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The envelope (E) protein of Dengue virus rearranges to a trimeric hairpin to mec
target membranes, which is essential for infectivity. Insertion of E into the target m
and possibly also to disrupt local order within the membrane. Both aspects are likely
of insertion, orientation of the trimer with respect to the membrane normal, anc
between trimer and membrane. In the present work, we resolved the depth of inse
fundamental interactions for the soluble portion of Dengue E trimers (sE) associat
membranes of various combinations of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoc
2-oleoyl-sn-glycero-3-phospho-rac-glycerol (POPG), 1-palmitoyl-2-oleoyl-sn-glyc
(POPE), and cholesterol (CHOL) by neutron reflectivity (NR) and by molecular dynz
results show that the tip of E containing the fusion loop (FL) is located at the interfac:
chains of the outer leaflet of the lipid bilayers, in good agreement with prior predictis
that E tilts with respect to the membrane normal upon insertion, promoted by eithe
CHOL. The simulations show that tilting of the protein correlates with hydrogen bon
and arginines located on the sides of the trimer close to the tip (K246, K247,
headgroups. These hydrogen bonds provide a major contribution to the membrane
destabilize the target membrane.

1. Introduction

functions include anchoring into the host meml
support the high-energy membrane bending tt

All enveloped viruses have a dedicated protein that promotes fusion fusion stalk; [4,6-8] promoting positive curve
between viral and host membranes [1-3]. Fusion proteins are critical brane and dimple formation, or promoting n
for infectivity and are targets of therapeutic intervention. All fusion quired to form a fusion stalk; [1,4,9,10] or disr



proteins have a hydrophobic peptide sequence that inserts into the host
membrane although the sequences and structures vary considerably
among the different enveloped viruses. Although many structures have

been solved, the functional mechanisms of fusion proteins and their
hydrophobié peptides are still under conmderabfe del?ate [4,5]. Possible
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membrane, thereby promoting fusion [16,17]. More work is needed to
understand fully the detailed mechanisms by which such proteins
promote fusion and the roles of their fusion peptides.

In the present work, we studied the fundamental interactions of the
soluble portion of the envelope protein of Dengue virus serotype 2 with
lipid membranes. Dengue virus (DV) is a flavivirus that is endemic to
tropical and subtropical regions of the world [18,19]. The envelope
protein (E) is comprised of three domains and is arranged as a head-to-
tail dimer in the mature virus, but reorganizes into head-to-head tri-
mers upon exposure to low pH within endosomes [20]. Residues 98-111
comprise the fusion loop (FL) at the tip of the trimer that inserts into the
target membrane. While much prior work has focused on the im-
portance of the FL, we show below that positively-charged arginine and
lysine residlges (R73, K246 and K247) located on the sides of the trimer
(within 10A from the FL) are also important in the interaction of
Dengue E with the target membrane, as suggested recently for the fla-
vivirus St. Louis encephalitis virus [21]. Our simulations indicate that
hydrogen bonds formed between these residues and phosphates in the
lipid headgroups provide substantially more enthalpic interaction en-
ergy than the interaction of the fusion loop with the membrane.

A great deal of evidence indicates that the sequence of the FL of DV
is important for fusion, strongly suggesting that the structure, posi-
tioning, and specific interactions of the fusion loop within the bilayer
are crucial. The amino acid (AA) sequence of the FL is highly conserved
among flaviviruses (Fig. S1) [8,14,15,22]. Mutational studies have
shown that fusion efficiency is extremely sensitive to various residues in
the FL, especially W101, L107, and F108 [7,8,23]. However, the basis
for the extreme sensitivity to these aspects is not yet clear. Residues
W101, L107, and F108 have been collectively referred to as a hydro-
phobic anchor [6-8]. But considering membrane binding energies of a
large number of peripheral membrane-associated proteins [24] it is
surprising that a protein that associates only with the headgroup region
of the outer leaflet and inserts only a few hydrophobic residues into the
lipid tails will bind irreversibly and remain anchored in the membrane
in the presence of large membrane bending stresses that must occur
during formation of the fusion stalk. For comparison, a single myristate
group (14 carbons) is known to be insufficient to provide stable an-
choring to lipid membranes [25-27]. While hydrophobic interactions
between the FL and the lipid membrane may contribute to anchoring,
the modest interaction energy afforded by three strongly hydrophobic
residues (nine in the trimer) and conservation of the structure and se-
quence of the FL suggests a critical role beyond this.

of the host membrane to facilitate mixing w
[1,4,11]. With regard to the latter, prior studie
peptides lower the rupture tension of membr:

simulations have fuggestgd that the fusion p
motes splaying of lipid tails, such that one tail
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insertion, the orientation of sE with respect tc
and the fundamental interactions that occur be
The results show that positively-charged lysir
arginine R73 in the vicinity of the FL contril
interaction. In particular, K246 and K247 each
bonds with phosphates of lipid headgroups the
upon insertion. These hydrogen bonds are pr
CHOL, but the effect is much stronger for AL.
these hydrogen bonds play an important role i
along with the FL.

