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Abstract

This review article summarises a series of mutational and
structural investigations with the double-headed Bowman
Birk inhibitor (BBI) of trypsin and chymotrypsin. BBI re-
presents an highly unusual ‘inside-out” structure with a po-
lar interior and a hydrophobic exterior constrained by a
rigid framework of disulfide bridges. This molecule none
the less responds extremely sensitively to mutations in
marked contrast to most other globular proteins. The fully
active state of these mutants can be reached by assisted re-
folding on a template with complementary structure in con-
trast to the autonomous refolding competence of the parent
protein. It is shown by means of equilibration experiments
that - at least for the variants - the fully active state repre-
sents a local rather than a global minimum on their free
energy landscape. Compensatory structural adaptations
within the hydrophobic core do not seem to be possible
with this kind of conformationally constrained "inside out’
structure.

Introduction

A central proposition of protein structural biology is that all
information for an acquisition of the fully active conforma-
tion of proteins is encoded in their amino acid sequence. A
general feature of protein folding processes seems to be
that all essential structural features of a protein are formed
rather early and retained to a significant extent until the fi-
nal collapse into the fully active conformation [1]. Specific
kinetic pathways that guide the nascent protein conforma-
tion into the native state along a single preferred pathway
or a dynamic ensemble of flexible conformers [2] can un-
ravel the classical problem [3] how the nascent polypeptide
chain can find the native, fully active conformation on a bi-
ologically meaningful time scale.

There has been a considerable debate whether protein-
folding reactions are under thermodynamic or kinetic reac-
tion control [4-5]. Thermodynamic reaction control repre-
sents a random selection of the most stable species from all
conformers that are possible for a given amino acid se-
quence. In kinetic reaction control, the preferred species
formed along the preferred reaction pathway is the most
rapidly but not necessarily the most stable one. The occur-
rence of the active state within a local minimum that can be
converted into a more stable state by equilibration experi-
ments would provide experimental proof for kinetic reac-
tion control. However, this would be difficult to
demonstrate on an experimentally feasible time scale in
case of local energy minima (metastable states or pseudo

Trypsin

Fig. 1. Covalent structure of rBBI, the recombinant Bowman Birk
inhibitor and the mutations.

equilibriua) separated from the most stable state by high
barriers of activation. Indeed, the appearance of such rela-
tive energy minima in protein folding pathways has been
proposed theoretically by model calculations [6-8]. In the
present survey the results of our previous mutational [9-12]
and structural [13-15] studies related to this problem will
be discussed and related to the literature. The soybean
Bowman Birk inhibitor of trypsin and chymotrypsin
(termed as sBBI further below) was selected as a model
protein because its double-headed structure should facili-
tate the detection of irregularities by amino acid replace-
ments. As a parent protein of our mutational studies we
have designed a Lys16Arg and Met271le double replace-
ment in sBBI that will be termed in this article as the recom-
binant inhibitor rBBI.

The recombinant inhibitor was obtained by means of
chemical synthesis, molecular cloning and expression of
gene coding for rBBI [16]. The amino acid replacements in
figure 1 were introduced into the first subdomain of BBI di-
rected against trypsin while using the second subdomain
directed against chymotrypsin as an internal standard. By
means of this approach is possible to detect even structur-
ally minor but functionally relevant irregularities and dis-
tinguish local perturbations within the first subdomain
from more global ones transmitted into the second
subdomain. The replacements in figure 1 induce substan-
tial irregularities, greatly differing in their extent.

Structural Studies

In order to facilitate a clear-cut interpretation of these irreg-
ularities in became necessary to determine the crystal struc-
ture of the soybean Bowman Birk inhibitor [13] that is
compared with a NMR structure [17] in figure 2. The struc-
ture of a related pea inhibitor could be solved with the crys-
tal structure of the soybean inhibitor as a search model [14].
The structure of sBBI is built up from two antiparallel
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Fig. 2. Crystal and NMR structure of the soybean Bowman Birk
inhibitor. The crystal structure is coloured in CPK, the NMR
structure is depicted in green. The side chains of Lysl6 and
Leu43 at the scissile peptide bonds, and that of Met27 (in space
filling) are shown in both models. The buried polar side chains of
the acidic (red) Asp26 and the basic (blue) Arg28 and His33 are
shown (in space filling) for the crystal structure only. The differ-
ing orientation of Met27 in the crystal and the NMR-structure is
especially notable.

