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Abstract Hepatitis C viral infection is a cause of chronic

liver disease, and current therapies are only effective in

50 % of patients. Serine proteases, which are present in

both hepatitis C virus (HCV) and the dengue virus, are the

most studied class of proteolytic enzymes and are the pri-

mary targets for drug development in this field. In this

paper, we describe the synthesis of a novel class of iso-

mannide-based peptide mimetic compounds based on a

tartaric acid backbone. Our data showed that substitutions

at position 168 (D168A) and 170 (V170A) conferred low-

level resistance against compound 5a3, whereas substitu-

tions at position 155 (R155K) and 156 (A156V) conferred

no resistance. These data suggest that even though com-

pound 5a3 is a noncompetitive inhibitor; it is able to

interact with important residues located near the catalytic

site. In addition, this novel compound class exhibits potent

antiviral activity against variants carrying resistance

mutations to boceprevir and telaprevir. Our docking studies

showed important interactions, including hydrogen bonds

and a p–p interaction, between compound 5a3 and residues

of the allosteric site of NS3/4A. Biological and theoretical

results indicate that 5a3 is a promising lead compound for

the development of new drugs targeting HCV infection.

Keywords Isomannide � Serine proteases � Tartaric acid �
Inhibitor

Introduction

Millions of people worldwide are affected by Flaviviruses

from the Flaviviridae family, hepatitis C virus (HCV),

West Nile virus, and dengue virus (DV). HCV results in

acute clinical hepatitis in approximately 20 % of infected

individuals. It is the leading cause of chronic liver diseases,

including cirrhosis, carcinoma, and liver failure (Cohen,

1999; Feld and Hoofnagle, 2005). Therapies based on alpha

interferon and the nucleoside analog ribavirin have adverse

effects and are only partially effective against HCV (Yusof

et al., 2000; Wright et al., 2001).

HCV and DV NS3 protease (NS3 pro) is a serine pro-

tease that possesses a characteristic catalytic triad com-

posed of histidine (His), aspartic acid (Asp), and serine

(Ser), which is conserved across all flaviviruses. NS3 pro

activity is essential for viral replication and the maturation

of infectious virions; therefore, NS3 pro is a suitable target

for the development of chemotherapeutic approaches to

treat hepatitis C and dengue infections (Bazan and Flett-

erick, 1989; Gorbalenya et al., 1989; Melino and Paci,

2007). In this context, some natural and synthetic NS3 pro
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Laboratório de Virologia Molecular, Instituto de Ciências

Biológicas, Universidade Federal do Rio de Janeiro, Rio de

Janeiro, RJ, Brazil

P. H. R. de A. Azevedo � A. C. Portela �
L. R. S. Dias � E. M. F. Muri (&)
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inhibitors have been described (Sidique et al., 2009; Chee

et al., 2010).

Peptides that interact with NS3 pro have garnered sig-

nificant interest due to their activity and specificity (In-

gallinella et al., 1998). However, there are some limitations

associated with peptide drugs. For example, peptide drugs

have low bioavailabilities and can be hydrolyzed by pro-

teases (Frokjaer and Otzen, 2005). Studies on the devel-

opment of peptide mimetic inhibitors have demonstrated

the ability of this compound class to potentially overcome

these obstacles (Lampa et al., 2010). The FDA approved

boceprevir and telaprevir as the first direct-acting antiviral

agents for chronic hepatitis C treatment. Both are NS3/4A

pro peptide mimetic inhibitors and belong to a class of a-

ketoamide derivatives that have remarkable antiviral

activity against HCV genotype 1 (Lange and Sarrazin,

2002). In addition, a variety of peptide mimetic-based NS3

pro inhibitors has been synthesized over the past decade.

Notably, these inhibitors possess several distinct backbones

with moderate to good activity against HCV (Maryanoff

and Costanzo, 2008; Örtqvist et al., 2010; Lampa et al.,

2010).

Mutations in the NS3/4A protease are associated with

drug resistance, which is the major cause of antiviral therapy

failure (Sarrazin and Zeuzem, 2010; Halfon and Locarnin,

2011; Lim et al., 2012). Indeed, the V170A mutation has

been shown to confer resistance against boceprevir and

narlaprevir (Vermehren and Sarrazin, 2011).

Over the past few years, we have shown that some

peptide mimetics derived from isomannide (1) (Fig. 1)

exhibit activity against both HCV and DV. Computational

studies suggest that these mimetics interact with NS3/4A

pro (Muri et al., 2004, 2005; Barros et al., 2009, 2010,

2012).

Herein, we describe new isomannide-based peptide

mimetic compounds with a tartaric acid backbone.

Fig. 1 Design of the peptide

mimetics 5a1–5a4 and 5b2–5b4
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Notably, 5a3 is a noncompetitive inhibitor of NS3 pro in

HCV and possesses potent antiviral activity against HCV

variants with resistance mutations to boceprevir and

telaprevir.

Results and discussion

Compound design and synthesis

Previous reports have shown that compounds containing

the tartaric acid moiety possess inhibitory activity against

HIV-1 protease (Peçanha et al., 2003; Barros et al., 2006;

Resende et al., 2007; Shriner and Furow, 1963). These

results encouraged us to explore this core for the design of

new peptide mimetic inhibitors of NS3 pro. Compounds

possessing a fused-bicyclic structure, such as darunavir and

telaprevir, represent an effort toward the design and

development of new antiviral drugs (Lin et al., 2004;

Ghosh et al., 2007).

Commercially available isomannide (1) possesses a

U-shaped structure, and inverting its hydroxyl group con-

figuration leads to a W-shaped conformation which is a

quasi linear structure. These structural manipulations are of

great interest in the design of new compounds, particularly

peptide mimetic compounds (Westermann et al., 2004;

Ghosh et al., 2007). Based on our earlier results concerning

the design and synthesis of peptide derivatives from 1 (see

infra), the isomannide-tartaric acid scaffold was selected

for new peptide mimetics (Fig. 1).

Peptide mimetics derived from L-tartaric acid have

already been synthesized either via the classical EDC/

HOBt protocol from the free acid or through the corre-

sponding acid chloride, yielding the corresponding pseudo-

peptide with C2 symmetry (Shriner and Furow, 1963;

Resende et al., 2007).

The proposed synthetic route for the new isomannide-

based peptide mimetics with a tartaric acid core devoid of

C2 symmetry makes use of di-O-acetyl-tartaric anhydrides

6a,b (Lin et al., 2004; Ghosh et al., 2007). The amine 3 is a

known compound that our group prepared in four steps

from commercially available 1 (Peçanha et al., 2003;

Barros et al., 2006). The condensations of 3 and carboxylic

acids 4a1–4a4 or 4b2–4b4 are key steps in the syntheses of

peptide mimetics 5a1–5a4 and 5b2–5b4. Notably, all of

the carboxylic acids (4a1–4a4 and 4b2–4b4) used in the

condensation reaction possess side chains derived from

amino acids.

Short and efficient synthetic routes to peptide mimetics

5a1–5a4 employed classical procedures, as shown in

Scheme 1. Crystalline di-O-acetyl-D-tartaric anhydride

(6a) was prepared by the dehydration of D-tartaric acid (2a)

with Ac2O/H2SO4 at reflux, as previously described in the

literature (Lin et al., 2004; Ghosh et al., 2007). Ring

opening of compound 6a was accomplished by reacting the

compound with L-glycine ethyl ester hydrochloride (L-Gly-

OEt.HCl), L-phenylalanine methyl ester hydrochloride

(L-Phe-OMe.HCl), or L-valine methyl ester hydrochloride

(L-Val-OMe.HCl) to produce pseudo-peptides 4a1, 4a2,

and 4a3, respectively. These ring-opening reactions were

carried out in the presence of N-methylmorpholine (NMM)

at low temperatures. The ring-opening reactions afforded

the expected product as viscous oils in moderate yield

(Scheme 1). Similarly, compound 4a4 was obtained in

good yield using L-proline methyl ester (L-Pro-OMe).

Subsequent condensation reactions of acids 4a1–4a4 and

amine 3 utilizing the classical EDC/HOBt/NMM protocol

afforded the corresponding peptide mimetics 5a1–5a4 in

moderate yields. All compounds were characterized

spectroscopically.

Crystalline di-O-acetyl-L-tartaric anhydride (6b) was

prepared in the same manner as 6a, by dehydration of the

L-tartaric acid (2b) with Ac2O/H2SO4 at reflux (Lin et al.,

2004; Ghosh et al., 2007).

Ring opening of commercially available di-O-acetyl-L-

tartaric anhydride (6b) was accomplished by reacting the

compound with Phe-OMe.HCl and L-Val-OMe.HCl at low

temperatures. The reaction afforded good yields of the

corresponding acids, 4b2 and 4b3. Notably, compound 4b4

was obtained in excellent yield using L-Pro-OMe

(Scheme 2). The subsequent condensation reactions of

acids 4b2–4b4 with amine 3 employed the classical EDC/

HOBt/NMM protocol. This protocol afforded the corre-

sponding peptide mimetics 5b2–5b4 in moderate to good

yields. All compounds were characterized spectroscopi-

cally. To evaluate the contribution of the acetyl group to

the biological activity of the compound, the diacetyl esters

5b2–5b4 were selectively hydrolyzed under basic condi-

tions with K2CO3 and methanol to afford diols 7b2–7b4 in

good yields (Barros et al., 2006; Resende et al., 2007).

Biology

To express and purify the recombinant NS3/4A pro protein

complex, a plasmid encoding the NS4A cofactor (21–32aa)

was covalently joined to NS3 (1–182aa) via GlySerGlySer

(GSGS), a flexible amino acid linker with the NS3

(1–182aa) N-terminal protease domain. The construct was

inserted into a pET21dHT expression vector that added a

His-tag followed by a TEV cleavage site (ENLYFQGS) at

the N-terminus of the NS4A cofactor to facilitate purifi-

cation. Protein expression is inducible with IPTG. Overall,

the construct results in the production of a 69His-TEVsite-

NS3/4A pro protein with a molecular weight of 22.4 kDa.

