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ABSTRACT: A thousand-fold affinity gain is achieved by introduction of a C-terminal boronic acid moiety into dipeptidic 
inhibitors of the Zika, West Nile and dengue virus proteases. The resulting compounds have Ki values in the two-digit 
nanomolar range, are not cytotoxic, and inhibit virus replication. Structure-activity relationships and a high resolution X-
ray co-crystal structure with West Nile virus protease provide a basis for the design of optimized covalent-reversible in-
hibitors aimed at emerging flaviviral pathogens. 

INTRODUCTION 

Infections with flaviviruses such as dengue, West Nile, 
and Zika virus are an increasing global health concern. 
With spreading habitats of the transmitting mosquitoes, 
infections and epidemics caused by these flaviviruses are 
a potential threat for previously unaffected regions such 
as Europe and Northern America. The recent Zika virus 
outbreak in South America has been declared as Public 
Health Emergency of International Concern by the WHO. 

Enzyme inhibitors with a covalent binding mode1 cur-
rently experience a remarkable revival in medicinal chem-
istry within a large variety of disease and target classes. 
The beta-lactam antibiotics, fosfomycin, aspirin and pro-
ton-pump inhibitors are long-established examples of 
drugs with a covalent binding mode and a convincing 
clinical activity and safety profile. Newly developed cova-
lent inhibitors entered clinical practice, for example, in 
the kinase2, 3 and proteasome fields,4, 5 and have recently 
shown promise as inhibitors of serine carbapenemases.6 
From a chemical perspective, these compounds include 
potentially reactive functional groups such as boronic 
acid, acrylamide or epoxide that are otherwise considered 
highly unusual in drugs. The introduction of as-yet un-
derexplored elements and building blocks into medicinal 
chemistry obviously represents a highly valuable strategy.  

We here present an example in which the inclusion of a 
boronic acid moiety into peptidic inhibitors of flaviviral 
proteases led to a thousand-fold increase of affinity. The 
resulting compounds show efficacy in cell-culture models 
of dengue (DENV) and West Nile virus (WNV) replication 
and are not cytotoxic. The high affinity of the compounds 

also allowed the co-crystallization with the target prote-
ases, yielding the first X-ray structures of a small-
molecule, drug-like inhibitor covalently bound to West 
Nile and Zika virus proteases that enable the rational 
design of further derivatives with even higher potency. It 
should also be noted that haptenization and subsequent 
allergic reactions are not expected to be an issue with 
boronic acids, since they bind to biomacromolecules in a 
reversible-covalent manner.  

Previous work by several groups7-12 had indicated that 
compounds containing basic residues which resemble the 
polybasic substrate recognition profile of the flaviviral 
proteases display modest affinities in the micromolar 
range. In comparison, extension of these compounds 
towards the N-terminus and in the area of the P1 residue, 
as reported recently, resulted in peptidic inhibitors of the 
DENV and WNV proteases with activity in the lower na-
nomolar range.13-16 However, the size (Mr ≈ 750 Da) and 
basicity of these compounds present a problematic liabil-
ity for further optimization and pharmacokinetics. We 
therefore considered it desirable to obtain alternative and 
smaller compounds in which these design factors are in a 
more attractive range. Considering a previous report,17 in 
which a single boronic acid–tetrapeptide analog was re-
ported as promising (Ki = 0.043 µM) but not studied in 
more detail, we set out to explore the potential of reversi-
ble-covalent dipeptide-boronic acid inhibitors of flaviviral 
proteases and elucidate their structure-activity relation-
ships.  
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RESULTS AND DISCUSSION 

The chemistry behind the present SAR dataset involved 
stereoselective preparation of the key intermediate 9 by 
Matteson homologation using the (+)-pinanediol ester as 
described previously (SI).18-21 The further synthesis is 
based on a chiral-pool approach for the preparation of 
benzoyl-capped unnatural amino acids 10–15 (Scheme S2, 
SI), followed by fusion to precursor 9 (Scheme S1) and 
subsequent multi-step conversion of the side chain bro-
mine to a guanidine function (Scheme 1). 