B-hairpin motifs, each containing three antiparallel
[-strands arranged according to ABFCED topology [18].
The B-strands A and B are connected by the trypsin-inhibi-
tion and the B-strands D and E by the chymotrypsin-bind-
ing loop. The B-strands are considerably twisted in a
clockwise manner resulting in an almost perpendicular ori-
entation of the two enzyme-inhibition loops in the crystal
structure. One can see in figure 2, that the angle between
the two loops in the NMR structure is reduced quite signifi-
cantly to only 45°. There is a slight overall structural diver-
gence of the two models. The rmsd of the Ca atoms of the
two models is only 1.8 A and the highest structural conver-
gence occurs in the -sheets. More significant rmsd are ob-
served between the side chains especially in the
interdomain region. Larger differences between the crystal
and the solution structure are observed with regards to the
side chain conformation (see figure 4 in reference [13] for
more details). This is especially true for the long side chain
of Met27 projecting out to the surface of the molecule in
opposite direction in the crystal and the solution structure
as a result of opposite y 1 and 3 angles and a slightly dis-
placed Ca trace between Asp26 and Cys32. In the crystal
structure the side chain of Met27 forms hydrogen bond
contacts with the side chain of GIn48, thus connecting the
chymotrypsin-inhibitory region with the centre of the mol-
ecule. This may account to the slight but significant effect
upon the chymotrypsin-inhibitory activity induced by re-
placing Met27 of sBBI for an isoleucine in position 27 of
rBBI. Met27 of sBBI has more recently turned out as an im-
portant determinant of molecular recognition and mis-
recognition of the second subdomain of sBBI[15];
discussed also in reference [19]). Close hydrophobic con-
tacts with Asn97 of the second trypsin molecule that are
possible for the longer side chain of Met27 in sBBI (but not

rBBI
Ser17Pro

Fig. 3. Titrations of rBBI and the Ser17Pro variant with trypsin
(dark grey bars) and chymotrypsin (hatched).

the shorter side chain of Ile27 in rBBI) seem to provide for
a hydrophobic environment. This must be regarded to be
highly unfavourable for buried polar interactions across the
P1-S1 subsite responsible for trypsin specificity.

Mutational studies

In analogy with the behaviour [20] of the soybean inhibitor

(sBBI) the recombinant inhibitor rBBI folds spontaneously
in a redox buffer system [16] into its fully active state. The
stoichiometric 1:1 ratio of trypsin- and chymotrypsin-in-
hibitory material with rBBI (see second row in figure 3) is
as expected by the covalent structure in figure 1.

The inhibition curves of the parent protein in figure 4a
are indistinguishable before and after trypsin-affinity chro-
matography. The enzyme-inhibitory activities of the first
and the second subdomain are both attained at rate con-
stants of approximately 5 x 10™*s™ and the correct ratio of
the two subdomains is preserved after 24 hrs of incubation
in the refolding buffer as shown in figure 4a. The Ki-values
of both subdomains are in close accord with the properties
of the soybean protein. The molecular mass of 7867.6
(£ 0,5) Da, determined by electrospray mass spectrometry
after affinity chromatography on trypsin-Sepharose [16]
confirms the identity of the parent protein and does not sup-
port a proteolytic cleavage on the affinity matrix. For the
parent protein, the notion [21] seemed to be confirmed, that
all information required to reach a single and fully active
minimum of free energy is contained within its amino acid
sequence.

However, the variants deviated from an autonomous
refolding competence as a basic tenet of protein structure
and folding. The Ser17Pro replacement, constructed in or-
der to account to the role of the hydrogen bonds at the back
side of the scissile peptide bond as a highly conserved
structural feature of Bowman Birk and other types of prote-
ase inhibitors [22-23] resulted in significant irregularities.
As shown in the front row of figure 3, the amount of
trypsin-inhibitory material was reduced to a small fraction
of the chymotrypsin-inhibitory material with the Ser17Pro
variant after refolding in solution. The inhibition curves of
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Fig. 4. Enzyme inhibition curves of the parent protein (a) and the
Ser17Pro variant (b). The open symbols refer to refolding exper-
iments in solution. The filled symbols refer to refolding experi-
ments in the presence of trypsin-Sepharose. The triangles refer
to the subsequent equilibration in solution.

the variant in figure 4b differed before and after tem-
plate-directed refolding in marked contrast to those of the
parent protein in figure 4a.