The soluble recombinant protein was purified via nickel

affinity column chromatography. The 69His-TEVsite tag

was excised with TEV protease to yield NS3/4A pro. NS3/
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4 pro has a predicted molecular weight of 20.6 kDa, which

was confirmed by SDS-PAGE (Fig. 2a). Western blot

using an anti-6xHis tag monoclonal antibody was per-

formed to confirm the absence of the 69His tag on purified

NS3/4A pro (Fig. 2b). As expected, approximately 1 mg of

protein per liter of culture was obtained.

To verify the proteolytic activity of the recombinant

protein, kinetic parameters were determined using a fluo-

rogenic peptide substrate based on the NS4A–NS4B

cleavage site sequence of the HCV polyprotein. Regarding

the activity of NS3/4A pro, data showed hyperbolic kinetic

curves as a function of substrate concentration. The kcat

was found to be 0.046 ± 0.008 s-1; the KM was

2.67 ± 0.64 lM.

In vitro inhibitory effects of peptide mimetics

A medium-throughput NS3/4A pro inhibition-based

screening assay (MTS) was used to evaluate the inhibitory

activity of isomannide-based peptide mimetic derivatives

against HCV-1b. Compounds 4a1 and 5a3 showed NS3/4A

pro inhibitory activities of 49 ± 17 and 63 ± 13 %,

respectively (Fig. 3).

Structure–activity relationship (SAR) study

The isomannide ring of 5a3 shows increased activity

compared to compound 4a3. Isomannide-based compounds

have already been reported as potential HCV serine pro-

tease inhibitors (Barros et al., 2009). In the 4a series, 4a1

showed the greatest activity, most likely due to the L-gly-

cine ethyl ester substituent. However, inserting the iso-

mannide ring, as shown in 5a1, was not favorable,

indicating a possible rotation of the binding site due to

steric hindrance. Furthermore, the valine methyl ester

substituent, as in 5a3, showed the greatest activity among

the tested compounds.

Furthermore, the dose–response curve of the most active

compound, 5a3, was compared with that of the reference

inhibitor Ac–Asp–Glu–Dif–Glu–Cha–Cys–OH (Cha =

b-cyclohexylalanine; Dif = 3,3-diphenylalanine) (AnaSpec,
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Scheme 1 Synthesis of the

peptide mimetics 4a1–4a4 and

5a1–5a4. i L-Gly-OEt.HCl or

L-Phe-OMe.HCl or L-Val-

OMe.HCl or L-Pro-OMe, NMM,

CH2Cl2, 0 �C, 30 min., 40 %

(4a1), 55 % (4a2), 50 % (4a3),

84 % (4a4). ii Compound 3,

EDC.HCl, HOBt, NMM,

CH2Cl2, 0 �C, 1 h, then r.t.,

overnight, 40 % (5a1), 40 %

(5a2), 42 % (5a3), 50 % (5a4)

Scheme 2 Synthesis of peptide

mimetics 4b2–4b4, 5b2–5b4
and 7b2–7b4 i L-Phe-OMe.HCl

or L-Val-OMe.HCl or L-Pro-

OMe, NMM, CH2Cl2, 0 �C,

30 min., 83 % (4b2), 78 %

(4b3), 95 % (4b4). ii Compound

3, EDC.HCl, HOBt, NMM,

CH2Cl2, 0 �C, 1 h, then r.t.,

overnight, 50 % (5b2), 75 %

(5b3), 51 % (5b4). iii MeOH,

0 �C, K2CO3, r.t. 30 min., 92 %

(7b2), 74 % (7b3), 90 % (7b4)
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USA). Compound 5a3 and Ac–Asp–Glu–Dif–Glu–Cha–

Cys–OH have IC50 values of 76 ± 14 and

0.60 ± 0.09 lM, respectively (Fig. 4) (Sarrazin and Ze-

uzem, 2010).

Substrate titration experiments were performed at dif-

ferent concentrations of 5a3 or Ac–Asp–Glu–Dif–Glu–

Cha–Cys–OH to evaluate whether the inhibitory mecha-

nism of compound 5a3 is similar to that of the reference

inhibitor (Ac–Asp–Glu–Dif–Glu–Cha–Cys–OH). By fitting

the experimental data to the Michaelis–Menten equation,

we determined the Ki values for 5a3 and Ac–Asp–Glu–

Dif–Glu–Cha–Cys–OH, which were 116.5 ± 5.7 and

1.90 ± 0.27 lM, respectively. Moreover, the Lineweaver–

Burk plot indicated that 5a3 inhibited the proteolytic

activity of NS3/4A noncompetitively (Fig. 5).

In the literature, mutations to NS3/4A protease are asso-

ciated with drug resistance, which is the major cause of

antiviral therapy failure (Halfon and Locarnin, 2011; Sar-

razin and Zeuzem, 2010; Lim et al., 2012). In addition, the

A156T mutant gradually disappeared from populations

treated with boceprevir and was replaced with the V170A

mutant (Tong et al., 2006). Recently, the D168A mutant has

become resistant to the second and third generation protease

inhibitors, whereas the V170A mutant confers resistance to

boceprevir and narlaprevir (Vermehren and Sarrazin, 2011).

Thus, compound 5a3 was also evaluated against the fol-

lowing four NS3/4A protease mutants: R155K, A156V,

D168A, and V170A (AnaSpec, USA). The D168A and

V170A mutants conferred low-level resistance (3.6 and 2.4-

fold increase in IC50, respectively) to 5a3, whereas the R155K

and A156V mutants conferred no resistance (Table 1).

Molecular docking

In order to better understand how 5a3 interacts with NS3/

4A protease, we performed molecular docking studies. The

docking results of compound 5a3 were generated via the

best docking-scoring combinations from Autodock4.2 for

Windows-based PCs. Biliverdin is the only noncompetitive

NS3/4A inhibitor described in the literature (Zhu et al.,

2010). Unfortunately, no crystallographic structure has

been solved until now.

Shiryaev and co-workers described three potential

allosteric sites in the NS3 domain (Shiryaev et al., 2012).

Fig. 2 a SDS-PAGE analysis of NS3/4A pro protein purity after

different purification steps. The products in the soluble fraction of the

cell lysates were purified by metal affinity chromatography (His-Trap

column) and stained with Coomassie brilliant blue G. Lane 1,

molecular weight marker; lane 2, 69His-TEV-NS3/4A pro soluble

fraction eluted from the His-Trap column over an increasing

imidazole gradient; lane 3, NS3/4A pro after 69His-TEVsite tag

excision with TEV pro at a ratio of 1:1; and lane 4, untagged NS3/4A

pro (lane 3) was applied to the His-TRAP column, which retained

both the 69His-TEV site tag and the TEV protease and allowed flow-

through of only NS3/4A pro. b Western blot of the same samples in A

reacted with the anti-69HisTag antibody to confirm the absence of

the 69His tag on the purified NS3/4A pro protein shown lane 4
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Based on their findings and the experimental data of the

mutant enzymes, docking studies were confined within a 10

Å sphere centered at V167.

To evaluate the accuracy of this methodology, re-

docking was performed with the co-crystallized form. The

docked ligand revealed a conformation similar to the

crystallized conformation and had a root-mean-square

deviation (RMSD) of 1.09 Å, indicating that the scoring

function was successful.

Analysis of the binding mode showed that the peptide

mimetic moiety of compound 5a3 forms hydrogen bonds

with residues R123, G124, R155, and D168 in the NS3/4A

protease, and these bonds have distances of 2.4, 1.6, 3.5,

and 1.6 Å, respectively (Fig. 6). Some of these interactions

were also described by Shiryaev and co-workers. Interest-

ingly, a p–p interaction was observed between the phenyl

moiety of compound 5a3 and residue F154. These

Fig. 3 Peptide mimetics derived from isomannide were tested for

their activity against the HCV-1b NS3 protease at 100 lM using an

MTS inhibition assay. The compounds were pre-incubated in

individual wells with 30 ng of NS3/4A pro for 10 min at 25 �C.

Subsequently, the peptide substrate 5-FAM/QXLTM 520-FRET was

added, and the solution was incubated for 60 min at 25 �C. The

reactions were performed in a black 96-well plate with final volumes

of 50 lL; the reactions were performed following the manufacturer’s

protocol. The percent inhibition was calculated from control reactions

carried out without inhibitors (NI). Error bars represent the standard

deviation. SI: reference inhibitor Ac–Asp–Glu–Dif–Glu–Cha–Cys–

OH; NI: no inhibitor

Fig. 4 Inhibition of the proteolytic activity of NS3/4A by compound

5a3 and the reference inhibitor (Ac–Asp–Glu–Dif–Glu–Cha–Cys–

OH). Each experimental point in the graph represents the average of

two independent replicates tested at different concentrations. The bars

for each point represent the standard deviations

Fig. 5 Lineweaver-Burk (double reciprocal) plot of NS3/4A pro

inhibition with compound 5a3. The concentrations of compound 5a3
used were 0, 84, 112, and 150 lM; assays were performed in

duplicate. Initial rate data were fitted by linear regression to the

standard noncompetitive inhibition equation using GraphPad Prism 5

Table 1 Compound 5a3 and Ac–Asp–Glu–Dif–Glu–Cha–Cys–OH

potencies against NS3/4Apro mutations

Compound 5a3

NS3 protease variant IC50 (lM) Fold changea Level resistanceb

Wild type 76 ± 14 1.0

R155K 100 ± 13 1.3 –

A156V 50 ± 4 0.6 –

D168A 276 ± 38 3.6 Low

V170A 189 ± 11 2.4 Low

NS3 protease variant Ac–DE–Dif–E–Cha–C

IC50 (lM) Fold changea Level resistanceb

Wild type 0.60 ± 0.09 1.0

A156V 19 ± 7 31.6 Moderate

Moderate = 5 to 119.9-fold increase in IC50, High = [ 120-fold

increase in IC50

a Fold change relative to wild type
b Low = 1 to 4.9-fold increase in IC50
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interactions may contribute to the stabilization and main-

tenance of 5a3 in the allosteric site of the NS3/4A protease.

