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ABSTRACT: Viral proteases have been established as drug targets in several viral diseases including human immunodeficiency 
virus and hepatitis C virus infections due to the essential role of these enzymes in virus replication. In contrast, no antiviral therapy 
is available to date against flaviviral infections including those by Zika virus (ZIKV), West Nile virus (WNV), or dengue virus 
(DENV). Numerous potent inhibitors of flaviviral proteases have been reported, however, a huge gap remains between the in-vitro 
and intracellular activities, possibly due to low cellular uptake of the charged compounds. Here, we present an alternative, nanopar-
ticular approach to antivirals. Conjugation of peptidomimetic inhibitors and cell-penetrating peptides to dextran yielded chemically 
defined nanoparticles that were potent inhibitors of flaviviral proteases. Peptide-dextran conjugates inhibited viral replication and 
infection in cells at non-toxic, low micromolar or even nanomolar concentrations. Thus, nanoparticular antivirals might be alternative 
starting points for the development of broad-spectrum anti-flaviviral drugs.  
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Flaviviruses are enveloped, single-stranded (+)-RNA viruses 
including the human pathogens yellow fever virus,1 Japanese 
encephalitis virus,2 tick-borne encephalitis virus3, dengue virus 
(DENV),4 West Nile virus (WNV), and Zika virus (ZIKV).5 
Flaviviruses cause hundreds of millions of human infections 
every year leading to hundreds of thousands of severe cases and 
more than hundred thousand deaths.6 Only symptomatic thera-
pies are available to date such as rehydration and treatment with 
paracetamol. Specific anti-flaviviral therapies have not been de-
veloped so far, although the medical need is high.5 There are 
vaccines against several of the flaviviruses, however, not 
against WNV and ZIKV, while the effectiveness of immuniza-
tion against dengue virus is limited. Accordingly, the develop-
ment of antivirals against several existing as well as newly 
emerging flaviviral species is of high medical relevance. 
The development of broad-spectrum anti-flavivirals might be 
feasible due to the high conservation of the some of the enzymes 
residing in the non-structural (NS) proteins.7, 8 Within the in-
fected cell, seven flaviviral NS-proteins are produced,9 how-
ever, only the functions of the NS2B-NS3 and NS5 proteins 
have been studied in molecular detail.10 The NS5 protein bears 
the viral RNA-dependent RNA polymerase, the NS2B-NS3 
complex has protease activity that is essential for the flaviviral 
replication cycle by cleaving the viral polyprotein into func-
tional proteins. NS3 forms the catalytically active domain of the 
protease complex.11 NS2B acts as co-factor for the protease-do-
main by supporting substrate binding and mediating membrane 
anchoring.12, 13 NS2B-NS3 is a serine protease with a trypsin-
like fold, comprising the catalytic triad S135, H51 and D75.14 
The enzyme recognizes oligobasic peptide sequences and 
cleaves between a P1 arginine or lysine residue and P1’ amino 
acids with small side chains (glycine or serine).14-17 
NS2B-NS3 is a promising drug target, since blocking proteases 
in other virus species, e.g. human immunodeficiency virus18 or 
hepatitis C virus,19 disrupts the replication cycle and has yielded 

several clinically used antiviral drugs. Like for other proteases, 
peptides or peptidomimetics have been the main source of fla-
viviral inhibitors so far.20, 21 In many cases peptidomimetics 
with electrophilic head groups such as aldehydes and boronic 
acids, which are attacked by the nucleophilic serine residue of 
the catalytic triad, have been used as inhibitors of flavivirus pro-
teases.13, 22-24 Binding specificity of peptides and peptidomimet-
ics have been assured by the peptide sequences, which prefera-
bly contain the basic amino acids arginine and/or lysine in po-
sitions P1 and P2. P3 can be occupied either by another cationic 
side chain or by glycine, while P4 is preferably a hydrophobic 
amino acid residue.25 Other peptidomimetics have been devel-
oped without the electrophilic center at the P1 residue. All oli-
gobasic peptidomimetics are oligocations bearing several posi-
tive charges, which render many of them either inactive in cel-
lular assays or reduce the cellular activity by several orders of 
magnitude relative to the biochemical assays, presumably due 
to the low cell penetration by compounds with a relative high 
charge density.26-34 In previous studies we demonstrated that 
peptide inhibitors cross membrane barriers efficiently on dex-
tran nanocarriers containing few copies of a cell-penetrating 
peptide.35 Beyond that, nanocarriers can improve the biocom-
patibility, solubility and stability against hydrolytic cleavage of 
peptide inhibitors.36 Joshy et al. have shown the improved up-
take of antiviral drugs using also a dextran nanocarrier.37 Here 
we report a set of cell-penetrating, nanoparticular inhibitors of 
the flaviviral NS2B-NS3 protease targeting both the membrane 
of the host cell for penetration and the substrate-binding pocket 
of several enzymes of this class. These novel, rationally de-
signed inhibitors with validated binding modes might represent 
promising alternative starting points for the development of an-
tivirals. 
For the assembly of the nanoparticular virus blockers inhibitory 
peptidomimetics were combined with transport peptides and 
fluorophores on a nanoparticular carrier. As an inhibitory com-



