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ABSTRACT: The three-dimensional structures of a series of 6-kDa trypsin inhibitors isolated from the stigma
of the ornamental tobacco Nicotiana alata have been determined by 'H NMR spectroscopy combined
with simulated annealing calculations. The proteins, T1—T4, are proteolytically cleaved from a 40.3-
kDa precursor protein, NA-proPI, together with a chymotrypsin inhibitor, C1, the structure of which was
reported recently [Nielsen, K. J., Heath, R. L., Anderson, M. A., & Craik, D. J. (1994) J. Mol. Biol. 242,
231—243]. Each of the proteinase inhibitors comprises 53 amino acids, including 8 cysteine residues
which are linked to form 4 disulfide bridges. The proteins have a high degree of sequence identity and
differ mainly in residues around the putative reactive sites. The structure of T1 was determined using a
set of 533 interproton distance restraints derived from NOESY spectra, combined with 33 dihedral restraints
derived from *Jxu-nq coupling constants and 16 hydrogen bonds. The structures of the remaining inhibitors
(T2—T4) were deduced to be almost identical to T1, on the basis of their similar chemical shifts and 2D
spectra. The current study demonstrates that the structures of the trypsin inhibitors (T1—T4) are similar
to that previously found for the chymotrypsin inhibitor, C1. Despite differences in sequence, there is
conservation in backbone geometry between the reactive site loops of the two classes of inhibitors. From
this, it is clear that the nature of the side chain on the primary binding residue, rather than the backbone

fold, is the main determinant of the enzyme specificities of these proteinase inhibitors.

Small proteins which function as proteinase inhibitors
(PIs)! are found in a wide variety of plants. They accumulate
in fruits, storage organs, and plant leaves in response to
wounding (Richardson, 1977; Brown & Ryan, 1984) and are
believed to be involved in protection against predators and
disease, since they inhibit a wide range of proteinases of
animal and microbial, but not plant, origin. Recently, high
levels of serine PIs have been found in the stigmas of the
ornamental tobacco Nicotiana alata (Atkinson et al., 1993),
consistent with a role in preventing or limiting damage to
the reproductive tissue by pathogenic microorganisms and
insects.

The serine PlIs in N. alata stigmas are produced from a
40.3-kDa protein with six potential PI sites (Atkinson et al.,
1993). This protein, NA-proP]I, is processed proteolytically
in vivo to produce five homologous PIs of about 6 kDa. In
addition to the PI domains, NA-proPI contains two predicted
peptides from the N- and C-termini of 2.7 and 5.9 kDa,
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respectively (Atkinson et al., 1993; Heath et al., 1995), which
have not been isolated. The N-terminal fragment contains
the sixth potential PI reactive site.

The 40.3-kDa precursor protein has been detected in
stigmas at the early stages of bud development, but it is
processed to the 6-kDa PIs as the flower matures. It is likely
that processing occurs after the precursor protein has passed
through the endomembrane system into the vacuoles (At-
kinson ez al., 1993). Cleavage occurs at a specific site,
adjacent to or within a short linker sequence (EEKKN)
between the PI domains, with subsequent trimming by
nonspecific endogenous peptidases (Heath et al., 1995). The
involvement of nonspecific peptidases for trimming is
supported by the detection of small quantities of Pls
containing either one more, or one fewer, residues at their
termini, giving rise to the terminology “ragged ends”.

Protein-based serine proteinase inhibitors are characterized
by a reactive site region which mimics the scissile bond in
the normal substrate. The PIs bind but do not diffuse from
the enzyme, thereby blocking binding of the substrate. These
inhibitor complexes have been described as distorted Mich-
aelis complexes (Bode & Huber, 1991). Most Pls previously
found in plants have just a single or two kinetically
independent reactive sites [see reviews by Richardson (1991)
and Garcia-Olmedo er al. (1987)]. Recently, an 85-kDa
cysteine PI composed of eight closely related domains has
been isolated from potato (Walsh & Strickland, 1993);
however, unlike the multidomain PI from N. alata, the 85-
kDa protein is unprocessed in plant tissues. The large
number of PI reactive sites found in NA-proPI represents
an efficient molecular design since only one set of transcrip-
tion, translation, and targeting machinery is required to
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Cl DRICTNCCA KGCKYFSDDGTFVCEGES DERNPKAC EHRIAY dﬁl