In silico pharmacokinetic and toxicity analyses

The advent of predictive tools to screen the pharmacoki-

netic and toxicological properties of drugs has revolution-

ized the drug discovery process. This technology enables

the filtering of weak drug candidates. Eliminating drugs

early in the discovery process helps to decrease the number

of failures in clinical trials. Traditionally, these predictive

tools were applied only at the end of the drug discovery

process, but they are now utilized during initial phases of

drug development. Removing molecules with poor phar-

macokinetic properties at an early stage leads to significant

cost savings (Kumar et al., 2011). Therefore, 5a3 was

submitted for in silico pharmacokinetics evaluation.

Because good absorption is necessary for oral administra-

tion, we analyzed this derivative according to the ‘‘rule-of-

five’’ developed by Lipinski and co-workers (Lipinski,

2004). The rule-of-five defines the theoretical parameters

for a chemical compound to have good oral bioavailability.

The rule states that the most ‘‘druglike’’ molecules possess

a clogP of less than or equal to 5, a molecular weight (MW)

of less than or equal to 500, 10 or fewer hydrogen bond

acceptors, and 5 or fewer hydrogen bond donors. Mole-

cules violating more than one of these rules may suffer

from bioavailability problems. The results showed that

compound 5a3 fulfilled the Lipinski ‘‘rule-of-five’’.

Importantly, according to a theoretical analysis of

Fig. 6 a A visual inspection of compound 5a3 and important

residues for HCV NS3/4A protease (2OC0) binding and inhibition

(blue); the figure was constructed using Maestro Version 9.2

(Schrodinger Inc). Weak interactions were omitted to allow improved

visualization. The p–p interaction between 5a3 and F154 is shown as

a green line; a strong hydrogen bond between 5a3 and R123 is shown

as a pink dashed line. b Three-dimensional view of 5a3 in 2OC0

(image shown as pink cartoon). Atoms are represented with different

colors: red (oxygen), blue (nitrogen), white (hydrogen), purple

(carbon in 5a3), and green (carbon in important residues). Principal

hydrogen bonds are shown as black dashed lines (R123, V168, and

R155). PyMOL was used to construct the images (Schrodinger Inc)

(Color figure online)

Fig. 7 Comparison of the druglikeness (a) and drug score (b) values of compound 5a3, boceprevir, and telaprevir. These parameters were

calculated using Osiris Property Explorer (Sander et al., 2009)
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lipophilicity (clog P), the most active inhibitor possesses

sufficient hydrophobicity to penetrate biological

membranes.

We also analyzed the druglikeness and drug score values

of compound 5a3 and compared them with the corre-

sponding values for boceprevir and telaprevir. In both

evaluations, 5a3 showed better results than both of the

marketed drugs (Fig. 7).

Furthermore, the theoretical toxicity risks obtained from

the Osiris program (Sander et al., 2009) for compound 5a3

were low with respect to the mutagenic, tumorigenic, irri-

tant, and reproductive risks (data not shown).

Although these are not conclusive results, the molec-

ular modeling data obtained in this work show the

potential for compound 5a3, which could be a lead can-

didate for the design of safe derivatives with activity

against HCV.

Conclusions

Novel peptide mimetic compounds derived from an iso-

mannide-tartaric acid scaffold were synthesized. The syn-

thesized compounds were assayed using HCV protease

genotype 1b. Compound 5a3 was found to be a noncom-

petitive inhibitor (Ki/KM = 43.6) of NS3/4A protease.

Docking studies showed important interactions between

compound 5a3 and residues R123, G124, R155, and D168

in NS3/4A pro. These interactions included hydrogen

bonds and a p–p interaction with residues in the allosteric

site of NS3/4A pro. This structural information may be

helpful for the design of more potent noncompetitive

inhibitors. The biological and theoretical results indicate

that 5a3 is a promising lead compound for the development

of new drugs to combat HCV infection.

Experimental section

Isomannide and both acids (2a–2b) were purchased from

Aldrich Chem. Co. and used without further purification.

Spectroscopic data for all synthesized compounds

for formation of the 3 (Barros et al., 2009)

1,4:3,6-Dianhydro-2-O-tosyl-D-mannitol

Yield: 40 %; white solid; mp 103–104 �C.

IR (KBr, m cm-1): 3526, 2933, 2866, 1596, 1359, 1189,

1173, 1050, 1019, 818, 663.
1H NMR (300 MHz, CDCl3): d = 7.84 (2H, d,

J = 8.1 Hz, Ar–H), 7.34 (2H d, J = 8.1 Hz, Ar–H), 4.91

(1H dd, J = 6.6, 5.5 Hz, H60), 4.49 (1H, t, J = 4.8 Hz,

H30a), 4.42 (1H, t, J = 5.1 Hz, H10), 4.29–4.25 (1H, t, m,

H10), 4.04–3.95 (2H, m, H40), 3.79 (1H, t, J = 7.8 Hz, H30),

3.55 (1H, dd, J = 7.2, 1.8 Hz, H60a), 2.46 (3H, s, CH3).
13C NMR (75 MHz, CDCl3): d = 145.2 (Ar-Tosyl),

133.0 (Ar-Tosyl), 129.8 (Ar-Tosyl), 127.9 (Ar-Tosyl); 81.3

(C50), 80.0 (C20), 78.3 (C30), 73.9 (C10), 72.2 (C60), 70.0

(C40), 21.6 (CH3).

1,4:3,6-Dianhydro-2-O-benzyl-5-O-tosyl-D-mannitol

Yield: 75 %; colorless oil.

[a]D
20 ?98 (c 0.10, DMSO).

IR (KBr, m cm-1): 3063, 2977, 2950, 2879, 1598, 1454,

1366, 1190, 1178, 1141, 1027, 853.
1H NMR (300 MHz, CDCl3): d = 7.81 (2H, d,

J = 8.4 Hz, Ar–H), 7.35–7.32 (7H, m, Ar–H), 4.91–4.89

(1H, m, H30), 4.69 (1H, d, J = 12.0 Hz, CH2), 4.50 (1H, d,

J = 12.0 Hz, CH2), 4.47 (2H, t, J = 2.1 Hz, H30a e H40),

4.04–3.79 (4H, m, H10, H40 e H60), 3.62 (1H, t, J = 8.4 Hz,

H60a), 2.44 (3H, s, CH3).
13C NMR (75 MHz, CDCl3): d = 145.0 (Ar-Tosyl),

137.4 (Ar-Tosyl), 133.2 (Ar-Benzyl), 129.7 (Ar-Tosyl),

128.4 (Ar-Tosyl), 127.9 (Ar-Benzyl), 127.8 (Ar-Benzyl),

80.1 (C20), 80.0 (C50), 78.8 (C60), 78.4 (C30), 72.5 (CH2-

Benzyl), 71.0 (C40), 70.1 (C10), 21.6 (CH3).

1,4:3,6-Dianhydro-2-azido-5-O-benzyl-2-deoxy-D-glucitol

Yield: 73 %; pale yellow oil;

[a]D
20 ?92 (c 0.10, DMSO).

IR (KBr, m cm-1): 3063, 3031, 2946, 2878, 2102, 1455,

1320, 1256, 1135, 1100, 1083, 1021, 739.
1H NMR (300 MHz, CDCl3): d = 7.36–7.26 (5H, m,

Ar–H), 4.75 (1H, d, J = 11.7 Hz, CH2), 4.66 (1H, t,

J = 4.5 Hz, H30), 4.54 (1H, d, J = 11.7 Hz, CH2), 4.48

(1H, d, J = 4.2 Hz, H30a), 4,15–4,00 (4H, m, H10 e H40),

3.86 (1H, dd, J = 6.3 e 2.7 Hz, H60a), 3.66 (1H, t,

J = 7.8 Hz, H60).
13C NMR (75 MHz, CDCl3): d = 137.4 (Ar-Benzyl),

128.3 (Ar-Benzyl), 127.8 (Ar-Benzyl), 127.7 (Ar-Benzyl),

86.4 (C20), 80.5 (C50), 78. 8 (C60), 72.6 (C30), 72.4 (CH2-

Benzyl), 70.7 (C40), 66.2 (C10).

(3S,6R)-6-(benzyloxy)hexahydrofuro[3,2-b]furan-3-amine

(3)

Colorless oil in quantitative yield.

[a]D
20 ?104 (c 0.10, DMSO).

IR (KBr, m cm-1): 3360, 2876, 1605, 1455, 1369, 1209,

1065, 1017, 751, 700.
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1H NMR (300 MHz, CDCl3): d = 7.37–7.35 (5H, m,

Ar–H), 4.76 (2H, d, J = 11.4 Hz, CH2–Ar), 4.68 (1H, t,

J = 4.2 Hz, H40), 4.54 (2H, d, J = 12.0 Hz, CH2–Ar), 4.27

(1H, d, J = 4.2 Hz, H10 or H40), 4.06–4.02 (1H, m, H10 or

H40), 3.85 (1H, dd, J = 6.3 e 2.4 Hz, H10), 3.76 (1H, d,

J = 9.3 Hz, H60), 3.64 (1H, t, J = 7.8 Hz, H30a), 3.53 (1H,

d, J = 4.2 Hz, H60a), 3.45 (1H, s, CH3).
13C NMR (75 MHz, CDCl3): d = 137.9 (Ar–H), 128.6

(Ar–H), 128.0 (Ar–H), 127.8 (Ar–H), 90.0 (C20), 80.1, 79.4

(C60), 76.3 (CH2–Ar), 72.6 (C30), 70.5 (C40), 58.8 (C10).

HRMS (FAB): m/z [M ? H]? calcd for C13H18NO3:

236.1287; found: 236.1284.

General procedure for the formation of intermediates 4

To a 0 �C cooled solution of anhydride 6a,b (4.02 mmol,

0.868 g) in dry dichloromethane (5 mL) was added drop-

wise a solution of the appropriate amino acid ester

hydrochloride (a1–a4) (4.82 mmol) and 4-methylmorpho-

line (4.82 mmol, 0.53 mL) in dry dichloromethane

(2.5 mL). The mixture was stirred overnight, and the vol-

atiles were removed. The residue was dissolved in ethyl

acetate (or dichloromethane) and washed successively with

10 % HCl and brine. The organic layer was dried over

Na2SO4 and concentrated to furnish 4a1–4a3 and 4b2–4b3

as viscous oils, which were purified by recrystallization

(CH2Cl2/MeOH) to afford the hygroscopic solids 4a1

(40 %), 4a2, (55 %), 4a3, (50 %), 4b2, (84 %), and 4b3

(78 %).

