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ABSTRACT: Proteolytic activation of retroviral envelope glycoprotein precursors occurs at the carboxyl
side of a consensus motif consisting of the amino acid sequence (Arg/Lys)-Xaa-(Arg/Lys)-Arg. Synthetic
peptides spanning the processing sites of HIV-1/2 and SIV glycoprotein precursors were examined for
their ability to be cleaved by the subtilisin-like endoproteases kexin and furin. To determine the potential
role of secondary structure on proteolytic activation, we examined the secondary structure of synthetic
peptides by circular dichroism and NMR spectroscopy. The results indicate that (i) the peptides were
correctly cleaved by kexin and furin and therefore could be used as specific substrates for the purification
and characterization of the lymphocyte endoprotease(s) responsible for proteolytic processing of precursors;
(ii) the regions surrounding the cleavage sites could be characterized by their flexibility in aqueous solutions.
However, a loop has been shown to be a determinant for the specificity of the interaction between the
enzyme and its substrate as determined by molecular modeling. Furthermore, we determine and propose
a possible structure of the cleavage site which fits to the active site of the modeled furin.

Viral envelope glycoproteins are synthesized as precursors
which are cleaved by a cellular endoprotease in a late Golgi
compartment (1, 2), probably by a kexin-like protease (3-
5). The mature envelope glycoproteins are generated from
an inactive precursor by selective and limited endoproteolysis
which occurs at the carboxyl side of a consensus motif
consisting of (Arg/Lys)-Xaa-(Arg/Lys)-Arg (6). Except for
the presence of this sequence, proteolytic processing sites
in precursors of viral glycoproteins exhibit only minor
similarities at the amino acid sequence, suggesting that other
parameters are likely to be involved in the viral glycoprotein
precursor processing.

The HIV-1 glycoprotein precursor (gp160) undergoes a
proteolytic cleavage at Arg508-Glu-Lys-Arg511 (site 1) (7).
The cleavage generates the external glycoprotein gp120
associated noncovalently to the transmembrane glycoprotein
gp41. The gp120 is responsible for the interaction of the
viral particle with CD4 receptor-coreceptor complexes, and
gp41 is required for the fusion of viral and cellular lipid
membranes. Site-directed mutagenesis suggested that basic
residues within the cleavage recognition sequence are crucial
in determining the efficiency of the cleavage (8, 9). For
example, replacement of Arg511 with Ser completely
abolishes cleavage leading to the production of noninfectious
viral particles (10). In addition to Arg511, Arg508, and
Lys510 of site 1, there is another area of potential enzyme

sensitivity corresponding to Lys500-Ala-Lys-Arg-Arg504
(site 2). Basic amino acids of site 2 are also shown to be
important for proteolytic processing at site 1 (10). Replace-
ment of each of the four basic residues of site 2 by neutral
amino acid abolished the cleavage, suggesting that, in
addition to the sequence Arg508-Glu-Lys-Arg511, a contri-
bution of surrounding amino acids is required. The newly
discovered kexin-like enzyme family is considered to be a
candidate for the intracellular processing of the HIV envelope
glycoprotein (11, 12). Among the members of this family,
furin and PC7 have been shown to cleave correctly the HIV-1
gp160 (13) as well as the HIV-2 gp140 (11) in vitro using
the recombinant vaccinia viruses for expression of each of
the proteins. In the case of HIV-1 gp160, of the seven
dibasic sites which constitute potential substrates for pro-
protein convertases, cleavage occurs selectively at site 1,
generating biologically active glycoproteins. Taken together,
these data strongly suggest that the amino acid sequence of
site 1 alone is not sufficient to allow for correct processing
of gp160.

To investigate the importance of secondary structure in
determining the processing of such precursors, we have
addressed several questions concerning the role of these
structures in the catalytic process. Indeed, we have made
use of a series of synthetic peptides mimicking precursor
processing sites of gp160 HIV-1, gp140 HIV-2, and gp140
SIV to measure their reactivity for purified kexin from
Saccharomyces cereVisiaeand human recombinant soluble
furin. The cleavability and the cleavage selectivity for each
peptide is presented. Secondary structures of the synthetic
peptides have also been investigated by CD and NMR.
Experimental data from NMR demonstrates the peptide p511
(gp140 SIV) is likely to adopt turn structures. Therefore,
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we attempted to demonstrate that the obtained NMR structure
of p511 is relevant to a potential structure in gp160 since
p511 fits into the molecular model of the active site of furin.

