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ABSTRACT: The solution structure of reactive-site hydrolyzed Cucurbita maxima trypsin inhibitor III
(CMTI-1I1*) was investigated by two-dimensional proton nuclear magnetic resonance (2D NMR) spec-
troscopy. CMTI-1II*, prepared by reacting CMTI-III with trypsin which cleaved the Arg5-Ile6 peptide
bond, had the two fragments held together by a disulfide linkage. Sequence-specific '"H NMR resonance
assignments were made for all the 29 amino acid residues of the protein. The secondary structure of
CMTI-II1*, as deduced from NOESY cross peaks and identification of slowly exchanging hydrogens, contains
two turns (residues 8—12 and 24-27), a 3,y-helix (residues 13-16), and a triple-stranded B-sheet (residues
8-10, 29-27, and 21-25). This secondary structure is similar to that of CMTI-I [Holak, T. A., Gondol,
D., Otlewski, J., & Wilusz, T. (1989) J. Mol. Biol. 210, 635-648], which has a Glu instead of a Lys at
position 9. Sequential proton assignments were also made for the virgin inhibitor, CMTI-III, at pH 4.71,
30 °C. Comparison of backbone hydrogen chemical shifts of CMTI-III and CMTI-III* revealed significant
changes for residues located far away from the reactive-site region as well as for those located near it,
indicating tertiary structural changes that are transmitted through most of the 29 residues of the inhibitor
protein. Many of these residues are functionally important in that they make contact with atoms of the
enzyme in the trypsin—inhibitor complex, as revealed by X-ray crystallography [Bode, W., Greyling, H.
J., Huber, R., Otlewski, J., & Wilusz, T. (1989) FEBS Lett. 242, 285-292]. Furthermore, comparison
of backbone hydrogen chemical shifts of CMTI-I [Holak, T. A., Gondol, D., Otlewski, J., & Wilusz, T.
(1989) J. Mol. Biol. 210, 635-648] and CMTI-III, on the other hand, indicated changes for fewer residues
located near the site of substitution (Glu9 in CMTI-I and Lys9 in CMTI-III) as well as away in the C-terminal
region; residues that form the secondary structural elements showed chemical shift perturbations, whereas
those in an extended conformation did not. These chemica! shift changes were relatively small (<0.15 ppm)
compared to changes that occurred upon hydrolysis of the reactive-site peptide bond between ArgS and Ile6
in CMTI-III (up to 0.64 ppm).

’]:ne squash family of serine proteinase inhibitors includes
small proteins of 29-32 amino acid residues, including three
disulfide bridges (Wieczorek et al., 1985; Otlewski, 1990).
These proteins are inhibitors of biologically important mole-
cules such as trypsin, activated Hageman factor (Hojima et
al., 1982), human leukocyte elastase, and cathepsin G
(McWherter et al., 1989) and hence are important candidates
for developing drugs for cardiovascular diseases and inflam-
matory cell proteolysis based on their structural information.
Furthermore, the ability to chemically synthesize both natu-
rally occurring Cucurbita maxima trypsin inhibitor (CMTTI)!
and its variants has opened up a powerful avenue for estab-
lishing structure—function relationships for this class of proteins
(Kupryszewski et al., 1986; McWherter et al., 1989). The
X-ray crystallographic structure of CMTI-I complexed with
B-trypsin was obtained recently (Bode et al., 1989). The

t This study was supported by grants from the American Heart As-
sociation, Kansas Affiliate, and the Wesley Foundation, Wichita, KS (to
R.K)).

*To whom correspondence should be addressed.

*Permanent address: Testing Center, Hubei Academy of Agricultural
Science, Wuhan, China.

