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ABSTRACT

Capsid protein (CA) is the major component of the
human immunodeficiency virus type 1 (HIV-1) core.
Three major phosphorylation sites have been identi-
fied at positions S;g9, Sy49 and S;;5 in the amino-acid
sequence of CA. Here, we investigated the possible
consequences of phosphorylation at these sites on
the CA hexamer organization and plasticity using in
silico approaches. The biological relevance of molec-
ular modeling was then evaluated by analyzing the
in vitro assembly properties of bacterially expressed
CA bearing S;p9D, S;49D, or S;73D substitutions that
mimic constitutive phosphorylation at these sites.
We found that a constitutive negative charge at posi-
tion 109 or 149 impaired the capacity of mature CA
to assemble in vitro. In vivo, HIV-1 mutants bearing
the corresponding mutation showed dramatic altera-
tions of core morphology. At the level of CA
hexamer, S, phosphorylation generates inter-mono-
mer repulsions, while phosphorylation at position
109 resulted in cleavage of important bonds required
for preserving the stability of the edifice. Addition of
a negative charge at position 178 allowed efficient
assembly of CA into core-like structures in vitro and
in vivo and significantly increased CA hexamer
stability when modeled in silico. All mutant viruses
studied lacked infectivity since they were unable to
produce proviral DNA. Altogether our data indicate
that negative charges, that mimic phosphorylation,
modulate assembling capacity of CA and affect struc-
tural properties of CA hexamers and of HIV-1 cores.
In the context of the assembled core, phosphoryla-
tion at these sites may be considered as an event
interfering with core organization and HIV-1 replica-
tive cycle.

Proteins 2010; 78:2144-2156.
© 2010 Wiley-Liss, Inc.
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INTRODUCTION

Structural proteins of human immunodeficiency virus type 1
(HIV-1) are encoded by the gag gene as a polyprotein Gag pre-
cursor. Following interaction of Gag with the plasma membrane,
HIV-1 buds as a nascent immature particle. Inside the nascent
virions, Gag polyproteins are radially organized and appear as
electron-dense doughnut-shaped structures that are visible by
electron microscopy.1 Concomitantly with particle release, Gag
precursors are cleaved by the viral protease into processing inter-
mediates that give rise to mature matrix protein (MA), capsid
protein (CA), nucleocapsid protein (NC), and p6 protein, as well
as two small spacer peptides, SP1 and SP2. When released, MA
remains associated with the viral envelope, while a part of CA
assembles into the viral core, and condenses into a cone-shaped
structure present at the center of the mature virion.2 This mor-
phological maturation of the retroviral particle is required for
HIV-1 infectivity. The obvious function of the assembled CA is
to package the viral NC-RNA complex. However, assembled CA
certainly fulfils a more complex role with a tight regulatory func-
tion in early stage of virus replication between membrane fusion
and nuclear import of the viral genome. Indeed, mutations in
CA that alter core assembly or stability result in abortive infec-
tion and are frequently associated with impaired reverse tran-
scription in target cells.3=© Hence, early HIV-1 replication is
highly dependent on appropriate assembly and stability of the
viral core.
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Electrostatic Repulsion in HIV-1 CA Assembly

Particle assembly is driven by multiple cooperative con-
tacts between adjacent Gag polyproteins. In the immature
particle, the contacts of the Gag—Gag lattice are essentially
mediated by the CA domain, the SP1 adjacent peptide
and the NC region.5’7_9 After protease processing, the
mature CA protein is released as a 231 amino-acids poly-
peptide that folds into two distinct globular domains
linked by a flexible linker structured as a 3;4 helix.10 The
N-terminal domain (NTD) (residues 1-145) consists of
seven a-helices.! 112 In mature CA, the amino-terminus
refolds into a B-hairpin structure stabilized by the forma-
tion of a salt bridge that favors the formation of the
mature core.!3 The NTD moiety also contains an exposed
proline-rich loop that regulates the recruitment to the
viral particle of the host cell encoded peptidyl-prolyl-isom-
erase cyclophilin A (CypA).lz)14 The C-terminal domain
(CTD) (residues 151-231) is composed of four a-helices,
connected by short loops or turn-like structures.!®
According to crystal structures and cryo-electron micros-
copy reconstructions, mature CA assembles into a lattice
of hexagonal rings.16’17 The contribution of subdomains
as well as functional residues in the full-length CA
required for assembly and infectivity have been widely
addressed using mutational studies.?>1® Informative obser-
vations have also been provided by in vitro assembly reac-
tions based on the property of recombinant CA to poly-
merize spontaneously in solution, leading to the formation
of cylindrical and conical shells similar in shape and size
to viral cores when observed in electron microscopy prep-
arations.16:18-21 Taken together, these data showed that
the most prominent interface for CA dimerization lies in
a-helix 9 and the preceding loop (residues 174-189) in
CA CTD.>!315 Very recently, an additional interface for
CTD trimerization was identified from a pseudoatomic
model of CA tubes that involves contacts between a-heli-
ces 10 and 11.22 Alpha helices 1, 2, and 3, including resi-
dues 1743, were also found critical for contact with adja-
cent NTD allowing hexamerization of CA.23 Additional
contacts occurring between helix 4 in the NTD and helices
8 and 9 in the CTD of an adjacent CA monomer stabilize
hexameric rings into a continuous lattice.23-24 Finally, the
entire CA CTD displays a high flexibility25 that allows the
formation of swapped domains that involve the major
homology region (MHR) and the a-helix 6.26

