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ABSTRACT: Human immunodeficiency virus type 1 (HIV-1) encodes a polypeptide called Gag that is capable of
forming virus-like particles (VLPs) in vitro in the absence of other cellular or viral constituents. During the
late phase of HIV-1 infection, Gag polyproteins are transported to the plasma membrane (PM) for assembly.
A combination of in vivo, in vitro, and structural studies have shown that Gag targeting and assembly on the
PM are mediated by specific interactions between the myristoylated matrix [myr(+)MA] domain of Gag and
phosphatidylinositol 4,5-bisphosphate [P1(4,5)P,]. Exposure of the MA myristyl (myr) group is triggered by
PI(4,5)P, binding and is enhanced by factors that promote protein self-association. In the studies reported
here, we demonstrate that myr exposure in MA is modulated by pH. Our data show that deprotonation of the
His89 imidazole ring in myr(+)MA destabilizes the salt bridge formed between His§9(Hd2) and Glul2
(COO-), leading to tight sequestration of the myr group and a shift in the equilibrium from trimer to
monomer. Furthermore, we show that oligomerization of a Gag-like construct containing matrix-capsid is
also pH-dependent. Disruption of the His—Glu salt bridge by single-amino acid substitutions greatly altered
the myr-sequestered—myr-exposed equilibrium. In vivo intracellular localization data revealed that the HS§9G
mutation retargets Gag to intracellular compartments and severely inhibits virus production. Our findings
reveal that the MA domain acts as a “pH sensor” in vitro, suggesting that the effect of pH on HIV-1 Gag
targeting and binding to the PM warrants investigation.

Retroviral genomes encode a polyprotein called Gag that
contains all the viral elements required for virus assembly and
is capable of forming virus-like particles (VLPs) in vitro in the
absence of viral and cellular constituents (/, 2). Subsequent to
their synthesis, Gag polyproteins are transported to the plasma
membrane (PM) for assembly and budding (3—6). During or
shortly after budding, the Gag proteins are cleaved by the viral
protease into matrix (MA), capsid (CA), nucleocapsid (NC), and
short peptides (SP1, SP2, and P6), which rearrange to form
mature and infectious virions (4—6).

It is widely accepted that HIV-1' Gag budding and assembly
occur predominantly on the PM (6—15). Membrane binding is
mediated by Gag’s N-terminal myristoylated MA domain
[myr(+)MA]. The myristyl group (myr) functions in concert
with a group of conserved basic residues to facilitate membrane
anchoring and assembly of Gag (4—6). Mutations that either
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block myristoylation or disrupt the basic patch lead to inefficient
targeting of Gag to the PM, resulting in a dramatically reduced
level of virus production (9, 16—19).

NMR-based structural studies confirmed that the myr group
of HIV-1 MA can adopt sequestered [myr(s)] and exposed
[myr(e)] conformations (20). The extent of extrusion of the myr
group can be increased by factors that promote protein self-
association, such as increasing protein concentration or inclusion
of the CA domain (20). Equilibrium data revealed that while
myr(+)MA resides in a monomer—trimer equilibrium, the
myr(—)MA protein maintains its monomeric character in solu-
tion under all conditions (20). In addition, exposure of the myr
group is coupled with protein trimerization (20). Despite a high
degree of sequence and structural homology, we have recently
shown that factors affecting the myr switch mechanism are
significantly different for the HIV-1 and HIV-2 MA proteins (21).
Structural studies on HIV-2 MA revealed that the myr group is
tightly sequestered and the protein is in the monomeric state,
indicating that key differences in the myr switch mechanism can
exist between closely related retroviruses (21).

Studies by Freed, Ono, and co-workers demonstrated that the
ultimate localization of HIV-1 Gag at virus assembly sites is de-
pendent on phosphatidylinositol 4,5-bisphosphate [P1(4,5)P,]
(22—24), a cellular factor localized at the inner leaflet of the PM
(25—27). Subsequent structural studies revealed that PI(4,5)P,
binds directly to HIV-1 MA, inducing a conformational change
that triggers myr exposure (28). On the other hand, although
HIV-2 Gag localization on the PM is also dependent on
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FiGURrE 1: Comparison of HIV-1 and HIV-2 M A protein structures.
The imidazole ring of His89 forms a salt bridge with Glu12(COO-) in
HIV-1 myr(—)MA but not in the myr(+)MA protein. For HIV-2,
Glul2 is substituted with Lys, which can form a hydrogen bond with
deprotonated His89 in myr(—)MA.

