11.9 14,2 CcG 1.3 0.0 21.0 73' LEOCINE Ccx -17,2-23,2 -3.8
CG =-26.7 -B.4 12,0 CB =15,2-14,4 -3,6 Ch =31,3-10.9 14.8 ce 0.7 =1.8 21.3 N “4.7 0.2 15.7 c ~16,4-22.6 =4.9
CB =26,7 =7.1 11,4 CA -16.3-13,6 -3.1 c =29.8~-11.4 14,8 Ci 1.5 =2,5 20,7 CD2 -8.0 -0.4 18,3 [ =16.6-22.9 -6.1
Ch -26.7 -5.9 12.4 c =16.4-12,2 -2.5 4} =29,5-12.5 15,0 C 1.3 -3.8 21.8 CD1 ~=7.5 1.2 16.5
[o -25,3 =5,5 12,7 o] =-15,8-11,3 -3.0 o 0.3 ~4,5 21,2 cG =7.0 0.0 17.3 B85* LEUCINE
o] -25,0 -4.3 12,9 S1¢ ASPARTATE cB8 =6.7 ~1.1 16,3 N =15,4-21,8 ~-4,5
40' PROLINE L] =29,0-10.4 14,8 63 ARGININE CA -5.3 ~1.1 15,6 CD2 -13,1-20.0 =7.6
28' GLYCINE N =17.2-12.1 =1.5 0D2 ~25.3-11.1 17.1 ¥ 2,2 =4.2 22.3 C =5.4 =1.6 14,2 CD1 =-14,9-18,2 -7,.3
N ~24,4 -6,4 12,8 cb -17.9-13.2 -0.7 0D1 ~25.0-10.0 15.3 NEH2 7.4 -9.2 19,9 ° ~5.1 =0.8 13.3 CG ~14,6-19,7 ~7.6
Cr =~23.0 -6.1 13,1 CG =18.2-12,5 0.6 CG =25.7-10.8 16,0 NEH1 6.3 -9.9 21.8 CB =15,3-20.6 =6.6
C ~22.3 -6,0 11,7 CB ~-18,4-11.0 0,2 CB =-27.0-11,3 15,6 cz 6.6 -9,0 20,8 74* SERINE cA =148,5-21.2 =5,5
o ~23.0 -6.2 10,6 CA =17.4-10,9 -0.9 CA =-27.,5-10.7 14,3 NE 6,0 ~7.7 20.9 N =5.7 =2,8 14.0 c =13,9-20.1 ~4,5
(o} ~16.1-10,1 ~0.3 c -26,8-11,6 13,3 co 5.5 -7.1 22.1 06 -3.,9 -2.4 11,6 Q =13,5-20,4 =3.4
29% ISOLTUCINE Q -15,2-10.8 =0.0 [ =-25,8-12,3 13.6 CcG 4.0 -7.0 22.1 CB =4.5 =3,6 12,0
N -21.,1 ~5,6 11,7 CB 3.5 -6.0 23.3 Ca =5.9 =3.4 12,6 86" CYSTINE
CD1 ~-20.8 =-2.9 11.3 41' LEDCINE 52' LYSINE Cca 2.1 -5,4 23,1 C =6.6 -4,7 12,6 N =13,7-18.9 =5.1
CG1 -19,3 ~3,3 11.4 N -16,2 -B.% -0,2 N ~27,3-11.6 12, C. 1.8 -5,1 24,5 o -6.,0 -5.,8 12,8 56 =13,9-15.5 =-2.9
CR =-19,0 -u4,6 10.6 cD2 -13,4 ~-9,5 =-2,8 N2 -28.5~17.3 11, o] 1.8 =6.2 25,0 CB -13,9-16,6 -4.4
CG2 -18,5 -4,5 9,2 CDY -13.8 -7.1 =2.9 CE =-29,0-16.2 10. 75' LEUCINE CA =13,1-17.8 =4.3
CA -20.3 -5.5 10.4 c5 -14,%1 -B,3 =2,2 CD ~2B.4-14,9 10, 64% ISOLEUCINE N =7.9 -4,6 12.5 C =12,9-18,4 ~2,9
[o -20.,0 -7.0 10,2 CB =13.8 =8,2 =0.7 CG =27.9-14.1 N 0.5 -4.7 24,8 CDP2 =11.6 =3.6 12.9 4} =13,5-19.5 =2.6

