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ABSTRACT. The high-resolution three-dimensional structure of a Bowman Birk inhibitor, purified from
snail medic seedd/edicago scutellatp(MST]I), has been determined in solution ¥ NMR spectroscopy

at pH 5.6 and 27C. The structure of MSTI comprises two distinct symmetric domains each composed
of a three-strandefl-sheet containing a VIb type loop, where the active sites are located. A characteristic
geometry of three aromatic residues confers stability to this protein, and we observe that this feature is
conserved in all the Bowman Birk inhibitors of known structure. The two active domains exhibit different
conformational features: the second domain displays higher flexibility and hydrophobicity with respect
to the first one, and these properties have been correlated to a lower trypsin inhibitory specificity, in
agreement with titration studies that have shown a stoichiometric ratio MSTI:trypsin of 1:1.5. NMR analysis
indicated that MSTI undergoes self-association at concentrations higher than 2 mM, and the residues in-
volved in this mechanism are localized at opposite faces of the molecule, having the highest positive and
negative potential, respectively, thus indicating that electrostatic intermolecular interactions are the driving
forces for MSTI association. Most of the residues affected by self-association are highly conserved in
BBIs from different seeds, suggesting a functional relevance for these charged superficial patches, possibly
involved in the interaction with other enzymes or macromolecules, thus triggering anti-carcinogenic activity.

The Bowman-Birk inhibitors (BBF are small serine  reactive site (C-terminal). The amino acid residues around
protease inhibitors found in seeds of legumes and in manythe reactive site are usually designed as P3, P2, P1PP1
other plants 1). Typically, their molecular masses range and P3. P1 residue is involved in the so-called “primary”
between 6 and 9 KDa, and they contain seven disulfide bondscontact region and confers inhibitory specificity: arginine
with a prominent role in the stabilization of their active and lysine for trypsin, leucine, phenylalanine, and tyrosine
configurations. Most BBIs exist in various isofornd.(All for chymotrypsin, and alanine for elastad®. However, in
members of the BBI family have two tandem homology contrast to primary specificity, trypsinolysis of soybean BBI
regions on the same polypeptide chain, each comprising a(BBI-I) occurs not only in the predicted trypsin inhibitory
consensus motif of thre@-strands with a kinetically inde-  domain but also in the predicted chymotryptic inhibitory
pendent reactive site on the outermost loop. It has beendomain @).
shown that splitting the homology regions by partial peptic  Despite extensive studies of BBIs, only a few three-
digestion yields two active fragment8)(and hence BBIs  dimensional structures have been solved by X-ray or by
have been called “double-headed” inhibitors for their capa- NMR. They include structures of tracy soybe&), (peanut
bility of inhibiting simultaneously and independently two (6), pea seeds?j, and soybean inhibitor7( 8). The X-ray
different serine proteases. Most BBIs inhibit trypsin at the structures of trypsin complexes of inhibitors from azuki bean
first reactive site (N-terminal) and chymotrypsin at the second (9), mung bean 10), and soybeani(l) have also been
reported. Recently a novel 14 amino acid residue cyclic
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The 11-residue peptide NIeCTASIPPQCY, designed to chemical shift change was observed, while at 2.0 mM amide
reproduce the shofi-sheet segment that forms the reactive shifts higher than 0.2 ppm were observed, probably due to
site loop of BBIs, cyclized via a disulfide bridge, retains self-association. NMR experiments performed at 500, 700,
the “canonical conformation” typical of BBIs, indicating and 800 MHz, on 1.2 mM samples, were employed for
that this sequence represents an independent structurastructural characterization.

B-hairpin motif, and maintains the biological activity of the NMR SpectroscopNMR spectra were acquired on Bruker
native protein {3). The 11-residue synthetic fragments AVANCE 500, 700, and 800 MHz spectrometers.
SCTKSIxyQCY, where x and y were systematically substi-  Standard homonuclear DQF-COS¥29, TOCSY @30),
tuted with A or P, were found to be potent inhibitors only and NOESY 81) experiments were recorded. Data matrixes
when a cis-proline was present at position1¥)( contained 4096< 1024 points inf, andfy, respectively, for