0006-2960/92,/0431-898803.00/0

solution structure of CMTI-I at low pH (4.7-5.3) obtained
by two-dimensional nuclear magnetic resonance (2D NMR)
spectroscopy and a combination of distance-geometry algor-
ithm and dynamical simulated annealing (Holak et al.,
1989a,b) agrees with that obtained by X-ray crystallography.
The binding site of CMTI-I, including the geometry of the
Arg5-lle6 reactive-site peptide bond, is similar to those ob-
served for other serine proteinase inhibitors. The inhibitor
protein mainly possesses only turns. Residues Argl-Leu7,
Glu9, and His25-Gly29 make 138 intermolecular contacts
with trypsin in the enzyme-inhibitor complex (Bode et al.,
1989). Reaction of proteinaceous inhibitors with trypsin results
in the formation of modified inhibitors, in which the re-
active-site peptide bond is hydrolyzed (Laskowski & Kato,
1980). In the case of CMTI’s, the fragments are still held

! Abbreviations; CMT]I, Cucurbita maxima trypsin inhibitor; 2D, two
dimensional; NMR, nuclear magnetic resonance; NOE, nuclear Over-
hauser effect; TOCSY, total correlated spectroscopy; DQF-COSY,
double-quantum filtered correlated spectroscopy; NOESY, two-dimen-
sional NOE spectroscopy; CMTI-I*, reactive-site hydrolyzed CMTI-I;
CMTI-111*, reactive-site hydrolyzed CMTI-II; ppm, parts per million;
EETI-11, Ecbhallium elaterium trypsin inhibitor TI.

© 1992 American Chemical Society



Reactive-Site Hydrolyzed Squash Trypsin Inhibitor

together by means of a connecting disulfide bridge. An in-
teresting property of the reactive-site modified CMTI-I and
CMTI-III (CMTI-I* and CMTI-IIT*, respectively) is that
while both of them inhibit trypsin, they are not able to inhibit
activated Hageman factor (factor XII,; Hojima et al., 1982;
Krishnamoorthi et al., 1990). It is, therefore, of interest to
identify structural changes that cause the loss of the inhibitor’s
activity toward factor XII,. That knowledge may be useful
in the development of inhibitors of improved or different
functions.

Herein we report on the solution structure of reactive-site
hydrolyzed CMTI-111 (CMTI-111*) as obtained by the ap-
plication of 2D NMR techniques and show that while the
secondary structure is preserved in solution, tertiary structural
changes occur throughout the protein molecule as a result of
the ArgS-Ile6 peptide bond cleavage. Furthermore, com-
parison of backbone hydrogen chemical shifts of the virgin
inhibitors, CMTI-III and its Lys9 — Glu variant CMTI-I,
indicates that the residues making the secondary structure are
perturbed, whereas those in an extended conformation are not.

MATERIALS AND METHODS

Proteins. CMTI-III and CMTI-11I* were isolated from
pumpkin seeds by means of trypsin affinity chromatography,
followed by high-performance liquid chromatography (HPLC;
Krishnamoorthi et al., 1990). Reaction of CMTI-III with
trypsin produced CMTI-I11*. CMTI-III* was found to be
quite stable for months, as judged by HPLC results. NMR
samples (4-15 mM) were prepared in both 90% 'H,0/10%
2H,0 and 99.9% *H,0 by dissolving lyophilized protein in
400-500 uL of the solvent that contained 0.2 M KCI. The
pH’s of the samples were adjusted with 0.2 M >HCl and/or
0.2 M NaO?H by using an Ingold microcombination glass
electrode and a Fisher pH meter (model 815 MP).

