10608 Biochemistry2002,41, 10608-10615

A Conservedis Peptide Bond Is Necessary for the Activity of Bowman-Birk
Inhibitor Proteiri

Arnd B. E. Brauer;® Gonzalo J. DomingtRobert M. Cooké’} Stephen J. Matthewsand
Robin J. Leatherbarrow*

Departments of Chemistry and Biological Sciences, Imperial College of Science, Technology and Medicine, South Kensington,

London SW7 2AY, U.K., Seattle Biomedical Research Institute, 4 Nickerson Street, Seattle, Washington 98109, and
GlaxoSmithKline Research and Baopment, New Frontiers Science Park, Harlow Essex CM19 5AW, U.K.

Receied April 30, 2002; Reised Manuscript Recegéd June 24, 2002

ABSTRACT. The Bowman-Birk inhibitor (BBI) family of protease inhibitors has an inhibitory region
comprising a disulfide-linked nine-residue loop that adopts the characteristic canonical motif found in
many serine protease inhibitors. A unique feature of the BBI loop is the presencesopeptide bond

at the edge of the inhibitory loop. BBI-related protein fragments that encapsulate this loop retain the
structure and inhibitory activity of the parent protein. The most common BBI loop sequence has a proline-
proline element with &is—trans geometry at P3-P4. We have examined this element by analysis of

the inhibitory activity and structure for a series of synthetic fragments where each of these proline residues
has been systematically replaced with alanine. The results show that only when a proline is present at P3
are potent inhibition and eis peptide bond at that position in the solution structure observed, suggesting
that this conformation is required for biological activity. Though a@téline is not essential for activity,

it effectively stabilizes theis conformation at P3y suppressing alternative conformations. This is most
evident from the Pro-Ala variant, which comprises a 1:1 mixture of slowly exchanging and structurally
differentcis andtransisomers. Monitoring the action of trypsin on this mixture by NMR shows that this
protease interacts selectively with this P3 structure, providing direct evidence for the link between
activity and the nativelike structure of thas isomer. This is, to the best of our knowledge, the first
example whereis isomer selectivity can be demonstrated for a proteinase.

Inhibition by serine protease inhibitor proteins is often bonded amino acids such as Ser or Thr, and backbone-
mediated by an exposed reactive site loop that is fixed in a constrained Pro.
characteristic “canonical” conformation, thought to be similar ~ The Bowman-Birk inhibitor (BBI) family consists of two
to that of a productively bound substrafe 2). The convex- subsets that have 9 and 11 amino acid residues in the
shaped canonical reactive site loop, which is complementary disulfide-bridged reactive site ring, respectivey. (The nine-
to the concave shape of the protease active 8jteig the residue antitryptic reactive site loop of Bowman-Birk inhibi-
common structural element in at least 18 different families tors (BBISs) is particularly rich in such conserved constraining
of serine protease inhibitors from animals, plants, and residues, which constitute two-thirds of the entire sequence
microorganisms4). These generally have a compact shape with a pair each of Cys, Ser/Thr, and P®.(BBIs are small,
(2) but are otherwise structurally divers&).( Canonical highly disulfide-linked plant proteins of typically 60
reactive site loops are constructed from a wide variety of residues with a symmetrical structure of two tricyclic
sequences, in which, depending on the family, some positionsdomains, each containing an independent reactive site loop
are conserved3j. These conserved positions, with the (8—13).
exception of the hyperexposed P1 position that forms the The two reactive site loops afehairpins with a type VI
primary specificity determinan#j, are generally occupied f turn, which is centered aroundds peptide bond for a
by amino acids with side chains that can act as conforma-
tional constraints. This includes disulfide-linked Cys, hydrogen- 1 apbreviations: BBI, Bowman-Birk inhibitor; DQF-COSY, double-
quantum-filtered correlated spectroscopy; Fmoc, 9-fluorenylmethy-
loxycarbonyl; HBTU, 2-(H-benzotriazol-1-yl)-1,1,3,3-tetramethylu-
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strictly conserved Pro at the Paubsite 9, 10, 12—15). The expressed as a function of the uninhibited rat¢he apparent
P4 subsite in BBI is also frequently a Pro residue, though equilibrium dissociation constarky*, the total enzyme
this hastrans peptide bond geometry. The high content of concentration [E], and the total inhibitor concentrationy]!