The equilibrium dissociation constant of the minor
amount of trypsin-reactive material obtained from the data
in figure 4b is 2.3 nM and that of the apparently inactive
major portion of trypsin-reactive material is estimated to be
near 2uM (results not shown) from experiments at higher
concentration of enzyme and inhibitor. This indicates that
the trypsin-reactive region of Ser17Pro is apparently dis-
tributed into a heterogeneous population of partially active
and apparently non-active conformers, greatly differing in
their activity. As shown in figure 5a, the appearance of the
minor amount of trypsin-inhibitory material with Ser17Pro
laggs behind that of the chymotrypsin-inhibitory region.
The refolding rate of the second subdomain is also signifi-
cantly, but not as dramatically affected as a result of the
mutation. This points to long-range effects transmitted
from the first into the second subdomain and argues against
an entirely independent refolding mode of the two
subdomains.

As shown under procedure b in figure 3, a single and
fully active state of Serl7Pro characterised by the correct
ratio (1:1) of trypsin- and chymotrypsin reactive material
could be obtained only upon refolding in the presence of
trypsin-Sepharose as a template with complementary struc-

. e . L
0 LL_. T S S N A B | 7\.7\ 0 \#
0 2 4 6 81012141618202224
time (h)

Fig. 5. Refolding and equilibration experiments with the parent
protein and the variant in solution. Squares refer to trypsinin-
hibitory activity. Circles refer to chymotrypsin-inhibitory activ-
ity. Open symbols refer to the parent protein and filled symbols to
the Ser17Pro variant.

ture followed by affinity chromatography [9]. The Ki-val-
ues of trypsin-inhibitory material differs substantially be-
fore and after contact with the template as shown by the
differing inhibition curves in figure 4b. Although the
Ki-value of the second subdomain directed against
chymotrypsin is not significantly affected (results not
shown) on the template, it is slightly but none the less sig-
nificantly increased (about twofold) with respect to the par-
ent protein. The variant migrates a single band at
approximately 8 kDa in SDS gels under reducing condi-
tions and it is eluted as a single active peak in reversed
phase HPLC after affinity chromatography. The chemical
identity of the variant is confirmed by electrospray mass
spectrometry as a single polypeptide chain of 7879.7 £ 1.3
Da with all disulfide bridges and peptide bonds intact (see
figure 4 in reference [11]). This finding is in agreement
with the proteolytic stability of Bowman Birk inhibitors
upon affinity chromatography on trypsin-Sepharose [24].
The equilibrium dissociation constant of the variant against
bovine trypsin is decreased to a Ki of 0.072 + 0.0023 nM
after template directed refolding. As this is a further im-
provement of activity we may conclude, that the trypsin-re-
active region of the variant exists in at least three different
forms with Ki-values differing as much as four orders of
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Fig. 6. Reconstructed free energy profiles for the refolding of the
Ser17Pro variant in solution (filled line) and on the template
(open line). The minimal thermodynamic stabilisation of the par-
tially active states [ and P and the fully active state F and the mini-
mal kinetic stabilisation of the transition state F* connecting
these states is indicated by arrows. The close structural similarity
of these states is indicated by means of the cardbox model of pro-
tein folding.

magnitude. These three forms are designated as the appar-
ently inactive form I (Ki in the pM range), the partially ac-
tive form P (Ki in the nanomolar range) and F (fully active
state). Thus, the properties of the variant differ before and
after template directed refolding and subsequent affinity
chromatography which is in marked contrast to the strictly
Anfinsonian behaviour observed with the parent protein.
The increased activity of the Serl7Pro variant is unex-
pected because a proline in the corresponding position oc-
curs only in nearly inactive forms of the Bowman Birk and
other families of protease inhibitors. It appears that this
kind of variant has been disfavoured in evolution mainly
due to its impaired refolding competence in solution.

