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The Role of Membranes in the Organization of HIV-1 Gag p6 and Vpr: p6 Shows High Affinity for
Membrane Bilayers Which Substantially Increases the Interaction between p6 and Vpr.
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The molecular mechanism by which HIV-1 Gag proteins are targeted and transported to the plasma
membrane after ribosomal synthesis is unknown. In this work, we investigated the potential interaction
of p6 and Vpr with model membranes and have determined their binding constants. Plasmon waveguide
resonance (PWR) experiments showed that p6 strongly interacts with membranes (K4 ~40 nM), which
may help explaining in part why Gag is targeted to and assembles into membranes by coating itself with
lipids. Moreover, a substantial increased affinity of Vpr for p6 was observed while in a membrane
environment. In order to further investigate the molecular properties behind the high affinity to model
membranes, molecular dynamics simulations were carried out for p6 with a dodecylphosphocholine
(DPC) micelle. The results indicate an integration route model for Vpr into virions and may help explain
why previous reports failed to detect p6 in virion core preparations.

Introduction

a

During human immunodeficiency virus type-1 (HIV-1)
infection, cleavage of Gag polypeptide is necessary in the early
replication phase."> Gag p6 is one of the cleavage products
and promotes virion release by budding from the host-cell
plasma membrane. Without p6, HIV-1 virus particles would
accumulate in the bilayer rendering the full infection cycle
incomplete.®>* Moreover, recent studies strongly support the
idea that the sorting mechanism may involve interactions with
cellular partners, such as TSG101 and Alix, and specific short
sequence regions (late domains) in p6 (e. g., P(T/S)AP10 or
YPL38).>"%*1® These regions would interact directly with a
component of the endosomal sorting complex (TSG101) or
indirectly via Alix.'” Even though much remains to be clari-
fied, a growing number of models converged by placing p6ina
central role during the virus-budding process.'''*!¢! Each
HIV-1 virion may contain ~5000 copies of Gag,'" which
is perceived to be disposed in a radial manner around
the inner leaflet of the lipid bilayer, specifically attached by
the N-terminal portion of Gag through the myristylated part
of Matrix (MA).'12131%19 Dyring the final process of infection,
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Gag proteins alone appear sufficient to promote the assembly
and release of immature virus-like particles.'>'> Gag p6 has
also been shown to be extensively implicated in Vpr associa-
tion and uptake into the virions during their release from
infected cells.'>!"-3¢

Here we present for the first time, dissociation constants
concerning the interaction of Gag p6 (p6;—s,) and Vpr with
membrane models. Differential scanning calorimetry (DSC)
was used to probe the effect of p6 and Vpr in the phase
transition of DMPC multilamellar vesicles (MLVs). The
affinity of p6 to a solid supported egg PC bilayer was
monitored by plasmon waveguide resonance (PWR). We also
tested whether Vpr interaction with the bilayer would be
affected by the presence of p6 by measuring the dissociation
constants; PWR spectroscopy principles are thoroughly de-
scribed elsewhere,”> 27 and it has been very successful in
examining the interaction of peptides and proteins with
membranes.”>”>* Additionally, we performed molecular dy-
namics simulation of p6 in a DPC micelle to provide a better
description of the molecular properties underneath the inter-
action with membrane models.

Results

Probing the effects of p6, péct and Vpr on DMPC Lipid
Phase Transition by DSC. The interaction of p6, péct, and
Vpr with lipids was monitored by following the perturbation
of the peptides on the lipid phase pretransition arising from
the conversion of Lg' to Py’ (T},.) and also the main phase
transition corresponding to the conversion from P4 to Ly
(T upon peptide/lipid interaction. The interaction of po6,
p6ct, and Vpr with DMPC MLVs clearly affects the thermo-
tropic lipid behavior with complete abolishment of the
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pretransition, which arises from the tilting of the hydrocar-
bon chains. Moreover, the perturbation is also demonstrated
by reduction of the main phase transition temperature (7,),
the cooperativity, and the enthalpy (Table 1 for thermo-
dynamic parameters and Figure SI, Supporting In-
formation). The enthalpy of the main phase transition is
mainly due to the disruption of van der Waals interactions
between the fatty acid chains, and perturbations on this
transition are indicative of some intercalation of the peptide
between the fatty acid chains, thus explaining the decrease in
the cooperativity of the lipid phase transition (Table 1). The
reduction in the Ty, by the peptides indicates their favorable
interaction with the fluid vs gel phase. These results supporta
model where the peptide is adsorbed within the lipid head
groups with some perturbation of the fatty acid chains
caused by the direct interaction of hydrophobic side chains
residues, which insert into the bilayer fatty acid chain region.

