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ABSTRACT: The design and evaluation of low molecular weight peptide-
based severe acute respiratory syndrome (SARS) chymotrypsin-like
protease (3CL) protease inhibitors are described. A substrate-based
peptide aldehyde was selected as a starting compound, and optimum side-
chain structures were determined, based on a comparison of inhibitory
activities with Michael type inhibitors. For the efficient screening of
peptide aldehydes containing a specific C-terminal residue, a new approach
employing thioacetal to aldehyde conversion mediated by N-bromosucci-
nimide was devised. Structural optimization was carried out based on X-ray
crystallographic analyses of the R188I SARS 3CL protease in a complex
with each inhibitor to provide a tetrapeptide aldehyde with an IC50 value of 98 nM. The resulting compound carried no substrate
sequence, except for a P3 site directed toward the outside of the protease. X-ray crystallography provided insights into the
protein−ligand interactions.

■ INTRODUCTION
Severe acute respiratory syndrome (SARS), a life-threatening
form of pneumonia, is caused by a new coronavirus (SARS
CoV).1−3 Although the primary SARS epidemic that affected
about 8500 patients and left 800 dead was eventually brought
under control, no effective therapy exists for this viral infection.
In addition, the recent identification of a SARS CoV-like virus
in Chinese bats raises the possibility of a re-emergence of
SARS or related diseases.4,5 Thus, developing anti-SARS agents
against future outbreaks remains a formidable challenge.
SARS is a positive-sense, single-stranded RNA virus featuring

the largest viral RNA genome known to date.6,7 The genomic
RNA produces two large proteins with overlapping sequences,
polyproteins 1a (∼450 kDa) and 1ab (∼750 kDa), which are
autocatalytically cleaved by two or three viral proteases to yield
functional polypeptides.8 The key enzyme in this processing is a
33 kDa protease, which is called the chymotrypsin-like protease
(3CL).9,10 The SARS 3CL protease is a cysteine protease with a
chymotrypsin fold and cleaves precursor proteins at as many as
11 conserved sites involving a conserved Gln at the P1 position
and a small amino acid (Ser, Ala, or Gly) at the P1′ position
with varying efficiency.11,12 The 3CL protease exists as a
homodimer, and each 33 kDa protomer has its own active site
containing a Cys-His catalytic dyad. Because of its functional

importance in the viral life cycle, the 3CL protease is
considered an attractive target for the structure-based design
of drugs against SARS.13−20 Several crystal forms of the SARS
3CL protease with or without inhibitors have also been used to
evaluate various types of inhibitors for this protease.10,21−25

Most inhibitors contain a functional group such as a
chloromethyl ketone, a Michael acceptor, or an epoxide that
can react irreversibly with the active-site cysteine residue. Few
studies dealing with inhibitors containing an aldehyde group as
a functional group have been reported.26 In the course of our
own studies on the SARS 3CL protease and its inhibitors,27 we
found that the mature SARS 3CL protease is sensitive to
degradation at the 188Arg/189Gln site, which causes a loss of
catalytic activity. The stability of the 3CL protease is
dramatically increased by mutating the Arg at the 188 position
to Ile. The enzymatic efficiency of the R188I mutant was
increased by a factor of more than 1 × 106. The potency of the
mutant protease makes it possible to quantitatively evaluate
substrate-based peptide-aldehyde inhibitors using conventional
high-performance liquid chromatography (HPLC). The evalua-
tions revealed that a peptide aldehyde containing the substrate
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P-site pentapeptide sequence, Ac-Ser-Ala-Val-Leu-NHCH-
(CH2CH2CON(CH3)2)-CHO 1, inhibits the catalytic activity of
the SARS 3CL protease with an IC50 value of 37 μM (Figure 1).

To optimize the side-chain structures of the substrate-based
inhibitor, we first confirmed the efficiency of the aldehyde
group as an essential factor by comparing the inhibitory activity
with that of a Michael type inhibitor. The findings indicate that
the aldehyde type inhibitors are superior. The side-chain
structures, especially at sites P1, P2, and P4, were then optimized
step by step based on X-ray crystallographic analyses of the
inhibitor-protease complex. In parallel, for the solid-phase
synthesis of a series of peptide-aldehydes, a new method was
developed, involving an acetal linker and its efficient conversion
to an aldehyde through the formation of a thioacetal.

■ CHEMISTRY
Michael acceptor type inhibitors including homologated
analogues were synthesized starting from commercially available
Boc-L-Glu-OBn as shown in Scheme 1. The side-chain carboxyl

group of Boc-L-Glu-OBn was converted to a dimethylamide by
condensation with dimethylamine using benzotriazole-1-yl-oxy-

tris-(dimethylamino)-phosphonium hexafluorophosphate
(BOP)28 as a coupling reagent. Consequent reduction of the
benzylester with LiAlH4 afforded the corresponding alchohol,
Boc-L-Gln(Me)2-ol 3. For the synthesis of 5 with a typical α,β-
unsaturated carbonyl function, 3 was converted into an aldehyde,
Boc-L-Gln(Me)2-al, by Swern oxidation. Horner−Wadsworth−
Emmons olefination using triethyl phosphonoacetate then gave
the desired Nα-protected amino acid ester 4. The Nα-
protecting group of 4 was cleaved by TFA, and the product
was coupled with the tetra-peptide Ac-Ser(tBu)-Ala-Val-Leu-
OH prepared by a conventional Fmoc-based solid-phase
peptide synthesis. The side-chain t-butyl-protecting group was
removed by TFA treatment, and the product 5 was purified by
HPLC to give a single main peak. To prepare the elongated
analogue 9, Boc-L-Gln(Me)2-al was homologated via the Wittig
reaction using methoxymethyl triphenylphosphonium chloride
followed by an acid treatment to yield the corresponding
aldehyde 6. The Horner−Wadsworth−Emmons olefination of
6 and coupling with the tetrapeptide as above afforded 9. To
prepare the analogue 10, 6 was further homologated via the
Wittig reaction and an acid treatment as above. The following
Horner−Wadsworth−Emmons olefination and coupling with
the tetrapeptide afforded 10.
A conventional Weinreb amide resin29 was employed to

prepare the peptide aldehydes 11−16 containing different
amino acid residues at the P1 site. The corresponding amino
acid residues were introduced by a conventional Fmoc-based
solid-phase synthesis (Scheme 2). After construction of the

peptide chain, each resin was reduced with LiAlH4 according to a
published procedure.29 The desired products could be purified by
HPLC, but the overall yields were fairly low (0.5−4.4%).
To achieve further optimization of the substrate-based

peptide aldehyde inhibitor, we developed a new scheme for
the solid-phase synthesis of peptide aldehydes containing a
specific C-terminal residue. In 2007, an oxazolidine linker30 was
reported to be useul for the solid-phase synthesis of long-
chain peptide aldehydes, as compared to known procedures
such as the use of a Thr-based oxazolidine linker, acetal resin,
or semicarbazide resin.31 During the deprotection of this

Figure 1. Structure of substrate-based peptide inhibitor.

Scheme 1. Synthesis of Michael Acceptor Type Inhibitors 5,
9, and 10a

a(a) BOP, (Me)2NH, DIEA, 25 °C, 15 h. (b) LiAlH4, 0 °C, 15 min:
(c) DMSO, (COCl)2, −40 °C, 2h. (d) (EtO)2POCH2COOEt, NaH,
25 °C, 90 min. (e) MeOCH2PPh3Cl, Bu

tOK, 25 °C, 1 h. (f) 1M HCl,
25 °C, 30 min. (g) TFA, CH2Cl2, 25 °C, 20 min. (h) Ac-Ser(But)-Ala-
Val-Leu-OH, WSC, HOOBt, DIEA, 25 °C, 12 h.

Scheme 2. Solid-Phase Synthesis of Peptide Aldehyde
Inhibitors 11−16
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oxazolidine linker, however, a thioacetal compound was
produced, more or less as a side product. In the present study,
we found that the conversion of an acetal to an aldehyde is quite
slow but that the thioacetal can be efficiently converted into the
desired aldehyde by treatment with N-bromosuccinimide (NBS).
On the basis of this finding, the Fmoc-His(Trt)-acetal 19 con-

taining a linker32 was selected as a C-terminal residue (Scheme 3).

Epoxydation of the commercially available 9,10-decene-1-ol
with mCPBA and hydrolysis gave a triol linker 18. Fmoc-
His(Trt)-al, prepared from the corresponding Weinreb amide,
was then reacted with 18 in the presence of BF3 etherate
(BF3-Et2O) to yield the corresponding acetal 19. The acetal
alcohol was oxidized by treatment with the Jones reagent, and

the resulting carboxylic acid, without any further purification,
was anchored to a Rink amide resin33 [4-(2,4-dimethoxyphenyl-
Fmoc-aminomethyl)-phenoxy resin] using diisopropylcarbo-
diimide (DIPCDI)/1-hydroxybenzotriazole (HOBt) as the
coupling reagents. The coupling of the corresponding amino
acid residues was conducted by conventional Fmoc-based
peptide synthesis using DIPCDI/HOBt coupling and Fmoc
deprotection by treatment with piperidine. The product resin
was treated with TFA to afford the desired peptide acetal amide
21. The crude product was dissolved in AcOH and treated with
ethanethiol in the presence of BF3-Et2O as above. After that
was quenched with H2O, the desired thioacetal peptide 22 was
easily purified by HPLC, although a prolonged reaction (more
than 4 h) of the Ser-containing acetal-peptide may lower the
yield due to acetylation of the Ser side-chain hydroxyl group.
The thioacetal thus obtained was treated with NBS; the
conversion required less than 1 min. The reaction mixture was
immediately subjected to HPLC to give the desired peptide
aldehyde 32 showing a single peak.