Tl DRICTNCLAI IKGCKYFSDDGTFVCEGESDE KAC RIAYGICELA

T2 DRICTNCC GCKYFSDDGTFVCEGESDE KAC RIAY IrCELS
|

T3 DRICTNCCA GCKYFSDDGTFVCEGESDEKRNPKA RIAYGICHLS

T4 DRICTNCCA GCKYFSDDGTFVCEGESDE KRCL RIAY ICqI_.?J

FIGURE 1: Sequence alignment for C1 and T1—T4 (Atkinson et al., 1993). Regions of sequence variability are boxed, and the reactive site

is underlined.

ultimately produce several Pls. It is therefore important to
gain a knowledge of the tertiary structure of the individual
Pls and their relative organization within NA-proPI.

Figure 1 shows the primary structures of the five PlIs which
share 85—100% sequence identity. One is a chymotrypsin
inhibitor, referred to as Cl, and the other four are trypsin
inhibitors (T1—T4). The sequence differences between the
individual PIs occur mainly in the C-terminal region,
including substitutions near the putative reactive sites. The
enzymes trypsin and chymotrypsin have similar 3D structures
apart from the primary binding pocket, and specificity for
the cognate enzyme is conferred by the nature of the P,
[using the nomenclature of Schecter and Berger (1967)]
residue side chain on the substrate [for review, see Fersht
(1985)]. In the case of C1, this residue is Leu39 while for
the trypsin inhibitors, T1—T4, it is Arg39. From this, and
the high sequence identity between C1 and T1—T4, it may
be anticipated that the trypsin inhibitors adopt similar 3D
structures to C1.

In a recent study (Nielsen er al., 1994b) we determined
the 3D structure in solution of C1 using a combination of
2D '"H NMR spectroscopy and simulated annealing calcula-
tions. This work showed that the protein contains a triple-
stranded [-sheet as the dominant secondary structural
element, with several turns and a short region of 3, helix
also being present. The putative chymotrypsin-reactive site
is located on an exposed loop which is less defined than the
rest of the protein. The overall shape of CI is disk-like,
and the N- and C-termini are exposed, consistent with the
proposal that this protein results from posttranslational
processing of the 40.3-kDa precursor protein. The structure
is similar to that derived by X-ray methods for PCI-1
(Greenblatt et al., 1989), the chymotrypsin-active domain
of a PI found in potato tubers which shares 70% sequence
identity with C1. This finding is of significant interest, since
although the chymotrypsin-active domains C1 and PCI-1 are
nearly identical, the nature of their respective precursor
proteins is different. The PCI-1 precursor protein is only
double headed and lacks the hydrophilic linker sequence
found in NA-proPl.

The profile of enzyme inhibition of the trypsin inhibitors
isolated from N. alata stigmas is different from that of C1,
and it is of interest to determine if there is a structural basis
for this difference in activity. The inhibitor C1 binds to
chymotrypsin with 1:1 stoichiometry and has no inhibitory
activity against trypsin (Heath er al., 1995). The trypsin
inhibitors, T1—T4, on the other hand, have the highest
affinity for trypsin but also bind to and inhibit chymotrypsin,

despite the presence of arginine in the P position at the single
reactive site. The interesting property of inhibition of both
trypsin and chymotrypsin has also been observed in other
small, single-domain trypsin inhibitors from the Solanaceae
family (Yamada et al., 1977; Pearce et al., 1982, 1993). The
structure of the reactive site of the trypsin inhibitors is of
further interest in view of observations that trypsin inhibitors
retard insect growth more effectively than chymotrypsin
inhibitors when expressed in transgenic plants [reviewed by
Ryan (1990)] and thus have potential applications in crop
protection against insect damage.

