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The spread of dengue (DENV) and Zika virus (ZIKV) is a
major public health concern. The primary target of antibodies
that neutralize DENV and ZIKV is the envelope (E) glycopro-
tein, and there is interest in using soluble recombinant E (sRecE)
proteins as subunit vaccines. However, the most potent neutral-
izing antibodies against DENV and ZIKYV recognize epitopes on
the virion surface that span two or more E proteins. Therefore,
to create effective DENV and ZIKV vaccines, presentation of
these quaternary epitopes may be necessary. The sRecE proteins
from DENV and ZIKV crystallize as native-like dimers, but stud-
ies in solution suggest that these dimers are marginally stable.
To better understand the challenges associated with creating
stable sRecE dimers, we characterized the thermostability of
sRecE proteins from ZIKV and three DENV serotypes, DENV2-4.
All four proteins irreversibly unfolded at moderate tempera-
tures (46 -53 °C). At 23 °C and low micromolar concentrations,
DENV2 and ZIKV were primarily dimeric, and DENV3-4 were
primarily monomeric, whereas at 37 °C, all four proteins were
predominantly monomeric. We further show that the dissocia-
tion constant for DENV2 dimerization is very temperature-sen-
sitive, ranging from <1 um at 25 °C to 50 um at 41 °C, due to a
large exothermic enthalpy of binding of —79 kcal/mol. We also
found that quaternary epitope antibody binding to DENV2-4
and ZIKV sRecE is reduced at 37 °C. Our observation of reduced
sRecE dimerization at physiological temperature highlights the
need for stabilizing the dimer as part of its development as a
subunit vaccine.
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Dengue virus (DENV)? infections have steadily been on the
rise over the past 3 decades, with ~390 million infections
occurring each year (1, 2). A closely related flavivirus, Zika virus
(ZIKV) has also become a major public health concern with the
rapid spread of the virus throughout multiple countries and the
discovery that diseases such as microcephaly in infants and
Guillain-Barré syndrome in adults are associated with ZIKV
infection (3). To date, there are no vaccines for ZIKV, with
candidates still in clinical trials (4). The only licensed vaccine
for DENV, Dengvaxia, is a tetravalent live-attenuated vaccine
that has been shown to provide partial protection between
DENV serotypes. Moreover, this vaccine is only recommended
for use in people with partial immunity to DENVs because the
vaccine appears to increase the risk of severe dengue disease
when used in naive people (5-7). These facts highlight the need
for alternative approaches for vaccine design and development
against DENV and ZIKV (8).

DENV and ZIKYV are closely related flaviviruses. Both viruses
are structurally similar, displaying 180 copies of the envelope
(E) glycoprotein as 90 anti-parallel homodimers organized in a
herringbone pattern to cover the surface of the virion (9, 10).
Truncation of the full-length E protein at the C terminus to
remove the membrane-proximal and transmembrane domains
results in a soluble ectodomain (aa 1-395) that is secreted from
cells (11, 12). The structures of the soluble recombinant E pro-
teins (sRecE) for DENV2-4 and ZIKV have been solved, reveal-
ing that sRecE adopts an intricate multidomain, primarily
B-stranded structure consisting of three domains (DI, DII, and
DIII) and crystallizes as a dimer, similar to the conformation of
E dimers displayed on the virion surface (12-16).

DENV- and ZIKV-infected patients develop neutralizing and
protective Abs that target epitopes on the E protein, which has
led researchers to test whether sRecE or domains of the E pro-
tein can serve as effective vaccines for DENV (11, 17-19). Vac-