■ RESULTS AND DISCUSSION

The inhibitory activities of Michael acceptor type derivatives
were first evaluated based on IC50 values (Table 1) according to
a published procedure.27 While the IC50 of a previously
reported peptide aldehyde 1 was reported to be 37 μM,27 the
value for 5, containing the same peptide sequence as 1, was
330 μM. The Michael type analogues 9 and 10 that had been
elongated toward the prime site showed no inhibitory activities.
These results suggest that the aldehyde type inhibitor
containing the substrate sequence would be more active toward
the R188I 3CL protease than the irreversible Michael type
inhibitor. The results regarding analogues 9 and 10 also suggest
that the recognition of the prime-site main-chain structure by
the 3CL protease is strict and that no linker structure inserted
between the P1 site and the reactive functional group would be
tolerated.
For optimization of the side-chain structures of 1,

optimization at the P1 site was first necessary. Conversion of
the side-chain structure at the P1 site would be expected to have
a dramatic effect on inhibitory activity, since the P1 site is
conserved in all cleavage sequences of the mature 3CL
protease. Six different side-chain structures were examined
(Table 2): aliphatic isobutyl and tert-butyl groups, aromatic and
aliphatic ring structures, and heteroatom-containing ring
structures. Each peptide aldehyde was prepared using a
conventional Weinreb amide resin and purified by HPLC, but
the overall yields were not impressive.
The inhibitory activities of the synthesized aldehydes were

evaluated based on IC50 values calculated from a decrease in the
substrate by protease digestion in the presence of different
inhibitor concentrations. Incubation of the protease with an
inhibitor prior to the addition of the substrate gave an IC50

Scheme 3. Solid-Phase Synthesis of Peptide Aldehyde
Inhibitors 30−35a

a(a) mCPBA, 25 °C, 30 min. (b) 1M NaOH, reflux, 2 h. (c) Fmoc-
His(Trt)-al, BF3-Et2O, 25 °C, 30 min. (d) Jones reagent, 25 °C, 40 min.
(e) Rink amide resin, DIPCDI, HOBt, DIEA, 25 °C, 10 h. (f) Fmoc-
based peptide synthesis. (g) TFA-anisole, 25 °C, 4 h. (h) EtSH, BF3-
Et2O, 25 °C, 2 h. (i) NBS, 25 °C, 1 min.

Table 1. Inhibitory Activities of Michael Type Inhibitors

compd structure
IC50
(μM)

1 Ac-Ser-Ala-Val-Leu-NHCH(CH2CH2CON(CH3)2)-CHO 37
5 Ac-Ser-Ala-Val-Leu-NHCH(CH2CH2CON(CH3)2)-CHCHCOOEt 330
9 Ac-Ser-Ala-Val-Leu-NHCH(CH2CH2CON(CH3)2)-CH2−CHCHCOOEt Nla

10 Ac-Ser-Ala-Val-Leu-NHCH(CH2CH2CON(CH3)2)-(CH2)2−CHCHCOOEt Nl
aNl, no inhibition.
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value that was not significantly different from that obtained
when the inhibitor and substrate were mixed simultaneously.
Typical sigmoidal curves and IC50 values (4.0 μM by
preincubation vs 5.7 μM by simultaneous mixing) obtained
by these two procedures for 16 are shown in Figure S-1 in the
Supporting Information. These results suggest that the

inhibitory mode of the aldehyde inhibitor does not involve a
suicide mechanism, since the presence of a large excess of
inhibitor (μM scale inhibitor vs nM scale protease) had no
effect on the cleavage of the substrate when it was added
afterward. Thus, the IC50 values summarized in Table 2 were
obtained using a simple simultaneous mixing procedure.
Replacement with an aliphatic group or an aromatic ring
abolished the inhibitory activity (compounds 11−13), but
replacement with a cyclohexyl or a thiophen structure had little
effect on the inhibitory activity (14 and 15). In contrast, re-
placement with an imidazole ring (16) increased the inhibitory
activity by more than 6-fold as compared to 1. From these
results, the pentapeptide aldehyde 16 containing a His unit
at the P1 site was selected as a lead compound for further
optimization.
To achieve further optimization using a structure-based

design, crystallization and X-ray crystallographic analyses of the
R188I mutant protease and its inhibitor complex were
conducted. The structure of the mutant protease containing
no inhibitor (PDB code: 3AW1) was first refined to a
resolution of 2.00 Å (data collection and refinement statistics
are summarized in Table 3).
As compared with the reported mature 3CL protease (PDB

code: 2ZU4), X-ray crystallography revealed that the R188I
mutation did not cause any major change in the overall tertiary
organization of the SARS 3CL protease (Figure 2A). The
electron density at the active site Cys145 and the dimer's
interface, such as residues Ser139-Leu141,34 was clearly
detected, and the expected dimeric structure was folded
similarly to the mature protease. The side chain of the mutated
Ile was directed toward the outside of the protease, and the
electron density at the mutated site was nearly the same as that
of structures lacking the guanidine group of Arg in the mature
protease (Figure 2B).

Table 2. Inhibitory Activities of Pj Site-Substituted Peptide
Aldehydes

Table 3. Data Collection and Refinement Statistics for the R188I SARS 3CL Protease and Its Inhibitor in Complexes with
Compounds 16, 31, and 35

PDB ID 3AW1 3AW0 3AVZ 3ATW

without inhibitor complexed with 16 complexed with 31 complexed with 35

space group P1 C121 C121 P1
unit cell parameters
length a 52.13 108.384 109.185 54.517
length b 67.454 81.606 80.533 58.546
length c 67.384 53.33 52.987 67.745
angle α 71.23 90 90 94.29
angle β 77.46 104.24 105.05 104.03
angle γ 81.74 90 90 106.64
resolution 30.0−2.00 50.0−2.30 50.0−2.50 46.4−2.30
observations 212842 145804 113847 61338
unique observations 51940 19005 14594 29416
redundancy 3.8 7.3 7.4 2
completeness 97.2 99.9 97.4 96.7
mean I/σ(I) 24.2 21.8 16.7 11.8
R merge 0.038 0.082 0.122 0.079
resolution range 30.0−2.00 50.0−2.30 50.0−2.50 46.4−2.30
Rcryst 0.22 0.23 0.22 0.23
Rfree 0.26 0.29 0.26 0.3
rmsd from ideal
bond length (Å) 0.023 0.022 0.018 0.01
bond angle (deg) 2.007 1.943 1.781 1.308
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The structure of the mutant protease, in a complex with the
lead compound 16, was refined to a resolution of 2.30 Å (Table 3).
The X-ray crystallography revealed that the overall structure
was folded similar to the R188I mutant protease solved above.
Each monomer of the dimer contains the inhibitor 16 at its
active center (PDB code: 3AW0). The binding did not cause
changes in the overall organization of the dimer, and 16 was
located in the active site cleft. The carbonyl carbon of the
aldehyde in 16 was detected at a sufficiently close distance
(2.30 Å) from the thiol of the active center Cys-145, and its
electron density could be fitted to an sp2 carbonyl carbon
(Figure 3A). The side-chain imidazole nitrogen of the P1 site
His formed a hydrogen bond with His-163 of the mutant
protease, which placed the other side of the P1 site imidazole
into a S1 pocket formed from the side chains of Phe-140, Leu-
141, and Glu-166 of the protease (Figure 3-B). The isobutyl
group of the P2 site Leu was located at the S2 pocket made by
Met-45, Met-165, and His-41, but some space still remained
from Met-45 and -165 (Figure 3C). The amide-bound nitrogen
and carbonyl oxygen atoms of the P3-Val of 16 formed
hydrogen bonds with the protease main chain at Glu-166, and
the amide-bound nitrogen of the P4-Ala of 16 also formed a
hydrogen bond with the protease main chain at Thr-190.
Although those hydrogen bonds hold the main chain of the
inhibitor into the active-site cleft of the protease, side chains of
the P3-Val and the P5-Ser were directed to the outside of the
protease, and no interaction with the protease was detected at
these sites (Figure 3).
On the basis of these structural analyses, small molecular

inhibitors containing an aldehyde functional group were
designed as follows. First, the side chain of the P2 site was
replaced with a bulky group to permit the side chain to fit into
the S2 pocket more tightly than 16. Next, the outwardly
directed P5 site was removed to lower the molecular weight of
the inhibitors, since no interactions at the corresponding side
chains with the protease were detected. Third, to more closely
attach the P5 site-deleted inhibitor to the active-site cleft, a
heteroatom was introduced into the side chain of the P4 site to
create the possibility of additional hydrogen bonds with the
protease. Thus, six additional inhibitors (30−35 in Table 4)
were designed and synthesized using the newly developed
acetal-thioacetal conversion method (Scheme 3).