In the current paper we report the structures of the trypsin
inhibitors, T1—T4, as derived by 2D "H NMR spectroscopy
and simulated annealing calculations. A full 3D structure
determination was made of T1 for comparison with C1, and
the structures of T2—T4 were deduced from their similar
patterns of chemical shifts and 2D spectra. The NMR
measurements were made using gradient methods for sup-
pression of the water signal, resulting in improved spectra
relative to those obtained for C1 using presaturation/binomial
suppression methods. The larger number of NOEs and better
quality spectra have allowed us to produce a highly refined
structure for T1. The greater precision in defining the
backbone and side-chain atoms increases the utility of the
information in structure—function studies. The structural
information now available on the individual domains from
this study of T1—T4, and from the previous study (Nielsen
et al., 1994b) of CI, provides the basis for deducing the
arrangement of the domains in the precursor protein, NA-
proPL. In turn, this should lead to a greater understanding
of the processing mechanisms responsible for the production
of the individual Pls.

MATERIALS AND METHODS

Materials. PI proteins were extracted from 21 000 stigmas
excised from mature flowers of N. alata and purified as
described by Heath er al. (1995). Samples for NMR
spectroscopy contained 1—2 mM protein in either 100% D,O
or 90% H,0/10% D,O v/v at pH 3.5.

NMR Experiments. Spectra were recorded on a Bruker
ARX 500 spectrometer at temperatures in the range 288—
313 K. 2D experiments included NOESY (Jeener et al.,
1979; Kumar et al., 1980) with mixing times of 100 and
200 ms and TOCSY (Braiinschweiler & Ernst, 1983; Bax
& Davis, 1985; Davis & Bax, 1985) with a MLEV-17 spin-
lock mixing sequence of 65 ms. All 2D spectra were
recorded over 5050 Hz with 4K data points, 400—600 FIDs,
and a recycle delay of 1.0 s. *Jxy-ue coupling constants
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were derived from a DQF-COSY (Rance et al., 1983)
spectrum, and 3Jyq-pg coupling constants were measured
from an E-COSY (Greisinger et al., 1987) spectrum. Slow-
exchange protons were determined from TOCSY spectra in
D50 recorded 1 h after dissolution. Water suppression for
the NOESY and TOCSY spectra was achieved by the use
of two sine-shaped gradient pulses of 6 G cm™! gradient
strength on either side of a binomial 3-9-19-19-9-3 pulse of
10 kHz field strength. Other experiments used continuous,
low-powered irradiation during the recycle delay.

All spectra were processed using the spectrometer software
package UXNMR. The FIDs were generally multiplied by
a polynomial function and apodized using a 60° shifted sine-
bell function in both dimensions prior to Fourier transforma-
tion. Baseline correction, using a fifth-order polynomial
function, was applied in F», and chemical shifts were
referenced externally to DSS at 0.00 ppm. Coupling constant
determinations required high digital resolution, and therefore
the E-COSY and DQF-COSY spectra were strip transformed
to 8K x 1K over the regions of interest. A deconvolution
program which fitted Lorentzian line shapes to 1D rows of
these spectra was used to measure coupling constants. This
procedure minimizes errors due to finite line widths of
antiphase peak components.

Distance Restraints and Structure Calculations. Peak
volumes were obtained from a 200 ms NOESY spectrum
and classified as strong, medium, or weak, corresponding
to interproton distance restraints of 1.8—2.7, 1.8—3.5, and
1.8—5.0 A, respectively (Williamson et al., 1985; Clore et
al., 1986b). Peaks observed at 200 ms but not at 100 ms
mixing times were classified as very weak and were assigned
a distance restraint of 1.8—6.0 A. Upper limits for nonste-
reospecifically assigned methylene and methyl protons were
corrected appr(?{riately (Wiithrich ef al., 1983), and distances
of 1.5 and 2.0 A were added to the upper limits of restraints
involving methyl protons and phenyl rings, respectively.
3JNH-Ho coupling constants were used to determine ¢ angle
restraints (Pardi ef al., 1984), and 3Juq—ug coupling constants
in conjunction with relevant NOESY strengths were used to
determine ¥, angle restraints (Wagner et al., 1987). All
peptide bonds were constrained to be in the trans configu-
ration.