The syntheses of the monopeptide-boronic acids 1 and 
2 from 9 are outlined in the supporting information 
(Scheme S1, SI). The dipeptide-boronic acids 3–8, contain-
ing various aromatic bioisosters for the basic P2 side 
chain, were prepared from acids 10-15 according to 
Scheme 1. Coupling towards precursor 9 was successful in 
moderate yields, using the isobutyl mixed anhydride ap-
proach. The bromine intermediates were converted into 
the corresponding azides, the compounds were hydro-
genated and finally transformed into the di(Boc)-
protected guanidines.  

The two guanidino groups in compounds 6–8 could be 
introduced simultaneously within one synthetic step after 
parallel reduction of the nitro and azido groups. This 
combined transformation crucially reduced the number 
of synthetic steps and improved the yield. For final depro-
tection, all remaining Boc groups were cleaved using TFA. 
The boronic acids 1-8 were subsequently released from 
pinanediol with an excess of phenylboronic acid in a two-
phase mixture of water and diethyl ether. 

Scheme 1. Synthesis of dipeptide-boronic acids.a  

 

aReagents and conditions: (a) NMM, IBCF, DIPEA THF, 
DCM, –15 °C; (b) NaN3, DMF, 100 °C; (c) H2, Pd/C, MeOH; (d) 
bis-Boc-pyrazole-1-carboxamidine, DMAP, MeOH; (e) TFA, 
DCM, HCl; (f) PhB(OH)2, water, diethyl ether, HCl (aq.). The 
dipeptide 8 was synthesized in analogy to 7 from precursor 15 
with a tBu group in para-position. Step (c) was performed 
under acidic conditions (aqueous HCl) during synthesis of 
compounds 5–8. All final compounds were isolated as hydro-
chloride salts. 
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Table 1. Activity data. Inhibitory activity of peptidyl-amides and -boronic acids against viral proteases and inhi-
bition of dengue and West Nile virus replication by the peptidyl-boronic acids in cell culture. 

Cpd. ID Structure 
Inhibition of 

DENV protease[a] 
Inhibition of 

WNV protease[b] 
Inhibition of 

ZIKV protease[c] 
Cellular activity 

of the boronic acids (X=B(OH)2) 

for X = 
B(OH)2 

X = replacement of the terminal Arg/Orn carboxyl group;  
Ki and IC50 values in µM; % inhibition values at [inhibitor] = 50 µM 

Cyto-
toxicity[d] 

Antiviral effect 
EC50 (µM)[e] 

  X = CONH2 X = B(OH)2 X = CONH2 X = B(OH)2 X = B(OH)2 CC50 (µM) DENV WNV 

1 Bz-Orn-X 2.0% 8.3% 18% 30% IC50 > 50  > 100 7.5% 33% 

2 Bz-Arg-X 9.7% 51.9% 9.6% 18% IC50 > 50 > 100 12% 19% 

3 
Bz-(4-NH2)Phe-
Arg-X 

5.2% 
IC50 = 7.4  
Ki = 4.2 

13% 
IC50 = 7.4  
Ki = 6.0 

IC50 > 40 10.1 
44% 
(3.1 µM) 

EC50 = 
1.5 

4 
Bz-[4-
(CH2NH2)]Phe-
Arg-X 

6.6% 
IC50 = 0.066[f] 
Ki = 0.051[f] 20% 

IC50 = 0.11[g]  
Ki = 0.082[g] 

IC50 = 0.25  

Ki = 0.04 
> 100 

EC50 = 
30 

EC50 = 
38 

5 
Bz-(3-guani–
dinyl)Phg-Arg-X 

9.8% 
IC50 = 0.26 
Ki = 0.22 

22% 
IC50 = 0.14 
Ki = 0.12 IC50 = 1.2 > 100 24% 47% 

6 
Bz-(3-guani–
dinyl)Phe-Arg-X 

IC50 = 211 
IC50 = 0.11  
Ki = 0.091 

33% 
IC50 = 0.31 
Ki = 0.30 IC50 = 1.9 ≥ 100 

EC50 = 
48 

38% 

7 
Bz-(4-guani–
dinyl)Phe-Arg-X 

IC50 = 87 
Ki = 29 

IC50 = 0.036[f]  