The Interaction of p6 with Egg PC and of Vpr with Egg PC
Bilayer Containing p6. The affinity of Vpr to p6 was moni-
tored by following the PWR spectral changes upon incre-
mental additions of Vpr to the cell sample containing an egg
PC lipid bilayer in which p6 has been incorporated. The
addition of p6 induced significant PWR spectral changes
both for p- and s-polarized light indicating that the peptide is
binding to and inducing lipid reorganization in the bilayer. A
binding constant of 34 nM was obtained for the interaction
of p6 with an egg PC bilayer (Table 2). Graphical analysis of
the PWR spectral shifts* indicates that the peptide induced
spectral changes and those are mainly caused by alterations

Table 1. Thermodynamic Parameters Obtained by DSC for the Inter-
action of p6, p6et, and Vpr with DMPC MLVs*

peptide Tpre AHp, (kcal/mol) T, AH,, (kcal/mol) AT,

DMPC alone” 8.3 0.8 22.8 6.6 0.7
DMPC + p6et® ¢ ¢ 20.9 45 23
DMPC 4+ p6 ¢ ¢ 20.9 438 2.6
DMPC + Vpr ¢ ¢ 21.2 5.8 2.6

“The experiments were performed at a peptide/lipid ratio of 1/100.
b Values extracted from ref 20.  Transition completely abolished.

Table 2. Binding Affinities for the Interaction of p6 and p6ct with the
Lipid Bilayer and for the Interaction of Vpr with the Lipid Bilayer in
Absence and in Presence of p6 and p6ct as Determined by PWR

peptide (in solution) bilayer + bound peptide Ky (uM)
p6 egg PC 0.034
péct” egg PC 0.056
Vpr® egg PC 70
Vpr egg PC + p6 0.1
Vpr® egg PC + pbct 0.8

“ K4 values were obtained with s-polarization data by plotting the
resonance minimum angle for the incremental peptide addition and
fitting this using an hyperbolic binding curve (see Experimental Section
for details). ” Values extracted from ref 20.
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in mass (Table 3). The addition of Vpr to the egg PC bilayer
containing p6 led to PWR spectral changes that result both
from the interaction of Vpr with p6 and from that of Vpr with
the egg PC bilayer. Taking that into account, the affinity of
Vpr to an egg PC bilayer (in the absence and presence of p6)
was determined (Figure 1 and Table 2). A considerably
higher affinity was observed for the interaction of Vpr with
an egg PC bilayer in presence of p6 (K4 = 0.1 uM) than in the
absence of p6 (Kyg = 70 uM). The data confirm that thereis a
considerably stronger interaction between Vpr and p6 within
a membrane environment (Table 2).

The Interaction of pé6ct with Egg PC and of Vpr with Egg
PC Bilayer Containing p6ct. Using PWR, an affinity of 56
nM was observed for the interaction of p6ct with an egg PC
bilayer (Table 2, results obtained from ref 20). This value is
quite comparable to that obtained for p6 (34 nM), suggesting
a minor role of the N-terminal side of p6 on bilayer interac-
tion (Tables 2 and Figure 3). Additionally, the spectral
changes are more anisotropic for p6ct (larger difference
between the spectral shifts observed with p- and s-polariz-
ation) when compared with p6, which translates into differ-
ences in terms of mass and structural changes. Concerning
the interaction of Vpr with the egg PC bilayer containing
pb6ct, the results point to similar spectral changes to those
observed with p6 (Figure 2, Table 3). A lower affinity is
observed for the interaction of Vpr with the p6ct-containing
bilayer than with the p6-containing one (Table 2). A sum-
mary of the affinity of the different peptides and a membrane
can be appreciated in Figure 3A.