MATERIALS AND METHODS

Enzymes. Recombinant soluble kexin was purified from
media of kexin secreting cells by concentration and elution
on Q-Sepharose followed by Mono-Q chromatography (14).
The enzyme was 90µg/mL and 1000 units/µL corresponding
to 1.1× 107 units/mg (1 unit can cleave 1 pmole boc-Gln-
Arg-Arg per minute under our standart conditions) and was
from R. Fuller (University of Michigan Medical Center, Ann
Arbor, MI). Recombinant soluble kexin was purified as
published previously (15) and was from G. Thomas (Vollum
Institute, Portland, OR). The concentration of the enzyme
was 160 ng/µL.
Peptide Substrates. Synthetic peptides which mimic the

processing cleavage sites of the envelope glycoproteins used
in this study are listed in Table 1. The substrate peptide
Gp4 (HIV-2 ROD) and its N-terminal peptide Gp1 were
synthesized by solid-phase procedures following the general
method of Merrifield (16). Stepwise elongation of these
peptides was carried out on an automated peptide synthesizer
(Applied Biosystems Inc., model 430 A) utilizing NMP-
HOBt (N-methylpyrrolidone-2 hydroxybenzotriazole) as
adapted by Applied Biosystems. After anhydrous hydrogen
fluoride cleavage, the crude peptides were highly purified
(>99%) by C18 reversed-phase medium-pressure liquid
chromatography. Homogeneous fractions were pooled, ly-
ophilized, and characterized by analytical HPLC and by
amino acid analysis after acid hydrolysis for 24 h. The
substrate peptides p510 (HIV-1) and p511 (SIV mac251)
where obtained from Neosystem (Strasbourg, France).
HPLC and Amino Acid Analysis. Peptides were fraction-

ated by HPLC using a 5-mm RP C18 endcapped column (5
× 250 mm) as described elsewhere (17). Amino acid
analysis was performed with a Beckman model 6300
apparatus.
Protein Substrates. Recombinant gp160 (rgp160)1 was

derived from theenV gene of HIV-1 IIIB expressed in
baculovirus-infected insect cells. rgp160 including the two
potential cleavage sites (L494GVAPTKAKRRVVQREKR-
AVGIGALF) was supplied in PBS (AGMED, Bedford, MA).
Before enzymatic proteolysis, rgp160 was extensively dia-

lyzed against a buffer composed of 20 mM Tris-HCl, pH
7.4, and 2 mM CaCl2.
Enzyme Assay. Synthetic peptides (1 mg/mL) were

dissolved in H2O. Ten nanomoles of each peptide underwent
proteolysis in a 0.1 mL reaction volume containing 2µL of
kexin or 5µL of the purified furin (0.08µg) in 20 mM Tris-
HCl buffer, pH 7.4, containing 2 mM CaCl2 and 0.5% (v/v)
Triton X-100. The reaction mixture was incubated at room
temperature for 0-24 h. Products were identified by HPLC
purification followed by amino acid analysis.
Western Blotting. Transfer of the proteins from the SDS

polyacrylamide gel (8%) to nitrocellulose membranes was
conducted for 3 h at 200 mA. Immunodetection of cleaved
fragments was performed with a 10µg/mL dilution of a
monoclonal antibody directed against gp120 (mAb 5.5) or
gp41 (mAb 41.A) obtained from F. Traincard (Hybridolab,
Paris, France). Membranes were then incubated with per-
oxidase-conjugated goat anti-mouse IgG and developed with
chemiluminescence reagents from Amersham following
suppliers instructions.
CD Measurements. CD spectra were acquired on a Jobin-

Yvon Mark IV spectrophotometer (Longjumeau, France).
The spectra were recorded at 25°C by using 0.5 mm path
length cell, with a 2 stime constant and a scan rate of 0.5
nm/s. The instrument was calibrated with (+)-10-campho-
sulfonic acid. The peptide concentration in the solutions,
based on the absorption spectra, was from 0.5 to 1 mg/mL.
The spectra were cumulated 5-fold in water or in water-TFE
(2,2,2-trifluoroethanol) and automatically averaged.
NMR. Proton NMR spectra were routinely recorded at

