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Herein we designed, synthesized, tested, and validated fluoro-
genic methylcoumarinamide (MCA) and chloromethylketone-
peptides spanning the Lassa virus GPC cleavage site as sub-
strates and inhibitors for the proprotein convertase SKI-1/S1P.
The 7-mer MCA (YISRRLL-MCA) and 8-mer MCA (IYISRRLL-
MCA) are very efficiently cleaved with respect to both the 6-mer
MCA (ISRRLL-MCA) and point mutated fluorogenic analogues,
except for the 7-mer mutant Y253F. The importance of the P7
phenylic residue was confirmed by digestions of two 16-mer
non-fluorogenic peptidyl substrates that differ by a single point
mutation (Y253A). Because NMR analysis of these 16-mer pep-
tides did not reveal significant structural differences at recogni-
tion motif RRLL, the P7 Tyr residue is likely important in estab-
lishing key interactions within the catalytic pocket of SKI-1.
Based on these data, we established through analysis of pro-
ATF6 and pro-SREBP-2 cellular processing that decanoylated
chloromethylketone 7-mer, 6-mer, and 4-mer peptides contain-
ing the core RRLL sequence are irreversible and potent ex vivo
SKI-1 inhibitors. Although caution must be exercised in using
these inhibitors in in vitro reactions, as they can also inhibit the
basic amino acid-specific convertase furin, within cells and
when used at concentrations =100 um these inhibitors are rel-
atively specific for inhibition of SKI-1 processing events, as
opposed to those performed by furin-like convertases.

With the advent of the genome sequencing, it became appar-
ent that hydrolases represent ~4% of the total human/mouse
genome, with an estimated 500-550 members comprised
within the 5 classes of proteases (1). Whereas these proteases
cleave their substrates either intra- or extracellularly, some of
them are implicated in the limited proteolysis of secretory pre-
cursors. Among those, the 9 known proprotein convertases
(PCs)* are members of a unique family of mammalian serine
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proteinases related to bacterial subtilisin (2—4). The PCs are
responsible for the tissue-specific limited proteolysis of multi-
ple polypeptide precursors, generating a large diversity of bio-
active molecules in an exquisitely regulated manner. Whereas
seven PCs (PC1/3, PC2, furin, PC4, PC5/6, PACE4, and PC7)
cleave secretory precursors within the motif R-X,,-R|, where
n=0,2,4,or6,and X is a variable amino acid, except Cys, the
other two convertases (SKI-1/S1P and NARC-1/PCSK9)
cleave within the motifs R-X-(hydrophobic)-X| (3, 5-8) and
VFAQ| (9), respectively.

Subtilisin-kexin-isozyme-1, known as SKI-1 (6, 10), is syn-
thesized as an inactive precursor that is autocatalytically
cleaved in the endoplasmic reticulum (ER) at two alternate B’
and B sites: RKVF'*?|, and RKVFRSLK"?", respectively. The
latter products are then transported to the cis/medial Golgi
whereupon they are further autocatalytically processed into
a C-form at RRLL'®¢| (Fig. 1), generating the active SKI-1
enzyme devoid of its prosegment (5, 6, 8, 10). SKI-1 was simul-
taneously discovered by our group (10) and Goldstein and
Brown (11) who called it site 1 protease (S1P), a key enzyme in
the regulation of lipid metabolism and cholesterol homeostasis
that cleaves the transcription factors sterol regulatory element
binding proteins (SREBP-1 and SREBP-2) (11, 12). The latter
are synthesized as precursors harboring two transmembrane
domains separated by a short ER luminal loop and comprising
N- and C-terminal cytosolic domains. These precursors are
cleaved in an SREBP-cleavage-activating protein (SCAP)- and
insulin-induced gene (INSIG)-dependent fashion. When cellu-
lar cholesterol levels are high, INSIG binds and retains the
SCAP-SREBP complex in the ER. When cells are deprived of
sterols, INSIG separates, allowing the transport of the SREBP-
SCAP complex to the Golgi (12—14). Therein, a two-step pro-
teolytic process (SKI-1 and site 2 protease S2P) (14) releases the

wild type; SREBP, sterol regulatory element-binding protein; nSREBP,
nuclear sterol regulatory element-binding protein; ATF6, activating tran-
scription factor 6; nATF6, nuclear activating transcription factor 6;
RP-HPLC, reverse phase-high performance liquid chromatography; GPC,
glycoprotein C of Lassa virus; MES, 2-morpholinoethanesulfonic acid; ER,
endoplasmic reticulum; SCAP, SREBP-cleavage-activating protein; CREB,
cAMP-response element-binding protein; LCMV, lymphocytic choriomen-
ingitis virus; CCHFV, Crimean Congo hemorrhagic fever virus; MCA, meth-
ylcoumarinamide; LAV, Lassa virus; Fmoc, N*-fluorenylmethoxycarbonyl;
PDGF, platelet-derived growth factor; DMF, dimethylformamide; ESI-MS,
electrospray ionization-mass spectrometry; TFE, trifluoroethanol; NOESY,
nuclear Overhauser effect spectroscopy; NOE, nuclear Overhauser effect.
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cytosolic N-terminal segments of SREBPs from cell mem-
branes, allowing their translocation to the nucleus (nSREBP),
where they activate transcription of more than 35 mRNAs cod-
ing for proteins/enzymes required for the biosynthesis and
uptake of cholesterol and unsaturated fatty acids (15).

Similar to SREBPs, the ER-anchored type II membrane
bound transcription factor ATF6 plays a major role in the
unfolded protein response (16). Under normal conditions, it is
held in the ER by the chaperone BIP, with its N-terminal DNA
binding domain facing the cytosol and its COOH terminus in
the ER lumen (17). Accumulation of improperly folded proteins
in the ER, which can be induced by calcium depletion (thapsi-
gargin) or inhibition of N-glycosylation (tunicamycin), leads to
an ER-stress response resulting in BIP dissociation from pro-
ATF6. The latter is then translocated in a SCAP-independent
fashion to the Golgi where it is first cleaved by SKI-1 and then
by S2P. This releases the cytosolic N-terminal domain, which
reaches the nucleus (nATF6) to activate ER stress target genes
(18, 19).

Other type II membrane-bound substrates (Fig. 1) include
the basic leucine zipper transcription factor Luman, the cellular
counterpart of herpes simplex virus VP16 (20), and the CREB-
like proteins (21). Brain-derived neurotrophic factor is a soluble
substrate and the study of its processing led to the initial clon-
ing of SKI-1 (10). Recently, the soluble prosomatostatin was
also shown to be cleaved by SKI-1 to release the N-terminal
peptide antrin (22). Finally, SKI-1 was shown to play a major
role in cartilage development in zebrafish (23) and in the proc-
essing of surface glycoproteins of infectious viruses such as
Lassa (LAV) (24, 25), lymphocytic choriomeningitis (LCMV)
(26, 27), and Crimean Congo hemorrhagic fever (CCHFV) (28)
viruses (Fig. 1). In particular, Lassa fever is endemic in West
Africa and is estimated to affect some 100,000 people annually.
No vaccines or antivirals are available against these deadly
viruses.