2. Materials and methods
2.1. Materials

POPC, POPG sodium salt, POPE, and CH(
Avanti Polar Lipids. The HC18 (Z-2
3,6,9,12,15,18,22-heptaoxatetra-cont-31-ene-1
pound was synthesized at NIST as previously 1

2.2. Expression and purification of DV2 sE

The DV2 construct (strain NGC) used in tl
and E ectodomain residues 1-395 with single
has been described in detail elsewhere [35].
pressed in S2 cells as follows. S2 cells were grov
(Thermo Hyclone). Initially, we used altern
(Insectagro-DS2, Life Technologies) but obtaine
relative to other media and poor protein yield
baffled flasks containing 600 mL of mediu
3-6 x 10° cells per mL and copper sulfate w
centration of 1 mM on culture day 0. On days
was harvested by centrifugation at 13,000 X ¢
batch, a total of 8L of clarified and 0.2 um-f
then concentrated to 1L using Vivaflow 200 «
10,000 Da cutoff). Egg white avidin (Life Techr
to the supernatant at a final concentration o
biotin that would interfere with purification,
adjusted to 8.0 using 0.5M NaOH with rapi
During our efforts, we determined that bu
necessary for binding to streptactin and genera
crystalline precipitate that clogged the affinit



As is common for enveloped viruses, fusion of flaviviruses has been
shown to depend upon the lipid composition of the target membrane. In
particular, fusion depends strongly on anionic lipids (AL) and, in the

absence of AL, on CHOL [28-31]. Interestingly, the dependence of fu-
sion on CHOL occurs despite lack of a strong association between CHOL

and sE [32]. While the viral membrane composition can also impact
fusion and will differ for virus produced in different types of cells such
as vertebrate and insect cells, we focus here on the composition of the
endosomal membrane and its impact on fusion.

In this work, we studied the structure and fundamental interactions
of Dengue sE inserted into membranes of 70:30 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC): 1-palmitoyl-2-oleoyl-sn-glycero-3-
phospho-rac-glycerol (POPG), 49:21:30 POPC:POPG:CHOL, and
49:21:30  POPC:1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanola-

mina (MDADEY-CHNT hyr naottran vaflactivritys (NTRY YATa alen etindiad 7020
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NaCl, pH8.0) and vortexed for 1 min. Two cycles of hydration and
vortex agitation were performed to release all lipids from the vial wall.
The liposomes thus formed (2.5 mg/mL) were injected into the mea-
surement cell containing a gold-coated wafer with tethering HC18-
SAM, incubated for a minimum of 1 h, and then exchanged with a low
salt TAN buffer (20 mM triethanolamine, 50 mM NaCl, pH 8.0).

2.4. Preparation of lipid monolayers at the air-water interface

Adsorption of sE to Langmuir monolayers of either 100% DPPG or a
70:30 mol% mixture of DPPC and DPPG was studied by NR and X-ray
reflectivity (XR). The lipids were spread from a mixture of chloroform
and methanol on the surface of 20 mM MES buffered H ,0O subphase
(pH5.5, 130mM NaCl) held within a Teflon trough
(70mm X 70 mm X 2mm). After allowing the chloroform and me-
thanol to evaporate, the surface layer was compressed to the target
pressure by a movable barrier. Sufficient lipid was deposited such that
after reaching the target pressure the barrier remained outside of the
footprint of the X-ray or neutron beam. After collecting XR or NR data
for the lipid monolayer alone, sE was then injected into the subphase
underneath the lipid monolayer. For the case of a 70:30 mol% mixture
of DPPC and DPPG, a stable surface layer of sE bound to the lipid
monolayer could not be attained, despite exploring various combina-
tions of surface pressure and sE concentration. However, a stable sur-
face layer of membrane-bound sE resulted for the case of 100% DPPG at
a surface pressure 30 mN/m. In that case sE was injected at a con-
centration of 1.2 uM. After waiting several hours for adsorption to be
completed, X-ray reflectivity scans were collected. The trough was
maintained at 20 *+ 2°C.