The free amine of proline methyl ester hydrochloride

was obtained by dissolving the salt (7.87 mmol, 1.3 g) in a

minimum volume of 20 % K2CO3 and extracting eight

times with diethyl ether. Concentrating the pooled organic

phases afforded the free aminoester (4.02 mmol, 0.519 g)

as an oil; this oil was directly dissolved in dry dichloro-

methane (2.5 mL) and added to a solution of anhydride 3

(4.02 mmol, 0.868 g) in dry dichloromethane (5 mL). The

mixture was stirred overnight, and the solvent was

removed. The product was purified by recrystallization

(CH2Cl2/MeOH) to afford hygroscopic solids 4a4 (84 %)

and 4b4 (95 %).

a1–a4 Substituents

Ethyl 2-aminoacetate (a1)

Yield: 99 %; white solid; mp 140–142 �C
1H NMR (300 MHz, CDCl3): d = 4.30 (2H, s, H5);

4.00–3.91 (2H, q, H7, J = 7,5 Hz); 1.32 (3H, t, H8,

J = 7,5 Hz).
13C NMR (75 MHz, CDCl3): d = 167.2 (C6), 61.1 (C7),

41.8 (C5), 14.4 (C8).

(S)-1-Methoxy-1-oxo-3-phenylpropan-2-ammonium

chloride (a2)

Yield: 99 %; white solid; mp 159–161 �C.

IR (KBr, m cm-1): 2840, 2702, 2625, 2358, 2014, 1744,

1583, 1495, 1447, 1399, 1291, 1238, 1146, 1118, 1083,

1061, 989, 934, 902, 864, 809, 741, 701, 626.
1H NMR (300 MHz, CDCl3): d = 7.40–7.29 (5H, m,

Ar–H), 4.79 (1H, dd. J = 7.4, 6.0 Hz, H5), 3.66 (3H, s,

CH3), 3.52 (1H, dd. J = 10.5, 4.0 Hz, H8), 3.25 (1H, dd.

J = 10.5, 4.0 Hz, H8).
13C NMR (75 MHz, CDCl3): d = 130.2 (C9), 128.1

(C10), 127.6 (C11), 125.9 (C12), 52.3(C5), 50.7 (C8), 52.6

(C5), 50.3 (C7).

(S)-1-Methoxy-3-methyl-1-oxobutan-2-ammonium chloride

(a3)

Yield: 99 %; white solid; mp 171 �C.

IR (KBr, m cm-1): 3391, 2915, 2741, 2565, 2361, 1741,

1633, 1442, 1358, 1238, 1043, 1005, 919, 860.
1H NMR (300 MHz, CDCl3): d = 3.87 (3H, s, CH3),

3.50–3.36 (2H, m, H2 e H5), 2.50–2.39 (1H, m, H5),

2.23–2.06 (4H, m, H3 e H4).
13C NMR (75 MHz, CDCl3): d = 169.9 (C6), 62.9 (C5),

56.3(C7), 26.1 (C8), 18.4 (C9), 18.4 (C10).

(S)-2-(Methoxycarbonyl)pyrrolidinium chloride (a4)

Yield: 99 %; white solid; mp 69 �C.

IR (KBr, m cm-1): 3437; 3400; 2970; 2882; 1732; 1594;

1571; 1434; 1379; 1354; 1286; 1219; 1170; 1103; 1064;

1037; 972; 928; 877; 831; 771; 734
1H NMR (300 MHz, CDCl3): d = 4.04 (1H, d,

J = 4.7 Hz, H5), 3.87 (3H, s, CH3), 2.41–2.32 (1H, m, H8),

1.04 (6H, m, H9 and H10).
13C NMR (75 MHz, CDCl3): d = 169.9 (COOCH3),

62.9 (C5), 56.3(COOCH3), 26.1 (CH(CH3)2), 18.4 (CH3),

18.4 (CH3).

(2S,3S)-2,3-Diacetoxy-4-(2-ethoxy-2-oxoethylamino)-4-

oxobutanoic acid (4a1)

[a]D
20 ?20 (c 0.10, CH2Cl2).

IR (KBr, m cm-1): 3851, 3626, 3369, 2926, 2853, 2479,

1746, 1731, 1694, 1681, 1652, 1634, 1538, 1532, 1463,

1455, 1377, 1271, 1212, 1116, 1073, 1032, 992, 896, 866,

799, 738, 702.
1H NMR (300 MHz, CDCl3): d = 5.83 (1H, d,

J = 2.4 Hz, H2 or H3), 5.64 (1H, d, J = 2.4 Hz, H2 or H3),

4.23 (2H, q, J = 7.2 Hz, H7), 4.13 (1H, dd, J = 18.3,

5.1 Hz, H5), 3.99 (1H, dd, J = 18.3, 5.1 Hz, H5), 2.22 (3H,

s, CH3), 2.17 (3H, s, CH3), 1.30 (3H, t, J = 7.2 Hz, H8).
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13C NMR (75 MHz, CDCl3): d = 169.8 (C1), 169.6 (C4),

169.3 (C6), 169.1(C=O), 166.2 (C=O), 71.7 (C2), 70.7 (C3),

61.8 (C7), 41.2 (C5), 20.4 (CH3), 20.2 (CH3), 14.0 (C8).

HRMS-FAB: m/z [M ? 1] Calcd for C12H17NO9:

319.0903; found: 320.0611.

(2S,3S)-2,3-Diacethoxy-4-((S)-1-methoxy-1-oxo-3-

phenylpropan-2-ylamino)-4-oxobutanoic acid (4a2)

[a]D
20 ?26.2 (c 1.0, CH2Cl2).

IR (KBr, m cm-1): 3627, 3585, 3389, 2955, 1732, 1716,

1681, 1652, 1538, 1497, 1455, 1436, 1374, 1220, 1132,

1069, 946, 877, 738, 702.
1H NMR (300 MHz, CDCl3): d = 7.32–7.18 (5H, m,

H10–12), 7.06 (1H, d, J = 5.4 Hz, NH), 5.74 (1H,sl, H2 or

H3), 5.34 (1H, sl, H2 or H3), 4.79 (1H, dd, J = 8.4, 3.9 Hz,

H5), 3.66 (3H, s, H7), 3.07 (2H, m, CH2PHe), 2.05 (3H, s,

CH3), 2.04 (3H, s, CH3).
13C NMR (75 MHz, CDCl3): d = 171.9 (C1), 171.2

(C4), 170.2 (C6), 169.4 (C=O), 166.4 (C=O), 135.2 (C9),

129.1 (C10), 128.6 (C11), 127.2 (C12), 72.3(C2), 70.7 (C3),

52.6 (C5), 52.3 (C7), 37.3 (C8), 20.4 (CH3), 20.3 (CH3).

HRMS-FAB: m/z [M ? 1] Calcd for C18H21NO9:

395.1216; found: 396.6837.

(2S,3S)-2,3-Diacethoxy-4-(S)-1-methoxy-3-methyl-1-

oxobutan-2-ylamino)-4-oxobutanoic acid (4a3)

[a]D
20 ?12.6 (c 1.0, CH2Cl2).

IR (KBr, m cm-1): 3854, 3752, 3736, 3650, 3399, 2966,

2936, 2850, 2615, 1737, 1662, 1540, 1439, 1376, 1221,

1151, 1129, 1073, 1017, 945, 892, 823.
1H NMR (300 MHz, CDCl3): d = 6.68 (1H, d,

J = 7.6 Hz, NH), 5.76 (1H, d, J = 2.4 Hz, H2 or H3), 5.64

(1H, d, J = 2.7 Hz, H2 or H3), 4.13 (1H, dd, J = 14.4,

7.2 Hz, H5), 3.76 (3H, s, H7), 2.22 (3H, s, CH3), 2.17 (3H,

s, CH3), 1.28–1.24 (1H, m, H8), 0.91 (3H, d, J = 6.9 Hz,

H9), 0.86 (3H, d, J = 6.9 Hz, H10).
13C NMR (75 MHz, CDCl3): d = 172.0 (C1), 169.8

(C4), 169.6 (C6), 169.2 (C=O), 166.1 (C=O), 72.1 (C2),

70.5 (C3), 56.9 (C5), 52.3(C7), 31.0 (C8), 20.4 (CH3), 20.1

(CH3), 18.8 (C9), 17.4 (C10).

HRMS-FAB: m/z [M ? 1] Calcd for C14H21NO9:

347.1216; found: 348.6792.

(2S,3S)-2,3-Diacetoxy-4-(2-(methoxycarbonyl)pyrrolidin-

1-yl)-4-oxobutanoic acid (4a4)

[a]D
20 -47.0 (c 1.0, CH2Cl2).

IR (KBr, m cm-1): 3315, 2965, 2882, 1753, 1669, 1538,

1453, 1368, 1212, 1136, 1096, 1078, 961, 881, 740.
1H NMR (300 MHz, CDCl3): d = 5.74 (1H, d, J = 4.5 Hz,

H2 or H3), 5.59 (1H, d, J = 4.5 Hz, H2 or H3), 4.43 (1H, dd,

J = 8.2, 3.0 Hz, H5), 4.00–3.94 (1H, m, C10), 3.69 (3H, s, C7),

3.60–3.51 (1H, m, C10), 2.16 (3H, s, CH3), 2.15 (3H, s, CH3),

2.11–2.09 (2H, m, C8), 2.07–1.98 (2H, m, C9).
13C NMR (75 MHz, CDCl3): d = 171.8 (C1), 169.9

(C4), 169.7 (C6), 169.1 (C=O), 165.1 (C=O), 70.9 (C2),

70.3 (C3), 59.7 (C5), 52.2 (C7), 46.9 (C10), 28.5 (C8), 24.7

(C9), 20.4 (CH3), 20.3 (CH3).