 

ponent, the thiol-modified peptidomimetic 1 was designed car-
rying a decarboxylated arginine-mimicking fragment at the C-
terminal P1 position, two lysins in P2 and P3, and a 4-(4-mer-
capto-butoxy)-phenyl-acetyl residue for conjugation in P4. 
(Scheme 1). 1 fitted well into the active site of WNVPro (see 
Figure S13). It is a derivative of potent inhibitors of the NS2B-
NS3 protein of WNV published recently by Steinmetzer et al.38 
The best compound of the Steinmetzer series had the 3,4-di-
chloro-phenylacetyl group in P4 and displayed a KI value of 120 
nM in the enzymatic assay, however, in infected cells no anti-
viral effect was reported, presumably due to insufficient cell 
permeability of these oligocationic peptidomimetics.39 
Recently, we have established that polymeric nanoparticles car-
rying bioactive molecules, can penetrate cell membranes by 
conjugation with cell penetrating peptides.35, 40 Coupling of pep-
tides to carrier polymers led to the strong amplification of bio-
logical activity in cells and a higher proteolytic stability. Thus, 
to enable the entry of the nanoparticular inhibitors into the cell, 
we employed the cell-penetrating TAT dodeca-peptide 2 
(GRKKRRQRRRPK).41 This peptide was modified with an N-
terminal thiol-label to enable conjugation to the nanoparticle 
(Scheme 1). Several polymer backbones have been investigated 
and linear dextran was found to be superior to polymeric N-(2-
hydroxypropyl)-methacrylamide (pHPMG) and hyper-den-
dritic poly-glycerol (hPG) in generating high-affinity nanopar-
ticles.40 For coupling of several different thiol-labeled peptides, 
peptidomimetics and fluorophores to the dextran backbone in 
one step, conjugation to 2-maleimido-dextran 3 was found to be 
advantageous to other strategies. For microscopic tracking of 
the nanoparticles, the N,N,N´,N´-tetra-ethyl-rhodamine 4 was 
prepared as a thiol-labeled fluorophore for the microscopic 
tracking of the obtained nanoparticles (SI 1.5.1, Figure S18). 
The protected C-terminal fragment of peptidomimetic 1, trans-
N,N´-di-Boc-(4-amino-methyl)-cyclohexanyl-guanidine 6, was 