Simulated annealing and energy minimization calculations
were done using X-PLOR (Briinger et al., 1986; Briinger,
1992). Structures were calculated using a two-stage simu-
lated annealing protocol starting from a series of random
template structures (Nilges er al, 1988). The simulated
annealing calculations used the standard force-field parameter
set and topology file in X-PLOR version 3.1. The first stage
consisted of a total of 30 ps of molecular dynamics at high
temperature (1000 K) followed by cooling (0 K). During
this stage, the S—S connectivities were assigned as pseudo-
NOE restraints. Disulfide bonds were formally included
during the second stage, which consisted of 10 ps of
molecular dynamics at 1000 K and cooling to 0 K. Final
structures were subjected to 2000 cycles of restrained energy
minimization using the conjugate gradient Powell algorithm
(Clore et al., 1986a) under the influence of the CHARMm
force field (Brooks et al., 1983).

RESULTS

Protein Purification. The five 6-kDa PIs derived from
the N. alata PI precursor were isolated as described by Heath
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FIGURE 2: TOCSY spectra (mixing time 65 ms) of the NH—
aliphatic region showing several of the spin system connectivities
for (A) T1 and (B) T2—T4. In (B) the dashed line indicates T4
connectivities while the solid line represents T2/T3 connectivities.

et al. (1995). The reversed-phase HPLC used as the final
purification step resulted in clear separation of C1 (20 mg)
and T1 (8 mg) from T2—T4 (40 mg, combined). T2—T4
could not be separated (T2 and T3 are identical in any case)
and hence were examined as a mixture of components.

Spectral Assignments. The peaks in the fingerprint (NH—
Ha) region of the 2D spectra were well dispersed, as
illustrated in Figure 2A, which shows the TOCSY spectrum
of T1. Sequential resonance assignments were made using
well-established methodology (Wiithrich, 1986) in which
scalar connectivities were identified from DQF-COSY and
TOCSY spectra and through-space connectivities from
NOESY spectra. In general, the spin-system patterns were
similar to those previously encountered for C1, with the main
differences occurring for the regions around the sites of
amino acid substitutions, that is, those near the reactive site,
including residues 37—40 and the C-terminus residues 51—
53. The five proline residues in T1 were assigned as trans
from the observation of strong sequential Ha—H9,+; NOE
cross peaks and the absence of Ha—Ha,+, connectivities.
The complete chemical shift assignments for T1 are provided
as supporting information.

A similar protocol was used to assign peaks in the mixture
containing T2—T4. In many cases corresponding residues
in the different proteins were close in chemical shift and
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Ficure 3: Comparison of the secondary chemical shifts for the
Ha and NH protons of T1 and C1.

could be readily identified as “brothered™ peaks in the
spectrum. The peaks corresponding to T2/T3 were ap-
proximately double the intensity of those corresponding to
T4, and therefore it was straightforward to distinguish T2/
T3 from T4 in cases where there were two sets of peaks.
For most resonances, the offset between the T2/T3 and T4
peaks was in the NH dimension only, with the aliphatic shifts
being identical. This is illustrated in Figure 2B, which shows
part of the TOCSY spectrum of the T2—T4 mixture. The
similarity of the 2D spectra for T1 and T2—T4 (Figure 2)
suggests that all of the trypsin inhibitors from NA-proPI
adopt the same 3D structure.

Chemical Shifts. Changes in chemical shifts of backbone
protons relative to random coil values provide information
on protein secondary structure (Bundi & Wiithrich; 1979;
Wishart er al., 1991). For T1, these secondary shifts are
large (up to 1 ppm), indicating that well-defined regions of
secondary structure are present. For Cl, these regions
included f-sheet, 3¢ helix, and several turns. Figure 3 shows
the differences in secondary shifts between C1 and T1 for
the Ha and NH protons. While these values are generally
small, indicating that their secondary structures are very
similar, there are regions with significant differences. These
deviations correspond to residues around the reactive site
and near the C-terminus which are in regions with the highest
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sequence variability between the proteins. The region
encompassing the 3,y helix also has differences in secondary
shifts for both NH and Ha protons which, in this case, cannot
be attributed to sequence variability but may be due to a
subtle difference in structure. For T2—T4, the Ho chemical
shifts are almost identical to those of T1 and C1 (data not
shown), indicating that the secondary structure and global
fold for all of these inhibitors are similar.

