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a b s t r a c t

Here we report the hydrolytic behavior of recombinant YFV NS2B/NS3 protease against FRET substrates
mimicking the prime and non-prime region of the natural polyprotein cleavage sites. While the P2-P01
motif is the main factor associated with the catalytic efficiency of Dengue (DV) and West Nile Virus
(WNV) protease, we show that the kcat/Km of YFV NS2B/NS3 varied by more than two orders of magni-
tude, despite the presence of the same motif in all natural substrates. The catalytic significance of this
homogeneity – a unique feature among worldwide prominent flavivirus – was kinetically analyzed using
FRET peptides containing all possible combinations of two and three basic amino acids in tandem, and
Arg and Lys residues produced distinct effects on kcat/Km. The parallel of our data with those obtained
in vivo by Chambers et al. (1991) restrains the idea that these sites co-evolved with the NS2B/NS3 pro-
tease to promote highly efficient hydrolysis and supports the notion that secondary substrate interaction
distant from cleavage sites are the main factor associated with the different hydrolytic rates on YFV
NS2B-NS3pro natural substrates.

� 2011 Elsevier Inc. All rights reserved.

1. Introduction

Yellow fever (YF), a mosquito-borne flavivirus disease, is the
prototypical viral hemorrhagic fever, characterized by a severe li-
ver injury. According to the World Health Organization, there are
200,000 estimated cases of yellow fever, causing 30,000 deaths
only in tropical South America and sub-Saharan Africa [1]. Despite
the existence of a vaccine as an important prevention method, both
the continued occurrence of wild-type YF and the incidence of
vaccine-associated disease underlie the need of a clearer under-
standing of the YF pathogenesis and development of therapeutic
interventions [2]. Moreover, no specific treatment for YF or any
of the flaviviral infections is currently approved for use [3].

The family Flaviviridae comprises arthropod-borne enveloped
virus with single- positive-stranded RNA genome like Yellow Fever
virus (YFV), West Nile virus (WNV), Japanese Encephalitis Virus
and Dengue virus (DV) [4,5]. The mRNA-like genomes of flavivirus
are translated as large precursor polyproteins that are processed
co- and post-translationally by host and viral proteases [6,7].These
processing events are essential for flaviviruses replication and the

viral protease is pointed out as an attractive target for antiviral
development [8,9]. To achieve this goal, a detailed analysis of the
substrate recognition specificity and catalytic properties of each
flaviviral proteases are necessary.

Active flavivirus proteases are constituted by a two-domain
protein formed by the association of a trypsin-like serine protease
domain located at the N-terminal one-third of the viral non-struc-
tural protein 3 (NS3) with a hydrophilic region of 40 amino acids
(CF40) of the NS2B protein [10]. NS2B domain acts as a cofactor
that also actively participates in the formation of the enzyme
active site [11,12].

The NS2B/NS3 protease catalyzes the cleavage in the non-struc-
tural region of viral polyproteins at the NS2A/NS2B, NS2B/NS3,
NS3/NS4A, and NS4B/NS5 sites, and at additional sites within the
viral proteins C, NS4A, and within NS3 itself [13,14]. However,
the amino acid sequence between the polyprotein processing sites
of DV, WNV and YFV have similar but distinct composition. In DV,
hydrolysis occurs on C-terminal side after a pair of basic residues
(Lys-Arg, Arg-Arg, or Arg-Lys) or, occasionally, after Gln-Arg at
the P2 and P1 positions (according to Schechter and Berger’s
nomenclature of substrate residues) followed by small amino acids
(Gly, Ala or Ser) at P01 [4,15]. In the case of WNV, all the sites have
Lys-Arg-Gly sequence (P2-P01) with exception of the Lys-Lys-Gly
motif found in NS2A internal cleavage site [16]. Interestingly,
YFV NS3 polyprotein processing sites are restricted to the pair
Arg-Arg followed by a small residue (Ser, Gly or Val) [4,17].
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While limited biochemical studies were performed with YFV
NS2B/NS3 protease [7,18], the substrate specificity of DV NS2B/
NS3 protease was assessed by different strategies and substantial
information were obtained [19–23]. Above all, the use of positional
scanning tetrapeptide libraries [23] and FRET substrates containing
two or three basic amino acids in tandem [20] have defined the se-
quence (K)RR;X (x = Ser, Gly or Ala) as optimal for DV NS2B/NS3
cleavage. However, while the Arg-Arg pair is associated with an in-
creased DV NS2B/NS3 catalytic efficiency in FRET peptides based
on polyprotein processing sites, interactions up to S4 and S06 signif-
icantly influenced both kcat and Km values [20].

The unique presence of the Arg-Arg pair in YFV processing sites
as well as its remarkable pathogenesis among flaviviruses, prompt
us to analyze if these sites co-evolved with the NS2B/NS3 protease
to promote highly efficient hydrolysis. Accordingly, we report here
the hydrolytic activities of YFV NS2B/NS3 protease on seven (FRET)
peptides based on native viral polyprotein processing sites and
against two series of small FRET peptides containing all possible
combinations of three and two basic amino acids in tandem
arrangement flanked by small side chain amino acids.

2. Materials and methods

2.1. Enzymes

Recombinant YFV NS2B/NS3 protease was obtained and puri-
fied as previously described by [22]. Briefly, the 47 core amino
acids of NS2B were linked (via Gly4-Ser-Gly4) to the N-terminally
190 amino acids of NS3 protease domain [18] and expressed in
E. coli M15 strain as an N-terminally his-tagged fusion protein.