In solution, polymerization of recombinant CA into
capsid-like structures requires molar concentrations of
NaCl which suggests that neutralization of charge repul-
sion is required for CA assembly.16’18_21 Charge repul-
sion is frequently observed between subunits of CAs
from a panel of viruses and has been proposed as a gen-
eral mechanism that regulates virion assembly and stabil-
ity.27-29 Considering HIV-1, the potential role of elec-
trostatic charges in the CA assembly is suggested by the
behavior of recombinant CA mutated at charged residues
located in the NTD30 or CcTD31 moieties, for which
in vitro assembling capacities are increased. As an example,

mutation of Eigy residue into an alanine, truncating nega-
tively charged side chains at the C-terminus end of the
protein, stimulates CA assembly in solution.32 Analyzing
charged residues clustered at the NTD of CA, nearby the
intersubunit binding site, substitution of E45 residue by a
neutral alanine or a charged lysine, had opposite effects
on the kinetics of in vitro assembly.”" In vivo, viruses
bearing the corresponding E;sA mutation displayed more
stable cores and were found less infectious than the paren-
tal viruses. 421 Accordingly, electrostatic repulsion has a
significant effect on HIV-1 core assembly and stability.

HIV-1 CA exists in several phosphorylated isoforms
during the course of infection.33>34 During the past few
years, we and others reported that virion-associated ki-
nases, namely the cAMP-dependent protein kinase3> and
an unidentified 53 kDa virus-associated kinase, 30 are
involved in CA phosphorylation. A systematic mutational
analysis has identified S;g9, S149, and S;7g residues, located
in the NTD, the interdomain linker and the CTD of CA
respectively, as major phospho-acceptor sites.37 The pre-
cise function of CA phosphorylation remained unexplored
until recently. Indeed, we reported that the conservation
of these amino-acids residues is essential for viral infectiv-
ity as alanine substitution at each site inhibits proviral
DNA synthesis.3® Moreover, each alanine replacement
resulted either in aberrant CA assembly or impairment of
assembled core stability. According to these data, the pos-
sible contribution of negative charges generated by CA
post-translational modifications in the regulation of the
assembly/uncoating process needs to be evaluated.

The purpose of the present study was to examine the
effect of phosphorylation of CA in HIV-1 core assembly.
Molecular dynamics simulations were conducted to eval-
uate the effect of phosphorylation at positions S;p9, Si49,
or S;;s of the hexameric model structure of CA. Data
obtained from simulations were then reinvestigated using
in vitro assembly experiments of bacterially expressed CA
bearing an aspartic acid at each of these positions to
mimic the constitutive presence of an electrostatic charge.
Finally, S199D, S149D, and S;73D HIV-1 viruses were gen-
erated. Based on biochemical approaches, the conse-
quence on assembly of the viral core was investigated
using electron microscopy. Our main result indicates that
phosphorylation affects structural properties of hexame-
ric CA in silico and modulates assembly of CA into core-
like structures both in vitro and in vivo. These results
help to understand the regulatory function of CA phos-
phorylation in HIV-1 life cycle.

METHODS

Molecular modeling and energy minimization
of the hexameric form of HIV-1 CA

The CA crystal structure from Berthet-Colominas
et al?* was used for the hexamer construction (pdb
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code: 1E6]) and the modeling was achieved by taking
into account crystal coordinates and electron density
maps.1”7 The CA hexameric structure model was built
using the Insight II biopolymer module (Accelrys, San
Diego, CA). The mean criteria were that the internal/
external diameters of the hexameric ring were fixed to
25 A and 100 /3;, respectively and that the orientation of
the helices 1 and 2 lining in the inner hole were defined
as distance restraints during short dynamics and mini-
mization steps. Briefly, three distance restraints were
defined between opposite chains of the hexamer by
selecting the C atom of Ag, residue (NTD) with a dis-
tance of 100 A. Additionally, three constraints were
applied between N,; and S;; (C atom) residues from
opposite chain with a distance of 40 A to obtain 25 A
of internal diameter for the all-atom system. N,; and
S41 residues were selected because they belong to a-helix
1 and a-helix 2, respectively which allowed us to force
the orientation of these helices to the inner part of the
hexamer. Hexameric CA models were then immersed in
a water box using Visual Molecular Dynamics (VMD)
solvate and ionize modules and they were replicated by
periodic boundary conditions. CA hexamers were sub-
jected to 20 ps dynamics under the above mentioned
constraints and energy minimized with Scalable Molecu-
lar Dynamics Software (NAMD) 2.6b139 using the all-
atom CHARMM?27 (Chemistry at HARvard Molecular
Mechanics) parameter set for proteins40 and the TIP3P
model for all water in the system41 with 50,000 steps of
conjugate gradient algorithm until a mean energy gradi-
ent of 0.001 kcal/A is reached. Distance constraints were
introduced with the Tool Command Language (Tcl)
scripting interface implemented in NAMD by applying
forces to selected residues. For energy calculations a
dielectric constant of 1 was taken. The particle mesh
Ewald method was used to calculate the full electrostatic
interactions with a grid spacing of 1 A or less and order
of six. Van der Waals interactions were reduced to zero
by truncating between 10.0 A and 12.0 A with a switch-
ing function. The surface accessibility of serine residues
109, 149, and 178 was assessed after energy minimiza-
tion by using the van der Waals representation and the
Connolly algorithm.

Molecular dynamics simulations of CA hexamers were
performed with NAMD with an integration step of 1 fs.
The temperature was kept constant at 300 K by using
Langevin dynamics for all non hydrogen atoms. Prior dy-
namics each hexameric system was subjected to 50,000
steps of conjugate gradient without any constraint and
then heated gradually to 300 K with a temperature incre-
ment of 10 K after each 1000 steps. A 50 ps constant
temperature equilibration was carried out followed by a
250 ps constant pressure and temperature equilibration
using the Nosé-Hoover method.42:43 Production runs in
NPT ensemble were performed for 5 ns and the coordi-
nates of the trajectories were recorded every 1 ps. The
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VMD software*4 was used to analyze the simulation tra-
jectories and to prepare the figures.