Qa2 aVOVWOOSN
N2 OB YW

] -19.4 -7.6 11,0 Ch =-15,0 -8.1 0.3 cB =-27.7-12,6 . CD1 =~2,3 =1,1 27.0 Cp1 -9.2 -3,2 13,3
c -15.3 -6.6 0.5 CA =-26.7-12.4 11, €61 =-1.7 -2.5 27.0 C6 =10,4 ~-4,1 13,6 B87' VALINE
30' APGININS 0o -14.,4 -5,7 0.2 c ~25.7-11.2 11, cs ~1.1 =3,0 25.6 CB -10.1 -5,5 13,3 N =12,2-17.8 =2.1
L] -20.5 =7.4 9.0 [} =26.1-10.1 10. €62 =~2,1 -3.,1 24,5 CA ~B8.8 =5.8 12,5 cG2 =12,0-20.4 0.6
XEH2-21.4-10,9 5,4 42' THREGONINE CA =0.4 =4.3 25.7 [of ~9,2 =6.,4 11,2 CG1 =10,3-20.2 =1.3
NEH1-23.6-11.2 4,6 N -16.5 -6.3 1.0 53°* GLYCIKE (o} ~1.5 =5.4 26.0 a ~9.,4 -5.7 10.2 CB =11,7-19.7 -0.7
C2 =22.6-11.4 5.6 CG2 -18.8 =-3.5 0.4 N ~24,6-11.5 11.6 0 ~1e2 ~6,6 26,2 CA ~-11.9-18.2 =-0.7
NE =-22.,9-12,0 6.7 061 -16,8 ~-3,% ~-0,8 Ch =23.6-10.4 11,7 76% LYSINE (o} ~10.7-17.6 0.0
CD =-23.0-11.4 8,1 CB ~-17.7 -4,5 0,0 c «22.3-11,0 12,2 65* ARGININE N =9.4 -7.7 11,2 [} -10.8-16,5 0.5
CG =-22.5-10,0 8.0 CA -16.,9 ~-4,9 1,2 Q =22,2-11.6 13,4 N “2.7 -4.9 26.1 Ca =9.9 ~8.4 9.9
cn -21.5 -9.7 9.1 (o} =17.6 -4,8 2.5 NEH2 -5.,0 -9.,5 32.3 C ~10,4 ~9,6 10.6 B88* GLYCINE
CA -20.3 -B.9 8.7 0 -18.8 -5.1 2.6 S54* ISOLEUCINE NEH1 -6,3-10.1 30.5 o} =10.0 -9.9 11,8 L] -9.6-18.3 -0,1
(o} -20,1 =8.2 7.3 N -21.2-11,0 11,4 cz =5.3 =9.4 31.0 Ca -8.3-17.8 0.6
o] -20.7 =7,2 7.0 43*' VALINE CD1 -18,3-12,3 8.8 NE -4,5 =8.7 30.2 77' PRENYLALANINE C ~8.,0-16,3 0.7
N -16.,9 -4.3 3.6 CG1 -17.9-12,0 10,3 co -4,8 -8,3 28.9 N =11, 4-10,2 10.0 o -6,8-15.9 0.6
31 ALANINE CG2 ~15.,6 =2.6 5.1 CB =-18.8-11,0 10,9 o} -3.,6 -7.7 28.1 CD2 ~14,6-10,2 8.3
N ~19.4 =8.9 HK.b CG1 -15.8 -4,5 6.8 CG2 -18,1-10.1 12,0 ce ~3.8 =6,2 27.9 CE2 ~15.,2 -9,0 7.9 B89' ISOLEUCINE
CB -17.7 -8.6 4.7 CcB -16.6 =-3.5 5.8 CA =-19,.,9-11.6 11,8 CA -3.8 5,7 26.5 cz =15,3 -7.9 8.8 N ~9,0-15.5 0.8
CA -19.2 -B.4 5.1 Ch =17.5 =4,2 4.9 C ~18.7=-12.1 12,4 c “5¢1 4,9 26,2 CE1 =14,7 -8.,1 10,0 €D1 ~11,1-15.6 -0,2
(o} -20.0 ~9,2 4,0 (o} =18,8 ~3,5 5.3 [} ~18.1-13,1 12,0 o] ~5,0 =3.7 25.7 Ch1 ~14,1 -9,3 10.4 CG1 ~11,2-14.0 -0.3
Q -20,6-10.,2 4.3 o] -18.9 -2,2 S.u4 CG =14.1-10.4 9.5 CB =~10.2-13.3 0.7
55* GLYCINE 66* PHENYLALANINE CB =13,4-11,6 9.9 €c2 -9.7-11.9 0.3
32 ALANINE 44' VALINE N -18,2=-11.4 13,4 N =6.2 =5,5 26.4 CA =12.0-11.4 10.6 CA -8.9-14.1 0.9
N -19.9 -8,7 2.8 N =19.8 =4,2 5.6 Cr -17.0-11.7 14,1 Cp2 ~7.9 -6.6 2B.9 c =12,6-12,7 11.2 C -8.4-13.,1 2,0
CB -22.1 -9.1 1.9 CG2 -23,0 -4,8 4.8 C <15,9-10.7 13.7 CE2 ~7.4 =7.2 30.0 o] =13,6-12,7 11.9 o =B.4=-13.4 3,2
Ch =~-20.6 -9,3 1.6 CG1 =21.4 -3.,48 3.4 0 =-15.9-10.2 12,6 CZ ~6.6 =6,6 30.9
C -20.3 -8.6 7.3 cB =22,1 -3,7 4.8 CE1 =~6.4 =5,3 30.7 78*' ASPARTATE 90°* PROLINE
o] -19.9 -7.4 0.3 CA =21,1 -3.7 6.0 56' THREONINE CD1  ~6.9 =4.6 29,6 N ~12,0-13.8 10,8 N ~7.9-11.9 1,6
C «22.1 =4.2 7.1 N -14,9-10.6 14.6 CG ~7.6 =5,3 28,7 0D2 =11,4-14,9 14,6 (o} ] -8.1-11.4 0,2
33' PROLINE o =22.2 =5.4 7.4 CG2 ~14.7 -7.6 13.1 CB -B.2 ~4,5 27.5 0OD1 =11,1-16,6 13.4 CG ~7.9 -9.9 0.4
N =20.5 -9.3 -0,18 0G1 -15,6 -8.4 15.2 CA ~7.5 ~4.7 26,2 C6 =11.7-15.6 13.7 CB ~7.0 =-9.8 1,6
Cb =-21,3-10.5 -0.8 45" GLUTAAINE CB =1tu,8 =-8,2 18,5 (o} ~7.6 =3.4 25.3 CB ~-12.8-15.0 12.8 [of § =7.4-10.9 2.5
C6G -21.7-10.6 -2,13 N =22.8 =3,2 7.7 CA =13.8 =9,6 14,4 o -8,2 =2,5 25,9 CA -12,5-15.,1 11,3 C ~8,6-10.7 3.4
cB -20,7 -9.8 -3.0 NE2 ~25.,4 0.6 9.5 [+ -12,6 =-9,8 15,3 (o} =13,5~16.3 11.3 o ~9.6-10.0 3.1
CA -20.3 -8.7 -2.1 OE1 =24,9 =0.1 11,6 0 «12,9-10.0 16,5 67* ISOLEUCINE 0 ~14.4-16.4 1241
[o =20.9 -7.4 =2.6 CD =24,7 -0.2 10.3 N ~6.9 =3.3 24,3 91* THREONINE
o -22.0 -7.0 =-2,2 c6 =23,9 -1.3 9,8 57' ISOLEDCINE cb1 -9,9 -2,5 23,9 79°' SERINE N =B8.5-11.3 4.6
CB  -24.,6 -2.,1 9.0 N =11,4 =9,8 14,8 CG1 =9.,3 -1,7 22.7 L} =13.3-17.2 10.3 €62 -~B.6-12.8 7.3
Ju' THRFONINE CA =23.8 -3.6 8.7 CD1  =9,0-13,6 14,4 CB =749 =2,2 22.3 06 -14,2-20.2 11.7 0G1 -11,0-12,5 7.0
L] ~20,2 -6,7 -3.5 C =24,5 =4.7 B.0 CG1 =9,9-12,5 15.1 C62 =~7.7 -3.7 21.9 CB -~14,6-18.9 11.5 cs -9.7-12.6 6.3
CG2 -18.8 -3.8 -3.,9 o] =-23.8 =5.7 7.6 ce -9.,3-11,0 15.0 Cci =649 =2,1 23,5 CA =14,1-18,3 10.1 CA -9.6-11.2 5.6
061 -21,1 -3,3 -3,2 €G2 =-8,0-10.8 15.8 [of ~7.2 =-0,7 23,9 [of “15.1-17.5 9.3 C =9.,2-10,0 6.5
CcB -20,1 -4,3 -3,3 46" SERINF CA =~10.2-10,0 15.6 0 =8+3 ~0.3 24.1 o ~15,2-16.3 9,5 o} -9.2-10.2 7.7
CX =20.7 -5.5 -u.,1 L] =25,8 ~4.6 7.9 c =9.6 =8.,6 15.6
(o} =20,7 -4,8 =5,5 06 =-26,9 -8.,1 7.2 a =9,1 =8.1 14.5 68' ALANINE 80' PHENYLALANINE 92% GLUTAMATE
o -19.6 -4.6 -5.1 cB -26.2 -7.1 7.8 N -6.1 0.1 23.9 N =15.7-18.1 8.3 -8.9 -8,9 5.9
CA -26,6 -5,7 7.3 58' ISOLEUCINE CB ~4,9 1.9 24,8 ¢p2 -18,0-15,7 5.5 0E2 ~-4.8-10.4 7.1
35¢ GLYCINE C =27,7 ~4.9 7.8 N ~9,7 =7.9 16.7 CA -6.3 1,6 24,2 CE2 -18,7-14,9 4,6 OE1 =-5,0 -8.7 8.5
L1 =21.9 -4,5 -5.9 0 -27.7 -4.3 8.9 CD1 ~12.,2 =4,.4 V7.1 [ ~6.6 2.7 23,3 CZ +~18,2-13.8 4,1 co =5.2 =9.3 7.5
Ch =-22.,0 -3.8 -7.3 CG1 =11.6 =5.7 17,5 0 ~5.9 3.0 22.4 CET -17.0-13.4 4.5 CcG ~6.2 =8.8 6.3
[ =20,6 =4,2 =7,9 47' ARGININE CB =«10.1 =5.6 17.8 CDY -16,3-14.2 S.4 CB =7.0 =7.6 6.7
0 ~19.7 =3,3 -7.9 L] ~28.8 -4,8 7.0 CG2 ~9.4 ~4,3 17.6 69' GLUTAHATE CG =16.8~15.3 6,0 CA -8.5 =7.7 6.6
NEH2-27,1 =6,3 4.1 Ch =9.2 =6.5 16,8 N =7.7 3.4 23.6 CB =-16.0-16.1 6.9 o} =9,0 =6.4 6.0
36* 2SPAREGINE N%A1-28,6 =5.9 2.4 o ~7.8 =6.6 17.3 0E2 ~10,5 7.2 25.3 CA =~16.6-17.8 7.4 0 ~9%.1 -6.2 4.8
L] ~20.5 =5.4 -8.4 €z =28,2 -5.6 3.6 o =7.6 =6.,7 18.5 OB1 =-11.,7 5,4 25,9 c =17.0-18.3 6.2
ND2 -19.4 -2.6 ~8.6 NE =28.8 -u4.8 4,5 Ccp -10.8 6.0 25.4 o] -16.2-19,0 5,6 93* TRYPTOPHAN
any -17.3 -3.3 -8.1 CD =29.6 -3,7 4,0 59' SERINE CG =9.5 5.1 24,9 N -9.4 =5.5 6.9
5 -18.3 -3,5 -8,7 ¢6 -30.,0 -2.8 5.2 N ~6.8 =6.4 16,4 cB ~B,9 5.6 23,6 B81' ALANINE Cb2 -12.7 -3.7 9.2
CR  -18.6 -4,6 -9.7 CB =30.8 -3,6 6.2 0G -5,3 -8,1 15,0 CA -8,2 4,5 22.8 ] -18,3-18.1 5.8 CE3 -12,9 -2.4 9.6
Ca -19.3 -5.8 -9.1 CA =30.0 -u4,0 7.4 CB ~4.7 =7.7 16,2 C =71 S.4 22.0 CB =-20.1-18.2 4.3 CzZ3 =-14,.0 -2.3 10.5
c -18.6 -6,4 ~-7,9 C =-30,8 -u,9 8.4 CA -5.4 -6,5 16,8 [} ~6,3 6.1 22.6 CA -18.8-18.9 4,7 CEH2-14,8 -3.4 11.0
2] -18.8 =5.9 -6.7 4] ~31.9 ~4.5 8.8 [ -4.0 ~5.8 16.8 C ~18,0-19,0 3.4 CZ2 -14,5 ~4.7 10.6
[} -3,2 -6.,1 15.9 70' GLYCINE o =17.3-20,0 3.1 CE2 ~-13,5 -4.8 9.8
37 GLUTAMATE 48' ASPARAGINE N =7.1 5.2 20.7 NE1 -13,1 -5.9 9.2
N “17.9 =7.5 =8.1 N -30.2 -6,1 8.7 60' PROLINE CA ~6.,1 6,0 19,9 82' VALINE CD1 =11.9 =5.6 8.4
0E2 ~16.0 ~5.2 -3.4 ND2 -32,3-10,3 8.4 N =3.9 =4.9 17.7 C ~4,9 5.1 19.6 N -18.1-17,9 2.6 CG ~11.7 -4.3 8.4
OE1 =15.,4 ~7.3 -3.4 aD1 =32,9 =9,0 1041 cD -4,7 -4.,7 18,9 0 ~3.9 5.6 19.1 CG2 =-15.5-19.3 0.3 CB =-10.6 -3.5 7.6
CDh -15.9 -6.3 ~3.9 CG =~32.0 -9.2 9.2 CcG -3.8 =3.9 19.9 CG1 =15.7-19.1 2.9 Ca -9.9 -4.,1 6.5
CG ~-16.6 -6.3 -5,3 €8 ~-30.8 -8.4 9.0 CB ~2.8 -3.2 19,0 71' HISTIDINE CB =-16,0-18.8 1,5 C -8.6 ~3.6 6.0
€D -17.5 =~7.5 -5.6 Cr ~-30.9 -7.0 9.6 CA ~2.6 ~4.1 17,8 N ~5.0 3.8 20.0 CA =17.4-17,8 1.2 0 =7.5 =3.8 6.6
Ch =17.2 -8.2 =7.0 o =30.4 =7,1 11.0 c =1.1 ~4,3 18.0 Cb2 =~1,8 2.7 22.2 [ -18.2-18,7 0.2
o -17.8 -9.6 -7.1 o] =29.2 =6.8 11.3 o} ~0.6 -4,9 18,9 NE2 -1.4 2.6 23.5 o -19.4-18.7 0.2
n -18.6 -9.9 -7.9 CE1 ~-2,3 2.0 24,2 N -8,6 ~2.9 4.8
49' GLUTAMINE 61 SERINE ¥D1 -3,3 1,7 23,8 83" ISOLEUCINE
38' ARGININE N =31.3 «7.3 11.9 K ~0.4 -3,6 17.1 cG ~3.0 2.1 22.1 N ~17.5-19.3 -0.7
N ~17.4~-10.4 -56,1 NE2 =33.6 ~u4.04 11.7 [o]¢] 0.7 =1.6 15,9 CB =3.9 1.9 20.9 CD1 ~20,4~21.3 ~3,2
NEH2-13,4~-15.5 -8.0 NET -34.1 ~6.9 13.8 CB 1.7 -2.6 16.3 CA ~3.9 2.9 19.8 CG1 =-19,6-20.1 ~3.8
NEH1-11.9-14,1 -9,1 Ch =33.3 -u4.8 12.9 CA 1.1 -3,7 17.1 C ~4.,1 2.4