synthesized in four steps from trans-(N-Boc-4-aminomethyl)-
cyclohexyl-amine 5 (Scheme 2a). To enable the modification 
at the N-terminus of the peptidomimetic, compound 8 was syn-
thesized carrying an S-trityl-protected thiol for use in peptide 
synthesis and for later coupling of the peptidomimetic to the 
dextran carrier (Scheme 2b). For assembly of the pep-
tidomimetic inhibitor 1, N-Fmoc-Lys(Boc) was coupled to 2-
chloro-trityl chloride resin in DCM using DIPEA as a base. Af-
ter N-Fmoc-deprotection with piperidine-DMF, a second lysine 
residue was condensed to the amino group followed by N-Fmoc 
cleavage. Acid 8 was coupled to the unprotected N-terminus of 
the dipeptide and the protected product 9 was released from the 
resin employing hexafluoro-isopropanol. Compound 9 was ac-
tivated in solution and coupled to the Boc-protected building 
block 6 (Scheme 2c). After deprotection, the peptidomimetic 1 
was obtained. 
Subsequently, peptidomimetic inhibitor 1, TAT-peptide 2 and 
the rhodamine fluorophore 4 were conjugated to 2-maleimido- 
dextran 3 to furnish loaded nanoparticles NP1-NP5 (Table 1). 
All conjugation reactions were performed in 10 mM MOPS 
buffer at pH 4.5 granting the full protonation of basic lysine and 
arginine residues and selective reactivity of the nucleophilic 
thiol residues with maleimides. NP1 loaded with 2.6 copies of 
TAT-peptide 2 and 0.5 copies of the fluorophore was obtained 
by conjugation of 3 with 3 equiv. of peptide 2 and 4.5 equiv. of 
fluorophore 4 (SI 1.2.7). NP2 and NP3 with 2.0 and 4.0 copies 
of inhibitor 1 attached were generated from NP1 by conjugation 
with 8.4 and 16.3 equiv. of free inhibitor 1, respectively 
(SI 1.2.8). NP4 and NP5 carrying 3.6 and 6.0 copies of inhibitor 
1 were synthesized through the conjugation of carrier 3 with 8.9 
and 17.8 equiv of 1, respectively, together with 11.3 and 
10.9 equiv of fluorophore 4 (0.5 copies) (SI 1.2.9). Loadings of 
all nanoparticles were determined by a combination of 1H-NMR 
and UV-Vis spectroscopy (SI 1.3). 

Scheme 1. General strategy for the construction of nanoparticular virus blockers 

 
Flaviviral inhibitor 1, the cell-penetrating TAT-peptide 2, and rhodamine fluorophore 4 were synthesized carrying terminal 4-mercapto-
butoxy or 4-mercapto-butyrylamido residues. These thiol labels enabled the simultaneous conjugation of compound 1, 2 and 4 to 2-malei-
mido-dextran 3. 



 

Scheme 2. Synthesis of peptidomimetic 1 

 
Reaction conditions: i) Cbz-Cl, DIPEA, THF, rt, 16 h. ii) TFA/DCM, 0°C, 2h. iii) 1,3-di-Boc-2-(trifluoromethylsulfonyl)-guanidine, NEt3, 
DCM, rt, 16 h. iv) Pd/C, H2, MeOH, rt, 2 h. v) 1,4-diiodobutane, K2CO3, acetone, 50 °C, 16 h. vi) triphenylmethanethiol, THF, KOtBu, 70 
°C, 1 h; 1 M NaOH, THF, 70 °C, 2 h. vii) SPPS with 2-Cl-Trt-resin, Fmoc-Lys(Boc)-OH, DCM, DIPEA, 16 h, rt. viii) DCM, EDC, HOBt, 
10, rt, 16 h; ix) 82.5% TFA/ 5% phenol/ 5% H2O/ 5% thioanisole/ 2.5% EDT, rt, 2 h. 

The peptidomimetics, peptides and conjugates were tested in 
enzymatic assays with WNVPro, ZIKVPro, and DENVPro using 
the fluorogenic substrate Boc-GKR-AMC for WNVPro and 
ZIKVPro, and Boc-GRR-AMC for DENVPro. All measurements 
were performed at pH 8.5 in 50 mM Tris-HCl with 20% (v/v) 
glycerol (SI 1.4.2). Peptidomimetic 1 displayed KI values of 
343 nM for WNVPro and 79 nM for ZIKVPro, respectively, in 
good agreement with data published for similar compounds 
without the thiol-linker (Table 1).38 Inhibition of DENVPro was 
weaker, an effect reported before for similar peptidomimetics.39 
TAT peptide 2 also showed strong inhibition with a KI of 96 nM 
for WNVPro and a KI of 140 nM for ZIKVPro. Presumably, the 
NS2B-NS3 protease binds to the nine basic lysine or arginine 
residues of the TAT sequence fitting well to reported inhibitor 
sequences.42 
Next, inhibitory activities of the conjugated nanoparticles were 
determined. NP4 loaded with 3.6 copies of inhibitor 1 but no 
TAT peptide displayed a KI of 304 nM (WNVPro), similar to the 
free inhibitor 1. Loading of NP5 with 6 copies led to an im-
proved KI of 103 nM. The increased local concentration and 
multivalent presentation of the inhibitor 1 in the nanoparticle 
NP5 might contribute to the amplified inhibition by NP5.43 In 
contrast, NP1, carrying 2.6 copies of TAT peptide 2 showed an 
KI of 150 nM (WNVPro), making it a less potent inhibitor than 
free TAT-peptide 2. Strongly enhanced inhibition, however, 
was observed for hetero-multivalent constructs NP2 and NP3 
containing both peptidomimetic 1 and TAT-peptide 2. Combi-
nation of 2 copies of 1 with 2.6 copies of 2 in NP2 boosted the 
KI values to 33 nM for WNVPro and 51 nM for ZIKVPro. The 
effect was even stronger for NP3 with 4 copies of 1 and 2.6 

