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ABSTRACT. Mammalian proprotein convertases (PCs) belong to the family of recently discovered serine
proteases responsible for the processing of a large number of precursor proteins into their active forms.
The enzymatic activities of the convertases have been implicated in a variety of disease states, such as
cancer and infectious and inflammatory diseases. Like many other proteases, PCs are also synthesized as
inactive proenzymes with N-terminal extensions as their prosegments. Here, we present the inhibitory
activities of a number of “putative” interfacial peptide fragments derived from the proregion of PC7. We
found that a peptide fragment corresponding to the C-terminal region (residued @4, or C24: &
A-V-L-A-K-H-E-A-V-R-W-H-S-E-Q-R-L-L-K-R-A-K-R %% of the PC7 prosegment displays a strong
inhibition (Ki = 7 nM) of the PC7 enzyme comparable to that of the full-length (104 residue) prosegment.
The same 24 residue peptide shows significantly populated helical conformations in an aqueous solution
close to the physiological condition. Structure calculations driven by NOE distance restraints revealed a
slightly kinked helical conformation for the entire peptide, characterized by many side-chain/side-chain
interactions including those involving charged residues E8-R11-E15 and hydrophobic residues W12 and
L19. These results suggest that the C-terminal region of the prosegment of PC7 may play a dominant role
in conferring the inhibitory potency to the cognate enzyme and this strong inhibitory activity may be a
direct consequence of the folded conformation of the peptide fragment in solution. We surmise that such
a structure-function correlation for an inhibitory peptide could lead to the design and discovery of molecules
mimicking the specific interactions of the PC prosegments for their cognate proteases.

Most of the proteases from all four major classes (thiol, inhibition (K; = 0.4 nM) of the cysteine protease cathepsin
aspartic, serine, and metallo) are synthesized as inactiveB, but not of papain, by a synthetic peptide representing 56
precursor molecules with N-terminal extensions as their of the 62 residues of the cathepsin B prosegment. Similar
prosegment$l). These prosegments appear to play critical observations have been made for the proregions of other
roles in folding, stability, and regulation of the enzymatic classes of proteasés, 10—-12). These results have stimulated
activities of the cognate proteas@s. In vivo experiments a great deal of interest to identify inhibitory motifs in the
have shown that coexpression of prosegments (eitheisin  prosegments of proteases which may be useful for the design
as an adjacent peptide ortimansas a separate polypeptide) of highly selective inhibitors against the respective proteases
is necessary for the production of active protea@s4). (13—-16).

Studies with thea-lytic protease(4), subtilisins (5, 6), Mammalian proprotein convertases (PCspmprise a
carboxypeptidase Y7), and aqualysin(8) have illustrated family of newly discovered calcium-dependent serine en-
the ability of the proregions to refold the denatured protease doproteases which are responsible for the posttranslational
domains as intramolecular chaperones. Our interest in theprocessing of a variety of higher molecular weight precursor
proregions of these proteases stems from their potent andproteins including hormones, neuropeptides, growth factors,
potentially specific inhibitory activities toward their cognate cell surface receptors, adhesion molecules, bacterial toxins,
enzymes. Fox et al9) demonstrated a strong competitive and viral glycoproteinl7, 18) The endoproteolytic activity

of the convertases is manifested by the cleavage of protein
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PCs are also synthesized as proenzymes with N-terminalfold concentrated and kept in 40% glycerol -aR0 °C.
prosegments. The prodomains of PC{®3), PC2(24), kexin Enzymatic activity was determined by cleavage of a fluo-
(25), and furin(26, 27)have been shown to be involved in  rogenic synthetic peptide substrate, pPERTKR-MCA (Peptide
autoinhibition, folding, and transport mechanisms of the International). The assay starts with addingub of the
respective proteases. Recently, PC7 and other convertasesoncentrated media to a buffer solution consisting of 100
have been implicated in diseases such as breast cancemmM Tris—acetate, pH 7.0, 2 mM C& and variable
neurological diseases, hypertension, and neop(28ia29). concentrations of pERTKR-MCA in a final volume of 100
These observations suggest that specific inhibitors againstuL. Fluorescence was measured at 0, 30, 60, and 90 min
PC7 and other convertases may have high therapeutic valuausing a Perkin-Elmer spectrofluorometer (model LS 50B)
(30). In this respect, inhibitory synthetic peptides derived set to an excitation wavelength of 370 nm and an emission
from the proregions could serve as effective starting point wavelength of 460 nM. To determine the inhibition constants
molecules for the design of low molecular weight compounds (Ki's), 15 min before addition of pERTKT-MCA at either
as drug leads. 100 uM, 200 uM, or 300 uM, each synthetic peptide was