2.5. Background on neutron and X-ray reflectivity

NR and XR are analogous to the more familiar small angle scattering
(SAS) methods used to study the structure of proteins and protein
complexes in solution [37]. However, in contrast to SAS, NR and XR can
be used to study membrane-bound proteins [38]. NR and XR involve
measuring the ratio of reflected intensity to incident intensity as a
function of momentum transfer q, = 4msinf/A, where 8 is the angle of
incidence and A is the wavelength. The form of this curve is determined
by the profile of the in-plane averaged neutron or X-ray scattering
length per volume, or scattering length density (SLD), normal to the

cuirfara 20T Tha nantran ar v_raw QTN ic Adiractlyr ralatad ta tha atamin

was then passed over two 1 mL streptactin colu
a flow rate of 1 mL/min. Columns were wash:
then eluted using 5mM desthiobiotin (Sigma

exchange (1:100-1:500) and concentration wei
ultraﬁléatclon and TgN buffer (20mM ti

130 mM NaCl). Purified protein in TAN buffe
spectrophotometer (NanoDrop2000) using :
weight of 46,906 Da and molar absorption -
Aliquots were stored at —80 °C.

2.3. Preparation of tethered lipid bilayer membrc

Adsorption of sE to tethered bilayer lipid 1
studied by NR. tBLMs were prepared on HC!
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the known chemical components, called comp
[42]. This method constrains the fits to plaus
and increases the precision with which molec
localized within the interfacial structure. Mol
tein structure, derived from a crystal structure
ories, can be incorporated into the fitting a
molecular structure into a stack of slabs noi
calculating the SLD for each slab from the :
density. The volume fraction, vertical positio
structure, and tilt angle of the protein can th
with the distributions of the lipid componen
multiple contrast conditions can be fit simult
improves the ability to resolve the distributi
nents.

2.6. NR measurements

NR measurements of sE adsorption to tLBN.
NG?7 reflectometer at the NIST Center for Ne
Reflectivity curves were recorded for mon
0 < g, < 0.25 A~ For each measurement, ad«
were obtained after 5-7h. The flow cell allo
change; therefore, subsequent measurements
same sample area. The entire flow cell was n
perature (RT). After in situ completion of tt
collected with H,O buffer (20 mM TAN, 130
in the measurement cell. Buffer exchange was ¢
10 mL of buffer through the cell (volume ~1.3
experiments involving Dengue sE were perforr
In the first, a 2 mL solution of 1 uM sE in buffe
into the measurement cell using a syringe a
several hours during which short NR scans w
the level of adsorption. This was repeated tht
adsorption occurring in each case. Following
1uM sE, final scans were collected. This prot
PC:PG membrane. In the second protocol, fol
data for the tBLM in H,O and D,0 buffer, a <
concentration of sE (3.4 uM for PC:PG:CHOL an
in pH 5.5 buffer was injected into the measurer
For each of these cases, 5% PEG 400 was incl
tion of protein and non-specific adsorption of ¢

QhAart NTR cranc wrara enllactad 1intil adearntinn
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composition and the density of the reflecting body. (Since X-ray SLD is
proportional to the electron density, the latter is typically reported

rather than the SLD). Therefore, for a protein bound to a planar lipid
membrane, NR and XR determines the distribution of amino acid re-
sidues normal to the membrane (averaged in-plane) with resolution

comparable to that of the corresponding SAS methods (typically
10-20 A). While the amino acid distribution within a protein is de-
termined to only low resolution, the vertical position of a protein re-
lative to the membrane is determined to a much higher precision [40].
Manipulating the contrast between components within a structure is
integral to neutron scattering methods. For organic materials this is
readily accomplished using the very different neutron SLD of hydrogen
and deuterium.

While some information can be obtained from reflectivity data by
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optimization. Fit parameters for each control point are the volume
occupancy of the envelope and the deviation from a position defined by
equidistant control points throughout the spline. Over the extension of
the spline, a constant neutron SLD is applied, which is a function of the
bulk solvent SLD taking into account proton exchange of the protein
with the bulk solvent. Since reflectivity measures the profile normal to
the interface (averaged in-plane), the volume distributions of the var-
ious components at each depth through the interface are expressed as
cross-sectional areas. The maximum value of the cross-sectional area
equals the global area per molecule of that component.

