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ABSTRACT: The mosquito-borne West Nile (WNV) and dengue 2 (DEN2V) viruses and tick-borne Langat
(LGTV) and Omsk hemorrhagic fever (OHFV) viruses are arthropod-borne flaviviruses (family Flaviviridae,
genusFlaViVirus). These viruses are quite similar at both the nucleotide and amino acid level, yet they
are very divergent in their biological properties and in the diseases they cause. The objective of this study
was to examine the putative receptor-binding domains of the flaviviruses, the envelope (E) protein domain
III (D3), which assume very similar structures either as part of the whole envelope protein or as individual
entities, and to define the biophysical properties that distinguish among these viruses. Circular dichroism
and Fourier transform infrared spectroscopy were employed to monitor the solution structure of these
proteins. While the spectroscopic results found that the D3 from each of these viruses is composed of
either â-sheets orâ-turns, which is consistent with X-ray crystal data for tick-borne encephalitis and
dengue viruses, these results reveal that recombinant D3s (rED3s) derived from tick-borne flaviviruses
(LGT-rED3 and OHF-rED3) were similar to each other, while those from mosquito-borne flaviviruses
(WN-rED3 and DEN-rED3) were similar to each other yet distinct from rED3 of the tick-borne viruses.
Protein dynamic studies probed by fluorescence quenching and hydrogen/deuterium exchange found that
the rED3s are dynamic entities. The tick-borne proteins again exhibit very similar dynamic properties,
which are different from the mosquito-borne proteins. The WN-rED3 is significantly less stable than the
other three rED3s. Overall, these differences in biophysical properties correlate with biological properties
of these viruses that tick-borne flaviviruses are more stable than mosquito-borne flaviviruses.

The flaviviruses are a genus of approximately 70 small
single-stranded positive-sense RNA viruses that are transmit-
ted primarily by arthropods. Among the flaviviruses are a
number of major human pathogens including the mosquito-
borne dengue (DENV), yellow fever (YFV), Japanese
encephalitis (JEV), and West Nile (WNV) viruses, as well
as tick-borne viruses including the tick-borne encephalitis
(TBE) serocomplex of viruses. The viral genome is ap-
proximately 11 kb in size encoding a single polyprotein of
just over 3400 amino acids. The viral polyprotein is co- and
posttranslationally cleaved to generate three structural pro-
teins and seven nonstructural proteins. Among the structural
proteins is the major viral surface protein, the envelope (E)
protein, which serves as both a receptor-binding protein and
fusion protein (1). The viral E protein exists as a heterodimer
on the surface of the virion along with the second viral
surface protein, the membrane (M) protein. X-ray crystal

structures of the flavivirus E protein have been solved for
both DENV type 2 (DEN2V) and a member of the TBE
serocomplex, central European encephalitis (CEEV) virus
(2, 3). These structures divide the viral E protein into three
distinct domains (I, II, and III). Domains I and II are called
the central and dimerization domains, respectively, with the
viral fusion peptide at the tip of domain II. Domain III (D3)
of the flaviviruses has been shown to function as the putative
receptor-binding domain for these viruses (4, Holbrook et
al.1). Crystallographic data has shown that the D3s of CEEV
(2) and DEN2V (3) have aâ-barrel configuration and an
Ig-like fold. The D3 of mosquito-borne flaviviruses is slightly
larger than that of tick-borne flaviviruses because there is a
four amino acid loop in the D3 of mosquito-borne viruses.
This extra loop contains an RGD integrin-binding motif in
some viruses that may be associated with binding to receptors
in the mosquito midgut (4).

Since the introduction of WNV into North America in
1999, the public awareness of flavivirus infection has
increased. WNV is a neurotropic flavivirus closely related
to JEV. The virus primarily cycles between birds and
mosquitoes with humans being accidental hosts of infection.
Since the introduction of WNV into North America more
than 13 000 human infections have been documented.
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The dengue viruses consist of four serologically closely
related viruses (DEN1V-DEN4V) that are a major public
health problem in tropical and subtropical regions of the
world. These mosquito-borne viruses cause an acute febrile
illness in the majority of cases, though it can progress to the
more severe dengue shock syndrome or dengue hemorrhagic
fever, which is potentially fatal. DENV are the only
flaviviruses in which humans are a part of the natural cycle
of the virus. DEN2V is perhaps the most widely distributed
of the DENV.

The major human pathogens among the tick-borne flavi-
viruses include members of the TBE serocomplex of viruses.
Most, such as CEEV, cause an encephalitic disease. Closely
related viruses, such as Omsk hemorrhagic fever virus
(OHFV), cause a primarily viscerotropic disease rather than
neurotropic disease. Langat virus (LGTV) is a naturally
attenuated tick-borne flavivirus that does not cause disease
in humans.