PC activities are routinely assayed using two types of fluoro-
genic substrates, peptidyl methyl coumarinamides (MCA) (29)
and intramolecularly quenched fluorogenic peptides (5, 25, 30,
31). Processing at the peptide| MCA bond causes a fluores-
cence wavelength shift allowing the detection of the released
fluorescent AMC group. Intramolecularly quenched fluoro-
genic peptides contain an N-terminal fluorescent group o-ami-
nobenzoic acid and a C-terminal quench fluorescence moiety
3-nitrotyrosine. Cleavage of intramolecularly quenched flu-
orogenic peptides releases the quenching effect and the
released N-terminal o-aminobenzoic acid containing frag-
ment is now free to fluoresce. Recently, we designed a
16-mer intramolecularly quenched fluorogenic substrate
based on the processing site of GPC SKI-1 in Lassa (24),
namely o-aminobenzoic acid-DIYISRRLL|GTFTW-3-ni-
trotyrosine-A-amide, which turned out to be the best in vitro
SKI-1 substrate known so far (25). In the present work, we
designed and analyzed the kinetic properties of a number of
MCA peptides based on viral glycoprotein recognition
motifs as potential in vitro substrates for SKI-1 (Fig. 1).

The critical implication of SKI-1 in various cellular functions
and in certain pathologies emphasizes the importance of devel-
oping specific inhibitors that modulate its activity in disease
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states. Whereas SKI-1 inhibition was recently achieved by 300
uM of the general serine protease inhibitor 4-(2-aminoeth-
yl)benzenesulfonyl fluoride (32), the latter is not a specific
SKI-1 inhibitor. We recently introduced protein-based ex vivo
inhibitors of SKI-1 by mutagenizing the reactive site loop of
a, -antitrypsin. We also optimized the prosegment-based inhi-
bition of SKI-1 and identified a unique R134E mutant exhibit-
ing a potent inhibitory activity (33). In this work we developed
small molecule-specific inhibitors of cellular SKI-1 ex vivo
activity based on the best in vitro Lassa glycoprotein GPC cleav-
age site, coupled to an N-terminal decanoyl membrane perme-
able moiety and a C-terminal chloromethylketone irreversible
inhibitor functionality. These could serve as first lead com-
pounds for further refinement.

EXPERIMENTAL PROCEDURES

Synthesis of Viral Glycoprotein-derived MCA and Cmk
Peptides—All fluorogenic peptides were synthesized in house,
except for succinyl-RRLL-7-amido-4-MCA (GenScript Corp.,
Piscataway, NJ). Fluorogenic peptides derived from various
viral glycoproteins, including LCMV (Armstrong and WE),
MCA-GP?*°72%°, and CCHV MCA-GP*'#7°2% were synthe-
sized in a similar fashion to Lassa virus (LAV) GPCs. The latter
included MCA-GPC?*272*° (8-mer WT), MCA-GPC?>372%
(7-mer WT), MCA-GPC***7>** (6-mer WT) and MCA-
(Y253A,Y253S,Y2531,Y253F,Y253V)-GPC***7**% (7-mer (Ala),
7-mer (Ser), 7-mer (Ile), 7-mer (Phe), 7-mer (Val)) (Fig. 3B).
The synthesis without the C-terminal amino acid was achieved
by SPPS (solid-phase methods) on a semi-automated Applied
Biosystems model 431A synthesizer, using standard N*-fluore-
nylmethoxycarbonyl (Fmoc) protocols and 2-(1H-benzotria-
zol-1-y1)-1,1,3,3-tetramethyluronium  hexafluorophosphate/
N-hydroxybenzotriazole as a coupling method on Fmoc-Leu-
SASRIN resin (0.77 mmol/g, 0.25 mmol, Bachem, Bubendorf,
Switzerland). The introduction of a decanoyl (dec, CH;-
(CH,)e-) group to the N terminus of the inhibitors was
obtained by incubating the growing chain still anchored to
the solid support with 4 equivalents (eq) of decanoic acid,
4 eq 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate/N-hydroxybenzotriazole, and 0.1 eq
of 4-dimethylaminopyridine in dimethylformamide (DMF).
The percentage of decanoylation was evaluated to be 100%
by a Kaiser test. The C terminus of aN- and side chain-
protected crude peptides was coupled to H-Leu-MCA (2 eq,
Bachem, Bubendorf, Switzerland) or H-Leu-chloromethyl-
ketone (H-Leu-cmk) (2 eq, Bachem, Bubendorf, Switzer-
land) with 0.45 M (1 eq) 2-(7-aza-1H-benzotriazole-1-yl)-1,1,
3,3-tetramethyluronium hexafluorophosphate/1-hydroxy-
7-azabenzotriazole (HATU/HAOt) and 0.1 M 4-dimeth-
ylaminopyridine (0.1 eq) in DMF. For the fluorogenic pep-
tides, after Fmoc removal (10% diisopropylethylamine in
DMEF), the succinyl group was introduced by succinic anhy-
dride (10 eq) in DMF plus 0.1 M 4-dimethylaminopyridine to
adjust the pH between 7 and 8. Final crude peptides were
obtained after removal of side chain protecting groups by
incubation in 10 ml of a mixture of 95% trifluroacetic acid,
2.5% H,0, and 2.5% triethylsilane for 90 min. Each reaction
step was monitored by reverse phase-high performance liq-
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uid chromatography (RP-HPLC). After lyophilization, the
crude fluorogenic products were purified by RP-HPLC on an
analytical Vydac C,4 column (5 wm, 300 A, 4.6 X 250 mm),
monitoring the elution (1 ml/min) at 214 nm and using as
eluents, 0.05% trifluroacetic acid/H,O (A), and 0.05% triflu-
roacetic acid/CH,CN (B). The peptides were assayed for
purity (>97%) by analytical HPLC and their identity con-
firmed by electrospray ionization-mass spectrometry (ESI-
MS) (Mariner, PerkinElmer Life Sciences). Regarding the
inhibitors, after removal of side chain protecting groups,
final crude peptides were resuspended in diethyl ether to
eliminate excess reagents and lyophilized. The effective con-
centration of dec-peptide-cmk was evaluated by mass
ESI-MS.

Synthesis of Lassa GPC-derived Non-fluorogenic Peptides—
The synthesis of the non-fluorogenic peptides (GPC?**° ~2® and
GPC™", Fig. 3C) was performed using SPPS and N*-¢-bu-
tyloxycarbonyl (Boc) amino acids on Boc-Thr(Bzl)-PAM resin
(NovaBiochem, La Jolla, CA, 0.34 mmol/g). After removal of
the formyl protecting group (10% piperidine in DMF, 0 °C for
2 h), peptide cleavage and side chain deprotection were
achieved using 12 ml of a mixture of 82% hydrofluoric acid, 9%
thioanisole, and 9% dimethyl sulfoxide (Me,SO) at —5 °C for
1 h. The crude products were purified by RP-HPLC on a semi-
preparative Vydac C, 4 column (5 wm, 300 A, 10 X 250 mm) in
the above reported conditions. The peptides were assayed for
purity (100%) by analytical RP-HPLC and their identity con-
firmed by ESI-MS.

Peptide Preparation—All lyophilized peptides were dissolved
in H,O except the 8-mer WT, dec-YISRRLL-cmk, and dec-
ISRRLL-cmk that were dissolved in Me,SO.

Source of Recombinant hSKI-1—Soluble human SKI-1, lack-
ing the transmembrane domain and cytosolic tail (BTMD-
SKI-1) and containing a C-terminal hexa-histidine tag was iso-
lated from overnight media of HEK 293 cells stably expressing
this BTMD-SKI-1, as described (6, 33). The presence of SKI-1
activity was measured with the 7-mer WT (optimal at pH 7.5),
its ability to be inhibited with 300 um 4-(2-aminoethyl)ben-
zenesulfonyl fluoride (32), 10 mm EDTA, or 1 mm Zn*" (25),
and the absence of basic amino acid-specific furin-like cleav-
ages tested with the pyroglutamic acid-RTKR-MCA (Pyr-
RTKR-MCA, Peptide Institute Inc.) as described (34), were
confirmed.