25 °C on a Bruker AMX400 spectrometer in the phase
sensitive mode by time-proportional phase incrementation
of the first pulse [TPPI] (18). A double-quantum-filtered
2-D correlation spectrum (DQF-COSY) (19), a total cor-
relation spectrum (TOCSY) was acquired with a mixing time
of 100 ms using TPPI, and a phase-sensitive 2-D nuclear
Overhauser effect (NOE) spectrum (NOESY) (20) with
mixing times of 300 and 400 ms were acquired. The solvent
OH resonance was suppressed by low-power irradiation
during the relaxation delay and, for NOESY, during the
mixing time. After the two-dimensional data matrixes were
zero-filled to 2K in both dimensions (600, 400, and 800
experiments with 1K data points were recorded for, respec-
tively, COSY, TOCSY, and NOESY spectra) and multiplied
by a shifted sine-bell window in both dimensions, two-
dimensional spectra were Fourier transformed and baseline
corrected with FTTOOL software (Eccles, personal com-
munication) running on an IRIS 4D-380 Silicon Graphics
computer. Identification of the amino acid spin systems and
sequential assignment were achieved using the well-known
general strategy described by Wu¨thrich (21) with the help
of EASY software (22) and gave rise to a nearly complete
proton assignment. Identification of spin systems was
obtained by analysis and comparison of 2D-DQF-COSY and
TOCSY recorded in water. NOE intensities, used as input
for the structure calculations were obtained from a NOESY
spectrum recorded with 100 ms mixing time on the fully
protonated sample, and the peaks integrated by the peak-
integration routine of the EASY software (22), running on
an IPC SUN station. The intra-residual and sequential
NOE’s were partitioned into three categories (<2.7,<3.5,
and<5.0 Å, respectively) using a calibration curve obtained

1 Abbreviations: DQF-COSY, double quantum filtered correlation
spectroscopy; HIV, human immunodeficiency virus; NOESY, nuclear
Overhauser effect spectroscopy; rgp, recombinant glycoprotein; SIV,
simian immunodeficiency virus; TFE, 2,2,2-trifluoroethanol; TOCSY,
total correlation spectroscopy.

Table 1: Amino Acid Sequence of Synthetic Peptides Used in This
Study

Peptide p510 (HIV-1)
Val510-Val-Gln-Arg-Glu-Lys-Arg -Ala-Val-Gly-Ile-Gly521

Peptides Gp4 and Gp1 (HIV-2)
(Gp4) Val487-Glu-Ile-Thr-Pro-Ile-Gly-Glu-Ala-Pro-Thr-Lys-Glu-
Lys-Arg -Tyr-Ser-Ser-Ala-His-Gly507

(Gp1) Tyr502-Ser-Ser-Ala-His-Gly507

Peptide p511 (SIV)
Pro511-Thr-Asp-Val-Lys-Arg -Tyr-Thr-Thr-Gly-Gly-Thr-Ser-
Arg-Asn-Lys-Arg -Gly-Val-Phe530
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after averaging the volume of all resolved peaks used for
the calibration. The medium range and long-range NOEs
were then converted into<4 or <5 Å distance restraints,
depending on whether they occur between two backbone
protons. Because of the lack of stereospecific assignments,
pseudo-atom corrections were added when required (21).
Lower distance restraints were systematically set to 1.8 Å.
Structure Calculations. Distance geometry calculations

were performed with the DIANA package (23), without the
use of stereospecific assignments. A total of 1000 DIANA
structures with randomly generated starting conformations
were initiated. The first round of calculation included only
intra-residual and sequential restraints. The 100 best solu-
tions as judged from the residual constraint violations were
then calculated using distances extracted from medium- and
long-range NOEs. Among these 100 structures, the best 25
structures were kept (as far as the NMR data are concerned)
for graphic analysis using the TURBO-FRODO software
(24), running on an IRIS-380 VGX Silicon Graphics
computer.
Modeling of the Catalytic Domain of Furin. The coor-

dinates of the crystal structure of the thermitase in complex
with eglin were used (ref 25; Brookhaven Protein Data Bank
code, 1TEC). Molecular modeling was performed using the
graphic software TURBO-FRODO (24) running on a Silicon
Graphics workstation. The backbone conformation for furin
was modeled starting from appropriate segments of thermi-
tase as described by Siezen et al. (26).
Modeling of Enzyme-Substrate Interaction. The obtained

