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'H Assignments and Secondary Structure Determination of the Soybean
Trypsin/Chymotrypsin Bowman-Birk Inhibitor?
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ABSTRACT: The 'H resonance assignments and secondary structure of the trypsin/chymotrypsin Bowman—Birk
inhibitor from soybeans were determined by nuclear magnetic resonance spectroscopy (NMR) at 600 MHz
in an 18% acetonitrile-d3/aqueous cosolvent. Resonances from 69 of 71 amino acids were assigned sequence
specifically. Residues Q11-T15 form an antiparallel 3-sheet with residues Q21-S25 in the tryptic inhibitory
domain and an analogous region of antiparallel sheet forms between residues S38—A42 and Q48-V52 in
the chymotryptic inhibitory domain. The inhibitory sites of each fragment (K16-S17 for trypsin, L43-S44
for chymotrypsin) are each part of a type VI like turn at one end of their respective region of the antiparallel
B-sheet. These structural elements are compared to those found in other Bowman—Birk inhibitors.

Bowman—Birk inhibitor (BBI) is a small serine protease
inhibitor containing seven disulfide bonds (Birk, 1985). Iso-
forms of the Bowman—Birk type are found in a wide variety
of leguminous plants with up to 87% sequence homology
among different species (Morhy & Ventura, 1987), thus
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forming a distinct family of serine protease inhibitors in plants
(Steiner & Frattali, 1969). BBI is an intriguing protein among
the serine protease inhibitors since it is the only inhibitor
capable of binding 2 equiv of serine protease/equiv of inhibitor
with kinetically independent binding sites (Harry & Steiner,
1970; Odani & lkenaka, 1972).

Classical BBI from soybeans simultaneously inhibits trypsin
and chymotrypsin, although several isoinhibitors have been
isolated which are capable of inhibiting either two trypsin
molecules or trypsin at one site and either chymotrypsin or
elastase at a second site (Odani & Ikenaka, 1977). Each is
characterized by 7 disulfide bonds, an isoelectric point near
4.2, and between 60 and 76 amino acids. The trypsin/chy-
motrypsin inhibitor (hereafter referred to as BBI-I) may be

© 1991 American Chemical Society



Secondary Structure of Bowman-Birk Inhibitor

characterized as a relatively tight binding inhibitor with K|
=5 X 107 (pH 8.2) for trypsin (Turner et al., 1975) and X;
= 5.2 %X 107 (pH 7.98) (Harry & Steiner, 1970) for chy-
motrypsin. Near-UV circular dichroism does not indicate the
presence of substantial regular secondary structure (a-helix
or 3-sheet) (Birk et al., 1980), and despite successful crys-
tallization of BBI-1 and the ternary complex of BBI-I, trypsin,
and chymotrypsin, the structure of BBI-I has not yet been
determined by X-ray crystallography (Wei et al., 1979; Gaier
et al., 1981).

Because of the lack of structural information able to explain
the unusual and potent inhibitory properties of BBI-1, we have
undertaken a study to understand the nature of its interaction
with serine proteases. We report here the sequential 'H NMR
assignments and secondary structure determination of BBI-I
determined at 600 MHz. The tendency of BBI-I to self-as-
sociate (Millar et al., 1969; Harry & Steiner, 1969) required
a search for solvent conditions which gave predominantly
monomer at millimolar concentration. The best conditions
were found to be an 18% acetonitrile/aqueous cosolvent. As
it is common to assay the inhibitory properties of BBI-I in
5—-10% acetone or acetonitrile (Frattali, 1969; Walsh, 1970;
Wilcox, 1970), it was assumed at the outset that the presence
of a cosolvent would not disrupt the native protein structure
significantly. Subsequent evaluation of the NMR spectra in
pure water and in cosolvent during the course of the assignment
process has borne this assumption out.

MATERIALS AND METHODS

Isolation and Purification of BBI-I. Commercially defatted
soybean meal (Nutrasoy 7B flakes, a generous gift of the
Archer Daniels Midland Co., 1.3 kg) was extracted in a 6:1
ratio (v/w) of 60% ethanol at 35 °C with stirring for 24-30
h. The solution was filtered to clarity under vacuum or cen-
trifuged at 4000g and the filtrate mixed with a 2:1 ratio (v/v)
of =20 °C acetone. The measured pH was lowered to 4 with
concentrated HCI and allowed to stand at ~20 °C for 36 h.
The resulting suspension and precipitate were centrifuged at
8000g; the sticky pellets were resuspended in water and dia-
lyzed against S0 mM NH,HCO,, pH 8, 4 °C, in a 2000 or
3500 molecular weight cutoff membrane (Spectrapor 7, Fisher
Scientific) until the dialysate was clear and only slightly yellow
in color (4-7 days). The dialysate was filtered, lyophilized,
and stored at —20 °C prior to purification. The acetone
precipitate was considered stable indefinitely prior to purifi-
cation.