3 The abbreviations used are: DENV, dengue virus; ZIKV, Zika virus; E, enve-
lope; aa, amino acid(s); sRecE, soluble recombinant E; Ab, antibody; EDE, E
dimer epitope; Ni-NTA, nickel-nitrilotriacetic acid; SEC-MALS, size-exclu-
sion chromatography with multiangle light scattering; AUC, analytical
ultracentrifugation; nanoDSF, nano-differential scanning fluorimetry;
dSASA, change in accessible surface area; FLE, fusion loop epitope; ITC,
isothermal titration calorimetry.
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cine formulations containing E protein subunits have been
shown to elicit neutralizing antibodies in humans and nonhu-
man primates, but unfortunately the titers were low and
decreased quickly over time (11, 17, 18, 20). Recently, it has
been discovered that many of the most potent neutralizing Abs
isolated from human patients for DENV and ZIKV bind to qua-
ternary epitopes that span across multiple E protein chains
on the surface of the virion (21-24). Some DENV serotype—
specific or ZIKV type—specific and strongly neutralizing Abs
bind to quaternary epitopes that only require the formation of
the homodimer (22, 25). A new class of human quaternary
epitope Abs, named the E dimer epitope (EDE) Abs, bind to a
conserved epitope across the E dimer and, strikingly, are
broadly neutralizing against all four serotypes of DENV and
ZIKV (16, 26). These results suggest that to create effective
subunit vaccines, it will be important to engineer antigens
that present these newly discovered quaternary epitopes.
The dimer-specific epitopes are potentially the most straight-
forward to create with recombinant protein, and it has been
proposed that sRecE dimers may function as effective vac-
cines (8, 27). For sRecE dimers to elicit EDE antibodies, it will
be critical that the dimers be stable during vaccine formula-
tion and long-term storage, as well as under physiological
conditions during patient immunization (28).

Both DENV and ZIKV sRecE proteins crystallize as dimers,
indicating that at high concentrations, the dimer is the domi-
nant state. DENV2 and ZIKV sRecE monomers and dimers
have been observed in solution, with the DENV2 sRecE being
primarily monomeric at higher-salt conditions (16, 29-31).
Also, EDE Abs do not bind to sRecE that is directly coated to
hydrophobic or Ni-NTA ELISA plates but can bind to intact
virion, further suggesting that the sRecE dimer epitopes are not
maintained at low protein concentrations (21, 27).

Physiological temperature has been shown to induce “viral
breathing”, attributed to increased E protein dynamics on the
surface of flavivirus virions (32). Further investigation of
DENV?2 virions incubated at 37 °C revealed substantial struc-
tural E protein rearrangement and reduced E protein dimer
contacts on the virion surface (33-36). These temperature
effects have only recently been probed in the context of sRecE.
Slon Campos et al. (37) reported improved DENV and ZIKV
sRecE secretion in HEK293T cells by reducing the expression
temperature from 37 to 28 °C and/or engineering a disulfide
across the sRecE dimer interface, attributing secretion success
to sRecE dimer formation. A recently published study from our
laboratory (27) observed that the binding of DENV2 and ZIKV
sRecE to quaternary Abs was temperature-dependent.

Here, we use a variety of biophysical methods and additional
quaternary Ab-binding experiments to probe the thermostabil-
ity of DENV2-4 and ZIKV sRecE monomers and dimers. We
show that all of the sRecE proteins irreversibly unfold at mod-
erate temperatures (46-53 °C) and that dimer formation is
highly dependent on temperature. In-depth analyses of DENV2
sRecE reveals that the steep temperature dependence for
dimerization is due to a large and exothermic enthalpy of bind-
ing (—79 kcal/mol).
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Results
Expression and purification of DENV2-4 and ZIKV sRecE

DENV2-4 and ZIKV sRecE (aa 1-395) were constructed
with prM for mammalian expression and secretion in EXPI293
(DENV2-3 and ZIKV) and DG44 CHO (DENV4) cells contain-
ing an N-terminal IL-2 secretion peptide and genetically
encoded C-terminal His, tag for purification (Fig. S1). As in
other studies conducted with soluble recombinant E proteins,
including antibody-binding studies, our construct does not
include the C-terminal membrane-proximal and transmem-
brane domains (8). Relatively high expression yields were
observed for DENV4 sRecE (11.5 mg/liter) and DENV2 sRecE
(~4 mg/liter), and lower yields were observed for DENV3 and
ZIKV sRecE (~1 mg/liter for each). High sRecE protein purity
was achieved via nickel affinity chromatography followed by gel
filtration (Fig. S2). CD spectral scans produced negative band-
ing at 213-218 nm, indicating that the purified DENV2-4 and
ZIKV sRecE were properly folded (Fig. S3).