The fully active state of Serl7Pro obtained by tem-
plate-directed refolding represents a local rather than a
global energy minimum that unfolds slowly in the
refolding buffer even in the absence of denaturant. The
non-stoichiometric ratio of the two subdomains (see figure
5b) and the initial Ki-value (see triangles in figure 4b) of
the trypsin-inhibitory region are slowly restored after a 24
h incubation of the fully active form in the refolding buffer
at 37 °C. The partially inactive state obtained after equili-
bration could be converted back into the fully active state
on the template in a fully reversible manner. The molecular
mass of 7876.6 (£2) Da after equilibration excludes chemi-
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Fig. 7. Refolding and equilibration experiments with disulfide
mutants of rBBI. The amounts of trypsin (darker bars) and
chymotrypsin-reactive material (lighter bars) refer to 32 mg of
crude CNBr cleavage material. The procedures were a: refolding
in solution; b: refolding on trypsin-Sepharose; c: equilibration ex-
periments with b in refolding buffer under redox-conditions;
d: equilibration under non-redox conditions in the presence of
1,5I-AEDANS used as a SH-trapping reagent.

cal side reactions during the equilibration experiments such
as side chain modifications. The kinetic analysis of the data
in figure 5b reveals a rate constant of k, = 3.6 (+ 0.2) x
107s™" for the backward return to the initial mixture of par-
tially active states. The rate constant of the forward reac-
tion in the absence and the presence of the template could
only be estimated by means of the logarithmic form of the
kinetic equation for a first order conversion of the partially
active state (P) into the fully active state (F):

In(1 — AJAco) = kit

From the lack of observing an increase of trypsin-reactive
material within a prolonged incubation period of three days
(t >2.6x 10°s; Ay = 100; A, =35, corresponding to a stan-
dard error of + 5%) the rate constant for the forward reac-
tion in solution is estimated to be k< 2 x 107's™". Because
on the other hand, the formation of the fully active state is
completed within less than 15min (the time needed for
packing the column) on the template, a k¢ > 3.33 x 107s™
may be estimated for the rate constant of template directed
refolding (t<900s; A =100, A;=95). Similar estimates are
also obtained from simple thermodynamic considerations
in reference [11]. This would correspond to a rate accelera-
tion of at least four orders of magnitude on the template
with respect to that in solution. The resulting free energy
profiles for the refolding of the variant in solution and on
the template are compared in figure 6.

A global minimum of free energy supports a kinetic re-
action control of protein folding (at least for the variant) al-
though it cannot exclude thermodynamic control. In fact,
the template facilitates folding kinetically, by reducing the
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high barrier of activation of the variant in solution and also
thermodynamically by stabilising the fully active state by
means of protein-protein-interactions as shown in figure 6.
The significant activity of the other, partially active forms
are in favour of minor, but functionally significant struc-
tural differences between the three species that seem to be
formed with Serl17Pro. A close structural resemblance is
also supported by the proteolytic stability of the variant
upon trypsin-Sepharose assisted refolding and affinity
chromatography. Minor conformational distortions are
also supported by the absence of free thiol groups after
refolding in solution.

A plausible working hypothesis that could account to
the close structural reminiscence between the partially ac-
tive states and the fully active state is offered by the
cardbox-model of protein folding [25]. The key feature of
this model is a close structural reminiscence between the
folded and partially folded states. The cardbox model also
seems to imply, that the transition state (F* in figure 6) cor-
responding to the final step of refolding represents a dis-
torted structural analogue of the final state (F in figure 6).
In order to increase the rate of folding the template must be
distorted from structural complementarity to the final state
into perfect structural complementarity to the transition
state folding. Conformational differences between free and
immobilised trypsin are known [26] and are obviously re-
sponsible for the fact, that only the immobilised enzyme is
capable to facilitate the refolding of the variants. Minor
structural distortions of conformation late in folding may
explain related (so far only poorly understood) observa-
tions in the literature. For example, small proteinase inhibi-
tors direct the folding of immobilised trypsin [27] in
contrast to the Kunitz inhibitor, being without a similar ef-
fect. Apparently, the transition state of this refolding reac-
tion is not stabilised by the Kunitz inhibitor because of its
more excessive structural complementarity to the ground
state of the enzyme [28]. Significant conformational distor-
tions are also known to occur in prosequences, known to
facilitate protein-folding reactions [29].

The more radical replacements in the framework of
disulfide bonds in figure 1 result in dramatic irregularities
greatly differing in their extent [12]. The results of titra-
tions with trypsin and chymotrypsin after refolding in solu-
tion, on the template and subsequent equilibration
experiments (under redox- and non-redox conditions) are
depicted in figure 7.

Minor amounts after refolding in solution, a
stoichiometric ratio after template-directed refolding fol-
lowed by a slow and fully reversible return for the initial
state is observed with the Cys9Ala/Cys24Ala and the
Asn18Cys/GIn21Cys double replacement. The absolute
amounts of the chymotrypsin-inhibitory subdomain and its
activity obtained after refolding in solution and on the tem-
plate and after the equilibration experiments are in close
agreement. The behaviour of these variants, designated as
class II in figure 7 was in close accord with that of
Ser17Pro presented in figure 3.