constraining residues appears to be the basis for the retention

of much of the protein’s biological activity and three- . [l (1)
dimensional structure in fragments (protein-derived or syn- V=% [y + Kg*

thetic) incorporating the sequence of BBI reactive site loops

(6, 16). Isolated BBI-related reactive site loops are the , = vl (E] — [Kg* + [E] +X1] —

shortest sequences shown to encompass the canonical

conformation {6—18). Short peptide loops related to BBI \/(Kd* + [Egl + X1 D) — 4[EJIXI JD/2IE D} (2)
also occur naturally: the sunflower trypsin inhibitor is a 14-

residue cyclic peptide that has the same structural mijf ( v=1v,— vl ] 3)
20). We have already demonstrated the suitability of the

BBI—proteinomimetic peptide as a scaffold for the optimiza- K,= Kd*; (4)
tion of biological activity and redirection of specificity by 1+ [SJ/Ky,

combinatorial method2(—24).

In this study, we use a combination of kinetic and NM
analyses to investigate the role of the BBI PB4 cis-Pro-

R A factor x for the inhibitor concentration was introduced into
eq 2 to determine the apparent binding stoichiometry, which

transPro sequence. Sequential substitution of these ProiS visua_llizgq in inhit_>ition pIc_>ts using eq 3 and interpreted
residues with Ala is used to assess the functional requiremenlaS tge |nh|t|)|to|ry ac;trllve fra(_:lt'lt?rj of %eptlde;. tEquatlon 4 was
for protease inhibition. These data are then correlated with used to calculate the equilibrium dissociation constant

structural information to probe directly the requirement for by clorr?)ctlon for substrat_e comgelgc/llt_lo#d?nd K are the
a cis peptide bond at P3 total substrate concentration and Michaelis constant, respec-

tively.
MATERIALS AND METHODS NMR Analysis and Structure Calculatiofhe NMR
analysis was performed in either aqueous solution (9@ H
Peptide Synthesi®isulfide-cyclized peptides were syn-  10%2H,0O and 1009%¢H,0) or 100 mM aqueous phosphate
thesized as previously describe2il). C18 reversed phase buffer (10%2H,0), both at 298 K and pH* 3.8, at peptide
HPLC using a Gilson system was used to purify and analyze concentrations ranging between 0.3 and 5 mM. Chemical
the cyclic peptides on a Waters-Millipore 25 ntn100 mm shifts were referenced to TSP. DQF-COSY0), TOCSY
Nova-Pak column with a Gm particle size and a Nova-Pak (mixing time of 80 ms) 81), NOESY @32), and ROESY
8 mm x 100 mm column with a 4m silica particle size,  (with mixing times ranging from 50 to 300 msBJ)
respectively. PP, PA, AP, and AA peptides had analytical experiments were carried out on a Bruker AMX 600
retention times of 7.4, 7.0, 7.2, and 6.6 min, respectively, spectrometer, and processed and analyzed using X-WinNMR
using a 17 min linear gradient from 100%®ito a 30% and Aurelia software packages. Following sequential assign-
H,O/70% acetonitrile mixture (all solvents with 0.1% trif- ment @4), amide temperature coefficient35 36), diaste-
luoroacetic acid) at a flow rate of 3 mL/min. The identity of reotopic proton assignment apticonformations37), 3Junmq
the cyclic peptides was confirmed by fast atom bombardment coupling constants3g), 2Juans coupling constants3@), and
mass spectrometry, and for PP and PA in addition by proline ring pucker 40) were analyzed as described. All
complete assignment of thtH NMR resonances of the  coupling constants were derived from one-dimensional
dominant conformers. spectra. Interproton distances were derived from cross-peak
Enzyme Inhibition.Materials were supplied by Sigma Volumes calibrated against the geminal interproton distance
Aldrich. CNBr-activated Sepharose 4B was obtained from (41) or the minimal theoretical &—HN;s;1 interproton
Pharmacia Ltd. and was used as recommended by thedistance 42).
supplier. TPCK-treated bovine trypsin was purified im-  Peptide structures were calculated with the program
mediately prior to use by affinity chromatography on X-PLOR (version 3.851)43) employing the slightly modi-
p-aminobenzamidine Sepharose 4B and subsequently anafied version (7) of a standard simulated annealing protocol
lyzed for its concentration and relative content/bfand ~ (42). No hydrogen bond restraints were used during the
a-trypsin by differential active site titration witlp-nitro- calculations. Structures were visualized and analyzed using
phenylp'-guanidino benzoate2f). Only preparations with ~ INSIGHT Il (Molecular Simulations Inc.), Swiss PDB
ap-trypsin content of> 75% were used for inhibition assays. Viewer (44), WebLab (Molecular Simulations Inc.), and
Trypsin inhibition was monitored by competitive binding WHAT IF (45) programs. All residues fall within the allowed
studies with the chromogenic substrate benzegtginine  areas of the Ramachandran plot.
p-nitroanilide @6) in 50 mM Tris-HCI buffer containing 50
mM NaCl and 10 mM CaGlat pH 8.0 and 298 K. Substrate RESULTS
concentrations were determined by the final absorbance at Trypsin Inhibition KineticsTo investigate the individual
410 nm. Peptide concentrations were determined by absorroles of Pro at P3and P4 systematically, these positions
bance at 280 nm2(7). were sequentially substituted with Ala as shown in Table 1.
The nonlinear regression GraFit software pack2@ewWas The four variants were synthesized and analyzed for their
used to analyze inhibition data. To distinguish non-tight- and biological activity. Figure 1 shows a comparison of the
tight-binding inhibition, eqs 1 and 229) were used, inhibition curves produced by each of these BBI reactive
respectively. The rate of enzymatic substrate hydroly$ss site loop peptides immediately after mixing with trypsin. It
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Table 1: Disulfide-Cyclized Peptides Synthesized for the Investigation of the Stru&uatwity Relationships of the Pro Residues at thé P3
and P4 Positions of BBI Reactive Site Loops