Assessing oligomeric state and homodimer affinity of sRecE
proteins

To assess the oligomeric state of sRecE proteins, size-exclu-
sion chromatography with multiangle light scattering (SEC-
MALS) experiments were performed at 23 °C with purified
DENV2-4 and ZIKV sRecE. DENV2 sRecE eluted in two peaks,
the major peak having a calculated molecular mass by MALS of
89.5 kDa and a minor peak mass of 50.9 kDa (Fig. 1A). The
expected molecular mass for the monomer is 45.1 kDa; there-
fore, the data indicate that the protein is in equilibrium between
a dimer and monomer with the dimer being more stable at
these conditions. ZIKV sRecE eluted as two peaks, the major
peak corresponding to a calculated molecular mass of 92.0 kDa,
whereas aggregate was observed in a minor peak (Fig. 1C). The
molecular mass of the monomer is 45.1 kDa, indicating that
ZIKV sRecE is a dimer at these conditions, and unlike DENV2
sRecE, no monomer—dimer equilibrium was observed. Unex-
pectedly, the DENV4 sRecE elution profile contained three
peaks, with a minor peak molecular mass calculated to be 103.3
kDa, followed by two consecutive major peaks with observed
molecular masses at 48.2 and 49.5 kDa, which are near the
expected mass for a monomer, 44.8 kDa (Fig. 1B). It is unclear
why the DENV4 monomer elutes in two peaks from the gel
filtration column. SEC analysis of deglycosylated DENV4 sRecE
via peptide:N-glycosidase F treatment revealed similar traces
observed in Fig. 1B, indicating that the presence of the two
monomer peaks is not due to glycosylation (Fig. S4). One pos-
sibility is that the monomer is adopting two separate conforma-
tions with one of the conformations partially sticking to the
column, which has been observed previously for other Class II
fusion proteins (29, 38). When the data from the DENV4 SEC-
MALS experiment are overlaid with the DENV2 SEC-MALS
trace, it is apparent that the minor dimer peak from DENV4
coincides with the DENV2 dimer peak and that the first mono-
mer peak from DENV4 coincides with the DENV2 monomer
peak (Fig. S5B). Similar to DENV4, DENV3 sRecE also eluted
with three peaks, with a minor peak molecular mass calculated
as 83.7 kDa and the mass of the consecutive two major peaks as
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Figure 1. Temperature dependence of sRecE oligomerization. A-C, SEC UV traces of DENV2 sRecE at 54 um (A), DENV4 sRecE at 55 uMm (B), and ZIKV sRecE at
21 um (C) with MALS calculated molecular mass plotted on the right y axis. SEC-MALS analysis was performed at 23 °C (blue) and 37 °C (red). A Superdex 10/300
GL column was run using 1X PBS, pH 7.4 (see “Experimental procedures” for exact composition). For clarity, the MALS data are shown for DENV2 sRecE (A) at
23 °Cand 37 °C, DENV4 sRecE (B) at 23 °C, and ZIKV sRecE (C) at both 23 and 37 °C. For DENV4 sRecE MALS data at 37 °C, see Fig. S5A.

49.3 and 52.7 kDa, respectively. Like DENV4 sRecE, DENV3
sRecE, with an expected molecular mass of 43.1 kDa, is mainly
monomeric in solution and has a dimer—-monomer equilibrium
favoring the monomer (see Fig. S6A).