In Vitro Enzymatic Assays—Each reaction was carried out in
a 100-pul buffer (25 mm Tris-HCI, 25 mm MES, and 1 mm CaCl,
adjusted to pH 7.5) at 37 °C. The reactions contained 100 um
MCA peptide and 30 ul of hSKI-1 preparation. Enzymatic
activity measurements with MCA-conjugated peptidyl sub-
strates were performed by measuring the liberated 7-amino-4-
methylcoumarin (AMC) with a Spectra MAX GEMINI EM
microplate spectrofluorometer, Molecular Devices (A, 360
nm; A, 460 nm). Enzymatic activity on non-fluorogenic pep-
tidyl substrates were monitored by RP-HPLC under the follow-
ing conditions: Varian analytical C,4 (5 um, 100 A, 4.5 X 250
mm) column; flow, 1 ml/min, eluent A, 0.1% trifluroacetic acid/
H,O; eluent B, 0.1% trifluroacetic acid/CH,CN; detector, 214
and 280 nm.
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Determination of V,,,. and K, Kinetic Parameters—For
measurement of V. and K, kinetic parameters, hSKI-1 (30
wl) was incubated with increasing concentrations (20 —200 um)
of each fluorogenic peptide in 100 ul of buffer in a 96-well
microtiter plate at 37 °C under the above conditions. V. and
K, values were estimated by Grafit 4.09. (Erithacus Software
Ltd., Staines, United Kingdom). The software fits data to the
Michaelis-Menten equation, where the rate is plotted as a func-
tion of the concentration of the substrate. Initial estimates are
provided by use of linear fitting using the Scatchard rearrange-
ment. Initial rates were evaluated for each peptide at different
concentrations using the SOFTmaxPro 4.1 program based on
the linear portion of the curve. We did not consider in the
calculation the lag phase, which is probably due to the presence
of inactive SKI-1 that might require time to be activated. In fact,
the lag time is greatly reduced upon preincubation at 37 °C (not
shown). We estimate that at least 5-10% of the fluorogenic
peptide was digested within the analysis period. A similar phe-
nomenon was also observed for the convertase PC1, where the
lag phase could last up to 6 h (35).

In Vitro Inhibition of Succ-IYIRRLL-MCA Processing—Each
reaction was carried out in a 100-ul buffer (25 mm Tris-HCI, 25
mM MES, and 1 mm CaCl, adjusted to pH 7.5) at 37 °C. The
solutions, containing 30 ul of the hSKI-1 preparation and 5 ul
of inhibitors at different concentrations (0—1.5 X 10% um, dec-
RRLL-cmk; 0-38 um, dec-ISRRLL-cmk; 0-36 uM, dec-YISR-
RLL-cmk) were incubated 20 min at 37 °C before adding 50 um
Succ-IYISRRLL-MCA as substrate. Enzymatic activity meas-
urements were performed by measuring the liberated AMC
group with a Spectra MAX GEMINI EM microplate spectroflu-
orometer, Molecular Devices (A.,, 360 nm; A,,,,, 460 nm).

Determination of in Vitro Inhibitor Constant ICy, Values—
For measurements of IC;, values, hSKI-1 (30 ul) was incubated
with increasing concentrations (0—1.5 X 10° nM, dec-RRLL-
cmk; 0-38 um, dec-ISRRLL-cmk; 0-36 uM, dec-YISRRLL-
cmk) of each inhibitor in 100 ul of buffer, 50 um Succ-TYISR-
RLL-MCA as substrate, in a 96-well microtiter plate at 37 °C
under the above conditions. IC,, values were calculated by
using GraFit version 4.09 software.

In Vitro Inhibition of Pyr-RTKR-MCA Processing—Each
reaction was carried out in a 100-ul buffer (25 mm Tris-HCl and
1 mm CaCl,, adjusted to pH 7.0 or 6.0) at 37 °C. The solutions,
containing 1 ul of either concentrated human furin medium or
10 ul of mouse PC5 or human PACE4 preparations (36) and 5
wul of inhibitors at different concentrations (0—-15 uMm, dec-
RRLL-cmk; 0-15 uMm, dec-YISRRLL-cmk) were incubated 20
min at 37 °C before adding 50 um Pyr-RTKR-MCA as substrate.
Enzymatic activity measurements were performed by meas-
uring the liberated AMC with a Spectra MAX GEMINI EM
microplate spectrofluorometer, Molecular Devices (A, 360
nm; A, 460 nm).

Nuclear Magnetic Resonance (NMR) Analysis—NMR exper-
iments were carried out on a Varian Inova 500 MHz. NMR
characterization was performed in trifluoroethanol (TFE)/
H,0, 90:10 (v/v) and 70:30 (v/v), at 298 K. Samples were pre-
pared by dissolving weighted amounts of each peptide in
[D,]TEE (99% isotopic purity, Aldrich) and H,O, for final con-
centrations of ~1.3 mM. Chemical shifts were referenced to

ex?
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internal sodium 3-(trimethylsilyl)[2,2',3,3"-d,] propionate
(TSP). Two-dimensional experiments, such as total correla-
tion spectroscopy, nuclear Overhauser effect spectroscopy
(NOESY), rotating frame Overhauser effect spectroscopy, and
double quantum-filtered correlated spectroscopy were meas-
ured with standard pulse sequences (37, 38). According to
Wiithrich (39), identification of amino acid spin systems was
performed by comparison of total correlation spectroscopy and

SKI-1 substrates P8 P6 P4 P2 P2’ P4’
(h) proSKI-1 site B|R-K-V-F-R-S-L-K]Y-A-E-S
site B{V-T-P-Q-R-K-V-F JR-5-L-K

site ¢|R-H-S-S-R-R-L-L JR-A-I-P

(h) SREBP-2 S5-G-8-G-R-S-V-L}S-F-E-S
(h) SREBP-1 H-S-P-G-R-N-V-L JG-T-E-S
(h) ATF6 A-N-Q-R-R-H-L-L }JG-F-S-A
(h) Luman G-V-L-S-R-Q-L-RJA-L-P-8
(h) BBF2H7 (CREB3L2)|V-V-R-S-R-N-L-L }JI-Y-E-E
(m) OASIS (CREB3L1)|Q-M-P-S-R-S-L-L}F-Y-D-D
(h) CREB-H R-V-F-S-R-T-L-H |N-D-A-A
(h) CREB4 G-V-T-S-R-N-I-L|JT-H-K-D
(h) BDNF K-A-G-S-R-G-L-T}|S-L-A-D
(r) Somatostatin D-P-R-L-R-Q-F-LJ0Q-K-8-L
Lassa (LAV) I-Y-I-S-R-R-L-L}G-T-F-T
CCHFV 5-S-G-S-R-R-L-L}]S-E-E-S
LCMV K-F-L-T-R-R-L-AlG-T-F-T

FIGURE 1. Amino acid sequences at the SKI-1/S1P cleavage site of mam-
malian and viral precursors. The alignment shows the sequences between
amino acid positions P4’ and P8 of the natural mammalian and viral sub-
strates of SKI-1/S1P. The arrows indicate the cleavage site. The critical recog-
nition amino acids Arg at P4 and hydrophobic amino acid at P2 are empha-
sized in bold.
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DQEF-COSY, although sequential assignment was obtained by
the analysis of NOESY spectra. NOE analysis was achieved by
means of NOESY spectra, acquired with 200- and 300-ms mix-
ing times. NOE intensities were evaluated by integration of
cross-peaks from the 200-ms NOESY using NMRVIEW (40)
software and then converted into inter-proton distances using
the program CALIBA of the DYANA (41) package. Geminal
protons, not stereospecifically assigned, were substituted by
pseudo atoms (42).