It has been suggested that BBIs have antitumoral anddata acquired at 700 and 800 MHz, and 264812 points
radio-protective activity, and it is still unknown whether these for data acquired at 500 MHz. Water suppression was
activities are correlated to the inhibitory activity of trypsin/ achieved with gradients by-3—19 pulse sequenc&2) or
chymotrypsin or other enzymes or to the capability of using excitation sculpting sequencgs).
interacting with other macromoleculesl( 15—21). In this At 500 MHz, TOCSY experiments were acquired with two
respect research has been focalized into three main linesjsotropic mixing times, 35 and 50 ms, while mixing times
namely: (i) cellular proteases involved in carcinogenesis and of 50 and 125 ms were employed for NOESY experiments.
possibly inhibited by BBIs; (ii) the effect of the inhibitors At 700 and 800 MHz, TOCSY experiments were acquired
on the nuclear excision repair system, through the stabiliza-with 50 ms isotropic mixing, and 60 and 125 ms mixing
tion of TP53 protein 22, 23), or the expression regulation times were employed for NOESY experiments.
of some protooncogenes such as c-myc and c-fos, overex- For amide exchange rate measurements, 12 sequential
pressed in many cancer cell lined4); and (iii) in vivo homonuclear 2D TOCSY spectra with 50 ms were acquired.
inhibition of extra-cellular trypsin, secreted by many cancer The duration of each TOCSY experiment was 4 h.
cells and involved, with other metalloproteases, in the Spectra were processed with XWINNMR. Analysis of
proteolysis of the extracellular matrix, thus favoring meta- spectra and cross-peaks volumes were performed using
stasis 16). The effort of the research along these lines XEASY software 84).
stresses the importance of structural studies which may All chemical shifts were referenced to the methyl reso-
provide a link between specific structural features and nance of 3-(trimethylsilyl)-propionic acidsdsodium salt
antitumoral function. (TSP).

Here we report a NMR structural study of a Bowman Birk ~ Secondary chemical shift maps were obtained using as
trypsin inhibitor purified from Medicago Scutellata seeds reference the random coil chemical shifts reported by Wishart
(MSTI, 62 a.a.) 25). MSTI can inhibit the catalytic activity ~ (39).
of bovine f—trypsin but, different from other BBIs, does Hydrogen Exchange RateBhe hydrogen exchange rates
not exhibit antichymotriptic activity. (kex) Were determined by fitting cross-peak volumes to a first-

Preliminary investigations showed that MSTI has cytotoxic Order exponential decay,= e™'e!, wherey represents the
activity on human brest carcinoma (MCF7) and human Measured cross-peak volume of the resonanées1 and
cervical carcinoma (HelLa) cell lines and improves the tIS the time in mmutes";(G).The time point for an experiment
citotoxic effects of cisplating6). These MSTI properties ~ Was taken to be the time elapsed from the addition £ D
could be relevant for the treatment of cisplatin resistant Puffer to initiation of that NMR experiment plus half the
tumoral cell lines. Interestingly, MSTI anticarcinogenic duration of the acquisition. The cross-peak volumes were
property indicates that antichymotryptic activity is not a strict nrmalized to the cross-peak volume of the non exchangeable

requirement for antitumoral activity as often reported in the @romatic protons bls/Hs of F56. ,
literature @7, 29). All the data were fitted with the program Sigmaplot (Jandel

Scientific).

Temperature CoefficienTemperature coefficients were
measured for amide proton chemical shifts by analyzing
TOCSY spectra acquired at Lbtervals from 17 to 47C.
Chemical shifts versus temperature data were fitted to a linear
equation with the program Sigmaplot (Jandel Scientific).

Structure CalculationsCalculated structures were ob-
MATERIAL AND METHODS tained from restrained molecular dynamics simulations using

DYANA (37) followed by energy minimization using the

Sample PreparatiorMSTI (MW 6926) was purified from  AMBER force field as implemented by the program
Medicago scutellataeeds following the procedure previously DISCOVER (Molecular Simulations, San Diego, CA). Vol-
reported 5). The stoichiometric ratio of MSTLtrypsin  ume integration was performed on the NOESY spectrum
complex was evaluated on the pure MSTI sample following acquired at 800 MHz with mixing time of 125 ms. The cali-
the procedure reported in referen@b)( bration of the peak volumes was performed using caliba, a

NMR structural studies of MSTI were performed in routine of DYANA package, and the obtained list of distance
aqueous and deuterated 20 mM sodium phosphate buffer atestraints was used as input for DYANA calculations.
pH 5.6, in the temperature range-147 °C, and employing ¢ angle restraints were derived froddyg constants
sample concentrations ranging from 0.6 to 2.0 mM, at 500 estimated by the separation of extrema in the dispersive and
MHz. At concentrations lower than 1.2 mM, no amide absorptive plots of DQFCOSY spectra 38). ¢ angle

Structural features, charge distribution and hydrophobicity
of MSTI will be discussed in the present paper and compared
to data available for other BBIs in order to elucidate common
structural features of this class of proteins and to identify
regions of the molecule relevant for its anticarcinogenic
activity.
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Ficure 1: Amino acid sequence alignment of MSTI to three BBIs of known structure. Sequences of inhibitofglédinago Sculellata

(MSTI), soybean (BBI-I), tracy soybean (PI-ll), and pea seed (PsTI-IVb) are shown. The percentage of sequence identity is reported.
Residues in P1 and Pfosition are shown in bold, and a box defines the active loop of the inhibitors. The pattern of disulphide bonds is
drawn on each tandem region. BBIs present two additional disulfide bonds involvir@€B and C12C57 (MSTI numbering), not

shown in the figure.

