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Abstract: The selective proteolytic acti-
vation of the HIV-1 envelope glycopro-
tein gp160 by furin and other precursor
convertases (PCs) occurs at the carboxyl
side of the sequence Arg508-Glu-Lys-
Arg511 (site 1), in spite of the presence
of another consensus sequence: Lys500-

at site 1. A molecular model is obtained
for p498, by means of molecular dynam-
ics simulations, from NMR data collect-
ed in trifluoroethanol/water. The pep-
tide N-terminal side presents a 9-residue
helical segment, enclosing the process-
ing site 2; the C-terminal segment can be

described as a loop exposing the proc-
essing site 1. A hypothesis for the dock-
ing of p498 onto the catalytic domain of
human furin, modeled by homology and
fitting previous site-directed mutagene-
sis studies, is also presented. p498 site 1
is shown to have easy access to the furin

Ala-Lys-Arg503 (site 2). We report on
the solution structural analysis of a 19-
residue synthetic peptide, p498, which
spans the two gpl60-processing sites 1
and 2, and is properly digested by furin

HIV

Introduction

The HIV envelope glycoprotein gpl160 is synthesized as an
inactive precursor. It is then cleaved, in a late Golgi compart-
ment,l] to give the noncovalently associated glycoproteins
gp120 and gp4l. The cleavage of the HIV envelope glyco-
protein gp160 is a prerequisite for the virus infectivity. Indeed,
it is gp120 that mediates the interaction of the viral particle
with CD4 receptor — coreceptor complexes, while gp41 carries
out the fusion of viral and cellular lipid membranes.?!

The endoprotease candidates for the intracellular process-
ing of the HIV envelope glycoprotein are the precursor
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catalytic site, unlike the nonphysiologi-
cal site 2. Finally, on the basis of avail-
able data, we suggest a possible struc-
tural motif required for the gp160—PCs
recognition.

modeling

convertases (PCs), newly discovered mammalian subtilisin-
like serine proteases. Furin was the first PC enzyme shown to
cleave gp160 intracellularly into gp120 + gp41.Fl Later the
involvement in this process of other mammalian PCs (PC5/6/
7)1 and, most recently, of other protease families™ has been
proposed.

Analogously to prohormones, viral glycoproteins have
multibasic cleavage sites, and in particular consensus sequen-
ces of the type Lys/Arg-Xaa-Lys/Arg-Arg. From activity
studies it is known that the proteolytic cleavage of the HIV-1
glycoprotein gpl160 precursor occurs at the carboxyl side of
the sequence Arg508-Glu-Lys-Arg511 (site 1).[9 The basic
residues within the cleavage recognition sequence are crucial
in determining the efficiency of the proteolytic processing, as
confirmed by site-directed mutagenesis studies.’! Many data
indicate, however, that the amino acid sequence of site 1 alone
is not sufficient to allow the correct processing of HIV-1
gp160. Strikingly, gp160 cleavage occurs selectively at site 1,1in
spite of the presence of a consensus motif next to site 1,
corresponding to the Lys500-Ala-Lys-Arg503 sequence
(site 2). It has been shown that the basic amino acids of site 2
are also important for the proteolytic processing at site 1;
indeed, multiple replacements of the site 2 basic residues
drastically reduce the gp160 cleavage.l!

To date, no structural information is available for a large
sequence around the gpl60 cleavage sites (about 50 resi-
dues).’l Brakch et al.ll'! showed that two peptides, each
spanning one only of the two gpl60 consensus sequences
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(site 1 and site 2), were both cleaved by furin and other PCs.
Very interestingly, however, the 19-residue peptide p498,
spanning the junction between gp120 and gp41, and contain-
ing sites1 and 2 (Figure 1), is recognized and properly
digested by furin at the site 1.1 These data confirm that
contributions of surrounding amino acids are required to
promote the correct gp160-like processing, in addition to the
multibasic consensus sequence. Furthermore they suggest that
such contributions, as specific secondary structure motifs, can
be reproduced in a medium-sized peptide fragment like p498.
Therefore the activity findings for the p498 peptide have
prompted the study of other synthetic peptides, mimicking
precursor processing sites of HIV-1 gp160, HIV-2 gp140, and
SIV gp140.02

To clarify the structural features that allow the correct
gpl60-like processing to be performed by furin on the p498
peptide, here we report on the structural analysis of the
peptide, carried out in solution by means of NMR techniques.
Then we present a hypothesis for the docking of the substrate
p498 in the catalytic domain of the processing enzyme furin,
built by homology and match-
ing previous homology™! and 498

Table 1. Proton chemical shifts (6) of p498 in TFE/H,O (90:10 v/v) at
298 K with TSP as internal reference.