18,4 CP -18,8-19.3 ~2.8

¢ These coordinates are the result of the second cycle of real space refinement and a few unacceptable interatomic distances
and 7 (C*) angles remain. C(Arg-63’) has been put into a tetrahedral conformation. No coordinates are given for side-chain
atoms for Lys-76’, because no density was seen for this side chain in the electron density map.
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FIGURE 5: Amino acid sequence of STI. The weaker shading shows
regions where the electron density is weak, but could be followed. The
densely shaded amino acids could not be located (published by permis-
sion of T. Ikenaka).

lle-64’ is preferentially and reversibly split by trypsin (Ozawa
and Laskowski, [966).

The sequence around residues 63" and 64’ was easily identi-
fied in the high-resolution map as an external loop of electron
density which enters the active site of trypsin (Figure 6). It
provided a starting point from which the chain could be fol-
lowed in both directions to the Cys-39'-Cys-86" disulfide
bridge and to the amino terminus. The identification of the sec-

SWEET et al.

ond disulfide showed that very little density in the map corre-
sponds to the exposed hydrophilic sequence of the short loop
linking Cys-136" to Cys-145’. This disulfide loop is known to be
readily available to attack by reducing agents, without an ef-
fect on inhibitor activity (Di Bella and Liener, 1969).

There are other parts of the structure where very little elec-
tron density is seen for hydrophilic sequences of up to eight
residues, especially residues 107°-115’, 123/-129’, and the ter-
minal sequence 177’-181’, which could not be assigned to elec-
tron density. The first two sequences form part of an extended
region of hydrophilic amino acids 92'-127’, which was pointed
out by Koide and Ikenaka (1973). They apparently constitute
external loops on the inhibitor molecule. The presence of lysine
or arginine at residues 106/, 1117, 122/, and 178’ suggests that
proteolysis of the inhibitor may have occurred during crystalli-
zation. Acrylamide gel electrophoresis of reduced samples of
crystals available after the electron density maps had been
studied showed the existence of some peptide fragments in
some crystal specimens, but the results were not reproducible.