The inhibitory activities of the newly synthesized inhibitors
were evaluated using IC50 values obtained by the simultaneous
mixing procedure, as detailed above (Table 4). The peptide
aldehydes containing a more bulky phenyl or cyclohexyl group
at the P2 site showed dramatically increased inhibitory activity
(compounds 30 and 31) as expected. Substitution with a
cyclohexyl group was more effective than substitution with a
planar aromatic group, and the inhibitory activity of 31 was
increased by more than 80 times as compared with 16 (a
reduction in the IC50 value from 5.7 μM to 65 nM).35 Reducing
the molecular weight of 31 caused by the simple deletion of the
P5 site lowered the inhibitory activity to 1/6, but the resulting
compound 32 was still 20 times more potent than the lead

Figure 2. (A) Overall dimeric organization of the R188I mutant
protease; side chain structures of the mutated Ile and active center Cys
are shown as a stick model. (B) Structures near the mutated Ile residue
superimposed on the mature 3CL protease (PDB code 2ZU4). The
Match Maker Program in the UCSF Chimera package was utilized for
superimposing 2ZU4 on 3AW1.

Figure 3. (A) X-ray structure of the inhibitor 16 bound to the R188I
SARS 3CL protease (PDB code 3AW0); oxygen (red), nitrogen
(blue), and sulfur (yellow); the main chain of 16 is also shown in
yellow. (B) Mode of the interaction. (C) Molecular graphics image
produced using the UCSF Chimera package from the Resource for
Biocomputing Visualization, and Informatics at the University of
California, San Francisco (supported by NIH P41 RR-01081).
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compound 16 (5.7 μM vs 270 nM in IC50). The inhibitory
activity of 32 was nearly the same as that of the P2-replaced
pentapeptide inhibitor 30. Replacement of the P4 site of 32
with an oxygen-containing side chain to create an additional
hydrogen bond was then examined. Replacement of the P4 site
Ala with Ser to introduce an alcohol group at the side chain
produced no significant increase in the inhibitory effect of 32,
although introducing an amide group by replacement with Asn
resulted in a remarkable lowering in the inhibitory activity of
32. In contrast, the introduction of a more hindered secondary
alcohol at the P4 site, replacement with Thr instead of Ser, gave
a tetrapeptide aldehyde 35 having nearly the same inhibitory
activity (IC50 = 98 nM) as the pentapeptide aldehyde 31
(IC50 = 65 nM). Thus, the molecular weight of the inhibitor
was reduced to 534 for 35 from 591 for 31, while the inhibitory
activity remained the same.
The mode of binding of the small molecular inhibitor 35 was

confirmed by X-ray crystallography as above (PDB code:
3ATW). The structure of the mutant protease in a complex
with 35 was refined to a resolution of 2.30 Å (Table 3). The
overall fitting of the inhibitor 35 was similar to that of 16, but

tight interactions were observed, especially at the P2 and P4
sites (Figure 4A). The carbonyl carbon of the aldehyde group
in 35 was detected at a distance of 2.48 Å from the active center
thiol of Cys-145, and its electron density could be fitted to an
sp2 carbonyl carbon as in 16. The nitrogen atom of the P1 site
imidazole of 35 formed a hydrogen bond with the imidazole
nitrogen of His-163, and the inhibitor imidazole was slightly
twisted as compared to 16 (Figure 3), resulting in close fitting
at the other side of the S1 pocket formed from the Phe-140,
Leu-141, and Glu-166 side chains of the protease. The
cyclohexyl group at the P2 site of 35 was inserted into a large
S2 pocket created by His-41, Met-49, Met-165, and Asp-187.
Most of the S2 pocket was occupied by a cyclohexyl group, as
shown in Figure 4C. The carbonyl oxygen and amide nitrogen
atom of the P3 site Val of 35 formed hydrogen bonds with Glu-
166 of the protease, as observed in 16. The side-chain oxygen
of Thr at the P4 site formed an additional hydrogen bond with

Table 4. Inhibitory Activities of P2 and P4 Site-Substituted
Peptide Aldehydes

Figure 4. (A) X-ray structure of the inhibitor 35 bound to the R188I
SARS 3CL protease (PDB code 3ATW); oxygen (red), nitrogen
(blue), and sulfur (yellow); main chain of 35 is also shown in yellow.
(B) Mode of the interaction. (C) Molecular graphics image produced
using the UCSF Chimera package from the Resource for
Biocomputing Visualization, and Informatics at the University of
California, San Francisco (supported by NIH P41 RR-01081).
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Thr-190 of the protease, which was not observed in the
interaction with 16. Those interactions, especially at the P1, P2,
and P4 sites, function to hold the main chain of the truncated
inhibitor tightly into the active site cleft, which resulted in the
compact fitting of the tetra-peptide inhibitor 35 to the mutant
protease.
In these X-ray structural analyses of inhibitors bound to the

mutant protease, the electron density of the aldehyde group in
the inhibitors could be fitted to an expected sp2 carbon. In the
inhibitory assays, no significant difference was observed
between the IC50 value obtained after preincubation of the
inhibitor with the protease and that obtained by simultaneous
mixing (Figure S-1 in the Supporting Information). These
results strongly suggest that the aldehyde inhibitor functions as
a competitive inhibitor and that no stable covalent bonds are
formed with the protease. To estimate the inhibitory mechanism,
an inhibitory kinetics experiment with 35 was performed by
collecting a Lineweaver−Burk plot.
The rate of cleavage for different amounts of substrate [S] by

the R188I mutant protease in the absence or presence of 35
(25, 50, or 100 nM) was monitored during the initial 10−15
min reaction period using HPLC. The enzymatic reaction rate
(v, μM/min) was obtained by monitoring the decrease in the
area corresponding to the substrate, and the resulting 1/v was
plotted against 1/S. The plots resulted in four straight lines
with the same y-axis intercept reflecting competitive inhibition
toward the protease [Figure 5, each plot obtained at each

inhibitor concentration (0, 25, 50, or 100 nM) was shown in
Figures S-2−S-5 in the Supporting Information].

■ CONCLUSION
SARS 3CL protease inhibitors containing an aldehyde at the C
terminus were found to be more effective than an irreversible
inhibitor containing a Michael acceptor at the same site. The
initial lead sequence, Ac-Ser-Ala-Val-Leu-His-H 16 (IC50 = 5.7 μM),
was selected by the screening of P1 site residues of a previously
reported peptide aldehyde inhibitor, 1. Systematic modification
guided by the X-ray crystal structure of the lead compound-
bound R188I SARS 3CL protease resulted in the production of
a small molecular weight inhibitor 35 with an IC50 value of
98 nM. All of the side-chain structures of 35 differed from the
substrate sequence except at the P3 site, where the side-chain
was directed outward and no evidence was found for
interactions with the protease. Kinetic inhibition data for 35

obtained from Lineweaver−Burk plots suggested that inhibitors
containing an aldehyde at the C terminus can be expected to
function as a competitive inhibitor. The interactions of the
inhibitor 35 at the P1 and P2 sites with the protease seemed
remarkably effective, and further modification of 35 into a
nonpeptide inhibitor focusing on P1 and P2 site interactions is
currently underway in our laboratory.

■ EXPERIMENTAL SECTION
General. All solvents were of reagent grade. THF was distilled

from sodium and benzophenone ketyl. CH2Cl2 was distilled from
CaH2. All commercial reagents were of the highest purity available.
Analytical TLC was performed on silica gel (60 F-254, 0.25 mm
plates). Column chromatography was carried out on Wakogel 60
(particle size, 63−200 μm) or Wakogel FC-40 (particle size, 20−40
μm). NMR spectra were recorded on a Bruker AM-300 or Bruker-
DMX 500. Chemical shifts are expressed in ppm relative to TMS (0 ppm)
or CHCl3 (7.28 ppm). High-resolution mass spectra (HRMS) were
obtained on a JMS-HX-110A (FAB), Bruker Autoflex-II (MALDI-
TOF), or Bruker Daltonics HCTplus (ESI). The purity of the test
compounds was determined by HRMS and HPLC. All test
compounds showed ≥95% purity.
Boc-NHCH[CH2CH2CON(CH3)2]-OBn (2). To a solution of Boc-

Glu-OBn (1.0 g, 3.0 mmol) and BOP (2.0 g, 4.5 mmol) in CH2Cl2 (10 mL)
were added dimethylamine hydrochloride (0.49 g, 6.0 mmol) and
DIEA (1.6 mL, 9.0 mmol), and the mixture was stirred for 15 h at
room temperature. The reaction was quenched with saturated aqueous
NH4Cl, and the entire solution was extracted with AcOEt. The organic
layer was washed with brine, dried over Na2SO4, filtered, and con-
centrated. The residue was purified by silica gel column chromatog-
raphy using CHCl3:MeOH (50:1, v/v) to give 1.1 g (98%) of 2 as a
colorless solid, mp 97−99 °C. [α]D

24 −10.4° (c 1.00, CHCl3).
1H

NMR (CDCl3, 300 MHz): δ 1.43 (s, 9H) 1.98−2.07 (m, 1H), 2.14−
2.27 (m, 1H), 2.30−2.40 (m, 2H), 2.89 (s, 3H), 2.92 (s, 3H), 4.30
(dd, J = 12.0 Hz, 7.5 Hz, 1H), 5.13 (d, J = 12.3 Hz, 1H), 5.21 (d, J =
12.3 Hz, 1H), 5.43 (d, J = 7.2 Hz, 1H), 7.30−7.37 (m, 5H). 13C NMR
(CDCl3, 75 MHz): δ 27.5, 28.3, 29.3, 35.5, 37.0, 53.5, 67.0, 79.8,
128.3, 128.3, 128.5, 135.5, 155.6, 171.8, 172.3. MS (ESI) m/z : 365.2
[M + H]+.
(4S)-4-[N-(tert-Butoxycarbonyl)amino]-5-hydroxypentan-

noic Acid (N,N-Dimethyl)amide, Boc-Gln(Me)2-ol (3). To a
suspension of LiAlH4 (0.11 g, 2.8 mmol) in THF (2.0 mL) was
added benzyl ester 2 (0.50 g, 1.4 mmol) in THF (2.0 mL) at 0 °C, and
the mixture was stirred for an additional 15 min at the same
temperature. The reaction was quenched with water, and the resulting
solution was extracted with AcOEt. The organic layer was washed with
brine, dried over Na2SO4, filtered, and concentrated. The residue was
purified by silica gel column chromatography using CHCl3:MeOH
(20:1, v/v) to give 0.26 g (72%) of 3 as colorless oil. [α]D

25 −13.4°
(c 2.05, CHCl3).