restraints of—139 + 30° for 3Jun—na coOupling constants  C4TRSFPPQGs, which represent the two tryptic inhibitory
greater than 8.0 Hz ane60° + 30° for 3Jun-na coupling domains (Figure 1), and (ii) 14 cysteines, all involved in the
constants smaller than 5.0 Hz were used for calculations. following disulfide bridges C8C61, C9-C24, C12-C57,
Amide proton exchange rates were estimated from residualC14—C22, C3+-C38, C35-C50, and C46-C48 as previ-
amide proton signals observed in a TOCSY spectrum ously determined 25). In addition the MSTI primary
recorded at 27C and pH 5.6 after the sample was exchanged sequence presented 32 AMX spin systems that caused
through AMICON in deuterated phosphate buffer. Hydrogen ambiguity in the first step of the residue assignment.
bond formation or solvent exclusion from the amide protons Extensive overlap was observed at 500 and 700 MHz also
was assumed to account for the slow and medium exchangdor residues outside the two symmetric regions, and acquisi-
rate amide protons. The partners for all hydrogen bonds weretion of NMR spectra at 800 MHz was necessary to complete
assigned on the basis of preliminary structures obtained bythe assignment of spin systems.
imposing only NOE restraints. Each hydrogen bond was  The starting points for the assignment were two isolated
introduced as ©N distance of 2.00 A and HNO distance  spin systems with amide chemical shift at low fields (11.52
of 3.00 A, and 11.54 ppm) corresponding to D10 and K36, respectively.
One hundred calculations were run employing DYANA The assignment of A7, showirtyprotons at high fields (0.50
starting from random polypeptide conformations, and the 20 ppm), and of some cysteine spin systems showing downfield
conformers with the lowest residual target function values shifted Hx (C12, C14, C22, C24, C38, C40, C48, and C50)
were analyzed. The restraints were re-examined in view of could be easily performed. All these cysteines showed
consistent violations and relaxed where necessary. ThisHa—Ho NOEs, useful starting points for the assignment of
procedure was repeated until no consistent violations weres-sheet regions of MSTI (see later). The assignment of the
found in half or more of the structures. After this step 100 500 MHz spectra at 27C was in a first step interrupted in
of new DYANA calculations were started, and the 20 the loop regions (residues 488 and 4%+44) and at the
structures with the lowest target functions were further level of residues Q21, Q23, K30, C31, H32, C35, Q47, F56,
refined using the AMBER force field. Each structure was C61, and S62 due to extensive overlap in the amide region.
minimized performing 100 steps of steepest descent and 300To resolve these ambiguities, experiments were performed
steps of conjugate gradient. The 15 structures with the lowestat different temperatures, in the range—47 °C, but the
potential energy were selected for further analysis. RMSD shifts induced were not sufficient to disentangle the overlap-
values were calculated over the range of residues showingping signals.

medium and long-range distance restraints (i.e., between A 700 MHz the overlapping signals were better resolved

amino acids at positionsandj, with i — j = 2), thatis,  pt only some hypothesis could be put forward relative to
between residue 6 and 61. residues in the loop regions.

e, onns, TOCSY and NOESY specta were hefre prfome
90, Y "at 800 MHz; many new NOEs could be unambiguously

and the MOLMOL program3g) was employed for calcula- identified and the assignment could be completed. S17 and

tion and display of electrostatic potential surfaces. 43, located in the two homologous loops, exhibited
RESULTS completely overlapped spin systems which could be distin-
guished on the basis of the NOE correlations SA-TEHBHN
Assignment of Spin SystenThe assignment of MSTI  and S43H-F44HN. In fact, S43I4-F44HN NOE, belonging
spectra was not straightforward due to the presence of (i) to an intensely crowded region at 500 MHz, could be clearly
two symmetrical motives, namely, £TRSIPPQG, and identified at 800 MHz. Also at this field, S17HN18HN
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at short mixing times (60 ms) allowed the determination of
the geometry of the X-Pro bonds. On these basis;-R89
and F44-P45 were shown to have cis geometry (Figure 2),
while all the remaining X-Pro bonds were trans.

The complete assignment, as obtained at 800 MHz, is
available as Supporting Information and has been deposited
in BMRB (id code: BMRB-5617).