Full-length prosegments, of most of the proteases studiedadded to the above fluorogenic assay mixtures at various
so far, do not have well-folded conformations in isolation, concentrations.
with the sole exception of the large prodomain (166 residues) NMR ExperimentsAll the NMR experiments were
of the a-lytic protease. However, proregions appear to adopt performed on a Bruker Avance-500 or a Bruker Avance-
stably folded structures when bound to their cognate proteaseB00 spectrometer equipped with pulse field gradient units.
domains. X-ray crystal structures of several proenzyme and The water solvent resonance was suppressed by the WA-
prosegment/protease complexes have revealed regions of ERGATE method(37), or by presaturation using a low-
multiple interfacial contacts between the prosegments andpower ¢(~50 db) pulse in 50% aqueous TFE solution,
protease domaingl, 31—33). These unique interfacial respectively. A purging field gradient pulse and a water
interactions between the protein domains have been identifiedflipback pulse were employed for the acquisition of the two-
as the main contributing factors to the binding affinities and dimensional NOESY and TOCSY data in agueous solution
specificities of the proregior@4). The extensive interfacial ~ (38). The mixing times were 80, 150, and 250 ms at 800
contacts can also be potentially utilized to generate syntheticMHz and 250 ms at 500 MHz for NOESY experiments and
peptides that may display binding and inhibitory properties 68 ms for TOCSY executed with the TOWNY-1(9)
of the full-length proregionsi, 16. Thus, guided by the ~ mixing sequence. Typically, FIDs were collected with 2K
three-dimensional structure of the subtilisin proregion/ data points with 256512t; increments. The NMR data were
catalytic domain complex, we have selected “putative” processed using the XWINNMR software, usim or /4
interfacial peptide fragments from the proregion of rat PC7 cosine window functions along both time dimensions.
(rPC7). In this paper, we describe the inhibitory activity and ~ Resonance Assignments and Measuremeti.Qf Cou-
solution conformations of a synthetic peptide corresponding pling ConstantsSequence-specific assignments of the proton
to the C-terminal (81p104p, where p stands for the (*H) resonances were achieved using the standard method
proregion) region of the rPC7 prosegment. This peptide (40) (Tables S1 and S2 in the Supporting Information)
fragment, which we will refer to as C24, shows significantly through a combined analysis of TOCSY and NOESY spectra.
populated helical conformation in a buffered aqueous solution All spin systems were observed, except that of the N-terminal
containing 300 mM NaCl. A dramatic stabilization of the residue, in the TOCSY spectra connecting the NH all the
helical conformations was observed in 50% (v/v) 2,2,2- way to remote €H resonances. The chemical shifts were

trifluoroethanol, a helix-stabilizing cosolve(85, 36) referenced to internal DSS. THéun. coupling constants
were calculated using the method of Titman and Ke@léj
MATERIALS AND METHODS (Table S3 in the Supporting Information) for which the anti-

) ) o ) phase COSY patterns were produced by an Fl-inphase

. Pept|d(=T Synthesis and Punﬁcaudﬁepndes were synthe-  ~ogy experiment (Xu and Ni, unpublished results).
sized using standard FMOC chemistry at the Sheldon  guycryre CalculationsThe structures were calculated
Biotechnology Centre of McGill University (Montreal, PQ). using the distance geometry method, implemented through
Partially puri_fied peptidesx70%) were further p_urified ON 5 VTF protocol, with fixed bond angles and bond lengths,
an HPLC with a preparatory C18 column using a linear qyided in the ECEPP/3 databdd@—44). The calculations
gradient of acetonitrile/water mixture containing 0.1% trif- ;o1 driven solely by use of NOE-derived distance restraints
luoroacetic acid. The major peak fraction was collected and \yithout inclusion of any angular or hydrogen bond con-
lyophilized. The masses of the peptides were verified by giraints. NOE intensities were classified into four distance
electrospray mass spectrometry. categories: strong, 1-8.5 A; medium, 1.5-3.5 A; weak,