copies of 2 resulting in remarkable KI values of 9 nM for 
WNVPro and 34 nM for ZIKVPro. For control, unloaded dextran 
was tested and did not show any inhibitory activity (Fig-
ure S14). Since NP1, NP4, and NP5 with only TAT-peptide 2 
or only inhibitor 1 were much weaker inhibitors than NP2 and 
NP3, it can be concluded that the hetero-multivalent presenta-
tion of peptidomimetic 1 with TAT 2 led to this remarkable im-
provement of the IC50 values. 
Subsequently, we investigated the cellular activity of the het-
ero-multivalent conjugates NP2, 3, and 5. Efficient cellular up-
take was detected for NP2 and 3 at low µM concentrations by 
fluorescence microscopy (Figure S18). This suggested that 
these conjugates might be effective inhibitors of viral replica-
tion in flavivirus-infected human cells. In order to determine 
concentrations tolerated by Huh7 cells, nanoparticles were 
tested in a CellTiterGlo® assay measuring intracellular ATP 
levels (SI 1.5.2., Figure S19). While NP5 (without TAT pep-
tide 2) did not affect cell viability even at concentrations higher 
than 25 µM NP2 and NP3 (both with TAT peptide 2) reduced 
cellular ATP levels at 25 µM. This might be due to the low cell 
permeability of NP5 since it is not carrying the cell penetrating 
peptide 2. As there was no effect of all three tested nanoparticles 
on cell viability at a concentration of 12.5 µM, antiviral effects 
of the conjugates were investigated at or below this concentra-
tion. Antiviral activities of inhibitors NP2, NP3, and NP5 
against WNV and DENV were determined by measuring the 
amount of infectious virus progeny released from compound-
treated cells (Figure 1a-c, Table 2 and Figure S20). In these 
assays, the inhibitor was added to virus-infected Huh7 cells and 
culture supernatants were harvested 48 h later.   



 

Table 1. Inhibition of WNVPro, ZIKVPro, and DENVPro by nanoparticles NP1-NP5. For raw data and S.D. see SI; KI-values have been 
determined using the Cheng-Prusoff equation. 

  1 2 NP1 NP2 NP3 NP4 NP5 

Nano-
particle 
loading 
with 

1   2.0 4.0 3.6 6.0 

2 2.6 2.6 2.6   

4 0.5 0.5 0.5 0.5 0.5 

IC50 [nM] 

WNVPro 460 129 201 45 12 408 139 

ZIKVPro 125 223 n.d. 82 54 n.d. n.d. 

DENVPro 17070 11140 n.d. 921 4619 n.d. n.d. 

KI [nM] 

WNVPro 343 96 150 33 9 304 103 

ZIKVPro 79 140 n.d. 51 34 n.d. n.d. 

DENVPro 12739 8313 n.d. 687 3447 n.d. n.d. 

The amount of infectious virus contained therein was deter-
mined by plaque assays. Ribavirin was used as positive control. 
Inhibition of the virus replication was determined in relation to 
the negative control. In WNV-infected cells NP2 and NP3 in-
hibited virus replication effectively. At a concentration of 12.5 
µM NP2 reduced WNV titers by about 67% while NP3 showed 
an inhibition by 78%. At a concentration of 6.25 µM, the con-
jugate NP3 still displayed an inhibition of 54%, indicating an 
estimated EC50 value of NP3 around 6.25 µM. For DENV sig-
nificantly higher antiviral activities of the conjugates were ob-
served (Figure 1b). Virus titers were reduced by 98% and more 
when infected cells were cultured in presence of 6.25 to 12.5 
µM NP2 or NP3. In contrast, in presence of 6.25 to 25 µM NP5 
a remaining activity of 5-10% was detected, indicating the im-
portance of TAT-coupling for inhibition. As Ribavirin reduced 
virus replication only about 25% at a concentration of 12.5 µM, 
the synthesized conjugates NP2 and NP3 showed a much better 
inhibition of DENV replication. Thus, inhibition of plaque for-
mation was measured at even lower concentrations of nanopar-
ticles (Figure 1c). The hetero-multivalent conjugates NP2 and 
NP3 inhibited viral replication between 90-98% at 2.5 µM 
while NP5 without the cell-penetrating TAT peptide 2 showed 
almost no inhibition at this concentration. NP2 with 2 copies of 
1 reduced viral replication around 40% at a concentration of 
0.25 µM, while NP3 with 4 copies of 1 reduced viral replication 
by around 75% at a concentration of 0.1 µM suggesting a re-
markable nanomolar EC50 value of <0.1 µM. 
To determine the activity of the conjugates on ZIKV replica-
tion, Huh7 cells were infected with a luciferase reporter virus 