Plasmids

The pNL4.3 HIV-1 molcular clone and the pWISP98-
95 were obtained through the AIDS Research and Refer-
ence Reagent Program, Division of AIDS, NIAID, NIH.
PNL4.35,09ps pNL4.35149p, and pNL4.35,,4p molecular
clones had been generated by site directed mutagenesis
using the QuikChange II Site-Directed Mutagenesis kit
(Stratagene) and the following oligonucleotides S;p9D-S
GACATAGCAGGAACTACTGATACCCTTCAGGAACAAA
TAG, S149D-S GTAAGAATGTATAGCCCTACCGACATTC
TGGACATAAGACAAG, S;73D-S CTAAGAGCCGAGCAA
GCTGACCAAGAGGTAAAAAATTGGATGA. S;pA-S GA
CATAGCAGGAACTACTGCTACCCTTCAGGAACAAATAG,
S140A-S GTAAGAATGTATAGCCCTACCGCCATTCTGGAC
ATAAGACAAG, S;73A-S CTAAGAGCCGAGCAAGCTGCA
CAAGAGGTAAAAAATTGG.

A similar approach was used to generate expression
vector for recombinant CA using the pWISP98-85 plas-
mid as a matrix.

Protein expression and purification

Recombinant CA was purified from Escherichia coli
BL21 cells transformed with the pWISP93-85 or derived
mutants. Protein expression was induced for 3 h at 30°C
with 400 pM Isopropyl B-D-1-thiogalactopyranoside
(IPTG). Bacteria were collected, lysed by lysozyme (0.1
mg/mL) in 25 mM Tris-HCl (pH 6.5), 1 mM phenyl-
methylsulfonyl fluoride (PMSF) and sonicated at 4°C.
Debris were removed by ultracentrifugation 70 min at
115,000 g at 4°C and CA protein was precipitated from
the supernatant with 20% ammonium sulfate. Recombi-
nant proteins resuspended in 25 mM Tris-HCI (pH 6.5)
were dialyzed overnight at 4°C against 25 mM Tris-HCI
(pH 6.5). CA was finally purified by mean of an ion-
exchange Hitrap QFF column using an AKTA fast per-
formance liquid chromatography purifier (GE Healthcare).
Elution was performed in 25 mM Tris-HCI (pH 6.5) with
a linear gradient of NaCl at a flow rate of 1 mL/min.
Concentration of CA samples was determined by absorb-
ance at 280 nm (e = 32,530 M 'cm™ ). Purified protein
solutions were stored frozen at —80°C in 25 mM Tris-
HCl (pH 6.5), 10% glycerol. Circular dichroism (CD)
spectra of protein samples (10 pM) were recorded on a
Chirascan spectrophotometer (Applied Photophysics) at
25°C in 50 mM Na,HPO, (pH 8.0) at a scan speed of
20 nm/min using quartz cells with 1-mm path width.

In vitro CA assembly and spectroscopic
measurements

Purified WT and mutant CA proteins were resus-
pended in 25 mM Tris-HCI (pH 8), 3.4 M NaCl to yield
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a 2.25 M final salt and 40 pM protein concentration. The
time course of the reaction was monitored at 25°C by
measuring the turbidity at 350 nm on a UV-MC? spec-
trophotometer in a 1-cm path width quartz cuvette
(Safas). Association rates were calculated by fitting the
experimental kinetic data with a single exponential equa-
tion using the Grafit program (Erithacus software).

Viral production and isolation of
envelope-stripped cores

Viruses were produced by transfection of 293T cells
with HIV-1 molcular clones using the JetPei transfection
reagent (QBiogen). Two days after transfection, virus-
containing supernatants were collected, filtered onto 0.22
pm membranes, aliquoted and stored at —80°C. Reverse
transcriptase (RT) activity was measured as previously
reported.38 Viral cores were purified by a spin-through
technique. Briefly, cell free virions were loaded onto the
top of a discontinuous sucrose density gradient com-
posed of 1 mL 30% sucrose at the bottom covered by
1 mL Triton 0.1% in 10% sucrose and centrifuged at
115,000 g in a SW32.1 Ti rotor (Beckman) for 4 h at
4°C. Cores were then resuspended in PBS and processed
for negative staining.

Electron Microscopy analysis

For negative staining, isolated HIV-1 cores (20 pL)
were applied to Formvar-coated grids (mesh size, 200)
and stained with 2% uranyl acetate for 1 min. Prepara-
tions were examined with a Hitachi H.7100 transmission
electron microscope.

PCR analysis of viral DNA in infected cells

Total DNA was extracted from MAGIC-5B cells (8 X
104) infected for 24 h with normalized amounts of
DNAse-treated virus. The presence of contaminating
pNL4.3 plasmid DNA was checked as previously
described.3”7 HIV-1 DNA synthesis was then monitored
by qPCR as follows: 100 ng total DNA sample were
added to the reaction mix containing 0.4 uM of each
primer, and 2 pL SYBR Green master amplification mix
(Fast start DNA Master plus SYBR Green I amplification
kit, Roche). For each amplification, a control reaction
was performed in which DNA sample was replaced by
water. Reactions were subjected to a first cycle of 10 min
at 95°C followed by 40 amplification cycles of 15 s at
95°C; 15 s at 65°C and 20 s at 72°C on the RotorGene
system (Labgene). Fluorescence signal was recorded at
the end of each cycle. A standard curve was generated
from 10 to 100,000 copies of pNL4.3 plasmid. The copy
numbers of HIV-1 DNA were normalized to that of the
GAPDH DNA quantified in parallel as endogenous con-
trol. Primers used for amplification were: early DNA:
5'-AAGCAGTGGGTTCCCTAGTTAG-3" and 5'-GGTCTC

TCTGGTTAGACCA-3'; late DNA 5'-AGCAGCTGCTTTT
TGCCTGTACT-3' and 5'-CCTGCGTCGAGAGAGCTCCT
CTGG-3'.