The assignments were tested using the automated assign-
5.04 I18HA-P19HA ment algorithm NOAH 40). The long-range ambiguous
NOEs were peaked without assignment and used as input in

F44HA-P45HA

5.1 a further NOAH run. The assignment suggested by NOAH
was then analyzed, and a few reasonable NOESY peak
5.2 : . , , assignments were added.

ppm The assignment obtained at 800 MHz at A7 in turn
Ficure 2: Selected region of NOESY spectrum of MSTI at&7 allowed the assignment of the spectra acquired at 500 MHz

and pH 5.6 acquired at 800 MHz showing the NOE connectivities 2t different temperatures (17, 37, 4C) and of the spectra
118Ho—P19Hx and F44—P45Hu. acquired at a higher protein concentration (2 mM) af@7

(see later).

and S43HN-F44HN cross-peaks could be assigned. R16 and Secondary Structuréd summary of NOE connectivities
R42 exhibited as well overlapping spin systems, except for and3Jyn-nq coupling constants is reported in Figure 3, while
the Ho. protons which could be identified only at 800 MHz.  secondary chemical shifts are reported in Figure 4. Confor-
The assignment of C35, showing the HNa cross-peak  mational shift maps are in good agreement with the second-
superimposed to those of S43 and S17, was obtained at 80@ry structure determined on the basis of NOEs. Two triple
MHz, on the basis of the identification of the following strandegB-sheets, located at the level of residues-15 (A
NOEs: C35Ht—K36HN, C35HN-K36HN, and A34Hp's— strand), 2125 (B strand), 5355 (F strand), and 2729 (C
C35HN. At 800 MHz, H32 could be assigned since it was strand), with 3741 (D strand) 4751 (E strand) defining
possible to identify H and H, long-range NOEs with the  the first and second domain, respectively, could be identified
side chains of Y58 and A34. The higher dispersion and on the basis of secondary shifts, canonical nonsequelial
sensitivity in the region 7.107.60 ppm and 8.1:868.80 ppm, (@i,)), dun (i) and den (i,j) NOEs and3Jun-ne couplings
at 800 MHz, permitted the assignment of K30 and C31, (Figure 5). Eaclfi-sheet is characterized byjehairpin made
which were identified through the sequential NOEs KBGH of five-residue pairs of antiparallgtsheets and a five-residue
HNC31 and K30HK's—C31HN. At 800 MHz, the nearly  tight type VIb turn, together with an additional short strand
degenerate bk and H,5 (7.37 and 7.35 ppm respectively) forming a triple strande@-sheet.
of F11 were unambiguously identified, together with the,NH Each type VIb turn includes a PP1I reactive site
resonances of all arginines, glutamines, and asparagines. conferring the tryptic inhibitory activity, corresponding to

The observation of sequentidls (i,i+1) anddys (i,i+1) peptide bonds R16S17 and R42 543, and contains a cis
(trans), ordy (i,i+1) (cis) connectivities in NOESY spectra peptide X-Pro bond (118-P19 for the first5-sheet and

10 » 30 40
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TN YV VV VAY ¥ VVYVVVY VvVA v VVVVYY
Knu ® O 000 © @ e O
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6
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‘N A Y WYY VYV VY v
yn o0 00 ©°
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Ficure 3: Summary of short and medium range upper distance limits3apdvalues. The thickness of the bars indicates the relative
normalized intensity of the NOEJ,\'s are three-bond coupling constants betweem &hd HN, where the symbols represent the

following: w for 3J,n > 8 Hz, A for 3J,n < 5 Hz. In the row labeledyy, filled circles identify residues which present slow amide proton
exchange rates (see Table 1).
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Ficure 4: Secondary k chemical shifts of MSTI at 27C and pH 5.6.
0 H==H and D52 (Figures 3 and 4). The presence of H&2A34HN

and S33HN-A34HN NOEs suggests that the polypeptide

chain is bent, between the two domains, in a type I-like turn.

/ Amide Exchange Rates and Temperature Coefficients.
Hydrogen/deuterium exchange experiments were per-

e
=4
15‘

B formed at 27°C and pH 5.6 in order to gain information on
® ',‘z%\n/ * the hydrogen-bonded amides. The fitting of the measured
Ha—HN cross-peak volumes at different times after addition

o 1 ]
/{\: of D,O allowed the estimate of amide exchange rakeg (
H O f;«—-—H for 14 residues (Table 1). The results are consistent with
H\NJH/NS. “)\N F the 5-sheet structure identified on the basis of NOE con-
D S nectivities: all amide protons of residues located in the strand
regions show lowkex with the exception of T15, T41, and
Q47.
HesH O He=H O H==H O H Amide temperature coefficient and amide exchange rate
N, Na “Nn No Sy Ne 7SN are, to some extent, complementary tools to predict hydrogen
D 37 39 |41 |43
H © H-—||'4 O =i O H HONy H bond donors, and a combined use of the two approaches
'/I/l\ |/I/| 1 H produces a far more reliable indicator of hydrogen bonding
1 1 1 1 1 . .t .
0 H==N’ 0 ‘Werr’ o W o o than either alone4@). Temperature coefficients are easily
E %/rhﬁn)\N »'IAQKKN Ny A measured for all residues, do not display a pH dependence
U A N ST N “ as amide exchange, and are not strongly influenced by
;/:\ surface exposure as exchange rates. A general criterion is
1/ 1 that all of the amide protons displaying slow exchange rates
it E T and temperature coefficients (TC) more positive thah5
N,/ T Ne b/K could be located in hydrogen-bonded regular second-
C i | | pp y g g
H O H=-H ary structures. Chemical shifts variations of MSTI as a
Ficure 5: Secondary structure contacts and hydrogen bonds for function of temperature are reported in Table 1.
MSTI at 27°C and pH 5.64-structure elements-AF are indicated Exchange rates and TC are in good agreement. The