Residue HN Ha Hp Hy Others

Prol - 4.52 215,254 211 Ho 3.50, 3.40
Thr2 8.28 4.52 4.45 1.32

Lys3 8.27 4.19 1.86 1.48,1.61 HOS 1.78 He 3.12
Ala4 7.85 4.18 1.46

Lys5 7.65 4.09 1.92 1.52 Ho 1.75 He 3.03
Argb 791 4.04 1.95 1.72 HO 3.21 NHe 7.17
Arg7 7.82 4.14 2.02 1.75,1.86  HOJ 3.23 NHe 7.20
Val8 774 372 2.30 1.01, 1.11

Val9 8.04 3.75 2.20 1.01, 1.11

GInl10 8.14 4.04 2.21,2.28 245,2.60 NHe 6.32,7.06
Argll 7.93 4.10 2.09 1.75,1.88 HJ 3.22 NHe 7.11
Glul2 8.38 4.13 2.31 2.50, 2.69

Lys13 839 4.13 2.00 1.52 HoO 1.71 He 2.97
Argl4 7.88 4.24 1.98 1.78,1.83 HO 3.24 NHe 7.06
Alal5 7.99 4.26 1.54

Vall6 771 414 2.26 1.04

Glyl7 7.85 3.90,4.05

1le18 7.63 4.16 1.95 1.24,1.58 CH3y 0.97 H6 0.92

Gly19 793 392 CONH 6.51, 7.16

site-directed mutagenesis stud-
ies."¥ Finally, on the basis of
our experimental results and of
gpl160 secondary-structure pre-
dictions, we suggest a hypoth-
esis concerning the secondary
structure motif required for the
molecular recognition between
gpl160 and the PCs processing

site 2

516 --- (gp160)

H-Pro‘-Thr-Lys-Ala-Lys-Arg;Arg-Val-Val-Gln-Arg-Glu-Lys-ArglAla-Val-Gly-Ile-Gly'9-NH2
\J

site 1

Figure 1. Amino acid sequence of the p498 synthetic peptide; p498 spans the gp160 sequence from Pro498 to
Gly516, containing the two processing sites 1 and 2 (in bold). Solid and broken arrows are used to indicate the
cleavage loci for the recognized processing site 1 and the secondary site 2, respectively.
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p498 Conformational analysis:

In aqueous solution containing oo
2,2 2-trifluoroethanol  (TFE),
p498 CD spectra present three
bands (one intense and positive
at 190 nm and two negative at
205 nm and 222 nm) character-
istic of right-handed a-helical conformations (data not
shown).

The NMR analysis was performed in a TFE/H,O (90/10)
solution. The complete sequential assignment was achieved
according to the standard procedure proposed by
Wiithrich.””! Proton chemical shifts are listed in Table 1.

The NOE pattern, a series of strong NH;—NH, ; NOE
connectivities, together with a;—NH,,; NOEs and the a;,—f;,3
contact between Arg7 and GInl0, points to a helical
conformation in the N-terminal/middle region of the peptide
(Figure 2). The helix hypothesis is further supported by the
proton chemical shift deviations from the random coil values
(Figure 3). In the segment from Lys3 to Argl4, the diagram of
the aCH deviations vs. residue number does indeed show a
trend which is typical of helical secondary structures.!'>) A set
of 126 experimental constraints from NOE data (67 intra-
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Figure 2. Summary of the most relevant NOE effects in TFE/H,0 (90/10).
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Figure 3. Chemical shift deviations from the random coil values for aCH

protons.™] For Gly17* both the «CH and «’CH chemical shift deviations
are reported.