The polypeptide chain from 1’ to 106’ and from 130’ to 176’
could be traced with confidence. Another short stretch of den-
sity, which appears clearly in the map, was tentatively assigned
to residues 116"-122". Figure 7 represents the folding of the
chain of the inhibitor molecule.

The overall structure of the soybean inhibitor is that of a
sphere about 35 A in diameter, made of criss-crossing loops
wrapped around a core of hydrophobic side chains. These loops
are arranged in such a way that the amino-terminal half of the
polypeptide chain forms the bottom part of the sphere, while

Lincing Joop

FIGURE 6: Stereoview of part of the electron density map, showing the active site of the STI complex. The main features may be identified by ref-
erence to Figure 3, which covers approximately the same region of the map.

FIGURE 7: The chain folding of STI. Residues which are in contact with trypsin are blackened. The assignment.of residues 116’-122 is tentative.
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INHIBITOR COMPLEX

TABLE V: Contacts between Trypsin and STIL.*

P, P; P, P, P/ Py Py

AAin Asp- Phe- Asn- Pro- Ser- Tyr- Arg- Ile- Arg- Phe- His- Pro- Total
Trypsin 1’ 2’ 137 60’ 61’ 62’ 63/ 64’ 65’ 66’ 71’ 72’ Contacts
Ser-39 2 4 6
His-40 2,5 3 2,8
Phe-41 13 1 2 20
Cys-42 1 1
His-57 21 4 10 1,8 1,43
Cys-58 4 4
Lys-60 I*, 20%%% b 1, 20
Asn-97 1,8 2 1, 10
Leu-99 3 17* 20
Asp-102 5 5
Tyr-151 1 15 16
Asp-189 2* 14 2,14
Ser-190 I*, 19* 1,19
Cys-191 12 12
GIn-192 1,9 1,1 2 14 1,5 3,32
Gly-193 1,2 1,4 1 2,7
Asp-194 1 1
Ser-195 1,12¢ 8 1,20
Val-213 4* 4
Ser-214 4 1,3 1,7
Trp-215 10 5 I*, 22% 1,37
Gly-216 1,1 1,9 2,10
Tyr-217 2 2
Cys-220 1 1
Total 1,20 13 1,9 1,1 1,16 1,62 8,117 2,37 2,25 9 1,8 2 18,319

contacts

? The table indicates the number of possible Aydrogen bonds (in italics) and the number of other interatomic contacts between
amino acids of trypsin and amino acids of STI. The hydrogen bonds are itemized in Table V1. An interatomic contact is counted
for every pair of atoms which is within 0.5 A of the theoretical van der Waals® contact distance. For each interatomic distance
which is too short by 0.5 A or more, an asterisk is recorded, indicating that a further adjustment of the coordinates is needed.
® The side chains of Lys-60 and Asp-1’ were drawn unreasonably close together by the real-space refinement procedure, resulting
in four unacceptably short contacts. There are probably only three or four true contacts. ¢ Covalent bond between O7(195) and
C(63). The neighbor and next-nearest neighbor interactions have not been included in the number of contacts.

the carboxyl-terminal section is mostly on the top. No « helix
can be found, in agreement with optical studies (Jirgensons,
19635; Ikeda er al., 1968). Most of the chain is involved in ap-
proximate §-pleated sheet structures, but little regular sheet is
formed. The disulfide bridges are both on the surface; Cys-
39’-Cys-86’ is on the bottom and Cys-138'-Cys-145’ is on the
top of the molecule. Both bridges are more than 15 A from the
region of the inhibitor which binds to the active site of trypsin.
Region of Interaction. The high-resolution map shows that
only about 12 amino acids out of the 181 which compose the
inhibitor make contact with the trypsin molecule. These resi-
dues are indicated by blackening in Figure 7. Most of the con-
tacts involve the sequence Ser-61'-Tyr-62'-Arg-63'-Ile-64'-
Arg-65’-Phe-66" which forms a curved loop protruding from
the main body of the inhibitor molecule. This “binding loop™
appears extremely well defined in the high-resolution map,
which indicates that it is strongly immobilized by its interac-
tions with the enzyme (Figure 8). It includes the bond Arg-
63’-1le-64’ shown to be hydrolyzed by the trypsin-catalyzed
conversion of the virgin inhibitor to its modified form (Ozawa
and Laskowski, 1966). A summary of all the contacts made be-
tween enzyme and inhibitor is given in Table V, and Figure 9 is

BIOCHEMISTRY, VOL.

FIGURE 8: The “binding loop,” as it appears in the electron density
map, showing how the main chain of residues 194-197 and 58’-67" fit
to the observed density. The side chains of Ser-195, Arg-63’, and lle-
64" are shown. This feature can be seen in the upper left quadrant of
Figure 6. The dashed lines show the density of the imidazole of His-57,
which lies above Ser-195.

13, No. 20, 1974 4221



SWEET et al.

FIGURE 9: Schematic drawing of atoms at the active site of the STI complex. Atoms of the inhibitor molecule are shaded, and the carbonyl carbon
of the scissile peptide bond 63’-64’ is shown tetrahedrally coordinated. Trypsin residues Asn-97 and Leu-99 which lie in front of Asp-102 and touch
the distal part of Tyr-62" have been omitted for clarity. The orientation of this diagram corresponds to published views of the active sites of a-chy-
motrypsin and trypsin (Birktoft and Blow, 1972; Stroud et al., 1974). The view is toward the trypsin molecule from inside the inhibitor.

a schematic drawing showing the main interactions. Table VI
summarizes the polar interactions.

The side chain of Arg-63’ occupies its expected position in
the primary specificity pocket of the trypsin molecule, as pre-
dicted from the formyl-L-trytophan complex of chymotrypsin
(Steitz et al., 1969), and from the benzamidine complex of
trypsin (Krieger et al., 1974). The two N7 atoms of the guani-
dinium group are both within hydrogen-bonding distance of the
carboxylate of Asp-189. One of them probably also forms a hy-
drogen bond to the carbonyl of Gly-216, and the other to the
carbony! of Ser-190. The peptide NH of Arg-63’ makes a hy-
drogen bond to CO(214). Because of the deep invagination of
the primary binding pocket, and its snug fit to the arginine side
chain, Arg-63’ makes about 40% of the interatomic contacts
counted in Table V.

Residue Tyr-62’ occupies position P, (notation of Schechter
and Berger, 1967). The phenolic part of the side chain lies be-
tween the side chains of Leu-99 and His-57, parallel to the im-
idazole ring of the latter. It also makes contact with the side
chain of Asn-97, to which a hydrogen bond is formed. These
interactions are likely to provide one contribution to the differ-
ence spectrum observed on binding soybean inhibitor to trypsin
(Edelhoch and Steiner, 1965). The possibility of an interaction
of this kind by a bulky group in P, has been noted by Segal et
al. (1971).

The carbonyl of Ser-61" (P3) forms a hydrogen bond to NH
(Gly-216). A similar interaction was found by Segal et al.
(1971) for acetylalanylalanylphenylalanyl chloromethyl ke-
tone with y-chymotrypsin. In y-chymotrypsin the amido group
in P3 was found to make a hydrogen bond to CO(216). This is
not possible in the STI complex (and probably in other trypsin
complexes) because of the different orientation of the peptide
bond 216-217, discussed in a previous section.