Secondary Structure. Measurements of coupling constants
and the identification of slowly exchanging NH protons,
together with analysis of sequential, medium-range, and long-
range NOE intensities, were used to characterize the second-
ary structure of T1 and T2—T4. Due to the similarity in
spectra for T1 and T2—T4, only the data for T1 are shown
to represent the structure of the trypsin inhibitors (Figure
4). The cross peaks in the NOESY spectra for T1—T4 had
strengths similar to those of C1, and the long- and medium-
range connectivities were also similar over most residues,
confirming that their structures are alike. This is further
supported by the slowly exchanging NH protons and
coupling constants which were the same in all of the proteins.

The secondary structure in Cl and T1-—T4 can be
summarized as follows: a triple-stranded /-sheet incorporat-
ing residues 14—18 as the central S-strand and residues 21—
26 and 45—50 as the two peripheral 3-strands, a #-turn (18—
21) linking f-strands 14—18 and 21—26 forming a -hairpin
structure, three more S-turns at residues 11—14, 30—33, and
42—45, and a short stretch of 3,y helix (residues 7—10).
Irregularities in the secondary structure include two classic
type (3-bulges at residues 24—25 and 46—47 and a G1-type
[-bulge at residues 22—23 (Nielsen et al., 1994b).

Reactive Site Region. The region encompassing residues
34—41 contains no medium-range NOEs representative of
secondary structure in any of the Pls from NA-proPl. The
lack of secondary structure is supported by an absence of
slow-exchange NH protons in the region. However, the
presence of several strong NH—NH;+, connectivities and
3InH-tHa coupling constants either =6 Hz or =9 Hz in this
region is indicative of some local structural definition,
particularly near the scissile bond where residue 39 has a
large *Jnp-no coupling constant and a strong NH—NH,4,
connectivity to residue 40. This applies for C1 and for T1—
T4. In addition, there are several long-range NOEs between
the residues of the reactive site loop and the 3, helix, further
indicating that this region is not entirely disordered.

Temperature Coefficients. From a series of TOCSY
spectra recorded at five temperatures, the dependence of NH
chemical shifts on temperature was determined. These
temperature coefficients provide a method of assessing
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Table 1: Comparison of NH Temperature Coefficients and
Slow-Exchange Data Obtained for T1

temp slow- temp slow-
coeff exchange coeff exchange
residue  (ppb/K)? NH? residue  (ppb/K)* NH?
Arg2 6.38 Glu26 7.26
Ile3 4.89 Gly27 2.86
Cys4 7.81 Glu28 0.06
Thr5 4.22 . Ser29 5.81
Asnb 0.98 . Asp30 10.81
Cys7 3.00 Arg32 1.95
Cys8 1.90 Asn33 2.46
Ala9 3.20 . Lys35 4.96
Gly10 4.70 . Ala36 7.94
Thrll 8.97 Cys37 7.79
Lys12 1.89 Arg39 7.87
Glyl3 4.09 Asnd0 6.09
Cysl4 2.08 . Cysdl 8.72
Lys15 0.03 . Asp42 6.07 .
Tyrl6 1.34 . Argd44 2.34
Phel7 0.53 . Iled5 0.71 .
Serl8 2.11 . Ala46 3.84 .
Aspl9 4.40 Tyrd7 1.31 .
Asp20 2.76 Gly48 7.74 .
Gly21 4.05 . I1le49 4.04 .
Thr22 3.73 Cys50 9.85
Phe23 7.92 Leu52 9.65
Val24 3.97 . AlaS3 446
Cys25 0.53 .

“ Coefficient determined from a plot of chemical shift versus
temperature. ® Detected as slowly exchanging in the D,O TOCSY
spectra.