residual, 35sequential and 24 medium-range, including
17 constraints characteristic of helical structure) was deter-
mined for structure calculations. These constraints have been
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imposed as upper bounds on interproton distances, for
sampling the conformational space allowed to the peptide,
by means of torsion angle dynamics (DYANA program['®),

A first set of 50 conformers was calculated with the
DYANA program. All of these conformers agree well with
experimental constraints: they do not violate 93 out of the
126 constraints, while the best 34 DYANA structures show no
more than three violations larger than 0.2 A from the
experimental restraints. 50 additional structures were then
calculated with the redundant dihedral angle constraints
(REDAC) strategy, in order to improve the convergence.['”]
The REDAC structures are indeed more compatible with
experimental data. All of these structures never violate 117
out of the total 126 experimental restraints by more than
0.2 A. All the calculated DYANA structures exhibit a 4—6-
residue helical segment in the region from Arg7 to Glul2,
while their N- and C-terminal segments appear rather flexible.

A set of eight out of the 50 structures calculated with the
REDAC strategy was chosen, by means of a RMSD cluster
analysis,'®! as representative of the conformational space
allowed to the peptide, together with the best one obtained
with the direct strategy (Figure 4 a). Such structures were then

Figure 4. The best trace superposition of the Lys5 —Lys13 segment in nine
selected DYANA structures, before (a) and after (b) the RMD simulations.
The same gray scale is used for corresponding structures. The best REDAC
structure is represented by a ribbon of lines.

subjected to restrained molecular dynamics (RMD) simula-
tions while the experimental restraints were applied. After
RMD simulations (Figure 4b), the helical segment of the
starting conformers is preserved. Eight out of nine calculated
models show a regular a-helix extending from Val8 to Argl1.
This helix is stabilized by the backbone hydrogen bonds of the
CO;-NH,,; and CO,-NH,_, type and by those formed by the

Chem. Eur. J. 2002, 8, No. 6
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positively charged side chain of Lys13 with the C-terminal
carbonyl oxygens (helix capping). A 3;,-helix, from Lys3 to
LysS, is present in seven out of nine models. However, the
residues Arg6 and Arg7, flanking the two helical segments, are
less well defined. They are either enclosed within the helical
segments, or assume angles representative of noncanonical
turns. The N-terminal tail of the peptide is less defined; in fact
a smaller number of constraints is present for this region.

The C-terminal segment from Glul2 to Glyl9, containing
the processing site, does not show regular secondary structure
elements and can be considered as an Q-loop. However, after
RMD simulations, its flexibility appears reduced. It assumes a
quite defined shape (see Figure 4b), with bending causing the
exposure of the cleavage point residues (Argl4 and Alal5),
and, in five out of the nine calculated structures, residues
Glyl7 and Ilel8 exhibit dihedral angles falling in the ag
region.

The best RMD molecular model with respect to the fit with
experimental data and the Ramachandran plot is shown in
Figure 5. It has a 9-residue helical structure extending from
Lys3 to Argll (3,5-helix for Lys3-Lys5 and a-helix for Arg6-
Lys11) and a loop in the Glul2-Gly19 sequence, exposing the
processing site 1. This model can be considered quite repre-
sentative of the whole set of structures obtained after RMD,
and it has been used for study of the peptide docking onto the
catalytic domain of the furin enzyme.

Iy i ] “1d
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Figure 5. Ribbon and stick representation of the best RMD average
molecular model for p498. Hydrogen bonds are shown by broken lines.