To determine the orientation of the protein at the lipid bilayer, we
performed additional fits using rigid structural models for the protein
[44]. The structure 10K8.pdb was used along with a modified structure
in which the monomers are splayed to an angle of roughly 52°, as
suggested by Klein et al. in the absence of a zipped-up stem region [45].
We refer to the latter structure as “open form.” An animation showing
the two structures is provided in the Supporting information (Fig. S2).
Both structures were aligned with their largest principal axis along the
bilayer normal, and with the membrane-binding interface toward the
bilayer. The resulting structures define the respective (0°, 0°) orienta-
tion. For modeling the NR data, two continuous fit parameters,
equivalent to the two Euler angles (f, y), describe the final orientation
of the protein at the interface. Every orientation (f, y) can be obtained
by extrinsic rotations of the protein around the axes of the bilayer co-
ordinate system. First, the protein is rotated by y about the membrane
normal, or the z-axis. Second, the protein is rotated by B about the x-
axis, which is in plane with the membrane. The third Euler angle would
correspond to a third extrinsic rotation around the z-axis, but NR is
invariant to this orientation. The fit allows for orientations within
0°< B =90°and 0° <y < 360°. Data modeling and optimization of
model parameters were performed using the ga refl and Refl1D soft-
ware packages developed at the NCNR [36]. Optimization of model
parameters was achieved by using a differential evolution Markov
chain. All reflectivity curves of one data set were fit simultaneously to
the same model, sharing fit parameters, for example, for the solid
substrate. A Monte Carlo simulation or analysis of the Monte Carlo
Markov chain was used to determine the fit parameter confidence
limits, avoiding over-parameterization.

NR measurements of sE adsorption to Langmuir monolayers were
performed at the NG7 reflectometer at the NIST Center for Neutron
Research (NCNR). Reﬂectivit}z curves were recorded for momentum

DLIVLL 1L SLALIS WLLL CULICLLU UL BUSUL Pl
was then exchanged with D,O buffer, and a
Then the cell was exchanged with H 50 buffe:

collected. . .
The 1D-structural profile along the lipid b:
NR scans consisted of a stratified slab model for

a continuous distribution model for the tBLM
Hermite spline for the model-free envelope -
dividual slabs were implemented for the bulk ¢
the chromium, and the gold layer. Fit paran
neutron scattering length density for each la
silicon. One global roughness fit parameter ar
terfaces. Individual sub-molecular groups in
tinuous distribution model are: B-mercaptc
polyethylene glycol (PEG) chains, tether gly
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2.8. MD simulations

The DV soluble E trimer was simulated ba
the crystal structure (PDBID: 10K8 [6], residue
truncated model of the sE trimer (residues 5¢
used to study interactions of the tip and fusion
lipid membranes. The truncated sE model is le:
the full sE trimer and significantly lowers the ¢
costs. The truncation point was chosen to ke«
(C60-C121, C92-C116, and C74-C105) that hel
of the reduced model. The full-length and trt
each simulated in solution (including 130 r
compare the structural validity of the trunce
states for amino acids in both sE models we
results from PROPKA [46] analysis of the crys

The truncated sE trimer was simulated -
systems with varying ratios of POPC, POPE,
PC:PG bilayer was composed of 358 PC an
PC:PG). The PC:PE:CHOL bilayer was compose
216 CHOL lipids (1:1:1 PC:PE:CHOL). The PC:t
of 256 PC and 256 PE lipids (1:1 PC:PE). Each
by random lateral (in the membrane plane) d
ponents in each leaflet, followed by water sc
and equilibrated for 400 ns. Two truncated sE
one side of each lipid membrane, with the fus
protein tip within contact distance of the lipi
cipal axis of each truncated sE trimer was ini
membrane normal so that the protein was “up:
to the membrane plane. The two proteins wer
that the distance between closest atoms was >
the water layer was adjusted in each case to
truncated sE trimer was ~2.0 nm from the othe
across the periodic boundary. Ion concentratior
system to have a 130 mM NaCl concentratior
systems were simulated for 600-700 ns, as nee

For the PC:PG and PC:PE:CHOL membran
tilt” simulation was run in which the truncated
to a perpendicular orientation with respect to tl
This condition was achieved by applying a h
constant of 1000kJ x mol ~! x nm?) to the a
V97, D98, 1232 and Q233 of each monomer i



transfer values 0 < q, < 0.25A*.

2.7. XR measurements

XR measurement of sE bound to a Langmuir monolayer of 100%
DPPG was performed using an X-ray reflectometer (Bruker, D8

Advance) employing Cu K, radiation at NCNR/NIST (Gaithersburg,
MD). The copper source was operated at 40 kV and 40 mA, and the
wavelength was 0.154 nm. The beam width was 10 mm and the beam

height was 0.1 mm.

For the case of a monolayer of 100% DPPG, the XR data were
analyzed using the Ga_refl program based on the optical matrix method.
Analyses were performed with free form models involving a small
number of slabs. The free form models consisted of one layer each for
the lipid tails and the lipid headgroups, and one layer for the protein.
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Table 1
Summary of results from fitting the NR data.
Median fit parameters and 68% confidence limits.