PI(4,5)P,, structural studies have shown that the myr switch
of HIV-2 MA is less sensitive to PI(4,5)P, binding than that of
HIV-1 (2D).

To dissect the underlying differences in the myr switch mech-
anism in HIV-1 and HIV-2 MA proteins, we focused on some key
differences in the N-terminal domain, including the first 20 res-
idues. We observed that Glul2 in HIV-1 MA is substituted with
Lys in HIV-2 MA (2]). Analysis of the HIV-1 myr(+)MA struc-
ture revealed that the imidazole ring of His89, which is highly
conserved among all strains of HIV-1, HIV-2, and simian immu-
nodeficiency virus (SIV) (Los Alamos National Laboratory, http://
www.hiv.lanl.gov), forms a salt bridge with Glu12(COO-) in HIV-
1 myr(—)MA but not in the myr(+)MA protein (Figure 1).

Histidines are central in biological activities because of their
frequent inclusion in the active sites of enzymes and their contri-
butions to protein stability and function. The intrinsic pK, of the
histidine imidazole group typically lies between 6.0 and 7.0 (29, 30)
but can vary depending on the degree of burial or exposure within
proteins (30). Earlier studies have shown that mutation of His89
and other residues in the vicinity led to targeting of Gag to intra-
cellular compartments and severely reduced virus production (/8).
These findings, combined with our recent structural studies, indi-
cate that His89 may play a central role in determining the site of
Gag assembly and ultimately efficient virus production.

We have employed NMR, biophysical techniques, mutagen-
esis, and in vivo studies to identify the precise functional role of
the His89—Glul2 salt bridge in regulating the myr switch
mechanism, HIV-1 Gag targeting, and virus replication. Our
results demonstrate that extrusion of the myr group in the HIV-1
MA protein is sensitive to changes in pH. In vivo intracellular
localization data revealed that H89G mutation retargets Gag to
intracellular compartments and severely inhibits virus production.
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EXPERIMENTAL PROCEDURES

Sample Preparation. A co-expression vector encoding the
HIV-1 MA gene and a yeast N-myristyltransferase (YNMT) was
kindly provided by M. Summers (Howard Hughes Medical
Institute, University of Maryland, Baltimore County, Baltimore,
MD). To construct the MACA clone, the MACA coding sequence
was PCR-amplified from the pNL4-3 isolate (NCBI accession
code M15390) and cloned into the co-expression vector described
above at its Ncol and Xhol sites in frame with the C-terminal Hisg
tag and stop codon of the plasmid. An expression vector encoding
the HIV-1 CA domain was kindly provided by P. Prevelige
[University of Alabama at Birmingham (UAB)]. A QuickChange
XL site-directed mutagenesis kit (Stratagene, La Jolla, CA) was
used to generate a subset of MA and MACA mutants (MA-
H89G, MA-EI2A, MACA-WI184A/M185A, and MACA-
E12A/W184A/M185A). Mutations were verified by plasmid
sequencing at the Center for AIDS Research core facility (UAB).

Preparation of MA, CA, and MACA protein samples has been
described elsewhere (20, 28, 31—33). Mutant MA samples were
prepared like wild-type (WT) MA. However, although the
myr(—)MA H89G protein was very soluble, the myr(+)MA
HB9G protein was found exclusively in the pellet, purified under
denaturing conditions (8§ M urea), and refolded through extensive
stepwise dialysis. Because of protein precipitation, myr(+)MA
H89G samples were kept at concentrations lower than ~40 uM.
Molecular masses of proteins and the efficiency of myristoylation
were confirmed by electrospray ionization mass spectrometry.
Samples for all NMR experiments were prepared in 50 mM
sodium phosphate, 100 mM NaCl, and 2 mM DTT. NMR
sample concentrations of MA proteins varied from 50 to 700 uM.