Ki = 0.027[f] 34% 
IC50 = 0.071[h]  

Ki = 0.065[h] IC50 = 0.83 > 100 EC50 = 18 
EC50 = 
25 

8 
4-tBuBz-(4-
guanidinyl)Phe-
Arg-X 

IC50 = 145 
IC50 = 0.11[f]  

Ki = 0.078[f] 34% 
IC50 = 0.21 

Ki = 0.16 IC50 = 2.1 > 100 
EC50 = 
19 

30% 

All measurements were performed in triplicate. Standard deviations are always below 10%. Percentage inhibition values de-
termined at 50 µM inhibitor concentration. Ki values were calculated from measurements at substrate concentrations of 50, 100, 
150, and 200 µM. [a] Dengue serotype 2 NS2B-NS3 protease (100 nM unless stated otherwise). Substrate: 50 µM Abz-Nle-Lys-Arg-
Arg-Ser-3-(NO2)Tyr (Km = 105 µM). [b] WNV NS2B-NS3 protease (150 nM unless stated otherwise). Substrate: 50 µM Abz-Gly-Leu-
Lys-Arg-Gly-Gly-3-(NO2)Tyr (Km = 212 µM). [c] ZIKV NS2B-NS3 protease (5 nM). Substrate: 10 µM Bz-Nle-Lys-Lys-Arg-AMC (Km = 
18 µM). [d] Cytotoxicity was assayed up to a maximum concentration of 100 µM. [e] Plaque assay results for DENV and WNV. Per-
centage inhibition values at 50 µM or at the highest non-toxic inhibitor concentration. [f] 50 nM DENV protease. [g] 100 nM WNV 
protease. [h] 75 nM WNV protease. 

 

As shown in Table 1, significant activity is restricted to 
compounds that contain the reversible-covalent boronic 
acid building block at the C-terminus, with the corre-
sponding amides being practically inactive. Analogs of the 
most active compounds 4 and 7 with a C-terminal carbox-
ylic acid were also inactive (Table S2). The second im-
portant factor is the basicity of the C-terminal residue: 
The ornithine-boronic acid derivative 1 is significantly less 
active than its arginine congener 2 at DENV protease, but 
slightly more active at WNV protease. Further extension 
by one additional, basic-lipophilic residue such as ami-
nomethyl-phenylalanine (4) and guanidino-phenylalanine 
(6, 7, 8) lead to a dramatic increase in activity. A clear 
preference for a para substitution of the basic moiety is 
evident for all three viral proteases, revealing compounds 
4 and 7 as the most active ones with nanomolar affinity. A 
more flexible phenylalanine moiety in P2 is preferred 
compared to a truncated and rigified phenylglycine scaf-
fold (5 vs. 6). 

The reversible-covalent building block, however, always 
requires the presence of specific recognition elements, as 
evidenced by the relative inactivity of the monopeptide-
boronic acids 1 and 2. This is in agreement with a recent 
study that showed protein targets to be remarkably re-
sistant against small electrophilic fragments which do not 

contain additional, specific molecular recognition ele-
ments.22  

It is noteworthy that the affinity of the dipeptidic com-
pound 7 (Ki = 0.027 µM) is in the same range as that of the 
previously reported tetrapeptidic inhibitor Bz-Nle-Lys-
Arg-Arg-B(OH)2 (reported Ki = 0.043 µM) against DENV 
protease. The boronic acid derivatives also compare fa-
vorably with the recently reported, much larger N-
terminally capped, non-natural tripeptides that reach IC50 
values of 18 and 50 nM at DENV and WNV protease, re-
spectively (compound 83 in the reference).15  

While in case of DENV and WNV proteases the selec-
tivity between compounds 4 and 7 is limited, for ZIKV 
protease a remarkable preference towards compound 4 
with the 4-aminomethyl-phenylalanine side chain in P2 is 
evident. This indicates a very pronounced preference for 
lysine mimetics in P2 and may guide the way towards 
highly affine ZIKV protease ligands. 