Parameter Spline fit Fixed orientation x-ray structure fit Orientation fit with the closed-form x-  Orientatio
with closed-form ray structure ray structi

70:30 PC:PG

Bilayer roughness, o/A 24 *+ 03 29 * 03 2.7 £ 03 2.7 £ 0.2

Area per lipid with protein at the 62.4 = 1.6 671 = 1.4 63.3 = 1.9 63.0 = 1
interface/A2

Penetration into lipid bilayer n/a 16.5 = 0.6 11.0 = 1.9 16.6 = 3.

Amount of surface-associated protein/ 13.5 = 0.7 11.6 * 0.4 141 = 0.6 136 =1
(A%/R?

x? 1.15 1.20 1.12 1.22

49:21:30 PC:PE:CHOL

Bilayer roughness, o/A 3.0 £ 0.3 2.7 £ 0.2 2.5 * 0.2 2.6 + 0.2

Area per lipid with protein at the 55.7 = 1.5 48.8 = 0.8 46.9 = 1.0 48.2 = 0.
interface/A?

Penetration into lipid bilayer n/a 143 £ 0.5 89 + 14 154 + 2.

Amount of surface-associated protein/ 20.7 = 1.2 19.0 = 0.6 17.4 = 0.9 19.4 = 0.
(A%/A?)

x? 1.18 1.27 1.06 1.37

49:21:30 PC:PG:CHOL

Bilayer roughness, o/A 25 *+ 03 2.7 £ 0.2 2.3 £ 0.2 24 + 02

Area per lipid with protein at the 583 = 1.5 522 * 1.2 49.0 = 1.0 51.7 = 1
interface/A2

Penetration into lipid bilayer n/a 17.4 £ 0.5 9.6 + 1.5 21.8 = 1.

Amount of surface-associated protein/  26.4 = 0.9 23.3 * 0.6 235 = 0.7 24.8 = 0.
(A%R?

x? 1.07 1.74 1.27 1.26

best-fit model in terms of the volume occupancy profiles of the various binding of sE.

components and the angular distribution of sE, where the closed form
crystal structure of the sE trimer was used in the fits. Corresponding

data for sE inserted into a 49:21:30 PC:PE:CHOL tBLM are shown in 3.2. NR and XR studies of sE adsorption to lipid i
Fig. 2. Data for a 49:21:30 PC:PG:CHOL tBLM are provided in Fig. S3. interface

Best fits were independently determined using a free-form Hermite

spline that makes no assumptions about the shape of the volume oc- Adsorption of sE to Langmuir monolayers o
cupancy profile, and also using the X-ray crystal structures of the sE 70:30 mol% mixture of DPPC and DPPG was a
trimer within a rigid body modeling approach. Two crystal structures XR. For the case of a 70:30 mol% mixture of L
for the sE trimer have been published, which we refer to as the closed surface layer of sE bound to the lipid monolay
and open forms [6,45]. Both forms were used in the fitting. The fitting despite exploring various combinations of s

results are summarized in Table 1. A complete listing of fit parameters concentration. Rather, under conditions for w



is given in the Supporting information (Table S1).
sE trimer structures were used in the fitting because prior work has

shown that sE forms trimers upon insertion into lipid membranes and
that nearly all of the inserted protein is in the trimer form £ 1]. The
measurements were performed after incubation at pH5.5 for > 2h.

This is more than enough time for trimerization of membrane-bound sE
[31,32] and for the final form with domain III folded back against
domain II to be reached [28,33].

For 70:30 PC:PG and 49:21:30 PC:PE:CHOL, better fits (as measured
by the ¢ 2 values) resulted from using the closed form structure, whereas
comparable quality fits were obtained for the open and closed trimer
structures in the case of 49:21:30 PC:PG:CHOL. The fitting results show
that the final state of the inserted protein is similar for the three
membrane compositions. E inserts such that the FL at the tip of the
protein coincides with the interface between the lipid headgroups and
the hydrophobic tails. The depth of insertion of sE for the different
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curred as detected by backward movement
continued until the barrier reached the back o

the NR or XR data indicated that sE had inse
layer and was exposed to the air interface, rat
the lipid layer into the subphase as obsérve

Figs. 1 and 2. Since the presence of the air inte
adsorption and insertion process, we conclude
layers are not an adequate mimic of the outer
with respect to studying the membrane-insert:
ever, for the case of 100% DPPG, a stable surf
was obtained. In that case, virtually no mov
sulted, indicating little or no insertion of sE. X
case are shown in Fig. 3 along with the fitti
density profile is qualitatively different from tl
into bilayers shown in Figs. 1 and 2. The res
single layer for the protein below the 11p1d head
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the full sE trimer (Fig. 4). While the TT is slig
the truncation regions, the structure of ea
(Fig. 4C) as well as the FL region for the TT re
structure, as shown in the root-mean-squared ¢