RESULTS

Modeling the CA hexamer and impact
of phosphorylation on structural
behavior of CA hexamer

We modeled the impact of phosphorylation at posi-
tions Syg9, S149, and Sy in CA [see Supporting Informa-
tion Fig. 1(A)] on assembly capacities. This modeling
was achieved using the crystal structure of HIV-1 CAZ4
and by taking into account the electron density maps!”
for the positioning of each monomer. From electron
cryo-micrographs and image reconstruction, the internal/
external diameter of the hexameric ring was estimated to
25 A and 100 ;&, respectively. Helices 1 and 2 were ori-
ented facing the inner hole of the ring by using distance
constraints included in the minimization step. The hex-
americ model structure appeared to be very similar to
that observed by Li et all7 In contrast with other pub-
lished hexamer models,zz’45 our hexamer model is less
compact [Fig. 1(A) and Supporting Information Fig.
1(B)]. The presence of one mutation may explain the dif-
ferent assembly properties observed between the RigL
mutant?2 and the WT CA in our present study. With the
recently published CA hexameric structures?> which were
obtained experimentally from crystal proteins, such dif-
ferences may be related to the presence of either four
mutations (A,C/E4;sC/Wig4A/MgsA) or to a template
protein (CcmK4) fused to CA, known to form spontane-
ously hexamer. Hexamers used in the present study were
modeled using WT CA. Especially, when compared to
the template-based or cross-linked CA crystal structures
[Fig. 1(A) and Supporting Information Fig. 1(B)], it
appears clearly that the internal diameter is smaller for
the crystal structures and their CTD more tilted. This
may be due to the presence of disulfide bridges created
by the cysteine residues at the level of the fused protein.
One important feature is the bending angle between NTD
and CTD that is more closed for crystal structure com-
pared to the model. CTD is known to be very flexible,2>
a flexibility that allows CA hexamer to afford several
packing geometries. This difference may also be explained
by the use of the non tilted crystal structure of CA
monomer (1E6]) during the modeling of our hexamer.

Concerning the phosphorylation sites, we found that
all three serine residues presented a hydroxyl group that
is largely accessible, especially S0 as supported by the
molecular surface or Connolly surface computation [Sup-
porting Information Fig. 1(E)]. Molecular dynamics sim-
ulations were performed on hexameric CA assembly on a
timescale of 5 ns. As previously reported,25 the CTD
part of any CA hexamer tested was found to be more
flexible than the N-terminal moiety and high amplitude
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Figure 1

Molecular dynamics simulations of unphosphorylated and phosphorylated CA hexamers. (A) Cartoon representation of the CA hexamer model
used in this study (left) and the two CA crystal structures recently solved, 3H4E (middle) and 3GV2 (right). NTD is colored in orange and CTD in
gray and van der Waals atoms correspond to cysteine residues that were mutated in the CA construct. (B) Changes observed in the internal
diameter of the CTD of the nonphosphorylated (top) and S;4o-phosphorylated CA hexamer (bottom) at the beginning (10 ps) (left panels) and at
the end of the simulation (4500 ps) (right panels). For clarity, only the CTD is represented in ribbons and one color is assigned per monomer.
Distances between two opposite monomers (distance inter-E;gy a-carbon atoms) are indicated in A. (C) Fluctuations observed in the CTD of CA
hexamers during dynamics simulation for unphosphorylated (Hex) and phosphorylated forms (Hex-P-S,g9, Hex-P-S,49, and Hex-P-S,5).
Fluctuations were measured from the average distances between two opposite E;go residues as for panel (A). As a control, S;7sD mutant (black line)
is shown for comparison with Hex-P-S,5. For clarity the standard deviation was not included.
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motions were observed during the simulation in this
region. As illustrated in Figure 1(B), a partial closure of
the CTD ring was detected for the unphosphorylated
hexamers. However, this motion is generally paired with
the extension of two neighboring monomers suggesting
the existence of a compensatory effect. The average dis-
tances measured between two E;go residues from opposite
monomers was used to determine this large collective
motion of CTD as shown in Figure 1(C). This residue
was selected because all Egy pairs (from two opposite
monomers) are facing each other in the CTD moiety.
When averaging the three inter-monomer distances for
unphosphorylated CA hexamers, the final value appeared
to be constant at about 35 A. This result was also con-
firmed by measuring the circumference of the intra-hex-
americ CTD ring (data not shown). In contrast, when
analyzing the CTD motions of the S,49-phosphorylated
CA hexamers, the inter-monomer distances were found
to be increased upon simulation [Fig. 1(B,C)], indicating
that phosphorylation at position S;49 directly alters the
structure of the hexameric ring or increases its flexibility.
Overall, similar overtime fluctuations of CTD moieties
were recorded for hexameric forms of unphosphorylated
CA or CA phosphorylated on residue Syg9 or S;;5 [Fig.
1(C)]. Looking into the details of the fluctuations, it is
noteworthy that phosphorylation at S,;3 position ren-
dered the structure of the hexamers more stable with an
average distance highly constant from 2 to 5 ns (about
40 A). This stability of the CTD is explained by the three
independent inter-monomers distances that kept constant
during this period of time without any compensatory
effect. Interestingly, the number of contacts (either intra-
or inter-monomer) was increased during the simulation
compared to other CA hexamers with four additional
salt bridges measured (between residues E,g and Rys4 or
K55 and D5, for instance). As a control, the same simu-
lation was achieved with S,73D mutant instead of S;-4
phosphorylated CA hexamers and similar structural
behavior was observed with rigorously identical interac-
tions as those observed with S;;3 phosphorylated CA
hexamers. This result indicates that a S,7,3sD mutant may
be an informative tool to investigate the consequences of
CA phosphorylation using biochemical approaches.
According to the location of Sjgo residue, the large
accessibility of its hydroxyl group and considering the
role of this particular domain both in CA lattice forma-
tion and its location near the CypA-binding domain, the
effect of phosphorylation at this position on NTD flexi-
bility was further investigated. The hydroxyl group of
S109 together with Q;;4 forms a hydrogen bond that sta-
bilizes o helices 5 and 6. Moreover, a salt bridge formed
by two other residues, E;;5 and Ry, reinforces the stabil-
ity of this region [Fig. 2(A, B)]. All along the simulation,
both interactions are preserved for unphosphorylated CA
while they got lost with S;p9-phosphorylated CA. With
unphosphorylated CA, the distance separating E;;; and