residue 1 residue 2 residue 3 residue4 residue5 residue 6 residue?7 residue8 residue9 residue 10 residue 11
subsite P4 subsite P3 subsite P2 subsite P1 subsite P1 subsite P2 subsite P3 subsite P4 subsite P5 subsite P6 subsite P7

PP S C T K S I P P Q C Y
PA S C T K S | P A Q C Y
AP S C T K S I A P Q C Y
AA S C T K S | A A Q C Y

aThe peptides are termed PP, PA, AP, and AA in the text to indicate thearfel3P4 sequences, respectively. The subsite positions are labeled
according to the standard nomenclatus@)(

vin %
vin %

TP TP T TP T T T L L
0246 81012141618202224 0246 81012141618202224
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vin %
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Ficure 1: Inhibition of trypsin by the P34 variant peptides
immediately after mixing. The relative rate)(of hydrolysis of a 0.8
chromogenic substrate at varying inhibitor-to-enzyme ratios is 7
shown. Trypsin concentrations as determined by active site titration 0.6
were 1.22uM for PP and PA and 0.6&M for AP and AA. Solid x .
and dashed curves represent best fits using tight-binding eq 2 and 0.4
non-tight-binding eq 1, respectively. TRéntercept of the straight 4
line (eq 3) depicts the apparent binding stoichiometry. 0.2

is apparent that peptides PP and PA are far more potent 004+——TT T 71T T 7T T
inhibitors than AP and AA. The first pair produces curves 0 60 120 180 240 300 360 420

that are characteristic of tight-binding inhibition, where the Time after mixing in s
extrapolatedx-intercept represents the apparent binding ggure 2: (a) Family of inhibition curves at different times after

stoichiometry. It would be anticipated that this intercept mixing PA peptide and trypsin (enzyme concentration of G.V;
represents a 1:1 enzyme:peptide ratio, but in each case, théor clarity, only a subset of the experimental results is presented.