Before dealing with the conformation of the scissile bond it-
self, the interactions made on the leaving group side will be dis-
cussed. Ile-64’ (P}’) is in contact with the disulfide bridge Cys-
42-Cys-58. The longer branch of its side chain makes contact
with both sulfur atoms, forming a hydrophobic region which
also includes Phe-44, Phe-2’, Pro-10’, and Phe-66’. In the com-
plex with bovine trypsin, this hydrophobic region would include
further interactions with Tyr-39, but in porcine trypsin residue
39 is Ser. Arg-65" (Py) lies in a shallow groove in the surface

4222

BIOCHEMISTRY, VOL. 13, NO. 20,

1974

of the trypsin molecule with its guanidinium group lying on top
of Tyr-151, and forming hydrogen bonds to CO (Phe-41). The
interaction with Tyr-151 is probably a charge transfer interac-
tion, which will have a considerable effect on the binding spec-
trum (Edelhoch and Steiner 1965) though it is unlikely to in-
crease the binding energy greatly. There is no charged group
on the enzyme to balance the charge on Arg-65’, which also in-
teracts with Glu-12".

It is interesting that an almost identical interaction is found
between Tyr-42a; and Arg-4083, of hemoglobin. Dr. M. F. Per-
utz (personal communication) has shown that the difference
spectrum observed on association of hemoglobin dimers has a
maximum at 298 nm and is extremely similar to the difference
spectrum shown on association of STI with trypsin.

A unique conformation for Gln-192 cannot be assigned from
the electron density map which shows a strong rod of density
only 3 A long for the side chain. The homologous residue Met-
192 in chymotrypsin was found to have a variable side-chain
conformation, depending on substrate binding interactions.
There is little room for the Gln side chain in the STI complex,
and the most satisfactory conformation appears to be with x,
near 0°, so that C® and C* are almost eclipsed. The most prob-
able hydrogen bonds for the GIn-192 side chain are those given
in Table V—a hydrogen bond from the side-chain NH; to
CO(60"), and to the side-chain CO from the side chain of Asn-
13’. This side-chain CO(192) could also possibly accept a hy-
drogen bond from the NH of the scissile bond, NH(64').

The orientation of the peptide bond between Ile-64’ and
Arg-65" presents a problem. It seems to be clearly indicated in
the map, but in the orientation given there is no suitable hydro-
gen bond for NH(65’). Rotation of this peptide group through
90° makes possible hydrogen bonds to CO(64’) from the amide
group of Asn-13’ and from NH(65) to CO(41). In the given
orientation CO(41) makes no hydrogen bonds.

Outside the binding loop (Ser-61’-Phe-66), two interactions
made by the inhibitor deserve special mention. The carboxyl
group of Asp-1” forms an ion pair with the e-amino group of
Lys-60. This is the only ion pair interaction between the two
molecules outside the primary binding site. N<2H-(His-71")
forms a hydrogen bond to CO-(His-57). Chemical and proton
magnetic resonance data (Mattis and Laskowski, 1973; Mark-
ley, 1973) indicate that cleavage of the bond between Arg-63’
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and Ile-64’ affects the pX of a histidine residue on the inhibi-
tor. This must be His-71’, which is 6 A from the scissile bond
in the complex, as the only other histidine residue is on the
other side of the molecule.

The binding loop makes few interactions with the rest of the
inhibitor molecule. In the absence of trypsin, all side chains in
the binding loop would be exposed to solvent. Only one hydro-
gen bond can be assigned linking the main chain of this loop to
the rest of the inhibitor molecule, between CO-(Tyr-62) and
N¢(Asn-13’). The ionic interaction mentioned above, between
Glu-12’ and Arg-65’, may not persist in the free inhibitor, as
the arginine side chain might be able to rotate.

There is only one possible interaction between trypsin and
the parts of the inhibitor which we have not been able to inter-
pret with confidence. This is a probable contact between the
side chain of Tyr-217 and a residue tentatively identified as
Gly-116’. In bovine trypsin residue 217 is serine and the con-
tact could not be made.

Active Site. There is good evidence that STI acts like a true
substrate of trypsin (Ozawa and Laskowski, 1966; Finkenstadt
and Laskowski, 1967; Niekamp et al/., 1969; Hixson and
Laskowski, 1970). Trypsin inhibitors differ from normal sub-
strates in their exceptionally high binding constant, and be-
cause in many cases the catalytic reaction is blocked before hy-
drolysis of the inhibitor occurs. In the case of STI, however, the
bond between Arg-63’ and Ile-64’ is cleaved quite rapidly.
Trypsin catalyzes the hydrolysis of this bond in the virgin in-
hibitor (I) and its synthesis in the “modified” inhibitor (I*),
under conditions where the cleavage is thermodynamically re-
versible.

The crystalline complex can therefore be either a nonbonded
association between the enzyme and inhibitor molecules (Mi-
chaelis complex), E-I, or between the enzyme and the modified
inhibitor, E-I*, or an intermediate in the chemical steps of ca-
talysis. The generally accepted mechanism of action of serine
proteases involves an acyl-enzyme, in which the carbonyl group
of the scissile bond forms an ester linkage with the side chain of
the catalytically essential residue Ser-195. Each step of the
reaction is assumed to proceed by a reaction in which this car-
bonyl carbon and its three ligands are attacked, approximately
perpendicular to their plane, by a nucleophile, so that there is
an intermediate state in which this carbon atom has four lig-
ands, approximately tetrahedrally arranged. The sequence of
events could be written

E + == El ==ET] = EI* ==E"* = E'[*<=

E + I*

where I* is written when the peptide bond is broken and super-
script T signifies a tetrahedral intermediate. (The “deacyla-
tion” steps to the right of EI* involve attack by a water mole-
cule, which is not indicated explicitly in the above scheme.) A
stereochemically reasonable model for the way in which these

steps might proceed was given by Henderson et al. (1971). Ki- .

netic analysis involving model substrates has given no convinc-
ing evidence that the tetrahedral intermediate is a kinetically
significant species, in reactions involving the trypsin family of
enzymes. However, the crystallographic work of Rithimann er
al. (1973) led to the surprising conclusion that the dominant
species present in the crystalline complex of trypsin with PTI
was a tetrahedral adduct.

At a resolution of 2.6 A one does not expect to be able to as-
sign individual positions for every atom in the structure; on the
other hand, as inspection of Figure 8 will confirm, there can be
clear evidence about the conformation of the polypeptide
chain, and of side chains. This imposes especially strong re-
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TABLE VI: Polar Interactions between Trypsin and Inhibitor.

Amino Acids Involved Interacting Groups®

Inhibitor  Trypsin Inhibitor Trypsin Note
Asp-1 Lys-60 ~COO~- - - *H;N-
Asn-13 Gln-192 ~CONH;- - - OCNH,-
Pro-60 Gln-192 CO: - -H,NCO- c
Ser-61 Gly-216 CO---HN
Tyr-62 Asn-97 -OH- - - OCNHy-
NH,---O
/ AN
Arg-63 Asp-189 -C * - C-
~N S
NH, --O
Ser-190  Guanidinium*® NH;---OC b
Gly-193 CO-.-HN
Ser-195 CO---HN
Ser-214 NH---0C
Trp-215 Guanidinium* NH---OC b
Gly-216 Guanidinium* NH;---OC c
Ile-64 Gln-192 NH: - -OCNH;- ¢
Gly-193 CO---HN b
“NH
S
Arg-65 His-40 C ocC
SN
NH;* NH;
Tyr-151 Guanidinium® :phenol d
His-71 His-57 NH-.-0OC

% For typographical convenience, main chain groups are
recorded simply as NH, CO. ° Short distance between these
groups, but bond directions make hydrogen bond doubtful.
¢ Groups are well directed, but coordinates indicate distances
which are slightly too long for a favorable hydrogen bond.
¢ Charge-transfer interaction.

strictions on the positions of the C* atoms, being the points
where the side chains branch from the main chain, and often
on the positions of main chain carbony! groups, which tend to
produce “swellings” of high density in the main chain. The real
space refinement procedure, which achieves a best fit to the ob-
served electron density by rotation about dihedral angles, while
maintaining bond lengths and the majority of interbond angles
at their theoretical values, is designed to make an accurate and
objective analysis of an electron density map of this kind. In
the main real-space refinement operations, the scissile bond
was treated as a standard peptide unit. O7-(Ser-195) was lo-
cated in the position indicated by the electron density, which
corresponds roughly to its orientation in “‘acyl”-enzymes (that
is, the orientation observed in indoleacryloyl-chymotrypsin,
tosyl-chymotrypsin, tosylelastase, and in diisopropylphosphor-
yl-trypsin).