HRMS-FAB: m/z [M ? 1] Calcd for C14H19NO9:

345.1060; found: 346.1280.

(2R,3R)-2,3-Diacetoxy-4-((S)-1-methoxy-1-oxo-3-

phenylpropan-2-ylamino)-4- oxobutanoicacid (4b2)

[a]D
20 ?32.5 (c 0.8, CH2Cl2).

IR (KBr, m cm-1): 3500, 2957, 1750, 1677, 1534, 1455,

1374, 1214, 1115, 1063, 972, 703.
1H NMR (300 MHz, CDCl3): d = 7.32–7.22 (5H, m,

H9–14), 6.60 (1H, d, J = 7.9 Hz, NH), 5.73 (1H, sl, H2 or

H3), 5.50 (1H, sl, H2 or H3), 4.88 (1H, q, J = 5.7 Hz, H5),

3.73 (3H, s, H7), 3.15–3.06 (2H, m, H8), 2.07 (3H, s, CH3),

2.05 (3H, s, CH3).
13C NMR (75 MHz, CDCl3): d = 171.2 (C1), 171.1

(C4), 169.9 (C6), 169.1 (C=O), 166.1 (C=O), 135.2 (C9),

129.1 (C10), 128.6 (C11), 127.3 (C12), 72.3 (C2), 70.6 (C3),

52.6 (C5), 52.4 (C7), 37.4 3 (C8), 20.4 (CH3), 20.3 (CH3).

HRMS-FAB: m/z [M ? 1] Calcd for C18H21NO9:

395.1216; found: 396.1488.

(2R,3R)-2,3-Diacetoxy-4-((S)-1-methoxy-3-methyl-1-

oxobutan-2-ylamino)-4-oxobutanoic acid (4b3)

[a]D
20 ?26.7 (c 0.9, CH2Cl2).

IR (KBr, m cm-1): 3344, 2966, 1745, 1535, 1438, 1375,

1214, 1151, 1120, 1066, 973, 875, 736.
1H NMR (300 MHz, CDCl3): d = 6.77 (1H, d,

J = 8.9 Hz, NH), 5.73 (1H, d, J = 2.4 Hz, H2 or H3), 5.58

(1H, d, J = 2.4 Hz, H2 or H3), 4.53 (1H, dd, J = 8.8,

4.8 Hz, H5), 3.74 (3H, s, H7), 2.20 (3H, s, CH3), 2.21 (3H,

s, CH3), 2.15 (1H, m, H8), 0.90 (3H, d, J = 6.8 Hz, H9),

0.86 (3H, d, J = 6.8 Hz, H10).
13C NMR (75 MHz, CDCl3): d = 172.0 (C1), 170.2

(C4), 169.9 (C6), 169.4 (C=O), 166.5 (C=O), 72.4 (C2),

71.0 (C3), 56.9 (C5), 52.3 (C7), 31.1 (C8), 20.4 (CH3), 20.1

(CH3), 18.9 (C9), 17.5 (C10).

HRMS-FAB: m/z [M ? 1] Calcd for C14H21NO9:

347.1216; found: 348.1465.

(2R,3R)-2,3-Diacetoxy-4-((S)-(2-(methoxycarbonyl)

pyrrolidin-1-yl)-4-oxobutanoic acid (4b4)

[a]D
20 -42.5 (c 0.8, CH2Cl2).

IR (KBr, m cm-1): 3449, 2957, 1751, 1655, 1637, 1618,

1459, 1438, 1375, 1220, 1120, 1073, 874, 733.
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1H NMR (300 MHz, CDCl3): d = 5.74 (1H, d,

J = 4.3 Hz, H2 or H3), 5.63 (1H, d, J = 4.3 Hz, H2 or H3),

4.44 (1H, dd, J = 8.4, 3.1 Hz, H5), 4.00–3.95 (1H, m, C10),

3.69 (3H, s, C7), 3.57–3.52 (1H, m, C10), 2.17 (3H, s, CH3),

2.16 (3H, s, CH3), 2.11–2.07 (2H, m, C8), 2.04–1.95 (2H,

m, C9).
13C NMR (75 MHz, CDCl3): d = 171.8 (C1), 169.9

(C4), 169.7 (C6), 168.9 (C=O), 164.9 (C=O), 70.7 (C2),

69.9 (C3), 59.7 (C5), 52.3 (C7), 47.0 (C10), 28.6 (C8), 24.7

(C9), 20.4 (CH3), 20.3 (CH3).

HRMS-FAB: m/z [M ? 1] Calcd for C14H19NO9:

345.1060; found: 346.1271.

General procedure for the formation of final products 5

To a 0 �C cooled suspension of the appropriate carboxylic

acid 4 (0.515 mmol) and amine 3 (0.618 mmol, 0.145 g) in

dry dichloromethane (10 mL) under argon atmosphere was

added to EDC.HCl (0.790 mmol, 0.125 g), HOBt

(0.790 mmol, 0.106 g), and NMM (1.614 mmol, 0.17 mL).

The mixture was stirred at 0 �C for 1 h under an argon

atmosphere and then stirred overnight at room temperature.

The volatiles were removed, and the resulting residue was

dissolved in ethyl acetate and washed successively with

saturated NaHCO3, 10 % HCl, and brine. The organic

phase was dried over Na2SO4 and concentrated to yield

crude 5.

(2S,3S)-1-((3S,6R)-6-(Benzyloxy)hexahydrofuro[3,2-

b]furan-3-ylamino)-4-(2-ethoxy-2-oxoethylamino)-1,4-

dioxobutane-2,3-diyl diacetate (5a1)

Yield: 40 %; pale yellow oil (after purification by chro-

matographic column; eluent: hexane/ethyl acetate).

[a]D
20 ?28.0 (c 0.10, CH2Cl2).

IR (neat, cm-1): 3311, 3066, 3032, 2959, 2929, 2875,

1746, 1669, 1602, 1546, 1496, 1455, 1374, 1344, 1274,

1225, 1134, 1094, 1085, 1070, 1017, 962, 912, 880, 845,

798, 780, 746, 698, 662, 638, 603.
1H NMR (300 MHz, CDCl3): d = 7.37–7.35 (5H, m,

Ar–H), 6.75 (1H, t, J = 4.8 Hz, NH); 6.42 (1H, d,

J = 8.7 Hz, NH), 5.65 (1H, d, J = 3.6 Hz, H2 or H3), 5.53

(1H, d, J = 3.3 Hz, H2 or H3), 4.76 (1H, d, J = 11.7 Hz,

CH2-Ar), 4.62 (1H, t, J = 4.2 Hz, H40), 4.55 (1H, d,

J = 12.0 Hz, CH2-Ar), 4.42 (1H, d, J = 4.2 Hz, H10 or

H40), 4.39–4.34 (1H, m, H30), 4.22 (2H, q, J = 7.2 Hz, H7),

4.10–4.05 (4H, m; H10, H60 e H30a), 4.00 (1H, d, J = 5.1 Hz,

H60a) 3.86 (1H, dd, J = 9.0, 7.5 Hz, H5), 3.67 (1H, dd,

J = 18.3, 5.1 Hz, H5), 2.18 (3H, s, CH3), 2.17 (3H, s,

CH3), 1.29 (3H, t, J = 7.2 Hz, H8).
13C NMR (75 MHz, CDCl3): d = 169.3 (C1), 169.0

(C4), 168.9 (C6), 166.3 (C=O), 165.7 (C=O), 137.6 (Ar–H),

128.4 (Ar–H), 127.8 (Ar–H), 127.7 (Ar–H), 86.6 (C30a and

C60a), 80.3 (C2), 78.9 (C3), 72.9 (CH2-Ar), 72.5 (C40), 71.9

(C60), 70.8 (C10), 61.7 (C7), 57.0 (C30), 41.1 (C5), 20.5

(CH3), 20.4 (CH3), 14.0 (C8).

HRMS-FAB: m/z [M ? 1] Calcd for C25H32N2O11:

536.5284; found: 537.73676.

(2S,3S)-1-((3S,6R)-6-(Benzyloxy)hexahydrofuro[3,2-

b]furan-3-ylamino)-4-((S)-1-methoxy-1-oxo-3-

phenylpropan-2-ylamino)-1, 4-dioxobutane-2,3-dihyl

diacetate (5a2)

Yield: 40 %; pale yellow solid (after recrystallization from

dichloromethane/ethyl ether); mp 122–123 �C.

[a]D
20 ?50.0 (c 0.10, CH2Cl2).

IR (KBr, m cm-1): 3286, 3064, 3031, 2952, 2880, 2359,

1755, 1657, 1540, 1497, 1455, 1436, 1373, 1343, 1374,

1256, 1206, 1136, 1098, 1084, 1058, 1029, 963, 912, 879,

749, 700.
1H NMR (300 MHz, CDCl3): d = 7.35–7.26 (8H, m,

H10-12, Ar–H), 7.05 (2H, d, J = 4.2 Hz, Ar–H), 6.55 (1H,

d, J = 4.8 Hz, NH), 6.46 (1H, d, J = 4.5 Hz, NH), 5.66

(1H, d, J = 1.5 Hz, H2 or H3), 5.54 (1H, d, J = 1.5 Hz, H2

or H3), 5.30 (2H, s, CH2Phe), 4.62 (1H, dt, J = 11.4,

2.7 Hz, H5), 4.55 (1H, d, J = 6.9 Hz, H40), 4.41 (1H, dd,

J = 10.1, 2.4 Hz, H30a), 4.35–4.33 (1H, m, H30), 4.08–4.03

(2H, m, H10), 3.85–3.82 (2H, m, H60 or H60a), 3.75 (3H, s,

H7), 3.66 (1H, t, J = 5.0 Hz, H40), 3.13 (1H, dd, J = 11.6 e

8.1 Hz, H8), 3.08 (1H, dd, J = 11.6 e 8.1 Hz, H8), 2.13

(3H, s, H13 or H14), 2.06 (3H, s, H13 or H14).
13C NMR (75 MHz, CDCl3): d = 169.3 (C1), 169.2 (C4),

168.7 (C6), 165.8 (C=O), 165.7 (C=O), 137.6 (C9), 135.2

(Ar–H), 129.2 (C10), 128.7 (C11), 128.5 (C12), 127.9 (Ar–H),

127.8 (Ar–H), 127.4 (Ar–H), 86.8 (C30a or C60a), 86.7 (C30a or

C60a), 80.3 (C2 or C3), 79.0 (C2 or C3), 73.0 (CH2Phe), 72.5

(C10 or C40), 72.3 (C60), 70.8 (C10 or C40), 57.1 (C30), 52.6 (C5),

52.4 (C7), 37.5 (C8), 20.5 (CH3), 20.4 (CH3).