Purification was achieved through successive steps of ion-
exchange chromatography. Initial separation was achieved
by using carboxymethyl (CM)-cellulose (2.6 X 100 cm)
equilibrated with 5 mM sodium acetate, pH 4, and eluted with
a 0-0.5 M NaCl linear gradient (2 L each). The trypsin/
chymotrypsin inhibitory fraction was further purified on di-
ethylaminoethyl (DEAE)-cellulose (2.6 X 70 cm) equilibrated
with 50 mM ammonium acetate, pH 6.5, and eluted with a
linear gradient in which 0.3 M ammonium acetate, pH 5.0,
was mixed into 50 mM ammonium acetate, pH 6.5 (0.35 L
each). The main trypsin/chymotrypsin inhibitory fraction was
further purified on Sephadex G50F (2.6 X 100 cm) equili-
brated at | mM HCI and eluted in an ascending mode. The
predominant chymotrypsin inhibitory fraction was finally
purified to homogeneity on a high-performance DEAE column
(0.75 X 7.5 cm) equilibrated with 10 mM sodium phosphate
and eluted with a 0-0.35 M NaCl gradient in which a 50:50
mixture was achieved after 30 min of elution and a 0:100
mixture was achieved at 60 min of elution. Purity and ho-
mogeneity were determined by 15% SDS-PAGE (Laemmli,
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FIGURE 1: «aff cross-peak region from DQF-COSY, 35 °C, pH 5.7,
in D,0O showing assignments for all 71 spin systems in BBI-I.

1970), native 5% PAGE in 0.089 M Tris-borate-EDTA
buffer, pH 8.4 (Frattali & Steiner, 1968), analytical ion-ex-
change high-performance liquid chromatography, and N-
terminal sequence analysis. Assays of inhibitory activity were
done essentially according to Frattali (1969).

NMR Spectroscopy. All spectra were recorded with a
Bruker AMX-600 spectrometer equipped with digital-phase
shifters, a 'H probe, and a UX32 computer. All two-dimen-
sional spectra were collected in the pure-phase absorption mode
according to the time-proportional phase incrementation
(TPPI) technique (Redfield & Kunz, 1975; Drobny et al.,
1978; Bodenhausen et al., 1980) as described by Marion and
Wiithrich (1983). Spectra were collected at pH 5.7 (uncor-
rected for the presence of acetonitrile) in 2 mM protein, 9 mM
sodium phosphate buffer, and 200 uM sodium azide at 15 and
35 °C. All spectra were processed by using the program
FTNMR (Hare Research, Inc.).

NOESY (Jeener et al., 1979; Macura et al., 1981) spectra
were recorded in 18% acetonitrile-d;/D,0 (D,0) at 100 and
125 ms and at 80, 125, 150, and 200 ms in 18% aceto-
nitrile-d;/H,0 (H,0). For NOESY spectra recorded in D,0,
the residual water resonance was suppressed by selective ir-
radiation during the relaxation delay and mixing time. For
NOESY spectra recorded in H,O, the water resonance was
suppressed by employing a “jump and return” sequence
(90°-7-90°) (Plateau & Guéron, 1982) with phase cycling
and processing according to Driscoll et al. (1989). All
NOESY spectra were recorded at 15 and 35 °C except for
one additional NOESY in H,O at 200 ms which was recorded
at 45 °C. Typically, 512 increments of 1K complex data were
collected for spectra recorded in D,O, and 512 increments of
2K complex data were collected for spectra recorded in H,O.
The time-domain data were multiplied by a sine-bell window
with a 50° phase shift in F, and F,, and all spectra were
base-line-corrected with a either cubic-spline or a quadratic
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in BBI-1. N71 is assigned on the basis of its spin system only.

polynomial base-line routine prior to Fourier transformation
in F,. Residual noise in F, was suppressed according to Klevit
(1985) and Otting and Wiithrich (1986).

DQF-COSY (Rance et al., 1983) spectra were recorded at
15 and 35 °Cin H,0O and at 35 °C in D,0. Suppression of
the solvent resonance was achieved by selective irradiation
during the relaxation delay. A total of 512 increments of 2K
complex data points were recorded for spectra collected in H,O
and 1024 increments for spectra collected in D,O. Time-
domain data were multiplied by a sine-bell window with a
30-50° phase shift in both F, and F,.

To assist in the assignment of the spin systems, HOHAHA
(Braunschweiler & Ernst, 1983; Bax & Davis, 1985) spectra
were recorded in H,O at 35 °C at 35- and 50-ms spin-locking
period using an MLEV-17, sequence with 1.5-ms trim pulses.
HOHAHA were also recorded in D,O at 35 °C, 50 ms, in a
similar manner. Spectra were recorded and processed as in
DQF-COSY experiments.