intercept is in the region of a 1:2 enzyme:peptide ratio. There FUVVedS afetbtﬁSt fiﬁs aSSU_mitf;]g tight-bindtinbg %ehavigr_(ﬁq 2). tDOtEEd
e : ines depict the change in the apparent binding stoichiometry (eq
are several reasons why this might be the case. First, thes). (b) Active fraction of the PA peptidex( and its error as a

peptide concentration could be overestimated, possibly fynction of time after mixing as derived from the inhibition curves
because the sample was not completely pure. Second, thén panel a. The data are described by a single-exponential curve
peptide could be partially hydrolyzed over the measurementassuming an apparent first-order process. The active fraction of
period, reducing the active concentration. Third, the enzyme PePtide in the absence of enzyme and its rate of tryptic hydrolysis
inhibitor interaction is unlikely to be instantaneous, and so \r/éir;)eestsi\t/lg)?ted from the intercept at time zero and the curvature,
early measurements could give misleading stoichiometries. '

Finally, it is possible that the peptide is heterogeneous with

respect to activity as a result of having multiple conforma- with the amount of active peptide decreasing as a result of
tions. The measurements of active enzyme concentrationhydrolysis. A plot ofx as a function of incubation time
were determined by active site titration. While experimental follows an apparent first-order process, as expected for the
error principally places a limit on the accuracy at which hydrolysis reaction (Figure 2b). This type of plot was used
enzyme and peptide concentrations can be determined, weo estimate the active fraction of peptide in the absence of
invariably observed an apparently substoichiometric binding enzyme and its rate of tryptic hydrolysis from the intercept
behavior and believe that a combination of the latter three at time zero and the curvature, respectively. The extrapolated
reasons is the most likely explanation. Figure 2a shows for x value at time zero for PA is such that only just more than
the PA peptide a compilation of inhibition data collected for 50% of the peptide is apparently active and hydrolyzed by
a range of incubation times and fitted assuming a tight- trypsin with a half-life of several minutes. The inhibition
binding model. As for all four peptides that were analyzed, data acquired in the same manner for all four peptides are
the apparenk-intercept grows larger with time, consistent summarized in Table 2. These data show clear differences
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Table 2: Trypsin Inhibition Parameters of the'#P3 Ala Variants o 105
Derived from Data as Shown in Figuré 2 i 100 1 _ o—— - — — o —°_
= B o
variant Kg (nM) Ki (nM) x attime zero  ty2 (min) 2 954
PP 35+ 5 19+4  055+004 7.2+18 2 g0l
PA 167+ 11 74+ 8 0.44+ 0.05 3.9+ 1.0 ‘C“ 4
AP 5500+ 1100 1164+22 0.0214+0.002 0.6£0.1 ) 85
AA 18000+ 2600 253+36 0.014+0.003 0.7+0.2 g 80:
aKgqis the equilibrium dissociation constant calculated using the tight- © T
binding modelK; is the intrinsic inhibition constant calculated for the _-5 75'_ .° ° .
active fraction of peptide. The inhibitory active fractior) (of the 3 704 ¢ v, [
peptide in the absence of enzyme and its estimated half-life of tryptic x -
turnover {12) were estimated from the incubation time dependency of 65 1 T T T 1T T 1 71
X in assays with an enzyme concentration of 0430.05uM. 0 10 20 30 40 50 60

Time after affinity chromatography in min.

between the two peptides PP and PA and the others. For PRugure 3: Time course of interconversion of the inhibitory inactive
and PA, the data are consistent with a major fraction of the form of PP peptide and its inhibitory active form monitored by the

sample (roughly 50%) showing potent inhibition. In contrast, residual trypsin activity. The inactive fraction was isolated by
for peptides AP and AA, the weaker inhibitory activity can €XPosing the PP peptide solution for 1 min to a severalfold excess
be fitted to eith tiaht-bindi tight-bindi del of trypsin immobilized on Sepharose 4B. The solution containing
€ litted to either a uignt-binding or a non-ught-binding Mode!l  the nonbinding fraction of PP peptide was rapidly separated from
(Figure 1). The data better fit to the tight-binding curve and the immobilized trypsin, and aliquots were repeatedly assayed for
indicate a loss of inhibitory potency of—2 orders of trypsin inhibition. The filled circles show the increasing level of

magnitude compared with those of PP and PA. The extrapo-i”hibi“o”t_Olf erpsm with ti'_fm?' a”dt?retdgscrlibei by 2 Sin%‘g'e