Ry, was 3.90 A at the beginning of the simulation and
2.67 A at the end (5 ns). In contrast, with S109-phospho-
rylated CA, the distances were 3.20 and 10.59 A respec-
tively [Fig. 2(C-E)]. Thus, the presence of a phosphoryla-
tion at position 109 perturbed the local tertiary structure
of the hexamer by breaking important bonds that seem to
be required for preserving the stability of the edifice.

Modulation of in vitro CA assembly by
negatively charged aspartic acid residues
at positions 109, 149, or 178

To evaluate the impact of negative charges at positions
109, 149, and 178 on CA assembly, we took advantage of
the property of bacterially expressed recombinant CA to
polymerize in vitro when incubated in the presence of
elevated salt concentrations and to produce tubular poly-
mers that accurately mimic mature capsid properties.20
The size and charge of the carboxylic side chain of an
aspartate residue are such that they can be used to mimic
constitutive phosphorylation. Accordingly, phosphoryla-
tion of bacterially expressed CA was mimicked replacing
S109> S149, OF Sy7g residues by a negatively charged aspar-
tic acid, by site directed mutagenesis approach using the
pWISP98-85 plasmid as backbone. After purification,
structure integrity and folding of mutant CA proteins
were found to be very similar to that of WT CA as
observed from CD spectra [Fig. 3(A)]. The ability of
recombinant CA subunits to assemble was then analyzed
by following the increase in turbidity of a reaction mix-
ture containing 40 uM CAs resuspended in a high salt
buffer [Fig. 3(B)]. In our experimental conditions, in vitro
assembly kinetics were somewhat faster for S;;3D CA
than WT, with association rate constants 8.4 X 10~ * s~ !
and 2.7 X 10~* 57", respectively. When the final product
was observed by electron microscopy [Fig. 3(C)], fibers
of variable length corresponding to CA cylinder were
observed for both preparations after a 180 min incuba-
tion period. Thus, CA assembles in vitro independently
of the charge of residue present at position 178. Upon
analysis of S;j;9D CA, we found that this mutant formed
correctly folded tubes with a similar rate of assembly
to that of WT CA (rate constant of 3.5 X 10~ * s~ ' and
2.7 X 107* 57, respectively). Interestingly S;s4D CA
showed a significant lag, presumably a manifestation of
the slow formation of an assembly intermediate that pre-
cedes the tubular structures organization. Moreover, the
maximum turbidity observed from this reaction remained
significantly lower than that observed with WT CA [Fig.
3(B)], meaning either that less tubes are produced or that
products formed in vitro by S;,0D CA are lower in size
than those generated by WT CA. This suggests that the
critical concentration required for CA polymerization is
higher when S;49 residue is mutated. This result is consist-
ent with electron microscopy imaging of the final reaction
products [Fig. 3(C)]. Finally, S;0D substitution was found
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Figure 2

Stability influenced by long distance interaction with S;9 phosphorylated CA. Snapshots from molecular dynamics simulation of unphosphorylated
CA (A and B in blue) compared to S;p9 phosphorylated CA hexamer (C and D in red) showing the changes in the interactions network upon
phosphorylation of S;9. Structures of CA were taken at 0 and 5 ns in both cases. “CypA” denotes the Cyclophilin A binding loop and H4, 5 and 6
the a-helices. Residues in “stick” or “ball and stick model” are involved in the stabilization of the protein edifice. (E) Distance (A) between residues
E;15 and Ry, along the simulation (unphosphorylated CA in blue and S,g9-Phosphorylated CA in red).
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Figure 3

Impact of constitutive negative charges on in vitro assembly of bacterially
expressed CA. (A) CD spectra for WT and mutant CA proteins. The raw
spectra were corrected for the concentration differences and background
contributed by buffer. (B) In vitro assembly kinetics of recombinant WT and
mutant CA proteins at 40 pM. For all mutants, association rates were
calculated by fitting the experimental kinetic data with a single exponential
equation using the Grafit program. For S;49D, only the second phase of the
curve was fitted to determine accurately the rate constant by using a single
exponential and an offset corresponding to the lag. (C) Visualization by
electron microscopy of capsomers assembled in vitro. Time of incubation is
180 min. Identical scale was used for all images shown (scale bar = 100 nm).

to result in a drastic increase in kinetics of CA assembly
(172-fold faster than WT). Electron microscopy of the final
reaction product showed no filaments but evidenced the
presence of unstructured aggregates. Therefore, the S;poD
mutation abolished the capacity of CA to assemble in vitro
into correctly folded core-like structures. Altogether these
data demonstrate that mutation of S;o into an aspartic
acid is lethal for in vitro CA assembly, while S;4,D and
S17sD mutations have limited or no effect, respectively, and
allow CA polymerization.