The objective of this study was to determine the biophysi-
cal properties of recombinant E protein D3 (rED3)2 derived
from four different flaviviruses and to determine whether
these properties were associated with biological character-
istics of the viruses. The four viruses described above were
chosen for this study because two are transmitted by
mosquitoes (WNV and DEN2V) and two by ticks (OHFV
and LGTV). Two of these viruses are associated with
encephalitic disease (WNV and LGTV) and two with
viscerotropic disease (DEN2V and OHFV). The amino acid
sequence alignment of these proteins is summarized in Figure
1. Using several different methods, this study found that these
proteins exhibit subtle yet distinct differences in secondary
and tertiary structures in addition to protein dynamics, which
affect protein stability. These data correlate with biological
properties that indicate that tick-borne flaviviruses are more
tolerant of environmental conditions than are those transmit-
ted by mosquitoes. These properties include aerosol trans-
mission of tick-borne flaviviruses as well as infection via
contact with infected tissues or milk from infected goats or
sheep. These observations contrast sharply with those about
mosquito-borne flaviviruses, which are not thought to survive
outside either arthropod or animal hosts.

METHODS AND MATERIALS

Chemicals. Ultrapure guanidine HCl was a product of ICN
Biochemical. Blue Dextran 2000, sodium azide, and acryl-
amide were purchased from Pharmacia Biotech., Kodak, and
Boehringer Mannheim, Germany, respectively. All experi-
ments were conducted in TN200 (50 mM Tris, 200 mM NaCl
at pH 8.5 and 25°C) buffer.

Protein Preparation.Recombinant E protein D3 (rED3)
incorporates approximately amino acids 300-400 of the E
protein (TBE amino acid numbering (2)). The ED3 was
amplified from the respective viruses using specific primers
in RT-PCR as previously described.3 The PCR product was
then cloned into the pMal-c2x vector from a maltose-binding
protein (MBP) fusion protein system (New England Biolabs,
Beverley, MA). Expression and purification of the fusion
protein was performed essentially using the manufacturer’s
instructions. Briefly, the protein was expressed by induction
of a 0.5-OD600 culture with 0.4 mM IPTG for 4 h at 37°C.
The cells were pelleted and lysed, and the resulting super-
natant was passed over an amylose affinity column (New
England Biolabs). The fusion protein was eluted with 10 mM
maltose in column buffer, concentrated, and cleaved with
factor Xa (Novagen). Following cleavage, the protein was
passed over a Superdex75 column. The rED3-containing
fractions were collected and concentrated. Proteins were
further purified with a Sephacryl HR S-100 column and
concentrated. The purity of these proteins was greater than
95% homogeneous based on results from SDS-PAGE. The
extinction coefficients for WN-rED3, DEN-rED3, OHF-
rED3, and LGT-rED3 are 10 095, 9650, 15 595, and 14 060
M-1 cm-1 at 280 nm, respectively.

Circular Dichroism Spectroscopy.CD measurements were
performed on an AVIV model 60 DS spectropolarimeter.
Far-UV CD spectra of proteins in the native state were
measured over the range of 190-260 nm by using cells of
0.01 cm path length. Each spectrum was recorded in 0.5 nm
wavelength increments. For each sample, three repetitive
scans were obtained and averaged. Protein solutions with a
concentration of 35-40 µM were used.

FT-IR Spectroscopy.FT-IR spectra were measured with
a Bomem MB series Fourier transform infrared spectrometer
(Quebec, Canada) equipped with a dTGS detector and purged
constantly with dry air. Protein samples (∼18 mg/mL) were
warmed to room temperature and loaded in a CaF2 cell with

2 Abbreviations: GdnHCl, guanidine hydrochloride; TN200 buffer,
50 mM Tris, 200 mM NaCl at pH 8.5 and 25°C; PAGE, polyacryl-
amide gel electrophoresis; CD, circular dichroism; HPLC, high-pressure
liquid chromatography; SEC, size-exclusion chromatography; FT-IR,
Fourier transform infrared spectroscopy; H/D, hydrogen/deuterium;
WN-rED3, West Nile recombinant envelope protein domain 3; DEN-
rED3, Dengue 2 virus domain 3; OHF-rED3, Omsk hemorrhagic fever
domain 3; LGT-rED3, Langat virus domain 3.

3 Beasley, D. W., Holbrook, M. R., Travassos da Rosa, A. P., Tesh,
R. B., Shope, R. E., and Barrett, A. D. (2004)J. Clin. Microbiol. 42,
2759-2765.

FIGURE 1: Amino acid sequence alignment of WN-rED3, DEN-rED3, OHF-rED3, and LGT-rED3.
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a 7.5µm spacer. For each spectrum, a 256-scan interferogram
was collected in single-beam mode with a 4 cm-1 resolution
at a rate of 3 scans/s. Reference spectra were recorded under
identical conditions with only the corresponding buffer in
the cell. Protein spectra were obtained using a previously
established protocol (5). A straight baseline between 2000
and 1750 cm-1 was used as the standard to judge the success
of water subtraction. Second-derivative spectra were obtained
with a seven-point Savitsky-Golay derivative function,
baseline-corrected, and area-normalized as described (5, 6).
The secondary structure content of WN-rED3 was calculated
by curve-fitting analysis of the inverted second-derivative
spectrum in the amide I band range of 1600-1700 cm-1

(5). This band is ascribed to>CdO stretching vibration of
the peptide bond (7). It was assumed that the fraction of
residues composing each secondary structural element is
proportional to the relative percent area of the associated
vibrational band (8).