structure of the SIV peptide (p511) determined according to
the NMR data was docked manually into the binding site of
furin. The docking was then refined by energy minimization
to remove bad van der Waals contacts using Powell
minimizer in Xplor software (Bringer, AT, 1992, Xplor v3.1
Manual, Yale University, New Haven, CT).
Electrostatic Calculations. The dipole moments together

with the electrostatic calculations and analysis of p511 and
of a model of furin obtained from thermitase structure by
amino acid replacement for all ionisable residues were done
using the GRASP software (27) running on Silicon Graphics
workstations. The potential maps were calculated with a
simplified Poisson-Boltzmann solver (28) on the basis of
an AMBER-derived parameter file.

RESULTS

Kexin and Furin CleaVe HIV-1 Recombinant gp160.In
vitro digestions of recombinant soluble gp160 by kexin or
soluble furin were performed for 4 h at 37°C. Products
were separated by SDS-PAGE, transferred to a nitrocel-
lulose membrane, and immunodetected with a monoclonal
antiboby directed against the external glycoprotein gp120.
Results in Figure 1 show that the precursor gp160 is
completly processed to mature gp120 by recombinant soluble
furin (lane 1) and partially by kexin (lane 2). The specificity
of the cleavage of gp160 by kexin has been described in a
previous report (5). These results are in agreement with
previous papers (12, 29). However, taking into account the
fact that gp160 contains seven dibasic doublets which
represent potential cleavage sites of kexin and furin, the
limited and restricted cleavage of gp160 by these enzymes
supports the hypothesis that the proteolytic processing of

gp160 at the authentic cleavage site may require specific
conformational information in addition to the presence of
the consensus basic motif. To assess the possible involve-
ment of secondary structure in the selectivity and efficiency
of the cleavage, we synthesized peptides covering processing
sites of viral envelope precursors and analyzed the relation
between their secondary structures and their cleavability by
these endoproteases.
CleaVage of Synthetic Peptides by Kexin and Furin.

Peptide p510 (Table 1) that includes the cleavage site of
HIV-1 gp160 (site 1) was incubated with soluble furin
for 4 h at 37 °C. The products were characterized by
HPLC and amino acid analysis. p510 is converted by furin
to the N-terminal fragment Val-Val-Gln-Arg-Glu-Lys-Arg
eluting at 14.83 min (peak 1) and the C-terminal fragment
Ala-Val-Gly-Ile-Gly at 15.60 min (peak 2) as shown by
amino acid analysis (Table 2). Similarly, Gp4 was converted
by kexin to material eluting at 12.92 min (peak 1) and 22.02
min (peak 2). Peaks 1 and 2 corresponded to the C-terminal
and N-terminal fragments, respectively, since they were
characterized by amino acid analysis (data not shown).
Results of this analysis show clearly that furin and kexin
act specifically at the potential cleavage site Arg/Lys-Glu-
Lys-Arg. Similarly, p510 is cleaved by soluble kexin and
Gp4 is processed correctly by the soluble human furin (data
not shown).

FIGURE1: Cleavage of wild-type gp160 by kexin and furin. A total
of 300 ng of rgp160 was cleaved by 2µL of the soluble kexin or
5 µL of purified furin for 16 h at 37°C. Products were analyzed
by SDS-PAGE (8%) and Western blot using an anti-gp120
monoclonal antibody. Lanes 1 and 2 represent furin and kexin
treatment of rgp160, respectively.

Table 2: Amino Acid Composition of Products Generated by
Cleavage of HIV-1 Synthetic Peptide p510 with Recombinant
Soluble Furina

peak 1 peak 2

Glu+ Gln 3.83 (2)
Gly 1.97 (2)
Ala 1.10 (1)
Val 3.51 (2) 0.97 (1)
Ile 0.95 (1)
Lys 1.99 (1)
Arg 3.71 (2)
total (7) (5)