- - exponential decay curve with an estimated relaxation time of 5.
lated x V"?"”?S_ at. time zero,_ h(_Jwever, WOU_Id require a.n min (solid line). Empty circles are results of control experiments
apparent inhibitor:enzyme stoichiometry of 48:1 (AP) or 71:1 i, the absence of peptide. Peptide and enzyme concentrations were

(AA). Such aresult is possible if just a small fraction of the 25 and 5uM, respectively.

peptide material exhibits inhibitory activity. Analysis of the

inhibition at various times following addition of enzyme intact hydrolyzed
reveals a more rapid loss of activity in peptides with Ala at ~ cz7s cloks Y11 0o s5 C2 16 T3 C10 Ke Y11
P3 than when a Pro is present at this position. The apparent

half-lives for the P3 Ala peptides are less than a minute
under the conditions of the assay, compared with several MMM
minutes for the P3Pro peptides. This behavior suggests that PP

these peptides act as slowly hydrolyzed substrates.

The inhibition analysis of PP suggests that the biological
activity of this peptide, even after accounting for the effect
of tryptic hydrolysis by back-extrapolation to zero exposure
time, is not entirely uniform. While one fraction of the
peptide is a tight-binding inhibitor with an estimated intrinsic
inhibition constant of 19 nM, there appears to be another MWUUAL,J\\ AP
less or completely inactive fraction. Affinity chromatography

was used to separate these fractions. An excess of im-
mobilized trypsin was used to deplete a solution of the PP

PA

peptide of the biological active fraction. Aliquots of the . AA
peptide remaining in solution were then repeatedly tested , —_ i —_—
for trypsin inhibition. The results are depicted in Figure 3 88 83 78 ppm 89 87 85 83 &1 79 77 ppm

and show that this fraction of peptide regains inhibitory Ficure 4: Amide region of one-dimensional NMR spectra of the
potency with time. Such behavior would be expected for four P3/P4 variant peptides before and after tryptic hydrolysis in

; ; feti ; ; 100 mM phosphate buffer at pH* 3.8 and 298 K. Backbone amide
g}g(algc;]??glg;ré%;?ynformers that are distinguished by different resonances are annotated for PP. The resonances in hydrolyzed PP

and PA are virtually identical except for the annotated additional
NMR AnalysisThe amide region of thtH NMR spectrum A8 and the shifted Q9 resonances. The absence of an S5 amide
guen by each o thefour pepides iscompaled o Figure 4, 0 ot o oy e
Whlc.h also _ShOWS the spectrum following mCUbatI.on of the phosphate buffer. The arroF\)/E/) at the bottom indicatesptheyrandom
peptides with trypsin. The NMR spectrum of the intact PP cojj chemical shift range for the residues constituting the peptides
peptide is characteristic of a well-structured dominant (47).
conformer with a wide dispersion of amide resonances. In
marked contrast, the PA peptide exhibits roughly twice the correlating the two conformers were observed in ROESY
expected number of amide peaks, which are also well- spectra). The high populations and good spectral resolution
dispersed. This is due to the presence of two dominantof the two sets of amide resonances originating from the
conformers, each present in roughly equal proportions. Full two cis—transisomers made it possible to monitor the time
assignment of the spectrum (Supporting Information) reveals course of tryptic hydrolysis of the PA variant peptide directly
that these represewis and trans isomers of the P3Pro, by NMR. Figure 5 shows examples at two different inhibitor:
which are in slow exchange (no exchange cross-peaksenzyme ratios. At a low enzyme concentration (a), both PA
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C2 T3 A8 Cl0 K&  16.QOYTH s5 Cis-PA () ences can be traced to the substituted position. The backbone
FT oo Tons e fansPA(e—-) amide of the neighboring GIn9 has lost its hydrogen bond
donor characteristic as expressed in the changes in the
temperature coefficient and chemical shift. The downfield
shift that is typically induced by an adjacent Pro can account
for the chemical shift change of the preceding Prai (Ki6).

\_ 33min. We conclude thatis-PA adopts the proteinlik@ hairpin
structure of PP with a type \j§ turn centered at the lle6-
Pro7 pair (Figure 7a). The backbone geometry appears to

(@) CHN K4

Incubation time

\_ 0min.

