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Abstract

Recent studies indicate that the matrix domain (MA) of the HIV-1 Gag polyprotein directs Gag to the
plasma membrane for virus assembly via a phosphatidylinositol-4,5-bisphosphate (PIP2)–dependent
myristyl switch mechanism. MA also has been reported to direct nuclear trafficking via nuclear import
and export functions, and some studies suggest that nuclear targeting may be regulated by MA
phosphorylation (although this proposal remains controversial). We have prepared and studied a series
of HIV-1 MA mutants containing Ser-to-Asp substitutions designed to mimic phosphorylation,
including substitutions in regions of the protein involved in protein–protein interactions and known
to influence the myristyl switch (S6D, S9D, S67D, S72D, S6D/S9D, and S67D/S72D). We were
particularly interested in substitutions at residue 6, since conservative mutations adjacent to this site
strongly perturb the myristyl switch equilibrium, and this site had not been genetically tested due to its
involvement in post-translational myristylation. Our studies reveal that none of these mutations,
including S6D, influences the PIP2- or concentration-dependent myristyl switch equilibrium. In
addition, all of the mutants bind liposomes with affinities that are only slightly reduced in comparison
with the native protein. In contrast, the myristylated mutants bind liposomes with substantially greater
affinity than that of the native, unmyristylated protein. These findings support the hypothesis that
phosphorylation is unlikely to significantly influence membrane-mediated intracellular trafficking.
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The major structural constituent of all retroviruses is a
protein called Gag, a multidomain polypeptide that is
capable of assembling into virus-like particles (VLP)
when expressed in various cell types in the absence of
other viral constituents. Viral infectivity is critically
dependent on the ability of Gag to selectively and tightly
bind to proper cellular membranes for assembly. Gag’s
matrix (MA) domain, which is post-translationally
myristylated on the N terminus in most retroviruses,
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plays several important roles during the replication cycle
(for reviews, see Freed 1998; Demirov and Freed 2004).
For most retroviruses, tight membrane binding requires a
myristyl group (myr) and a conserved patch of basic
residues on the surface of the MA protein (Yuan et al.
1993; Zhou et al. 1994). NMR-based structural studies
revealed that the HIV-1 MA myristyl group can adopt
sequestered (myr[s]) and exposed (myr[e]) conforma-
tions, and that myristate exposure can be promoted by
factors that increase protein self-association (Tang et al.
2004). More recent studies have shown that myristate
exposure can also be triggered by the binding of phos-
phatidyl-4,5-bisphosphate (PIP2) (Saad et al. 2006), a
cellular factor located in the inner leaflet of the plasma
membrane (PM) that targets Gag to the PM for virus
assembly (Ono et al. 2004).

Other studies have suggested that MA may play a role
in directing Gag in and out of the nucleus prior to
assembly. Mutagenesis studies indicate that MA contains
nuclear localization (NLSs) and nuclear export (NESs)
signals, and that disruption of the NES can lead to
accumulation of Gag in the nucleus and to the production
of RNA-deficient virions (Dupont et al. 1999; Scheifele
et al. 2002). Mutations in Rous sarcoma virus (RSV) MA
that block nuclear localization of Gag can also lead to
the production of particles deficient in genomic RNA
(Scheifele et al. 2002; Callahan and Wills 2003). MA also
has been reported to help direct the preintegration com-
plex to the nucleus during the early phase of replication
(Bukrinsky et al. 1992, 1993a,b; Dupont et al. 1999;
Haffar et al. 2000). A fraction of MA molecules appears
to be phosphorylated in infected cells, and it has been
suggested that phosphorylation may play a role in retarget-
ing MA from the PM to the nucleus (Dupont et al. 1999).
However, in vivo mutagenesis studies were unable to
identify a specific Ser, Thr, or Tyr residue that is essential
for nuclear targeting. Mutation of individual serine
residues to alanine had little effect on virus production
and infectivity, and the simultaneous substitution at posi-
tions 9, 67, 72, and 77 was required to significantly
impair viral infectivity without affecting virus assembly
(Kaushik and Ratner 2004). Based on these results, it was
suggested that phosphorylation at multiple sites changes
the overall charge balance on the surface of MA protein,
which might disrupt the electrostatic interaction between
MA and the PM (Kaushik and Ratner 2004). It is note-
worthy, however, that genetic studies were not performed
for Ser-6 due to its role as a consensus recognition
element for N-terminal myristylation (Freed and Martin
1994; Kaushik and Ratner 2004).