derived from the MR766 strain.44 Antiviral activity was deter-
mined by measuring luciferase activity in infected cells reflect-
ing RNA replication (Figure 1d). The hetero-multivalent con-
jugates NP2 and NP3 inhibited ZIKV replication at a concen-
tration of 12.5 µM by 71 and 72%, respectively 
(EC50 < 12.5 µM). The nanoparticle NP5 (without TAT 2) did 
not show inhibition at this concentration, but required a concen-
tration of 25 µM to reach 40% inhibition. As a result, also for 
ZIKV the incorporation of TAT 2 into the conjugate was crucial 
to enter the host cells and inhibit the replication of the virus. 
Here we demonstrated design, synthesis, and biochemical eval-
uation of nanoparticular virus blockers. A peptidomimetic 
showing inhibition of WNVPro in-vitro but no antiviral effect in 
cells was coupled to a dextran backbone. In addition, cell pene-
trating TAT peptide was conjugated to the polymer. The ob-
tained nanoparticular conjugates were low nanomolar inhibitors 
of WNVPro and ZIKVPro and less active for DENVPro. Incorpo-
ration of several copies of the inhibitor resulted in a strong in-
crease of inhibition both in the enzyme assay and in cells. Cell 
penetrating TAT peptide also inhibited viral proteases and in-
corporation of TAT into the conjugates strongly enhanced cel-
lular uptake and boosted antiviral activities against WNV, 
DENV and ZIKV in the cell-based assays, most pronounced for 
DENV. In perspective, nanoparticular virus blockers might 
overcome limitations of peptidomimetic inhibitors due to en-
hanced cell permeability and cellular activity and future exper-
iments will reveal details of their mode of action.   



 

 

 
Figure 1. Inhibition of virus replication in infected Huh7 cells. For WNV (a) and DENV (b,c) virus inhibition was determined in the plaque 
assay measuring the amount of infectious virus released into the culture supernatant of infected cells (see Figure S20 for graphs in log 
PFU/ml). For ZIKV (d) a Renilla luciferase reporter virus of the MR766 strain was used and inhibition of virus replication was measured in 
infected cells by quantifying luciferase activity reflecting viral RNA replication. In all experiments the multiplicity of infection (MOI) was 
0.1. 48 h after infection, culture supernatants were harvested for plaque assay (in case of WNV and DENV) and cell lysates for luciferase 
assay (in case of ZIKV). Ribavirin served as positive control (blue bars). Values obtained with solvent-treated infected cells (red bars) were 
set to 100% and used to normalize values obtained with inhibitor-treated infected cells. Estimated EC50 values of NP3 are ~6.25 µM for 
WNV, <0.1 µM for DENV, and <12.5 µM for ZIKV. 

 

Table 2. Inhibition of WNV, ZIKV and DENV replication in infected cells. 

  
NP2 NP3 NP5 Ribavirin 

12.5 µM 6.25 µM 0.1 µM 12.5 µM 6.25 µM 0.1 µM 12.5 µM 6.25 µM 0.1 µM 12.5 µM 

Nano-par-
ticle load-
ing with 

1 2.0 4.0 6.0   

2 2.6 2.6    

4 0.5 0.5 0.5   

Inhibition 
of Viral 
Replication 
[%] 

WNV 67 0 n.d. 78 54 n.d. n.d. n.d. n.d. 90 

DENV 100 98 47 100 99 79 95 90 37 75 

ZIKV 71 34 n.d. 72 20 n.d. 0 0 n.d. 80 
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