L
C
<
=
L
i
=
£
F—
L L

[
e

- — Thaemn be slightly altered at the substituted position, which disrupts
] . one of the cross-strand hydrogen bonds.
— - ~— 7h 23 min. The NMR-derived parameters tfans-PA are very dif-
® R A ferent from those of both PP amds-PA. The increased
®) o diversity of its patterns of chemical shift deviations (less
N Z’;‘;:"’“" time pronounced downfield deviation from random coil values),

of sequential NOE correlations (increased number of-HN
HNi;1 NOEs at the expense of attenuatedsHHN; 1

.
>

! Y WY LM \.. 2 min. NOEs), and of attenuate@nu. coupling constants all
suggest a decreased element of regdlatrand conforma-
b/ \. 4min. tion. However, the retention of significant deviations from

random coil values with regard to chemical shi#3)( 2JunHa
coupling constantsAg), ratios of sequential backbone NOE
intensities 49), and backbone amide temperature coefficients
o b Taas Qo Ke i Hydrolyzed PA (36) in combination with the observation of some nonse-
cro —) guential NOEs suggest elements of significant structural
_ i _ ) integrity within the transPA isomer. To identify such
FIGURE 5: Time course of tryptic hydrolysis of the PA variant — glements, putative simulated structures were calculated for

monitored by NMR. The experiment was performed at inhibitor: . .
enzyme ratios of 735:1 (a) and 60:1 (b) in 100 mM phosphate buffer transPA based on NMR-derived parameters. Figure 7

at pH* 3.8 and 298 K. The HN resonancesais-PA, trans-PA, presents a view of a family of lowest-energy structures for
and hydrolyzed PA are labeled. transPA in an orientation chosen to highlight both similari-

ties and differences with the family of lowest-energy

conformers appear to be converted into the same form of structures calculated for PP, which were both calculated with
hydrolyzed material at the same rate. This is in sharp contrastthe same simulated annealing protocol. The family of putative
to the behavior observed if the enzyme concentration is closertrans-PA structures is superimposed over the backbone of
to stoichiometry (b). Here, theis-PA conformer is processed the turn region (Ile6-GIn9), which is shifted by one residue
at a significantly higher rate, with theansPA conformer toward the C-terminus compared with PP. The turtrams-
lagging behind. This can best be seen in the spectrum at thePA is experimentally determined by a pair of nonsequential
4 min incubation time. While theis-PA conformer reso-  NOEs between the side chain of lle6 and HN of GIn9 (Figure
nances are at the detection limit, intense resonances of theéc). As the latter exhibits a temperature coefficient charac-
transPA conformer still remain. At 29 min, no resonances teristic of a hydrogen bond donor, the family of structures,
of intact PA can be detected. This demonstrates that trypsinwhich was calculated without hydrogen bond restraints,
preferably, possibly even selectively, binds and processesallows the identification of the carbonyl of lle6 as the
the cis-PA isomer. acceptor. This confirms the location of the turn. Unexpect-

The spectrum of the PA hydrolysis product is virtually edly, the Lys4-1le6 backbone arrangement in the family of
identical to that of PP, except for the substituted position trans-PA structures conforms with the requirements for the
(Figure 4). The retention of well-dispersed amide resonancesP2—P1 stretch of the canonical conformatid2).(This would
implies that hydrolysis of these peptides is not accompaniedplace Ser5 in a P1-like hyperexposed position, while Lys4,
by a complete loss of structural integrity, although increased which occupies the P1 position in PP but a P2-like position
conformational averaging is evident from mostly intermediate in transPA, is intramolecularly oriented toward the C-
3JunHe coupling constants ranging between 6.6 and 8.3 Hz. terminus located on the opposite strand. The familiyaris

The AP and AA peptides generate spectra that also indicatePA structures shows increased disorder toward the termini,
conformational heterogeneity, but appear to comprise a morewhich hampered the unambiguous identification of hydrogen
complex mixture of structures. Hydrolysis of AP and AA bond acceptors for experimentally determined donors other
increases the similarity with the spectra of hydrolyzed PP than HN of GIn9.
and PA while still retaining a larger element of complexity,
compared with the spect?a of ingtact peptides. P DISCUSSION

Structural Characterization of cis-PA and trans-PA Iso- While it is difficult to relate exactly the proportions of
mers.Figure 6 summarizes the NMR parameters character- different conformational isomers with the apparent inhibitory
izing the dominant conformers of PEis-PA, andtrans stoichiometry described above (the pH and concentration
PA. The NMR parameters of PP aruwis-PA, including conditions are necessarily different), it is likely that confor-
chemical shifts, NOE connectivities, coupling constants, and mational heterogeneity is a major factor in the lower-than-
temperature coefficients, are almost identical. Minor differ- expected inhibition stoichiometries extrapolated for time zero

Mo
i M S

el A

S e 29 min.