NMR Spectroscopy. One- and two-dimensional NMR
experiments were carried out with a Bruker AM 500 instru-
ment operating at 500.14 MHz for 'H. Data were processed
on a Silicon Graphics workstation, using the software FELIX
(Hare Research Inc., Woodinville, WA). The following 2D
NMR experiments were performed: double-quantum filtered
COSY (DQF-COSY; Piantini et al., 1982; Rance et al., 1983);
total correlated spectroscopy (TOCSY; Braunschweiler &
Ernst, 1983) with an MLEV spin lock (Bax & Davis, 1985);
phase-sensitive nuclear Overhauser effect spectroscopy
(NOESY; Anil Kumar et al., 1980). In the case of TOCSY
experiments, two sets of data were acquired with mixing times
of 50 and 70 ms. For NOESY experiments, the mixing time
was varied from 200 to 700 ms. All data were collected by
using time-proportional phase incrementation (TPPI; Marion
& Wiithrich, 1983). Typically, 2D data were acquired by
collecting 400-512 blocks of 2048 data points each. Before
processing the data were zero-filled once in the F, dimension.
Chemical shifts were referenced with respect to the water peak,
which was assigned a value of 4.71 ppm at 30 °C. For the
purpose of locating C_H peaks that occurred close to the water
peak (those of Lys residues), TOCSY and NOESY data sets
were acquired at 10 and 45 °C. Exchange of solvent-labile
backbone NH’s with deuterated water was followed by col-
lecting either 1D NMR spectra at a series of time intervals
of 10 min or less or by collecting a series of DQF-COSY data
every 2 h or less.

RESULTS

Identification of Spin Systems and Sequential Assignments.
CMTI-III* has one each of Pro, Ile, Met, His, Tyr, Ala, and
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FIGURE 1: 500-MHz TOCSY map of CMTI-1II* in 90% H,0, pH
4.71, 30 °C obtained with a mixing time of 70 ms. Cross peaks that
were observed at lower contour levels are identified by square boxes.

Assignments indicated were obtained by the sequential assignment
procedure (Wiithrich, 1986).
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FIGURE 2: NOESY contour map of CMTI-I11* in 90% H,0, pH 4.71,
30 °C. Sequential d n(i,i+1) connectivities are shown for residues
Gly29 — Cys16 and Arg5 — P4. The square boxes indicate either
the intraresidue 4, COSY cross peaks observed or the positions where
cross peaks are observed in the DQF-COSY map.
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Table 1: Chemical Shifts of the Assigned 'H NMR Resonances of CMTI-III and CMTI-III* at pH 4.71, 30 °C*

CH CH C,H others

residue CMTI-III CMTI-III* CMTI-III CMTI-III* CMTI-III CMTI-1II* CMTI-II CMTI-III* CMTI-HI CMTI-1I1*
Argl 4.07 4.12 1.58, 1.87 2.04 1.42 1.92 3.307.31  3.28,3.21,7.38
Val2 9.04 8.93 4.05 4.10 2.03 2.04 0.88,0.95 0.92,0.95

Cys3 8.52 8.55 5.21 5.07 267,282 283

Prod 4.45 4.43 2.36 2.26,2.36 203 1.98, 2.05 3.65, 3.89 3.70, 3.75
Arg$ 8.54 7.90 4.33 4.18 1.73,1.95 1.87 1.68 327716 323721

lle6 7.40 4.13 3.87 1.68 1.97 1.05,1.36 1.01,1.21,1.48 0.86 0.93

Leu? 8.69 8.44 4.37 4.47 1.53,1.75 151 1.46 0.75,0.82 0.63, 0.68
Met8 9.11 9.18 449 4.60 2.02,1.86 1.90,2.08 249,265 262

Lys9 8.55 8.49 4.45 4.69 1.60, 1.66 1.85 1.70, 1.75 1.74 298 1.38, 1.54, 3.04
Cysl0 8.08 8.08 4.84 3.10, 3.21  3.10,3.22

Lysll 9.36 9.36 4.34 4.43 1.76 1.76, 1.87 1.45 1.44 1.882.99 1.67,2.98
Lysl12 8.10 8.07 4.75 1.65,1.99 197,199 125,139 1.66,1.83 1.83 297 1.26, 1.40, 2.99
Aspl3 9.03 9.05 4.06 4.14 2.73,2.81 271,279

Serl4 8.04 8.07 4.26 431 3.87,4.19 3.83,4.15

Aspls 7.75 7.77 4.49 462 3.01 3.00, 3.18

Cyslé 7.66 7.72 491 4.85 2.77,3.09 276, 3.02

Leul? 8.63 8.48 4.21 4.28 1.51, 1.71  1.55, 1.70 1.70 0.84,093 0.93,0.95
Alal8 8.51 8.48 392 3.99 1.48 1.48