NMR Spectroscopy. NMR data were collected on a Bruker
Avance 11 (700 MHz 'H) spectrometer equipped with a cryo-
probe, processed with NMRPIPE (34), and analyzed with
NMRVIEW (35). Two- and three-dimensional (2D and 3D,
respectively) NOESY data were obtained for natural abundance,
"*N-labeled, and "°N- and "*C-labeled protein samples (pH 7.2,
35 °C). Protein signal assignments were described else-
where (20, 28, 31, 32). '"H-'H NOEs between the '’N- and
BC-labeled protein and the unlabeled myristate group were
assigned from 2D (‘H—"H) and 3D (*C- and "*C-edited/"*C-
double-half-filtered) NOESY data (see ref 36 and 37 and
references cited therein).

Determination of the His89 pK, Value. The pK, value of
His89 for myr(—)MA and myr(+)MA proteins was calculated on
the basis of the pH-dependent His Hel and Cel chemical shifts
extracted from the 2D HMQC (heteronuclear multiple-quantum
coherence) data. Protein concentrations were 150 uM. The
sample pH was adjusted to the desired value with DCI or NaOD.
pH values were measured at room temperature before and after
the collection of NMR data. The values were not corrected for
the deuterium isotope effect. NMR spectra were recorded be-
tween pH 4.2 and 8.8. No chemical shift changes occurred below
pH 4.2 or above pH 8.8. The pH titration curves were fitted to a
modified Henderson—Hasselbalch equation by nonlinear least-
squares analysis:

Oobs = (6acid + Opase X IOPH_pKa)/(l + Obase X lopH—pKa)

where Oy is the chemical shift observed at each pH value and
Oacid and Opqge are the chemical shift values for the protonated and
deprotonated histidine, respectively. Curve fits were performed
using ORIGIN version 8.1 (OriginLab, Northampton, MA).
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Analytical Ultracentrifugation. Sedimentation velocity
(SV) and sedimentation equilibrium (SE) measurements were
taken with a Beckman XL-I Optima system equipped with a four-
hole An-60 rotor (Beckman Coulter). Protein samples were
prepared in 50 mM sodium phosphate buffer, 100 mM NaCl,
and 2 mM tris(2-carboxyethyl)phosphine hydrochloride. Loading
concentrations varied from 30 to 150 uM for MA and CA
samples, while concentrations for MACA samples varied from
7 to 30 uM. The rotor speed for sedimentation velocity experiments
was set at 40000 rpm, while sedimentation equilibrium data were
collected at 22000, 26000, and 30000 rpm (20 °C). Scans were
acquired at a wavelength of 280, 290, or 295 nm. Partial specific
volumes (v-bar) and molar extinction coefficients were calculated
using SEDNTERP, and buffer densities were measured pycnom-
etrically. Sedimentation velocity data analysis were performed
with SEDFIT (38, 39), while sedimentation equilibrium data
were analyzed with NONLIN (40) and HeteroAnalysis (J. L.
Cole and J. W. Larry, Storrs, CT) (4/). Sedimentation coeffi-
cients were corrected to 20 °C and infinite dilution in water, $5¢ -
Equilibrium association constants were determined by global
analysis of data acquired from samples prepared at three loading
concentrations and centrifuged at three rotor speeds. Samples
were sedimented at each velocity until equilibrium was achieved
as judged by WinMatch (D. Yphantis, University of Connecticut,
Storrs, CT, and J. Larry, National Analytical Ultracentrifuga-
tion Center, Storrs, CT).

CD Spectroscopy. CD spectra were recorded on a Jasco J815
spectropolarimeter at 25 °C from 260 to 185 nm. The scan-
ning rate was set to 50 nm/min. Loading concentrations were 8 uM
in buffer containing 50 mM sodium phosphate, 100 mM NaCl,
and 2 mM tris(2-carboxyethyl)phosphine hydrochloride. The
background signal from the buffer solution was subtracted from
each spectrum.

Virus Replication. HIV-1 replication in T-cell lines was
assessed via transfection of full-length pNL4-3 molecular
clones (42) encoding WT or mutant MA domains by using the
DEAE-dextran transfection methods (18). Cells were split 1:3
every two days, and virus replication was monitored by reverse
transcriptase (RT) activity in the supernatant.

Gag Localization. Immunostaining of transfected HeLa cells
was performed essentially as described previously (19, 43). Gag
localization was assessed by using a pl7(MA)-specific mono-
clonal antibody (Advanced Biotechnologies, Columbia, MD).
CD63 staining was performed with an antibody from Santa Cruz
Biotechnology (Santa Cruz, CA). Images were acquired with a
DeltaVision RT deconvolution microscope.