90 89 88 87 86 85 84 83 82 81 80 79 78 7.7 76 75 7.4ppm
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Ficure 6: NMR parameters characterizing the backbones of the dominant conformations of the PP and PA peptides in@/20% H

2H,0 mixture at pH* 3.8 and 298 K. (a) Deviatiohd of HN (O) and Hx (M) chemical shifts from random coil value47). (b) Sequential
interproton NOE connectivities (relative intensities are represented by the thicknesses of théJings)soupling constants [values of

>8.5 Hz characteristic of extended @rstrand conformation are highlighted in boldigf], and backbone amide temperature coefficient
indicative of hydrogen bonding® (36)]. (c) Schematic representation of the structures. Dashed lines represent potential hydrogen bonds.
Arrows indicate nonsequential NOE connectivities. All nonsequential NOEs observeis#A and none of the nonsequential NOEs
observed fottrans-PA were observed for PP.

(Table 2). There appears to be an overall correlation betweencis-PA variant (Table 1). We further attribute this attenuation
the presence of conformers that havessP3 and inhibitory of resistance to the associated observed corruption of the
activity. For the peptides that were studied that contain a cross-strand hydrogen bond which originates from the P5
P3 Pro, the dominant conformer adopts tigconformation backbone amide in PP. This hydrogen bond has previously
found in native BBI proteins. Replacement of the P8o been shown to confer resistance against proteolytic turnover
with Ala results in peptides that lack well-defined structure (7). In a very recent publication, Descours et al. have
and inhibitory potency, which explains the absolute require- performed an alanine scan of the sunflower trypsin inhibitor
ment for a Pro in P3of BBI proteins. It is interesting to  sequence, which is a short cyclic peptide having an inhibitory
speculate about whether the small residual activity-62% loop that is highly related to the BBI familyL8). They found

in P3 Ala peptides originates from a small population of a that activity was abolished following replacement of the first
nativelike conformer with ais-Ala. This would be consistent  but not the second proline, in line with the results presented

with an experimental study that found populationscis in this paper.
peptide bonds of 0:21% at aromatic residues in linear di- Trypsin preferably binds theis-PA rather than th&rans
and oligopeptides in aqueous solution at 2955K) ( PA isomer. This isomer selectivity can be explained in

The role of a Pro at the Pgosition becomes particularly  structural termscis-PA adopts a nativelike structure with a
clear from a comparison of the NMR spectra of the intact hyperexposed P1 Lys, which is rather buried in ttens
PP and PA variants. The PRro— Ala substitution gives PA structure. Instead, Ser5 appears to occupy an equivalent
rise to an additional highly populated conformer, which is hyperexposed position in thedl-trans structure. This is not
characterized by &rans-Pro at P3 The rigidifying effect favored for an interaction with trypsin’s S1 binding pocket
of the P4 Pro can be considered to be a direct consequenceand would in addition result in a further unfavorable
of Pro’s cyclic nature that drastically restricts the allowed interaction between Pro7 and the' SRbsite 52).
backbone conformations in Pro residuéd)( These ad- transPro selective hydrolysis has been described for
ditional restraints on the backbone of the peptide also appearseveral proteases. Pepsii3), proline-specific endopeptidase
to reduce the rate of tryptic hydrolysis. The PP peptide is (54), prolidase, aminopeptidase P, carboxypeptidase P, and
approximately twice as resistant to tryptic hydrolysis as the HIV-1 protease %5) all hydrolyze substrates with a P1 Pro
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(b)

trans-P7

; N

Ficure 7: Families of the 30 lowest-energy structures calculated from NMR data for PP (a) (PDB entry 1GM@)rexflA. The structures