Impact of S1DQD, 5149D, and S17BD
mutations on HIV-1 core formation and
consequences for viral infectivity

The consequences of S;o9D, Si49D, or S;73D mutations
in CA were next investigated at the level of HIV-1 core
assembly. Mutations were inserted into the pNL4.3 com-
plete HIV-1 molcular clone using site-directed mutagene-
sis. HIV-1 viruses bearing S;poD, S140D, or S;7;sD muta-
tions were produced by transfection of the corresponding
molecular clones in 293T cells. Viral particles released in
culture supernatant were quantified using a HIV-1 RT ac-
tivity assay. SjooD, S149D, and S;7sD mutations drastically
decreased viral release to <10% of that observed with
WT HIV-1 although normalized according to the trans-
fection efficiency [Fig. 4]. The impact of CA substitutions
was next analyzed at the level of core morphology using
electron microscopy imaging. Considering the reduced
amount of viral particles produced by CA mutants, the
morphological analysis was focused on concentrated en-
velope stripped cores. Envelope of WT and mutant
viruses was removed by ultracentrifugation through a su-
crose cushion overlaid with detergent, as previously
reported,20 and processed for electron microscopy imag-
ing [see Fig. 5]. Using this strategy, recognizable cone-
shaped structures, reminiscent of intact HIV-1 cores,
were predominantly observed from S,,3D preparations.
When S;49D samples were analyzed, cores appeared het-
erogeneous in size and shape. Most cores displayed irreg-
ular surfaces suggesting that mutant CA does not assem-
ble properly. Finally, there were no conical structures
observed for S;poD samples which appeared to be
replaced by unstructured aggregates formed of CA mono-
mers. A comprehensive analysis of virus-associated pro-
teins using immunoblotting experiments of normalized
amounts of viral particles revealed that poorly mature
CA protein was associated to S;g9D viruses (data not
shown). In addition, an accumulation of unprocessed
Gag intermediates was detected, a pattern typical for
maturation defects. On the contrary, protein expression
pattern was identical for WT, S;p9D, and S49D viruses.
No additional maturation defect was observed and virus-
associated CypA was detected at similar levels for WT
and mutant particles (data not shown).

The assembled core plays an essential role in viral
infectivity by regulating early steps of HIV-1 replicative
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Figure 4

Viral particles production for S;p9D, S;4D, and S;7sD HIV-1 mutants.
Viral particle release was measured from culture supernatant of 293T
cells transfected with normalized amounts of molecular HIV-1 clones
encoding either wild-type (WT) or mutant CA by quantification of
viral reverse transcription. Values are corrected according to transfection
efficiency determined by co-transfection of a pack-Bgal vector allowing
constitutive expression of (3-galactosidase in the transfected cells. Values
are the mean of four separate experiments and are expressed as a
percentage of reverse transcription activity measured from cells
transfected with wild-type HIV-1 provirus.

cycle that allow reverse transcription of HIV-1 genomic
RNA into proviral DNA.4 Accordingly, the ability of WT
viruses and CA mutant to replicate was monitored by
quantification of HIV-1 LTR-driven (-galactosidase activity
using the MAGIC-5B reporter cell line.46 Using normal-
ized inputs, S;goD, Si49D, and S;,sD viruses were found to
display dramatically reduced infectivity levels as compared
to WT viruses [Fig. 6(A)]. Efficiency of early replicative
steps was next analyzed from the same biological samples
by monitoring HIV-1 DNA synthesis using qPCR amplifi-
cation. As shown in Figure 6(B), each mutant tested was
impaired for reverse transcription and was found unable
to support early proviral DNA intermediate synthesis.
Accordingly, infectivity defects observed for CA mutants
are related to their incapacity to produce proviral DNA.
Altogether, our data indicate that the presence of an
aspartic acid at positions 149 or 109 in CA resulted in
morphologically altered cores or unstructured aggregates,
respectively. For S;p9D viruses, such dramatic alteration
may be related to an incomplete processing of Gag pre-
cursor by the viral protease as evidenced by immunoblot-
ting experiments (data not shown). In contrast, the pres-
ence of a constitutive negative charge at positions 178 in
CA does not compromise the ability of CA to assemble
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into correctly folded cores. Nevertheless, all mutant
viruses lack infectivity, due to an impairment of proviral
DNA synthesis during early steps of infection.

DISCUSSION

It has been known for many years that HIV-1 CA is a
phosphoprotein.33>34 S109> Si149, and S;,g residues have
been identified as major phospho-acceptor sites in
CA.37 The conservation of these residues is required
for viral infectivity and alanine substitution at these
sites abolished HIV-1 replication at the level of proviral
DNA synthesis.38 According to these observations and
to a number of studies indicating that negative charges
can modulate HIV-1 core assembly,5’21’30‘32 the
hypothesis was built that CA phosphorylation may
regulate structural features of HIV-1 core and thus
impact the retroviral life cycle. However, the impact of
negative charges at phospho-acceptor positions has
never been investigated so far. Here, we conducted a
multidisciplinary study aiming at evaluating the impact
of CA phosphorylation on HIV-1 core assembly. The
strategy used relies on analyzing the behavior of a ho-
mogenous population of CA proteins bearing constitu-
tive phosphorylation or negative charges. This extreme

Figure 5

Analysis of WT and mutant cores morphology. 293T cells were
transfected with equal amounts of WT or mutant molecular clones.
Viral particles released in culture supernatant were collected, envelope-
stripped, stained, and processed for electron microscopy. Pictures shown
are representative of observations performed on 15 cores. The scale is
indicated (100 nm) and is identical for all images shown.
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Figure 6