Model of the furin catalytic domain complexed to a model
substrate containing the consensus sequence Arg-Glu-Lys-
Arg: A three-dimensional model of the catalytic domain of
human furin in a complex with a model substrate containing
site 1 was built by homology on the basis of the crystal
structure of thermitase complexed to the inhibitor eglin-c.[""]
The sequence alignment obtained by Siezen et al.?”) and
verified by site-directed mutagenesis studies!'*! was employed.
The side chains of the eglin-c residues 40 —47 were substituted
to resemble appropriate P6-P2" residues of gp160, namely,
Val-Gln-Arg-Glu-Lys-Arg | Ala-Val. (Nomenclature refers to
Schechter et al.:?! residues before the cleavage point are
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numbered consecutively, starting from the C-terminal one, as
P1, P2 etc.; residues after the cleavage point, starting from the
N-terminal one, as P1’, P2', etc.) Predicting enzyme —substrate
interactions for furin does indeed have a reasonable basis in
the observation that many other subtilases appear to retain
essentially the same mode of substrate/inhibitor binding.["*]
The complex is shown in Figure 6. Furin exhibits, as
expected, all the secondary structure elements, a-helices and
p-sheets, characteristic of the subtilase family. Eight substrate

Figure 6. Homology model of furin catalytic domain (light gray ribbon)
complexed with a model substrate containing site 1. The model substrate
was obtained by modifying the inhibitor eglin-c to present the gp160-like
sequence Val40-Gln-Arg-Glu-Lys-Arg | Ala-Val47 in the P6—P2' positions.
A 19-residue segment around the cleavage site of the model substrate,
modified eglin, is shown as dark gray sticks. The N- and C-terminal residues
of the modified sequence, shown in black with side chains, are labeled.

residues around the multibasic sequence (P6-P2') are
accommodated in an enzyme-binding region that may be
described as a surface channel (see Siezen et al.l'¥l). The furin
catalytic residues (Ser225, His71, Asp38 and Asnl63) are
located at the bottom, together with several surface-exposed
acidic residues. Large contributions to the binding of the
model substrate (modified eglin) to the enzyme are appa-
rently made by specific electrostatic interactions between
each of the basic amino acids of the multibasic substrate
sequence with the acidic residues belonging to the enzyme
catalytic region. In particular, we observed interactions of the
substrate Argd45 and Lys44 with furin Asp199 and Asp47,
respectively, and of Argd2 with Glul29. The specific inter-
actions we observed are fully consistent with site-directed
mutagenesis studies performed on furin by Creemers et al.l'¥

Attempts were made to dock p498 to furin by using the best
RMD molecular model for the peptide conformation. Suit-
able peptide docking was obtained by inserting the peptide
site 1 in the furin catalytic region. In particular, the backbone
of four residues around the p498 physiological cleavage point
(Glul2-Alal5) was superimposed on the backbone of the
corresponding residues (Glu43—Ala46) in the homology-
modeled substrate (Figure 7). In such an arrangement, the

1470
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entire peptide is indeed nicely accommodated in the furin-
binding region without any modification required in its
backbone. In particular, the C-terminal side of site 1
(Argl1-Glu-Lys-Argl4), on which the proteolytic activation
occurs, makes a very good match with the furin catalytic site
(Ser225, His71, Asp38 and Asn163), with the Argl4 carboxy
carbon atom sitting at a catalytic distance (3.0 A) from the
hydroxy oxygen atom of Ser225.

Analogous attempts were then made to dock the peptide by
inserting the site 2 (Lys3-Ala-Lys-Arg6) into the furin cata-
Iytic site. In that case, the results were very different: in fact,
no access seems possible for the p498 site 2 to furin catalytic
residues in the conformation observed for the peptide.

Figure 7. Docking of the p498 best RMD model in furin catalytic domain.
The backbone of p498 Glul2-Alal5 residues around the physiological
processing site has been superimposed on the corresponding one of
modified eglin (Glu43-Ala46). p498, modified eglin, and furin are shown in
blue, green, and red, respectively. Furin catalytic residues (Ser225, His71,
Asp38, and Asnl63) are shown in yellow. a) Ribbon representation.
b) Connolly surface representation of only p498 and furin catalytic domain.
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Model for gp160 Cleavage

1467-1473

Discussion

The HIV-1 envelope glycoprotein gpl60 is intracellularly
processed into the gp120 and gp41 glycoproteins by the newly
discovered mammalian subtilisin-like PC enzymes such as
furin and PC1. PC enzymes recognize the sequence Arg-Xaa-
Lys/Arg-Arg. However, the proteolytic cleavage of the HIV-1
glycoprotein precursor gpl60 occurs selectively at the car-
boxyl side of the sequence Arg508-Glu-Lys-Arg511 (site 1), in
spite of the presence of another area of potential enzyme
sensitivity next to site 1, with the sequence Lys500-Ala-Lys-
Arg503 (site 2). These data suggest that other factors, as
specific secondary structure motifs, are required in addition to
the consensus sequence Arg-Xaa-Lys/Arg-Arg for the mo-
lecular recognition.