Two distinct TT structures, each taken f
brated simulations, were brought into conta
lipid membranes (512-648 lipids, see Meth
compositions (1:1 PC:PE, 1:1:1 PC:PE:CHOL,
TT was placed in a vertical orientation (long ¢
membrane plane and FL in contact with lipid
simulated for 600-700ns. During each simu
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Fig. 3. A) X-ray reflectivity data and B) fitted electron density profiles for sE binding to a

monolayer of 100% DPPG in a Langmuir trough. The profile is entirely different from that
in Figs. 1-2, and shows that in the unrealistic case of a membrane of 100% AL the elec-
trostatic interactions with positively-charged residues exposed on the surface of sE are
sufficiently strong to cause the protein to adsorb in a side-on orientation.

3.3. Simulations of sE trimer with lipid membranes

We characterized the molecular level interactions between Dengue
sE trimer and lipid membranes with atomistic MD simulations. The
laree size of the trimeric nrotein (> 1000 AAs with a leneth > 100 A.
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correlated with tilt angle and membrane composition.

with neighboring lipids (Fig. 8F).

To further characterize the protein-membrane interactions, we
computed the approximate interaction energies due to van de Waals

and
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strongly suggest that hydrogen bonding of K246, K247, R73, and R99
with lipid headgroups contributes greatly to the binding energy, along
with the FL. The simulations also show that CHOL limits membrane

bending, which may slow fusion.

To further examine the importance of K246 and K247 in the
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Table 2
Approximate protein-membrane interaction energies (kcal/mol) *

Membrane comp. WT sE TT K246A/K247A TT mutant
All AAP FL AAonly  All AAP FL AA only

PC:PE —1042 £ 28 —464 £ 11 - -

PC:PE:CHOL —1693 £ 25 —360 = 12 —414 = 18 —-373 £ 16

PC:PG -1768 + 22 —-370 £ 11 —-608 + 25 —536 *= 20

PC:PE:CHOL (fixed —880 = 19 —506 + 15 —681 + 22 —564 = 15

tilt)
PC:PG (fixed tilt) —1707 £ 27 —-626 =11 —809 + 34 —556 + 17

2 Includes all van der Waals interactions and any Coulombic interactions up to 1 nm
away from protein.
b AA stands for amino acids.

hydrogen bonds formed are strongly reduced compared with the results

for wild type TT in Fig. 5. Fig. 9B shows the cross section from a si-
mulation at 700 ns in which K246A/K247A TT was fixed in a vertical
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4. Discussion
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of W101 and F108 with the lipid tails promote
the lipid acyl chain region. Insertion of the
membrane is also promoted by hydrogen bonc
lipid headgroups. An important new insight frc
formation of hydrogen bonds between K246,
phosphate oxygens in the lipid headgroups. K
located near the tip of the trimer in the vici
These interactions induce tilting of the prot
membrane normal as well as deeper insertior
that both CHOL and PG promote protein tilt
mation. This observation is consistent with th
reported trends in binding affinity and in fus
experimental results show little binding affinit
either CHOL or AL, whereas binding affinity
with 30% CHOL and increased even more st
strong dependence of sE binding affinity on th:
reported previously [31,33]. Fusion of DV w
been reported to be strongly promoted by AL
binding affinity of sE with membranes [30] a
fusion of flaviviruses [28-30] have been show:
content. The experimental finding that the bii
greater for 30% PG than for 30% CHOL in the
that AL promote binding and fusion more stro:
mole basis. This is consistent with prior work
dence of fusion on cholesterol in the presence

While our simulations cannot probe the c¢
nity) of sE trimers to the membrane due to
length and time scales, they indicate that AL :
H-bonding of TT to the membrane to a similar ¢
contrasts with the experimental observation ¢
binding affinity with AL than with CHOL, may
simulations began with the TT in contact with
the experimental study includes the full adsor
cesses. Electrostatic interactions involving AL
sorption of sE to the membrane from solution.

While both PG and CHOL promote the fo
number of hydrogen bonds between sE and the
128 per trimer). their mechanisms of action
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Fig. 9. A) Tilt angle of simulated truncated E trimer K246A/K247A mutant on PC:PG lipid

membrane as a function of time. B) Simulation cross-section of truncated E trimer K246A/
K247A mutant interacting with PC:PG with fixed protein vertical orientation (6 < 103
with respect to the membrane normal. No significant membrane deformation is observe:

compared to the wild-type case (Fig. 8B). System was simulated for 700 ns. Color scheme

is the same as in Fig. 8.

to the membrane, but rather tilts with respect to the membrane normal
(up to 30° under the experimental conditions). The amount of tilt is the
same within experimental uncertainty for the three membrane com-
positions.