A compelling comparison can be made for the most ac-
tive boronic acids 4 and 7 and their respective amide 
congeners. For both compounds, replacement of the am-
ide group by a reversible-covalent boronic acid function 
increases the affinity by a factor of 1000.  
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The broad inhibitory effect of these compounds against 
all analyzed viral proteases gives hope for a route towards 
pan-antiflaviviral drugs.  

The cellular activities reflect the high in-vitro poten-
cies, with the boronic acid 7 showing the highest activity 
against dengue protease in-vitro and DENV replication in 
cell culture. A single compound (3) had cytotoxic effects, 
probably due to the aniline moiety, with all other com-
pounds being not cytotoxic up to 100 µM. Although this 
indicates good target selectivity, the inhibition data on 
trypsin (cf. SI) show that further improvements are re-
quired. In contrast, selectivity against thrombin is already 
relatively good. (cf. SI)   

 

Figure 1. Overall structure of the WNV NS2B-NS3 protease 
in complex with compound 4, PDB code 5IDK. A distinctive 
feature of the closed (active) form of the enzyme as found 
here is that the NS2B chain (red) is wrapped around the NS3 
protease domain (green). The Gly4-Ser-Gly4 linker between 
NS2B and NS3 is not defined by electron density. Chain ter-
mini are labeled N*, C* for NS2B and N, C for NS3. Colors of 
inhibitor atoms: C, magenta; N, blue; O, dark red; B, yellow. 
Active-site residues are dark blue and labeled.  

A 1.50-Å crystal structure of 4 in complex with the 
WNV NS2B-NS3 protease revealed the enzyme in the 
closed (active) conformation, with the NS2B chain 
wrapped around the NS3 domain (Fig. 1, PDB code 5IDK). 
The amide backbone of the inhibitor forms only two hy-
drogen bonds to the protease (P1 NH...Gly151 O, P3 
O...Gly153 NH), whereas the P1 and P2 sidechains and the 
P3 benzoyl cap are neatly accommodated in the corre-
sponding subsites of the enzyme (Fig. 2). The terminal 
NH2 group of the P2 sidechain is involved in hydrogen 

bonds with the main-chain oxygen of Asp82* and with 
Asn84* Oδ1, both from the NS2B polypeptide chain. The-
se interactions presumably contribute to the stabilization 
of the closed form of the complex.  

Remarkably, the phenyl group of the P2 residue inter-
acts with the imidazole of the catalytic His51 through π 
stacking (Fig. 2; distance ∼3.5 Å). The Nε atom of the P1 
guanidinium group is involved in a 2.97±0.08-Å hydrogen 
bond with the carbonyl oxygen of Tyr130, and the Nη2 
donates a "charged" hydrogen bond to Asp129 Oδ1 
(2.97±0.22 Å; average and standard deviation calculated 
from the 3 monomers of the complex in the asymmetric 
unit of the crystal). Interestingly, the Nη1 forms a 
3.18±0.11-Å hydrogen bond with the carbonyl oxygen of 
the inhibitor's P2 residue, drawing the P1 guanidinium 
group close to the main chain of the compound. Moreo-
ver, there may be a weak (parallel) interaction between 
the guanidinium group and the phenyl group of Tyr161 
(Fig. 2).  

In contrast to a recently solved, lower resolution dimer-
ic structure of compound 4 in complex with ZIKV prote-
ase (PDB code 5LC0), the present monomeric WNV crys-
tal structure shows n0 evidence for specific contacts be-
tween two protease units, and no shape complementarity, 
as opposed to the crystal structure of the Zika virus NS2B-
NS3 protease.23 The overall observed inhibitor orientation 
in the active site is quite similar for both crystal structures 
(cf. SI Figure S1) and also in close correlation to an NMR 
structure of derivative 8 with DENV-2 protease.24  

The boron atom of compound 4 forms a 1.59±0.01-Å co-
valent bond with Oγ of the active-site Ser135 (Fig. 2, upper 
right inset). During refinement, additional positive Fo–Fc 
density emerged near the two hydroxyl groups of the 
boronic acid and was unambiguously assigned to a cyclic 
di-ester formed between the boronic acid and atoms O1 
and O2 of glycerol, leading to the formation of a 5-
membered ring (Fig. 2, lower left inset). Boronic acids 
tend to form esters with aliphatic diols, especially if 5- or 
6-membered rings can be formed,25 and glycerol was pre-
sent in our enzyme preparation during purification, crys-
tallization, and cryoprotection of crystals.  