Phenotypic characterization of S;goD, S149D, and S;7sD HIV-1 mutants. (A) Viral infectivity of normalized infectious doses of WT and mutant
viruses was monitored using the MAGIC-5B indicator cells lines stably expressing HIV-1 receptors CD4, CXCR4, and CCR5 and a B-galactosidase
gene placed under control of the HIV-1 LTR promoter. Forty-eight hours postinfection, infectivity levels were determined as cell-associated
B-galactosidase activity and normalized according to total protein content of the sample. Values are the mean of four separate experiments

and are expressed as a percentage of infectivity observed for wild-type HIV-1 viruses. (B) Proviral DNA synthesis was measured in MAGIC-5B
infected for 24 h with normalized amounts of WT HIV-1 or CA mutants using a quantitative PCR approach. PCR primers allowing the detection
of early or late reverse transcription intermediates have been used. For each sample copy numbers have been normalized according to GAPDH
gene copies. Final values represent the mean of four separate experiments performed in triplicate and are expressed as a percentage

of WT conditions. All experimental procedures are detailed in Ref. 38.

situation is indicative of whether negative electrostatic
charges located at critical positions known to be phos-
pho-acceptor sites, impact the assembling capacities of
CA. The consequences of phosphorylation on CA hex-
amers stability and plasticity were modeled in silico.
According to our results, the CTD part of CA appears
highly flexible compared to the NTD. Such a high CTD
flexibility agrees with previous in silico studies of
CA.25 While this manuscript was submitted, three
crystal structures of either hexameric mutant CA or CA
fusion protein were published.4> Despite these struc-
tures built from modified CA, hexamers were found to
be more compact than that reported in the present
study, mainly showing a rigid core formed by N-termi-
nal moieties and a similar flexibility for the CTD,
thereby validating in part our model. Moreover, after
comparing crystal and modeled structures, the interac-
tions networks observed for phosphorylated hexamers
at position Sjg9 Or Sy are compatible with both struc-
tures according to the distances separating the affected
residues (S109-Qi14> E113-Ro7, S175-K5). The CTD flexi-
bility may also contribute to the ability of this region
to form swapped domains with the MHR2® and thus
to stabilize the hexameric network. According to previ-
ous and recent X-ray structures of the CA monomer,
dimer or hexamer, the CTD may be positioned either
in the same vertical axis than that of the NTD or
slightly tilted leading to different NTD-CTD interac-
tions to occur. This structural feature may be of partic-
ular interest for drug design and also for the fine tun-

ing of core assembly. In addition, these results are in
good agreement with the high variability that involves
a hinge motion between NTD and CTD described
recently in the new CTD-CTD interface between three
adjacent hexamers.22

Effect of CA phosphorylation at
position 109

Analysis of the S;p9D substitution showed that this
mutation is lethal not only for in vitro assembly but also
for in vivo core formation, leading to the production of
immature non infectious viral particles. Interestingly, the
rate of recombinant S;p0D CA assembly was significantly
increased in vitro. Therefore, the presence of a negative
charge at position 109 may stimulate the nucleation step
in an inappropriate way, leading to incorrect protein/pro-
tein interactions. Such enhanced assembly rate was previ-
ously described for other charged residues in the NTD
moiety of CA.30 Molecular dynamics simulations mim-
icking phosphorylation at position Sjp9 showed an
increased flexibility of the NTD including « helices 5 and
6. This effect is exerted through the abolition of the
hydrogen bond formed between S;p9 and Q;;4 and of the
salt bridge formed by residues Ro; and E;;3, both interac-
tions being required for keeping the rigidity of the differ-
ent helices that are closed to the CypA loop. However,
no direct modification for CypA binding was observed in
biochemical analysis of S;p90D HIV-1 viruses (data not
shown). Previous studies based on in vitro assembly of
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recombinant CA demonstrated that the deletion of the
CypA binding loop stimulates CA aggregation allowing
the formation of organized structures.21 Here, we dem-
onstrate that a negative charge near the CypA loop
results in the production of unstructured aggregates. In
vivo, SipD viruses were impaired for Gag processing.
Hence, the S;p90D mutation is deleterious both for Gag
precursor maturation and assembly of mature CA. It has
to be noticed that a serine residue is conserved at the
corresponding position in CA encoded by HIV-2 and
simian immunodeficiency virus (SIV), suggesting that a
crucial function is fulfilled by this residue in the retrovi-
ruses life cycle. Alanine substitution of the corresponding
residue Sjp6 in SIV CA results in poor particle release
with completely impaired infectivity,4” a phenotype very
similar to that reported herein for the S;o9D and previ-
ously for the S;p0A HIV-1 viruses.38 The presence of a
serine residue at position 109 is thus strictly required to
produce normally assembled mature viruses. Altogether,
it appears that both alanine and aspartic acid substitution
may result in an inappropriate conformation, damaging
for maturation by the retroviral protease. Accordingly, it
is clear that if the hypothesis for a transient phosphoryla-
tion of Sjp9 residue cannot be rejected, immature Gag
and fully mature CA would require being completely de-
phosphorylated at position S;p9 to assemble into nor-
mally folded cores. This hypothesis is reinforced by
observations indicating that despite delayed for kinetics
of assembly, recombinant S;poA CA assemble into nor-
mally folded tubes in vitro (Supporting Information Fig.
1). In the context of the assembled core, the contribution
of Sip9 phosphorylation in promoting core disassembly
may be considered if phosphorylation at this site occurs
during an intracellular step of the HIV-1 life cycle.