We next probed how physiological temperature (37 °C)
affects the equilibrium between DENV2 and ZIKV dimer and
monomer. A SEC-MALS experiment with DENV2 and ZIKV
sRecE was performed with the buffer, column, and all related
equipment maintained at a temperature of 37 °C. DENV2
sRecE eluted predominantly as a single peak with a calculated
molecular mass of 61.0 kDa and with the same retention time as
the observed monomer in the 23 °C DENV2 sRecE experiment,
indicating that at 37 °C, DENV2 sRecE is primarily monomeric
(Fig. 1A). The observed molecular mass, 61.0 kDa, is higher
than the mass of the monomer, 45.1 kDa, suggesting that at
these conditions, there are still dimers in equilibrium with the
monomer. Similar to DENV2, ZIKV sRecE eluted with a longer
retention time at 37 °C with a calculated molecular mass of 60.3
kDa, indicating that ZIKV sRecE also was mostly monomer at
37 °C (Fig. 1C). SEC-MALS with DENV4 sRecE at 37 °C pro-
duced SEC traces similar to those observed at 23 °C. In contrast
to the 23 °C experiment, at 37 °C, the final peak was the major
eluting fraction instead of the monomer peak participating in
the monomer— dimer exchange observed at 23 °C (Fig. 1B and
Fig. S5A).

With the observed differences in DENV and ZIKV sRecE
oligomeric state, we sought to measure the affinity of the sRecE
homodimer and independently measure sRecE oligomeric state
in solution by analytical ultracentrifugation (AUC) sedimenta-
tion velocity experiments. We performed each experiment at
21 °C at a concentration of 0.4 mg/ml (~9 um) for DENV2-4
and ZIKV sRecE. Both monomer and dimer conformations
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were observed for all sRecE tested (Fig. 2 (A-C) and Fig. S7).
Consistent with our SEC-MALS data at 23 °C, DENV3 and
DENV4 formed less stable dimers with K, values for dimeriza-
tion of 30.5 = 10.6 and 154.5 = 50.2 uM, respectively (Fig. 2B
and Fig. S6C). Lower K, values were observed for DENV2 sRecE
(0.9 = 0.1 um) and ZIKV sRecE (2.1 = 1.0 um) (Fig. 2, A and C),
supporting our observation of DENV2 and ZIKV sRecE dimer
in the SEC-MALS experiments at 23 °C (Fig. 1, A and C). In
summary, our SEC-MALS and AUC data indicate that whereas
the DENV2 and ZIKV sRecE dimer is favored at 23 °C, at phys-
iological temperature (37 °C), the equilibrium is shifted toward
monomer, even at high concentrations. Both DENV3 and
DENV4 sRecE are also in exchange between dimer and mono-
mer; however, in contrast to DENV2 and ZIKV, at 23°C,
DENV3 and DENV4 sRecE are primarily monomers. All SEC-
MALS experiments were performed with DENV protein con-
centrations of ~2.5 mg/ml (~55 M) and ZIKV concentrations
at ~1 mg/ml (~21 um).

Characterizing sRecE thermostability

To more fully characterize changes in oligomeric state as a
function of temperature and to probe the stability of sRecE
monomers, we monitored temperature melts with nano-differ-
ential scanning fluorimetry (nanoDSF) and far-UV (213 nm)
CD. During nanoDSF, the intrinsic fluorescence of aromatic
groups in a protein is monitored as a function of temperature.
Changes in fluorescence can be indicative of an unfolding event
or changes in oligomerization state. We performed nanoDSF
unfolding experiments with DENV2, DENV3, DENV4, and
ZIKV sRecE at 2.25 um from 15 to 95 °C. For DENV4 and
DENV3 sRecE, single transitions were observed with midpoints
(T,,) of 51.0 and 53.1 °C, respectively (Fig. 3B and Figs. S6B and
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Figure 2. sRecE oligomerization and homodimer affinity via AUC sedimentation velocity. Sedimentation velocity AUC experiments were performed with DENV2
(A), DENV4 (B), and ZIKV (C) sRecE at 0.4 mg/ml (~9 um) at 21 °C. Results representative of two independent experiments are plotted as the continuous sedimentation
coefficient distribution (C(s)) versus the sedimentation coefficient (s,,,,). K values of two independent experiments are reported as the mean + S.D.