In order to obtain clear evidence about the dispositions of
atoms at the active site, a separate cycle of real space refine-
ment was performed, in which the peptide bond between Arg-
63’ and Ile-64’ was deleted. Under these circumstances there
was no constraint on the distance between C%(63’) and
C2(64'). This distance would be chiefly determined by the need
to fit the side chains into density, and to maintain continuity
with the adjacent parts of the polypeptide chain. The program
was run in such a way that the electron density, used to guide
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TABLE VII: Interatomic Distances at Different Reaction Steps.

Expected Distances at Various

TABLE VIII: Main Chain Conformation at the Active Sites of
PTI and STI Complexes.

Reaction Steps (A) PTI® Site STI
C5(195)- C(63")- , ¢ = —86 ¢ = —46 )
Cx(63) Ca(64") Pro-13 ¢ = —28 P; ¢ = -2 Ser-61
. . 14 (,'b = —64 ¢ = =77 '
Mlchaeils goznplex Cys-14 J o= 152 P, v o= 136 Tyr-62
HO—C % = — = -
H Lys1s’  ©,= ~16 p o 89 Arg63/
o 5 Y= 87 Yo = 85
e A | o Alalgr ¢ T IS 5, 0t = 1 g,
TN N v o= 166 1 ¢ = -—115 ¢
Tetrahedral intermediate Arg-17’ ¢ = —116 ps ¢ = —175 Arg-65'
0 o ¥ = 87 ¥y = —179
C/ 195
H(t)\ o 37 38 2R. Huber and collaborators, personal communication.
/Cﬂ“\N Neor ' ' ® From refinement where the scissile bond was assumed to be
H " a planar peptide bond.
Acyl-enzyme
;C,C-,g;‘
(')\ s 37 50 are abnormal. In preparing Table IV the coordinates have been
Ces c< ) ' adjusted to give a tetrahedral conformation about C(63") and

64 ~
7 \NH Cos

Distance Actually obsd (A)
3.7 39

the refinement, is not modified by parts of the structure which
have already been refined, so that the three most important
amino acids, Ser-195, Arg-63’, and Ile-64’, were positioned in-
dependently of one another.

The resulting distances between C=(63’), C=(64’), and
CH(195) are given in Table VII. The latter atom is, of course,
fixed entirely by the main chain atoms next to it, and it cannot
be disturbed by side-chain rotations. The chief structural con-
sequence of breaking a bond is that nonbonded atoms need to
be further apart, usually by more than | A than the covalent
bond distance. This difference is large enough to be detected
easily from a good 2.6-A electron density map, and the result
appears to show clearly that the observed structure is a tetrahe-
dral adduct. This had already been suspected, because in nor-
mal refinement (when the scissile bond was treated as an ordi-
nary peptide bond) its carbonyl C had come within 1.5 A of
07(195), and because of the difficulty of obtaining satisfactory
interatomic distances in models for any of the other possibili-
ties.

The evidence that the crystal structure is a tetrahedral ad-
duct is strong, but indirect. At this resolution we have no evi-
dence whether the bond lengths around the tetrahedral carbon

vi/A gi7
Arg 65° 7/ ¢
»!'\/\
o
7
lle 64 Ala 16 &\{
Y
. A~
Arg 83° W Lbsts
Tyr 62 Cystd 7= T
,\/\/w —
Ser 61 ’\'-/Pro 13
a b

FIGURE 10: Comparison of active-region chains in STI and PTI
(Rihlmann ef al., 1973). The viewpoint of these diagrams is further to
the right than that in Figure 9. If the complex were shown, the enzyme
would occupy the right-hand side of the diagram.
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normal bond lengths. In order to achieve this, bond angles at.
O¥(195) and N(64’) had to be increased slightly. Huber er al.
(1974) suggest that the C(63/)-0¥(195) bond is longer than
normal, and that the PTI complex is in a state intermediate be-
tween the acyl-enzyme and the tetrahedral adduct. We do not
feel that our results are sufficiently accurate to give evidence
on this point.

In this complex, N<2(57) is within hydrogen bond distance of
07(195). The distance N<2(57)-N(64") is 4.0 A, approximately
a contact distance when the proton which is presumably local-
ized near N<2(57) is allowed for. A significant movement of the
histidine side chain would be needed to bring them within hy-
drogen bond distance. Presumably such a movement must
occur before the bond C(63’)-N(64’) breaks. Movements of
the required magnitude have been observed (between native
and indoleacryloyl-chymotrypsin, for example (Henderson,
1970)).

Discussion

STI and PTI Bind Like Good Substrates of Trypsin. All of
the interactions which would be expected by the P, P», and Py
amino acids of a good trypsin substrate on the basis of avail-
able structural data are found in STI: the hydrogen bond to
CO(61”) from NH(216), the interactions made by the phenolic
side chain of Tyr-62’ with His-57, Asn-97, and Leu-99, and all
the interactions made by Arg-63’. No structural data are avail-
able about P;’ for good substrates, but model building (Blow et
al., 1972), originally guided by the PTI structure (Huber ez
al., 1970), suggested the type of interaction observed for lle-
64', and kinetic data are consistent with this type of interaction
(Fersht ez al., 1973).

Extremely similar interactions are made by the analogous
residues of PTI (Pro-13/-Cys-14’-Lys-15'-Ala-16") despite
the lack of any homology between the two segments of se-
quence. The similarity of conformation is confirmed by com-
parison of main chain dihedral angles between the two inhibi-
tors (Table VIII), and is illustrated in Figure 10. A change in
(¥; — ¢i+1) rotates the plane of the peptide bond between two
residues, but has little effect on the structure as a whole; a
change in (Y, + ¢;4+1) alters the orientation of a side chain.
The assignment of (; — ¢;+1) is thus subject to considerable
error, while (y; + ¢;4+1) can be determined more precisely.
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TABLE IX: Comparison of Various Distances in the STI and PTI Complexes.