Analytical Ultracentrifugation. Sedimentation velocity
experiments were carried out in a Beckman Optima XL-A
analytical ultracentrifuge equipped with absorbance optics
and An60Ti rotor at 60 000 rpm. Velocity data were collected
at 280 nm at a spacing of 0.002 cm with no averaging in a
continuous scan mode and were analyzed using the SetFit
Program. The reported weight-average sedimentation coef-
ficient values (Sh20,w) were calculated by a weighted integra-
tion over the entire range of sedimentation coefficient
covered by theC(s) distribution and corrected for the solution
density and viscosity. The apparent weight-average molecular
weights were obtained by fitting the sedimentation equilib-
rium data with the following equation:

whereC is the observed protein concentration in absorbance
at radial positionr, E is the baseline offset, andC1,r0 is the
concentration of monomeric protein. At the meniscus,r0, ν
is the partial specific volume,F is the solvent density,ω is
the angular velocity,M is the apparent weight-average
molecular weight, andR and T are the gas constant and
temperature in Kelvin, respectively. The value ofνj is 0.742
for studied proteins in TN200 buffer, derived from the amino
acid composition of these proteins using the method of Cohn
and Edsall (9).

Fluorescence Acrylamide Quenching. Fluorescence inten-
sity measurements were carried out in 1-cm quartz cuvette
at 23 °C using a Perkin-Elmer LS50B spectrofluorometer.
The excitation and emission wavelengths were 295 and 340
nm, respectively. The temperature of the cuvette holder was
regulated by a circulating water bath at 23( 0.1°C. Protein
concentrations were 5µM. The reaction mixtures were
titrated with 5.0 M acrylamide in TN200 at room tempera-
ture. Four cuvettes containing different solutions were
measured one by one (10). A, B, and C cuvettes contained
5 µM protein in TN200 buffer. Cuvette D contained TN200
buffer but without protein. During the experiment, no buffer
or acrylamide was titrated into A, the value of which was to
check for instrument stability. Into B and C were titrated
the same volume of buffer and acrylamide, respectively.
Aliquots of acrylamide were titrated to cuvette D. As a
consequence of all the effects on the observed fluorescence

intensity, the actual obtained fluorescence intensity fraction
can be described as

whereFB, FC, andFD are the observed signal fractions of
protein fluorescence in cuvettes B, C, and D, respectively.
To increase the precision, slit widths (bothεx andεm) were
adjusted to make the initial values ofFB and FC close to
990. For every point, the fluorescence intensity was read at
least 10 times to make sure that the result is not located at
an extreme deviation region. Quenching data were plotted
using the Stern-Volmer equation (11),

whereF0/F is the fractional decrease in fluorescence due to
the quencher ([Q]), andKsv andV are collisional and static
quenching constants, respectively.

Size-Exclusion Chromatography. The experiments were
carried out using a Phenomenex Biosep SEC-S2000 HPLC
gel filtration column, 2000 mm× 7.8 mm, with 25°C water
bath. Protein in different concentrations of GdnHCl was
prepared and incubated overnight at 4°C. Protein samples
(∼30 µM) were warmed to room temperature before using.
The steel-jacketed column was operated with mechanical
injection within a fully automated BioCad SPRINT HPLC
system. High concentrations of GdnHCl could affect the gel
matrix and perturb the SEC chromatogram protein (12). The
elution volumes of protein sample, Blue Dextran, and sodium
azide at each GdnHCl concentration were obtained, and the
partition coefficient (Kd) was calculated with eq 4 (13):

where Vprotein, VBlueDextran, and Vazide represent the elution
volumes of protein sample, Blue Dextran, and azide,
respectively. Before each experiment, the column was
calibrated using proteins with Stokes radii taken from the
literature (14).

H/D Exchange Measurement.One hundred microliters of
protein in TN200 buffer was lyophilized for 3 h at room
temperature. Samples for exchange experiments were pre-
pared by dissolving 100µL of lyophilized protein or buffer
solution in 100µL of D2O. The reconstituted sample was
injected into a CaF2 window cell with a path length of 50
µm. One minute after the addition of D2O, single-beam
spectra were recorded using kinetic scanning mode. FT-IR
spectra were recorded at 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 15,
20, 30, 40, 50, 60, 90, 120, 150, and 180 min in D2O. Eight
scans were collected for each time interval from 1 to 10 min,
while 64 scans were collected for each time interval from
11 to 90 min, and 128 scans were collected for each longer
time interval. To compare the FT-IR spectra in H2O and D2O,
we normalized the amide I band in H2O to the amide I band
in D2O at 1 min. The spectrum collected after 24 h exchange
was used as the spectrum of the fully deuterated protein.