HRMS-FAB: m/z [M ? 1] Calcd for C31H36N2O11:

612.2319; found: 613.7522.

(2S,3S)-1-((3S,6R)-6-(Benzyloxy)hexahydrofuro[3,2-

b]furan-3-ylamino)-4-((S)-1-methoxy-3-methyl-1-

oxobutan-2-ylamino)-1, 4-dioxobutane-2,3-dihyl diacetate

(5a3)

Yield: 42 %; pale yellow solid (after recrystallization from

dichloromethane/ethyl ether); mp 112–113 �C.

[a]D
20 ?24.0 (c 0.10, CH2Cl2)

IR (KBr, m cm-1): 3851, 3742, 3646, 3287, 3065, 2962,

2879, 1754, 1656, 1539, 1455, 1436, 1373, 1274, 1207,

1141, 1098, 1059, 1027, 964, 876, 845, 750, 699, 651.
1H NMR (300 MHz, CDCl3): d = 7.35–7.33 (5H, m,

Ar–H), 6.68 (1H, d, J = 5.1 Hz, NH), 6.58 (1H, d,

J = 4.5 Hz, NH), 5.66 (1H, d, J = 2.1 Hz, H2 or H3), 5.56
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(1H, d, J = 1.8 Hz, H2 or H3), 5.51 (2H, s, CH2Phe), 4.74

(1H, d, J = 7.2 Hz, H5), 4.64 (1H, t, J = 3.0 Hz, H40), 4.55

(1H, t, J = 3.0 Hz, H30a), 4.35–4.33 (1H, m, H30),

4.06–4.03 (2H, m, H10), 3.87–3.80 (3H, m, H60 or H60a or

H40), 3.73 (3H, s, H7), 2.17–2.15 (1H, m, H8), 2.17 (3H, s,

CH3), 2.16 (3H, s, CH3), 0.91 (3H, d, J = 3.9 Hz, H9 or

H10), 0.87 (3H, d, J = 4.2 Hz, H9 or H10).
13C NMR (75 MHz, CDCl3): d = 169.3 (C1), 169.2

(C4), 168.9 (C6), 166.2 (C=O), 166.0 (C=O), 137.6 (Ar–H),

128.3 (Ar–H), 127.8 (Ar–H), 127.7 (Ar–H), 86.6 (C30a or

C60a), 86.5 (C30a or C60a), 80.2 (C2 or C3), 78.9 (C2 or C3),

72.7 (CH2Phe), 72.4 (C10 or C40), 72.1 (C60), 70.8 (C10 or

C40), 57.0 (C30), 56.9 (C5), 52.2 (C7), 30.9 (C8), 20.5 (CH3),

20.4 (CH3), 18.7 (C9 and C10).

HRMS-FAB: m/z [M ? 1] Calcd for C27H36N2O11:

564.5815; found: 565.76803.

(2S,3S)-1-((3S,6R)-6-(Benzyloxy)hexahydrofuro[3,2-

b]furan-3-ylamino)-4-(R)-(2-(methoxycarbonyl)pyrrolidin-

1-yl)-1,4-dioxobutane-2,3-diyl diacetate (5a4)

Yield: 50 %; hygroscopic solid (after purification by

chromatographic column; eluent: hexane/ethyl acetate).

[a]D
20 ?13.0 (c 0.8, CH2Cl2).

IR (KBr, m cm-1): 3414, 2953, 2882, 1751, 1665, 1535,

1451, 1438, 1372, 1213, 1135, 1071, 960, 700.
1H NMR (300 MHz, CDCl3): d = 7.36–7.28 (5H, m,

Ar–H), 6.48 (1H, br s, NH), 5.68 (1H, d, J = 4.9 Hz, H2 or

H3), 5.55 (1H, d, J = 4.9 Hz, H2 or H3), 4.78 (1H, d,

J = 11.7 Hz, H60a), 4.64–4.61 (1H, m, H5), 4.58 (1H, d,

J = 11.7 Hz, H30a), 4.43–4.32 (3H, m, CH2Phe, H30),

4.12–4.03 (2H, m, H40), 3.96–3.90 (1H, m, H60), 3.90–3.83

(3H, m, H10, H10), 3.78 (1H, s, H10), 3.69 (3H, s, H7),

2.21–2.18 (2H, m, H8), 2.15 (3H, s, CH3), 2.10 (3H, s,

CH3), 2.08–2.00 (2H, m, H9).
13C NMR (75 MHz, CDCl3): d = 171.7 (C1), 169.5

(C4), 169.1(C6), 165.7 (C=O), 164.7 (C=O), 137.6 (Ar–H),

128.4 (Ar–H), 127.9 (Ar–H), 127.8 (Ar–H), 86.7 (C30a or

C60a), 86.5 (C30a or C60a), 80.3 (C2 or C3), 78.9 (C2 or C3),

72.8 (CH2Phe), 72.5 (C10 or C40), 71.2 (C60), 70.9 (C10 or

C40), 59.3 (C5), 57.0 (C30), 52.1 (C7), 46.8 (C10), 28.8 (C8),

24.6 (C9), 20.6 (CH3), 20.3 (CH3).

HRMS-FAB: m/z [M ? 1] Calcd for C27H34N2O11:

562.2163; found: 563.2430.

(2R,3R)-1-((3S,6R)-6-(Benzyloxy)hexahydrofuro[3,2-

b]furan-3-ylamino)-4-((S)-(1-methoxy-1-oxo-3-

phenylpropan-2-ylamino)-1,4-dioxobutane-2,3-diyl

diacetate (5b2)

Yield: 50 %; white solid (after purification by chromato-

graphic column; eluent: hexane/ethyl acetate); mp

178–180 �C.

[a]D
20 ?68.2 (c 0.8, CH2Cl2).

IR (KBr, m cm-1): 3287, 3066, 3030, 2953, 2879, 1755,

1657, 1540, 1497, 1436, 1372, 1257, 1204, 1134, 1083,

1057, 962, 747, 699.
1H NMR (300 MHz, CDCl3): d = 7.35–7.24 (8H, m,

H10, H12, Ar–H), 7.04 (2H, d, J = 6.2 Hz, H11), 6.59 (1H,

d, J = 2.8 Hz, NH), 5.66 (1H. dd, J = 13.7, 5.5 Hz, H2 or

H3), 5.54 (1H, d, J = 11.8 Hz, H2 or H3), 4.89 (1H, t,

J = 4.6 Hz, H5), 4.75 (1H, d, J = 11.8 Hz, H60a),

4.60–4.59 (2H, m, CH2Phe), 4.56 (1H, d, J = 11.8 Hz,

H30a), 4.40 (1H, d, J = 4.3 Hz, H60), 4.34–4.32 (1H, m,

H30), 4.06–4.02 (2H, m, H10), 3.85–3.82 (2H, m, H40), 3.74

(3H, s, H7), 3.15 (1H, dd, J = 11.6, 8.1 Hz, H8), 3.08 (1H,

dd, J = 11.6, 8.1 Hz, H8), 2.12 (3H, s, CH3), 2.05 (3H, s,

CH3).
13C NMR (75 MHz, CDCl3): d = 171.2 (C1), 169.3

(C4), 168.7 (C6), 165.9 (C=O), 165.7 (C=O), 137.6 (C9),

135.2 (Ar–C), 129.2 (C10), 128.6 (C11), 128.4 (C12), 127.9

(Ar–C), 127.8 (Ar–C), 127.3 (Ar–C), 86.7 (C30a or C60a),

80.3 (C30a or C60a), 78.9 (C2 or C3), 72.9 (CH2Phe), 72.5

(C10 or C40), 72.2 (C2 or C3), 71.8 (C60), 70.8 (C10 or C40),

57.1 (C30), 52.6 (C5), 52.4 (C7), 37.5 (C8), 20.5 (CH3), 20.4

(CH3).

HRMS-FAB: m/z [M ? 1] Calcd for C31H36N2O11:

612.2319; found: 613.2689.

(2R,3R)-1-((3S,6R)-6-(Benzyloxy)hexahydrofuro[3,2-

b]furan-3-ylamino)-4-((S)-1-methoxy-3-methyl-1-

oxobutan-2-ylamino)-1,4-dioxobutane-2,3-diyl diacetate

(5b3)

Yield: 75 %; white solid (after purification by chromato-

graphic column; eluent: hexane/ethyl acetate); mp

84–85 �C.

[a]D
20 ?71.2 (c 0.8, CH2Cl2).