S8C). We also observed a single transition for ZIKV sRecE, with
alower T,,,46.0 °C, than DENV3 and DENV4 sRecE (Fig. S8D).
Performing CD thermal melts with DENV3, DENV4, and ZIKV
from 4 to 95 °Cyielded T, values similar to those observed with
nanoDSF for DENV3, DENV4, and ZIKV (Fig. 4 (B and C), Fig.
S6D, and Fig. 3D). Far-UV CD measures protein secondary
structure, indicating that the T, values observed for DENV3,
DENV4, and ZIKV by nanoDSF and CD correspond with pro-
tein unfolding. NanoDSF was also used to probe the capacity of
the sRecE proteins to refold. No refolding transitions were
observed after cooling from 95 to 15 °C (Fig. S8, A-D).

In contrast, for DENV2 sRecE, we observed two transitions
when monitoring unfolding with nanoDSF. With a protein con-
centration of 2.25 M, the first transition had a midpoint at
33.1°C (T,"), and the second transition had a midpoint at
53.1°C (T, (Fig. S8A). Flavivirus E proteins contain a con-
served tryptophan in the fusion loop that is buried at the E
dimer interface between domain II and domain III (39, 40).
Given the tryptophan at the dimer interface and the SEC-
MALS data showing that DENV2 sRecE is predominantly a
dimer at 23 °C and a monomer at 37 °C, we hypothesized that
the T,," transition corresponds to DENV2 sRecE dimer disso-
ciation. Consistent with this hypothesis, the T, transition was
reversible when heating DENV2 sRecE from 15 to 43 °C and
cooling back down from 43 to 15 °C, but as expected, the protein
irreversibly unfolded when heating it to 60 °C, just beyond 7,
(Fig. S8, E and F). However, to rule out the possibility that the 7,
transition is caused by a structural change in DENV2 sRecE, we
performed a CD thermal melt with DENV2 sRecE from 4 to 95 °C,
because CD monitors changes in protein secondary structure
rather than the fluorescence of a limited number of side chains. As
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seen in Fig. 44, only a single transition was observed with a T, of
53.3 °C, consistent with T, observed by nanoDSF (Fig. 34 and
Fig. S8A).

We further postulated that if 7,,' is due to DENV2 sRecE
dimer dissociation, T,,' should be concentration-dependent.
NanoDSF experiments were conducted with DENV2 sRecE,
DENV4 sRecE, and ZIKV sRecE with varying protein con-
centrations (1.56-50 um). For DENV2 sRecE, we observed
that increasing DENV2 sRecE concentration increased T, ',
whereas T,> remained unchanged (Fig. 34). In contrast,
increasing DENV4 sRecE concentration had no effect on the
observed T,, (Fig. 3B), which is expected, as SEC-MALS and
AUC identified DENV4 sRecE as mostly monomeric (Figs. 1B
and 2B). Similar to DENV2 sRecE, ZIKV sRecE was observed as
predominantly dimer at 23 °C, but unlike DENV2 sRecE, we
only observed a single transition via nanoDSF for ZIKV sRecE
at all concentrations tested (Fig. 3C). However, we do observe
fluorescence peak broadening with ZIKV sRecE as concentra-
tion is reduced, suggesting that a T,,,* similar to DENV2 might
be present but masked by protein unfolding due to the mono-
mer’s lower thermostability (46 °C for ZIKV compared with
52 °C for DENV?2). Given these data, we concluded that the 7,
transition is a measurement of the stability of the DENV2 sRecE
dimer and that at T,,", half of the protein is in the monomeric
state and half in the dimeric state. This means that the protein
concentration at which T, is observed is the dissociation con-
stant (K,) at T,," for the dimer/monomer transition. Next, we
used a Van't Hoff analysis to quantify the variance of the
DENV2 sRecE homodimer K, as a function of temperature (Fig.
3E) and calculate the change in enthalpy (AH°) for dimer for-
mation. As expected for a two-state transition, the natural log of
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Figure 3. DENV2, DENV4, and ZIKV sRecE monomer and DENV2 sRecE dimer thermostability. Shown are NanoDSF fluorescence 350-nm first derivative
plots of DENV2 sRecE (A), DENV4 sRecE (B), and ZIKV sRecE (C); thermal unfolding was monitored from 15 to 70 °C at concentrations ranging from 50 to 1.56 um.
D, calculated midpoint transitions (T,,,) of DENV2, DENV4, and ZIKV sRecE from data represented in A-C, reported as mean = S.D. of two independent
experiments. E, Van't Hoff In(K,;) versus T~ " plot of DENV2 sRecE T,,,", average of two independent experiments with error bars indicating S.D. Linear regression
fit of the data goodness of fit (R?) was 0.9956. F, plot of DENV2 sRecE homodimer K, values extrapolated from Van't Hoff analysis (£) at 25-43 °C.