The presence of alcohols (e.g., TRIS) and polyols in bio-
logical and biochemical assays leads to formation of an 
equilibrium mixture of boronate esters and boronic acids. 
For example, the formation of a TRIS ester under assay 
conditions was detected for a representative compound of 
the current dataset by mass spectrometry (data not 
shown). The kinetics and dynamics of these ester/acid 
equilibria are not yet well characterized, neither for the 
currently presented compounds nor for the clinically used 
boronic acids. Affinity data for boronic acid electrophiles 
must therefore be interpreted with caution, because the 
composition of buffers and biological media influences 
the concentration of the "active", free boronic acid.  

Negatively charged and chiral, the tetrahedral boronate 
unit is a close mimic of the transition state of peptide 
hydrolysis. The cyclic-ester oxygens (O1 and O2) accept 
hydrogen bonds from the amide of Gly133 (2.85±0.05 Å; 
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part of the oxyanion hole) and the Nε2 of His51 (2.67±0.04 
Å), respectively. The five-membered ring occupies the S1' 
site, but the hydroxy group (O3 of glycerol) is oriented 
towards bulk solvent.  

 

Figure 2. Compound 4 in the substrate-binding site of WNV 
NS2B-NS3 protease. The Fo-Fc difference density, calculated 
from the final coordinates with the inhibitor omitted and 
contoured at 4σ, is shown as blue grid. Residues of the NS2B 
chain are indicated by an asterisk (*). H-bonds are shown as 
dashed lines. Upper right inset: The tetrahedral boronate; 
Ser135 in green, boron in yellow, oxygens and carbons of the 
glycerol moiety in red, Fo-Fc difference density as blue grid. 
Lower left inset: Structure of the glycerol boronate bound to 
Ser135.  

The structure presented here has the highest resolution 
of all flavivirus protease structures in complex with a 
small-molecule inhibitor published thus far and will ena-
ble us and others to further optimize target affinity and 
selectivity of flaviviral protease inhibitors. 

Some key consequences for drug design shall be sum-
marized here: Several backbone atoms of the inhibitor are 
not engaged in interactions with the protease and may 
therefore be replaced in order to reduce the peptidic na-
ture of the inhibitor. This relates in particular to the P2 
main-chain amide, which could be replaced by a meth-
ylene group or a similar functionality, allowing the crea-
tion of peptidomimetics with increased drug-likeness. A 
ring closure between the P2 main-chain carbonyl and the 
P1 side-chain appears possible and would reduce the con-
formational degrees of freedom of the inhibitor, thus 
further increasing affinity.  

The structure also highlights significant opportunities 
to further extend these inhibitors in a rational way, not 
only with respect to target affinity but also in light of 
selectivity: Most prominently, the glycerol ester indicates 
that inhibitors can be extended towards the prime-sites of 
the substrate-binding cleft, which so far remain complete-
ly unexploited. The P2 and P3 regions offer significant 
potential for the design of additional specific interactions 
with side chains of the target and, more importantly, 

towards the protein backbone. Creation of additional 
protein backbone – inhibitor interactions would be highly 
attractive since this is expected to impede resistance de-
velopment and increase the likelihood of broad-spectral 
activity against proteases from multiple flaviviruses.  

An unresolved issue is the relatively weak activity of the 
compounds in the virus replication assay, and the lack of 
correlation between the cellular and the biochemical 
activity of the compounds. We assume that the high po-
larity of the compounds, not only due to the basic side 
chains but also to the boronic acid moiety, impedes 
membrane passage, and thus, cellular uptake of the com-
pounds. In this respect, the boronic acid moiety, while 
contributing significantly to target affinity, probably has a 
detrimental effect. Therefore, while the value of the pre-
sent compounds for structural and biochemical studies is 
high – such as successfully shown for the protease of the 
newly emerged Zika virus23 – modifications will be re-
quired to reach higher antiviral efficacy in cells. We en-
visage that this can be reached via two strategies: First, 
the boronic acid might be modified to a prodrug, for ex-
ample by esterification with diols, yielding compounds 
that resemble the inhibitor-glycerol complex as found in 
the present X-ray structure. Second, the boronic acid 
might be replaced by other electrophilic functional 
groups with lower polarity. Alternative functional groups 
such as the fluoromethylketone moiety would further-
more allow the extension of the inhibitors towards the 
primed sites. This may increase selectivity towards fla-
viviral proteases in relation to eukaryotic off-targets such 
as trypsin and thrombin, which remains problematic for 
the compounds presented here.  