IR (KBr, m cm-1): 3279, 2963, 2876, 1753, 1654, 1541,

1468, 1373, 1259, 1208, 1144, 1061, 963, 874, 737.
1H NMR (300 MHz, CDCl3): d = 7.34–7.27 (5H, m,

Ar–H), 6.70 (1H, d, J = 8.7 Hz, NH), 6.61 (1H, d,

J = 7.4 Hz, NH), 5.66 (1H, d, J = 3.1 Hz, H2 or H3), 5.56

(1H, d, J = 3.1 Hz, H2 or H3), 4.75 (d, 1H, d, J = 11.8 Hz,

H60a), 4.64–4.61 (1H, m, H5), 4.54 (1H, t, J = 11.8 Hz,

H30a), 4.51 (1H, dd, J = 8.8, 4.8 Hz, H60), 4.42–4.40 (1H,

m, H30), 4.30–4.33 (2H, m, CH2Phe), 4.06–4.03 (2H, m,

H10), 3.87–3.82 (2H, m, H40), 3.73 (3H, s, H7), 3.65 (1H, dd,

J = 9.0, 7.3 Hz, H8), 2.17 (3H, s, CH3), 2.15 (3H, s, CH3),

0.89 (3H, d, J = 3.9 Hz, H9 or H10), 0.85 (3H, d,

J = 6.8 Hz, H9 or H10).
13C NMR (75 MHz, CDCl3): d = 171.7 (C1), 169.4

(C4), 169.0 (C6), 166.2 (C=O), 165.8 (C=O), 137.6 (Ar–C),

128.4 (Ar–C), 127.9 (Ar–C), 127.8 (Ar–C), 86.7 (C30a or

C60a), 80.3 (C30a or C60a), 78.9 (C2 or C3), 72.9 (CH2Phe),

72.5 (C10 or C40), 72.4 (C2 or C3), 71.8 (C60), 70.8 (C10 or
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C40), 57.1 (C30), 56.9 (C5), 52.2 (C7), 31.0 (C8), 20.6 (CH3),

20.5 (CH3), 18.2 (C9), 17.5 (C10).

HRMS-FAB: m/z [M ? 1] Calcd for C27H36N2O11:

564.2319; found: 565.2684.

(2R,3R)-1-((3S,6R)-6-(Benzyloxy)hexahydrofuro[3,2-

b]furan-3-ylamino)-4-((R)-2(methoxycarbonyl)pyrrolidin-

1-yl)-1,4-dioxobutane-2,3-diyl diacetate (5b4)

Yield: 51 %; white solid (after purification by chromato-

graphic column; eluent: hexane/ethyl acetate); mp

53–54 �C.

[a]D
20 ?20.5 (c 0.8, CH2Cl2).

IR (KBr, m cm-1): 3314, 2955, 2880, 1751, 1668, 1538,

1453, 1372, 1212, 1135, 1096, 1070, 961, 881, 742.
1H NMR (300 MHz, CDCl3): d = 7.36–7.28 (5H, m,

Ar–H), 6.61 (1H, d, J = 7.5 Hz, NH), 5.68 (1H, d,

J = 5.0 Hz, H2 or H3), 5.54 (1H, d, J = 5.0 Hz, H2 or

H3), 4.74 (1H, d, J = 11.7 Hz, H60a), 4.64 (1H, t,

J = 4.7 Hz, H5), 4.57 (1H, d, J = 11.7 Hz, H30a),

4.42–4.40 (3H, m, H30), 4.35–4.33 (2H, m, CH2Phe),

4.08–4.03 (3H, m, H40, H60), 3.96–3.91 (1H, s, H10),

3.87–3.84 (3H, m, H10, H10), 3.69 (3H, s, H7), 2.23–2.19

(2H, m, H8), 2.15 (3H, s, CH3), 2.10 (3H, s, CH3),

2.04–1.97 (2H, m, H9).
13C NMR (75 MHz, CDCl3): d = 171.7 (C1), 169.5

(C4), 169.2 (C6), 165.8 (C=O), 164.7 (C=O), 137.6 (Ar–C),

128.4 (Ar–C), 127.9 (Ar–C), 127.8 (Ar–C), 86.7 (C30a or

C60a), 80.3 (C30a or C60a), 78.9 (C2 or C3), 72.9 (CH2Phe),

72.5 (C10 or C40), 71.2 (C2 or C3), 70.9 (C10 or C40), 70.3

(C60), 59.3 (C5), 57.1 (C30), 52.2 (C7), 46.8 (C10), 28.8 (C8),

24.6 (C9), 20.7 (CH3), 20.3 (CH3).

HRMS-FAB: m/z [M ? 1] Calcd for C27H34N2O11:

562.2163; found: 563.2421.

(3S,4S)-2,5-Dioxotetrahydrofuran-3,4-diyl diacetate (6a)

Yield: 82 %; hygroscopic crystals; mp 130 �C (lit.

133–134 �C; Shriner and Furow, 1963)
1H NMR (300 MHz, CD3OD): d = 5.77 (1H, s, CH),

5.69 (1H, s, CH), 2.23 (3H, s, CH3), 2.20 (3H, s, CH3).
13C NMR (75 MHz, CDCl3): d = 171.2 (COCH3),

167.0 (C=O), 82.2 (CH), 17.7 (COCH3).

(3R,4R)-2,5-Dioxotetrahydrofuran-3,4-diyl diacetate (6b)

Yield: 82 %; hygroscopic crystals; mp 130 �C (lit.

133–134 �C; Shriner and Furow, 1963)
1H NMR (300 MHz, CD3OD): d = 5.77 (1H, s, CH),

5.77 (1H, s, CH), 2.21 (3H, s, CH3), 1.19 (3H, s, CH3).
13C NMR (75 MHz, CDCl3): d = 171.0 (COCH3),

167.0 (C=O), 82.2 (CH), 17.0 (COCH3).

(2S)-Methyl-2-((2R,3R)-4-((3S,6R)-6-

(benzyloxy)hexahydrofuro[3,2-b]furan-3-ylamino)-2,3-

dihydroxy-4-oxobutanamido)-3-phenylpropanoate (7b2)

Yield: 92 %; yellow solid (after purification by chro-

matographic column; eluent: hexane/ethyl acetate); mp

41–42 �C.

[a]D
20 ?124.3(c 0.6, MeOH).

IR (KBr, m cm-1): 3393, 30663, 3030, 2950, 2879, 1736,

1670, 1648, 1541, 1497, 1454, 1368, 1215, 1139, 1081,

911, 737, 700.
1H NMR (300 MHz, CD3OD): d = 7.37–7.18 (10H, m,

H10, H11, H12, Ar–H), 4.76–4.75 (1H, m, H2 or H3), 4.71

(1H, d, J = 11.4 Hz, NH), 4.70 (1H, t, J = 4.7 Hz, H2 or

H3), 4.53 (1H, d, J = 11.4 Hz, H40), 4.44 (d, 2H,

J = 4.4 Hz, CH2Phe), 4.41 (1H, d, J = 1.8 Hz, H5), 4.39

(1H, d, J = 1.8 Hz, H30a), 4.34–4.31 (1H, m, H30), 4.13

(1H, dd, J = 11.6, 6.6 Hz, H10), 4.04 (1H, dd, J = 9.6,

4.8 Hz, H10), 3.87–3.85 (1H, m, H60 or H60a), 3.84–3.82

(1H, m, H60 or H60a), 3.70 (3H, s, H7), 3.64 (1H, t,

J = 5.0 Hz, H40), 3.18 (1H, dd, J = 13.8 e 5.6 Hz, H8),

3.08 (1H, dd, J = 13.8 e 5.6 Hz, H8).
13C NMR (75 MHz, CD3OD): d = 174.3 (C1), 174.0

(C4), 173.1 (C6), 139.4 (Ar–C), 137.6 (C9), 130.4 (Ar–C),

129.6 (C10), 129.4 (Ar–C), 129.1 (C11), 128.9 (C12), 128.0

(Ar–C), 88.5 (C30a or C60a), 81.5 (C30a or C60a), 80.7 (C2 or

C3), 74.1 (C2 or C3), 74.0 (CH2Phe), 73.5 (C60), 71.8 (C10 or

C40), 71.7 (C10 or C40), 58.2 (C30), 54.8 (C5), 52.8 (C7), 38.6

(C8).

HRMS-FAB: m/z [M ? 1] Calcd for C27H32N2O9:

528.2108; found: 529.2430.

(2S)-Methyl-2-((2R,3R)-4-((3S,6R)-6-

(benzyloxy)hexahydrofuro[3,2b]furan-3-ylamino)-2,3-

dihydroxy-4-oxobutanamido)-3-methyl butanoate (7b3)

Yield: 74 %; yellow solid (after purification by chro-

matographic column; eluent: hexane/ethyl acetate); mp

44–45 �C.

[a]D
20 ?96.0 (c 0.9, MeOH).

IR (KBr, m cm-1): 3387, 2961, 2877, 1751, 1655, 1638,

1541, 1438, 1371, 1272, 1210, 1141, 1023, 735, 699.
1H NMR (300 MHz, CD3OD): d = 7.38–7.26 (5H, m,

Ar–H), 4.70–4.69 (2H, m, CH2Phe), 4.54 (1H, d,

J = 11.5 Hz, H2 or H3), 4.49 (1H, d, J = 1.7 Hz, H2 or

H3), 4.47 (1H, d, J = 4.4 Hz, H5), 4.43 (2H, d, J = 1.8 Hz,

H40), 4.41 (1H, d, J = 5.6 Hz, H30a), 4.14 (1H, dd,

J = 11.6, 6.6 Hz, H30), 4.05 (2H, dd, J = 9.6, 4.8 Hz, H10),

3.89–3.86 (1H, m, H60 or H60a), 3.85–3.82 (1H, m, H60 or

H60a), 3.73 (3H, s, H7), 2.21–2.14 (1H, m, C8), 0.96 (3H, d,

J = 4.0 Hz, H9 or H10), 0.94 (3H, d, J = 4.0 Hz, H9 or

H10).
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13C NMR (75 MHz, CD3OD): d = 174.3 (C1), 174.0

(C4), 173.2 (C6), 139.4 (Ar–H), 129.4 (Ar–H), 129.1 (Ar–

H), 128.9 (Ar–H), 88.5 (C30a or C60a), 81.8 (C30a or C60a),

80.7 (C2 or C3), 74.1 (C2 or C3), 74.0 (CH2PHe), 73.9 (C10

or C40), 73.5 (C60), 71.8 (C10 or C40), 58.7 (C30), 58.2 (C5),

52.7 (C7), 32.4 (C8), 19.3 (CH3), 18.3 (C9 and C10).

HRMS-FAB: m/z [M ? 1] Calcd for C23H32N2O9:

480.2108; found: 481.2320.

(2R)-Methyl-1-((2R,3R)-4-((3S,6R)-6-

(benzyloxy)hexahydrofuro[3,2b]furan-3-ylamino)-2,3-

dihydroxy-4-oxobutanoyl)pyrrolidine-2-carboxylate (7b4)

Yield: 90 %; white solid (after purification by chromato-

graphic column; eluent: hexane/ethyl acetate); mp

47–48 �C.