Calculation of Amide Proton Exchange Rate.We moni-
tored the H/D exchange of protein by following apparent
intensity changes of the amide II band, located around 1550
cm-1, which is attributed to a combination of N-H in-plane
bending and C-N stretching vibrations in the peptide bond,

C ) E + C1,r0
exp[(1 - νjF)ω2

2RT
M(r2 - r0

2)] (1)

F ) (FC

FB
) - FD (2)

F0/F ) (1 + Ksv[Q])(1 + V[Q]) (3)

Kd ) (Vprotein- VBlueDextran)(Vazide- VBlueDextran) (4)
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because this band does not adversely interfere with absorption
bands of H2O, HOD, or D2O (7). As N-H in protein is
exchanged into N-D in D2O, the absorption peak of the
N-D bending vibration at about 1450 cm-1 is strengthened,
while the N-H absorption peak decreases. The fraction of
unexchanged amide proton,F, was calculated at various time
intervals using eq 5,

whereAI andAII are the absorbance maxima of the amide I
and II bands, respectively.AII∞ is the amide II absorbance
maximum of fully deuterated rED3, andω is the ratio of
AII0/AI0, AII0 andAI0 being the respective absorbance maxima
for the amide II and amide I bands of rED3 in H2O (15,
16).

The exchange kinetic parameters were fitted from eq 6:

whereF is amide proton fraction at given timet andk1 and
k2 are the intermediate and slow exchange rates, respectively.
A1, A2, andC are the constants.F0 is the remaining amide
proton fraction at 1 min.

RESULTS

Protein Structure

Circular Dichroism Spectroscopy.The secondary structure
of rED3 proteins was monitored by circular dichroism (CD)
spectroscopy, as shown in Figure 2. There is a small positive
ellipticity at 232 nm, and a strong negative ellipticity at 218
nm, indicating the presence of a significant amount of
â-strand structure. The spectra of tick-borne OHF-rED3 and
LGT-rED3 are very similar and show a negative ellipticity
around 200 nm, whereas mosquito-borne WN-rED3 shows
much weaker ellipticity intensity and a positive ellipticity at
205 nm, indicating clearly the presence ofâ-turn structures.
Mosquito-borne DEN-rED3 shows a structure between those
of WN-rED3 and OHF-rED3 (or LGT-rED3).

There is no observable difference in the CD spectra
between native and refolded protein after an exposure to 4
M GdnHCl, indicating that the unfolding reaction is revers-
ible for all these rED3 proteins (data not shown). Hence,

the thermodynamic parameters derived from this study are
not compromised by complications due to detectable ir-
reversible processes.

FT-IR Spectroscopy.The secondary structure of rED3
proteins was also monitored by FT-IR, which has an
advantage over CD in that the spectral properties of the
secondary structural components can be resolved clearly in
FT-IR, thus, enabling a more accurate interpretation of the
data. The second-derivative FT-IR amide I spectra of rED3
in TN200 buffer are shown in Figure 3. It is most interesting
to note that, similar to the CD spectra, the FT-IR spectra of
the tick-bone OHF-rED3 and LGT-rED3 are essentially
identical whereas the mosquito-borne rED3s exhibit different
spectral properties, for example, the peaks of bothâ-strands
and random coil shift to a higher wavenumber. Since the
vibrational energy of the amide CdO stretching is inversely
related to the strength of hydrogen bonding, these differences
imply a difference in the overall strength in hydrogen
bonding within the secondary structure elements, reflecting
a different microenvironment of secondary structure com-
ponents in these proteins. These results indicate that the
solution structures of the tick-borne proteins are very similar,
if not identical, but the mosquito-borne proteins have
structural features that are distinguishable from the tick-borne
proteins and each other. These data are supported by the
moderate variability in the primary amino acid sequence
between the mosquito- and tick-borne flaviviruses and the
high degree of similarity among the tick-borne flavivirus
proteins (Figure 1).

The second derivative spectral component can be assigned
to the secondary structure component (6, 7). Quantitative
analysis of secondary structure of these proteins by curve
fitting revealed that the proteins are mainly composed of
â-strands, consistent with crystallographic (2, 3) and CD data
(Figure 2). The secondary structure content of these proteins
is listed in Table 1. The total percent ofâ-strands for WN-
rED3, DEN-rED3, OHF-rED3, and LGT-rED3 is 60%, 57%,
56%, and 56%, respectively. Although the total percent of
â-strands is essentially identical among all the rED3 studied,
the microenvironments surrounding these strands are different
between the mosquito- and tick-borne groups of proteins.
For example, the peaks at frequency 1693-1686 and 1642-
1628 are both assigned toâ-strands. In the mosquito-borne
species, the percentage ofâ-strand associated with each of

FIGURE 2: CD spectra of the WN-rED3 (O), DEN-rED3 (0), OHF-
rED3 (4), and LGT-rED3 (]) in TN200 buffer. Protein concentra-
tion is ∼35 µM.

F ) (AII - AII∞)/(AIω) (5)

F ) A1 e-k1t + A2 e-k2t + C (6)

FIGURE 3: FT-IR secondary-derivative spectra of WN-rED3 (s),
DEN-rED3 (- ‚ -), OHF-rED3 (- ‚‚), and LGT-rED3 (‚‚‚) in H2O.
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these peaks is 10-14% and 46-47%, respectively. However,
the corresponding values for the tick-borne proteins are 18-
19% and 38%, respectively.