Giul9 8.44 8.39 441 4.40 2.19,2.27 217,228 236,242 235

Cys20 8.64 8.50 4.48 4.58 3.40,3.23 3.16,3.42

Val2l 9.36 9.28 4.33 4.38 2.15 2.17 0.74,0.84 0.71, 0.82

Cys22 9.23 9.17 491 4.86 242,284 244 284

Leu23 8.26 8.36 4.36 437 181,199 163,178 1.71 1.73 0.82,0.94 0.78, 0.88
Glu24 8.59 8.57 3.95 3.97 1.92,2.01 1.88,1.98 209,2.16 2.07,2.12

His25 8.21 8.11 4.64 3.47,3.56 3.37,3.56 7.27,8.48 17.81,8.55
Gly26 8.36 8.37 3.71,394 3.78,4.00

Tyr27 6.87 6.82 5.31 5.43 2.67,3.07 273,294 6.70, 6.87 6.73, 6.88
Cys28 8.48 8.68 5.29 5.32 2.93,3.16 2.92,3.08

Gly29 9.73 9.63 3.72,4.10 3.82,4.15

7Chemical shifts are accurate to £0.025 ppm.

Ser, two each of Glu, Asp, Arg, Gly, and Val, three each of 0 o

Leu and Lys, and six half-cysteine residues. Identification of ¢ ’ ¢ o ! 0 . 0ol
spin systems was achieved from a combined analysis of ' [ . ) 0 [o
DQF-COSY and TOCSY maps (Wiithrich, 1986). Four .o ' § 0 ik
different regions were analyzed: in region A [3.5-4.5 ppm ° * ° ’ s -,
(F5); 3.5-4.5 ppm (F))], the spin systems of Gly (AX) and . ° ! v o
Ser (AMX) were identified. In region B [{2.5-4.0 ppm (F>); : o ; b ¢ [m
4.0-5.5 ppm (F,), the AMX spin systems of Cys, Asp, His, ) : : "ot
and Tyr were assigned. In region C [(1.0-3.0 ppm (F,); s O’;
3.5-5.0 ppm (F))], Glu, Ala, Arg, Met, and Lys spin systems LT
were assigned. In region D [0.5-2.5 ppm (F,); 3.5-4.5 ppm '
(F)], spin systems of Val, Ile, and Leu (A,;B;MX, .
A;MPTB;X, A;B;MPTX) were identified. The last one to S ‘:
be identified was Pro (A,T,MPX). These assignments are . . b
indicated in Figure 1, which displays a portion of TOCSY ‘ T
contour map of CMTI-IIT* dissolved in 90% ‘H,0/10% ?H,0. ! tle
With several unique residues having been identified, it was . ' .. o
relatively easy to carry out sequential assignments (Wiithrich o 0 .. 0 ' s
et al,, 1982; Wiithrich, 1986) in different short and long o:, ° . L] 0':' |o
stretches in the finger print region [6.5-10.0 ppm (F5); 0.5-5.5 75 oo os oTo o )

ppm (F))]: starting with Gly29, the assignment proceeded via
the dy, connectivities to Cys16. Starting from Serl4, as-
signments were extended in the directions of both the C- and
N-terminals to Aspl5 and Aspl3; similarly, starting with
Met8, assignments were effected up to Lys12 in the C-terminal
direction and to Ile6 in the N-terminal direction. These
stretches were chosen because of difficulties in locating
NOESY cross peaks from the following C,H-N,;,H con-
nectivities: Lys12—-Aspl13 and Asp15-Cys16. Because the
Arg5-Ile6 peptide bond was hydrolyzed in the modified form
of the inhibitor, there was no dy,(i,i+1) NOE cross peak to
be observed between Arg5 and Ile6. A strong dy, (Arg5-Prod)
was used to assign ArgS. Similarly, a strong d,;(Cys3-Pro4)
cross peak at 5.07 and 3.75 ppm led to the assignment of Cys3,
and a strong dn,(Cys3-Val2) cross peak at 8.55 and 4.10 ppm
resulted in the assignments of Val2 and Cys3. These assign-