Molecular Dynamics: The Interaction of p6 with DPC
Micelle. During the 63 ns period of the MD simulation, p6
was always at the surface of the DPC micelle, and some
important changes in its structure started to occur after
10—15 ns. Some of the most relevant features correspond
to changes in the o-helix length and the insertion of residues
inside the hydrophobic core of the micelle. As expected the
a-helices 1 and 2 (HI and HII) become better defined over the
course of the simulation. Reported lengths were 7.6 and
15.7 A for HI (F17—T21) and HII (L38—S47), respectively,
for the starting p6 sequence (PDB code 2¢55),% while we
observe 8.6 and 24.2 A for HI (E13—F17) and H2 (131 —F46),
respectively (average for the last nanosecond, Figure 4), in
the 63 ns MD run. A similar dependence on the environment
has been observed for buforin I1.*' Notably, HI shifted
toward phenylalanine residues 15 and 17 slightly modifying
the initial structure, emphasizing the importance that the
solvent may have when determining protein structures and
protein—protein interactions (the 2¢55 structure was deter-
mined in 50% aqueous TFE mixture). During the 63 ns MD
run, Phe45 shows a behavior somehow different from the
other two phenylalanine residues. Residue Phe45 seems to
adopt a position where the side chain main axis (Ca—Cz)

Table 3. Resonance Positions Shifts Observed upon Peptide Binding to an Egg PC Bilayer in Absence or Presence of Bound Peptide and Corresponding
Mass and Structural Changes as Obtained from Graphical Analysis of the PWR Spectra“

spectral shifts (mdeg)

graphical analysis

peptide bilayer + bound peptide p-pol s-pol mass changes (%) structural changes (%)
pé egg PC =20 =26 80 20
poct egg PC —4 —18 60 40
Vpr egg PC —13 -19 77 23
Vpr egg PC + p6 —24 —38 76 24
Vpr egg PC + poct -23 -35 76 24

“Spectral shifts are those obtained for the saturated system (maximal peptide addition for which no spectral shifts were observed). Graphical analysis
performed as in ref 26 provides an estimative of how much of the spectral changes are due to mass changes and to structural changes.
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seems on average perpendicular to the micelle surface pro-
truding inside the micelle hydrophobic core as an anchor
point, while Phel5 and Phel7 side chains seem to adopt a
“paddling” movement parallel to the micelle surface. This
effect may be driven by the fact that both Phel5 and Phel?7
are in opposite sides of the small helix HI and that the
perpendicular insertion of one side chain would make the
other turn and expose further to the water thereby stabilizing
the helix orientation. Curiously, Phel5 and Phel7 are placed
at the center of HI separated by Argl6, and both phenyl-
alanine residues are flanked by the hydrophilic and nega-
tively charged residues Glul2 and Glul3 on one side and
Glul9 and Glu20 on the other. This structural disposition
seems pertinent and can potentially aid in sustaining the two
hydrophobic phenylalanine side chains “floating” at the
micelle surface (Figure 4). On average, the greatest distance
from Phel5 to Phel7 is ~13.5 £ 1.2 A (Cz—Cz), creating a
large exposed hydrophobic surface, which may act as a
docking site for other partially hydrophobic proteins that
are not very soluble as in the case of Vpr. Otherwise, there are
no other major stretches of hydrophobic residues that keep
the peptide adsorbed to the micelle surface, except for
sequences of one or two dispersed residues as the case of
six proline residues spread over the remaining sequence, an
effect not seen in Pro49, which is totally exposed to the
solvent, a consequence of the hydrogen bonding between
Asp48 and Arg42. It is worth mentioning that the first eight