Hydrodynamic Properties.The hydrodynamic properties
of these proteins were monitored by both SEC and sedi-
mentation velocity analysis. The SEC data of the native
proteins showKd values of 0.545( 0.006, 0.559( 0.005,
0.572( 0.001, and 0.575( 0.008 for WN-, DEN-, OHF-,
and LGT-rED3, respectively. TheseKd values correspond
to 20.3( 0.1, 20.0( 0.1, 19.7( 0.0, and 19.7( 0.2 in
Stokes radius,Rs (Å), for WN-, DEN-, OHF-, and LGT-
rED3, respectively. These results indicate that the hydro-
dynamic shape factor of these proteins is very similar. These
proteins were also subjected to sedimentation velocity
analysis. The weight-average sedimentation coefficient (Sh20,w)
was determined by fitting the sedimentation velocity data to
a single species with the SedFit Program. The results show
that the values forSh20,w were 1.32, 1.33, 1.34, and 1.33 for
WN-rED3, DEN-rED3, OHF-rED3, and LGT-rED3, respec-
tively, as summarized in Table 2. There are no observable
differences inSh20,w for tick-borne and mosquito-borne rED3,
indicating that these proteins are of similar hydrodynamic
shape. These data are consistent with crystallographic data
or amino acid sequence comparison (Figure 1), which
indicates a high degree of similarity among these proteins.

Protein Dynamics

SolVent Accessibility of Trp Residues (Fluorescence Acryl-
amide Quenching).Mosquito-borne WN-rED3 and DEN-
rED3 have one tryptophan at residue 95, which is close to
the C-terminus. Tick-borne OHF-rED3 and LGT-rED3 have
two tryptophans, which are located at residues 17 and 95.
The accessibility of tryptophan residues was quantitatively
assessed using fluorescence collisional quenching by acryl-
amide. Results of these measurements are shown in Figure
4. The data were fitted to eq 3, and the parameters are
summarized in Table 3.

In the native state, the tryptophan of mosquito-borne WN-
rED3 and DEN-rED3 was more accessible than that of tick-

borne OHF-rED3 and LGT-rED3, as indicated by a steeper
slope in Stern-Volmer plots and the higher values for the
collisional quenching constant,Ksv, and static quenching
constant,V, as listed in Table 3. Since there is one tryptophan
located close to the C-terminus in all rED3s examined, these
results imply that at least this region of the tick-borne OHF-
rED3 and LGT-rED3 is less accessible to solvent. The
interpretation of these results is consistent with the observa-
tion that theλmax of emission is 332 and 340 nm for OHF-
rED3 and WN-rED3, respectively. Conversely, in the
presence of 2 M GdnHCl, in which the proteins are in a
partially unfolding state, the tryptophan of tick-borne OHF-
rED3, LGT-rED3, and mosquito-borne DEN-rED3 is more
accessible than that in the native state. All of the quenching
constants are larger than those in native state. Since the
difference between the tick-borne rED3 and mosquito-borne
rED3 is the presence of an extra tryptophan near the
N-terminus (position 17) of tick-borne rED3, this result
implies that the tryptophan located at amino acid residue 17
in the tick-borne rED3 is buried in the native state but is
made solvent accessible upon unfolding. These data are
supported by the crystal structures for the intact E protein
of both DEN2V and CEEV (2, 3).

H/D Exchange Measurement.To explore and compare
protein dynamics of mosquito-borne and tick-borne rED3,
H/D exchange of these proteins was monitored by FT-IR.
While the spectra in H2O exhibited amide I and II band
maxima at 1652 and 1552 cm-1, respectively, the spectra of
the proteins in D2O showed a time-dependent isotopic shift
of the amide II band from 1548 to 1452 cm-1. This effect is
indicative of NH to ND exchange of peptide backbone

Table 1: Secondary Structure Content of Envelope Protein Domain
3 Determined by FT-IR Spectra

percent (%)

frequency
(cm-1)

WN-
rED3

DEN-
rED3

OHF-
rED3

LGT-
rED3 assignment

1693-1686 13.9 10.4 18.5 17.7 â-stranda

1678-1671 9.3 9.5 7.2 7.0 â-turn
1663-1659 2.5 4.4 5.3 4.9 310 helix
1645-1650 26.2 25.3 29.3 28.9 random coil
1642-1628 45.7 46.6 37.7 38.1 â-strand
1620-1616 2.4 3.8 2.0 3.4 side chain

a The totalâ strand component is 60%, 57%, 56%, and 56% for
WN-rD3, DEN-rD3, OHF-rD3, and LGT-rD3, respectively.

Table 2: Summary of Sedimentation Data

MW (kDa) in GdnHCl

protein Sh20,w 0 M 1.0 M 2.0 M 3.0 M

WN-rED3 1.32( 0.02 11.1( 1.4 11.9( 1.9 10.9( 1.2 11.2( 1.4
DEN-rED3 1.33( 0.02 10.9( 2.3 10.3( 2.8 11.7( 1.1 11.1( 3.5
OHF-rED3 1.34( 0.02 11.0( 1.2 9.6( 0.9 9.6( 0.9 9.4( 0.9
LGT-rED3 1.33( 0.02 10.9( 1.2 9.3( 0.5 8.8( 1.8 8.8( 1.1

FIGURE 4: Acrylamide quenching of tryptophan fluorescence of
proteins in TN200 buffer at 23°C. Open symbols represent proteins
in native state, whereas closed symbols represent proteins in
partially unfolding state (DEN-rED3 (0), OHF-rED3 (4), and LGT-
rED3 (]) in 2 M GdnHCl; WN-rED3 (O) in 1 M GdnHCl). The
solid curves represent the result of the best fit.