(ppn;)

FIGURE 3: NOESY contour map of CMTI-ITI* in 90% H,0, pH 4.71,
30 °C. Sequential d n(i,i+1) connectivities are shown for residues
Aspl5 — lle16. The square boxes represent either the intraresidue
d N COSY cross peaks observed or the positions where cross peaks
arc observed in the DQF-COSY map.

ments are shown in NOESY maps of CMTI-III* in 90%
'H,0/10% *H,0 (Figures 2 and 3) obtained with a mixing
time of 200 ms. The sequence-specific proton assignments are
listed in Table I.

Identification of Secondary Structural Elements. Figure
4 displays the amide region of the NOESY map of CMTI-III*
containing dyn connectivities. Cross peaks are observed be-
tween residues Cys10 and Lysll1, and Gly 26 and Tyr27,
indicating the presence of turns in this region (Billeter et al.,
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FIGURE 4: NOESY contour map of CMTI-I11* in 90% H,0, pH 4.71,
30 °C. The dnn(i,i+1) connectivities are indicated. Cross peaks in
this region are characteristic of turns and helices (see text).
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FIGURE 5: Summary of interresidue NOE connectivities observed for
CMTI-III* with a mixing time of 200 ms. Also identified are
backbone peptide NH’s that are hydrogen-bonded, as indicated by
slower deuterium exchange kinetics. The asterisk (*) indicates that
Pro4 has no backbone NH.

1982; Wiithrich, 1986; Bax, 1989). The cross peak assigned
to Cysl0~Lysl1 connectivity could also be assigned to a
Lys11-Lys12 interaction because of degeneracy of the peptide
NH’s of Cys10 and Lys12 at 8.08 ppm. The degeneracy could
not be removed at either 10 or 45 °C. Similar dyn(i,i+1) cross
peaks are also observed between residues Aspl3 and Serl4,
Serl4 and Aspl5, and AsplS and Cys16. The dyn Aspl5-
Cys16 cross peak occurring close to the diagonal is confirmed
by its increased intensity and better definition at a higher NOE
mixing time of 700 ms (data not shown). In addition, weak
dno Aspl3-Aspl5, Cys16-Aspl3, and Cys16-Serl4 are also
observed. However, we do not observe any dyy(i,i+2) or
dnn(7,i+3) connectivities for this segment, indicating the ab-
sence of a regular a-helix. The observed cross-peak patterns
for the four residues 13-16 are consistent with them forming
a 3jp-helix. A dyyn Val21-Gly29 cross peak also occurs, in-
dicating the proximity of these two residues. These dyn
connectivities and also other interresidue connectivities, d, -
(i,i+1) and dgn(i,i+1), are summarized in Figure 5. The
200-ms NOESY contour map shows the presence of many
other cross peaks: These connectivities, viz., d,n(i ), d,, (),
do3(i.f), and dgg(i,j), are summarized (Supplementary Mate-
rial) and presented along with the above-mentioned NOE
connectivities in Figure 6. The upper diagonal part presents
backbone~backbone interactions, whereas the lower diagonal
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FIGURE 8: Backbone hydrogen chemical shift differences between virgin (CMTI-III) and modified (CMTI-III*) squash inhibitor, and between
CMTI-II1 and CMTI-I; CMTI-III has a Lys in position 9, whereas CMTI-1 has a Glu (Wieczorek et al., 1985). Chemical shift data for CMTI-I
are taken from the work of Holak et al. (1989a). (A) NH chemical shift difference (CMTI-III-CMTTI-III*); (B) C_H chemical shift difference
(CMTI-11I-CMTI-111*); (C) NH chemical shift difference (CMTI-III-CMTI-I); (D) C_H chemical shift difference (CMTI-III-CMTI-I).
The arrow indicates the Arg5-Ile6 peptide bond which is cleaved in CMTI-IIT*. The chemical shift of the NH of Ile6 could not be determined.
For Gly26 and Gly29, only one of the two C,H peaks (down-field shifted) is represented. The horizontal lines enclosing the range £0.05 ppm

represent the experimental error.