H-bonding which is complementary to that derived from the
D,0O exchange experiments, although other factors can also
contribute to the temperature coefficients. The results shown
in Table 1 support the conclusion of a recent study (Nielsen
et al., 1994a) which found that while, in general, low-
temperature coefficients correlate with slowly exchanging
protons, some slowly exchanging NH protons have relatively
high temperature coefficients. For example, while most
slow-exchange NH protons for T1 have temperature coef-
ficients less than 5 ppb/K, Asp42 and Gly48 have NH protons
that exchange slowly with D,O and have high temperature
coefficients, i.e., close to random coil values for these residue
types (Merutka et al., 1995). By contrast, there are other
NH protons that appeared to exchange rapidly with the
solvent yet had low temperature coefficients. The very low
temperature coefficients for the NH protons of Lys12 and
Asn33 suggest that these protons are involved in H-bond
interactions, yet they were not observed in the 2D slow-

Nielsen et al.

exchange experiment. Further comments on these observa-
tions are given in the Discussion section, in relation to the
derived 3D structures.

Three-Dimensional Structure. The NMR data obtained
from T1 and from T2—T4 are consistent with a conserved
secondary structure and a similar tertiary fold in each of
the component Pls derived from NA-proPI. The structure
previously determined for the chymotrysin inhibitor C1
(Nielsen et al., 1994b) is therefore a reasonable model for
the trypsin-active inhibitors. However, some regions of the
C1 structure were not well defined, and the new data for T1
were used to refine the structural model for the inhibitors
and to investigate any subtle differences between the reactive
loop conformations of C1 and T1 that may contribute to the
differences in their enzyme specificity. The additional
information was obtained by performing the NOESY and
TOCSY experiments at several temperatures, resulting in
more long- and medium-range NOEs and the unambiguous
assignment of previously unidentified NOEs. Gradient-
enhanced NMR methods for water suppression were also
used to improve definition of cross peaks close to the water
resonance.

A total of 533 distance restraints derived from 273
intraresidual, 128 sequential, and 132 medium- and long-
range NOEs was used to generate an initial set of 25
structures which were checked for errors and violations prior
to the successive addition of 26 ¢ and 17 y; dihedral
restraints and 36 H-bond restraints (defining 18 H-bonds)
for the generation of further structures. H-Bond restraints
were placed on the basis of the observation of a slow-
exchange NH proton and/or the measurement of a very low
temperature coefficient (<3 ppb) and agreement with the
distance and orientational criteria (Kabsch & Sander, 1983)
as defined in the program PROCHECK (Laskowski et al.,
1993). The disulfide pairings for T1 were assumed to be
identical to those deduced previously for C1 (Nielsen et al.,
1994b).

A refined set of 50 structures was generated with all
available NOE, dihedral, H-bond, and disulfide restraints,
and the 25 structures with the lowest total energies were
chosen to represent the solution conformation of T1. A
backbone superimposition of these structures (Figure 5)
showing a front view and two side views illustrates clearly
the global fold of T1, which, like C1, is disk-shaped with a
slightly concave face and exposed ends. The main difference
between the C1 and T1 structures is in the region preceding

FIGURE 5: Backbone superimposition of the 25 lowest energy refined structures of T1 showing a front view and two side views.
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FIGURE 6: RMSD (A) of the backbone atoms from the averaged
structure (A) and the S values for the dihedral angles ¢ (B) and y
(C) versus residue number.

the reactive site loop (residues 27—37), which is better
defined in T1, due to the larger number of medium- and
long-range experimental restraints used in the structure
determination.

All regions containing secondary structure show excellent
agreement among the structures, while the termini and
reactive site loop are not well-defined. This is supported
by the atomic RMSD by residue for the backbone atoms
(Figure 6A), which is low for the residues involved in
secondary structure but high for the reactive site and terminal
regions. The angular order parameters, S (Pallaghy et al.,
1993; Hyberts et al., 1992), for the backbone dihedral angles
¢ and v (Figure 6B,C) are close to unity for most residues,
indicating high precision in the structures; however, some
isolated residues, particularly in the reactive site loop
(residues 37—41), have low § values, representative of
disorder.

DISCUSSION

The most ordered region of the structures of C1, T1, and,
by analogy, T2—T4 is the triple-stranded S-sheet. A short
3,0 helix lies above one surface of this sheet anchoring, via
a disulfide bridge network, the more disordered reactive site
loop to the stable S-sheet scaffold. Analysis of the Ram-
achandran plot for the average structure shows that all well-
defined residues reside in low-energy regions of ¢, space.
A comparison of this plot to that for C1 shows that the local
conformations are nearly identical for the two proteins
(Figure 7).