Slowly exchanging amide protons were determined from
80-ms NOESY spectra in D,O (99.9%) at pH 4.6, 20 °C.
Four NOESY spectra were collected over a 24-h period with
a protein sample freshly dissolved in D,0. Slowly exchanging
amide protons were identified from the NOESY spectrum
collected from 18 to 24 h of exchange in D,0.

RESULTS

Assignment of Spin Systems. The methodology for iden-
tification of amino acid residue spin systems in NMR spectra
is now well established (Wagner & Wiithrich, 1982; Clore &
Gronenborn, 1987; Torchia et al., 1989). Spin system as-
signments were made by using combinations of DQF-COSY
and HOHAHA spectra in D,O to distinguish the nonex-
changable protons of three-spin, four-spin, five-spin, and
greater spin systems from one another (Figure 1). HOHAHA
and NOESY spectra in H,O were then used to connect the
nonexchangeable protons to their corresponding amide proton
(Figure 2). During this process, all 71 spin systems could be
distinguished. The collection of redundant data at 15 and 35
°C permitted the discrimination of nearly degenerate amide,
«-, and B-protons that made complete assignment of the proton
spin systems possible (Table I).

Since 17% of the spin systems were acidic, these were
identified on the basis of the relative sensitivity of their a-
proton chemical shifts to pH titration below a pH of about
3.5 in one-dimensional spectra. The multiplicity of the «f3
cross-peaks in DQF-COSY spectra in D,O was used to dis-
criminate between Asx (AMX) and Glx [AM(PT)X] spin
systems. AM(PT)X spin system assignments were confirmed
by assignment of the ay relay cross-peaks in HOHAHA
spectra in D,0.

Aliphatic amino acids were assigned by using a combination
of DQF-COSY and NOESY spectra collected in D,O. Valine
and isoleucine have unique spin system patterns and were
clearly distinguished from one another (Wiithrich, 1986),
although V52 had an unusual 8-chemical shift roughly 0.7 ppm
downfield from that commonly seen in proteins (Gross &
Kalbitzer, 1988). L29 was found to have unusual 3’- and
vy-chemical shifts with the 8’-proton upfield of the y-proton
(Table 1). aB, af’ cross-peaks and the relay cross-peak avy
in the HOHAHA spectrum permitted initial discrimination
of this spin system to greater than three protons. In both
DQF-COSY and HOHAHA spectra, the 3"y cross-peak ap-
peared to be upfield of the 3’8 cross-peak (Figure 3). This
was resolved by observation of the relay cross-peaks 8’6 and
B8’ in the HOHAHA spectrum, confirming the identity of
the 8’8, B’y cross-peaks, and therefore making the assignment
of the spin system to leucine clear. The assignment was
completed by observation of the aé and ad’ cross-peaks in the
100-ms NOESY spectrum in D,O. For 143, the 8-, 8'-, and
y-protons appear to be completely degenerate (Figure 3). The
basis for this spin system assignment was the observation of
a to methyl cross-peaks in the NOESY spectrum in D,0,
which distinguished this spin system as either valine or leucine.
The final assignment to that of 1.43 could only be accomplished
by sequential assignment.

T55 was assigned by observation of the a3 and 8v cross-
peaks in DQF-COSY and the corresponding oy NOE in
NOESY spectra in D,O. However, T15 was observed to have
its a-proton chemical shift upfield of its 3-proton. A putative
«f3 cross-peak was observed in both DQF-COSY and HOH-
AHA spectra in D,0, but final confirmation of this assignment
again came through the sequential connectivities.

Phenylalanine and tyrosine were assigned on the basis of
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Table I "H Assignments for BBI-I (ppm)®