Nomenclature. In this study, MA mutants are named on the
basis of the N-terminal Met, which is absent in the myristoylated
protein, being designated as residue 1. In contrast, previous
studies that included the initial characterization of the mutants
investigated here (18, 43—45) considered the N-terminal Gly of
the myristoylated protein as residue 1. Thus, the mutant names
are offset by one residue.

RESULTS

NMR pH Titrations of HIV-1 M A. 1t is well established
that myristoylation of HIV-1 MA does not induce significant
structural changes in the overall shape of the protein (20, 28).
However, significant NMR spectral and structural differences are
evident for residues Ala3—Lys18 of myr(+)MA when compared
to those of the myr(—)MA protein (20, 28). These spectral
differences reflect minor structural adjustments of the first loop
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FIGURE 2: (A) Overlay of 2D 'H—'N HSQC spectra collected for
HIV-1 myr(+)MA and myr(—)MA at pH 5.5 (black), 6.0 (blue),
6.5 (red), 7.0 (magenta), 7.5 (green), and 8.0 (cyan) (150 uM, 35 °C).
(B) Histogram showing chemical shift changes extracted from the 2D
HSQC data collected for myr(+)MA (black) and myr(—)MA (red)
with an increase in the pH from 5.5 to 8.0. (C) Chemical shift changes
for the "H—"°N resonances of Leu8 and Ser9 of myr(+)MA (black)
and myr(—)MA (red).

(Ala3—Gly10) and helix I (Glyl1—Lys18) to allow for sequestra-
tion of the myr group (20, 28). The structure of the myr(—)MA
protein is considered a representative model of myr(e)MA. One
major difference between the structures of myr(+)MA and
myr(—)MA proteins involves long-range interactions between
the side chains of His89 and Glul2 (Figure 1). The carboxyl
group of Glul2, which is located near the N-terminus of helix I,
does not make long-range contacts in myr(+)MA but forms
a salt bridge with His89(Ho2) in myr(—)MA (21, 28).

To test whether manipulation of the electronic properties of
the imidazole group of His89 by changing the solution pH has an
impact on the myr switch mechanism, we collected 2D '"H—""N
HSQC NMR data for both myr(+)MA and myr(—)MA proteins
with the pH increasing from 5.5 to 8.0 in 0.5 pH unit increments.
As shown in Figure 2, substantial changes in the 'H—"°N
resonances {[(A0'H)* + (A0""N)"? = 0.5-3.0 ppm} were
observed with a variation in pH (complete sets of HSQC data
are shown in Figure S1 of the Supporting Information). These
residues reside on the N-terminal loop (Ala3—Ser9) and helix I
(Glyl0—Lysl18). For residues in helices II—VI, the most


http://pubs.acs.org/action/showImage?doi=10.1021/bi101245j&iName=master.img-001.jpg&w=231&h=389

9554 Biochemistry, Vol. 49, No. 44, 2010

pronounced perturbations in 'H and "N resonances were
observed for Glu52 and His89. Interestingly, substantial differ-
ences in chemical shift changes for myr(+)MA and myr(—)MA
as a function of pH were observed for residues localized in the
N-terminal loop and helix I. Of particular note, for myr(+)MA
the 'H—""N resonance of Leu$ shifted dramatically when the pH
increased from 5.5 to 8.0, while chemical shift changes of
Leu8(NH) for myr(—)MA were negligible (Figure 2). Further-
more, while an increase in the solution pH for myr(+)MA and
myr(—)MA led to dramatic chemical shift changes in the 'H—"°N
resonances of Glu52 and His89, the "H—'"°N resonance of Ser9
exhibited a substantial shift only in the case of myr(—)MA.
Lowering the pH of MA samples from 8.0 to 5.5 restored the
original spectrum, indicating a reversible process.

The direction and, to a lesser extent, the magnitude of the
chemical shift perturbations observed for myr(+)MA with an
increase in pH are very similar to those observed previously upon
stabilization of the myr(s) form (20). Previous studies have shown
that the "H—"°N resonance of Leu8 is an excellent “NMR
reporter” that is very sensitive to the movement of the myr
group (20, 28, 32). Structural studies of myr(+)MA revealed that
movement of helix I induces a conformational change by which
Leu8 is repositioned to accommodate the myr group in the
hydrophobic cavity (20, 28). Taken together, our NMR data sug-
gest that varying the pH caused local conformational changes in
the N-terminal domain of MA, which may affect the myr(s)—
myr(e) equilibrium.