1H NMR (CDCl3, 300 MHz): δ 1.44 (s, 9H), 1.82−
1.97 (m, 2H), 2.37−2.43 (m, 2H), 2.96 (s, 3H), 3.02 (s, 3H), 3.57
(brs, 2H), 3.74 (brs, 1H), 5.24 (brs, 1H). 13C NMR (CDCl3, 125
MHz): δ 25.7, 28.3, 29.6, 35.6, 37.2, 52.7, 64.4, 79.2, 156.2, 173.1. MS
(ESI) m/z : 261.3 [M + H]+.
Ethyl {(2E,4S)-4-[N-(tert-Butoxycarbonyl)amino]-7-one-7-di-

methylamino}-2-heptenoate (Boc-NHCH[CH2CH2CON(CH3)2]-
CHCHCOOC2H5) (4). To a stirred solution of oxaly chloride
(4 mL, 47 mmol) in CH2Cl2 (100 mL) were added DMSO (6.6 mL,
93 mmol) and Boc-Gln(Me)2-ol 3 (5.5 g, 21 mmol) in CH2Cl2 (40 mL),
and the mixture was stirred at −40 °C for 2 h. After Et3N (30 mL,
0.21 mol) was added, the mixture was washed with H2O and brine.
The organic phase was dried with MgSO4, and the solvent was
evaporated. The residue was partially purified by silica gel column
chromatography using CHCl3:MeOH (95:5, v/v) to afford 2.3 g
(41%) of Boc-Gln(Me)2-al.

1H NMR (300 MHz, CDCl3): δ 1.20
(s, 9H), 1.56 (m, 1H), 1.72 (m, 1H), 2.19 (m, 2H), 2.71 (s, 3H), 2.79
(s, 3H), 4.29 (brt, J = 8.7 Hz, 1H), 5.04 (brd, J = 8.7 Hz, 1H), 9.34
(brs). The product was used without further purification. To a stirred
solution of NaH (0.37 g, 15 mmol) in THF (15 mL) was added

Figure 5. (a) Incubated without inhibitor; (b) incubated with 25 nM of
35; (c) incubated with 50 nM of 35; (d) incubated with 100 nM of 35.
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triethyl phosphonoacetate (3.1 mL, 15 mmol), and the mixture was
stirred at 4 °C for 30 min. Boc-Gln(Me)2-al (2.0 g, 7.6 mmol) was
added, and the mixture was stirred at 25 °C for 90 min. Ether (100 mL)
was added, and the organic layer was washed with H2O and then brine,
dried, and evaporated. The residue was purified by silica gel column
chromatography using CHCl3 to yield 1.2 g (50%) of 4. 1H NMR
(300 MHz, CDCl3): δ 1.28 (t, J = 7.2 Hz, 3H), 1.45 (s, 9H), 1.89−
2.06 (m, 2H), 2.41 (t, J = 7.1 Hz, 2H), 2.97 (s, 3H), 3.01 (s, 3H), 4.21
(q, J = 7.2 Hz, 2H), 4.31 (brs, 1H), 5.08 (brs, 1H), 5.94 (d, J =
15.9 Hz, 1H), 6.87 (dd, J = 5.3 Hz, 15.9 Hz, 1H).
Ac-Ser-Ala-Val-Leu-NHCH[CH2CH2CON(CH3)2]CH

CHCOOC2H5 (5). To a stirred solution of Boc-NHCH-
[CH2CH2CON(CH3)2]CHCHCOOC2H5 4 (17 mg, 52 μmol) in
CH2Cl2 (0.4 mL) was added TFA (0.12 mL), and the mixture was
stirred at 25 °C for 20 min. The solvent was removed by evaporation.
The residue, after it was washed with hexane, was dissolved in DMF
(1 mL). To the solution were added Ac-Ser(tBu)-Ala-Val-Leu-OH
(prepared by conventional Fmoc-based SPPS; 25 mg, 52 μmol), WSC
(water-soluble carbodiimide) (16 mg, 104 μmol), 3-hydroxy-1,2,3-
benzotriazine-4-one (HOOBt) (10 mg, 68 μmol), and DIEA (14 μL,
78 μmol), and the mixture was stirred at 25 °C for 12 h. The solvent
was removed by evaporation, and the residue was dissolved in AcOEt
(10 mL). The organic phase was washed with 5% citric acid, 5%
NaHCO3, and brine and dried. The solvent was removed, and the
residue was dissolved in TFA (30 μL). The solution was allowed to stir
at 25 °C for 1 h and was then evaporated. After it was washed with
ether, the residue was dissolved in MeOH and purified by
semipreparative HPLC using a Cosmosil 5C18 (10 mm × 250 mm)
column to yield 7 mg (20%) of 5 showing a single peak on analytical
HPLC: Rt 12.99 min (CH3CN gradient; 20−45% in 30 min). MALDI
TOF-MS. Calcd, 663.370 for C30H52N6O9Na; found, 663.653 for
[M + Na]+.
Ac-Ser-Ala-Val-Leu-NHCH[CH2CH2CON(CH3)2]CH2CH

CHCOOC2H5 (9). To a stirred solution of methoxymethyltriphenyl-
phosphonium chloride (11.5 g, 34 mmol) in THF (150 mL) was
added tBuOK (3.7 g, 34 mmol). The mixture was stirred at 25 °C for
30 min, and Boc-Gln(Me)2-al (1.75 g, 6.7 mmol) in THF (30 mL) was
added. The resulting solution was further stirred at 25 °C for 1 h and
quenched with saturated aqueous NH4Cl. The crude product was
partially purified by silica gel column chromatography using CHCl3,
and the product, containing a small amount of methoxymethyltriphe-
nylphosphonium chloride, was dissolved in THF (31 mL). To the
solution was added 1 N HCl (6.2 mL), and the mixture was stirred at
25 °C for 30 min and quenched with a saturated aqueous solution of
NH4Cl. The crude product was extracted with CH2Cl2, and the
organic phase was washed with H2O and then brine, dried over
MgSO4, and evaporated. The residue was purified by silica gel column
chromatography using CHCl3 to afford 0.95 g (52%) of Boc-
NHCH[CH2CH2CON(CH3)2]CH2CHO 6. 1H NMR (300 MHz,
CDCl3): δ 1.42 (s, 9H), 1.86−1.93 (m, 1H), 2.40 (brt, J = 7.4 Hz,
2H), 2.65 (brd, J = 6.0 Hz, 2H), 2.95 (s, 3H), 3.00 (s, 3H), 3.97−4.09
(m, 1H), 5.08 (brd, J = 7.5 Hz, 1H), 9.76 (brs). The aldehyde was
reacted with triethyl phosphonoacetate, and the resulting crude
product 7 was treated with TFA followed by hexane washing as above
to afford NH2CH[CH2CH2CON(CH3)2]CH2CHCHCOOC2H5.
1H NMR (300 MHz, CDCl3): δ 1.27 (t, J = 7.2 Hz, 3H), 1.89−
1.96 (m, 2H), 2.52−2.72 (m, 4H), 2.96 (s, 3H), 3.07 (s, 3H), 3.44 (tt,
J = 6.3 Hz, 6.3 Hz, 1H), 4.20 (q, J = 7.2 Hz, 2H), 6.07 (d, J = 15.6 Hz,
1H), 6.93 (dt, J = 15.6 Hz, 7.2 Hz, 1H). The Nα-deblocked product
was then coupled with Ac-Ser(tBu)-Ala-Val-Leu-OH, and the product
was treated with TFA as above to yield 9 showing a single peak on
analytical HPLC: Rt 13.84 min (CH3CN gradient; 20−45% in 30 min).
MALDI TOF-MS. Calcd, 677.385 for C31H54N6O9Na; found, 677.149
for [M + Na]+.
Ac-Ser-Ala-Val-Leu-NHCH[CH2CH2CON(CH3)2]CH2CH2CH

CHCOOC2H5 (11). This compound was prepared similarly through
the homologation of 6 by a Wittig reaction using methoxymethyl-
triphenylphosphonium chloride followed by a reaction with triethyl
phosphonoacetate to yield 8 and coupling with the tetrapeptide: Rt