However, more dramatic perturbations are induced by
the Cys14Ala/Cys22Ala, the Cys8Ala/Cys12Ala and the
Cys14Thr/Thr15Cys replacements belonging to class I in
figure 7. Not only the activity of the trypsin- but also that of

the chymotrypsin-inhibitory is abolished in case of these
variants after refolding in solution. This indicates that these
mutation do not only affect the refolding of the trypsin-in-
hibitory but also that of the chymotrypsin-inhibitory re-
gion. Refolding on trypsin-Sepharose as a template with
complementary structure gave the expected stoichiometric
1:1 ratio of both subdomains with the class I and II variants.
The substantial amounts of trypsin-inhibitory material re-
tained after overnight incubation of the fully active state of
the variants belonging to class I seem to be in line with a
non-reversible behaviour. It is notable that a larger amount
of trypsin-reactive material is retained under non-reducing
condition in the presence of 1,5I-AEDANS used as a
sulfhydryl-trapping reagent.

These results indicate, that the two subdomains of BBI
cannot be regarded as independent refolding units even
though only intradomain disulfide bonds are present in the
molecule. The dramatic perturbations induced by the
disulfide replacements in figure 1 differ substantially from
the conformational stability observed with many globular
proteins [30-32], which may be explained by compensa-
tory structural readaptations in their hydrophobic cores
[33]. The dramatic effects induced by the disulfide replace-
ments in BBI seems to be more reminiscent of the behav-
iour of insulin-like growth factor IGF-I [34] and lysozyme
[35] that are also devoid of substantial hydrophobic cores.
The destabilisation induced by introducing an additional
disulfide bond in the Asn18Cys/GIn21Cys double replace-
ment resembles other examples where additional disulfide
bonds were engineered into a protein [36-37].

The pronounced clustering of disulfide bonds may ex-
plain only local perturbations within the trypsin-inhibitory
subdomain. A clustering of disulfide bonds belonging to
the two different subdomains is discernible only for Cys8,
Cys24 and Cys51. This may perhaps account to the break-
down of chymotrypsin-inhibitory activity in Cys8Ala/
Cysl12Ala. However, the dramatic effects observed with
Cys14Ala/Cys22Ala and Cys14Thr/Thr15Cys would not
be expected from the clustering of the cysteine residues in
position 8, 24 and 51. The local perturbations induced by
the Cys9Ala/Cys24Ala replacement would also not be ex-
pected on the basis of disulfide clustering because this vari-
ant would be predicted to induce more global perturbations
also into the second subdomain directed against
chymotrypsin. Therefore, we have to conclude that other,
more indirect effects are responsible for the overall pertur-
bations induced by the class I mutations. An inspection of
the crystal structure of sBBI in figure 2 reveals, that all
disulfide bonds affected by the mutations that belong to
class I protrude out from the -strand A (Asp10- Thr15) of
the structure. In contrast, the disulfide bonds affected by
the mutations that belong to class II protruding out from
B-strand B (GIn21- Cys24). A primary role of B-strand A
for structure and folding seems to be also reflected by the
protective effect of 1,51-AEDANS against the relaxation of
the trypsin-inhibitory subdomain with the class I but not
the class II variants in figure 7d.