We have reported here on the structural analysis in solution
of a 19-residue synthetic peptide, p498, that contains both the
gp160 processing sites 1 and 2, and that is properly digested by
furin at the physiological processing site of gp160: site 1.1
The functional data thus suggest that the structural motifs
participating in the recognition of gpl60 by furin are
significantly preserved in the p498 peptide. Therefore such a
gpl160 fragment has been assumed to be a suitable model for
investigating the structural requirements for the processing of
the gp160 glycoprotein.

NMR and CD techniques were employed to analyze the
peptide structural features. CD spectra showed the peptide
propensity to adopt an a-helical structure in the presence of
TFE. NMR analysis performed in the same medium, TFE/
water, confirms and completes these results. TFE is well
known to favor solvent-shielded amide conformations, thus
promoting ordered structures. We chose to employ such a
cosolvent, since it is also known from literature that the local
conformation of native proteins is usually better reproduced
by the conformation assumed by corresponding fragments in
solutions of TFE/water?>-24 than in pure water.’]

The molecular model obtained from NMR data by means
of DYANAI'! and RMD simulations (Figure 5) shows a
helical segment at the N-terminal side, from Lys3 to Arg 11,
with the processing site 2 enclosed in it. The C-terminal side,
from Lys13 to Gly 19, is disordered and can be described as a
loop that presents a bend exposing the processing site 1.

Such findings (namely, site 1 located in a loop, next to a
helix, and secondary processing site located in the helix),
perfectly agree with current hypotheses about secondary
structure of multibasic cleavage sites in other precursors.
Indeed, several studies suggest that dibasic sites of prohor-
mones could be present in bending regions, like turns?! or
loops,?! because these can better adapt to the active sites of
the processing enzymes. Recently a loop was proposed as
crucial for the interaction of a gp140 fragment of the SIV
virus, containing the consensus motif Arg-Xaa-Lys-Arg, with
the processing enzyme furin.'’l Furthermore, several furin-
substrate precursors (the toxin proaerolysin, diphtheria toxin,
the hemagglutinin precursor of influenza virus) have been
shown to be cleaved within a flexible loop.?*

In addition, secondary structure predictions and experi-
mental studies on prohormones support the occurrence of
ordered secondary structures, such as a-helices, flanking the

Chem. Eur. J. 2002, 8, No. 6
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physiological sites.’ Such ordered structures could play a
key role in regulating the exposition and accessibility of the
cleavage sites. This is the case for the furin substrate toxin
proaerolysin, whose cleavage site is exposed to the surface at
the end of a helical segment.?® In addition, analogously to our
findings about p498 site 2, secondary processing sites of
prohormones have been hypothesized to be preferentially
enclosed in more rigid structures (i.e., helices), which are less
accessible to the processing enzymes.?!

Accessibility therefore seems to be the main factor for the
preferential recognition of physiological sites. In order to test
the accessibility of the p498 sites 1 and 2 to the enzyme, we
performed docking experiments on the p498 NMR molecular
model in the catalytic domain of human furin, modeled by
homology. The docking attempts indeed showed that, unlike
site 2, the p498 site 1 does not need any drastic rearrangement
of the peptide backbone to fit the furin binding channel
(Figure 7). These findings may explain the exhibited prefer-
ence of furin in cleaving p498 at site 1. On the basis of the
predicted interactions for furin with the homology-modeled
substrate (Figure 6), it can, however, be hypothesized that,
when approaching the binding site, the peptide arranges itself
to optimize both the van der Waals and the electrostatic
energetic interactions. In particular, electrostatic interactions
between the basic residues of the consensus sequence and the
acidic residues located in the furin binding site are expected to
promote the recognition, on analogy with the observations
from the enzyme/modified-eglin model.