Ex Vivo Inhibition of the SKI-1/S1P Processing of Pro-SREBP-2
and Pro-ATF6—For SREBP-2 analyses, CHO K1 cells were incu-
bated overnight with various concentrations of decanoylated chlo-
romethylketone inhibitors, namely the 7-mer-cmk (dec-YISR-
RLL-cmk, 0—-110 um), 6-mer-cmk (dec-ISRRLL-cmk, 0—110 um),
and commercial 4-mer-cmk (dec-RRLL-cmk; Bachem, 0-150
uMm). Cell lysates were then analyzed for endogenous SREBP-2 or
exogenously expressed ATF6 immunoreactivity by Western blots,
as described (33). For ATF6 analyses the cells were first transiently
transfected with ATF6 cDNA and then incubated the next day
with the inhibitors.

Ex Vivo Inhibition of the Furin-like Processing of Pro-PDGF-A—
On day 0, a stable PDGF-A-V5 construct in HEK 293 cells was
plated on 35-mm plates in Dulbecco’s modified Eagle’s medium
containing 100 units/ml gentamycin supplemented with 5% heat
inactivated fetal calf serum. On day 1, cells were washed twice with
1X phosphate-buffered saline and serum-free medium was added
along with varying concentrations of dec-YISRRLL-cmk (0-110
uM), dec-ISRRLL-cmk (0-110 um), or dec-RRLL-cmk (0-150
um), and incubated overnight. On day 3, medium was analyzed by
running the samples on 12% SDS-
PAGE and immunoblotted using
V5-horseradish peroxidase antibody,
1:5000.

RESULTS

Design and Evaluation of SKI-1
Fluorogenic Peptide Substrates—One
of the major aims of the present
study was to develop small MCA-
containing fluorogenic substrates

I, 1v of SKI-1. Alignment of the recog-
500 e ——— v-v]ﬂ : nition motifs of all known SKI-1
________ e srerasacaczoaitil substrates revealed that except
0 10 20 _. 30 5 40 50 60 for the autocatalytic shedding
Time [Sec x 109 sequence (KHQKLL |) (6), almost
B Peptide Cleavage Derivation all sites contain an Arg at position
R IRRLERNCL . v P4 and hydrophobic residues at P2
with Leu and Val being most prev-
II. Succ- ISRRLL-MCA + LAV . .
alent (exceptions include Ile for
SEES SuccZRERRLLEUCE i LAV CREB4 and Phe for prosomatosta-
IV. Succ-SGSRRLL-MCA + CCHF tin) (Fig. 1). In vitro analysis
V. Succ-FLTRRLS-MCA = LTHty showed that SKI-1 cleaves a
5o Sinen e e = LCMV 12-mer synthetic peptide (LWKH-
ahiil QKLL| SIDL) derived from its

FIGURE 2. SKI-1 activity on MCA-conjugated viral glycoprotein peptide substrates. Fluorescence versus hydrol-
ysis time of: A, Succ-YISRRLL-MCA (/) and Succ-ISRRLL-MCA (LAV-derived) (/l), Succ-SGSRRLL-MCA (CCHFV-derived)
(IV), and Succ-FLTRRLS-MCA (V) and Succ-FFTRRLA-MCA (LCMV Virus derived) (VI). Inset, comparison of the fluores-
cence released from Succ-YISRRLL-MCA (/) versus that of Succ-RRLL-MCA (/ll). B, summary of the cleavage prefer-
ences of the above peptides by SKI-1, ++ +, much better cleavage than +, and — meaning no cleavage.
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shed site (6). However, when we
analyzed at various pH values the
processing of MCA-containing
peptides mimicking this site, such
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as the wild type Succ-WKHQKLL-MCA, and its P5 mutants
Succ-WKRQKLL-MCA, Succ-WKKQKLL-MCA, or Succ-
WKAQKLL-MCA, none were significantly processed (not
shown). This suggested that for this substrate particularly,
either extended P and/or P’ residues were important for
SKI-1 recognition. Therefore, to test for potential in vitro SKI-1
substrates lacking P’ sites, we decided to synthesize a series of
MCA-containing substrates with an Arg at P4 and a Leu at P2,

I preGPC 1
F SP GPC i
A SKI-1/S1P
bl b1 b
HNA GP-1 GP-2 | coon
259
Name Sequence
P7
8mer WT  Succ-I-Y-ISRRLL25?-MCA
7mer WT  Succ- Y ISRRLL -MCA
6mer WT  Succ- ISRRLL -MCA
7mer [Phe] Succ- F-ISRRLL -MCA
[Ala] Succ- A-ISRRLL -MCA
[Val] Succ- V-ISRRLL -MCA
[Ser] Succ- S-ISRRLL -MCA
[lle] Succ- I-ISRRLL -MCA
C GP(C250-265 250RDIYISRRLL?%® | GTFTWT265
GPCmut 250RDIAISRRLL?%° GTFTWT?5°

FIGURE 3. Schematic representation of LAV GPC and synthetic peptides
derived from the SKI-1 recognition site. A, SPrepresents the signal peptide.
GP-1 and GP-2 are the maturation products resulting from GPC cleavage
(arrow) that occurs after recognition motif 2*°RRLL?>° by SKI-1. Y-shaped pro-
jections represent predicted N-linked glycosylation sites. Names and
sequences of the wild type and point mutated fluorogenic (B) and non-flu-
orogenic (C) substrates derived from the GPC sequence.

SKI-1/S1P Fluorogenic Substrates and Inhibitors

based on the processing site of viral glycoproteins exhibiting
potential SKI-1 recognition motifs, such as those found in LAV
(24), CCHFV (28, 33), and LCMV (26) (Fig. 2B). The glycopro-
tein GPC of LAV was shown to be cleaved very well in vitro
using a 14-mer quenched fluorogenic substrate (25). In the
present study, analysis of the processing of these viral-derived
peptides revealed that the order of SKI-1 cleavage preference is:
7-mer LAV GPC >> 6-mer LAV GPC ~ 4-mer LAV GPC (Fig.
2A, inset) ~ 7-mer CCHV glycoprotein (Fig. 2, A and B),
whereas the chosen LCMV-derived substrates were not cleaved
(Fig. 2, A and B). Because SKI-1 processing usually occurs in the
medial Golgi where the pH is close to 6.4, we tested the cleavage
of peptides IV, V, and VI (see Fig. 2B) at pH values 0of 7.5, 6.7, 6.3,
and 6.0. Results showed that these peptides are not cleaved in
vitro at acidic pH values (not shown), even though their parent
glycoprotein precursors are likely to be cleaved in vivo in the
Golgi. It is not excluded that in vitro cleavage of the latter pep-
tides may require extended P or the presence of P’ residues, as
it is the case of the LCMYV in vivo processing (26).