2.2. Peptide synthesis

All the FRET peptides were obtained by the solid-phase peptide
synthesis strategy as previously described [24]. Stock solutions of
peptides were prepared in DMSO, and the concentration measured
spectrophotometrically using the molar extinction coefficient of
17.300 M�1cm�1 at 365 nm.

2.3. Hydrolysis of FRET peptides

The hydrolysis of FRET peptides were quantified using a Hitachi
F–2500 spectrofluorimeter by measuring the fluorescence at
420 nm following excitation at 320 nm. The inner-filter effect
was corrected as previously described [25]. The concentration of
DMSO in assay buffers was kept below 1%. The scissile bond of
hydrolyzed peptides were identified by isolation of the fragments
using analytical HPLC followed by determination of their molecular
mass by LC/MS using an LCMS-2010 equipped with an ESI-probe
(Shimadzu, Japan).

2.4. Kinetic parameter determination

The kinetic parameters of hydrolysis, kcat, Km, and kcat/Km were
determined from initial rate measurements at 8–10 substrate con-
centrations between 0.15 and 10 Km. The enzyme concentrations
were chosen such that less than 5% of the substrate was hydro-
lyzed over the course of the assay. The reaction rate was converted
into micromoles of substrate hydrolyzed per minute based on a
calibration curve obtained from the complete hydrolysis of each
peptide. The data was fitted with respective standard errors to
the Michaelis–Menten equation using GraFit software (Erithacus
Software, Horley, Surrey, UK). In all assays data were collected at
least in duplicate, and the error values were less than 10% for each
of the obtained kinetic parameters.

2.5. The pH and salt dependence of specificity constant

The pH dependence of rate constants was measured under
Michaelis–Menten conditions at 37 �C in a four-component buffer
comprised of 75 mM Tris, 25 mM Mes, 25 mM acetic acid and
25 mM glycine, using the fluorimetric assay described above. The
data were fitted to the theoretical curve for the bell-shaped pH rate
profiles using nonlinear regression as in Eq. (1) using Grafit
software:

k ¼ kðLimitÞ10pH�pKa1

102pH�pKa1�pKa2
ð1Þ

Where kcat/Km(limit) stands for the pH-independent maximum
kcat/Km constant and K1 and K2 are the dissociation constants of
the catalytic components at acidic and basic limbs, respectively.
k = kcat or kcat/Km. The pK1 and pK2 estimated from the pH–kcat/
Km curves were identified as pKe1 and pKe2 respectively, to differ-
entiate them from the pK1 and pK2 values estimated from the
pH–kcat profiles (pKes1 and pKes2 respectively). The influences of
NaCl was investigated in 50 mM Tris, pH 9.0, using Abz-AKRRSQ-
EDDnp as substrate.

2.6. Circular Dichroism

CD spectra were recorded on a Jasco J-810 spectropolarimeter
with a Peltier system for controlling cell temperature. The absor-
bance spectra of FRET peptides were collected in the far-UV range
(190–260 nm) using a 1 cm path length cell in standard buffer (Tris
buffer (pH 9.0), 20% Glycerol). The system was routinely calibrated
with an aqueous solution of twice crystallized d-10 camphorsulfo-
nic acid. Ellipticity was recorded as the mean residue molar ellip-
ticity [h] (deg cm2 dmol�1). The spectrometer conditions typically
included a sensitivity of 100 mdeg, a resolution of 0.5 nm, a re-
sponse time of 4 s, a scan rate of 20 nm/min and 4 accumulations
at 25 �C. The control baseline was obtained with the buffer
prepared.

3. Results and discussion

3.1. Effects of pH and salt on the protease activity

The pH stability of YFV NS2B/NS3 protease was determined
from the activity remaining at the optimal pH (9) following a
30-min pre-incubation at pH values of 7–10.5 at 37 �C. The enzyme
retained more than 90% of its initial protease activity in the pre-
incubated samples, thus indicating that the enzyme is stable in this
pH range under our assay conditions (data not shown).

The pH dependence of the reaction of YFV NS2B/NS3 with the
Abz-AKRRSQ-EDDnp substrate was measured under Michaelis–
Menten conditions in the pH range from pH 7–10.5 at a con-
stant-ionic strength buffer (25 mM MES, 25 mM acetic acid,
25 mM glycine, and 75 mM Tris). The substrate employed for this
experiment (Abz-AKRRSQ-EDDnp) derived from the optimum se-
quence described for DV NS2B/NS3 protease [20]. As reported in
Fig. 1A the kcat/Km values conform to ‘‘bell-shaped’’ pH-rate profile,
in which the value of kcat/Km decreased at acid and basic pH, sim-
ilar to those previously reported for other flaviviruses NS2B/NS3
proteases [7,13,20]. From the obtained data, for binding and catal-
ysis of Abz-AKRRSQ-EDDnp titrated groups E1 and E2 have pKe1
and pKe2 values of 8.6 ± 0.1 and 9.9 ± 0.1, respectively, whereas
optimal pH for proteolytic cleavage was found to be at pH 9.2.

The dependence of the catalytic constant kcat with respect to pH
was also examined (Fig. 1B). Bell-shape pH-profile obtained was
broader than the kcat/Km profile due to a significative lowering of
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