together with observed inter-strand connectivities (arrows). Dotted

lines indicate H-bonds present in the final calculated structures. criterion of TC more positive than-4.5 ppb/K (within

experimental error) identifies more amide protons involved
F44—P45 for the secongs-sheet) that is required for in H-bond, some of them possibly corresponding to exposed
inhibitory activity (14). The following observations are H-bonded residues. Only two residues, namely, C48 and T54,
consistent with a type VIb turn: (i) coupling constants show lowke and TC around 6 ppb/K, and they could be
8Jun-He < 5 Hz were measured for residues T15 and T41; involved in less stable H-bonds stabilizing the short third
(i) strong NOEs g (i,i+3) were observed between P2OH  strand.

and S17HN, in the first active loop, and between P46H The indication of the presence of H-bonds, as identified
and S43HN in the second active locfl). The presence of by the two techniques, was exploited for structure calcula-
two turn conformations was also confirmed by negative tions. The partners for all hydrogen bonds were assigned on
secondary shifts for residues S17 and P20 in the first active the basis of preliminary structures obtained by imposing only
loop and S43 and P46 in the second one (Figure 4). NOE restraints, as described in Material and Methods.

A few half-turns could be identified at the level of residues  Tertiary Structure A summary of experimental restraints
24—26 (N-terminals-sheet) and 5052 (C-terminaj3-sheet) used for structure calculations is reported in Table 2. A set
on the basis of C24é—D26HN and C50ld—D52HN NOEs of 726 NOEs was supplemented by (i) 21 distance restraints
complemented by negative secondary shifts observed for D26for the 7 disulfide bridges, (ii) 22 distance restraints for 11
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Table 1: Temperature Coefficients and Amide Exchange Rates for Table 2: Structural Statistics of the 15 Best Structures Obtained for

MSTI at pH 5.8 MSTI
residue NHAGS/AT kex (105 min~Y) (a) Restraints
— total number of distance restraints 726
?i’ _ggi (2)2 number of intraresidual restraints 257
T5 —6.51 0'9 number of sequential restraints 264
T6 —2-91 2'9 number of medium-range restraints 22
A7 78-6i 0'5 number of long-range restraints 183
c8 —5:5i 0:9 number of torsion angle restraints 29
c9 —37+05 154+ 12 number of hydrogen bonds 11
D10 —4.2+05 (b) DYANA 20 Structures
F11 —2.7+0.6 46+ 2 target function (AR 1.84+0.19
Cl2 —5.8+04 [Emsdds (6—-61) (A) 0.75+ 0.18
Ci4 —8.8+06 [MSdeav (6—61) (A) 1.514+0.17
T15 —4.24+0.6
R16/R42 —7.7+£05 (c) DISCOVER 15 Structures
S17/S43 —-1.14+0.8 total potential energy (kcal/mol) —115+10
118 —9.84+0.6 Bmsdy, (6—61) (A) 0.84+ 0.09
Q21 —2.64+0.6 196+ 17 M Sdieary (6—61) (A) 1.604+0.12
Cc22 —5.04+0.6 364 12 Bmsdgh (11—15, 21-25, 53-55) (A) 0.40+ 0.05
Q23 -0.94+05 123+ 5 Bmsdyy (37—41, 47-51, 27-29) (A) 0.57+0.09
C24 —2.74+0.6
522% :%i 8'? 154+ 8 the second involves residues 279 and 37#51. The
V27 —79407 ﬁ—hairpins are plgnar and extended, and each strand is held
R28 -5.0+0.3 11.9+0.3 in place by the disulfide cross-link across the sheet, namely,
E29 —3.1+06 C14—C22 for the first domain and C40C48 for the second
E%(l) _Eg'gi 2‘8 domain. The mentioned disulfide bridges are functionally
H32 61406 relevant sinc_e they hoI(_:I the two peptide chains together after
S33 -6.94+0.8 P1-P1 peptide bond is cleaved by the proteasg The
ég“ —g-éigﬁ other disulfide bridges connect residues belonging to one
ng :4'6i0'; domain with residues at the border of the same domain
537 —23405 135+ 5 (C9-C24 and C12 C57 for the first domain and C3iC38
C38 -9.2+0.9 and C35-C50 for the second one) or connect two residues
5)1% —S-gig-g 76+ 3 at the border of the same domain (6861). The regions
T41 B 4'8i 07 of antiparallelg-sheets are quite well defined witfmsd4p
RA2/R16 —77%04 (11-15, 21-25, 53-55) = 0.40 &+ 0.05 A for the first
S43/S17 -1.1+0.8 domain andimsdy, (37—41, 4751, 27-29)= 0.574+ 0.09
F‘Z‘; _fg-gi 8-1 A for the second domain. The type VIb turns are less de-
848 62103 118+ 10 fined, due to the lack of NOEs especially for residues
R49 —15+0.2 g+ 1 R16-S17 and R42S43 which only show intra and sequen-
C50 -4.9+0.6 tial NOEs. The mentioned peptide bonds correspond to
gg; :‘I-iig-g 13% ié reactive sites and a hyper-exposed P1 residue (R in both
153 75109 domains) is a characteristic and important functional fea-
T54 58406 16+ 1 ture of the canonical conformatio3). The salt bridge
D55 -2.9+0.3 between the basic P1 of the substrate with the acidic D189
Essg :%i 8'2 in the interior of the S1 pocket of trypsin is responsible of
Y58 154103 the narrow preference of this enzyme for basic residues in
S60 —-8.9+0.6 position P1 11).
ce1 -1.1+038 Twelve backbone H-bonds typical ¢f structure were
S62 —6.4+09 present in all the final structures (Figure 5). T15 and T41
~ @Temperature coefficients values lower than 5.0 ppb/K are shown amides are hydrogen bonded to backbone oxygen of residues
in bold. Amide exchange rates were measured at@7 Q21 and Q47, respectively. The two amides are located close