Table 3: Summary of Fluorescence Data

native state partially unfolded

protein Ksv (M-1) V (M-1) Ksv (M-1) V (M-1)

WN-rED3 6.7( 0.2 0.27( 0.04 4.1( 0.3 1.6( 0.2
DEN-rED3 8.2( 0.3 0.64( 0.06 8.3( 0.5 1.5( 0.1
OHF-rED3 4.7( 0.2 0.16( 0.04 9.3( 0.6 1.5( 0.1
LGT-rED3 4.2( 0.1 0.22( 0.04 7.1( 0.3 1.5( 0.1
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groups, which causes a downshift of approximately 100 cm-1

in the vibrational frequency of the amide II band (18).
Figure 5 shows the overlay of the representative second-

derivative spectra recorded at 1, 2, 5, 10, 20, 30, 60, 90,
120, 150, 180, and 240 min in D2O with spectra of the
proteins in H2O and fully deuterated in D2O plotted as
reference. The most interesting and revealing result is the
similarity between the patterns of exchange in the tick-borne
proteins, as shown in Figure 5C,D. The shifts in the peaks
around 1700-1660 and 1640-1620 cm-1 as a function of
time are very similar. In contrast, the time-dependent pattern
of shift in peaks in the WN-rED3, as shown in Figure 5A,
is quite different, whereas the pattern for DEN-rED3 is
almost a composite of the three, as shown in Figure 5B.
These results are consistent with all the spectroscopic data
indicating that there are subtle differences in the structures
of these proteins. Since the vibrational energy of the amide
I is from CdO stretching, the effect of H/D exchange on
amide I second-derivative spectra is indirect. Specifically,
the H/D exchange affects the second-derivative spectra via
changing the strength of hydrogen bonding. Allâ-turns shift
to lower wavenumbers. For tick-borne OHF-rED3 and LGT-
rED3, the peak at 1632 cm-1 for the â-strands band was
upshifted by 4-5 cm-1 to 1627 cm-1 and was redistributed
into two different energy bands (1640 and 1628 cm-1 peak).
The peak of theâ-strand of the mosquito-borne DEN-rED3
was upshifted by 7 cm-1 to 1627 cm-1. Unlike the DEN-
rED3 and tick-borne envelope proteins, the major 1635 cm-1

â-strand band of mosquito-borne WN-rED3 was downshifted
to 1637 cm-1, and there was no redistribution into different
energy bands.

The overall H/D exchange rates were estimated by plotting
the fraction of unexchanged amide protons as a function of
time, shown in Figure 6. Essentially, all amide protons in
proteins can be divided into three classes (19-21): (1) fast-
exchange protons, which are most likely located on the
surface of protein or in regions that are easily solvent-
accessible, (2) amide protons with intermediate rates located
in flexible buried regions, and (3) the slow-exchange fraction
located in the core region of the protein. The fraction of the
unexchanged amide protons at the first exchange time point

(1 min) for all studied proteins is less than 10%, suggesting
that the majority of the amide protons exchanged so rapidly
that their exchange was completed within the time interval
of the acquisition of the first time point. This indicates that
all of these proteins are very dynamic. Therefore, only the
intermediate and slow-exchange protons can be practically
monitored semiquantitatively over the time range employed
in this study. A two-exponential decay model (eq 6) was
used to describe the exchange reaction of the remaining
amide protons within the experimental time frame and the
resolved parameters are summarized in Table 4. Due to the
complexity of the overall H/D exchange reaction and
technical limitations, no attempt was made to quantitatively
associate these parameters with any actual physical properties
or compare the dynamics of these proteins.

Protein Stability

Protein stability studies can provide information on the
folding stability of protein molecules. Both CD and fluo-
rescence were employed initially to monitor structural
changes as a function of denaturant concentrations. However,
due to the weak absorbance of the CD spectra the data were
not very precise. An example is shown for the unfolding
data of OHF-rED3 in Figure 7. Attempts were made to
monitor the unfolding process by tryptophan fluorescence.
Only small changes in fluorescence intensity were observed
during the unfolding process in WN-rED3, as shown in

FIGURE 5: WN-rED3 (A), DEN-rED3 (B), OHF-rED3 (C), and
LGT-rED3 (D) secondary-derivative amide I spectra change induced
by H/D exchange. The spectra of proteins in H2O and in D2O after
24 h of exchange, drawn in solid and dashed lines, respectively,
were included for comparison.

FIGURE 6: Amide proton exchange rates of WN-rED3 (O), DEN-
rED3 (0), OHF-rED3 (4), and LGT-rED3 (]). Fraction of
unexchanged amide protons as a function of exposure time in D2O.
The lines represent best fits to the data points using a two-
exponential function as described in eq 6.