residue NH o 8 ~ 8 € ¢
DI 424 2.82,2.74
D2 8.66 4,67 2.75, 2.65
E3 8.60 4.26 2.12, 2.00 2.33
S4 8.35 439 3.96
S5 8.05 4.50 3.91, 3.87
K6 7.85 4.46 1.72, 1.67 1.38 2.96
P7 3.48 1.01, 0.59 1.63, 1.56 3.69, 3.40
C8 6.99 4,98 3.19,2.95
Cc9 9.09 4.74 3.02, 2.99
D10 11.54 4.94 2.84, 2.67
Ql1i 9.11 4.46 2.17,2.01 2.28 6.66, 7.47
Cl2 8.63 5.11 3.52,2.95
Al3 8.58 4.82 1.37
Cl4 8.54 5.83 2.96, 2.86
T15 8.77 4.44 4.49 1.40
K16 8.45 4.49 2.00, 1.70 1.52, 1.43 3.02
S17 7.32 437 3.90, 3.74
NI18 8.25 5.04 2.84, 2.60 6.79, 7.48
P19 5.14 2.53, 2.11 1.99, 1.89 3.57, 3.55
P20 4.19 2.37, 1.86 2.12,2.09 3.91, 3.76
Q21 7.48 4.59 2.16, 1.78 2.24 6.67, 7.42
C22 9.50 5.63 2.62,2.47
R23 8.63 4,78 1.78, 1.69 1.60
C24 9.81 5.25 3.35,3.15
825 9.34 4.67 3.95
D26 7.58 4.30 2.67
M27 8.51 4.30 1.99, 1.88
R28 8.77 4.52 1.84, 1.58
L29 8.34 4.79 1.69, 1.21 1.61 0.84,0.72
N30 9.13 4.12 3.35,2.74 6.66, 7.56
S31 8.38 4.45 3.91, 3.80
C32 7.88 4.59 3.24, 2.85
H33 7.98 4.40 3.19, 2.98 7.54 7.22
S34 8.54 4.10 3.96, 3.88
A3S 9.42 4.60 1.48
C36 7.49 4.19 3.11
K37 11.50 4.34 2.08, 1.88 1.62, 1.50 3.07
S38 9.36 4.59 3.72, 3.67
C39 8.51 5.31 3.05, 2.72
140 9.30 4.56 1.67 1.48, 1.18 0.80
0.84 CH,
C41 8.47 5.72 2.94, 2,72
A42 8.92 4.45 1.57
L43 8.34 4.42 1.67 1.67 0.96, 0.89
S44 7.58 4.40 3.89, 3.70
Y45 8.18 4,71 2.90 7.15 6.81
P46 4.30 2.16, 1.81 1.80, 1.74 3.50, 3.33
A47 8.63 4,23 1.45
Q48 7.19 4.48 2.19, 1.91 2.34
C49 8.89 5.61 2.88,2.71
Fs50 9.22 4.81 2.99, 2.70 7.07 7.18 7.00
Csl 9.68 5.27 3.31, 3.04
V52 8.84 4,59 2.48 0.90, 0.82
Ds3 7.40 435 2.65
154 8.24 4.96 1.75 1.72, 1.09 0.84
0.90 CH,
TS5 8.86 475 3.87 0.92
D56 8.33 4,94 3.00, 2.64
E57 6.94 4.67 3.0, 2.89 7.00 6.90 7.15
C58 8.52 4.72 3.14, 2.75
Y59 7.63 4.58 3.13,2.28 7.11 6.79
E60 8.51 4.48 2.16, 2.06 2.44
P61 4.68 2.55, 1.85 2.14 3.90, 3.67
C62 8.32 4.43 3.34, 3.11
K63 8.60 4.65 1.83, 1.74 1.46 2.98
P64 4.46 2.31,1.95 2.03 3.78, 3.66
S65 8.23 4.44 3.90, 3.85
E66 8.44 4.34 2.13,1.95 2.31
D67 8.23 4.60 2.73, 2.60
D68 8.19 4.60 2.73
K69 8.03 4.34 1.89, 1.80 1.45 3.02
E70? 4.15 1.91
N71# 7.88 4.46 2.76, 2.65

apH 5.7, 35 °C, referenced to TSP. ® Assignment based on spin system only.
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FIGURE 3: Assignment of L29 and L43 from the 50-ms HOHAHA
spectrum, 35 °C, pH 5.7, in D,O. Stars in boxes indicate NOEs
observed at 100 ms in D,O. Unstarred box indicates the 3’y cross-peak
of L29 identified in the DQF-COSY spectrum under the same con-
ditions.

their af cross-peak multiplicity (AMX) in DQF-COSY
spectra and the observation of corresponding «é and §6
cross-peaks in the 100-ms NOESY spectrum in D,O. The
corresponding NHa, NHB and NHp’ cross-peaks observed
in the H,O NOESY spectrum completed the assignment for
these residues. The assignment of the single histidine residue
was completed in a similar manner. The NHa cross-peak of
H33 was very weak in the DQF-COSY spectrum but was
observed as a weak peak in the HOHAHA spectrum at 35
°C in H,O. This assignment was confirmed by the observation
of the corresponding NHS and NH@’ cross-peaks in the
NOESY spectrum at the same temperature.

The af cross-peaks in the DQF-COSY spectrum having a
@3-proton chemical shift above 3.7 ppm (that were not previ-
ously assigned to threonine) were considered to be putative
serine spin systems. The multiplicity permitted identification
of these spin systems as AMX type. Their subsequent as-
signment as serine was established through sequence-specific
connectivities. Data obtained at both 15 and 35 °C were used
to resolve degeneracies with other a-proton chemical shifts.

Arginine and lysine spin systems were discriminated from
all others primarily on the basis of relay cross-peaks ay, ad,
88, and 8’6 in HOHAHA spectra and av cross-peaks in the
100-ms NOESY spectrum in D,0.
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FIGURE 4: Overlay of DQF-COSY and 50-ms HOHAHA spectra
showing the assignment of the P7 spin system at 35 °C pH 5.7, in
D,0.