Peptide samples for NMR experiments were prepared in 1.5-4.0 A; and very weak, 1:55.0 A. All the dihedral
25 mM sodium phosphate at pH 5.8, in 100 mM sodium angles were varied during structure optimization except for
phosphate containing 300 mM NacCl at pH 5.8, orin 25 MM the w angles which were fixed at a trans conformation (
sodium phosphate containing 50% (v/v) TFE at pH 5.8. The = 18(r). Several steps of optimizations were carried out with
peptide concentrations were typically 1.5 mM in the aqueous different contact energies and step ranks. The initial round
salt solution and 1 mM in 50% (v/v) TFE solution. The of calculations generated 100 conformers from random
temperatures were fixed to 283 and 288 K for NMR starting conformations. The 30 lowest energy conformers
experiments in aqueous and TFE solutions, respectively. with backbone dihedral angles in the allowed region of the

Enzymatic Actiity and Inhibition AssaysMedia from Ramachandran ma5) were selected for further refine-
BSC40 cells infected with VV:rPC7-BTMJ22) were 50- ments. Structures with the lowest distance violations were



2870 Biochemistry, Vol. 39, No. 11, 2000 Bhattacharjya et al.

1/v (nMoles' h)

F T T T T T — T ' T

-20 0 20 40 60 80 100 -20 0 20 40 60 80 100
[C24 peptide] (nM) [C24 peptide] (nM)

Ficure 1: Inhibition of rPC7-directed cleavage of pPERTKR-MCA by C24. The substrate concentrations used yudie(@3, 100 uM

(@), 150uM (¥), and 225«M (V). (A) Dixon plot of 1/velocity ¢) against C24 concentration at the above stated pERTKR-MCA levels.
(B) Cornish—-Bowden plot ofs/v against C24 concentrations at the various pERTKR-MCA levels.

subjected to independent runs of energy minimization using All three peptide fragments, N20, M18, and C24, were
a distance-restrained Monte Carlo mettfdd), modified to subjected to inhibition studies toward the cognate PC7
include the ECEPP/3 force fielg44). No electrostatic  enzyme. The N20 and M18 peptides did not yield any
interactions were taken into consideration during energy measurable inhibitory activities. It was the C24 peptide that
minimization. Hydrogen-bonding terms were reduced to 25% turned out to exhibit a very high inhibition of the PC7
of the full strength, thus ensuring that the conformational enzyme. Kinetic analysis of the inhibition of PC7-directed
search was guided primarily by the experimental NOE pERTKR-MCA cleavage by C24 is shown in Figure 1. In

constraints. Figure 1A, we present the Dixon plof49) of the inverse
velocity (1) as a function of C24 peptide concentrations
RESULTS at various pERTKR-MCA substrate levels. Figure 1B shows

Selection of Putatie Interfacial Peptides from the Pro- the Cornish-Bowden plots(S0) of the ratio of substrate

segment of PC7dentification of the interfacial fragments ~ concentration over velocitysf) as a function of C24

of the prosegment of PC7 was difficult, since three- concentration at various pERTKR-MCA levels. The com-
dimensional structures are not yet available for proPC7 or bination of intersecting lines in Figure 1A with parallel lines
any other proprotein convertases. We selected three candidaté Figure 1B indicates a pure competitive inhibition mech-
interfacial peptides from the prosegment of rat PC7 on the anism with ak; of ~7 nM.