Determination of the Microscopic lonization Constant of

His89. The intrinsic pK, of the histidine imidazole group
typically lies between 6.0 and 7.0 (29, 30) but can vary depending
on the degree of burial or exposure within proteins (30). For this
reason and because our NMR titration data described above
suggest that His89 is present in the protonated and deprotonated
states at pH 5.5 and 8, respectively, we employed 2D NMR
methods to precisely determine the microscopic ionization con-
stant of the imidazole group of His89. Chemical shift perturba-
tions of imidazole’s Hel and Cel signals were monitored in the
HMQC spectra as a function of pH of the NMR sample. The pK,
value of the His89 imidazole group was found to be 6.5 £ 0.1 for
both myr(—)MA and myr(+)MA (Figure S2 of the Supporting
Information). His89 is ~80—90% protonated at pH 5.5 and ~90%
deprotonated at pH 8.0. These results are in good agreement with
the data given above, which altogether suggest that altering the
electronic state of the His89 side chain triggers conformational
changes that affect the myr(s)—myr(e) equilibrium.

NMR Spectral Properties as a Function of pH. Structural
studies of the HIV-1 myr(+)MA protein revealed that the myr
switch mechanism is sensitive to protein concentration (20).
These and all subsequent studies were conducted at pH 5.5
(20,28, 32,46). 2D "H—""N HSQC spectra obtained for myr(+)MA
at concentrations of <100 uM revealed that resonances of
Ala3—Lysl18, Arg39, and Gly49 deviate significantly from those
of myr(—)MA but progressively shift toward the frequencies of
myr(—)MA as the concentration is increased. However, at
concentrations of >200 M, the NMR signals became broad and
the protein started to precipitate. Structural data indicate that
increasing the protein concentration promoted myr exposure (20).
To examine whether increasing the solution pH of myr(+)MA
alters the sensitivity of the myr(s)—myr(e) equilibrium to con-
centration, we collected 2D HSQC NMR data at pH 7 as a func-
tion of increasing protein concentration [50, 150, and 500 uM
(Figure S3 of the Supporting Information)]. Interestingly, the
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FIGURE 3: 3D '3C-edited/'>C-double-half-filtered NOE data ob-
tained for HIV-1 myr(+)MA at pH 7.2 showing unambiguously
assigned NOE cross-peaks between the myr group and key residues of
a 'C-labeled protein sample (myr group unlabeled). Solid lines
denote "H—">C breakthrough doublet NOE peaks.

chemical shift changes observed for residues Ala3—Lys18 are
very minimal compared to those observed previously (20) at pH
5.5, indicating that exposure of the myr group becomes less
sensitive to the change in protein concentration at pH 7.

Because increasing the protein concentration of myr(+)MA to
500 uM did not cause significant signal broadening and/or
protein precipitation, we collected a set of 2D NOESY, 3D
BC-edited, and "*N-edited NOE data for myr(+)MA at pH 7.2
to precisely elucidate the structural and conformational changes
that may occur with a change in pH. Unambiguous NOE cross-
peaks were observed between the myr group and the side chains
of Val7, Leu8, Leul6, Ile34, Ala38, Glu48, Leu5l, Glu52,
and Ile85, indicating that the myr group is sequestered. 3D
13C-edited/"*C-double-half-filtered NOE data collected for
BC-labeled myr(+)MA with an unlabeled myr group confirmed
all NOE cross-peaks between protein residues and the myr
group (Figure 3). Strong NOE cross-peaks were observed
between the terminal methyl group (myr-C'*Hs, ~0.5 ppm)
and the side chains of I1e85 and Ile34, indicating a close packing
of the myr group against these hydrophobic residues. Collec-
tively, NMR data indicate that the myr group is buried within
the core of the protein and makes contacts with the side chains
of Val7, Leu8, Trpl6, Ile34, Ala38, LeuS1, Glu52, and Leu85.
For the sake of comparison, the 3D '*C-edited/'*C-double-half-
filtered NOE data collected for '*C-labeled myr(+)MA at pH
5.5 (Figure S4 of the Supporting Information) revealed that the
NOE cross-peaks between the myr group and the side chains of
these hydrophobic residues are weaker than the corresponding
NOE:s observed at pH 7.2, consistent with the finding that a
significant population of myr(e) is present at pH 5.5 (20). Taken
together, our data indicate that the structures of myr(+)MA
must be similar at pH 5.5 and 7.0 and that increasing the pH
does not induce major changes in the structure of the MA
protein but rather stabilizes the myr(s) form.