The simulations provide atomic resolution as well as insight into the
detailed molecular interactions. As expected, hydrophobic interactions

A PC:PE:CHOL-WTTT B

Fixed tilt TT 2D projection

on membeane plane - xy

@,, deg.)

Yy
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the PC:PE:CHOL system (67.9 A? compared to the PC:PE bilayer
(58.§1°\2), whereas the cross-sectional area per lipid for PC:PE:CHOL
(45 A?) is less than that for PC:PE (58 A2) due to the condensing effect
of CHOL. This increased area available per phospholipid headgroup
provides greater access to the phosphate oxygens of the lipid head-
groups for hydrogen bonding. While the large number of interactions
promoted by both PG and CHOL facilitate insertion of the FL into the
membrane, the simulations show that rare direct contacts between
W101 and CHOL also promote partitioning of this residue within the
hydrophobic core of the bilayer. Direct contacts are rare because the
location of CHOL within the lipid tails provides little access to CHOL's
hydroxyl groups. The finding that direct contacts are rare in the si-
mulations is consistent with the previously reported experimental result
that CHOL did not associate strongly enough with E to be labeled by
photocholesterol or to coextract with CHOL [32].

The fact the CHOL promotes hydrogen bonding though an indirect
mechanism explains the previously enigmatic findings that, in absence
of AL, CHOL promotes membrane binding [30,32], lipid mixing
[29,30,33], and full fusion [28] despite absence of a strong interaction
between CHOL and E [32]. An alternative hypothesis was proposed for
the indirect role of CHOL in promoting binding of sE to membranes and
for a lack of CHOL dependence in fusion of DV to C6/36 mosquito cells
[32]. Note that C6/36 mosquito cells contain AL in the outer mem-
brane. Umshankar et al. proposed that CHOL facilitates clustering and
trimerization, and thereby stable membrane binding of sE whereas, in
absence of CHOL, sE remains monomeric and the binding energy is
insufficient for stable membrane binding. They argued that since E is
clustered on virus particles, CHOL is not required for trimerization,
stable membrane binding, and fusion, consistent with the lack of CHOL
dependence for fusion of DV with C6/36 mosquito cells [32]. While this
hypothesis is consistent with the data for membrane binding of sE, it is
not consistent with the observation that lipid mixing [29,30,33] and
full fusion [28] are promoted by CHOL in flaviviruses in absence of AL.
We argue here that the lack of CHOL dependence for fusion of DV with
C6/36 mosquito cells is due instead to the presence of high con-
centrations of AL in these membranes. AL promote hydrogen bond
formation more strongly than CHOL such that CHOL has little effect on

Lot Lt u . . _CAY A -t V_ut_ o __.__ 31 __ __*3____ £__.

bonding with sE through direct interactions. Tl
PG is a better H-bond donor/acceptor and is let

choline moiety in PC. The net negatively-charg
also participate in electrostatic interactic
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effect is indirect. CHOL resides within the lipi
the distance between the lipid headgroups. T!
with the well-known condensing effect of Ct
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Fig. 12. Illustration showing that a shallow angle (arrows
and the target membrane as domain III and the stem segr
We propose that hydrogen bonds between K246 and K247
at this stage and strongly anchor the trimer into the me
bending. Tilting of the trimers may also promote membrz
location of the FL or if the target membrane wraps aroun
Figs. 8 and 9.

(Adapted from [3]).

Fig. 11 [21]. Our simulations show considerabl
formed by R99 in most cases compared to K246
within the FL and may play a role in FL structt
explain the high degree of conservation of that
what stage hydrogen bonding interactions for
and R73 and the lipid headgroups, but there is
they will form at the latter stage of fusion, if r
and the stem segment fold against the body
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clustering of sE in the presence of CHOL, but such an effect might occur

on a much longer timescale.
Regarding the relevance of these new findings to fusion, we note
first that a region of positively-charged residues containing at least one

lysine near the tip of E is common to nearly all flaviviruses, and that
R73 and R99 are also highly conserved among flaviviruses, as shown in

membrane (I'M) region of E and target mem
approach and a dimple will form in the target

in F1§1 12 [3] creating a shallow an%le betwe
e membrane, We propose. that, hydrog
K246 K247, and R73 and the lipid headgro

earlier, and provide strong anchoring at th
membrane bending. However, the interactions
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orientational degrees of freedom of E on the surface of the virus are not
constrained, E will tilt upon membrane binding to form these interac-
tions as observed for sE in our experimental and simulation studies. If
the orientational degrees of freedom of E are constrained and if the
membrane of the host cell is sufficiently flexible, upon membrane
binding the target membrane will wrap around the tip of the protein
and form these interactions as shown in our simulations (Fig. 8B). Such
large local deformation of the membrane could serve to promote fusion
of the outer leaflet of the host membrane with the viral membrane
(Fig. 10).