basis of the crystal structures of subtilisin/prosegment The three peptide fragments were further characterized by
complexeg31, 47) a bacterial enzyme belonging to the same use of NMR, to screen for a potential correlation between
family of serine proteasegl?7). These three-dimensional the conformational behavior of the peptides and their
structures revealed three major regions of interfacial contactsinhibitory properties. Three different solvent conditions,
between the prosegment and the protease domain of subnamely, a low-salt phosphate buffer containing 25 mM
tilisins. These are made of residues from the N-terminal sodium phosphate, or a high-salt phosphate buffer containing
p-strand (residues 8gl4p), the C-termings-strand (residues 100 mM sodium phosphate and 300 mM NacCl, or an agueous
64p—77p), and ap-hairpin (residues 36p51p) of the solution of 25 mM sodium phosphate containing 50% (v/v)
proregion. Part of the C-terminAlstrand extends into and TFE, were used to assess the conformations and conforma-
occupies the active site cleft of subtilisin, inhibiting the tional transitions of the peptide fragments. For both the N20
enzymatic activity(31). We assume that similar regions in and M18 peptides, one-dimensiorttd NMR spectra were
the prosegment of PC7 may be responsible for binding andunchanged either in low-salt or in high-salt buffer solutions,
inhibition of the enzymatic activity of PC7. Secondary indicating the absence of any salt-dependent conformational
structure predictions of the proregion of PC7 showed that transitions. In addition, there were intense sequenti&l/C
residues 1p-20p and 50p-68p indeed have propensities of NH NOEs throughout the sequences and a lack of any
f-strand formation, analogous to the subtilisin prosegment medium- or long-range NOEs, either in 100 mM sodium
as predicted by the Sompa meth¢#8). However, the phosphate containing 300 mM NaCl or in 25 mM sodium
C-terminal region of the prosegment of PC7 shows very high phosphate containing 50% (v/v) TFE. The*HC proton
propensities for helical conformations. We therefore selected chemical shifts did not show significant deviations from
for subsequent studies three peptide fragments correspondingandom coil values nor typical patterns for regular secondary
to residues 3p20p (E-A-G-G-L-D-T-L-G-A-G-G-L-S-W- structures, suggesting a lack of folded conformations for these
A-V-H or N20), 50p-68p (G-R-I-G-E-L-Q-G-H-Y-L-F-V- noninhibitory peptides. On the other hand, conformational
Q-P-A-G-H-G or M18), and 81p104p (E-A-V-L-A-K-H- behaviors of the inhibitory peptide, C24, were markedly
E-A-V-R-W-H-S-E-Q-R-L-L-K-R-A-K-R or C24) which different under similar experimental conditions. One-
may function as the interfacial regions in proPC7. dimensional*H spectra of C24 were well dispersed either
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sy sls a1 s s sl 55 a2 8 oem Figure 3 shows the deviation of the'l€ proton chemical
shifts from random coil value1) for each residue in the

Ficure 2: One-dimensionalH NMR spectra of the peptide C24 . . . .
at different salt concentrations. (a and c) Amide and upfield-shifted C24 Ppeptide The C*H chemical shifts are exquisitely

aliphatic proton resonances in a solution of 25 mM sodium Sensitive to the conformational states of the polype(ti@g
phosphate at pH 5.8, 283 K, respectively. (b and d) Amide and An upfield shift or toward lower chemical shift from random
upfield-shifted aliphatic proton resonances in a solution of 100 MM ¢oj| values is an indicator of helical structure whergasheet
phosphate containing 300 mM NaCl at pH 5.8, 283 K. or extended conformations are characterized by downfield
- . S or toward higher chemical shifts. Significant upfield shifts
- 0 : o
Itn mgr][ salt b“.ffﬁfb‘?tr in 50 /‘)t.S'/V) [-\Ir;g socliu'slolré, Iln C%%F;?St for many of the residues of C24 therefore indicate the
0 the two noninhibitory peptides, an - In acdartion, preference for helical conformations for these residues.

there were a large number of NOE peaks correlating the However, the extents of the deviations are not as large as