17.64 min (CH3CN gradient; 20−40% in 30 min). MALDI TOF-MS.
Calcd, 691.401 for C32H56N6O9Na; found, 691.344 for [M + Na]+.
Solid-Phase Synthesis of the P1 Site-Substituted Peptide

Aldehyde Ac-Ser-Ala-Val-Leu-P1-H. The peptide aldehyde was
synthesized using the Weinreb AM resin (Novabiochem, Merck)
according to published procedures,29 and the product was purified by
semipreparative HPLC using Cosmosil 5C18 (10 mm × 250 mm) to
afford a white powder with a single chromatographic peak. Ac-Ser-Ala-
Val-Leu-Leu-H 11: yield, 0.8%; Rt 14.76 min (CH3CN gradient; 20−
50% in 30 min). MALDI TOF-MS. Calcd, 550.322 for
C25H45N5O7Na; found, 550.249 for [M + Na]+. Ac-Ser-Ala-Val-
Leu-tBu-Gly-H 12: yield, 0.5%; Rt 17.46 min (CH3CN gradient; 20−
40% in 30 min). MALDI TOF-MS. Calcd, 550.322 for
C25H45N5O7Na; found, 550.254 for [M + Na]+. Ac-Ser-Ala-Val-Leu-
Phe-H 13: yield, 1.0%; Rt 16.42 min (CH3CN gradient; 20−50% in 30
min). MALDI TOF-MS. Calcd, 584.306 for C28H43N5O7Na; found,
584.230 for [M + Na]+. Ac-Ser-Ala-Val-Leu-Cha-H 14: yield, 0.5%; Rt
19.55 min (CH3CN gradient; 20−50% in 30 min). MALDI TOF-MS.
Calcd, 590.353 for C28H49N5O7Na; found, 590.310 for [M + Na]+. Ac-
Ser-Ala-Val-Leu-Thi-H 15: yield, 0.5%; Rt 12.30 min (CH3CN
gradient; 20−50% in 30 min). MALDI TOF-MS. Calcd, 590.262 for
C26H41N5O7 S1Na; found, 590.263 for [M + Na]+. Ac-Ser-Ala-Val-
Leu-His-H 16: yield, 4.4%; Rt 12.04 min (CH3CN gradient; 15−30%
in 30 min). MALDI TOF-MS. Calcd, 574.297 for C25H41N7O7Na;
found, 574.258 for [M + Na]+.
9,10-Epoxydecan-1-ol (17). To a solution of 9-decen-1-ol (2.0 g,

12 mmol) in CH2Cl2 (40 mL) was added mCPBA (2.4 g, 14 mmol) at
25 °C. After 30 min of stirring, saturated aqueous Na2S2O3 (20 mL)
and saturated NaHCO3(aq) (20 mL) were added. The organic layer
was washed with H2O and brine, dried over MgSO4, filtered, and
concentrated in vacuo. The residue was purified by silica gel column
chromatography using hexane:AcOEt (2:1, v/v) to give 1.5 g (64%) of
17 as a colorless oil. 1H NMR (500 MHz, CDCl3): δ 1.33 (brs, 8H),
1.46−1.56 (m, 6H), 2.46 (dd, J = 5.0 Hz, 3.0 Hz, 1H), 2.74 (t, J =
5.0 Hz, 1H), 2.90 (m, 1H), 3.56 (t, J = 6.5 Hz, 2H), 3.89 (brs, 1H).
13C NMR (125 MHz, CDCl3): δ 25.3, 25.4, 28.8, 29.0, 31.9, 32.1, 46.6,
51.9, 61.7. IR (film) νmax cm

−1: 3408, 3046, 1465, 1056, 833. ESIHRMS
[M + Na]+ calcd for C10H20O2Na, 195.1361; found, 195.1308.
Decan-1,2,10-triol (18). 9,10-Epoxydecan-1-ol 17 (1.5 g, 7.5

mmol) in THF:1 M NaOH (1:1, 20 mL) was refluxed for 2 h. After it
was cooled to room temperature, the mixture was extracted with
AcOEt. The organic layer was washed with brine, dried over MgSO4,
filtered, and concentrated in vacuo. The residue was purified by silica
gel column chromatography using AcOEt:MeOH (4:1, v/v) to give
0.7 g (43%) of decan-1,2,10-triol 18 as a white solid; mp 58−64 °C.
1H NMR (500 MHz, CD3OD): δ 1.32 (brs, 10H), 1.46−1.57 (m, 4H),
3.39 (dd, J = 11.5 Hz, 6.5 Hz, 1H), 3.44 (dd, J = 11.5 Hz, 4.5 Hz, 1H),
3.52 (t, J = 6.5 Hz, 2H), 3.55 (m, 1H). 13C NMR (125 MHz,
CD3OD): δ 25.4, 25.6, 29.3, 29.4, 29.5, 32.3, 33.1, 61.7, 66.1, 71.9. IR
(KBr) νmax cm−1: 3285, 2900, 1468, 1327, 1057, 1020, 965, 878.
ESIHRMS [M + Na]+ calcd for C10H22O3Na, 213.1467; found,
213.1455.
Fmoc-His(Trt)-al. HN(OMe)Me HCl salt (0.26 g, 2.7 mmol),

BOP (1.2 g, 2.7 mmol), and DIEA (1.3 mL, 8.2 mmol) were added to
Fmoc-His(Trt)-OH in DMF (10 mL), and the mixture was stirred at
25 °C for 90 min. The solvent was evaporated, and the residue was
dissolved in AcOEt. The organic phase was washed with 5% citric acid,
5% NaHCO3, and brine and then dried over MgSO4. The solvent was
evaporated to afford 1.6 g (98%) of the corresponding Weinreb amide
as a white amorphous powder. 1H NMR (300 MHz, CDCl3): δ 3.01
(brdd, J = 8.7 Hz, 5.1 Hz, 2H), 3.15 (s, 3H), 3.76 (s, 3H), 4.19 (t, J =
7.2 Hz, 1H), 4.29 (d, J = 7.2 Hz, 2H), 4.96 (brdd, J = 8.1 Hz, 5.1 Hz,
1H), 6.14 (brd, J = 8.1 Hz, 1H), 6.58 (s, 1H), 7.10−7.75 (m, 24H).
13C NMR: δ 31.00, 32.54, 47.48, 52.00, 61.98, 67.40, 75.52, 119.91,
120.18, 125.62, 127.37, 127.91, 128.32, 130.06, 130.15, 136.73, 138.98,
141.54, 142.29, 144.39, 156.43, 162.64. The product (0.66 g, 10
mmol), without further purification, was dissolved in THF (10 mL),
and LiAlH4 (50 mg) was added. The mixture was stirred at 25 °C for
10 min, filtered, and evaporated. The residue was dissolved in CHCl3,
and the organic phase was washed with H2O and dried over MgSO4.
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The solvent was removed by evaporation, and the residue was purified
by flash chromatography using hexane:AcOEt (1:2 v/v) to yield the
desired product as an oil. Yield, 0.50 g (42%); [α]D

26 +18.2 (c 0.6,
CHCl3).

1H NMR (300 MHz, CDCl3): δ 3.05 (dd, J = 15.0 Hz, 5.4
Hz, 1H), 3.16 (dd, J = 15.0 Hz, 5.4 Hz, 1H), 4.22 (t, J = 7.5 Hz, 1H),
4.97 (d, J = 7.5 Hz, 2H), 4.46 (dd, J = 6.9 Hz, 5.4 Hz, 1H), 6.45 (brd,
J = 6.9 Hz, 1H), 6.62 (s, 1H), 7.08−7.77 (m, 24H), 9.68 (brs). 13C
NMR: δ 27.24, 47.21, 59.89, 67.20, 75.37, 119.70, 119.85, 119.96,
125.24, 127.08, 127.54, 127.69, 128.02, 128.09, 128.13, 129.71, 135.88,
138.82, 141.29, 142,27, 142,47, 143.89, 156.39, 200.31.
Fmoc-His(Trt)-al 1-Octanol-ethylene Acetal [Fmoc-His(Trt)-

acetal] (19). To a stirred solution of Fmoc-His(Trt)-al (0.59 g, 0.98
mmol) and decane-1, 2, 10-triol 18 (0.19 g, 0.98 mmol) in CH2Cl2
(10 mL) was added BF3-Et2O (0.2 mL), and the mixture was stirred at
25 °C for 30 min. H2O (10 mL) was added, and the organic phase was
washed with H2O and dried on MgSO4. The solvent was evaporated to
yield 0.57 g (75%) of a white amorphous powder, and the product was
used for the next reaction without further purification: [α]D

27 −6.3
(c 0.8, CHCl3).