What kind of interactions could be responsible for the
significant effects transmitted into the chymotrypsin-inhib-
itory subdomain induced by the replacements within
B-strand A? The hydrogen bond contacts between the NH
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atoms of Asp10 and GIn11 donated to the carboxylate side
chain of Asp26, thus connecting the N termini of the two
subdomains appear as a less likely possibility, which can-
not account to the dramatic effects induced by
Cys14Thr/Thr15Cys and also the Cys14Ala/Cys22Ala re-
placement near the C-terminus of strand A. The five tightly
bound internal water molecules in the structure are also
rather unlikely because they are involved in hydrogen bond
contacts with strands B, C, E and F with His33, but not with
the critical strand A. The present data cannot rigorously ex-
clude a possible relevance of loosely bound water mole-
cules that are not observed in the crystal structure. The
close electrostatic contacts between the carboxylate side
chain of Asp10 at the N-terminus of strand A with Arg28
and His33 in the chymotrypsin-inhibitory region stabilis-
ing the relative orientation of the two subdomains [13] ap-
pears as a more likely possibility. A structural significance
of the polar interactions across the interdomain boundary
as shown in figure 2, seems to be also supported by se-
quence similarities in the Bowman Birk family [38§].
Asp10, Arg28 and His33 are strictly conserved in the major
groups I and II of the Bowman Birk family whereas they
are covariant in the groups III and IV comprising only few
members. A structural significance of long-range interac-
tions between the two subdomains such as the proposed ion
pairs was also supported by the restored native properties
of a reconstituted mixture of two separated subdomain
fragments [39]. Therefore, we favour ion pairs as the pre-
dominant force, because electrostatic interactions are ef-
fective over longer distances than hydrogen bonds. We
feel, that long-range interactions in the nascent polypeptide
chain would restrict the number of possible conformers
more effectively than short distance interactions. Indeed,
there is a growing awareness in the literature for a signifi-
cance of electrostatic interactions [40-45] in protein fold-
ing in addition to the hydrophobic effect.

Conclusions

The equilibration experiments with the variants support the
notion of the fully active state of a protein being located
within local rather than global minimum on its structural
free energy landscape. The fully active state of Serl7Pro
(see results in figures 3 and 5) and the class II replacements
(see results in figure 7) obtained by means of template-as-
sisted renaturation is converted into the initial mixture of
conformers as obtained after refolding in solution within a
subsequent 24 h incubation period. It is especially notable
that the reattainment of the initial state represents a slow
process (see results in figure 3b) due to a high barrier of ac-
tivation. This has been also observed also with the active
form of the human plasminogen-activator inhibitor PAI-I
that relaxes slowly into its latent form [46]. The significant
amounts of trypsin-reactive material observed with the
disulfide replacements belonging to class I (especially un-
der non-redox conditions) are also more in line with a slow
return to the initial situation that is not completed after
overnight incubation. Thus, the template-directed folding
observed with the variants arises not only from thermody-
namic (stabilisation of the final state on the template) but
also from kinetic (stabilisation of the transition state be-
tween the partially and the fully active state) factors. This

Fig. 8. Exposed hydrophobic patches and buried polar interior of
sBBI (see text).

seems to be in line with a parallelism of kinetic and thermo-
dynamic reaction control in protein folding and the notion
of foldability as an inherent feature of those protein-se-
quence motifs that are preferred by Nature [47].

The fully active state of the variants is not literally
metastable because their relaxation to the equilibrium state
is a slow but still measurable process. None the less, a
solely thermodynamic reaction control such as with insu-
lin-like growth factor I (which returns into the initial state
rapidly after removal of its binding protein [48]) must be
clearly excluded.

The occurrence of local minima has been reported for
several other proteins since our original publication [11].
The active state of chymopapain resides within a local min-
imum that is convertible into the equilibrium state at ele-
vated temperatures [49]. A similar behaviour has also been
established with the active state of processed alpha Lytic
Protease (aLP) attained in the presence of its prodomain.
This fully active form of aLP has been shown to relax into
an inactive, more stable state at experimentally feasible
rates with increasing concentrations of denaturant [50]. By
extrapolating back to the native buffer system the authors
arrive at an energy profile being closely reminiscent of the
energy profile in figure 6 which has been published by us
previously [11]. The active state O6-Methylguanin-
Transferase also resides within a relative minimum that is
stabilised by the binding of DNA [51]. A medically impor-
tant example for metastable structures in biology is the con-
version of infectious particles into the fusion competent
state in the course of viral infections. The native conforma-
tion of the HA2 chain of influenza hemagglutinin (HA) re-
sides within a metastable state at pH 8 that is converted into
the thermodynamically more stable and fusion competent
state at pH 5-6 during endocytosis [52]. This conversion
into the more stable non-native state can also be mimicked
with denaturants at physiological pH [53].

Does the refolding behaviour of the soybean and the re-
combinant Bowman Birk inhibitor prove a solely thermo-
dynamic reaction control in protein folding? In the authors
opinion more information is needed about other (and per-
haps more stable) conformers that may exist on the folding
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landscape of sBBI before a definitive answer can be given.
The reason for this reservation is that the structure of sBBI
differs from the majority of other more globular proteins.
The structure of globular proteins exhibit a hydrophobic
core and a hydrophobic surface exposed to the solvent.
This has also been documented for several other types of
protease inhibitors (reviewed in references [22-23]) in-
cluding the Bowman Birk inhibitor A-II of the peanut
forming a small hydrophobic core in the interdomain re-
gion in the centre of the molecule [54]. However, a hydro-
phobic core of this kind is not observed with our crystal ray
structure of the Bowman Birk inhibitor of the soybean
(sBBI). To the contrary, the structure of sBBI displays sev-
eral peculiarities that are in contrast to the situation typi-
cally observed with most other globular proteins that are
highlighted in figure 8.