b)
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Figure 1. PWR spectra series depicting the interaction of Vpr with
an egg PC planar membrane containing p6, using (a) p- and (b) s-
polarized light excitation. All spectra were measured at 25 °C with
632.8 nm exciting light.
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residues of the N-terminus of p6 seem to establish around
50% of all hydrogen bonds found with the phosphate groups
of DPC, from a total of 10— 12 hydrogen bonds found in each
structure in the last 10 ns. As expected, DPC headgroups
do not interact extensively with the protein hydrophobic
residues, and only polar side chain residues seem to satisfy
the hydrogen-bonding interactions. Thus our results suggest
a strong interaction with the DPC micelle head groups
besides the hydrophobic interaction.

Discussion

In this study, we have determined the dissociation constants
and thermodynamic parameters for the interaction of p6 with
lipid bilayer membrane models, and we extended the discus-
sion to include previous results obtained with p6ct.>° We also
probed the interaction of Vpr with a membrane model in the
absence and in the presence of p6. Moreover, molecular
dynamics simulation was performed in a system composed
of p6 and a DPC micelle, providing complementary informa-
tion concerning the molecular properties behind the adsorp-
tion of p6 to the membrane. Concerning the PWR studies,
in all peptide to lipid interactions reported above, negative
spectral shifts for both polarizations were observed (Table 3).
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Figure 3. Summary of the binding constants for p6 and Vpr
obtained for a bilayer of egg PC (a). Each arrow represents a
binding event with its K4 on top of the respective red arrow. (b)
Alix and Tsgl01 may compete for the same binding regions in p6 as
Vpr. The fact that Gag exists in excess with respect to Vpr may
diminish the competition effect. It is still unclear whether both Alix
and Tsgl01 can bind to p6 incorporated in membranes and whether
multiple binding is possible.
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Figure 2. Interaction between Vpr and an egg PC planar lipid bilayer in the absence (a) and in the presence (b) of incorporated p6 measured by
PWR. Dissociation constants are obtained by plotting the PWR spectral shifts obtained with the s-polarized light upon incremental additions

of Vpr and fitting through a hyperbolic binding.
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Figure 4. Schematic representation of five p6 structures adsorbed
to a DPC micelle (yellow), as extracted from the final nanosecond of
a 63 ns MD run with a time step of 2 fs. Molar ratio 1:100 (peptide/
DPC). Proline, phenylalanine, and aspartate are colored cyan, blue,
and pink, respectively.

When represented on a (s, p) coordinate system for mass and
structural anisotropy changes,?® all peptide-induced changes
fall into the third quadrant of the plot (negative values for
both p- and s-shifts) meaning that the mass changes they
induce correspond to decreases in the mass density of the lipid
bilayer. A decrease in mass density of the system, where mass
is being added (peptide addition), can only be explained by
lipid removal accompanied by structural rearrangements.
Such effect could be explained by an efflux of lipid toward
the Plateau—Gibbs border to accommodate peptide insertion
between the lipid molecules. Such a process is accompanied by
structural rearrangements of the proteolipid film that account
for around 20% structural change (80% for mass change) for
Vpr and p6 interaction with bilayer and 40% for p6ct. This is
well supported by the considerable effects of p6, poct, and Vpr
in the DMPC lipid phase transition observed with DSC
(Table 1, Figure S1, Supporting Information). The highly
anisotropic change observed upon p6 and p6ct addition to egg
PC bilayer would indicate that this peptide, which intrinsically
possesses an anisotropic structure (a-helix),**" places itself
with the long axis parallel to the lipid bilayer surface. The
larger spectral changes observed for Vpr interaction with a
bilayer containing p6 and p6ct relative to a bilayer alone may
be related to structural changes that both p6 and Vpr undergo
when these two peptides interact together. Bridging all the
results leads us to conclude that both peptides, p6 or p6ct and
Vpr, adsorb to the surface of membrane models with high
affinity and that Vpr interaction is highly enhanced by the
presence of p6. Moreover, as emphasized by MD simulations,
the degree of membrane penetration seems to be confined to
the first leaflet, not transposing or inserting across the bilayer.