The assignment of the six proline residues is demonstrated
by cxample with the assignment of P7 (Figure 4). DQF-
COSY in D,0 permitted identification of the a8, af’, and 53’
cross-peaks. The corresponding -, -, 6-, and &’-protons were
then identified by relay cross-peaks in HOHAHA spectra in
D,0. For P7, 85, 38’, 8’8, and 8’8’ cross-peaks were all ob-
served and corresponded with the vé, vé, 4’6, and 4’¢’
cross-peaks observed in the DQF-COSY spectrum. Finally,
the relay cross-peaks ay and oy’ observed in the HOHAHA
spectrum in D,O completed the spin system assignment.
Prolines-19, -20, -46, -61, and -64 were all assigned in the same
manner. For P61 and P64, the y-protons were found to be
essentially degenerate.

The spin system corresponding to C8 was only identified
on the basis of the presence of its NHa cross-peak in the
DQF-COSY spectrum and NHS and NH@' cross-peaks ob-
served in 125-ms (35 °C) and 200-ms (45 °C) NOESY
spectra in H,O. Neither o nor a3’ cross-peaks were observed
in DQF-COSY or HOHAHA spectra in D,0, but putative
aff and «f’ NOEs were observed in D,O, consistent with the
apparent NHB and NHB” NOEs in H,O. It was observed that
the 8- and §’-protons were nearly degenerate with those of
H33, but these could be distinguished in the 200-ms NOESY
spectrum at 45 °C and the 150-ms NOESY spectrum at 15
°C. In addition, a clear sequential NOE dn;,+1) between P7
and C8 was observed which confirmed that the observed NHa
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cross-peak in the DQF-COSY spectrum belonged to a specific
amino acid residue.

SEQUENCE-SPECIFIC ASSIGNMENTS AND DESCRIPTION OF
THE SECONDARY STRUCTURE

Figure 5 summarizes the observed sequential connectivities
for BBI-I. For the N- and C-terminal residues (D1-P7 and
K63-NT7I, respectively), assignment was possible only at 15
°C as amide proton degeneracies precluded the observation
of unambiguous dn+1) and dyng,+1) connectivities for many
of these residues at higher temperatures. No unambiguous
sequential assignment could be made for E70 or N71.

Proline Geometry. The backbone geometry about the
proline may be determined by the observation of sequential
daﬁ(r.i’ﬂ) and dﬂy“.,q.” {tl’ans) or datx{f.i"-l} {Ci.S) connectivities in
NOESY spectra at short mixing times for the X-Pro bond
(Wiithrich et al., 1984). K6—-P7, P19-P20, and K63-P64 were
all shown to have trans geometry based on the observation of
sequential d4(;+1) and d_g;+1) connectivities in the NOSEY
spectrum with a 100-ms mixing time in D,O. NI18 was ob-
served to be connected by a d,, connectivity to P19 and by
d,; and d_; connectivities to P20. Subsequent analysis of the
medium- and long-range contacts permitted assignment of the
NI18-P19 gecometry to cis and the d,; and d_; connectivities
to P20 as d; 44, connectivities of a type VI like tight turn (see
below). The E60-P61 geometry has been assigned to be trans;
however, the defining d,5,,+,y connectivity of E60-P61 is
belicved to be overlapped with the af and a8’ cross-peaks of
S35, and the d,4(; 41y cross-peak of E60-P61 is nearly degen-
cratc with the d, 41y cross-peak of K6-P7. No d .41
cross-pcak was observed in any of the NOESY spectra col-
lected in D,O which, if seen, would suggest a cis geometry
about the E60-P61 bond. For all six proline residues, a se-
quential d,n;;+1) connectivity was observed for the Pro—X bond
which permitted assignment through the prolines in the pri-
mary sequence. As mentioned earlier, the observation of an
unambiguous d,n;+1y NOE for the P7-C8 bond aided in
confirming the assignment for the spin system of C8, even in
the absence of the corresponding af or a3’ cross-peaks for this
residue in DQF-COSY or HOHAHA spectra.

Elements of Secondary Structure. Although circular di-
chroism apparently shows no evidence of extensive regions of
regular sccondary structure in BBI-I (Birk et al., 1980), it is

observed that two short regions of antiparallel g-sheet are
present in BBI-1.

Residues Q11-T15 and residues Q21-525 form a short
region of antiparallel 8-sheet in the tryptic inhibitory region
of the molecule. This was determined on the basis of strong,
nonsequential d,,,(;, NOEs between residues C14 and C22 and
between residues C12 and C24. Nonsequential dyy ) con-
nectivities were observed between residues Q11-S25 and
T15-Q21; however, that between residues A13 and R23 was
not observed because the amide protons of R23 and A3 were
ncarly degenerate at 15, 35, and 45 °C. Nonsequential NOEs
d i ) were observed between residues Cl14a~R23NH and
C22a-TI1SNH and between residues C24a-A13NH and
Cl12a-S25NH. Finally, slowly exchanging amide protons were
observed for the residues Q11, A13, T15,Q21, R23, and S25,
indicative of hydrogen bonding consistent with this region of
3-sheet.