Effect of CA phosphorylation
at position 149

Recombinant CA protein bearing the S;;,0D mutation
was delayed for in vitro assembly initiation. Electron mi-
croscopy imaging showed that tubes assembled in vitro
from recombinant S;,9D CA were mostly correctly folded
despite their shorter length compared to those formed by
WT CA. In vivo, the significant alterations in core mor-
phology were depicted both from entire S;49D viral par-
ticles and from the corresponding envelope-stripped
cores observed in electron microscopy imaging. Such
defects may account for the lack of infectivity of the cor-
responding viruses that were unable to produce proviral
DNA. These data support the idea that a negative charge
at position 149 is detrimental for core assembly. Dynam-
ics simulations of CA hexamers revealed that S;49 phos-
phorylation increases inter-monomer distances by induc-
ing several charge repulsions within each monomer,
notably with D;5, (data not shown). Such repulsion may
explain the destabilizing effect observed during the simu-
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lation and may result in vivo in impaired protein edifice
assembly, deleterious for viral infectivity. This hypothesis
is concordant with the location of S, residue near the
C-terminus of CA helix 7 that was found to participate
in the CTD/NTD contacts that strengthen CA hexamer
in the crystal structure.4> Our model is also supported
by a recent NMR study demonstrating the pivotal role of
amino acid residues lying in the interdomain linker for
the formation of CTD dimers.22 These residues, neigh-
boring Si49, participate in extensive hydrophobic interac-
tions with residues located in a-helix 9. On this basis, a
negative charge at position Si49 may thus have a signifi-
cant impact on CTD dimerization and as a consequence,
on the stability of the assembled CA hexamer network.

Effect of CA phosphorylation
at position 178

Here, we found that the addition of a phosphate group
to residue S,7g significantly stabilized the structure of the
CA hexamer in silico. Interestingly, truncation of interfa-
cial side chain at position 178 was previously found to
increase the affinity of isolated CTD domains of CA,
indicating that the amino-acid at this position may be
involved in electrostatic repulsion events required for a
functional HIV-1 core structure.32 Additional observa-
tions suggested the role of charged residues in both
domains of CA (e.g., E4sA and Ej,3A/R;3,A) in stabiliz-
ing the HIV-1 core and infectivity.# Accordingly, the exis-
tence of a balance of favorable and unfavorable interac-
tions has been suggested to regulate the capacity of CA
to assemble into core structures or to disassemble during
viral uncoating. When evaluated in vitro, the S;;sD CA
protein assembled into core-like structures that are very
similar in morphology to that produced by wild-type
CA. Moreover, cores formed by S;,sD HIV-1 virions
in vivo were correctly folded. Therefore, the presence of a
negative charge at this site, despite lying within an
assembly-sensitive surface, does not apparently interfere
with the formation of the CA network. Nevertheless,
S17sD HIV-1 mutant viruses were unable to replicate and
were impaired during the early steps of infection (reverse
transcription). It is thus conceivable that the presence of
a negative charge at position 178 is reasonably well toler-
ated at the assembly level but not for an intracellular step
of HIV-1 replication. We previously reported that a S;75A
mutation reduces HIV-1 core stability and also results in
poor infectivity.38 From our simulation study, mimicking
Si78 phosphorylation resulted in sort of “freezing” of the
CA hexamer. Such stabilization was explained by addi-
tional salt bridges observed during the simulation which
could reinforce the structural stability of the hexamer/core.
With the crystal structures similar hypothesis can be
drawn with the potential inter-monomer interaction
between K, and S;73 (even Ko already interacts with
Eig0). Hence, phosphorylation of residue S;75 in stabiliz-
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ing the structure of CA hexamers, could modify the hex-
americ network to a higher order and thus regulate the ri-
gidity of the assembled core, thereby modulating its
uncoating capacity once injected in the cell cytoplasm.
Alternatively, the lack of flexibility may decrease the ability
of the core to interact with a cellular factor required for
core disassembly and release of the viral genome.

In conclusion, our results argue for the contribution of
phosphorylation in regulating the appropriate structure
and stability of the viral core that allow HIV-1 to be infec-
tious. Together with our previous observations,3” our data
clearly indicate that the presence of serine residues that
can be phosphorylated in HIV-1 CA is crucial for virus
replication and in some cases for regulating the assembly/
disassembly process. Based on the phenotypes observed
for S—»D mutants and on the modeling study of phospho-
rylated CA, we propose here that phosphorylation at posi-
tion 109 or 149 reduces the assembling capacity of mature
CA. For Sjp9 phosphorylation, an additional effect was
observed at the level of Gag precursor maturation and its
possible consequences on Gag accessibility to the viral pro-
tease need to be questioned. On the other hand, phospho-
rylation of S;73 may increase the stability of the viral core
by reducing the plasticity of the assembled CA network.
In either case, phosphorylation at these sites, if it occurs
in the context of the assembled core, can be considered as
an event interfering with core dissociation and release of
HIV-1 DNA during early replicative steps.

We previously reported that viruses that encode hypo-
phosphorylated CA also display replication defects,
related to impaired core assembly and stabilization.38 In
the physiological context, the extent to which CA is
phosphorylated remains unknown. Former 2D-gels stud-
ies reported that only a subset of CA present in the HIV-1
particle may become phosphorylated.33,34 Accordingly, not
all CA proteins forming the core network become phos-
phorylated at the same time. Data reported here have been
obtained mimicking an extreme situation in which each
CA molecule participating in the hexamer would become
constitutively phosphorylated. In the light of our results
several hypothesis can be built to model the physiological
impact of negative charges in CA. A reasonable hypothesis
could be that, in the physiological context, phosphorylation
could occur locally, resulting in the modification of all CA
molecules located in a restricted area of the viral core.
Alternatively, a limited number of events within each CA
hexamer may occur. Choosing between these two hypothe-
sis remains elusive to date, but our data support that in
both cases, phosphorylation may have a drastic impact on
the local organization of CA within the hexamer and on
the global organization of the hexamer network within the
assembled core. However, the complexity of phenotypes
observed here and previously38 supports the idea that
phosphorylation of CA is dynamic, a situation that would
allow efficient assembly and enhance the disassembly of the
HIV-1 core at the appropriate points in the replication

cycle. In light of these observations, analyzing the dynamics
of CA phosphorylation during Gag processing, assembly of
mature CA and early postfusion steps may provide a cru-
cial insight into assembly/disassembly mechanisms.
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