For T1, the degree of spread in ¢,y space for the residues
of the reactive site loop is greater than that of the S-sheet
and turn regions; nevertheless, in the majority of structures,
these residues also occupy low-energy regions and adopt the
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FIGURE 7: (A) Ramachandran plot for the averaged structure of
T1 showing the ¢ and ¢ dihedral angles of well-defined residues
[i.e., where both S(¢) and S(y) are 20.8 in the ensemble of 25
calculated structures]. The corresponding plot for C1 (Nielsen et
al., 1994b) is shown in (B). Conformations in regions marked on
the Ramachandran plot in (A) are denoted as follows: S,
antiparallel S-sheet; Bp, parallel -sheet; a., right-handed a-helix;
oy, left-handed o-helix; y and €, usually accessible to glycines and
smaller residues, i.e., Asp and Asn [adapted from Wilmot and
Thornton (1990)].

conformations shown in Table 2. These are compared to
the conformations of the residues of the reactive site loop in
C1, which have previously been shown (Nielsen et al.,
1994b) to adopt conformations similar to those of the
corresponding residues in the related PI, PCI-1, complexed
with the chymotrypsin-like enzyme, SGPB (Greenblatt et al.,
1989). Unlike the remainder of the molecule, the conforma-
tion of the T1 P, residue is slightly less defined than its C1
counterpart. This is not likely to be due to greater motion
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FiGure 8: Front and side CPK views of the lowest energy T1 structure showing the residues that have both low-temperature coefficients
and slow-exchange NH protons (orange), those with low-temperature coefficients and fast-exchange NH protons (green), and those with

high-temperature coefficients and fast-exchange NH protons (white).

Table 2: Comparison of the Conformations of Reactive Site Loop
Residues P,—P;’ for C1 (Nielsen er al., 1994b) and T1 (This Study)

Py 3 P; P; Py Py Py
18] A36 C37 P38 R39 N40 C41 D42
I;.*J y lﬂj jl'.)’ ,'.f P o P’ ||'J) ,'j E
A? 23 24 15 25 14 19 23
&l A3 (3T T38 L39 N40 C4l D42
o0 l."))| : i e o ,'); .ﬁ |l'_} E
N 22 25 19 25 14 21 25

“N: number of structures out of a possible 25 that adopt the
conformation shown. The symbols refer to regions of the Ramachan-
dran plot marked in Figure 7A.

but may be attributed to the presence of a proline residue at
this site in T1 which, in the absence of a backbone NH
proton, exhibits fewer NOEs than the threonine residue at
the P; site in C1. Nevertheless, as is evident in Table 2, C1
and T1 adopt similar conformations at the reactive site loop
in most structures, despite the differences in sequence. This
indicates that the backbone fold is not the primary determi-
nant of differences in biological activity that are observed
between the tryptic and chymotryptic Pls of NA-proPL
Rather, it is the nature of the P, side chain that confers
specificity of the inhibitor to its cognate enzyme.

It was mentioned previously that the NH and Ha chemical
shifts for the residues of the 3, helix differed for C1 and
T1—T4, although there is complete sequence identity in this
region. Since Cys8 and Cys37 are linked by a disulfide
bridge, the chemical shift differences may be attributed to
the proximity of these residues to those of the variable
reactive site loop. This is supported by the observation of
several long-range NOEs between these regions, and fur-
thermore, a comparison of the 3D structures of C1 and T1
revealed that there are no structural differences in the 3,
helix region.

The presence of slowly exchanging amide protons in
spectra recorded for D,O solutions of proteins is the primary
experimental evidence that the NH protons concerned are
involved in H-bonding. As part of a wider interest in other
potential measures of H-bonding, we measured the temper-
ature coefficient for all amide protons in T1 and T2-—T4.