The above results revealed that the cleavage rate of Lassa
6-mer GPC (Succ-ISRRLL-MCA) is comparable with that of a
7-mer peptide (Succ-SGSRRLL-MCA) mimicking the CCHFV
glycoprotein processing site, but that the 7-mer GPC Lassa
(Succ-YISRRLL-MCA) was a more than 14-fold better sub-
strate than either of the above, even though all contain the
common P5-P1 SRRLL sequence (Fig. 2). Thus, we hypothe-
sized that Tyr at the P7 position within the GPC sequence of
LAYV plays a critical role. Accordingly, we synthesized MCA
substrates with mutated P7 Tyr into Phe, Ile, Val, Ser, or Ala, as
well as an 8-mer wild type sequence Succ-IYISRRLL-MCA
(Fig. 3). Based on the optimal pH for the 7-mer peptide proc-
essing (Fig. 4, inset) and the absence of a [Ca®"] effect on the
SKI-1 activity from 0.5 to 20 mm (not shown), we chose to
compare the SKI-1 cleavage of these peptides at pH 7.5 and 1
mm Ca®*. The data revealed that the 8-mer is the best sub-
strate for SKI-1, exhibiting a ~2.4-fold better V, . /K,, versus
the 7-mer, whereas only the Phe

pH optimum 7mer WT

(&)
1

n
1

Initial. rate
- BEE

5 55
I. 8mer WT

. Tmer WT
ll.  7mer [Phe]
Iv. [Ala]
v [Ser]
VI. [Val]
[lle]

[pe]
h
<

Fluorescence [RFUx109]
w

mutant 7-mer is relatively well
cleaved (Fig. 4, Table 1). Thus,
within the context of the LAV
GPC sequence only the aromatic
amino acid Phe (also found at P7 in
LCMV; Fig. 1) can somewhat
replace Tyr, but not the other tested
hydrophobic amino acids such as
Val or Ile or even Ala or the hydrox-
yl-containing Ser. Thus, whereas
Val occupies the P7 position in the
cleavage sites of CREB-like and
Luman, Ala in pro-brain-derived
neurotropic factor and Ser in

CCHFV and SREBP-1 (Fig. 1), these

] amino acids are not acceptable

0 10 20 30 40
Time [secx107]

FIGURE 4. SKI-1 activity on wild type and point mutated LAV GPC-derived MCA substrates. Comparison of
the AMC-released fluorescence versus time for the wild type and the P7 point mutated peptides (/-VI/l) derived
from the glycoprotein processing site of LAV. Inset, monitoring the SKI-1 activity on the 7-mer WT peptide at
different pH values is reported. The higher initial rate was reached at pH 7.5.
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50 within the LAV GPC sequence. We
conclude that the 8-mer and 7-mer
wild type LAV GPC sequences rep-
resent the best MCA-containing
SKI-1 substrates.
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Enzymatic Assays of Non-fluorogenic SKI-1 Peptide Substrates
Derived from the LAV GPC Sequence—MCA peptides provide a
highly sensitive approach for monitoring enzymatic cleavage
C-terminal to an amino acid attached to the MCA moiety, as flu-
orescence is detected only when the AMC group is released. On
the other hand, the analysis of the possible contribution of P’ res-
idues to catalysis requires the use of a different approach, including
quenched fluorogenic substrates (25) or non-derivatized pep-
tides (6). Consequently, we synthesized two 16-mer non-
fluorogenic substrates comprising six P’ positions mimick-
ing the LAV glycoprotein processing site, namely GPC>*°~
265 and its Y253A P7 mutant (GPC™"; Fig. 3). As shown by
RP-HPLC analysis, the wild type GPC?>*°~2%° peptide is much
better processed over 16 h by SKI-1 as compared with the
GPC™* (Fig. 5). We estimated that 26% processing of
GPC>*°72%° gccurred within 5 h, whereas a similar extent of
cleavage is not achieved for GPC™"* even after a 16-h incu-
bation. These data independently confirm that the P7 posi-

tion in the LAV GPC sequence plays a critical role in sub-
strate recognition.

NMR Analysis of the GPC**°~2%* and GPC™"**—In an attempt
to rationalize the importance of the P7 residue in the LAV GPC
processing site, we determined the NMR structure of the wild
type and mutant 16-mer peptides. Such an analysis was per-
formed in 70:30, TFE/H,0, and 90:30, TFE/H,O. TFE is well
known to favor solvent-shielded amide conformations, thus
promoting ordered structures. It has been reported that local
conformation of native proteins is usually better reproduced by
the conformation assumed by corresponding fragments in
solutions of TFE/H,O (43, 44) than in pure water (45). How-
ever, as circular dichroism investigations performed at pH 7
have shown aperiodic structures for all the peptides (not
shown), and as the enzymatic assays were performed in aque-
ous solutions, the real conformations adopted when the pep-
tides interact with the enzyme remain speculative.

The NMR resulting proton chemical shifts GPC**°~2¢° and
GPC™"*and the negative deviations >0.1 ppm point to a helical
segment in the region from Ile?*® to Leu®*®, These findings are

TABLE 1 in agreement with a circular dichroism analysis of these pep-

Kinetic parameters of MCA-peptidyl SKI-1 substrates tides (not shown). The nuclear Overhauser effect (NOE) pat-

Name K, Vinax Vo Ko terns confirm the possible occurrence of the helical structure in

pat units X s units X 1073 X s~ X ! this region, as evidenced by the presence of diagnostic helical

8-mer WT 14.8 0.155 105 medium range effects of the type aN(i,i+3) and af(j,i+3) in
Tmerthe 81 0004 > this area (39)

7-mer lle 36.7 0.046 13 For the DG/Amber calculations a set of 116 experimental

;22 1552 ?g:gs 8:8‘;3 8:3 constraints from NOE data (81 intra-residual, 29 sequential,

7-mer Val ~ 137.8 0.050 0.4 6 medium range) was used for structure calculations of the

6-mer WT 2669 0.09 0.3 peptide GPC?*°~2%> and 108 experimental constraints from

NOE data (69 intra-residual, 34

z precursor sequential, 5 medium range) for

A 200 t=0 Digestion % GPC™", The best 10 structures for

7 100+ J_ time [h] | processing  5p250-265 with residual restraint

£ O:W 0 0 energy lower than —112 kcal/mol

g ] 260 nm, 3 16 and for GPC™"" lower than —182

g 2007 t=16h __\s__|fragments 5 26 kcal/mol were selected to represent

8 & i 7 31 the solution structure of these pep-

3 100+ A 16 77 tides (Fig. 6A). For both peptides,

g 0 GPC250-265 a3, helix2 ;tlrn is 2fg(’)7und in the seg-

: . : _ 2%RDIYISRRLLGTFTWT2es ~ ment Ile™-Arg™" (root mean

0 10 Time 30 square deviations ~ 0.50 = 0.20 A). A

superimposition of the average solu-

- precursor tion conformations of GPC>*°~26°

B 200- Digestion % (black) and GPC™"* (gray) is shown

» 1 t=0 time [h] | processing  in Fig. 6B. These data suggest that

: 100 0 0 the cleavage site follows a helical

E o :M 3 2 segment and that the presence of

3 = 5 . Ala instead of Tyr at P7 does not

';f 0 t=16h - ) seem to perturb this secondary

E 100 4 16 1 structure. However, even though

g _‘A_A_,___/\ the N-terminal segment, which

0- W e e GPCmt includes the Y253A mutation, is

20RDIAISRRLLGTFTWT?265

10 Time 30 40

FIGURE 5. GPC?5°-25% js efficiently processed by SKI-1, whereas GPC™"" is not. The SKI-1 enzymatic cleav-
age of GPC?°°~2%% (4) and GPC™"* (B) was monitored by RP-HPLC at both 214 and 280 nm. Note that cleavage
product GTFTWT?%* can be identified as the peptide under the major peak at 280 nm. The % processing was
estimated from the equation: (100 — % remaining precursor), and the precursor levels were evaluated by

integrating the area of the corresponding peak.
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quite flexible (Fig. 6A), the data sug-
gest that the wild type and mutant
conformations are not identical
around Tyr*>® versus Ala®>® (Y253/
A253in Fig. 6B). It is thus likely that
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A GPCIHS