contains information on backbone—side chain and side chain-
side chain interactions. Cross peaks away from the diagonal
indicate interaction between residues that are located far from
one another in the linear sequence but are close in space.
Three regions are of interest: residues 8-10, 13-15, and 20-27.
The presence of turns at Cys10-Lys11 or Lys11-Lys12, and
Gly26-Tyr27, and a 3,¢-helix at residues 13—15 have already
been mentioned. Of significance are the observed cross peaks
corresponding to d,,, (9-27), dn, (10-27), dy, (29-10), dyn
(21-29). d,,, (22-28), dn, (23-28), dn, (25-29), and dy,
(29-23). These findings support a triple-stranded S-sheet. At
700 ms, the following additional connectivities were found:
dnn (8-28), din (10-28), dyn (23-29), and dyy (25-28), thus
further supporting the presence of a triple-stranded $-sheet
involving residues 8—10, 29-27, and 21-25. The pattern of
NOE connectivities observed indicates an antiparallel 3-sheet
involving residues 8—10 and 27-29. Additional support for
the presence of the above-mentioned secondary structural
elements is provided by the slowed exchange rates observed
for the amide hydrogens of Cysl0, Serl4, Aspl5, Cysl6,
Val21, Cys22, Leu23, Tyr27, Cys28, and Gly29 (Figure 5);
these hydrogens exchange slowly in a time period of 4 h,
whereas all other hydrogens exchange within 0.5 h. Seven of
these backbone NH’s, viz., those of Cysl10, Aspl5, Cyslé,
Val2l, Leu23, Cys28, and Gly29, have been known to be
involved in hydrogen-bonding interactions as available from
the crystal structure data of CMTI-I (Bode et al., 1989).

Presence of strong dy, connectivities and lack of other NOE
connectivities for residues other than those mentioned above
(Figure 6) indicate that these residues are most likely in an
extended conformation.

DISCUSSION

Likos (1989) has reported the sequential proton assignments
for CMTI-III at pH 2.8, 30 °C and identified a triple-stranded
B-sheet as the secondary structural element made up of res-
idues 8-10, 21-23, and 26-29. The CMTI-III* results re-
ported here point out a similar triple-stranded $-sheet structure
consisting of residues 8-10, 29-27, and 21-25. Heitz et al.
(1989) have reported the solution conformation of Ecballium
elaterium trypsin inhibitor II (ECTI-II), a member of the
squash family. The secondary structure elements reported for
this inhibitor include a mini-antiparallel S-sheet made up of
residues 7-9 and 25-27, a B-hairpin made with residues 20-28
with a S-turn involving residues 22-25. Holak et al. (1989a)
in reporting their NMR structure for CMTI-I assert that they
find no evidence for the presence of a mini-antiparallel 8-sheet
which would involve residues 9-11 and 26-29. Our NOE
results for CMTI-I1I* (Figure 6) indicate the presence of
backbone—backbone interactions between residues 9 and 27,
10 and 27, and 10 and 29. With the additional NOE con-
nectivities observed at 700 ms between residues 8 and 28, and
10 and 28, these results appear to support the presence of a
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mini-antiparallel 8-sheet involving residues 8-10 and 29-27.

Comparison of CMTI-III* and CMTI-III. In order to
make a valid comparison of CMTI-III and CMTI-III* for
identifying amino acid residues that are affected by hydrolysis
of the Arg5-1le6 peptide bond, we have made sequential proton
resonance assignments for virgin CMTI-III at pH 4.71, 30 °C:
Figure 7 shows a portion of the TOCSY contour map of
CMTI-1II in which the assignments are indicated. The se-
quence-specific assignments of CMTI-I11, made by making
use of DQF-COSY and NOESY data, are included in Table
1. Because of the poor signal to noise ratio, chemical shift
positions of cross peaks due to C H’s Cys10, Lys12, and His25
could not be determined with certainty.