to the first and second active sites, in a symmetrical position.
backbone hydrogen bonds defined on the basis of deuteriumThey show NOEs typical gf-sheet structure, temperature
hydrogen exchange studies and temperature coefficientcoefficients lower than—5 ppb/K, but their hydrogen
values, and (iii) 29¢ angle restraints derived frofiy, exchange rates were not measurable at pH 5.6. The fast
coupling constants. The superposition of the 15 best struc-exchange of the two amides underlines the exposure of the
tures is reported in Figure 6a, and the structures have beerinhibitory region and the low stability of the H-bond pattern
deposited in the PDB (PDB code 1MVZ). The structure of close to the active loops.
MSTI comprises two distinct domains composed by a three  The amide proton of Q21 (Pposition), belonging to the
strandeds-sheet and the active site, located in a VIb type first domain, forms H-bond with the side-chain oxygeryjO
loop. The combination of the tight turn and the antiparallel of T15 (P2 position) in all the structures. Q47 (PBsition
[-sheet forms the characterisfiehairpin inhibitory domain of the second domain) presents a low-temperature coefficient
common to other Bowman Birk inhibitors (Figure 6b). The but a fastk,, and its amide forms H-bonds withyGpf T41
first domain comprises residues-125 and 53-55, while (P2) only in 6 out of 15 structures. In the remaining struc-
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Loop I

FiGure 6: Stereoview of backbone superposition of the 15 final structures of MSTI. Superposition was performed in the range of residues
6—61 (a). Lowest-energy MSTI structure drawn in ribbon representation. ResidueZbldnd 53-55, corresponding to the first three-
strande@3-sheet, are colored in green; residues-29 and 3751, corresponding to the second three-stranistieet, are colored in red.

The active loops, the disulfide bridges and N and C-termini are indicated (b). Superposition of residues belonging to the aromatic cluster
present in all BBIs of known structure (MSTI, gray; BBI-I, yellow; PI-II, red; PsTI-IVb, blue) (c).

tures, the side-chain oxygen of T41 was involved in H-bond of the same domain) (see Figure 6) allows for flexibility of
with the amide proton or the side-chain oxidrile of S43'fP1  the spatial orientation of the two domains relative to each
Both Q47 and S43 amides have low-temperature coefficientsother, as reflected by the lack of NOEs between the two
but do not show a significant protection from exchange. A domains. These observations underline the double headed
possible interchange of donors foryQ'41 can be hypoth-  feature of this inhibitor, requiring mobility of one domain
esised, suggesting the presence of higher mobility in the relative to the other for its precise adjustment during the
second domain loop region with respect to the first one.  simultaneous inhibition of two trypsin molecule®).(

The lack of inter-domain disulfide bridges (all disulfide Self-AssociationSpectra of MSTI were performed at
bridges are indeed localized either within a domain or different protein concentrations ranging from 0.6 to 2.0 mM
between a residue of one domain and a residue at the bordein order to characterize the self-association behavior. The
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Ficure 7: Ha (upper panel) and HN (lower panel) chemical shift differences measured for 1.2 and 2.0 mM MSTI samples.