1H NMR (300 MHz, CDCl3): δ 1.26−1.30 (m, 12H),
1.49−1.56 (m, 2H), 2.81−2.89 (m, 2H), 3.41−3.51 (m, 1H), 3.57−
3.63 (m, 2H), 3.92−4.06 (m, 2H), 4.11−4.29 (m, 4H), 4.98−5.04
(m, 1H), 5.43−5.57 (m, 1H), 6.68 (s, 1H), 7.06−7.75 (m, 24H).
13C NMR: δ 25.71, 25.84, 28.68, 29.35, 29.44, 29.52, 32.88, 33.25,
47.42, 53.42, 62.86, 67.09, 70.27, 75.38, 103.98, 120.02, 125.44,
127.19, 127.74, 128.00, 128.15, 128.87, 129.92, 137.77, 138.49, 141.38,
142.59, 144.20, 156.52, 162.49.
Solid-Phase Synthesis of the Peptide Thioacetal [Ac-Ala-Val-

Cha-His-(SEt)2] (22). To a stirred solution of 19 (0.37 g, 0.48 mmol)
in acetone (5 mL) was added Jones reagent (0.3 mL; 2.67 M solution)
at 0 °C, and the mixture was stirred for 40 min at 25 °C. 2-Propanol
(0.1 mL) was then added, and the mixture was filtered through a
Celite pad. The solvent was removed by evaporation, and the residue
was extracted with CHCl3. The organic layer was washed with H2O,
dried over MgSO4, and evaporated to yield 0.30 g (80%) of the
corresponding carboxylic acid 20 as an amorphous powder: [α]D

27 −
13.1 (c 0.8, CHCl3).

1H NMR (300 MHz, CDCl3): δ 1.26−1.58 (m,
12H), 2.31−2.41 (m, 2H), 2.86−2.95 (m, 2H), 3.45−3.52 (m, 1H),
3.95 (t, J = 6.9 Hz, 1H), 4.06−4.38 (m, 6H), 5.06 (d, J = 7.2 Hz, 1H),
6.69 (s, 1H), 6.99−7.74 (m, 24H). 13C NMR: δ 24.80, 28.93, 29.24,
34.32, 46.58, 47.15, 53.77, 66.85, 119.91, 125.29, 127.06, 127.66,
128.11, 128.23, 128.32, 128.47, 129.63, 141.20, 143.78, 155.60, 181.82.
The product was used without further purification.

Piperidine (20%) in DMF (3 mL) was added to a DMF-swelled
Rink amide resin [4-(2,4-dimethoxyphenyl-Fmoc-aminomethyl)-phe-
noxy resin] (140 mg, 89 μmol), and the mixture was agitated at 25 °C
for 20 min. The resin was washed with DMF, the above carboxylic acid
20 (0.28 g, 0.35 mmol), HOBt (54 mg, 0.35 mmol), DIEA (170 μL,
1.1 mmol), and DIPCDI (62 μL, 0.35 mmol) in DMF (2 mL) were
added, and the mixture was agitated at 25 °C for 10 h. Deprotection of
the Nα-Fmoc group by treatment with 20% piperidine in DMF and
coupling with Nα-Fmoc-β-cyclohexyl-L-alanin (Fmoc-Cha-OH) (170 mg,
0.44 mmol) using DIPCDI/HOBt were carried out as above. An
aliquot of the resulting resin [Fmoc-Cha-His(Trt)-acetal resin] (0.10 g,
40 μmol) was then used for coupling with Fmoc-Val-OH (68 mg, 0.20
mmol) and Fmoc-Ala-OH (62 mg, 0.20 mmol) and acetylation using
Ac2O (76 μL, 0.80 mmol) and DIEA (130 μL, 0.80 mmol) to afford
the Ac-Ala-Val-Cha-His(Trt)-acetal resin. To the dried resin were
added anisole (87 μL, 0.80 mmol) and TFA (1.5 mL), and the mixture
was agitated at 25 °C for 4 h. The mixture was filtered, and the solvent
was removed by evaporation. Ether and H2O were added to the
residue, and the aqueous phase was washed with ether. The solvent
was removed by lyophilization to afford 21 as a powder: MALDI-TOF
MS. Calcd, 690.456 for C35H60N7O7; found, 690.302 for [M + H]+.

To the crude product in AcOH (1 mL) were added ethanethiol
(0.13 mL, 1.8 mmol) and BF3-Et2O (100 μL). The mixture was stirred
at 25 °C for 2 h, and H2O (400 μL) was added. Then, 150 μL of the
solution was applied to a semipreparative HPLC column (Cosmosil
5C18, 10 mm × 250 mm) and eluted with a gradient of CH3CN (10−
60%, 60 min) in 0.1% aqueous TFA at 3 mL/min. The desired
thioacetal 22 eluted at 43.60 min. The rest of the solution was similarly

purified and lyophilized to yield 20 mg (82%) of 22 as a white powder.
1H NMR (300 MHz, D2O): δ 1.11 (d, J = 6.6 Hz, 3H), 1.15 (d, J = 6.6
Hz, 3H), 1.20−1.23 (m, 2H), 1.47−1.66 (m, 4H), 1.55 (t, J = 7.5 Hz,
3H), 1.56 (t, J = 7.5 Hz, 3H), 1.61 (d, J = 7.2 Hz, 3H), 1.80−1.98 (m,
7H), 2.28 (s, 3H), 2.30−2.33 (m, 1H), 3.01 (q, J = 7.5 Hz, 2H), 3.03
(q, J = 7.5 Hz, 2H), 3.32 (dd, J = 15.3 Hz, 10.8 Hz, 1H), 3.58 (dd, J =
15.3 Hz, 3.6 Hz, 1H), 4.32 (d, J = 4.8 Hz, 1H), 4.37 (d, J = 7.5 Hz,
1H), 4.57−4.64 (m, 2H), 4.71−4.75 (m, 1H), 7.55 (s, 1H), 8,84 (s,
1H). 13C NMR: δ 14.18, 14.34, 16.99, 17.84, 18.79, 22.10, 25.98,
26.06, 26.15, 26.25, 26.44, 27.04, 30.69, 32.46, 33.36, 33.87, 39.33,
49.99, 51.67, 52.43, 54.88, 59.26, 117.30, 130.23, 133.66, 172.63,
173.72, 173.75, 174.88. MALDI-TOF MS. Calcd, 633.324 for
C29H50N6O4S2Na; found, 633.299 for [M + Na]+. Peptide thioacetals
23−27 were similarly prepared as above.
Ac-Asn-Val-Cha-His-(SEt)2 (23). Yield, 74%. 1H NMR (300

MHz, D2O): δ 0.99 (d, J = 6.9 Hz, 3H), 1.01 (d, J = 6.9 Hz, 3H),
1.00−1.12 (m, 2H), 1.33−1.56 (m, 4H), 1.43 (t, J = 7.5 Hz, 3H), 1.44
(t, J = 7.5 Hz, 3H), 1.67−1.92 (m, 7H), 2.18 (s, 3H), 2.18−2.22 (m,
1H), 2.78−2.96 (m, 4H), 3.31 (dd, J = 15.6 Hz, 10.8 Hz, 1H), 3.46
(dd, J = 15.3 Hz, 3.3 Hz, 1H), 4.21 (d, J = 5.1 Hz, 1H), 4.28 (d, J = 6.9
Hz, 1H), 4.45−4.50 (m, 1H), 4.60−4.65 (m, 1H), 4.86 (brt, J = 6.9
Hz, 1H), 7.43 (s, 1H), 8,74 (s, 1H). 13C NMR: δ 14.05, 14.23, 17.47,
18.65, 22.05, 25.85, 25.95, 26.02, 26.14, 26.32, 26.88, 30.60, 32.34,
33.18, 33.69, 36.44, 39.00, 50.67, 51.65, 52.25, 54.65, 59.17, 114.88,
130.00, 133.51, 172.53, 172.54, 173.80, 173.81, 174.36. MALDI-TOF
MS. Calcd, 654.347 for C30H52N7O5S2; found, 654.442 for [M + H]+.
Ac-Ser-Val-Cha-His-(SEt)2 (24). Yield, 21%.

1H NMR (300 MHz,
D2O): δ 0.84 (d, J = 6.9 Hz, 3H), 0.89 (d, J = 6.9 Hz, 3H), 0.90−1.00
(m, 2H), 1.15−1.36 (m, 4H), 1.27 (t, J = 7.5 Hz, 3H), 1.29 (t, J = 7.5
Hz, 3H), 1.54−1.69 (m, 7H), 2.03−2.10 (m, 1H), 2.06 (s, 3H), 2.746
(q, J = 7.5 Hz, 2H), 2.753 (q, J = 7.5 Hz, 2H), 3.07 (dd, J = 15.6 Hz,
11.1 Hz, 1H), 3.31 (dd, J = 15.6 Hz, 3.0 Hz, 1H), 3.81 (d, J = 6.3 Hz,
1H), 4.08 (d, J = 4.8 Hz, 1H), 4.13 (d, J = 7.2 Hz, 1H), 4.34 (dd, J =
9.0 Hz, 6.3 Hz, 1H), 4.43−4.53 (m, 2H), 7.26 (s, 1H), 8,55 (s, 1H).
13C NMR: δ 13.82, 14.01, 17.49, 18.44, 21.84, 25.72, 25.80, 25.86,
26.06, 26.20, 26.86, 30.17, 32.05, 32.94, 33.51, 38.90, 51.52, 52.23,
54.34, 55.62, 59.23, 61.20, 116.93, 130.04, 133.43, 171.97, 172.61,
174.05, 174.35. MALDI-TOF MS. Calcd, 627.336 for C29H51N6O5S2;
found, 627.332 for [M + H]+.
Ac-Ser(Ac)-Val-Cha-His-(SEt)2 (28).