In conclusion, the current study not only contributes to 
our understanding of flaviviral proteases and their sub-
strate and inhibitor binding mechanisms, but also sup-
ports the ongoing search for novel therapeutics to treat 
infections with dengue, West Nile, Zika and other emerg-
ing flaviviruses.  

EXPERIMENTAL SECTION 

General Procedures. Detailed information are provided 
in the Supporting Information. In brief, all reagents and 
solvents were used as obtained from commercial sources 
unless otherwise indicated. Sensitive reagents were gen-
erally handled under nitrogen atmosphere. The reaction 
progress was monitored by TLC. Normal phase chroma-
tographic purification was performed on a Biotage Isolera 
One purification system using silica gel and UV monitor-
ing. RP-phase purifications were executed using an ÄKTA 
purifier (GE Healthcare) system with Reprospher C18-DE, 
Dr. Maisch (5 μm) 30 x 16 mm, and 120 x 16 mm pre- and 
main columns and UV detection. NMR spectra were rec-
orded on Varian Mercury Plus (300 MHz) and Varian 
NMR System 500 (500 MHz) instruments at 300 K. Mass 
spectrometry was performed on a Bruker micrOTOF-Q II 
(ESI) instrument. Analytical HPLC was performed on a 
Jasco HPLC system with UV detector and ReproSil-Pur-
ODS-3, Dr. Maisch GmbH, Germany, 5 µm, 50 x 2 mm 
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column. Active compounds 3-8 were of ≥95% purity ac-
cording to HPLC analysis.  

Synthesis of precursor 9. Compound 9 was synthesized 
from allyl bromide in 4 steps according to the literature21 

(5.60 g, 64%, final step). 1H-NMR (300 MHz, CDCl3): δ = 
0.85 (s, 3H), 0.98 (t, J = 7.4 Hz, 2H), 1.10 (d, J = 10.9 Hz, 
1H), 1.30 (s, 3H), 1.39 (s, 3H), 1.80-2.07 (m, 5H), 2.23 (m, 
1H), 2.33 (m, 1H), 3.45 (t, J = 6.9 Hz, 2H), 4.27 (dd, J = 8.7, 
2.0 Hz, 1H) ppm; 13C-NMR (75 MHz, CDCl3): δ = 24.0, 26.5, 
27.1, 27.6, 28.6, 35.5, 36.3, 38.1, 39.5, 51.3, 77.7, 85.6 ppm; 
MS (ESI): m/z: 323.1 [M+Na]+. 

Synthesis of precursor amino acid 11. Compound 11 
was synthesized from L-4-cyanophenylalanine in 5 steps 
following established synthetic procedures (442 mg, 93%, 
final step). 1H-NMR (300 MHz, CDCl3): δ = 7.72 (d, J = 7.1 
Hz, 2H), 7.38-7.61 (m, 4H), 7.32 (d, J = 8.2 Hz, 1H), 7.05-
7.16 (m, J = 6.8 Hz, 2H), 6.69 (br s, 1H), 5.03-5.16 (m, 1H), 
4.29 (s, 1H), 3.23-3.53 (m, 2H), 1.46 (s, 6H) ppm; HRMS 
(ESI): m/z [M–H]– calcd for C22H25N2O5: 397.1769, found: 
397.1770. 