To date the secondary structure motifs required for the
molecular recognition between HIV-1 gp160 and PC process-
ing enzymes have not been clearly assessed. As the structure
of the gp120/gp41 junction remains to be elucidated, current
hypotheses can only rely on conformational studies of model
peptides and protein structure predictions. A loop has already
been suggested as a common structural feature for physio-
logical cleavage sites in retroviral envelope glycoproteins.>12]
In the peptide p498 we found an N-terminal helix, enclosing
the secondary processing site 2, which could play a key role in
regulating the exposition and accessibility of the physiological
cleavage site, although it cannot be excluded that, on
recognition, the helix partially unfolds in order to optimize
energetic interactions between the enzyme and the substrate.
In addition, gp160 secondary structure predictions, obtained
from the PHDsec server,* locate with a very high reliability
index an a-helix at the C-terminal side of the loop, starting
from Ala517.

Altogether, these data point to a helix—loop —helix struc-
tural motif. To date at least one natural substrate of furin,
diphtheria toxin (DT), whose crystal structure is known,*” has
been shown to be indeed cleaved by the enzyme on a loop,
flanked by two a-helices.*’]

Experimental Section

Peptide substrate: The peptide synthesis, purification, and characterization
have been described elsewhere.['"]

CD analysis: CD spectra were recorded at room temperature on a Jasco
Model J710 automatic recording circular dichrograph. A cylindrical fused
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quartz cell (0.1 cm path length) was used. A weighed quantity of p498 was
dissolved in TFE/H,O solution. Peptide concentration (1.6 x 10-M) was
determined by quantitative amino acid analysis in the TFE/H,0 90:10 (v/v)
solution.

NMR analysis: NMR experiments were carried out on a Varian Unity 400
spectrometer equipped with a SPARC station 330, located at the Centro di
Studio di Biocristallografia C.N.R., University of Naples “Federico II”.
NMR characterization was performed in TFE/H,O 90:10 (v/v) at 298 K.
The sample was prepared by dissolving the peptide (~6.7 mg) in [D;]TFE
(0.75 mL, 99% isotopic purity, Aldrich) and H,O (0.075 mL). Chemical
shifts were referred to internal 2,2'.3,3'-[D,]3-(trimethylsilyl) sodium
propionate (TSP). Two-dimensional (2D) experiments, such as total
correlation spectroscopy (TOCSY),! nuclear Overhauser effect spectro-
scopy (NOESY),? rotating frame Overhauser effect spectroscopy (RO-
ESY),* double quantum-filtered correlated spectroscopy (DQFCOSY)*!l
were recorded by the phase-sensitive States — Haberkorn method. The data
file generally consisted of 512 and 2048 (4096 for DQFCOSY) data points
in the w1 and w2 dimensions, respectively. TOCSY results were acquired
with a 70 ms mixing time, NOESY experiments with an 80, 150, 250, 300,
350 ms mixing time, and ROESY experiments with a 100 ms mixing time,
using a continuous spin-lock. Off-resonance effects caused by the low
power spin-lock field were compensated by means of two 90° hard pulses
before and after the spin-lock period.[?! Free induction decays (FIDs) were
multiplied in both dimensions with shifted sine-bell weighting functions,
and data points were zero-filled to 1K in wl prior to Fourier trans-
formation. The water resonance was suppressed by low-power irradiation
during the relaxation delay and, for NOESY, during the mixing time.
Temperature coefficients of amide protons were measured from one-
dimensional (1D) spectra and from TOCSY spectra, acquired with 4096
data points, in the 298-310 K temperature range. NOESY spectra were
used for NOE analysis; NOE intensities were evaluated by integration of
cross-peaks by the appropriate VARIAN software and then converted into
interproton distances using the 1//° relationship for rigid molecules.[*]
Geminal y —y g, protons of Glul2 and GIn10 were chosen as the reference
with a distance of 1.78 A. The vicinal 3Ixtacn coupling constants were
measured from DQFCOSY spectra.