b_ackbon_e/backbone, backbone/5|de-c_ha_|n, _and Slde'(:h"’“r‘{)bserved for peptide helices within proteifa®) or helices
side-chain proton resonances, strpngly |nd!cat|ng t_he presence, aqueous fluoroalcohol85), suggesting the existence of
of folded conformations for peptide C24 in solution. other conformations in dynamic equilibrium with the helices.
Conformation of the Highly Inhibitory C24 Peptide in  The scalar coupling constant &y, between the amide
Aqueous Solutiorhe conformation of the C24 peptide was and the @H proton is another parameter sensitive to
examined in detail in order to gain further insights into the secondary structures through a direct correlation with the
inhibitory activity of this unique region of the PC7 proseg- dihedral anglep of the peptide backbone. TRy, value
ment. Figure 2 shows the amide proton resonances in theexpected for an ideak-helix is on the order 0f3.9 Hz,
one-dimensional proton NMR spectra of the C24 peptide at whereas fors-strand conformationdJyn, > 8.0 Hz. The
different salt concentrations. At a low salt concentration, i.e., 33y, values for many residues of C24 can be obtained from
in a buffer of 25 mM sodium phosphate, at pH 5.8, there is the well-resolved proton NMR spectra or from an In-phase
a considerable broadening and poor dispersion of all the COSY spectra (see Materials and Methods). Relatively low
amide proton resonances (Figure 2a). Line widths and 3Jy,, values (Table S3), within the range of 5.8.5 Hz,
spectral dispersions were independent of the concentrationsvere obtained for residues H7, E8, V10, E15, R17, L18,
of the peptide, precluding the effect of peptide aggregation. and L19, indicating significant population toward helical
The resonance broadening is, therefore, a result of dynamicconformations for these residu€s3). In addition, it has
exchange over different populations of conformations the recently been shown that conformational fluctuations about
C24 peptide may assume in solution. An increase in the saltthe helical region can even increase the meastiigg, in
concentration, i.e., in a buffer of 100 mM sodium phosphate isolated protein fragments to between 6 and 7 Hz as the upper
and 300 mM NacCl, appears to induce a conformational boundary(54). Taken together, significant upfield shifts of
transition toward a more structured state, which is indicated the C*H resonances and lowuy, values for many of the
by a larger resonance dispersion and narrower line widthsresidues suggest that the C24 peptide has an intrinsic
of the NH resonances (Figure 2b). Enhanced side-chain/side-conformational preference toward a helical conformation.
chain interactions at higher salt concentrations were also The conformation of the C24 peptide was characterized
indicated by an upfield shift of the aliphatic side-chain in more detail from an analysis of the nuclear Overhauser
resonances (Figure 2c,d). No spectral changes were observedffects (NOEs). There were sequential NH/NH NOE con-
with a further increase of the NaCl concentration up to 600 nectivities (Figure 4a) for almost all the residues, with,2 (
mM, suggesting the completion of the conformational i4+2) NH/NH connectivity between the H13/E15 and K20/
transition. Therefore, further structural characterization of A22 residues. Several medium-range NOEs between the
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significant chemical shift perturbations, suggesting confor-
mational flexibility for those residues. The*@ protons of
residues E8 and A9 also did not exhibit appreciable upfield
shifts in the presence of TFE. However, there were many
more medium-range NOEs and side-chain NOE interactions
for the E8 and A9 residues, indicating helical conformations
(vide infra).

Some3Jyne coupling constants could be extracted, i.e.,
for residues A2, V3, L4, A9, V10, H13, E15, R17, L18, A22,
and K23 (Table S3). Unfavorable line widths and spectral
overlap preclude the calculation of tR&, values for all
the other residues. Residues L4, A9, V10, H13, E15, R17,
and L18 show®Jyy, values in the range of 5:6.8 Hz,
indicating the backbone dihedral angles in the helical region.
The end residues A2, A22, and K23 exhibit relatively larger
3June Values of 6.176.8 Hz, suggesting increased confor-
mational freedom for these residues.

The NOE patterns and intensities observed for C24 in 50%
TFE strongly suggest further stabilization of a helical
conformation. There is a diminution of the sequentiaHC
NH NOE intensities with a concomitant increase in sequential
NH/NH and intraresidue @/NH NOE intensities, indicating
a significant population of conformations in the helical region
of the ¢, y space (53) (Figure 4b). A stable helical
conformation is indeed evident by the presence of medium-
range GH/NH (i, i+3 andi, i+4) NOEs and CGH/CH (i,
i+3) NOEs, encompassing residues-w&0 (Figure 4b).
However, the last four residues (R-A-K-R) and the first two
residues may undergo conformational exchange between
extended and helical conformations as judged by strong

50% (v/v) TFE at pH 5.8, 288 K, respectively. The various types sequential ¢H/NH and relatively weak NH/NH NOEs.

of NOEs and their relative intensities are indicated by the thickness
of the bar. Asterisks (*) indicate that NOEs could not be assigned
unambiguously as a result of spectral overlaps. The amino acid

sequence of the peptide is shown at the top.

CoH/NH (i, to i+2, i+3, i+4) and GH/CH (i, i+3) were

All the backbone/side-chain and side-chain/side-chain
NOEs present in the aqueous solution are preserved in 50%
TFE, and along with these, several new NOEs were observed.
These new NOEs include those between EB/&V/12 NH,