The results of the comparison between NH temperature
coefficients and slow-exchange data are in agreement with
previous studies (Nielsen et al., 1994a; Skalicky er al., 1994)
which show that, although there is a general correlation
between low-temperature coefficients (<5 ppb/K) and slow-
exchange NH protons, high values for temperature coef-
ficients are sometimes observed for slow-exchange NH
protons. Furthermore, some NH protons involved in H-
bonds may not be detected in slow-exchange experiments,
for a variety of reasons including solvent exposure or low-
signal intensity in the TOCSY spectrum. To obtain maxi-
mum information on NH protons involved in H-bonding
interactions, it is beneficial to measure NH temperature
coefficients as well as NH exchange rates.

This is illustrated by the data for the NH protons of Lys12
and Asn33, which are not slowly exchanging, but there is
reason to believe that they are involved in H-bonds. For
example, in most of the 3D structures calculated for Cl
(Nielsen er al., 1994b), there were H-bonds involving these
NH protons, i.e., 33NH: + -:OC30 and 12NH- + -290C. In
C1, the turn involving the NH proton of residue 33 is exposed
at the surface, suggesting that the H-bond, 33NH- » -OC30,
is susceptible to increased deuterium exchange. In the case
of Lysl2, the failure to detect the NH proton in slow-
exchange D,O spectra is likely due to its inherently low
intensity. The NH—aliphatic connectivities are weak even
in the TOCSY spectra in aqueous solution, and in D,0, the
NH signal intensity would be further reduced by partial
exchange. The same situation is also likely to apply to Cys7,
which has extremely low peak intensities in the TOCSY
spectrum which in this case may be due to a very small
3 INH-Ha coupling constant. There are also several other NH
protons (i.e.. Cys8, Arg32, Argdd, Asp20) which, judging
by the low-temperature coefficients, are likely to be involved
in H-bonds but were not detected as slowly exchanging. A
representation of the surface of T1 (Figure 8) shows that
most residues with low-temperature coefficients and slow-
exchange NH protons are buried in the protein, while those
residues with low-temperature coefficients and fast NH
exchange rates are generally exposed at the surface.



Trypsin Inhibitors from N. alata

As was mentioned previously, the series of PIs from NA-
proPI does not exhibit slow exchange along the reactive loop
region. This is of significant interest because the activity
of serine proteinase inhibitors has been linked to the presence
and strength of an intramolecular H-bond involving the NH
proton of the P,” residue (i.e., at Asn40 for these inhibitors)
(Fujinaga et al., 1982), and indeed, this has been observed
for other trypsin inhibitors, even in the uncomplexed state
(Heinz et al., 1992; Nielsen et al. 1994a). In contrast, the
high rate of proton/deuterium exchange at this site and the
relatively high temperature coefficient for the NH of Asn40
in T1 (Figure 8) strongly suggest that this proton is not
involved in a H-bond. This implies that, at least in the free
state, an intramolecular H-bond involving the backbone NH
proton at P,” is not an absolute requirement for Pl activity.
However, the large */xu—uq coupling constant at P; and the
strong NH—NH;;; NOE between the P; and P;’ residues
provide evidence that the motion at the reactive site is
somewhat restricted. The absence of the aforementioned
H-bond in the free state does not preclude its presence in
the bound state, since the NH proton of the P," residue in
the PCI-1/SGPB complex forms a H-bond with its side-chain
oxygen (Greenblatt et al., 1989).

This study has provided a unique opportunity for a direct
comparison of PIs belonging to the same class, derived from
the same source, but having differences in serine proteinase
specifities. In summary, it has been shown that the four
trypsin inhibitors (T1—T4) of NA-proPl adopt the same
secondary and tertiary structure as the chymotrypsin inhibitor,
C1. Furthermore, their reactive site loops, although not
highly defined, also adopt similar conformations, supporting
the view that the nature of the P, residue side chain, rather
than the local backbone conformation, determines the
specificity of the trypsin and chymotrypsin PIs for their
cognate enzymes. Current investigations are aimed at
determining the relative orientations of the PI domains and
the 3D structure of the precursor protein.

SUPPORTING INFORMATION AVAILABLE

A table of 'H chemical shift assignments for T1 in H,O
at 313 K (3 pages). Ordering information is given on any
current masthead page.
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