Following Wiithrich,*] amino acid spin systems were identified by
comparison of TOCSY and DQF-COSY, while sequential assignment
was obtained by the analysis of NOESY. In order to solve residual
ambiguities, additional TOCSY and NOESY spectra were recorded on a
600 MHz spectrometer by courtesy of Pharmacia Upjohn, Nerviano (MI,
Italy).

Computational analysis: Conformational analysis was performed on a
Silicon Graphics INDIGO 2 Workstation. Starting models were calculated
by the DYANA (dynamics algorithm for NMR applications) program
(version 1.2) and they were then refined by restrained molecular dynamics
(RMD), according to a standard procedure.[*’]

DYANA calculations: Torsion-angle dynamics calculations were carried
out by the DYANA program.!'! The library program was modified for the
N- and C-terminal residues. A total of 100 three-dimensional structures
were obtained with the interproton distances evaluated from NOEs (raised
by 30%) as upper limits, without the use of stereospecific assignments.
50 conformers were calculated with the standard parameters of the
DYANA program. To improve convergence, the redundant dihedral angle
constraints (REDAC) strategy!”! was also employed and 50 more
structures were calculated by carrying on five REDAC cycles. Dihedral
angle constraints were created with an ang-cut for the target function (TF)
equal to 0.8 A2 in the first step, 0.6 in the second one and 0.4 in the third
one. In the fourth step the structures were calculated using the constraints
previously established. In the final step no other dihedral angle constraints
were created and the structures were minimized at the highest level (L)
using all the experimental restraints.

To obtain a set of structures representative of the conformational space
allowed to the peptide, the best 23 conformers from the REDAC strategy
were subjected to a RMSD cluster analysis.!"8! Eight structures representa-
tive of different conformational families resulted, and they were used as
starting models for RMD calculations, together with the best one
calculated with the direct strategy.

RMD calculations: The INSIGHT/DISCOVER (Biosym Technologies, San
Diego, CA, USA) program with the Amber Force Field**! was employed
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for molecular dynamics; a steepest descendent algorithm was applied for
the initial stages of the refinement and a Quasi Newton-Raphson
algorithm for the final ones.*! The RMD simulations were performed in
vacuo at 300 K with a distance-dependent dielectric constant (&= r)4#
and a time step of 0.5 fs. The motion equation algorithm was the
leapfrog.”y RMD simulations were carried out for 50 ps in the equilibra-
tion phase and for 160 ps without velocity rescaling; in the meantime, the
temperature was kept constant at 300 K. Interproton distances evaluated
from NOEs were inserted as restraints with a tolerance of 10 % during the
simulations.®"! Pseudoatoms were used instead of protons nonstereospe-
cifically assigned.’!! The ¢ angle of Thr2, exhibiting a */yy ,ci value of 9.9,
was kept constant to —120° with a force constant of 200 Kcalrad>mol ..
Coordinates and velocities for the system were dumped into a disk every
1000 steps. Data recorded during the last 50 ps of the simulations were used
for the statistical analysis. The molecular graphics program MOLMOL
was employed to calculate secondary structure and Ramachandran maps of
the average models.

Modeling of the catalytic domain of furin and docking of the peptide: A
three-dimensional model of the catalytic domain of human furin was built
by homology, using WHAT IF software,”! starting from the crystal
structure coordinates of thermitase complexed with eglin-c (ref. [19],
Brookhaven Data Bank code: 2TEC). The sequence identity between
thermitase and human furin is 29 %; the multiple sequence alignment
previously reported by Siezen et al. for the entire subtilase family® was
employed. The insertions were not modeled. The eglin backbone was not
altered, while the side chains of the eglin residues 40—47 were substituted
to resemble appropriate P6—P2'?!l residues of gp160, that is Val-GIn-Arg-
Glu-Lys-Arg | Ala-Val. The position-specific rotamer method was used to
model the side chain conformations.® The entire complex was then
regularized by energy minimization performed by the INSIGHT/DIS-
COVER program (100 cycles of conjugate—gradients energy minimiza-
tion). The structure of the p498 peptide obtained by NMR data and MD
simulations was docked onto the binding site of furin by superimposing the
backbone of the Glul2-AlalS (P3-P1’) segment onto the backbone of the
modified eglin Glu43-Ala46 residues.
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