a p510 was incubated with recombinant soluble furin for 4 h at 37
°C. Products were fractionated by HPLC and analyzed by amino acid
analysis. Two peaks were generated: peak 1 (14.83 min) and peak 2
(15.60 min).
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Interestingly, p511 (Table 1) encompasses the cleavage
site of gp140 SIV and contains in addition to the natural
processing site (Arg524-Asn-Lys-Arg527), a dibasic doublet
Lys515-Arg516 which is also a potential substrate for kexin.
While p511 is cleaved to completion by soluble furin only
after Arg527, we showed that recombinant soluble kexin
cleaved p511 not only after Arg527 but to a lesser extent
after Arg516. In both cases, the substrate is 100% converted
after Arg527. Incubation of p511 with either furin (data not
shown) or kexin leads to a complete processing of the
substrate (Figure 2). Three products were identified by
HPLC purification and amino acid analysis (Table 3).
Products with retention times of 12.96 min (peak 1), 15.45
min (peak 2), and 20.17 min (peak 3) were identified as
follow: Tyr517-Thr-Thr-Gly-Gly-Thr-Ser-Arg-Asn-Lys-
Arg527 (double cleavage), Pro511-Thr-Asp-Val-Lys-Arg-
Tyr-Thr-Thr-Gly-Gly-Thr-Ser-Arg-Asn-Lys-Arg527 (N-
terminal), and Gly528-Val-Phe530 (C-terminal). As expected,
kexin is able to cleave the substrate not only after Arg527
(the expected site of hydrolysis), but also, although with a
somewhat reduced efficiency, after Arg516. Efficiency of
the cleavage was evaluated on the basis of molar ratios of
arginine and aspartic acid residues quantified by amino acid
analysis. This result shows that cleavage at the authentic
site is 6-7-fold higher than cleavage after the first site
(Lys515-Arg516). Furthermore, if p511 is exposed to kexin
for more than 24 h, even after repeated addition of enzyme,

cleavage at this site still does not reach completion. This
final result suggests that the amino acid primary structure
alone is not sufficient for recognition and cleavage by kexin.
Our data are consistent with the previous report of Decroly
et al. (12).
Conformational Analysis of the Precursor Processing

Sites. In aqueous solution, the main feature of the CD spectra
of p510, p511, and Gp4 is an intense negative band around
200 nm (data not shown), typical of a predominance of
unordered conformer population (30). At 55 and 100% TFE,
the CD spectra show a modified shape indicating that all of
peptides are in a folded conformation and tend to adopt an
R-helix conformation characterized by a typical double
minimum at 208-222 nm and a positive band at 194 nm
(31). However, the conformation of the peptides was
determined under solution conditions in which TFE is
considered to enhance ordered structures (32). On the basis
of the CD spectra alone we cannot exclude that these peptides
have the potential to form other folded conformations.
Although we were unable to generate exploitable results

from NMR spectroscopy of p510 and Gp4, p511 was shown
to be of interest with respect to the determination of its
tridimensional structure. The sequence assignment of reso-
nances was performed using conventional procedures (21).
Cross-peaks between NH and CRH were identified by
examination of the DQF-COSY spectrum (data not shown).
Spin systems were identified on the basis of DQF-COSY,
and the TOCSY spectrum was used to correlate these side-
chain spin systems with the NH-CRH cross-peaks.
The sequential assignment was achieved by virtue of dRN,

dNN, and dâN connectivities (Figure 3). We have been able
to sequentially connect the N-terminal sequence up to Ser523
residue and the C-terminal sequence from Gly528 to the
C-terminus. The resonance assignments obtained are listed
in Table 4. Due to the gap in the sequential assignment (no
sequential connectivities could be identified in the stretch
between Ser523 and Gly528), the assignment of resonance
belonging to the Arg524 and Arg527 is ambiguous.
The analysis of the secondary structure of p511 was based

on the data summarized in Figure 4. As can be seen from
this figure, the pattern of dNN, dRN, dRN (i, i + 2), and dRN (i,
i + 4) strongly suggests a turn with Lys515 and Arg516 as
central residues, connecting extended conformations of
peptide 511-514 and 517-523. Due to the lack of
constraints involving residues 524-527, it is not possible
to propose a conformation for this sequence. The superposi-
tion of the N-terminal fragment, i.e., sequence 511-523, as
well as the superposition of the C-terminal fragment, i.e.,
sequence 527-530, is fairly good and reveals, respectively,

FIGURE 2: HPLC of the reaction products from kexin digestion of
peptide p511. Chromatography conditions are described in Materials
and Methods. p511 was incubated with kexin for 4 h. Products
corresponding to peaks 1 (12.96 min), 2 (15.45 min) and 3 (20.17
min) were subjected to amino acid analysis.