Porcine Trypsin-STI® Distance {A)

Bovine Trypsin-PTI? Distance (A)

Trypsin Conformation

N*%(His-57)-O7(Ser-195) 2.8 N*%(His-57)-07(Ser-195) 2.6
N®(His-57)-0% Asp-102) 3.5 N°Y(His-57)-0°%% Asp-102) 3.2
Ne1(His-57)-0%% Asp-102) 3.2 N?1(His-57)-0°(Asp-102) 2.9
Catalytic Site
O7(Ser-195)~C(Arg-63") 1.4° O7(Ser-195)-C(Lys-151) 2.3
N<%His-57)-N(Ile-64") 3.7 N¢(His-57)-N(Ala-16I) 4.1
N(Gly-193)-O—(Arg-63") 3.0 N(Gly-193)-0~(Lys-15I) 2.7
N(Ser-195)-O(Arg-63") 3.4 N(Ser-195)-O—(Lys-15I) 2.7
Primary Specificity
O%(Asp-189)-N"%(Arg-63') 2.2 O°%1(Asp-189)-N*(Lys-151) 3.3
O’(Asp-189)-N"'(Arg-63') 3.0 0°%2(Asp-189)-N¢(Lys-15I) 3.3
Secondary Specificity
O(Ser-214)-N(Arg-63’) 3.2 O(Ser-214)-N(Lys-15I) 3.3
N(Gly-216)-O(Ser-61") 3.3 N(Gly-216)-O(Pro-13I) 3.3

2 From the coordinates of Table IV. ® Huber et al. {1974). © Constrained to covalent bond length.

Table VIII shows that in the three peptide bonds between P
and P\’ (; + ¢;+,) agrees to within 11° between the two in-
hibitors, which is doubtless at the level of experimental error.

There is a further striking similarity between PTI and STI in
the presence of arginine at Py’ (Arg-65 in STI). Although the
preceding peptide bond is quite differently oriented in the two
inhibitor complexes, the guanidinium group reaches a similar
orientation in each. In both complexes there is a hydrogen bond
from CO(40) to the guanidinium group, which lies in contact
with the phenolic part of Tyr-151 and roughly parallel to it.

Further evidence of the close analogy between the PTI and
STI complexes is given in Table IX, where various distances
given in published accounts of the PTI complex are compared
with analogous distances taken from our coordinates for the
STI complex.

Binding Constant of the Complex. Perhaps the most impor-
tant question raised by the trypsin inhibitors is “Where do they
derive the energy for their extremely tight binding?” The an-
swer to this question may lead to some insight into protein-pro-
tein interactions in general.

It seems evident that the binding energy does not derive
from some new and unforseen type of interaction, but-from the
sum of small energy terms derived from many interactions. In
view of the limited area of contact observed in both the PTI
and STI complexes, it is at first sight surprising that they
should amount to so much. The strongest binding constant
known for a trypsin inhibitor is that of PTI to trypsin, and cor-
responds to AF pinging = —18.5 kcal/mol (Vincent and Lazdun-
ski, 1972). The dissociation constant of 10~!! M for STI
(Laskowski and Sealock, 1971) leads to AF = ~15 kcal/mol.
Calorimetric measurements have given a positive enthalpy of
+3 kcal/mol for formation of the STI complex from free STI
and trypsin (Baugh and Trowbridge, 1972), and thus the TAS
contribution to AF must be —18 kcal/mol.

This positive enthalpy term is easier to understand in the
light of the evidence presented by Riihlmann et al. (1973) and
here that these complexes exist as tetrahedral adducts. Forma-
tion of the covalent bond from the Michaelis complex would
normally be expected to absorb energy. Evidently it is stabi-
lized by other forces, of entropic origin, which favor the tetra-
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hedral form because the two molecules “fit” each other better.
In Table X, we present a rough “account” of these forces, and
try to show how they may “balance” the reckoning of these
energies. The numbering of the following paragraphs corre-
sponds to numbered entries in the table.

(1) Before we discuss the entropy-driven effects, there is one
source of energy which is primarily enthalpic to be considered.
There is good evidence that in free PTI, significant strain is as-
sociated with peptide bonds at the active site, which could be
relieved on forming the complex (Deisenhofer and Steigemann,
1974). This strain energy, estimated as 5 kcal/mol, appears to
be a consequence of the folding of the PTI molecule as a whole.

TABLE X: Energetics of Binding Soybean Trypsin Inhibitor to
Trypsin.

Contribution to Binding
Energy (kcal/mol)

(1) ““Strain”’ of peptide chain, re- 0 (=5, PTD
lieved on binding
(2) Interactions at primary bind- —4
ing site, P;
(3) Interactions at P, and Ps -2
(4) Interactions at P’ =25
(5) Interactions elsewhere Ca. —4
(6) No loss of internal degrees Unknown negative
of freedom contribn
(7) Tetrahedral ligands at scissile Unknown positive
bond contribn
(8) More favorable charge distri- Unknown negative
bution, including better contribn
hydrogen bonding to tetra-
hedral oxyanion
Total binding energy
(entropic) —18
(enthalpic) +3
AF —15(—18.5, PTD
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We have no information about the structure of free STI, but in
view of the relatively loose attachment of the binding loop to
the rest of the molecule, such an effect seems unlikely to exist.

(2) K, for a simple trypsin substrate that utilizes only the
primary binding site Py, like benzoylargininamide, is 2 X 103
M (Harmon and Niemann, 1949) corresponding to AFinding =
—4 kcal/mol. This binding energy is composed of two compo-
nents which almost cancel each other. A negative term results
from favorable interactions with the enzyme in Py; a positive
term results from the loss of rotational and translational free-
dom when the substrate is bound. The latter term is relatively
large for a small substrate, and increases comparatively slowly
as its size is increased (Page and Jencks, 1971). This explains
why a small net binding energy results from the many interac-
tions in the primary binding site.

(3) The binding energy increases as the P, and Pj sites are
occupied. Segal (1972) studied the kinetic constants of chymo-
trypsin chloroketones which use the P, and P; sites, and con-
cluded that these probably provide an additional —2 kcal/mol
of binding energy. (This would include the formation of one
hydrogen bond involving CO(216), which occurs in chymotryp-
sin-substrate complexes, but not in those with trypsin.)

(4) Fersht et al. (1973) have shown that the attack of ala-
nine at Py’ enhances the rate of deacylation of acyl-chymotryp-
sin, by comparison with water, by a factor of 50-100 times. As-
suming that the interactions made by the alanine moiety go to
reducing the activation energy of the reaction, and that other
interactions are the same for alaninamide or water, this
suggests a binding energy AF = RT In (kwater/Kalaninamide) =
~2.5 keal/mol.

(5) Referring to Table V, it is seen that the interactions so
far considered, involving residues 61°-64’, account for about
two-thirds of all the observed interactions in the complex, and
the total free energies noted above may be increased by a fur-
ther 50% to account in a crude fashion for the interactions
made by the rest of the molecule. (For reasons noted under 2,
this is an underestimate.)

(6) There is an important effect which leads to underesti-
mates under headings 2, 3, 4, and consequently 5. Under head-
ings 2 and 3 we are using the binding energies of amino acid
and peptide substrates to estimate contributions to the binding
energy of a firmly folded protein molecule to the same sites. In
binding small substrates to these sites internal rotational free-
dom is lost, in addition to the loss of overall translational and
rotational freedom, Although, as Page and Jencks (1971) point
out, this effect is relatively small for a small molecule reactant,
it is certainly not negligible for the acetyl tripeptides involved
in 3. Similarly under heading 4, we are comparing a free alani-
namide group to a group which is already in the proper position
and orientation because it is part of the STI molecule. We
make no attempt to estimate the contribution of these orienta-
tion effects to the binding energy. If the folded STI molecule
were perfectly oriented to make these interactions, and all in-
ternal freedoms were completely suppressed, the effect would
be a2 maximum, but there is no evidence about how closely this
is realized in practice. Table X shows that only a small contri-
bution is needed from this source to give a satisfactory account
of the total binding energy.

(7) The energetics of formation of the tetrahedral adduct it-
self are discussed in the following section.