250RDIYISRRLLIGTFTWT265

cleavage site

FIGURE 6. NMR analyses of GPC?*°~2%% and GPC™"*, A, superposition of the backbone from residue lle*** to
Leu?® of the best 10 structures after minimization with Amber for GPC?>°~2%° and GPC™", in TFE/H,0, 70:30. B,
backbone superposition of the molecular models (in TFE/H,0, 70:30) for GPC?>°~25> (black ribbon) and GPC™!*
(gray ribbon) in segment lle?** to Leu®*°. Each structure represents the mean value of over 10 representative

conformations after minimization with Amber.

dec-YISRRLL-cmk [puM]

A
—160
proSREBP-2 —
i . —105
- — 75
nNSREBP-2 — - -
nSREBP-2/proSREBP-2  1.36  0.02 0.01 1.15 132
% inhibition (1] a9 a9 89 3
dec-ISRRLL-cmk [uM]
B 0 120 40 8 3 kDa
- - —160
pProSREBP-2 — —
- — 105
—75
NSREBP-2 — s W —
nSREBP-2/proSREBP-2 117 0.04 0.04 114 1147
% inhibition 0 97 a7 26 0

FIGURE 7. Dec-YISRRLL-cmk and dec-ISRRLL-cmk are effective inhibitors
of endogenous pro-SREBP-2 ex vivo processing. CHO K1 cells were treated
with medium containing delipidated serum (LPDS), 50 um compactin, and 50
uM sodium mevalonate in the absence or presence of different concentra-
tions of dec-YISRRLL-cmk (A) or dec-ISRRLL-cmk (B) for 18 h. Western blot
analyses of the cell lysates was performed using a mouse monoclonal anti-
body directed against the NH,-terminal domain of hamster SREBP-2. The
arrows point to the migration position of the precursor pro-SREBP-2 and its
mature nuclear form nSREBP-2. Molecular masses are given in kDa.

the observed preference of SKI-1 for phenylic structures at the
P7 position of LAV GPC substrates may be better understood
within the context of the enzyme-substrate complex than
within that of the substrate alone.

Development of Potent Cell-permeable Peptidyl Chloro-
methylketone SKI-1 Inhibitors—The aim here was to develop
potent cell-permeable, N-terminal decanoylated irreversible pep-
tide inhibitors of SKI-1 activity containing a C-terminal Leu-cmk.
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On the basis of the above results, we
compared the ex vivo inhibitory
potential of an untested, yet commer-
cially available, dec-RRLL-cmk to two
other synthetic peptides made by us,
namely the 6-mer dec-ISRRLL-cmk
and 7-mer dec-YISRRLL-cmk (Figs. 7
and 8). The selected ex vivo SKI-1 pre-
cursor substrates were the mem-
brane-bound transcription factors
pro-SREBP-2 (46) and pro-ATF6 (17,
18), whose Golgi-associated cellular
processing into their nuclear form
nSREBP-2 and nATF6 can be inhib-
ited by protein-based SKI-1 inhibitors
(33). We first compared the inhibition
of the processing of endogenous pro-
SREBP-2 by the 6-mer versus 7-mer
cmk-peptides  (Fig. 7). The data
showed that both peptides are potent
ex vivo inhibitors of this SKI-1-gener-
ated cleavage with an estimated 50%
inhibition at ~7 and ~20 uM for the
7-mer-cmk and 6-mer-cmk, respec-

«— GPC250-265

+— GPCmut

tively (Fig. 7). In another experiment
we found that both 4-mer-cmk and
7-mer-cmk peptides are almost
equipotent in inhibiting the processing of the overexpressed
pro-ATF6 into nATF6 following ER stress induced by over-
night tunicamycin treatment of CHO cells (17, 18, 33). We
estimate that 50% inhibition occurs at =1 um of either cmk-
peptide (Fig. 8). Accordingly, we can conclude that the dec-
4mer-cmk, dec-6mer-cmk, and dec-7mer-cmk cell-perme-
able SKI-1 inhibitors are almost equipotent ex vivo.

We next defined the selectivity of the above cmk-peptides for
inhibition of SKI-1 versus other convertase-generated processing
reactions. Accordingly, we opted to test the ability of the 7-mer
cmk-peptide to inhibit processing of the precursor of the platelet-
derived growth factor pro-PDGEF-A into PDGEF-A by furin-like
basic amino acid-specific convertases (47), and to compare its
potential inhibitory effect to that of the frequently used commer-
cially available furin-like convertase inhibitor dec-RVKR-cmk
(48). The data showed that in HEK 293 cells stably expressing pro-
PDGE-A, the processing of this precursor by endogenous furin-
like convertases is completely inhibited by ~3 um dec-RVKR-cmk
(Fig. 9A), whereas it would take >100 uM to inhibit less than 2% of
this reaction by the 7-mer dec-YISRRLL-cmbk (Fig. 9B) or 4-mer
dec-RRLL-cmk (not shown).

Even though the above 4-, 6-, and 7-mer cmk-peptides were
designed to be cell permeable through the attachment of an
N-terminal decanoylated functionality, we were still interested
in defining their in vitro inhibitory potency on processing of the
8-mer succ-IYISRRLL-MCA. Unexpectedly, the data shows
4-mer-cmk (IC;, ~ 9 nm) as a ~250-fold better inhibitor than
either the 6- or 7-mer-cmbk peptides (IC,, ~ 2,300 nm) (Fig. 10).
This in vitro result could possibly be due to the presence of the
highly hydrophobic decanoylated N-terminal moiety in these
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dec-RRLL-cmk [uM]

A
0 150 15 15
kDa
PIOATRE = '“ . — 105
NATFG — P—— —75
NATF8/ proATF6 0.57 0.09 0.14 0.18
% inhibition 0 84 75 62
B dec-YISRRLL-cmk [uM]
0 110 10 1 kDa

. — 105
proATFS — /. SR S—

D — 75
NATFG — R s

nATFE/ proATFE 0.59 017 0.20 0.29
% inhibition 0 7 66 51

FIGURE 8. Dec-YISRRLL-cmk and dec-RRLL-cmk are potent inhibitors of
endogenous pro-ATF6 ex vivo processing. Following transient transfection
of CHOK1 cells with a cDNA coding for ATF6-FLAG, the cells were treated with
varying concentrations of dec-RRLL-cmk (A) or dec-YISRRLL-cmk (B) in the
presence of 2 ug/ml tunicamycin for 12 h. Western blot analyses of cell lysates
was performed using an anti-FLAG M2 monoclonal antibody. The arrows
point to the migration position of the precursor pro-ATF6 and its mature
nuclear form nATF6. Molecular masses are given in kDa.

cmk-peptides. Accordingly, for the 6-mer-cmk and 7-mer-cmk
it may be too hydrophobic and likely kinetically unfavorable,
whereas for the 4-mer-cmk it may mimic the hydrophobic
patch Ile-Tyr-Ile found at the P6 —P8 positions of the GPC LAV
processing site. We can speculate that intracellularly, the
decanoylated moiety is membrane-bound and hence may not
exert such a negative effect (as compared with in vitro) on the
inhibitory potency of the 7-mer-cmk and 6-mer-cmk peptides.
In a similar fashion we also compared the ability of the
4-mer-cmk and 7-mer-cmk peptides to inhibit in vitro furin
processing of the pentapeptide pyr-RTKR-MCA. Interestingly,
whereas these cmk-peptides do not inhibit either PC5 or
PACE4, they are potent in vitro inhibitors of furin only at pH 7
(and pH 7.5, not shown), but much less at pH 6 (Table 2).
Therefore, we conclude that whereas the designed cmk inhibi-
tors are potent and relatively selective ex vivo inhibitors of
SKI-1, they should be used with caution for in vitro reactions.