Table 3: Amino Acid Composition of Products Generated by
Cleavage of SIV Synthetic Peptide p511 with Recombinant Soluble
Kexin

peak 1 peak 2 peak 3

Asp+ Asn 1.02 (1) 2.00 (2)
Thr 2.64 (3) 3.68 (4)
Ser 1.00 (1) 0.82 (1)
Gly 2.02 (2) 2.14 (2) 0.91 (1)
Val 0.96 (1) 0.86 (1)
Tyr 0.92 (1) 1.07 (1)
Phe 1.09 (1)
Lys 0.98 (1) 1.86 (2)
Arg 2.00 (2) 3.00 (3)
Pro 1.06 (1)
total (11) (17) (3)
a The products formed from peptide p511 incubated with kexin for

4 h at room temperature were analyzed by amino acid analysis. Peaks
1 (12.96 min), 2 (15.45 min) and 3 (20.17 min) were from Figure 3.

FIGURE 3: Summary of sequential and medium-range NOEs.
Sequential NOEs are indicated with boxes whose sizes is propor-
tional to the upper distance bound calculated from NOE intensity.
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a turn structure centered on residues 515-516 and an
extended conformation (Figure 4). The turn structure is
confirmed by the existence of NOEs between Val514-CRH
and the side chain of Tyr517 as well as between Arg516-
NH and the side chain of Val514. However, as shown in
Figure 5, where the best structure in terms of energy is
depicted, the second dibasic sequence (Arg524-Asn-Lys-
Arg527) also has a strong tendency to be organized as a turn.
Substrate Binding to the Engineered Catalytic Domain of

Furin. We have modelized the complex between the
obtained structure for p511 and furin taking the three-
dimensional structure as template. The residues have been
modified according to the primary sequence comparison. The
backbone conformation for the furin catalytic domain was
modeled starting from appropriate segments of thermitase
as described by Siezen et al. (26). The residues of the active
site: Ser109, Trp112, Val115, Gly139, and Asn170 from
thermitase were exchanged, respectively, into Glu123,
Asp126, Glu129, Asp152, and Asp199 in furin. The
hydrophobic pocket from thermitase Ile119, Pro172, Val147,
Leu143, and Ala116 were exchanged, respectively, into
Leu133, Tyr201, Phe1667, Ala163, and Ala130. The
coordinates of the crystal structure of thermitase complexed
with eglin was used (ref 25; Brookhaven Protein Data Bank
code, 1TEC). Molecular modeling was performed as
described in the Materials and Methods and the resulting
model is depicted in Figure 6. The predicted substrate-
binding region in furin can be described as a crevice capable
of accommodating at least seven residues of the polypeptide
substrate. The substrate-binding site of furin appeared to
be covered by Glu and Asp, which probably contribute to
substrate specificity and could be involved in ionic interac-
tions. The NMR structure of p511 was first docked manually
in the binding site of furin, then docking was further refined
by energy minimization. The resulting complex is shown
on Figure 6. The synthetic peptide p511 is stabilized into
the active site toward electrostatic interactions between
Lys526 of p511 and Asp159, Glu129, Asp46 of furin,

Arg527 of the substrate, and Asp199 of the furin. Electro-
static interactions between Arg524 of p511 and Asp121 and
Glu123 of furin are present outside the active site and
reinforce the interaction between furin and the peptide to be
cleaved. Further hydrophobic interactions were found
between Val529 of p511 and the hydrophobic pocket of furin
made of Leu133, Tyr201, Phe1667, Ala163, and Ala130.
Dipole Moments.Both furin and p511 possess an aniso-

tropic charge repartition. This anisotropy can be represented
by a dipole moment. We have previously made a hypothesis
attempting to describe the docking of a ligand to its
receptor: according to this hypothesis, the ligand orientates
in the electic field of the receptor according to its dipole
orientation. This privileged orientation helps the ligand to
present the correct surface for interaction with the receptor
(33-35). The calculated dipole moment of furin in one hand
and the p511 docked in the active site of furin in the other
hand is actually collinear to the main axis of furin’s active
site. Thus, the peptide clearly enters the active site in a way
such that the dibasic segment (Lys526-Arg527) fits correctly
in the bottom of the crevice (data not shown).