Table 4: Fitted Exchange Parameters for rED3 Proteins

parametersa WN-rED3 DEN-rED3 OHF-rED3 LGT-rED3

A1 3.7( 0.2 6.0( 0.2 3.0( 0.2 2.6( 0.2
A2 6.8( 0.2 4.1( 0.2 5.4( 0.2 4.9( 0.2
k1 (min-1) 0.21( 0.03 0.24( 0.02 0.19( 0.02 0.15( 0.02
k2 (min-1) 0.01( 0.00 0.02( 0.00 0.02( 0.00 0.01( 0.00
C 0.09( 0.13 0.09( 0.08 0.10( 0.07 0. 13( 0.10
F0 0.096 0.088 0.079 0.074

a Parameters were derived from fitting the exchange data in Figure
10 to a two-exponential model as described by eq 6;k1 andk2 are the
intermediate and slow exchange rate, respectively;A1, A2 and C are
the constants, whileF0 is the remaining amide proton fraction after 1
min of D2O exposure.
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Figure 8, while no signal changes in other proteins. For these
limitations, these spectroscopic approaches could not be
employed to monitor the unfolding process of all these
domain 3 proteins. Instead, size-exclusion chromatography
was employed to monitor the denaturation of rED3. Data
analysis methods and procedures are the same as previously
published (12). The protein concentration was about 35µM.
The SEC column was calibrated with proteins of known
Stokes radii, the values of which are cited in the literature
(14). The partition coefficient,Kd, is derived from measure-
ments of the elution volumes of the chromatographic peaks
from the SEC column. From these measurements, a relation
of 1/Kd to protein Stokes radii was established (data not
shown) with a linear correlation between 1/Kd and Stokes
radii covering the range of dimensions for the rED3.

Typical elution profiles of OHF-rED3 as a function of
GdnHCl concentration are shown in Figure 9. The chro-
matographic peaks are narrower at low GdnHCl concentra-
tions, become wider at intermediate concentrations, and
eventually narrow again at higher GdnHCl concentrations.
The change in the width of the elution profile is an indication
of the change in the distribution of species, for example,
native and unfolded domain 3 protein. The unfolding of rED3
proteins was monitored as a function of GdnHCl concentra-
tion, and results are shown in Figure 10A. In all cases, there
is a gradual change in 1/Kd at low GdnHCl concentrations.
This is followed by the transition region in which significant

changes in 1/Kd were observed. In the posttransition region,
there is an increase in 1/Kd without reaching a plateau value.
The appearance of nonzero slopes in both the pre- and
posttransitional regions indicates that these proteins were
continuously expanding in these conditions while unfolded
cooperatively in the transition region. The data were further
analyzed and expressed as fraction of folded structure as a
function of GdnHCl concentration as shown in Figure 10B.
The solid lines are the nonlinear least-squares fits of the data
to a two-state model using the previously published method
(17). ∆G° of the unfolding reaction was evaluated by the

FIGURE 7: Denaturation of OHF-rED3 monitored by change of
ellipticity at 222 nm.

FIGURE 8: Denaturation of WN-rED3 monitored by fluorescence
intensity. The excitation and emission wavelengths are 280 and
340 nm, respectively.

FIGURE 9: Elution profiles of OHF-rED3 in the presence of different
GdnHCl concentrations: 0.0 (the right-most peak), 0.4, 0.8, 1.2,
1.6, 1.8, 2.0, 2.2, 2.6, 3.5, 4.0, and 4.5 M GdnHCl (the left-most
peak).

FIGURE 10: GdnHCl-induced equilibrium denaturation of WN-rED3
(O), DEN-rED3 (9), OHF-rED3 (4), and LGT-rED3 ([) in TN200
buffer monitored by size-exclusion chromatography (SEC).
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linear extrapolation method. The∆G°’s for WN-rED3, DEN-
rED3, OHF-rED3, and LGT-rED3 are 3.4( 0.4, 7.8( 0.4,
7.0 ( 0.4, and 6.6( 0.3 kcal/mol, respectively, as sum-
marized in Table 5. WN-rED3 is significantly less stable
than DEN-rED3 and tick-borne OHF-rED3 or LGT-rED3
proteins. These values of∆G° are reflective of the stability
of the monomeric protein since the molecular weights of
these proteins are consistent with that of a monomeric domain
3 in the presence of various concentrations of GdnHCl as
monitored by sedimentation equilibrium, as summarized in
Table 2.

DISCUSSION

One of the intriguing issues of flaviviruses is the similarity
of sequences of gene products and the very significant
differences in the specific vectors that transmit these viruses
and the diseases related to them. Similarity in amino acid
sequence is expected to lead to structural similarity of gene
products. Thus, it is not surprising that the structures of the
envelope protein are essentially identical (2, 3). In addition
to X-ray crystallography structures for the DEN2V and
CEEV whole E protein extramembrane region, the structure
of the domain 3 of the JEV envelope protein has been
determined recently by NMR (22). The structure of the
domain 3 of JEV is very similar to the structure of the domain
3 of DEN2V, even though the latter structure was determined
as part of the whole envelope protein. The root-mean-square
deviation of backbone atoms involved inâ-sheets, which are
the core of the protein, is 1.65 Å. Thus, one might conclude
that the core of the domain 3 is very similar as either an
isolated domain or part of the whole molecule. The observa-
tions and conclusions derived from these solution properties
most likely reflect the behavior of these domains.