We recently demonstrated that mutations of residues
adjacent to Ser-6 and Ser-9 (V7R, L8A, and L8I) can
dramatically alter the myristyl switch equilibrium (Saad
et al. 2007), leading us to speculate that phosphorylation

of Ser-6 might similarly influence the myristyl switch.
We therefore conducted NMR, thermodynamic, and membrane
binding studies on a series of serine-to-aspartate mutants
designed to mimic phosphorylated states of the protein.

Results

A variety of studies have shown that mutation of serine to
aspartate/glutamate and serine to alanine mimics phos-
phorylation and dephosphorylation, respectively (Lu and
Ou 2002; Kaushik and Ratner 2004; Bivona et al. 2006).
By using native chemical ligation methods (Wu et al.
2004), we obtained, for the first time, highly pure
myristylated S6D and S6D/S9D protein samples. For
NMR studies, we selectively labeled seven residues in
the N terminus of MA (Gly-2, Ala-3, Ala-5, Val-7, Leu-8,
Gly-10, and Gly-11).

Two-dimensional [1H–15N] HSQC spectra obtained for
S6D, S9D, and S6D/S9D myrMA proteins at concentra-
tions of 50–800 mM display a chemical shift pattern that
is essentially identical to the wild-type (WT) myrMA
spectrum (Fig. 1 and Supplemental material). These
results demonstrate that phosphorylation of serine resi-
dues in N terminus of MA does not perturb the myristyl
switch mechanism and does not induce any significant
conformational changes in the N-terminal domain of
HIV-1 MA. These findings are in sharp contrast to those
obtained for V7R, L8A, and L8I mutants, in which a
single-point mutation nearby Ser-6 and Ser-9 induced only
minor conformational changes that favor the myristyl-
sequestered form (Saad et al. 2007). Representative sedi-
mentation equilibrium (SE) data obtained for WT and S6D
myrMA are shown in Figure 1. Analysis of the SE
data afforded association constant values (Kassoc) ¼ 2.2 6

0.5 3 108 and 4.7 6 1.1 3 108 M�2 (20°C) for S6D and
S9D myrMA, respectively. These values are very similar to
that obtained for WT myrMA (1.2 6 0.4 3 108 M�2) and
best fit a monomer-trimer equilibrium. Equilibrium data
demonstrate that substitution of Ser-6 and Ser-9 has no
effect on the equilibrium constant and oligomerization
properties of myrMA.

In the X-ray structure of HIV-1 MA, Thr-70 and Ser-72
of one monomer form salt bridges with Asn-47 and Ala-
45 of another monomer, respectively. Thus, we predicted
that phosphorylation of these residues may disrupt inter-
actions between monomers and shift the monomer-trimer
equilibrium toward the monomer form. Two-dimensional
[1H–15N] HSQC spectra and SE data obtained for S67D,
S72D, and S67D/S72D confirmed that proteins exist in a
monomer-trimer equilibrium with equilibrium constants
very similar to the WT myrMA (Supplemental material),
suggesting that phosphorylation on these positions does
not induce significant conformational changes of the
MA protein.
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PIP2 binding to mutants

Binding studies were conducted with di-C4-phosphati-
dylinositol phosphate (di-C4-PIP2), a soluble analog of
PIP2 containing truncated acyl chains. Representative
two-dimensional [1H-15N] HSQC NMR data obtained
upon titration of S6D- and S9D-myrMA with di-C4-PIP2

are shown in the Supplemental material. Titration of di-
C4-PIP2 led to changes in the backbone 1H and 15N NMR
chemical shifts of residues Ala-3, Ala-5, Val-7, and Leu-
8. These signals correspond to residues that are well
removed from the PIP2 binding site, but their shifts are
indicative of a progressive shift from myr(s) in the PIP2-free
state to myr(e) in the PIP2-bound state. For S9D-myrMA, in
addition to the shifts observed for the 1H-15N NMR signals

of Ala-3 to Gly-11, titration of di-C4-PIP2 led to significant

changes in the backbone 1H and 15N NMR chemical shifts

of residues Arg-22, Lys-26, Lys-27, His-33, Glu-73, Glu-

74, Leu-75, and Ser-77 (DdHN [Dd1
H]2+[Dd15

N]2)1/2 ¼ 0.1 –

0.8 ppm; Supplemental material). These residues reside on

the b-II-V cleft and were previously shown to contribute to

the PIP2 binding site (Saad et al. 2006). Nonlinear least

squares fits of the titration data afforded a dissociation

constant (Kd) values 116 6 17 and 113 6 8 mM for S6D-

and S9D-myrMA, respectively. In summary, our results

demonstrate that Ser-to-Asp mutations near the N terminus

of MA (Ser-6 and Ser-9) or at downstream sites (Ser-67 and

Ser-72) do not alter the binding properties of PIP2 or its

ability to trigger myristate exposure.