K, varied linearly as a function of the reciprocal temperature,
and binding was determined to be strongly exothermic with a
AH° of —77 kcal/mol (Figs. 3E and 5). From the analysis, we
extrapolated the DENV2 sRecE homodimer K, for tempera-
tures ranging from 25 to 43 °C, revealinga K, 0f 64.1 = 2.3 nmat
25 °C increasing to 9.6 = 0.4 um at 37 °C, a ~150-fold change,
and to 102.7 = 5.1 um at 43 °C, a ~1600-fold change (Fig. 3F).
Note that the extrapolation used to estimate the K, at 25 °C
does not take into account that the AH® of binding (AH";, )
will vary with temperature if there is a change in heat capacity
upon binding. This is not expected to be a large effect over this
temperature range, given the excellent fit of the data to the
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Van’'t Hoff equation, but may account for the difference
between the dissociation constants measured at room tempera-
ture for DENV2 with AUC and the Van't Hoff analysis. Regardless,
our data indicate that the stability of the DENV2 sRecE dimer is
strongly dependent on temperature and is consistent with the
reported reduction of DENV2 virion E dimer contacts at 37 °C
(35).

Measuring DENV2 sRecE homodimer affinity at physiological
conditions

To confirm the Van’t Hoff analysis, we performed dissocia-
tion isothermal titration calorimetry (ITC) experiments by
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Figure 4. Thermostability of DENV2, DENV4, and ZIKV sRecE as measured with far-UV CD. Shown are temperature-induced changes in the molar
ellipticity [0] measured at 213 nm for DENV2 (A), DENV4 (B), and ZIKV sRecE (C) at 12.5 um (orange), 6.25 um (blue), and 3.125 um (red). All sRecE samples were

equilibrated on ice for ~1 h before measurement.

titrating concentrated DENV2 sRecE (54—67 um) into buffer
while maintaining the syringe and cell temperatures at 37 °C.
From these experiments, the AH?,,, ,and K, of the sRecE dimer
can be obtained from a dissociation model fit to the integrated
isotherm (see “Experimental procedures”). At 37 °C, dissocia-
tion was observed for DENV2 sRecE in both replicates (Fig. 5
and Fig. S9) with a measured average K, of 15.7 = 3.8 um,
consistent with the predicted K,0f9.6 * 0.4 um from the nano-
DSF Van't Hoff analysis (Figs. 3F and 5). Our ITC experiment
also detected a large AH°,; 4 of —78.8 % 9.1 kcal/mol, which
was within 2 kcal/mol of AH®,,_; measured with the Van’t Hoff
analysis (Fig. 5). The large exothermic AH",;, 4 probably reflects
the large protein—protein interface between monomers in the
DENV2 dimer (Fig. 6) (12, 13) and explains why dimer forma-
tion is so sensitive to temperature. Performing the same exper-
iment at 67 uM with DENV2 sRecE at 23 °C did not yield a
dissociation isotherm above background. This result is consis-
tent with a K, value at this temperature that is less than 1 uMm, as
the final diluted protein concentrations in the ITC cell were in
the low micromolar range and therefore the protein was pre-
sumably still a dimer after dilution (Figs. 2A and 3F). Addition-
ally, no dissociation isotherm was observed when testing
DENV4 sRecE at 41.5 um at 23 °C, consistent with the SEC-
MALS and nanoDSF dataindicatingthat DENV4sRecEis mono-
meric at these conditions (Fig. S9B).