1H NMR (300 MHz, D2O):
δ 0.82 (d, J = 6.6 Hz, 3H), 0.89 (d, J = 6.6 Hz, 3H), 0.91−0.96 (m,
2H), 1.18−1.35 (m, 4H), 1.27 (t, J = 7.5 Hz, 3H), 1.29 (t, J = 7.5 Hz,
3H), 1.55−1.69 (m, 7H), 2.04−2.10 (m, 1H), 2.07 (s, 3H), 2.10 (s,
3H), 2.746 (q, J = 7.5 Hz, 2H), 2.755 (q, J = 7.5 Hz, 2H), 3.09 (dd, J =
15.3 Hz, 10.8 Hz, 1H), 3.32 (dd, J = 15.3 Hz, 3.3 Hz, 1H), 4.09 (d, J =
4.5 Hz, 1H), 4.11 (d, J = 7.5 Hz, 1H), 4.27−4.42 (m, 3H), 4.50−4.54
(m, 1H), 7.28 (s, 1H), 8,60 (s, 1H). 13C NMR: δ 13.82, 14.02, 17.73,
18.46, 20.28, 21.81, 25.74, 25.80, 25.85, 26.06, 26.20, 26.80, 30.36,
32.10, 32.95, 33.53, 38.99, 51.51, 52.18, 52.73, 54.37, 59.28, 63.44,
116.94, 129.89, 130.05, 133.33, 170.68, 172.31, 173.47, 173.99, 174.27.
MALDI-TOF MS. Calcd, 669.347 for C31H53N6O6S2; found, 669.348
for [M + H]+.
Ac-Thr-Val-Cha-His-(SEt)2 (25). Yield, 31%. 1H NMR (300

MHz, D2O): δ 0.75 (d, J = 6.6 Hz, 3H), 0.85 (d, J = 6.6 Hz, 3H),
0.84−0.95 (m, 2H), 1.11−1.30 (m, 4H), 1.13 (d, J = 6.6 Hz, 3H), 1.22
(t, J = 7.5 Hz, 3H), 1.23 (t, J = 7.5 Hz, 3H), 1.48−1.60 (m, 7H), 1.98−
2.02 (m, 1H), 2.02 (s, 3H), 2.69 (q, J = 7.5 Hz, 2H), 2.70 (q, J = 7.5
Hz, 2H), 3.03 (dd, J = 15.3 Hz, 11.1 Hz, 1H), 3.26 (dd, J = 15.3 Hz,
3.0 Hz, 1H), 4.01−4.08 (m, 3H), 4.22 (d, J = 5.7 Hz, 1H), 4.28−4.32
(m, 1H), 4.43−4.50 (m, 1H), 7.22 (s, 1H), 8,54 (s, 1H). 13C NMR: δ
13.76, 13.94, 17.73, 18.37, 18.88, 21.76, 25.67, 25.76, 25.80, 26.00,
26.16, 26.74, 38.91, 51.35, 52.12, 54.27, 59.23, 59.49, 67.04, 119.88,
129.79, 133.23, 171.74, 172,45, 174.02, 174.38. MALDI-TOF MS.
Calcd, 641.352 for C30H53N6O5S2; found, 641.283 for [M + H]+.
Ac-Ser-Ala-Val-Phe-His-(SEt)2 (26). Yield, 18%. 1H NMR (300

MHz, D2O): δ 0.65 (d, J = 6.6 Hz, 3H), 0.76 (d, J = 6.6 Hz, 3H), 1.15
(t, J = 7.5 Hz, 3H), 1.20 (t, J = 7.5 Hz, 3H), 1.26 (d, J = 7.2 Hz, 3H),
1.77−1.86 (m, 1H), 2.00 (s, 3H), 2.55 (q, J J = 7.5 Hz, 2H), 2.64 (q,
J = 7.5 Hz, 2H), 2.85−2.95 (m, 2H), 3.01 (dd, J = 15.3 Hz, 7.5 Hz,
1H), 3.21 (dd, J = 15.3 Hz, 3.0 Hz, 1H), 3.67 (d, J = 4.2 Hz, 1H),
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3.770 (d, J = 5.7 Hz, 1H), 3.775 (d, J = 5.7 Hz, 1H), 3.91 (d, J = 7.8
Hz, 1H), 4.23−4.43 (m, 3H), 4.53 (brt, J = 8.0 Hz, 1H), 7.12−7.33
(m, 61H), 8.45 (s, 1H). 13C NMR: δ 13.68, 13.94, 16.45, 17.71, 18.26,
21.78, 26.10, 26.32, 30.19, 37.41, 49.65, 52.33, 54.30, 54.62, 55.67,
59.32, 61.14, 116.86, 127.30, 128.84, 129.23, 130.02, 133.40, 136.15,
171.91, 172.36, 172.56, 174.53, 174.58. MALDI-TOF MS. Calcd,
692.327 for C32H50N7O6S2; found, 692.475 for [M + H]+.
Ac-Ser-Ala-Val-Cha-His-(SEt)2 (27). Yield, 17%. 1H NMR (300

MHz, D2O): δ 0.75 (d, J = 6.6 Hz, 3H), 0.84 (d, J = 6.6 Hz, 3H),
0.85−0.94 (m, 2H), 1.08−1.33 (m, 4H), 1.20 (t, J = 7.5 Hz, 3H), 1.22
(t, J = 7.5 Hz, 3H), 1.32 (d, J = 7.2 Hz, 3H), 1.42−1.58 (m, 7H),
1.88−2.01 (m, 1H), 2.01 (s, 3H), 2.68 (q, J = 7.5 Hz, 2H), 2.69 (q, J =
7.5 Hz, 2H), 3.03 (dd, J = 15.3 Hz, 10.8 Hz, 1H), 3.26 (dd, J = 15.3
Hz, 3.3 Hz, 1H), 3.74−3.84 (m, 2H), 3.96 (d, J = 8.1 Hz, 1H), 4.04 (d,
J = 4.5 Hz, 1H), 4.26−4.36 (m, 3H), 4.43−4.49 (m, 1H), 7.20 (s, 1H),
8.50 (s, 1H). 13C NMR: δ 13.69, 13.88, 16.45, 17.73, 18.36, 21.75,
25.64, 25.73, 25.85, 25.97, 26.20, 26.79, 29.97, 31.88, 32.87, 33.41,
38.84, 49.75, 51.44, 52.22, 54.25, 55.72, 59.41, 61.11, 116.85, 129.87,
133.27, 171.98, 172.72, 174.22, 174.58, 174.66. MALDI-TOF MS.
Calcd, 698.374 for C32H56N7O6S2; found, 698.389 for [M + H]+.
Ac-Ser(Ac)-Ala-Val-Cha-His-(SEt)2 (29). 1H NMR (300 MHz,

D2O): δ 0.91 (d, J = 6.6 Hz, 3H), 0.97 (d, J = 6.6 Hz, 3H), 0.98−1.09
(m, 2H), 1.24−1.51 (m, 4H), 1.36 (t, J = 7.5 Hz, 3H), 1.37 (t, J = 7.5
Hz, 3H), 1.45 (d, J = 7.2 Hz, 3H), 1.59−1.75 (m, 7H), 2.11−2.16 (m,
1H), 2.15 (s, 3H), 2.19 (s, 3H), 2.83 (q, J = 7.5 Hz, 2H), 2.84 (q, J =
7.5 Hz, 2H), 3.15 (dd, J = 15.6 Hz, 10.8 Hz, 1H), 3.40 (dd, J = 15.3
Hz, 3.3 Hz, 1H), 4.13−4.18 (m, 2H), 4.40−4.51 (m, 4H), 4.54−4.61
(m, 1H), 7.36 (s, 1H), 8.66 (s, 1H). 13C NMR: δ 13.95, 14.13, 16.72,
17.78, 18.58, 20.34, 21.98, 25.84, 25.93, 26.14, 26.82, 30.37, 32.15,
33.12, 33.59, 39.08, 49.86, 51.53, 52.23, 53.04, 54.49, 59.26, 63.52,
117.02, 129.95, 132.42, 170.72, 172.58, 173.47, 173.89, 174.13, 174.29.
MALDI-TOF MS. Calcd, 740.384 for C34H58N7O7S2; found, 740.190
for [M + H]+.
Ac-Ala-Val-Cha-His-H (32). Ac-Ala-Val-Cha-His-(SEt)2 22 (9.0

mg, 15 μmol) was dissolved in H2O:THF(2:1, 1.35 mL). A 150 μL
amount of the solution was mixed with 53 μL of a 0.1 mmol/L THF
solution of NBS, and the mixture was applied to a semipreparative
HPLC column (Cosmosil 5C18, 10 mm × 250 mm). The desired
product was eluted with a gradient of CH3CN (10−60%, 60 min) in
0.1% aqueous TFA at 3 mL/min, appearing at 23.26 min. The rest of
the solution was similarly purified and lyophilized to yield 3.2 mg
(43%) of 32 as a white powder: Rt on analytical HPLC, 12.87 min
(single peak). 1H NMR (300 MHz, D2O): δ 0.78 (d, J = 6.9 Hz, 3H),
0.84−0.94 (m, 2H), 0.86 (d, J = 6.9 Hz, 3H), 1.05−1.25 (m, 5H), 1.30
(d, J = 7.2 Hz, 3H), 1.39−1.58 (m, 6H), 1.91−2.02 (m, 1H), 1.97 (s,
3H), 2.84 (dd, J = 15.3 Hz, 10.8 Hz, 1H), 3.11 (dd, J = 15.3 Hz, 3.3
Hz, 1H), 4.00 (d, J = 8.1 Hz, 1H), 4.06−4.11 (m, 1H), 4.20−4.31 (m,
2H), 7.21 (s, 1H), 8.53 (s, 1H), 9.51 (brs). MALDI-TOF MS. Calcd,
505.314 for C25H41N6O5; found, 505.353 for [M + H]+. The following
peptidealdehydes were similarly prepared as above.
Ac-Asn-Val-Cha-His-H (33). Yield, 51%; Rt on analytical HPLC,