assignment of the spectra at different protein concentrationstwo distinct domains each composed by a triple stranded
was easily extended from that obtained for 1.2 mM sample. 3-sheet and the active site, located in a VIb type turn. The
The comparison of Bl conformational shifts at 1.2 mM and  structural comparison of MSTI with all BBIs of known
2.0 mM indicates that the secondary structure of the domainsstructure performed through the VAST search service (http://
is preserved upon association. www.ncbi.nlm.nih.gov/Structure/VAST) indicated that

At 2.0 mM protein concentration a few amide,and side- PsTI-IVb has the highest structural similarity, exhibiting an
chain protons shifts were observed (Figure 7), clearly due RMSD for alignable regions of 1.3 A. The RMSD with other
to self-association. The residues showing amide shifts greateBBIs was slightly higher and comprised between 1.5 and
than 0.1 ppm and/or ¢dor side-chain hydrogen shifts greater 1.7 A. The presence of an unusual buried cluster of charged
than 0.05 ppm are listed: C8, D10, F11, V27, R28, E29, side-chains, located in the inter-domain region, has been
K30, C31, H32, S33, A34, C35, K36, S37, C48, C50, D55, identified in the X-ray structure of BBI-Ig, 44). The cluster
F56, C57, C61. It is clear that all residues belonging to the of charged side-chains is also present in MSTI, involving
loop connecting the two domains are affected by aggregationD26, R28, and H32 residues, while the same geometry cannot
together with some residues located in the N and C-ter- be established in PI-1l and PsTI-IVb due to local sequence
minal regions and in the C and E strands of the second mutations at the level of R28.

domain. Interestingly, three aromatic residues, highly conserved in
DISCUSSION all BBIs (Figure ;), namely, H32, F56, and Y58, form i_n
MSTI an aromatic cluster showing a typical geometry in
Despite extensive studies on inhibitory and anticarcino- which pairs of aromatic residues are almost orthogonal to
genic activity of BBIs, only few three-dimensional structures each other and with centroids at distances minor than 7 A.
have been solved, namely, those of tracy soyb&a(H(-Il, This geometry is known to confer thermostability to many
PDB codes 1PI12), soybeafi, @) (BBI-I, PDB codes 2BBI proteins 45), in agreement with the observation that MSTI
and 1K9B), and pea seed®) (PsTI-IVb, PDB code 1PBI)  shows high-temperature stability. The aromatic cluster is
inhibitors. present in all the other BBIs of known structure (Figure
The topology of MSTI, as determined b{H NMR 6¢) conferring, together with the H-bond network and the
spectroscopy and molecular dynamics calculations, is com-seven disulfide bridges, a high stability to this class of
mon to all known Bowman Birk inhibitors and comprises inhibitors.
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Ficure 8: Comparison of average secondary chemical shifts of
MSTI (black bars) and BBI-I (white bars). The results are reported
for strands belonging to the first (A, B, and F) and the second
domain (D, E, and C).

A comparison of NMR structural data can be performed

Catalano et al.

the authors stated that the second domain (antichymotryptic)
presents fewer stabilizing tertiary interactions with respect
to the first one. The twg@-sheets of MSTI display compa-
rable stability on the basis of ddsecondary shifts, a few
differences were, however, evidenced in the active loop
regions based on the analysis of the 15 final structures. Our
data indicate that in the first domain a hydrogen bond
between the hydroxyl group of threonine, in P2 position of
the active loop, and the amide proton of residue i P5
position is formed in all the structures. In the second domain,
this H-bond is present only in six structures out of 15
suggesting a higher mobility. Threonines in P2 position (T15
and T41) are highly conserved in BBIs, implying that these
residues are functionally important for inhibitory properties.
It is reported that when BBIs interacts with the enzyme,
the intramolecular hydrogen bond involving T1% Gtabi-
lizes the active loop also favoring the correct positioning of
T15 in order to maximize the hydrophobic interactions with

between MSTI and BBI-I, sharing the highest sequence H57 and L99 residues of trypsiil). Further studies on

similarity and whose NMR solution structure has been
previously determined4). Ha secondary shifts show a
similar behavior for the two proteins with only few excep-
tions attributed to the mutation of the residue itself or of its
neighbors. It is, however, interesting to note that the main

amino acid variations in P2 position of cyclic peptides,
encompassing the reactive site loops, demonstrated that a
threonine confers both the lowest dissociation constant and
the slowest hydrolysis rate47), as expected for a good
inhibitor. All these data underline the utmost importance of

difference occurs at the level of the third strand of the second P2 threonine, whose side chain can provide both hydrophobic

domain (C strand). The averagedtdecondary shiftsSAH,[)
within each strand were calculated for MSTI and BBI-I and
reported in Figure 8. BBI-I C strand shows a negafixél,[]

suggesting that this strand has a very low stability. Indeed,

1 active loop

2" active loop

1* active loop

interactions via its methyl group and H-bonds via the
hydroxyl group.