A9 CHa/W12 NH, V10 CH/H13 NH, V10 CH/S14 NH,

also observed, which strongly suggests a stable populationL18 CHy/E15 NH, L4 CH/H7 NH, W12 indole NH/L19

of a-helical conformations for the C24 peptide. Apart from

CHs, E15 CQH,/L18 CH;, and W12 ring protons/L19 CH

these backbone NOEs, there were medium-range backboneihdicating a stable side-chain/backbone, side-chain/side-chain
side-chain and side-chain/side-chain NOESs involving residuespacking at the middle of the helical structure (Figure 5). The
spaced aito i+3 ori+4, in other words H7 NH/V10 @Hs, long-range side-chain/side-chain NOES+7) between W12
E8 NH/L4 CHas, E8 NH/A5 CHs, E15 NH/L18 CH3, W12 and L19 could not be assigned unambiguously in the aqueous
indole NH protons/E8, A9 side-chain protons (Figure 5), salt solution as a result of signal overlap. In 50% (v/v) TFE,
indicating helical conformations along with side-chain pack- there were also characteristic side-chain/side-chain NOEs
ing interactions. Thex-helical region of the C24 peptide involving R11 CH,/E15 CH,, R11 CH,/E8 C'H,, and E15
spans from residues 3 to 20, as defined by a number of C’H/R11 NH of residues E8, R11, and E15, strongly
medium-range NOEs in that segment (Figure 4a). However, indicating the formation of salt bridges and hydrogen-
the simultaneous presence of sequenttdi/SIH NOEs with bonding interactions in the helical structure. Potential ionic
strong to medium intensities indicates that helical structuresinteractions between R11/E15, E8 are also reflected in the
must be in exchange with extended conformations, a generalchemical shift perturbations of the’@ and CH resonances
feature shared by many potentially folded protein fragments of E15, E8, and R11, respectively (Table S2). A marked
(53). downfield shift was observed for the’&;, protons of~0.2
Conformations of C24 in 50% TFHhe helical conforma-  ppm of E8 and E15 and an upfield shift 610.15 ppm for
tions of C24 observed in the aqueous solution containing one of the CH, proton resonances of R11, characteristic of
salt appear to be dramatically stabilized in a 25 mM sodium salt bridge formation in a helical peptidg5). A dramatic
phosphate solution containing 50% TFE without NaCl. downfield shift to 7.82 ppm of the R11 side-chairfHN
Larger upfield shifts of the @4 resonances from random resonance and an NOE involving E18H3/R11 NH suggest
coil values were observed, as compared to those of thethe formation of a hydrogen bond between the RT¥HN
aqueous solution, indicating a stabilization of the helical proton and the side-chain€D group of E15. Observation
conformations in 50% TFE (Figure 3). However, the last of the NOEs between E1"8,/V3 NH, L4 NH is reminiscent
four residues (R-A-K-R) at the C-terminus of the peptide of an N-terminal helix “capping” motif involving residues
and the second residue (A2) at the N-terminus did not showE1, A2, V3, and L4(56).
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FicurRe 5: Regions of the NOESY spectra of the C24 peptide in solutions of (bottom) 100 mM sodium phosphate containing 300 mM NaCl

at pH 5.8, 283 K, and (top) 25 mM sodium phosphate containing 50% (v/v) TFE, at pH 5.8, 288 K, respectively. Spectra show medium-
and long-range NOE connectivities between the amide protons and the side-chain proton resonances (right panel); and the W12 indole
proton with the side-chain proton resonances of E8, A9, and L19 (left panel).

Three-Dimensional Structure of the C24 Peptidde used for structure calculations and structural statistics. Figure
collection of NMR parameters for the C24 peptide in aqueous 6 shows a superposition of the 20 lowest-energy structures
buffer and in 50% aqueous TFE solution suggests that thegenerated through distance geometry and 5 refined structures
peptide adopts helical conformations under both conditions after Monte Carlo energy minimization. All the, (i) angles

along with the preservation of some critical backbone/side- ;.o \well inside the allowed regions of the Ramachandran
chain and side-chain/side-chain interactions. However, theremap (Table 2). There is a slight kink at the middle of the

is a marked stabilization of the helical conformation in 50% ; . )