An analogous region of antiparallel g-sheet was also ob-
served in the chymotryptic inhibitory domain between residues
S38-A42 and residues Q48-V52. Again, nonsequential d,(;
NOEs were observed between C41-C49 and C39-C51. d ngjp
NOE:s occur between C39a-V52NH and between residues
C41a-F50NH and C49a-A42NH. dyng ;) NOEs occur be-
tween 140-F50 and A42-Q48. The amide protons of residues
S$38, 140, Q48, F50, and V52 exchange slowly, indicative of
hydrogen bonding in this region of g-sheet. The pattern of
NOEs which defined both regions of 3-sheet is reviewed in
Figure 6.

Two tight turns have been identified, one each near the
inhibitory sites for trypsin and chymotrypsin. Strong NOEs
d,nii+3) are seen between P20« and S17NH, with an addi-
tional contact d 42 between N18a and P204. An analogous
turn is observed in the chymotryptic inhibitory domain between
residues L43 and A47. A d 43y NOE occurs between A47a
and S44NH, with an additional contact d,,; +,) between Y45
and A47 (Figure 6). This pattern of NOEs is consistent with
that expected from a type VI like turn (Richardson, 1981).
The combination of a tight turn and antiparallel 3-sheet form
a [-hairpin in cach of the inhibitory domains.

Disulfide Cross-Links. The seven disulfide bonds of BBI-1
have previously been identified by chemical analysis by Odani
and Ikenaka (1973). The identification of disulfide cross-links
can be confirmed spectroscopically by observation of NOEs
between amino acid side chain protons located distantly in the
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FIGURE 6: Secondary structure contacts and hydrogen bonding for
BBI-1 determined {rom NOESY spectra in H,O at 35 °C, pH 5.7.

primary sequence. The disulfide cross-link C14-C22 was
identified by strong, nonsequential NOEs 14a-2283 and the
reciprocal pairs 22a-148 and 22a~-148" at 100 ms in D,0.
Similarly, C41-C49 was identified from the pairs 41a—493’
and 49a-413.

Much weaker a8 NOEs were observed at 100 ms for the
cross-links C12a—C583 and C323-C39«. Cross-links C9-C24
and C36—C51 could not be identified on the basis of nonse-
quential o8 cross-peaks in the NOESY spectrum. These were
shown to exist only by chemical methods (Odani & Tkenaka,
1973). Finally, as mentioned earlier, the 8-protons of C8 are
nearly degenerate with those of H33. The cross-link C8-C62
was identified at 15 °C on the basis of a weak 62a—-83 NOE
where the 8-proton degeneracy of C8 and H33 can be resolved.

Medium- and Long-Range Contacts. The overall fold of
the molecule can begin to be addressed by the intermediate-
and long-range contacts observed between distant residues in
the primary sequence. Table II lists the medium- and long-
range NOEs observed in BBI-I that have been unambiguously
identified at this point in the spectral analysis.

Each inhibitory domain is found to be in contact with a short
cxtended intervening sequence. The tryptic inhibitory domain
is in contact in a sheetlike structure with residues [54-D56.
A d,;, NOE is observed between residues R23 and 154. The
amide proton of C22 is in contact with D56« and with the
amide proton of T5S; the amides of C22 and TSS are both
slowly exchanging. This pattern of NOEs and the relative
rates of amide exchange are suggestive of an extended or
sheetlike structure; however, the NOEs are weaker than those
which were previously identified in the 3-hairpin of the in-
hibitory domain.

A similar pattern of NOEs is observed between the chy-
motryptic inhibitory domain and residues M27-N30. d,,
NOE:s are observed between residues L29 and Q48 and res-
idues M27 and F50. d,ny  NOEs are observed between F50e
and R28NH and between L29« and C49NH. The amide
proton of C49 is found to be in contact with the amide proton
of R28 and of N30, and both A47 and C49 are slowly ex-
changing amide protons. Again, although this pattern suggests

Werner and Wemmer

Table 1I: Medium- and Long-Range NOEs?

C9a-QIINH N18a—-P204,6’
CONH-E60NH C24a-D26NH
CONH-C62NH C36a-S38NH
D10a-P6la S38NH~-D33NH
D10a-C62NH [40NH-V52NH
QIINH-D26NH A42NH-F50NH
A13NH-S25NH S44NH-A47a
TI5NH-R23NH Y45a-AdTa
S17NH-P20«

“pH 5.7, 35 °C, 125 ms, 15 °C, 150 ms, excluding sheet contacts.

an extended conformation between residues M27 and N30 in
the chymotryptic inhibitory domain, the NOEs connecting
them are weaker than those identified in the 3-hairpin of the
domain itself.