DISCUSSION

A large number of mammalian prohormone convertases
have been described in the last 10 years since the isolation
and characterization of kexin (36). The biological functions
of these endoproteases remain speculative even if PC1/3 and
PC2 seem to be responsible for the proteolytic processing
of protein precursors in the regulated secretory pathway.
PACE4 (37, 38), PC6 (39), and furin are thought to be
engaged in the constitutive pathway of secretion (40).
Proteolytic processing of viral envelope glycoprotein

precursors was shown to be determinant in the life cycle of
retroviruses (7, 8, 41). Furin and PC6 and PC7 both activate
the precursors of many viral glycoproteins (11, 42-45).
Cleavage of precursors by subtilisin-like endoproteases
occurs at the carboxyl side of a consensus sequence consist-
ing in (Arg/Lys)-Xaa-(Arg/Lys)-Arg. Several reports sug-
gested that the primary sequence itself is not sufficient to
determine a correct cleavage of precursors (12, 46). Con-
served cysteine residues and glycosylation sites in HIV-1
gp160 are essential for proteolytic processing (47, 48) and
may contribute to formation of a suitable conformation for
cleavage. In this study, we have shown that cleavage of
gp160 in vitro by recombinant soluble furin or kexin yielded
mature gp120 and gp41 without additional cleavage in the
V3-loop in our standardized conditions. A cleavage in the
V3-loop is expected by increasing the furin concentration
as demonstrated by Decroly et al. (12). Such cleavage of
gp120 in the hypervariable V3-loop (Arg313-Ile-Glu-
Arg316) by furin has been reported by our group (11) and
others (49) when glycoprotein and endoprotease were co-
expressed by recombinant vaccinia viruses. This cleavage
could be expected because furin activity is expressed with
the minimal sequence Arg-Xaa-Xaa-Arg (15). Here again,
we show that selectivity of furin or kexin activation could
be directed by secondary structure not excluding other factors
which remain to be elucidated.
To evaluate the possible role of secondary structure in this

processing step, we synthesized peptides mimicking cleavage
sites of envelope glycoprotein precursors of HIV-1, HIV-2,

Table 4: 1H Chemical Shifts for p511 in Water Taking Water
Resonance as a Reference

residue HN HR Hâ others

Pro511 4.49 2.26 CγH2 1.79
Thr512 9.05 4.43 4.17 CγH3 0.79
Asp513 9.00 4.86 2.75, 2.63
Val514 8.44 4.00 1.84 CγH3 0.51
Lys515 8.60 4.34 1.59, 1.44 CγH2 1.03, CδH2 1.33

CεH22.82, NH2 8.00
Arg516 8.39 4.21 1.37 CγH2 1.11, CδH2 2.97

NH2 7.51
Tyr517 8.41 4.66 2.88, 3.00
Thr518 8.39 4.46 4.33 CγH3 0.83
Thr519 8.44 4.42 4.35 CγH3 0.85
Gly520 8.64 3.90
Gly521 8.81 3.98
Thr522 8.51 4.45 4.37 CγH3 0.83
Ser523 8.71 4.49 3.85, 3.92
Arg524 8.71 4.33 1.46, 1.59 CγH2 1.30, CδH2 3.05

NH2 7.57
Asn525 9.38 4.93 2.57, 2.76
Lys526 8.61 4.26 1.48 CγH2 1.06, CδH3 1.06

CεH2 2.85, NH2 8.61
Arg527 8.68 4.39 1.47, 1.59 CγH2 1.32, CδH2 3.07
Gly528 8.66 3.91
Val529 8.09 4.08 1.68 CδH3 0.36
Phe530 8.27 4.73 2.86, 3.07
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and SIV. These peptides were subjected to proteolysis by
kexin and furin and analyzed for their secondary structures
by CD and NMR. Synthetic peptides (Gp4, p510, and p511)
were correctly cleaved by kexin and furin. We demonstrated
that kexin shows a preference for multibasic site over dibasic
site of the SIV peptide (p511), suggesting either a role for
the Asp at P4 as a major determinant in the specificity or,
alternatively, an importance for the secondary structures
which direct the enzyme specificity or both simultaneously.
A similar approach was reported by Decroly et al. (12). The
authors clearly showed that in vitro furin digestion of a model
synthetic peptide spanning the two potential cleavage sites
of HIV-1 gp160 generates two major products corresponding
to cleavage at the physiological cleavage site of gp160. These
experimental results raise the question of the role of
secondary structures in the enzyme-subtrate recognition/