S : " helix, where W12 possesses a nonhelical dihedral argle (
TFE, which is known to be an agent promoting helix “100. = +18) Thi be effected by the |
formation in peptide sequences with such intrinsic propensi- — Y= )- This may be effected by the long-

ties (35, 36) The presence of a large number of NOEs and range_(, i+7) aIiphatic/qromatic_ inte_ractions between the
side-chain interactions in 50% TFE solution permits us to W12 ring and the L19 side chain (Figures 5 and 7). Apart
calculate a high-resolution structure of the peptide on the from this, there are side-chain interactions in the form of
basis of NOE-derived distance constraints (see Materials andsalt bridges and hydrogen bonding involving the ionic groups
Methods). Table 1 represents a summary of NOE constraintsof residues E8, R11, and E15. TheHNproton of R11 is
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Table 1: Summary of Structural Constraints and Calculation Table 2: Averaged, y) Values for the C24 Peptide before and
Statistics of the C24 Peptide in 50% (v/v) TFE, pH 5.8 and 288 K after Monte Carlo Energy Minimization

distance r_estraints residue  2gpg(deg) ypg(deg) pmc(deg) ywmc(deg)
unambiguious 3> Ala2  —111+15 -30+7  -72+5 —26+3
sequential 62 Val 3 —74+£12 —35+6 —67+5 —26+3
. . . Leu 4 —72+7 —36+6 —77+4 —32+3
nonsequential [(~ ) = 2 and { — ) = 4] 87 Ala5s  —108+6  -30+5  —68+3  —38+2
_ nonsequential [( J) = 5] 5 Lys6  —72+5  —36+4  —72+3  —32+2
distance restraint violations His 7 —91+5 _34+5 80+ 2 24+ 3

number of violations 12

B Glu 8 —80+4 —33+3 —75+2 —33+2
average violation 30'15AA Ala 9 —57+5  —30+3 —61+2  —28+2
de%ﬂ?ﬁ%lg\%%e structure =04 Val 10 %4 “37ES “92+£3  —4l42
backbone (€, C, and N) RMSD in VTF structures ~ 1.12 A '.?.‘:g %% :;gi 2 ;ggi g _Eg‘gi g Iigi g
all atoms RMSD in VTF structures 2.4 A Hig 13 7545 3449 120+ 3 4340
backbone (€, C', and N) RMSD after 0.42 A Ser 14 9014 3214 8912 o012
Monte Carlo minimiation o Gluls -90+5  -33+3  -100+3 —30+3
all atoms RMSD after Monte Carlo minimization 155A Gin 16 89+ 4 —32+5 280+3 50+ 2
Arg 17 —57+5 —31+3 —58+ 2 —-25+3
. - : Leul8 —103+6 —35+5 —85+3 —-30+2
C-terminus C-terminus Leul9 —57+4 —100+6 —70+2  —36+3
Lys 20 —55+5 —27+8 —68+4 —39+4
Arg 21 —-70+7 —-30+9 —68+5 —-30+3
Ala 22 —93+10 —-32+11 —77£5 —34+3

Lys23 —116+10 +47+13 —107+8 +42+ 6

DISCUSSION

Role of Residues 81{104p or the C24 Peptide Fragment
for the Inhibitory Actbity of the PC7 ProsegmenilThe
inhibitory proregions of a large number of proteases do not
possess a “protein-like” tertiary fold in isolation, making it
difficult to characterize the structural requirements of the
prosegments in terms of their biological functions. We
envisage that the functional determinants of the prosegments
could be manifested by the local conformational preferences
or secondary structures. In this paper, we have described the
inhibitory properties of three peptide fragments and focused
on the solution conformation of a highly inhibitory peptide,
C24, derived from the C-terminus of the prosegment of rat
PC7. Our NMR studies demonstrate that C24 adopts a high
population of helical conformations in a salt-containing
aqueous buffer solution. Conformational analysis based on
C*H chemical shift deviations®Jyu, values, and NOEs
indicates that a helical structure encompasses residu28 2
in aqueous solution. The helical conformations of C24 can
be largely stabilized in the presence of 50% TFE with a short
helical extension toward the C-terminus as compared with

N-terminus N-terminus

FIGURE 6: Superposition of the backbone atoms,(C', and N) that in aqueous solution. The helical structure is presumably
of (left) the 20 lowest-energy structures of peptide C24, generated stapjlized by “bi-dented” salt bridge interactions and side-

using a distance geometry protocol, and (right) 5 structures : : . . . ) i
generated after further refinement through Monte Carlo minimiza- chain hydrogen bonding involving residues E8-R11-E15

fion. (Figure 7). Secondary structure predictions of the full-length
prosegment indicate a strong intrinsic preference for the
helical conformation by the C24 peptide. Interestingly, in
the context of the protease, the C-terminal region of the
prodomains of subtilisir{31) and thea-lytic protease(33)

forms an extendeg-strand, whereas in carboxypeptidases
A and B, helical conformations have been obser{&2).