DISCUSSION

The main objectives of this study were centered around (i)
the development of a simple fluorogenic substrate of SKI-1 that
could be used in high throughput in vitro analysis of its activity,
and (ii) use this information to design and synthesize a potent
specific and cell-permeable SKI-1 peptidyl inhibitor.

For the first aim, we decided to test the ability of SKI-1 to
cleave 7-mer MCA-containing peptides mimicking the glyco-
protein recognition sequence of various hemorrhagic fever
viruses. Unexpectedly, whereas intracellularly SKI-1 cleaves
reasonably well the full-length glycoprotein of the LCMV-WE
strain (26), it could not cleave in vitro the 7-mer-MCA peptides
derived from either the WE or Armstrong strains (Fig. 2), sug-
gesting that an extended sequence may be necessary for SKI-1
recognition. In contrast, the LAV GPC 7-mer sequence is well
processed in vitro, much better than the 7-mer CCHFV mimic
(Fig. 2), emphasizing the critical importance of the primary
structure of the 7-mer substrate. The MCA-peptides derived
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dec-RVKR-cmk [uM]

A
0 110 10 1 kDa
propOGF-A~ — — -
PDGF-A-u- S — 20
— 14
% inhibition 0 99 99 95
B dec-YISRRLL-cmk [M]
0 110 10 1 kDa
proPDGF-A—  — —30
—_14
% inhibition 0 2 0 0

FIGURE 9. Dec-YISRRLL-cmk is not an effective inhibitor of the ex vivo
processing of pro-PDGF-A. On day 1, HEK 293 cells, stably expressing the
PDGF-A-V5 construct, were incubated overnight in serum-free medium with
various concentrations of dec-YISRRLL-cmk (B) or dec-RVKR-cmk (A). On day 3,
the media were fractionated on 12% SDS-PAGE and then analyzed by West-
ern blot using a V5-horseradish peroxidase antibody. The arrows point to the
migration position of the precursor pro-PDGF-A and its mature form PDGF-A.
Molecular masses are given in kDa.

from the GPCs of LAV and CCHFYV only differ in their P7 and
P6 positions, exhibiting Tyr-Ile and Gly-Ser residues, respec-
tively (Fig. 2). This led us to investigate the critical residues in
the LAV GPC sequence that makes it such a great substrate for
SKI-1. Whereas the wild type 8-mer LAV GPC MCA-peptide is
a 2-fold better substrate than the 7-mer, the latter is 14-fold
better than the 6-mer (Fig. 4, Table 1). Interestingly, the 6-mer-
MCA peptide derived from LAV GPC is processed by SKI-1 to
the same extent as the 7-mer CCHFV peptide (Fig. 2, A and B).
These data suggested that the P7 Tyr is much more critical
than the P8 Ile for SKI-1 cleavage. Accordingly, to keep the
substrate as short as possible while still retaining good cleav-
ability and in vitro solubility, we tested whether other residues
could replace the P7 Tyr in the 7-mer peptide by its mutation
into various amino acids (Fig. 3B). The results showed that only
Phe can partially replace the P7 Tyr, albeit with a loss of ~40%
cleavability. All other mutants resulted in =70% loss of SKI-1
cleavability (Fig. 4, Table 1), emphasizing the importance of the
P7 phenylic group for optimal SKI-1 recognition. Independ-
ently, we confirmed the critical importance of the P7 Tyr within
the context of the LAV GPC sequence by analyzing the in vitro
processing of a 16-mer peptide mimicking the wild type
sequence from P6’ to P10 (Figs. 3C and 5A4) and that of a Y253A
mutant (Figs. 3C and 5B). In agreement with the above data, a
similar observation of the critical presence of a phenylic group
at P7 was also observed ex vivo for the cleavage of the glycopro-
tein of LCMV, because replacement of the P7 Phe (Fig. 1) by Ala
resulted in an almost absence of SKI-1 processing (26).
Whereas the importance of the P7 Tyr residue was deduced
from MCA substrates, the absence of cleavage by SKI-1 of the
16-mer Y253A mutant may conceivably be due to additional
structural features of the peptide. Preliminary circular dichro-
ism analysis in aqueous solution of the non-fluorogenic 16-mer
wild type and its Y253A mutant did not reveal significant con-
formational differences between them (not shown). We next
opted for the comparison of the NMR structure of these 16-mer
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A B Cc SKI-1, whereas the longer quenched

100 - ] 190 = | 10 = fluorogenic substrates could be
3 0' & i cleaved by other enzymes.

c | ' Our next aim was to design irre-

%60' %] %] versible peptide inhibitors of SKI-1

£40 ' : w0l ; | 40 based on the results obtained from

=0 (1 |, 0: - 20: 1 MCA-peptide substrate studies and

LA ' 1_ | 1 incorporating a C-terminal chlo-

R RS O 0 gk 4P P g g O AT o3 58 o) g P romethylketone reactive moiety.

RN Furthermore, because we aimed to

dec-RRLL-cmk [nM]
|IC5p=(9£0.2) M |

dec-ISRRLL-cmk [uM]
| 1Cs, = (2,300 £ 20) nM |

FIGURE 10. Dec-RRLL-cmk, dec-ISRRLL-cmk, and dec-YISRRLL-cmk are effective inhibitors of Succ-1YISR-
RLL-MCA in vitro processing by SKI-1. Concentration dependent inhibition of Succ-IYISRRLL-MCA in vitro
SKI-1 mediated processing by dec-RRLL-cmk (A), dec-ISRRLL-cmk (B), and dec-YISRRLL-cmk (C). All inhibitory
constants (IC5,) were evaluated with 50 um substrate using GraFit version 4.09 as described under “Experimen-

tal Procedures.”

TABLE 2
In vitro inhibition of the processing of Pyr-RTKR-MCA by PC-like
enzymes

Each reaction was carried out in a 100-ul, pH 7.0 or 6.0, buffer at 37 °C in the
presence of different concentrations of dec-YISRRLL-cmk or dec-RRLL-cmk. The
% inhibition was evaluated from initial rate values.

% Inhibition

Furin Furin PC5 PACE4
(pH 6) (pH?7) (pH 7) (pPH7)
Dec-YISRRLL-cmk
0 0 0 0 0
10°° 0 47
1078 0 62
1077 0 51
10°¢ 0 42
107° 67 75 2 0
Dec-RRLL-cmk
0 0 0 0 0
1.5 X 10°° 0 61
1.5x 1078 0 54
1.5 X 1077 0 49
1.5X10°° 0 44
15X 107° 0 63 0 0

peptides. The data revealed that both peptides exhibit a helical
structure from Ile*** to Arg®®’, and do not significantly differ
from each other at the SKI-1 cleavage site RRLL>*°|.. However,
the Y253A mutation may partially affect the solution structure
of the peptide at the N-terminal segment preceding Ile*** (Fig.
6). We conclude that the rationale behind the observed large
difference in SKI-1 cleavability of these 16-mer peptides (Fig. 5)
does not reside in the secondary structure of the free substrate,
but that likely the P7 Tyr plays a critical role in binding the
substrate to the catalytic pocket of SKI-1.