All of these domain 3 protein structures consist of a barrel
of at least sixâ-sheets andâ-turns connecting the sheets.
The points of contact of a neutralizing monoclonal antibody
have been mapped to these turns in JEV. While these high-
resolution structures provide important information to in-
vestigate some of their biological properties, there is still
limited information on the biophysical properties of these
viral proteins and their correlations to biological function.
The important result of this study is that while the composi-
tion of the secondary structures of these rED3 proteins is
essentially identical and the hydrodynamic property is
identical, there are distinct differences in the solution
properties, so much so that the WN-rED3 is∼3-4 kcal/
mol less stable than the other three rED3s examined. The
stability data correlate with biological properties that indicate
that tick-borne flaviviruses are more tolerant of environ-
mental conditions than are those transmitted by mosquitoes.
These properties include relative resistance to acidic pH and
biological properties of aerosol transmission of tick-borne
flaviviruses and infection via contact with infected tissues

or milk from infected goats or sheep (23). This contrasts
sharply with mosquito-borne flaviviruses that do not tolerate
acidic pH and are not thought to survive outside either
arthropod or animal hosts.

Although WN-rED3, DEN-rED3, OHF-rED3, and LGT-
rED3 are mainly composed ofâ-strands (∼60%, Table 1),
the solution microenvironments of these strands are different,
depending on the virus from which the proteins were isolated.
The CD spectra of the tick-borne OHF-rED3 and LGT-rED3
are essentially identical, with the exception of the magnitude
of ellipticity at ∼218 nm. The same conclusion is supported
by the FT-IR data (Figure 3) in that the structures of OHF-
rED3 and LGT-rED3 are essentially identical, although a
small but significant difference can be observed for the peak
at ∼1690 cm-1, which is assigned toâ-strand. This is
consistent with the two proteins only differing by 11 of 95
amino acids. The spectroscopic data of the tick-borne proteins
are easily distinguishable from that of WN-rED3 (Figures 2
and 3), while the spectrum for DEN-rED3 has the appearance
of a cross between the spectra of WN-rED3 and the tick-
borne proteins. Thus, all spectroscopic data are consistent
and show that the microenvironments surrounding these
â-strands are different, depending on the source of these
proteins.

The similarity and differences in spectral properties are
extended to the protein dynamics as revealed by the H/D
exchange data monitored by FT-IR. Focusing on the ex-
change pattern around 1640-1620 cm-1, there is significant
similarity between the data for the two tick-borne proteins
(Figure 5C,D), which are quite distinguishable from that of
WN-rED3 (Figure 5A). Interestingly, the data for DEN-rED3
are similar to the tick-borne proteins in this region but more
resemble that of WN-rED3 around 1680 cm-1. Thus, a
consistent picture emerges indicating the presence of subtle
differences in the structural dynamics among these proteins.

The FT-IR data cannot provide specific information to
correlate the dynamic aspects with the specific secondary
structural element. However, the fluorescence quenching data
can reveal the accessibility of the tryptophan residues, and
thus indirectly, the dynamic nature of the microenvironments
surrounding the tryptophan residues. All rED3s investigated
in this study contain a tryptophan residue located inâ-sheet
6, while only the tick-borne OHF- and LGT-rED3 contain a
second tryptophan residue located inâ-sheet 1, which is
within the structural region constrained by the only disulfide
bond. Based on the acrylamide quenching data, neither
tryptophan residue in the tick-borne domains is accessible
to solvent in their native states. The values ofKSV and V
imply that either both tryptophan residues are more inac-
cessible than those inâ-sheet 6 of DEN- and WN-rED3 or
the one inâ-sheet 1 is more buried and not very accessible
to solvent. Thus, these data may reflect on the differential
dynamic nature of different parts of the molecule, a conclu-
sion that is consistent with the other spectroscopic data.

Evidently these subtle but detectable differences in struc-
ture can be translated into differences in structural stability.
Such information cannot be gleaned from high-resolution
data alone. Solution and high-resolution data complement
each other to reveal a complete understanding in the design
of this structural domain in carrying out specific functions.
Additional information on the protein dynamics is needed
to identify the location of these dynamic structural elements

Table 5: Unfolding Data

protein

WN-rED3 DEN-rED3 OHF-rED3 LGT-rED3

∆G° (kcal/mol) 3.4( 0.4;a 3.7b 7.8( 0.4 7.0( 0.4;a 7.2c 6.6( 0.3

a Results derived from SEC data.b Results derived from fluorescence
data.c Results derived from CD data.
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and their functional roles with the ultimate goal of designing
small molecules that bind to these regions in an analogous
manner reported recently in design of a specific inhibitor
against thymidylate synthase (24). Results of this study serve
as the foundation for further studies with the whole protein
to investigate the interaction between various domains in the
envelope proteins from various sources.
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