12.35 min (single peak). 1H NMR (300 MHz, D2O): δ 0.89−0.96 (m,
8H), 1.10−1.26 (m, 4H), 1.44−1.64 (m, 7H), 1.98 (s, 3H), 2.16−2.20
(m, 1H), 2.71−2.81 (m, 3H), 2.93−2.98 (m, 1H), 3.98−4.02 (m, 2H),
4.15−4.20 (m, 1H), 4.61−4.64 (m, 1H), 7.18 (s, 1H), 8.46 (s, 1H),
9.44 (brs). MALDI-TOF MS. Calcd, 548.320 for C26H42N7O6; found,
548.375 for [M + H]+.
Ac-Ser-Val-Cha-His-H (34). Yield, 60%; Rt on analytical HPLC,

13.11 min (single peak). 1H NMR (300 MHz, D2O): δ 0.69−1.10 (m,
6H), 0.72 (d, J = 6.9 Hz, 3H), 0.77 (d, J = 6.9 Hz, 3H), 1.28−1.49 (m,
7H), 1.87−1.94 (m, 1H), 1.94 (s, 3H), 2.76 (dd, J = 15.3 Hz, 10.8 Hz,
1H), 3.03 (dd, J = 15.3 Hz, 3.3 Hz, 1H), 3.66−3.73 (m, 2H), 3.96−
4.04 (m, 2H), 4.12−4.21 (m, 1H), 4.30−4.34 (m, 1H), 7.12 (brs, 1H),
8.46 (brs, 1H), 9.42 (brs). MALDI-TOF MS. Calcd, 521.309 for
C25H41N6O6; found, 521.329 for [M + H]+.
Ac-Thr-Val-Cha-His-H (35). Yield, 40%; Rt on analytical HPLC,

12.27 min (single peak). 1H NMR (300 MHz, D2O): δ 0.89−0.93 (m,
8H), 1.11−1.24 (m, 7H), 1.41−1.63 (m, 7H), 2.03 (s, 3H), 2.11−2.18
(m, 1H), 3.01−3.08 (m, 1H), 3.24−3.31 (m, 1H), 4.02−4.05 (m, 1H),
4.13−4.25 (m, 3H), 4.37−4.41 (m, 1H), 7.21 (brs, 1H), 8.44 (brs,

1H), 9.44 (brs). MALDI-TOF MS. Calcd, 535.324 for C26H43N6O6;
found, 535.383 for [M + H]+.
Ac-Ser-Ala-Val-Phe-His-H (30). Yield, 12%; Rt on analytical

HPLC, 10.27 min (single peak). 1H NMR (300 MHz, D2O): δ 0.66
(d, J = 6.6 Hz, 3H), 0.76 (d, J = 6.6 Hz, 3H), 1.26 (d, J = 7.2 Hz, 3H),
1.79−1.89 (m, 1H), 2.00 (s, 3H), 2.76 (dd, J = 15.6 Hz, 11.1 Hz, 1H),
2.85−2.99 (m, 2H), 3.04 (dd, J = 15.6 Hz, 3.0 Hz, 1H), 3.724−3.82
(m, 2H), 3.91 (d, J = 8.1 Hz, 1H), 3.99−4.04 (m, 1H), 4.27 (q, J = 7.2
Hz, 1H), 4.34 (t, J = 5.7 Hz, 1H), 4.51 (brt, J = 7.2 Hz, 1H), 7.15−
7.31 (m, 6H), 8.48 (brs, 1H). MALDI-TOF MS. Calcd, 586.299 for
C28H40N7O7; found, 586.380 for [M + H]+.
Ac-Ser-Ala-Val-Cha-His-H (31). Yield, 46%; Rt on analytical

HPLC, 12.66 min (single peak). 1H NMR (300 MHz, D2O): δ 0.78
(d, J = 6.6 Hz, 3H), 0.79−0.93 (m, 2H), 0.85 (d, J = 6.6 Hz, 3H),
1.00−1.24 (m, 5H), 1.33 (d, J = 7.2 Hz, 3H), 1.42−1.59 (m, 6H),
1.89−2.01 (m, 1H), 2.01 (s, 3H), 2.79 (dd, J = 15.6 Hz, 10.8 Hz, 1H),
3.06 (dd, J = 15.6 Hz, 3.6 Hz, 1H), 3.74−3.81 (m, 2H), 3.96 (d, J = 8.1
Hz, 1H), 4.03−4.09 (m, 1H), 4.25−4.37 (m, 3H), 7.10 (s, 1H), 8.28
(s, 1H), 9.47 (brs). MALDI-TOF MS. Calcd, 592.346 for
C28H46N7O7; found, 592.435 for [M + H]+.
X-ray Crystallography. Prior to the crystallization of the

inhibitor complex, the purified R188I mutant SARS 3CL protease in
20 mM Bis-Tris, pH 5.5/100 mM NaCl/5 mM DTT (8 mg/mL) was
crystallized at 4 °C using the sitting drop vapor diffusion method by
mixing it with an equal volume of a precipitant solution (9−11%
(w/v) of PEG20000, 100 mM MES, pH 6.0, and 5 mM DTT).
Diffraction-quality crystals were formed within 3 days and reached a
typical size of 0.3 mm × 0.3 mm × 0.2 mm.

For crystallization of the inhibitor complex, the R188I SARS 3CL
protease solution (8 mg/mL) was mixed with the inhibitor dissolved
in DMSO at a molar ratio of 1:4 and then incubated for 1 h at 4 °C
before being combined with an equal volume of the precipitant
solution described above. The crystal form of the inhibitor complex
was then transferred to a cryoprotectant solution of 11% PEG20000,
100 mM MES, pH 6.0, 5 mM DTT, and 15% (v/v) ethylene glycol
and flash-frozen in a liquid nitrogen stream prior to the collection of
X-ray diffraction data.

X-ray data were collected from frozen crystals at 95 K at the Photon
Factory (Tsukuba, Japan). Diffraction data were collected from a
crystal of the R188I SARS 3CL protease on a beamline BL-5A with an
ADSC Quantum 315r CCD detector at a wavelength of 1.0000 Å. A
data set from a protease crystal in a complex with the inhibitor was
collected on a BL-6A on an ADSC Quantum 4r CCD detector at a
wavelength of 0.9780 Å. The diffraction data were processed using the
HKL-2000 software program.

The structures of the R188I SARS 3CL protease alone and
complexed with inhibitors were determined by molecular replacement
using the Molrep program with a wild-type SARS 3CL protease
structure (PDB code: 2ZU4) as the search model. Rigid body
refinement and subsequent restrained refinement protocols were
performed with the program Refmac 5 of the CCP package. The Coot
program was used for manual model rebuilding. Water molecules were
added using Coot only after the refinement of protein structures had
converged. Ligands were directly built into the corresponding
difference electron density, and the model was then subjected to an
additional round of refinement.
Estimation of IC50 Values. Peptide substrate SO1 [H-Thr-Ser-

Ala-Val-Leu-Gln-Ser-Gly-Phe-Arg-Lys-NH2]
27 (111 μM) in a reaction

solution (25 μL of 20 mM Tris-HCl buffer, pH 7.5, containing 7 mM
DTT) was incubated with the R188I SARS protease27 (56 nM) at 37
°C for 60 min in the presence of various inhibitor concentrations. In a
preincubation procedure, the mutant protease was incubated with the
inhibitor at 37 °C for 20−30 min before addition of the substrate. The
substrate was then added to the mixture, and the cleavage reaction was
continued for a further 60 min. In a simultaneous mixing procedure,
the protease, inhibitor, and substrate were simultaneously mixed, and
the mixture was incubated at 37 °C for 60 min. The cleavage reaction
was monitored by analytical HPLC [Cosmosil 5C18 column (4.6 mm
× 150 mm), a linear gradient of CH3CN (10−20%) in an aqueous
0.1% TFA over 30 min], and the cleavage rates were calculated from
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the decease of the substrate peak area. Each IC50 value was obtained
from the sigmoidal dose−response curve (see Figure S-1 in the
Supporting Information for a typical sigmoidal curve). Each experi-
ment was repeated three times, and the results were averaged.
Lineweaver−Burk Plot. Initial rate measurements for the

hydrolysis were carried out using basically the same procedure as
above. Each reaction was initiated by adding the protease (56 nM) to
various solutions containing different final concentrations of the
substrate (34−168 μM) in the absence or presence of 35 (25, 50, or
100 nM). The digestion time (10−15 min) varied depending on the
amount of substrate used. After the reaction, each mixture was
analyzed by HPLC, as described above. The initial digestion rate (v, μM/
min) was calculated from the decrease in the peak area of the substrate,
and 1/v was plotted vs 1/[S], where [S] is the concentration of the
substrate (μM).
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