activity for kexin and furin. Interestingly, our results are in
good agreement with a previous report (43) which showed
that the dibasic motif Lys-Arg of a mutant F protein of
human parainfluenza virus type III was very poorly cleaved
by kexin in comparison with the wild-type precursor which
contains the consensus sequence Arg-Thr-Lys-Arg. Using
an ex vivo coexpression system in cell lines coinfected with
vaccinia recombinants, we previously showed that both PC7
and furin were able to cleave, at the right position and
without degradative products, HIV-1 and HIV-2 glycoprotein
precursors, implying either that a redundant enzymatic system

FIGURE 4: Stereoview of the best molecular p511 structures. Only the CR atoms are displayed. The stereoview of the best molecular
structures were superimposed for best fit on backbone 1-13 heavy atoms (top) and on backbone 16-20 heavy atoms (bottom). In that
view, only the 16-20 sequence is shown for clarity.

FIGURE5: Stereoview of the lowest energy structure of p511. Only
CR atoms are displayed showing the possible conformation of the
dibasic sequences.

FIGURE 6: Model of the substrate-binding region of furin in
complex with p511 substrate. The catalytic domain of furin was
modeled starting from the crystal structure of thermitase. Furin is
drawn according to the secondary structure elements.R-Helix and
â-sheet were represented as cylinders and arrows, respectively. The
docked p511 is drawn in stick.
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exists in the cell, or more likely, that the information for
correct glycoprotein processing is mainly encoded by the
viral protein structure.
The CD spectra of synthetic peptides described in this

study exhibit a random coil structure in water and have a
propensity to adoptR-helical structures in the presence of
TFE. However, TFE is an apolar helix-promoting solute
which is used to stimulate the water-limited microenviron-
ment surrounding a molecule. To determine the aqueous
conformation of the cleavage site, NMR was used for
resolution of p511. As far as the conformation of the two
dibasic sequences is concerned, it is evident that the first
(Lys515-Arg516) is organized in a turn conformation. The
second one could not be determined because of the lack of
NMR constraints which may be due to a higher mobility of
the 524-527 sequence. Taken together, these data provide
direct evidence for the presence of secondary structure close
to, or including, the cleavage site of such precursors. In the
case of the gp140 SIV, we should expect that destroying
the turn around the Lys515-Arg516 pair of basic amino acids
would reduce the cleavability of the precursor.
Little is known about how these enzymes select cleavage

sites. In the case of prohormones, it has been postulated
that amino acid flanking dibasic cleavage sites and secondary
structures may direct endoprotease to the appropriate sites
(50-52). Studies conducted with short peptides reproducing
cleavage sites of prosomatostatin and of prooxytocin/
neurophysin have shown that the sequences flanking the basic
amino acid doublets might participate in the recognition of
the cleavage site by providing accessible peptide segments
constituted byâ-turns (50) or Ω-loops (53, 54) and may
indeed play a role in the processing (55, 56). From these
studies, it was assumed that such structures, which are
flexible and mobile, favor both the accessibility and the
segmental adaptability when compared with other structures
such asR-helices orâ-sheets. Interestingly, the proteolytic
cleavage of diphtheria toxin (DT) occurs on the COOH-
terminal side of the sequence Arg190-Val-Arg-Arg, which
have been determined to be a suitable subtrate for furin (57).
The tertiary structure of DT was determined at 2.0 Å (58),
and the cleavage site was reported to be included in a highly
flexible loop. These data support our finding. Dibasic sites
enclosed inR-helix or â-sheet structures appeared to be
poorer subtrates for cellular enzymes. However, a number
of cleavage sites analyzed in prohormones were predicted
to be associated withR-helices, and in other cases no
assignment of structure was possible.
Understanding viral glycoprotein precursor processing will

require crystallographic structure or NMR information, but
to date, no such data are available for these regions. Because
it appears that a variety of structural motifs are capable of
directing appropriate processing, it would be interesting to
determine secondary structures of recognition motifs that
might correlate with different classes of precursors processing
enzymes (26).
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