Now the question that one may pose is when does this inter-
action with membranes start? Is the polypeptide Gag directly
adsorbed to endoplasmic reticulum (ER)/Golgi membranes
immediately after the translational process?

Previous studies have shown that deletions within the MA
domain did not prevent viral assembly but rather redirected
assembly and budding of virus particles to the membranes of
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the ER, and some particles, although defective in glyco-
proteins, were able to bud at the plasma membrane.*
Although many results suggest that Gag can interact with
membranes, it is difficult to precisely determine which part of
Gag contributes to that phenomenon and to what extent.
Apparently, being able to interact with membranes immedi-
ately after translation may be a fast way of compartmentaliz-
ing, regrouping, and also targeting the virion constituents very
efficiently to the membrane for budding.>”*’ In this process,
p6 seems to have the capacity to play an important role. Our
results correlate well with previously reported studies,'®?!
showing that HIV-1 Gag proteins can partition directly to
membranes without the aid of other cellular factors and also
that membranes might serve as a nonspecific binding partner
for virion particle assembly initiation.”>*” With an approxi-
mate ratio of Gag/Vpr of 7:1,'' p6 seems to be present in
sufficiently large quantities to interact with other partners
besides Vpr (e.g., Alix and Tsgl01). This is a major step in
HIV-1 life cycle, where p6 helps not only to target Gag to
the cellular membrane®”'° but most importantly to direct
recently formed virions toward a clear pathway to escape from
the cell interior by interacting with Alix and TsglO1. In this
study, we also clearly demonstrate the preference of Vpr to
interact with p6 adsorbed into membranes (Ky ~ 0.1 uM)
rather than the membrane-free form of p6 (Ky ~ 10 uM,
unpublished results), Figure 3. Previously we have identified
the primary binding region in p6ct, which interacts with Vpr as
being the ELYP37 sequence.”® The MD data presented here
expanded to the full p6 domain shows that when only the p6
sequence 32—52 is analyzed in the micelle surface, it does
orient similarly as péct, exposing Tyr36 to the solvent in the
same manner and inserting Phe45 into the micelle core as well
(Figure 4). Nevertheless we cannot exclude other binding
regions more toward the N-terminus, supported by the results
of Table 2, which shows that the binding affinity is higher for
p6 compared with po6ct, 0.1 vs 0.8 uM respectively. One
important aspect that needs to be clarified is whether this
property still holds for Alix and Tsgl01, as well as whether
multiple binding is possible in presence of membranes. Our
results are compatible with interaction between Alix and
p6, based in the integrity of the LYPXnL motif near the
C-terminus of Gag,* based on the fact that Tyr36 seems well
exposed to the solvent (Figure 4). In summary, the very strong
affinity of p6 for membranes and the lower but still significant
affinity for Vpr may help explain why in previous studies®**
the authors unexpectedly failed to detect the presence of p6 in
virion core preparations, despite the presence of Vpr in the
same cores. [t seems, as pointed out in those studies that the
mechanism of Vpr incorporation into the assembling particles
diverges from that which directs Vpr toward the virion core.

Here we demonstrate clear evidence for specific interaction
of p6 not only with membranes but also with Vpr, which will
further improve our perception of how important this peptide
is for the HIV-1 budding mechanism. We also hope that our
results will contribute to the broad discussion concerning the
viral particle organization, since many simplistic and rigid
models describe Gag as a rod-like molecule arranged perpen-
dicular to the membrane surface, with the N-terminal matrix
domain of Gag directly interacting with the membrane. This
simplistic view, more specifically concerning p6 organization,
is not compatible with numerous experiments'®2%2!38:3 jp_
cluding ours. Finally, we believe that these results will enrich
the understanding concerning one of the biggest mysteries of
Gag proteins, aimed at dissecting the determinants of the



Article

membrane targeting and binding during budding immediately
after ribosomal synthesis.