are superimposed over the backbone of residuek0Xor PP (pairwise rmsd of 0.48 0.14 A) and over the backbone of turn residue96

for trans-PA (pairwise rmsd of 0.5% 0.37 A). Complete backbones and selected side chains are shown (O, C, and N atoms in increasingly
lighter shades of gray; the disulfide bridge is omitted for clarity). The termini and residues are labeled. Dashed lines represent selected
potential hydrogen bonds. No hydrogen bond restraints were used in the structure calculations; potential hydrogen bonds were identified
with the program HBPLUSG8). The orientation of the structures is to highlight the retention of-afPR2 stretch of canonical-like conformation

in the putativetrans-PA structure (residues K416; pairwise rmsd over the backbone of 0:490.26 A). While K4 is hyperexposed in PP

at the P1 position for the primary interaction with trypsin, this residue is rather shieldsthgPA, in which S5 appears to adopt a P1-like
prominence.

selectively in thetrans conformation. Trypsin hydrolyzes in the loss ofcis andtranssignals at apparently equal rates.
substrates with P2Pro residues only in thi#gans conforma- This behavior is observed in Figure 5. Once hydrolyzed, the
tion (56, 57). Substrates with P2 Pro residues are cleaved peptide is released, possibly still in tlogs conformation,
more efficiently in theransthan in thecis conformation by and is free to re-equilibrate.

chymotrypsin and trypsin5@, 58). However, selective In conclusion, acis Pro at the P3position of the reactive
interaction and hydrolysis of a ligand defined byia-Pro site loop is essential for biological activity within BBI-
conformation in the P3position is, to the best knowledge derived protease inhibitors. It constitutes the center of a type
of the authors, described here for the first time. The isomer VI $ turn, which allows for a register of the antiparalf
selectivity is particularly remarkable because the €8 strands that support the bioactive canonical conformation.
Pro is distant from the scissile bond and does not make anyThe P3 cis-Pro is supported by a second Pro at,R#e
direct contact with the enzyme surface in trypsin-complexed substitution of which results in the emergence of a highly
crystal structures1Q, 12, 20, 59, 60). It can therefore be  populatedall-transisomer. This isomer is characterized by
deduced that its role is purely to direct and restrain the a non-native turn, which is shifted by one residue toward
backbone conformation of the reactive site loop. The isomer- the C-terminus. This finding supports the notion that the turn
selective interaction with trypsin implies that the biological sequence is a critical determinant of the registe# bairpins
activity of the proteinomimetic is essentially determined by (62—66). The P3cis-Pro residue, however, does not interact
the proteinlike isomer. Thus, for example, the 4-fold weaker directly with the enzyme surface. Its role is therefore purely
inhibition of PA compared with that of PP may in parts be that of a powerful conformational determinant.

attributed to the loss of the hydrophobic interaction between

the P4 Pro side chain and the-methylene of trypsin's ~ ACKNOWLEDGMENT

GIn192, which has been observed in trypsin-complexed
crystal structures1, 12, 20, 59, 60).

The isomer-selective hydrolysis of the PA peptide and the
relaxation time of approximately 340 s of the PP conformers
(Figure 3), which is consistent with relaxation times of tens
to hundreds of seconds observed for Bio-transisomer-

ization in peptides and proteins under comparable eXperi'SUPPORTING INFORMATION AVAILABLE
mental conditions 1), suggest a hydrolytic pathway as

We thank Dr. H. Toms and P. Haycock of the University
of London 600 MHz NMR facility at Queen Mary and
Westfield College for their expert advice and assistance. We
thank John Barton from Imperial College, Department of
Chemistry, for performing the mass spectrometry.

follows. Inhibitors with cis and trans P3 are in slow Assignment tables of the two isomers of the PA peptide
equilibrium; trypsin binds and hydrolyzes selectively tie (including coupling constants and amide temperature coef-
P3 form. At high enzyme concentrations, thans to cis ficients), statistics for the calculated family dafansPA

conversion will be rate-limiting and result in the observed structures, and a Ramachandran plot of the familyraris
lag phase for the turnover dfansPA. At low enzyme PA structures. This material is available free of charge via
concentrations, hydrolysis would be rate-limiting, resulting the Internet at http://pubs.acs.org.
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