Contributions 2-6 will be predominantly entropic in charac-
ter. We have not attempted to assess the contribution of hydro-
gen bonds to the binding energy of STI to porcine trypsin, but
it is likely to be slight. When the complex forms, none of the
potential hydrogen-bond donors or acceptors is buried alone (or
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at most one pair; see the section on Region of Interaction
above). Since surface polar groups in the isolated molecules are
likely to be hydrogen bonded to water molecules, little free en-
ergy will be realized by complementary hydrogen-bond forma-
tion in the complex (Kauzmann, 1959). However, formation of
the complex will reduce the total surface area of the molecules
and consequently the volume of the potential hydration sphere.
Chothia (1974) has recently estimated this effect to be 0.024
kcal/mol per A2 of protein surface.

Although we do not pretend to account quantitatively for the
exact binding energies which have been observed, these calcu-
lations suggest that there is sufficient free energy available,
from entropy driven effects, to account for the observed inter-
action energies despite the rather small areas of the two mole-
cules which interact. It seems likely that other cases of strong.
specific binding will show similar areas of interaction, since
this is sufficient to give an association which is virtually com-
plete under physiological conditions, where | molecule/cell is
typically 107 M.

Why Is the Tetrahedral Form Stabilized? The other surpris-
ing and unforseen feature of these structures is the stabilization
of the tetrahedral adduct. What this may “cost” in terms of en-
thalpy cannot be assessed (Table X, line 7), except that it can-
not exceed the free energy of activation of the acylation step of
hydrolysis of the scissile bond. Fastrez and Fersht (1973) have
estimated this activation energy as 16.5 kcal/mol for an amide
substrate of chymotrypsin.

The observation of a tetrahedral adduct in both PT1 and STI
complexes indicates that this form of the total system is a mini-
mum of free energy in both cases. Observation in two different
systems rules out any suggestion that this is due to some partic-
ular effect of the crystal packing, unrelated to the functions of
the different molecules.

The inescapable conclusion is that the tetrahedral adduct is
stabilized because this stabilization is the function of the tryp-
sin-like enzymes, lowering the activation energy of the reac-
tions they catalyze. If, for example, the energy of the transition
state of the relevant reaction step were lowered by A(AF*) = 8
kcal/mol, the rate of the acylation and deacylation steps would
be increased by a factor exp(A(AF*)/RT), or about 10,

To the extent that this reduction of energy of the transition
state results from binding interactions, we might be able to
form some estimate of it by a similar method of accounting as
was used in the previous section. If one thinks of the enzyme as
a pair of tongs, which grasp the inhibitor on each side of the
scissile bond, one can see that no strain can be applied to the
scissile bond unless both jaws of the tongs are in use, and that
the strain energy cannot exceed the binding energy of the more
weakly attached side of the tongs. This point of view empha-
sizes the importance of interactions at P;" (and perhaps also at
P,’), which assist the preferential “fitting” of the tetrahedral
adduct to the active site. A detailed structural analysis shows
that there would be overcrowding around Ser-195, if the P, in-
teractions were made in the Michaelis complex (Fersht et al.,
1973), and that there is no room to break open the scissile bond
while the P’ interactions are maintained (Table VII).

However, other factors, which have been described previous-
ly as electronic strain {Blow and Steitz, 1970), contribute to
the stabilization of the tetrahedral adduct. They include the
further delocalization of the negative charge at the active cen-
ter. This charge may be thought of as arising from the buried
Asp-102 (Blow et al., 1969; Hunkepillar et al., 1973). In the
tetrahedral form, the negative charge is probably transferred
largely to the carbonyl oxygen of the tetrahedral carbon (see
the scheme given by Henderson et af., 1971). The charge
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would be maximally delocalized in intermediates between the
tetrahedral form and the Michaelis or acyl forms (Huber e? al.,
1974). This negative charge will also strengthen the hydrogen
bonds between carbonyl oxygen and NH(193) and NH(195),
which are better aligned to the tetrahedral form (Henderson,
1970) (Table X, line 8).

Correlation of Structure with Protein Modification Studies.
Various protein modifications have been performed on the
components of this complex. We can understand many of the
results of these modifications in terms of the structure of the
complex.

In anhydrotrypsin, in which Ser-195 is modified to dehydro-
alanine (Weiner et al., 1966), the enzymatic mechanism is dis-
abled and a tetrahedral adduct cannot form. The observation
that inhibitors bind strongly to anhydrotrypsin (Ako et al.,
1974; Lazdunski et al., 1974) was taken as evidence that the
chemical steps of tryptic hydrolysis were not involved in inhibi-
tor binding. We can now see that the removal of OY(195) in
anhydrotrypsin relieves the overcrowding at the active site, and
allows strong binding to occur without formation of a chemical
bond. We cannot tell whether the overcrowding is completely
eliminated, or whether the fit of the unmodified inhibitor to
anhydrotrypsin is as exact as the fit which the natural complex
exhibits. The binding of PTI and STI to anhydrotrypsin is
slightly weaker, AFbinging being altered by about 1.4 kcal/mol
for PTI (Lazdunski ef al., 1974) and about 3 kcal/mol for STI
(Ako et al., 1974). Lima bean inhibitor binds more strongly to
anhydrotrypsin than to trypsin (Ako et al., 1974).

Liener and coworkers have studied the availability of tyro-
sine and arginine side chains to modifying reagents in STI, bo-
vine trypsin, and the complex (Papaionnou and Liener, 1970;
Delanco and Liener, 1973). The two tyrosines of bovine trypsin
which are buried in the complex are likely to be Tyr-151 and
Tyr-39 (which is Ser in porcine trypsin), as they suggest (De-
lanco and Liener, 1973). Tyr-228 is close to the binding pocket
and is completely buried in the complex, but is unavailable for
reaction even in the free enzyme (Kenner et al., 1968; Holey-
Sovsky et al.,, 1969). In the porcine trypsin complex Tyr-217
becomes buried, but this is Ser in bovine trypsin. Papaionnou
and Liener (1970) also found two tyrosines of STI buried in
the complex. The structure shows that one of these will be Tyr-
62’. Kowalski ez al. (1974) confirmed the identify of Tyr-62’ in
the contact region, but found no other tyrosines to be buried
upon formation of the complex.

Delanco and Liener (1973) found that 2.5 fewer arginines of
STI and one fewer arginine of trypsin were available in the
complex. Two of these are certainly Arg-63’ and -65’ as sug-
gested. A further contribution might possibly come from Arg-
129’ or -132’, which we have not located. We cannot suggest
which arginine of trypsin would be buried, since both Arg-65A
and Arg-117 are far from the inhibitor.

Kowalski et al. (1974) performed a number of chemical
modifications on STI in which Arg-63’ and lle-64’ are deleted,
substituted by other amino acids, or have extra substituents
added to them. The inhibitory activities of the resulting modi-
fied STI molecules correlate well with structural results. These
workers found that (Lys-63’)-STI behaves like native (Arg-
63’)-STI. (Trp-63')-STI is a good chymotrypsin inhibitor, and
(Phe-63")-STI behaves much like native STI. They also
showed that Ile-64” can be replaced by Gly, Ala, or Leu with
essentially complete retention of activity, and that absence of
Ile-64’ or addition of any substituent to Arg-63’-COOH (such
as glycinamide) or to H,N-Ile-64’ (carbamyl, acetamido, or
citraconyl groups) destroys binding of the inhibitor to trypsin.
The retention of activity following the substitutions at 63’ and
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64’ are consistent with utilization of specificities at P; and Py’.
Loss of activity on deletion of Ile-64’ and on addition of sub-
stituents in the scissile bond region reflects a finely tuned bind-
ing between fairly rigid molecules.
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