Experimental Section

Peptide Synthesis. Vpr and p6ct synthesis is described else-
where,”® Gag p6 (1-LQSRPEPTAP PEESFRSGVE TTTPPQK Q-
EPIDKELYPLTS LRSLFGNDPS SQ-52) was synthesized simi-
larly by a solid-phase Fmoc strategy. The method employs a small-
scale Fmoc strategy on an Applied Biosystem synthesizer model
ABI431A with Wang LL resin (0.48 mmol/g), and amino acids were
purchased from Novabiochem. The p6 final extract crude amount
was estimated to be ~480 mg. The resulting mixture was purified by
reverse-phase HPLC (C4 column 300 A, 5 um, 250 mm x 10 mm,
Ace) using H,0/0.05% TFA mixture and acetonitrile as the mobile
phase. A 20—35% linear gradient of acetonitrile was used over a 120
min run for optimal purification. The peptide was purified by
HPLC as described before® and analyzed by mass spectroscopy
showing a parent peak m/z 5806.9 (error of <0.002% from
attending mass), with a final purity of ~98%.

Differential Scanning Calorimetry. Multilamellar vesicles
(MLVs) composed of 1 mg/mL of DMPC (Avanti Lipids)
in 10 mM sodium acetate, 30 mM NaCl, pH 3.5, were used
for DSC studies. The calorimetry was performed on a high-
sensitivity differential scanning calorimeter (Calorimetry
Sciences Corporation). A scan rate of 1 °C/min was used with
a delay of 10 min between sequential scans (five heating and
cooling scans were performed) in a series that allows for thermal
equilibration. Peptide/lipid molar ratios of 1/100 were used
in those studies, and the peptide was added to MLVs after
their formation. Data analysis was performed with the fitting
program CpCalc (CSC) and plotted with Igor (WaveMetrics).

Plasmon Waveguide Resonance. The method to prepare
the self-assembled single solid-supported planar lipid bilayer
composed of egg PC (Avanti Lipids) has been described elsewhere.
23723 The same buffer employed for DSC was used here, and the
experiments were performed at 25 °C. After bilayer equilibration,
the peptide (p6, péct, or Vpr) is injected into the cell, and spectra
are followed until equilibrium is reached, after which a second
injection is added, and so on, in an incremental fashion. For the
studies of Vpr interaction with p6 and péct, the spectra become
stabilized when concentrations of p6 or p6ct in the PWR cell
sample reach ~10 uM, after which the cell was flushed with buffer
to remove any partially unbound peptide. Following that, Vpr
interaction with the egg PC bilayer containing p6 or péct was
monitored in the same fashion. The dissociation constant was
obtained for the interaction of Vpr with the egg PC bilayer, with or
without p6ct or p6. The resonance minimum position was mea-
sured as a function of the ligand concentration and fit using a
hyperbolic binding curve (GraphPad).

Molecular Dynamics. The program CHARMM?® was used
for system construction, simulation, and analysis, employing
the CHARMM ligid force field including recent refinements for
saturated chains.”” The p6 structure was taken from the PDB
database (PDB code 2¢55)* and reconstituted into a former 60
ns simulation where the C-terminus (residues 32—52) of p6 was
simulated in a DPC micelle.?® The full-length p6 was aligned
such that residues 32—44, which are part of a stable a-helix,
overlapped with the C-terminal p6 peptide from the former
simulation. The system consisted of 1 peptide, 100 DPC mole-
cules, and 6165 water molecules. To account for the experi-
mental salt concentration and to make the system neutral
overall 2 sodium and 5 chloride ions were added to the simula-
tion. All simulations were carried out with constant normal
pressure (1 atm) and constant temperature (20 °C), using
extended system algorithms.®! Electrostatic forces were com-
puted with the smooth particle mesh where bonds involving
hydrogen atoms were constrained by means of the SHAKE
algorithm.* The simulation was carried out for ~63 ns using a 2
fs time step. Figure 4 was prepared with UCSF Chimera.>*
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