The chemical shifts of backbone NH and C_H peaks are
compared for CMTI-IIT and CMTI-III* in Figure 8 (panels
A and B, respectively). The NH chemical shift differences
(Figure 8A) indicate significant changes beyond the experi-
mental error of £0.05 ppm for residues near the reactive-site
region, viz., Val2, Arg5, Leu7, Met8, and Lys9, and for res-
idues near the C-terminal, viz., Leul7, Cys20, Leu23, His25,
Cys28, and Gly29. Similarly, the C,H chemical shift dif-
ferences (Figure 8B) indicate that the N-terminal residues,
viz., Cys3, Arg$5, Ile6, Leu7, Met8, and Lys9 and the C-ter-
minal residues, viz., Asp15, Cys20, Gly26, and Tyr27, undergo
significant chemical shift changes. The largest shift change
is observed for the NH of ArgS5 (0.64 ppm). In addition, some
side chains, especially those of Pro4, Arg$5, Ile6, Leu7, and
Leu23, show significant chemical shift changes upon modi-
fication of the reactive site in CMTI-III (Table I). These spin
systems are identified in the TOCSY map shown in Figure
9A,B. Chemical shifts are sensitive probes of conformational
changes, although by themselves they cannot be used to define
a conformation (Pardi et al., 1983; Campbell et al., 1985).
While it is not possible to determine atom displacement in
terms of chemical shift differences, it is clear that hydrolysis
of the Arg5-Ile6 peptide bond leads to larger tertiary structural
changes for residues closer to the reactive site, and these
perturbations are propagated throughout the molecule, in-
cluding the C-terminal. It is of interest to note that while
significant tertiary structural changes are indicated for
CMTI-III*, its secondary structural elements, including the
turn involving residues 8-12, remain unaffected by the cleavage
of the peptide bond between Arg5 and Ile6. The X-ray
crystallographic studies of CMTI-I in complex with trypsin
indicate that, among the residues whose chemical shifts are
affected by the reactive-site peptide bond hydrolysis, Met8,
Cysl6, Leul7, Val2l, Leu23, Cys28, and Gly29 are involved
in hydrogen-bonding interactions (Bode et al., 1989). The
hydrogen-bonding interactions are apparently not significantly
affected by the reactive-site hydrolysis, as evidenced by absence
of significant changes in the slowed exchange rates of amide
hydrogens of these residues (Figure 5). Residues Argl-Leu7
and Glu9 make 131 intermolecular contacts and residues
His25-Gly29 make 7 intermolecular contacts in the trypsin—
inhibitor complex, as revealed by X-ray crystallography (Bode
et al., 1989). Thus, one might expect changes in these in-
teractions based on our NMR results. Indeed, the equilibrium
dissociation constants for the enzyme—inhibitor complexes
formed by virgin and modified CMTI-III with trypsin have
been found to be 2.4 X 107® M and 2.2 X 10° M, respectively
(Krishnamoorthi et al., 1990). Furthermore, CMTI-III* and
CMTI-I* do not inhibit activated Hageman factor, a serine
proteinase involved in blood coagulation, whereas the virgin
inhibitors do (Hojima et al., 1982; Krishnamoorthi et al.,
1990). Thus, the loss of the inhibitor’s activity toward Factor
XII, is due to the conformational changes undergone by a few
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FIGURE 9: Comparison of portions of TOCSY maps of virgin and
modified CMTI-1II in H,0, pH 4.71, 30 °C: (A) CMTI-III*; (B)
CMTI-111. Side chains of residues Pro4, Arg5, Ile6, Leu7, and Leu23
which show significant chemical shift changes upon hydrolysis of the
ArgS-Ile6 peptide bond are identified.