Elevated temperatures reduce DENV and ZIKV quaternary
epitope Ab binding to sRecE

Recent data suggest that the ability to induce quaternary
epitope-binding Abs may be a promising vaccine strategy, as
these Abs are potently neutralizing and define major antigenic
sites targeted by the human Ab response (8, 27, 41, 42). sRecE

SASBMB

has been identified as a potential vaccine antigen to elicit neu-
tralizing Abs against DENV and ZIKV (26). In addition to their
protective potential, previous reports have shown these Abs are
capable of stabilizing sRecE dimers in solution (27, 29). We and
others have previously shown that DENV2 and ZIKV sRecE
binding to cross-reactive EDE1 C8 and C10 Ab and DENV2
type—specific 2D22 Ab in solution depends on temperature
(27). To test whether this was also observed for DENV3 and
DENV4, we incubated EDE1 C10 or serotype-specific quater-
nary Ab to DENV3 and DENV4 sRecE containing a C-terminal
His, tag in solution for 1 h at either 23 or 37 °C. Following
incubation, the Ab-sRecE complex was immobilized to the Ni-
NTA plate via the sRecE His tag, and Ab binding was measured
using an anti-human IgG-AP- conjugated Ab. As observed in
our previous studies, EDE1 C10 binding to DENV2 and ZIKV
sRecE was observed at 23 °C (Fig. 6, A and D). Additionally, the
recently discovered type-specific quaternary epitope Ab ZKA
230, specific to ZIKV sRecE (8), and 2D22, specific to DENV2
sRecE, also bound at the lower temperature (Fig. 6, A and D).
However, when incubated at 37 °C, all Abs tested showed
reduced binding to DENV2 sRecE and ZIKV sRecE (Fig. 6, A
and D). For DENV3 and DENV4 sRecE, EDE1 C10 binding was
also observed at 23 °C (Fig. 6, B and C). However, consistent
with DENV2 and ZIKV sRecE, EDE1 C10 binding was reduced
when incubated with DENV3 and DENV4 sRecE at 37 °C (Fig.
6, B and C). The observed Ab binding reduction at 37 °C to
DENV4 sRecE was also observed with DENV4 126, a DENV4
type-specific Ab, and EDE1 C8 to DENV3 sRecE (Fig. 6, B and
C). In contrast, Ab binding to either a conformational or
linear fusion loop epitope present on sRecE monomers
was temperature-independent, with observed binding to
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Figure 5. Quantifying DENV2 sRecE dimer affinity using ITC. Upper, ITC isotherm of DENV2 sRecE dissociation at 37 °C at 67 um (representative of two
independent experiments). Lower, calculated DENV?2 sRecE K, and AH° from homodimer dissociation model fit to integrated isotherm peaks and comparison
with values obtained from Van't Hoff analysis of DENV2 sRecE (Fig. 3F). ITC AG® and AS° values were calculated using Equations 3 and 4 with the K, and AH°
values obtained from homodimer dissociation model fit (see “Experimental procedures”). Values are reported as mean = S.D.
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Figure 6. Temperature-dependent quaternary epitope Ab binding to sRecE. A-D, the effect of temperature on quaternary epitope Ab binding to DENV2