Because we do not have an active site titrant of SKI-1, it is not
possible presently to convert our V,_ . data into k_, with
confidence. The same applied to our previously published
quenched fluorogenic substrates (25). Because the kinetics are
really different between the quenched fluorogenic substrates
and the MCA-containing ones proposed in this work (not
shown), it is presently difficult to directly compare the two
types of substrates. Nevertheless, we tested both types of sub-
strates and observed that after a 2-h incubation both assays are
similarly sensitive. Finally, the choice of the MCA-containing
substrates was to narrow down the selectivity of the substrate to
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dec-YISRRLL-cmk [uM]

obtain cell-permeable inhibitors for
ex vivo studies we introduced a

| 1C5,= (2,270 £ 10) nM |

hydrophobic decanoyl group at the
N terminus of the designed pep-
tides. Indeed, results from other
studies on furin inhibitors revealed
the critical importance of the addi-
tion of an N-terminal decanoyl
group for cellular permeability of cmk-containing peptide
inhibitors (49). On the basis of the above results we designed a
decanoylated 7-mer-cmk peptide mimicking the LAV GPC
sequence. To test the importance of the peptide length for cel-
lular permeability and inhibition of SKI-1, we also compared ex
vivo (Figs. 7 and 8) and in vitro (Fig. 10) inhibitory properties of
dec-7mer-cmk to that of either a 1-amino acid shorter (dec-
6mer-cmk) or 3-amino acid shorter, commercially available,
dec-4mer-cmk. Unexpectedly, and in contrast to the LAV-
GPC-derived MCA -substrate results (Table 1), we observed that
the dec-6mer-cmk peptide was almost equipotent to the dec-
7mer-cmk in inhibiting cellular processing of pro-SREBP-2 (Fig.
7). Furthermore, the dec-4mer-cmk peptide was equipotent to
dec-7mer-cmkin inhibiting the cellular pro-ATF6 processing (Fig.
8). However, it must be mentioned that, whereas the LAV GPC
sequence is so far the best substrate of SKI-1, peptides derived
from either pro-ATF6 or pro-SREBP-2 turned out to be much
poorer SKI-1 substrates (25). In addition, different from the succi-
nyl-MCA substrates, the inhibitors used contain an N-terminal
decanoyl group, which may influence their conformation upon
membrane attachment and/or binding to the catalytic pocket of
SKI-1. This is especially relevant in view of the observed poor
cleavability of the 4-mer succ-RRLL-MCA (Fig. 24, inset) and the
importance of the hydrophobic residues Ile-Tyr-Ile at the P6 to P8
positions in the LAV GPC sequence (Figs. 3B and 4). We can con-
clude that dec-7mer-cmk, dec-6mer-cmk, and 4mer-cmk pep-
tides are potent SKI-1 ex vivo inhibitors.

We next addressed the issue of selectivity of these ex vivo
SKI-1 inhibitors and whether they could inhibit other conver-
tases such as the basic amino acid-specific furin-like protein-
ases (2). This was especially relevant, because we recently
observed that the RXXR motifis not always indicative of a furin-
like recognition sequence, as the motif RXLR was also recog-
nized by SKI-1 in both Luman (20) and a modified PDGF-A
sequence (47). For this purpose we used a cell-based assay mon-
itoring the processing of pro-PDGF-A into PDGF-A through
cleavage by furin-like enzymes at the RRKR®®|, sequence (47), a
process inhibitable by dec-RVKR-cmk (Fig. 94). The data
revealed that at concentrations =100 um dec-7mer-cmk, which
effectively inhibit SKI-1 activity ex vivo (Figs. 7 and 8), no sig-
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nificant inhibition of pro-PDGF-A cleavage was observed (Fig.
9B). Note that at 110 um dec-YISRRLL-cmk ~2% inhibition of
pro-PDGF-A ex vivo processing was observed (Fig. 9B). The
fact that furin prefers basic amino acid containing substrates
with a Leu at P2’ and the presence of a Leu at P1’ prevents
cleavage by this enzyme (2, 50), suggests that a peptide that
contains all these characteristics, e.g. RRLL found in all our
dec-peptide-cmbks, could conceivably inhibit furin. Thus, we
can conclude that when used at concentrations =100 uM, the
dec-7mer-cmbk is relatively specific for SKI-1 inhibition ex vivo.

Because we did not observe toxicity of the synthesized dec-
RRLL-cmk on HEK 293 and CHO K1 cells, we collaborated
with a group in the Center of Disease Control (Atlanta, GA) to
test this inhibitor on live Lassa virus. Unfortunately, this com-
pound was found to be toxic to Vero cells and cannot be used on
this cell line, which is the model cell line used in Lassa virus
infections.

Even though the cmk-peptides were designed to work in
cells, we also tested their in vitro inhibitory potency and selec-
tivity (Figs. 10, Table 2). The data revealed that all of them are
effective inhibitors of the in vitro SKI-1 cleavage of a succinyl-
8mer-MCA peptide derived from LAV-GPC, especially the
dec-RRLL-cmk (IC,, ~ 9 nm). The high in vitro potency of the
latter as compared with the 7-mer-cmk and 6-mer-cmk (IC, ~
2,300 nM) may in part be due to the presence of a common
N-terminal decanoyl group added to an already very hydropho-
bic sequence within the latter two peptides, hence decreasing
their solubility and/or increasing their tendency to form
micelles in aqueous buffers. For comparison, the estimated in
vitro IC, of dec-RVKR-cmk for furin is ~2 nm (51). We there-
fore tested the in vitro inhibitory selectivity of dec-4mer-cmk
and dec-7mer-cmk on the constitutively secreted convertases
(2) furin at pH 7 and 6 (because processing of both pro-
SREBP-2 and pro-ATF6 occurs in the medial Golgi with an
intraluminal acidic pH), and PACE4/PC5A at pH 7. The data
revealed that furin is not inhibited at pH 6 (Table 2), in agree-
ment with the ex vivo data that gauged the activity of furin on
pro-PDGF-A in the trans Golgi network (Fig. 9B) (47, 52). On
the other hand, only furin is inhibited by both peptides at pH 7,
whereas under the same conditions the activities of PC5A and
PACE4 are not affected (Table 2). As mentioned above, an
RRLL sequence could potentially inhibit furin, but because
both PC5A and PACE4 can process peptides with P1" Leu (53,
54) the latter convertases are not expected to be inhibited by
this sequence. We can discard the possibility that the observed
different inhibitory potential of the cmk-peptides on furin at
pH 6 and 7 is due to the degradation of the cmk-peptides,
because their levels did not significantly change upon incuba-
tion at either pH, as verified by mass spectrometry (not shown).
The sizes of the inhibitor dec-RRLL-cmk and the substrate pyr-
RTKR-MCA are too small to assume a rigid conformation in
solution. However, because the reported crystal structure of
furin was obtained at pH 6.0 (55), it is a matter of speculation
whether the inhibition of furin at pH 7 by the cmk-peptides may
be due to a different conformation of the enzyme at acidic ver-
sus neutral pH values. Along the same reasoning, it was recently
demonstrated that the serpin «1-PDX and some of its mutants
inhibit furin better at pH 7 than at pH 6 (56). If so, this may be an
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interesting avenue to pursue, as a number of proteins of mam-
malian, bacterial, and viral origin are processed by furin at the
cell surface (52).

In conclusion, the data presented here provide a new frame-
work for the development of potent cell-permeable SKI-1
inhibitors containing the central RRLL minimal core. Modifi-
cations of this structure as well as the addition of other inhibi-
tory functionalities (57) may lead to specific and pharmacolog-
ically useful compounds to control SKI-1 activity in vivo. The
availability of the proposed small MCA substrates should also
help in following the in vitro activity of this enzyme under var-
ious physiological conditions.
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