A number of turns in the primary sequence have been
identified, primarily based on the observation of d,n; ;2 NOEs
listed in Table II. The inhibitory site at one end of each
inhibitory domain appears to be part of a type VI like tight
turn, as mentioned previously. In addition, the opposing end
of cach region of the 8-sheet is connected to the rest of the
molecule by half-turns to the adjoining intervening sequence.

DiscussioN

Effect of Cosolvent. The presence of 18% acetonitrile raises
the question of whether a native or nearly native structure of
BBI-1 was preserved in the mixed solvent. The inhibitory
activity of BBI-I is routinely measured in the presence of
5-10% methanol or acetonitrile to improve the solubility of
specific ester substrates. Thus, it was believed that the
presence of 18% acetonitrile would not substantially alter the
assayed inhibitory activity. A more sensitive assessment of
the effect of the cosolvent on the native structure is provided
by comparison of 200-ms NOESY spectra in H,O in the
presence and absence of acetonitrile. Spectra were compared
at pH 7.2, 35 °C, without acetonitrile to spectra collected at
pH 5.7, 35 °C, in the presence of 18% acetonitrile-d;. The
choice of pH in the absence of acetonitrile was made to
maximize solubility in the absence of cosolvent. Two things
were apparent in this comparison. First, the pattern of in-
traresidue and sequential contacts which was observed at pH
7.2 and at pH 5.7 was the same, although a greater number
of dyni+1) NOEs could be identified at pH 5.7. This is
believed to be partly due to the suppression of amide exchange
at the lower pH and partly due to the greater solubility of the
BBI-1 monomer in the cosolvent which permitted identification
of the sequential contacts. The same observation was made
for the d,n(i+1y NOEs in comparing the two data sets.

Second, the pattern of medium-range NOEs defining the
B-sheet was the same in the presence and absence of aceto-
nitrile; however, again a larger number of these contacts were
resolved at pH 5.7 in the cosolvent. In addition, the relative
NOE intensities were comparable for these important medi-
um-range contacts. Thus, the secondary structure contacts
were preserved in the cosolvent, and their relative intensities
were consistent with that expected for such contacts as they
occur in @-sheet.

Finally, the patterns all other NOEs between the backbone
NH and the side chains were comparable at both pH 7.2 and
pH 5.7 indicating that the global fold of the molecule is
probably very similar in the presence and absence of aceto-
nitrile. The only differences between the spectra were that
a larger number of contacts were observed in the cosolvent
spectra which we believe is largely due to the greater solubility
of the BBI-I monomer.
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FIGURE 7: Comparison of the amino acid sequences of soybean BBI-I and soybean PI-1I.

'H Assignments. Of 71 residues in the primary sequence
of BBI-I, 69 were assigned sequence-specifically. The non-
exchangeable protons of residues E70 and N71 have been
tentatively assigned, but it was not possible to connect the
observed spin systems to their location in the primary sequence;
the assignment of N71 shown in Figure 2 is based on the
observation of an AMQX spin system in H,O that was not
assigned to any other amino acid residue in the primary se-
quence. The spin system of L43 could not be distinguished
from that of valine, and its assignment as leucine was based
solely on its position in the primary sequence. Comparison
of the primary sequences of BBI-I with other members of the
Bowman-Birk family (Morhy & Ventura, 1987) does not
indicate the presence of valine at the chymotryptic reactive
site (position 43), and N-terminal sequence analysis of our
preparation of BBI-I through residue N30 did not indicate any
differences between BBI-I isolated in our laboratory and the
published sequence (Odani & Ikenaka, 1972). We therefore
feel that the assignment to L43 is correct and that the 8- and
y-protons are degenerate for this spin system.

Secondary Structure. Recently, a number of reports have
appeared regarding the structure of trypsin/trypsin Bow-
man-Birk inhibitors determined in part or in whole by X-ray
crystallography. Tsunogae et al. (1986) reported that the
tryptic inhibitory domain of AB-I from azuki beans showed
no evidence of 3-sheet when bound to trypsin. The same
observation was reported by Suzuki et al. (1987) for both
trypsin inhibitory domains in the uncomplexed trypsin/trypsin
inhibitor A-II isolated from peanuts. This is in clear contrast
to the secondary structure of BBI-1 from soybeans as deter-
mined here by NMR spectroscopy as well as to that of the
trypsin/trypsin inhibitor PI-II crystallographic structure re-
cently reported by Chen (1989). Perhaps a higher degree of
refinement by Tsunogae and co-workers can help elucidate the
differences between the BBI-type inhibitors they have studied
and that reported here.