engaged in hydrogen bonding with the=€0 of E15.
Analyses of the hydrogen bonding patterns from the Monte
Carlo minimized structures reveal that most of the backbone
NHs are hydrogen bonded with=€ at i—4 positions,

leaving two NHs of the N-terminus free, indicating mostly ¢ qyerall similarity in the structural topology of the three
a-helical conformations. However, the L4 and AS amide ,oqomains has been hypothesized to have an evolutionary
protons formi to i—3 type hydrogen bonds with the<D  re|ationship(57). Therefore, the proregions of the proprotein
groups of E1 and A2, respectively, suggestingarelical convertases may resemble those of the carboxypeptidases
turn at the N-terminus. The central kink region around W12 ijn terms of the conformation of the C-terminal region.

has perturbed hydrogen bonding of Q16 NH and H13 NH  Our results demonstrate that a peptide fragment from the
engaged in anto i—3 type hydrogen bonding with the=€ C-terminus of the proregion of rPC7 is sufficient to confer

O of residue V10. high inhibition toward its cognate protease. Functionally
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Ficure 7: Space-filling (in stereo) representation of the side-chain/side-chain contacts in the C24 helical structure. Indicated are ionic
interactions involving residues E8, R11, and E15 and long-range hydrophobic packing between the side chains of W12 and L19.

important regions and residues of the cathepsin B prosegment Implications of the Helical Structure for the Inhibitory
have been identified13—16), and a highly potent and Activity of the C24 Peptidelt is intriguing that the C24
selective inhibitor has been obtain€tb). Attempts have peptide has a high inhibitory potencl{;(= 7 nM) compa-
been made to design inhibitors of convertases primarily for rable to a much longer full-length proregion which has;a
PC1 and furin, based on substrate analodt8y However, of ~1 nM (unpublished results). Such inhibitory functions
these inhibitors have highk’'s and broad binding specificities.  could be directly related to the observed folded conformations
On the other hand, the C24 peptide fragment of rPC7 retainsof the peptide in the free state. Although full-length prore-
a remarkably high inhibitory activity (a lowK). This gions including that of PC7 are devoid of persistent tertiary
observation implies that the C-terminal region could be the structure, conformational analysis of the inhibitory peptide
dominant contributor to the inhibitory affinity of the full-  fragment C24 indicates the presence of defined secondary
length prosegment of PC7. Studies with the related proregionstructure elements. On the other hand, the noninhibitory
of mPC1/3 indicated that loss of the C-terminal residues peptide fragments N20 and M18 do not show evidence for
causes a dramatic decrease in the binding ability of the folded conformations. Recent experiments indicated that
prosegment with the mPC1/3 protea@3). Site-directed functional proteins involved in protein/protein interactions
mutagenesis experiments with the full-length proregion of may not need to have classical three-dimensional structures
the a-lytic protease(4) and subtilisin(2) have shown the  in order to express their biological activitié80, 61) NMR
importance of the C-terminal region in inhibition and studies performed on such proteins have revealed the
chaperonin activities. Replacement of the six C-terminal presence of transient secondary structures or side-chain/side-
residues of yeast proteinase inhibitor B (YIB2) with those chain interactions in the binding regio(&l). These results

of the proregion of subtilisin BPNby site-directed mutagen-  imply that the conformations of the apparently unfolded but
esis yielded a strong protease-resistant inhibitor of BBS). bioactive proteins or protein fragments cannot be random,
Taken together, all these studies suggest a critical role ofbut rather may be closely distributed around the conformation
the C-terminal region of the prosegment for their inhibition recognized by the target proteins. This kind of conformational
activities toward the respective proteases. order could play a decisive role in determining the strength
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of interactions by reducing the loss of conformational entropy

upon complexation. Folded conformations have also been

observed in the binding interface regions of the peptide
fragments derived from cathepsin @5). Interestingly,
histidine-rich human salivary antimicrobial peptides, hista-
tin-3 and histatin-5, are found to be the inhibitors of rPC7
and human furi{62). Both peptides adopt helical conforma-
tions in a variety of solvent conditior{63). Taken together,

the

presence of folded helical conformations and the high

binding affinity of the C24 peptide indicate that the free-
state conformations may have a dominant role in specifying
protein-bound conformations of the active C24 peptide.
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Two tables showing proton chemical shifts for the C24
peptide in different solutions and one table showidgi
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