Synthesis of 4. A solution of 11 (200 mg, 0.5 mmol) and 
N-methylmorpholine (60 µl, 0.55 mmol) was dissolved in 
THF and cooled to -15 °C, before IBCF (130 µl, 1 mmol) 
was added. Afterwards a solution of 9 (220 mg, 0.6 mmol) 
in dichloromethane was added dropwise, followed by a 
slightly delayed addition of DIPEA (190 µl, 1.1 mmol) in 
dichloromethane at -15 °C over 30 min. Afterwards, the 
reaction mixture was allowed to warm up to room tem-
perature and stirred overnight. The solvent was evapo-
rated and the residue was purified by flash chromatog-
raphy (cyclohexane/ethyl acetate) to obtain a crude in-
termediate (59%). HRMS (ESI): m/z [M+Na]+ calcd for 
C36H49BBrN3NaO6: 732.2796, found: 732.2789. The inter-
mediate (320 mg, 0.45 mmol) was treated with sodium 
azide (39 mg, 0.6 mmol) in DMF at 100 °C for 1 h. After-
wards, the solvent was evaporated and the residue was 
purified by flash chromatography (cyclohexane/ethyl 
acetate) to obtain a crude product (79%). HRMS (ESI): 
m/z [M+Na]+ calcd for C36H49BN6NaO6: 695.3705, found: 
695.3712. A mixture of this intermediate (220 mg, 0.33 
mmol) and palladium on carbon (10%, 35 mg) in metha-
nol was stirred at room temperature under hydrogen 
atmosphere (1 bar) overnight. The mixture was filtered 
using celite, the solvent was evaporated and the crude 
product was directly used for the next synthetic step (200 
mg, 94%). HRMS (ESI): m/z [M+H]+ calcd for 
C36H52BN4O6: 647.3981, found: 647.3957. A solution of the 
crude intermediate (195 mg, 0.3 mmol), bis-Boc-pyrazole-
1-carboxamidine (116 mg, 0.375 mmol) and DMAP (10 mg, 
0.075 mmol) in methanol was stirred 2 days at room tem-
perature. The solvent was evaporated and the residue was 
purified by flash chromatography (cyclohexane/ethyl 
acetate) to obtain a crude product (175 mg, 66%). HRMS 
(ESI): m/z [M+H]+ calcd for C47H70BN6O10: 889.5249, 
found: 889.5228. The intermediate (160 mg, 0.18 mmol) 
was treated with a mixture of dichloromethane (10 ml) 

and TFA (1 ml) overnight. After solvent evaporation, the 
residue was triturated with hydrogen chloride (1 ml, 4 M 
in dioxane) and the solvent was evaporated again to ob-
tain a crude intermediate (120 mg, quant.). HRMS (ESI): 
m/z [M+H]+ calcd for C32H46BN6O4: 589.3674, found: 
589.3672. The residue was stirred overnight in a two-
phase mixture of water and diethyl ether containing phe-
nylboronic acid (109 mg, 0.9 mmol). Afterwards, the 
phases were separated and the aqueous phase was ex-
tracted with diethyl ether for three times. The aqueous 
phase was concentrated and directly used for purification 
by preparative HPLC (methanol/water 0.1% TFA). The 
excess of methanol was evaporated and hydrochloric acid 
(1 ml, 1N) was added before freeze-drying. Compound 4 
was obtained as colorless solid (15 mg, 16%). 1H-NMR (500 
MHz, D2O): δ = 1.38-1.54 (m, 4H), 2.65 (m, 1H), 3.13 (t, J = 
6.8 Hz, 2H), 3.17 (dd, J = 13.9, 9.5 Hz, 1H), 3.33 (dd, J = 13.8, 
6.4 Hz, 1H), 4.12 (s, 2H), 4.96 (dd, J = 9.5, 6.5 Hz, 1H), 7.38 
(m, 4H), 7.27 (m, 2H), 7.61 (m, 3H) ppm; 13C-NMR (125 
MHz, D2O): δ = 25.8, 27.1, 36.3, 40.9, 42.7, 52.8, 127.1, 128.7, 
129.1, 129.9, 131.4, 132.5, 132.6, 137.2, 170.9, 174.8 ppm; 
HRMS (ESI): m/z [M–H2O+H]+ calcd for C22H30BN6O3: 
437.2471, found: 437.2463. 
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PDB ID CODES 

Atomic coordinates of the WNV NS2B-NS3 protease in com-
plex with compound 4 will be released upon acceptance of 
the article, PDB code 5IDK. 
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