Figure 1. Overlay of two-dimensional 1H-15N HSQC spectra for WT (A) and S6D-myrMA (B) proteins collected at different

concentrations (800–900 mM [black], 300–400 mM [red], 150 mM [blue], 50 mM [green]). Signals indicative of myristyl switch from

sequestered form at low concentration to exposed form at high concentration shift similarly for WT and S6D-myrMA proteins. (C)

Representative sedimentation profiles obtained for S6D-myrMA (100 mM [red], 150 mM [blue]). (D) Effect of lipid concentration on

MA–lipid interaction. The apparent binding constant is ;10�3 M. Data show that mutant HIV-1 myrMA proteins bound to liposomes

with ;1–2 lower affinity than native myrMA for most mutants except S6D/S9D, which showed ;3 times weaker than native.

Unmyristylated MA bound very weakly to liposomes.

Phosphorylation of the HIV-1 MA protein

www.proteinscience.org 1795



Effect of mutations on liposome binding

To study the effect of phosphorylation on MA binding to
membranes, we conducted liposome binding studies with
the WT and mutant proteins using a published in vitro
liposome-binding assay (Dalton et al. 2005). All of the
Ser-to-Asp mutations had a minor effect upon membrane
binding (Fig. 1). The most dramatic effect was seen for
the S6D/S9D double mutant, which bound liposomes 3.5-
fold less tightly than the WT protein. However, none of
the mutations reduced binding to the level of myr(�)MA.
These data reveal that the Ser-to-Asp mutations do not
dramatically reduce membrane binding of HIV-1 MA, as
suggested by other in vivo studies (Gallay et al. 1995a,b;
Bukrinskaya et al. 1996). The small decrease in binding
affinities observed for the mutant proteins in the in vitro
assay likely reflects a reduction in the electrostatic con-
tribution to membrane binding.

Discussion

In contrast to conservative point mutations of Val-7 and
Leu-8, which dramatically alter the myristyl-switch equi-
librium (Saad et al. 2007), substitution of the adjacent
serine residues (Ser-6, Ser-9, or both) by Asp had no
effect on the concentration- or PIP2-dependent myristyl
switch equilibrium. It therefore seems unlikely that
phosphorylation at these sites would significantly influ-
ence membrane targeting. Substitution of other surface
Ser residues by Asp, including residues at the intermo-
lecular interface of a trimeric myr(�)MA crystal struc-
ture, also had a minimal effect on binding to liposomes,
suggesting that MA–MA interactions observed in the tri-
meric myr(�)MA X-ray crystal structure (Hill et al. 1996)
may not exist when MA is bound to membranes. These
findings are consistent with recent electron cryotomogra-
phy studies of immature virions, which revealed an ordered
hexagonal capsid shell but a MA shell without regular
structure (Wright et al. 2007). Our findings are also
consistent with studies by Spearman et al. (1997), which
showed that the level of MA phosphorylation did not
appear to differ between membrane-free and membrane-
bound forms, suggesting that MA phosphorylation is not a
major regulator of membrane association.

Materials and Methods

Sample preparation

S6D and S6D/S9D proteins were synthesized as described (Wu
et al. 2004). Molecular weights were confirmed by electrospray
ionization mass spectrometry. For proper solubilization and
refolding, protein samples were first dissolved in H2O prior to
dialysis in NMR buffer (50 mM sodium phosphate at pH 5.5,
100 mM NaCl, and 5 mM DTT). S9D, S67D, S72D, and S67D/

S72D plasmids were made by site-directed mutagenesis of a
coexpression vector harboring the yeast N-terminal myristyl
transferase (yNMT) and HIV-1 MA gene (Tang et al. 2004).
Unlabeled and 15N-enriched protein samples were prepared as
described (Saad et al. 2007).

NMR spectroscopy

NMR data (35°C) were collected with a Bruker DMX (600 MHz
1H) spectrometer equipped with a cryoprobe, processed with
NMRPIPE (Delaglio et al. 1995) and analyzed with NMRVIEW
(Johnson and Blevins 1994). Binding isotherms from 1H-15N
NMR HSQC titration experiments were calculated with ORI-
GIN 7.0 software (MicoCal).

Analytical ultracentrifugation

SE measurements were made as described elsewhere (Saad et al.
2007).

Liposome binding assay

Membrane flotation assays were performed as described (Dalton
et al. 2005). See Supplemental material for more details.

Electronic supplemental material

Electronic supplemental material includes description of lip-
osome binding assay and two-dimensional [1H-15N] HSQC
spectra for mutant proteins as a function of protein- or PIP2-
concentration.
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