[a]D
20 ?79.6 (c 0.6, MeOH).

IR (KBr, m cm-1): 3356, 2880, 1714, 1681, 1651, 1614,

1538, 1455, 1312, 1227, 1198, 1138, 1025, 911, 883, 742,

699.
1H NMR (300 MHz, CD3OD): d = 7.36–7.28 (5H, m,

Ar–H), 4.74 (1H, d, J = 11.7 Hz, H60a), 4.71–4.69 (2H, m,

H2, H3), 4.54 (1H, d, J = 11.7 Hz, H30a), 4.51–4.43 (1H, m,

H5), 4.42 (d, 1H, J = 6.0 Hz, H30), 4.39–4.28 (2H, m,

CH2Phe), 4.14 (1H, dd, J = 13.5, 7.0 Hz, H60), 4.07–4.03

(1H, m, H40), 3.91–3.89 (1H, m, H40), 3.86–3.82 (2H, m,

H10), 3.71 (3H, s, H7), 3.66–3.63 (2H, m, H10), 2.27–2.17

(2H, m, H8), 2.07–1.91 (2H, m, H9).
13C NMR (75 MHz, CD3OD): d = 174.3 (C1), 172.4

(C4), 172.2 (C6), 139.4 (Ar–C), 129.4 (Ar–C), 129.1 (Ar–

C), 128.9 (Ar–C), 88.5 (C30a or C60a), 81.8 (C30a or C60a),

80.7 (C2 or C3), 74.1 (C2 or C3), 73.9 (CH2PHe), 73.5 (C10

or C40), 73.3 (C60), 71.7 (C10 or C40), 60.9 (C5), 58.3 (C30),

52.8 (C7), 46.6 (C10), 30.4 (C8), 25.8 (C9).

HRMS-FAB: m/z [M ? 1] Calcd for C23H30N2O9:

478.1951; found: 479.2291.

Construction of NS3/4A pro expression plasmids

Con1/SG-Neo (I) was used as template in the generation of

constructs fusing the NS3 protease and cofactor NS4A to

form NS3/4A pro. Con1/SG-Neo (I) contains the cDNA of

the HCV 1b subgenomic replicon, which codes for the

S1179I mutant in the NS5a sequence. The fragment cor-

responding to amino acid residues 1–182 of NS3 pro was

amplified using forward primer NS3 pro-GSGS-F

(50-ggtagtggtagtATggCgCCTATTACggCCTAC-30, which

incorporates the nucleotide sequence encoding the GSGS

linker at the 5́ terminus) and reverse primer NS3 pro-

HindIII-R (50-TATTAAgCTTTTAggACCgCATAgTggT

TTC-30, which incorporates a Hind III restriction site and a

stop codon at the 3́terminus). To amplify the NS4A

cofactor (residues 21–32), we used primer NS4A-BamHI-F

(50-AATAggATCCggCAgCgTggTCATTgTg-30, which

incorporates a BamHI restriction site at the 50 terminus)

and primer NS4A-GSGS-R (50-actaccactaccggACAA-

gATgATCCTgCC-30, which incorporates the nucleotide

sequence encoding the GSGS linker at the 3́ terminus).

PCR reactions were performed in 1X PCR buffer (Invit-

rogen), 1.5 mM MgSO4 (Invitrogen), 250 lM of each

dNTP, 50 pmol of each primer, and 1.25 U of Pfx DNA

polymerase (Invitrogen) with 100–200 ng of genomic

DNA in a final volume of 50 lL. The thermocycle program

to amplify the construct contained an initial denaturing step

of 94 �C for 4 min, followed by 35 cycles of 94 �C

(1 min), 60 �C (1 min), and 68 �C (2 min). To construct

the NS3 protease domain fused to cofactor NS4A (NS3/

4Apro), the PCR products were then joined by overlap

PCR using the outer primers NS4A-BamHI-F and NS3 pro-

HindIII-R. The resultant PCR product contained the NS4A

cofactor domain attached via a flexible GSGS linker to

NS3 pro. The PCR product was purified with a GFX PCR

DNA and gel band purification kit (GE-Healthcare, USA).

The resultant fragment was digested with BamHI and

HindIII and subsequently inserted into the pET21dHT

vector modified for expression of a 69His tag and tev

protease-site (69HT) at the N-terminus (homemade con-

struction, IBCCF/UFRJ). The construct was validated by

DNA sequencing using a ABI3730 sequencer (Applied

Biosystems) that employs the PDTIS/FIOCRUZ platform.

Expression and purification of NS3/4A pro

The recombinant plasmid pET21dHT-HCVNS3/4A pro

was inserted into E. coli strain BL21 [kDE3] (Novagen) by

heat shock. Transformed cells were grown at 37 �C in 2 L

of LB medium containing 100 lg/mL ampicillin (USB)

until an OD600 of 0.8 was reached. The culture was then

cooled down to 25 �C, and 0.5 mM isopropyl-b-D-thioga-

lactopyranoside (IPTG) was added to induce 69His-NS3/

4A pro (with 69His-TEVsite) protein expression. After

3 h, cells were harvested by centrifugation and stored at -

80 �C until used.

To purify the protein, cell pellets were thawed and

resuspended in 25 mL buffer A [50 mM Tris–HCl (pH

7.5), 300 mM NaCl, 2 mM b-Mercaptoethanol, 0.5 %

Triton X-100, and 10 % glycerol] per L of original culture.

Resuspensions were lysed with the addition of 5 mg/mL

lysozyme (Sigma), 20 lg/mL DNase, and 2 mM MgCl2.

To prevent the proteolytic cleavage of protein during cell

lysis, all procedures were performed on ice. The cell lysate

was centrifuged at 30,0009g and 4 �C for 40 min. The

supernatant was applied to a His-Trap column (GE-

Healthcare) which was washed with buffer A. The 6xHT-

NS3/4Apro protein bound to the column was eluted with an

imidazole gradient from 0 to 500 mM. Fractions containing
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the purified protein were dialyzed for 16 h at 4 �C in buffer

B [50 mM Tris–HCl (pH 7.5), 300 mM NaCl, 2 mM

b-Mercaptoethanol, 0.5 % Triton X-100, and 30 % glyc-

erol]. The 69His-TEV site of the protein was excised with

TEV protease [40]. The untagged NS3/4A pro was again

applied to the His-TRAP column, which retained both

69His-TEV and the TEV protease. Only NS3/4A pro was

eluted. NS3/4A pro was dialyzed against buffer B and con-

centrated in a Stirred Ultrafiltration Cell with a 3000-MWCO

membrane (Millipore-Amicon). The NS3/4A pro concen-

tration was measured using a Coomasie Kit (Bradford) Pro-

tein Assay Kit (Pierce) following the manufactureŕs protocol.

In vitro inhibition measurements

To evaluate the inhibitory activity of peptide mimetic

compounds against the HCV NS3/4A protease, the Sens-

oLyte�520 HCV Protease Assay Kit *Fluorimetric*

(AnaSpec, CA, USA) was used following the manufac-

turer’s protocol. The compound screening assay was per-

formed in a black 96-well plate. Each well contained 30 ng

NS3/4A pro that was pre-incubated for 10 min at 25 �C

with 100 lM (or varying concentrations) of the tested

compound. Subsequently, the 5-FAM/QXLTM 520-FRET

peptide substrate was added and incubated for 60 min at

25 �C. Fluorescent signal substrate cleavage was moni-

tored at the excitation and emission wavelengths of 490

and 520 nm, respectively, using a SpectraMax M5 fluo-

rimeter (Molecular Devices). Compounds were diluted into

assay buffer from 20 mM or 40 mM stock solutions pre-

pared in 100 % DMSO. These compounds were diluted to

a final concentration of 10 % DMSO in the assay buffer.

The initial reaction velocities (Vi) of product formation

were determined from progress curves using the linear

regression method (less than 10 % peptide cleavage).

SigmaPlot v.10.0 and GraphPad Prism v.5 software were

used to calculate IC50 or Ki values assuming Michaelis–

Menten kinetics.

Molecular docking studies

Docking studies were performed using AutoDock 4.2 for

Windows. AutoDock Tools (ADT) was used to set up both

crystal and ligand structure parameters. The tridimensional

structure of 5a3 was built and minimized to the PM6 level

in the molecular modeling program Spartan’10 (Wave-

function Inc.) and then exported to ADT. The coordinates

of the wild-type NS3/4A crystal structure were obtained

from the Protein Data Bank (PDB code 2OC0) (Prongay

et al., 2007). The ligand (i.e., HU1) and solvent molecules

were removed. Hydrogen atoms were added, and non-

hydrogen atoms were merged with the corresponding car-

bon atoms.

First, the grid center was established by centering the

grid box on the allosteric site with 0.375 Å spacing and

identical 60 9 60 9 60 points. Docking studies were car-

ried out using the empirical free energy function and the

Lamarckian genetic algorithm applying a standard proto-

col. An initial population of 150 randomly placed indi-

viduals and a maximum number of 2.5 9 106 energy

evaluations were employed. A total of 50 independent

docking runs were carried out. Structures differing by less

than 2.0 Å in positional RMSD were clustered. The results

of the most favorable free energies of binding were

selected as the resultant complex structure.

In silico pharmacokinetic and toxicity analyses

Herein, we used Osiris Property Explorer (http://www.

organic-chemistry.org/prog/peo/) (Thomas Sander, Actelion

Pharmaceuticals Ltd., Gewerbestrasse 16, 4123 Allschwil,

Switzerland) to predict the physicochemical properties (i.e.,

cLogP and solubility), toxicity, druglikeness, and drug score

of the most active compound. Values of druglikeness are

based on the occurrence frequencies of each fragment of the

molecule in commercial drugs, while the drug score evalu-

ates the compound’s potential to qualify as a drug. The drug

score is also related to topological descriptors, fingerprints of

molecular druglikeness, structural keys, and other properties

such as cLog P, log S, and molecular weight.
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