An alternative hypothesis for the role of AL was proposed previously
by Zaitseva et al., wherein AL promote trimerization of E [33]. They
concluded that membrane-associated E forms a “restricted hemifusion”
(RH) intermediate [54-56] that does not progress to full fusion until AL
are present in late endosomes. In their proposed model, upon acid-
ification in early endosomes, dimers of E dissociate and monomers of E
insert into the endosomal membrane. They proposed that membrane-
associated E remains monomeric in absence of AL, resulting in a
structure that does not support mixing of the outer leaflets, and that AL
present in late endosomes facilitate trimer formation and progression to
fusion. Since the present simulations were performed with trimers ra-
ther than monomers, they provide no evidence for or against the hy-
pothesis that AL promote trimerization of E. However, we suggest that
AL may simply enhance binding and anchor E into the host membrane
sufficiently to support fusion.

Our experimental results showed that in the extreme case of 100%
PG, electrostatic or hydrogen bonding interactions with residues along
the length of the trimer (K64, K122, K123, K202, K204, K241, K305,
K307, K310, K361) are strong enough to dominate over hydrophobic
interactions of the tip, and drive the trimers to a side-on orientation.
However, for realistic fractions of AL, the tip-inserted conformation
results. The fact that strong electrostatic or hydrogen bonding interac-
tions lead to a side-on orientation suggests an important role for the FL
in controlling the orientation. Hydrophobic interactions of the FL are
important for maintaining a fusion-inducing tip-inserted orientation
and avoiding an unproductive side-on orientation.

High conservation of residues in the FL among flaviviruses indicates

INDKCPSTGEAHLVEENEGDNACKRTYSDRG
TBE VAARCPTMGPATLAEEHQSGTVCKRDQSDRG
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than in the simulations (> 60°). One possible
thering of the lipid bilayers may have substan
ness of the membrane. Indeed, we did not
membrane roughness upon binding, even fo
Increased membrane stiffness due to tethering
result to that observed in the fixed orie
PC:PE:CHOL. Furthermore, we also note that -
involved much higher trimer coverages. This "
strong effect in the NR data. At such high cove
%), the trimers may be hindered from tilti
crowding of neighboring trimers.

In a prior simulation study, the potential
termined for an E trimer as a function of dis
70:30 PC:PG membrane [57]. In that work, th
perpendicular orientation with respect to the m
simulation. The minimum in free energy was 1
Since the present results show that sE is til
membrane due to increased hydrogen bonding
with phosphate oxygens, we conclude that
15kcal/mol is a lower limit and the true free
substantially greater than that value. Consiste:
an experimental measurement for an 80:20 PC
value of 20 kcal/mol [31].

Finally, we note that K246 and K247 are e
the mature virus and therefore may be target:s
significant challenge in finding effective fusi
viruses and flaviviruses is that some desirable
only become accessible after the pH-dependen
occurs within the endosome [45]. The fact t
accessible on the surface of the mature virus o
feature that may be exploitable for antiviral act
the effects of mutating residues K246 and K2+
mental studies pose significant challenges.
could interfere with the protein's function woul
order to conclude that an observed effect of th
due to decreased binding affinity. While suc
bevond the scope of the present work. we r



that the FL is critical to fusion. Based on our results and prior data, we
contend that the primary roles of the FL are to ensure insertion of the

tip of E and to lower the energy barrier to fusion by destabilizing the
target membrane [4]. Prior studies involving peptides comprised of the

FL sequence have shown substantial membrane-destabilizing effects
[13-15].

In a prior study of the FL of E in tick-borne encephalitus virus,
Allison et al. found that mutations to L107 (within the FL) strongly
impacted both binding of recombinant subviral particles to and fusion
with 1:1:1:1.5 PC:PE:sphingomyelin:CHOL liposomes [23]. While the
mutation L107F retained a significant degree of fusion activity, L107T
impaired activity and L107D abolished fusion activity. They also
showed by liposome coflotation that L107D abolished binding of re-
combinant subviral particles to the same liposomes. These results may
seem to conflict with our conclusion that hydrogen bonding interac-
tions of K246, K247, and R73 dominate the binding interaction over
interactions of the FL, even in the absence of AL. However, replacement
of L107 with the charged residue (D) will disfavor insertion of the FL
into the hydrophobic core of the membrane due to the charged residue
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