Protease recognition mechanism is triggered by the dis-
tribution of hydrophilic and hydrophobic residues in the

Ficure 9: Self-association interfaces and electrostatic potential surfaces of MSTI. Two views of MSTI are offered in the lower and upper
panel (one rotated by 180 degrees with respect to the other alaaig). Residues affected by self-association are colored in green on CPK
representation of the molecule (left panel); electrostatic potential surfaces were calculated by MOLMOL p&8)raight panel). The
location of the first and second active loop in the two views are indicated.
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domain regions. Hydrophilic bridges and conformational
rigidity are characteristic of narrow specificity against trypsin,
while high hydrophobicity and significant conformational
mobility, typical of antichymotryptic domains, confer a broad
inhibition specificity (L1). Indeed, it is reported that BBI-I
second domain is able to interact either with chymotrypsin
or with trypsin @). Polar and charged side chains are
predominant in both domains of MSTI as expected for trypsin
inhibition specificity, anyway the second domain presents a
higher hydrophobicity. As an example the proline residue,
in P4 position of the first domain, is replaced in the second
domain by the longer hydrophobic side chain of L39. The

Biochemistry, Vol. 42, No. 10, 2002845

are involved in self-association of MSTI and PsTI-IVb.
Residues involved in PsTI-IVb self-association are not
conserved in BBI family, at variance with those of MSTI.
From these data we infer that residues of MSTI affected by
self-association may represent those regions of the protein
capable of interacting with other enzymes or macromol-
ecules, which could be of the highest importance in antitu-
moral activity.

The identification of association/interaction interfaces will
be further investigated to correlate the association properties
of MSTI with its antitumoral activity.

same change takes place in BBI-I, where P4 position of the ACKNOWLEDGMENT

first domain (anti-tryptic) is a short hydrophobic side-chain
Al13, replaced in the anti-chymotryptic by an isoleucine
(140). This observation suggests a low specificity of MSTI
second domain for trypsin, supported as well by the struc-
tural results pointing at its lower conformational rigidity.
In agreement with our hypothesis, titration studies have
shown a stoichiometric ratio MSTI:trypsin of 1:1.5. More-
over, the sam&y value of 1x 1071 M was measured for
MSTI (25), presenting two antitryptic domains, and for
BBI-I, presenting one antitryptic and one antichymotriptic
domain (1).

Preliminary investigations have shown that MSTI has
cytotoxic activity, reducing of about 20% the cellular survival
of both MCF7 and HelLa, and improves the cisplatin effect
on a few tumoral cell lines.2g). Since MSTI presents two
antitryptic domains, these data indicate that antichymotryptic
activity is not a strict requirement for antitumoral effect, as
often reported in the literature. In addition it has been shown
that inhibitory activity and antitumoral activity are not
correlated. Indeed, after cleavage of BBI-I and linearization
of the two resulting peptides, carrying the chymotrypsin and
trypsin inhibitory sites, respectively, both fragments, lacking
inhibitory activity, act radio-protectively4@). In agreement
with these results, a recent analysis of a few nona-peptides,
reproducing the second active loop of BBI-I, suggested that
radio-protective and inhibitory properties are inherent to
different residues49). In this line we propose that the less
rigid second domain of MSTI might bear some relevance
relative to the recognition mechanism and to the antitumoral
activity.

We further analyzed self-association behavior of MSTI
collecting NMR data at different protein concentrations. The
residues affected by self-association are localized in two well
defined regions on opposite faces of the molecule (Figure
9, left panel). The calculation of the electrostatic potential

surfaces shows that these two faces present an oppositel?-

potential (Figure 9, right panel), and we suggest that
electrostatic interactions between them may play an important
role in MSTI association. Residues involved in MSTI self-
association, located at the border of the domains and in C
and E strands (second domain), are highly conserved in BBIs
from different seeds suggesting a functional relevance of the

two superficial patches. The presence of self-association has 18-

also been reported for PsTI-IVR) PI-Il (5) and BBI-I (7),

but the structural data for the dimer have been reported only
for PsTI-IVb. Its dimer interface comprises an extensive
hydrogen-bond network together with hydrophobic contacts
among residues belonging to both domains and to the longer
C-terminal tail It is important to stress that different residues

We gratefully acknowledge the technical support offered
by the Large Scale Facility of Firenze (CERM) for the
acquisition of NMR spectra at 700 and 800 MHz. The
authors thank A. Lanza and R. lori for helpful discussions
and F. Greco and G. Zannoni for technical assistance.

SUPPORTING INFORMATION AVAILABLE

List of proton chemical shifts for MSTI at 27C and pH
5.6. This material is available free of charge via the Internet
at http://pubs.acs.org.
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