On the one hand, the exposed hydrophobic patches are
highly unusual for a folded protein in its most stable form.
The side chains of Met27, Leu29, 1le40, Tyrd5, Phe50 and
Val52 together with the CH2 groups of Pro46 form a hy-
drophobic patch on the right-lower side of the molecule
highlighted in yellow in figure 8 and the other exposed hy-
drophobic patch on the upper-left side of the molecule
highlighted in brown is formed by the proline residues in
positions 7, 19 and 20 and by the two aromatic side chains
of Phe57 and Tyr59. The disulfide bridges are also exposed
to the solvent, except the more buried disulfide linkages
Cys9-Cys24 and Cys36-Cys51.

On the other, the side chains of Asp26, Arg28 and
His33 (shown in CPK in figure 8) form an electrically
charged cluster of buried amino acids at the interdomain
boundary together with the partially buried aspartates in
positions 10 and 53 in contrast to the side chains of Arg23,
Lys37 and Asp56 projecting out towards the solvent shell.
The charged protein interior at the interdomain boundary is
shielded from the solvent shell by the aromatic plane of
Tyr59. The presence of three buried non-functional
charged amino acids in a 71 amino-acid protein is peculiar
because only one ion pair per 150 residues is usually placed
in the interior of globular proteins [55]. A structural role
seems to be played by the carboxylate side chains of Asp26
and Asp53 involved in the hydrogen bond contacts with
NH atoms of residues belonging to the other subdomain.
The charged interior of BBI resembles the buried polar
cluster observed also with fungal lipases [56]. The Cou-
lomb interactions between the buried residues at the
interdomain boundary seem to be responsible for the nearly
perpendicular orientation of the two subdomains of sBBI.
A strong electric field between the two subdomains seems
to be also supported by the presence of five tightly bound
water molecules embedded into the polar interdomain
boundary. The polar hydroxyl function of Tyr59 points
into the interdomain cleft that contains five internally
bound water molecules (not shown) rather than being ex-
posed into the solvent. Since the side chains of Asp26 and
Asp53 are placed favourably for interactions with the inter-
nal water molecules 102 and 108 we may assume that the
tightly bound water molecules embedded into the polar
interdomain boundary provide a solvent shell around the
buried and thermodynamically unfavourable [57] luster of
charged amino acid residues in the protein interior.

It is especially notable that the buried cluster of oppo-
sitely charged residues at the interdomain-boundary is
sandwiched between two exposed hydrophobic patches on
the opposite sides of the molecule as shown in figure 8.
Therefore, it is possible that a hydrophilic protein interior
surrounded by a hydrophobic protein exterior represents a
local rather than a global energy minimum. The polar inte-
rior and the exposed hydrophobic patches are structural pe-
culiarities that are much more reminiscent of the kind of
structural features that have been postulated to occur in
partially folded [55] rather than in globular proteins. These
exposed hydrophobic patches of sBBI are responsible for
the reactivity of the second subdomain with both trypsin
and chymotrypsin [15]. Such broad specificity may be
functionally important for an effective plant defence
against digestive proteases of insects. A hydrophobic col-
lapse of the exposed hydrophobic patches into a more regu-
lar, stable hydrophobic core seems to be prevented by the
rigid array of seven disulfide bridges of Bowman Birk in-
hibitors. This hypothesis seems to be supported by the ob-
servation of considerable changes in the CD spectra of BBI
under reducing conditions in the absence of denaturant
[58]. More recent unfolding studies with a Bowman Birk
inhibitor from the Indian bean Doliochus biflorus [59] have
shown that its disulfide bonds are hyperreactive in spite of
an extraordinary (meta?)-stability under extreme pH, high
temperature and the presence of denaturants. The trypsin
and the chymotrypsin-inhibitory activity are lost at an early
stage of reduction without accumulation of intermediates
as expected for a protein with a polar protein interior de-
void of a hydrophobic core.
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