Tryptic Inhibitory Domain. Chen (1989) has recently re-
ported the crystallographic determination of the trypsin/trypsin
PI-II inhibitor from Tracy soybeans. This inhibitor shares 65%
sequence homology with BBI-I (Figure 7) and has disulfide
cross-links analogous to those of BBI-I. Thus, PI-IT might be
expected to have a structure similar to that of BBI-I. However,
comparison of the crystallographic secondary structure de-
termination to that of BBI-I determined by NMR spectroscopy
shows some significant differences.

PI-1I is reported to have a short region of antiparallel S-sheet
in one tryptic inhibitory domain between residues M12-T14
and residues Q20-S22. This contrasts to that observed in
BBI-I where the sheet extends from Q11 to T15 and from Q21
to 8§25. The observation of the NOE dyy;, Q11-S25 and
the slowly exchanging amide protons of Q11 and S25 includes
these residues as part of the 8-sheet in this domain. This is

supported by observation of the NOE dyy; Q11-D26 as well
as the disulfide cross-link C9—-C24, which places Q11 across
from S25 at one end of the sheet in the tryptic inhibitory
domain of BBI-1.

Chymotryptic Inhibitory Domain. In PI-II, the second
antitryptic domain contains a region of antiparallel 8-sheet
between residues S36-T40 and residues Q46-L50. This is
analogous to that of BBI-I where the sheet occurs between
residues S38-A42 and residues Q48-V52.

Intervening Region. In addition to distinct regions of 3-sheet
in each inhibitory domain, two short sheetlike regions have
been identified in BBI-I linking each inhibitory domain to the
rest of the molecule.

154-D56 forms a sheetlike region with Q21-R23 in the
tryptic inhibitory domain. In the chymotryptic inhibitory
domain, residues A47-F50 are connected to residues M27-
N30. In both these cases, the pattern of NOEs and the ob-
servation of slowly exchanging amide protons as discussed
above are consistent with a 8-sheet-like structure. However,
qualitative evaluation of the NOE intensities suggests that
these intervening sequence contacts are much weaker than
those observed in the S-hairpin of each of the inhibitory do-
mains. Thus, it is unclear whether BBI-I forms a continuous
four-stranded B-sheet across both inhibitory domains as sug-
gested by Chen for PI-II. A detailed evaluation of the tertiary
structure should resolve these structural issues.

Disulfide cross-links between C8 and C62 and between C12
and C58 bring the two terminii into close contact. In addition
to those contacts described above between the tryptic inhibitory
domain and 154-D56, contacts exist between D10« and P61«
and between COINH and C62NH and between CONH and
E60NH; CONH is slowly exchanging while C62NH is mod-
erately slow exchanging. This pattern of relative exchange
rates and NOEs suggests some type of structure exists in these
residucs, but it is not well-defined as yet.

No contacts were observed between D1-P7 and K63-N71,
and few intraresidue contacts are observed in NOESY spectra
in H,0 even at 8 °C for these terminal amino acids. It is
unusual that the a- and 8-chemical shifts of P7 are so far
upfield from that commonly seen in proteins (Table I).
Medium-range NOEs are observed between P7« and H334
and H33e, suggesting that the unusual chemical shifts in P7
may be due to a ring-current shift from H33. The lack of
substantial NOE contacts between the N- or C-terminus and
other regions distant in the primary sequence suggests that
both terminii are irregularly structured. It will remain for the
tertiary structure analysis in progress to better characterize
the structure present in these regions of the protein.

The pattern of disulfide cross-links and the secondary
structure described imply that the structure of BBI-I is fairly
rigid. Each inhibitory domain is held in place by the disulfide
cross-links within a domain and by cross-links of a domain to
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an intervening sequence. C32-C39 and C36-C51 in the an-
tichymotryptic domain link it to the intervening sequence
residues S31-K37. A similar pattern of contacts and cross-
links exists in the tryptic inhibitory domain. Further, the
disulfide cross-link within each domain’s 3-sheet (e.g., C41-
C49 in the anti-chymotryptic domain) maintains a rigid, ex-
tended combining site for the protease; this is consistent with
the observation of such cross-links in other serine protease
inhibitors (Laskowski & Kato, 1980). Overall, as implied in
Figure 6, the preliminary evaluation of the structure of BBI-I
indicates that the inhibitory sites are extended on opposite ends
of the molecule. This would be consistent with the observation
that the inhibition of protease at one site is kinetically inde-
pendent from that of the second site.

In conclusion, we have described the 'H resonance assign-
ments and secondary structure determination of the trypsin/
chymotrypsin Bowman-Birk inhibitor from soybeans using 'H
NMR. Evaluation of the tertiary structure using NOE in-
tensities as an input to a distance geometry algorithm and
studies of the protein binary and ternary complexes shall help
clucidate the interesting inhibitory properties of the Bow-
man-Birk family of protease inhibitors.
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