functional residues that come into contact with the enzyme
in the inhibitor~enzyme complex. In the following paper
(Krishnamoorthi et al., 1992), we provide evidence for the
conformational changes introduced by the hydrolysis of the
reactive-site peptide bond by measuring the ionization behavior
of a side chain located at a distance from the reactive-site
region, namely, the pK, of His25, which indeed changes by
0.24 unit (5.47 in CMTI-1II and 5.71 in CMTI-III*).
Comparison of CMTI-I and CMTI-III. Chemical shifts
of backbone hydrogens, NH’s, and C H’s, of CMTI-I and
CMTI-11I are compared in panels C and D, respectively, of
Figure 8. The two proteins differ by a single residue sub-
stitution: CMTI-11I has a Lys at position 9 instead of a Glu
as in CMTI-I (Wieczorek et al., 1985). The NMR data of
CMTI-1, taken from the work of Holak et al. (1989a), cor-
respond to the condition of pH 4.31, 25 °C. The results
indicate that this single drastic substitution of an acidic amino
acid residue by a basic one causes small, but definite, changes
in the backbone hydrogen chemical shifts of residues 8, 9,
15-17, 20, 22, and 29. Compared with the backbone chemical
shift changes observed for the modification of the reactive site,
these changes are small (<0.15 ppm). Temperature depen-
dencies of the backbone NH chemical shifts of CMTI-I*
(Krishnamoorthi et al., unpublished results) in the range 10-45
°C indicate changes within experimental error for all the
residues for 5 °C; the CaH chemical shifts are temperature-
independent. The solution structure of CMTI-I (Holak et al.,
1989a) shows that the side chain of Glu is exposed to the
solvent and is not involved in any interaction with other side
chains. The residues that show chemical shift changes due
the substitution Lys9/Glu are predominantly those that form
the secondary structural elements; residues 8—10 and 29-27
form the two turns, residues 13-16 form a 3,,-helix, and
residues 21-25 are involved the formation of a triple-stranded
B-sheet. The residues that are in an extended conformation
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are apparently not affected significantly. One of the con-
formational consequences of the above substitution is dem-
onstrated by the ionization property of His25, whose pK, is
5.72 = 0.02 in CMTI-I and 5.47 = 0.02 in CMTI-III
(Krishnamoorthi et al., 1992). Furthermore, the association
equilibrium constants determined for the binding of CMTI-1
and CMTI-III to activated Hageman factor (Wynn & Las-
kowski, 1990) indicate that the value for CMTI-III is about
62 times that for CMTI-1. However, the dissociation equi-
librium constants determined for the trypsin-CMTI-I and
trypsin—-CMTI-III complexes do not reveal any significant
differences in stability (1.7 X 10M and 2.4 X 107*M, re-
spectively; Krishnamoorthi et al., 1990). In order to describe
completely the tertiary structural changes, as reflected by
chemical shift changes, studies involving distance-geometry
algorithm and NOESY data (Havel & Wiithrich, 1985;
Braun, 1987) will be carried out on CMTI-III and CMTI-III*.

Conclusions. Hydrolysis of the Arg5-Ile6 peptide bond in
CMTI-III causes significant chemical shift changes to residues
located not only close to, but also far from, the reactive site,
indicating tertiary structural changes that are transmitted
throughout the molecule. The secondary structural elements
are, however, not affected. The drastic substitution of Glu9
in CMTI-1 by a Lys in CMTI-III leads to relatively smaller
chemical shift changes for a few residues located near and
away from the site of substitution. Residues whose chemical
shifts are affected make up the secondary structural elements
of the protein molecule; residues that are in an extended
conformation are not affected.

ACKNOWLEDGMENTS

We acknowledge helpful comments from the anonymous
referees. This is publication 91-440-J of the Kansas Agri-
cultural Experiment Station.

SUPPLEMENTARY MATERIAL AVAILABLE

Complete listing of observed NOEs and the assigned
NOESY contour map of CMTI-III* (3 pages). Ordering
information is given on any current masthead page.
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