M A Oligomerization Is Regulated by pH. SE data ob-
tained previously for myr(+)MA at pH 5.5 best fit a mono-
mer—trimer equilibrium with an association constant (K,) of
2.5 x 108 M™% (20, 32, 46). To study the effect of pH on the
oligomerization properties of MA, we have conducted SV and SE
experiments on both myr(+)MA and myr(—)MA at pH 5.5, 7.0,
and 8.0. The SV profile of myr(+)MA at pH 5.5 exhibits two
sedimentation boundaries. Analysis of the data using SED-
FIT (38, 39) yielded two peaks of approximately 1.5 S (~70%)
and 2.4 S (~30%) (Figure 4). Further analysis of the SV data
using molecular mass distribution revealed approximate molecular
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a function of pH.

Table 1: Association Constants Calculated for HIV-1 MA, CA, and
MACA Proteins at Different pH Values

protein pH equilibrium K,

myr(+)MA“ 5.5 monomer—-trimer (1.8 + 0.5) x 108 M >
7.0 monomer—trimer (0.7 4 0.1) x 10° M2
8.0 monomer -

myr(—)MA 5.5,7,8 monomer -

myr(+)MACA 5.5 monomer—trimer (1.4 4+ 0.3) x 10" M2
7.0 monomer—trimer (0.3 + 0.3) x 10" M2
8.0 monomer—dimer (3.3 +0.5) x 10*M ™!

myr(—)MACA 5.5 monomer—dimer (3.3 + 0.4) x 10* M ™!
7.0 monomer—dimer (1.1 +0.4) x 10° M~}
8.0 monomer—dimer (2.4 +0.2) x 10°M ™!

myr(+)MACA 5.5 monomer—dimer (6.0 +0.1) x 10° M ™!

(WI184A/M185A)

7.0 monomer—dimer (2.0 +0.3) x 10° M~
8.0 monomer -

CA® 7.0 monomer—dimer 5.5 x 10* M~

“This K, is similar to that obtained in previous studies (20). “From
refs 53 and 54.

masses of 17 kDa (monomer) and 54 kDa (trimer), respectively. At
pH 7, the trimer peak shifts toward the monomer peak, indicating
a transient state caused by rapid dissociation of the trimer form. At
pH 8, the myr(+)MA protein is present as a monomer (1.47 S).
Rapid dissociation of the trimer form of myr(+)MA with an
increase in pH was confirmed by SE data (Table 1 and Figure S5 of
the Supporting Information). Analysis of the SE data afforded K,
values of (1.8 + 0.5) and (0.7 + 0.1) x 10* M2 at pH 5.5 and 7.0
(20 °C), respectively. At pH 8.0, the SE data best fit a monomer
model. On the other hand, the myr(—)MA protein exhibits a single
boundary, which fits a monomer (1.5 S) at all pH values (Figure 4).
Taken together, SV and SE data demonstrate that the oligomer-
ization properties of MA are governed by pH.

HIV-1 MACA Switches from Trimer to Dimer. Because
our data show that the oligomerization properties of MA can be
manipulated by varying the pH, we have extended our studies to
include longer constructs containing the CA domain. Extensive
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analysis of Gag multimerization properties established that the
CA domain plays a central role in mediating Gag—Gag inter-
actions (3, 47—352). In solution, the CA protein dimerizes with a
dissociation constant (Ky) of 18 uM (K, = 5.5 x 10* M "), and
dimerization is dependent on the C-terminal domain (CTD)
(53, 54). It has been shown that appending the CA domain to
myr(4+)MA increases the trimer population by ~20-fold (20). To
assess if varying the solution pH can alter the multimerization
properties of MACA, we collected SV data for myr(+)MACA
proteins at pH 5.5, 7.0, and 8.0. The SV profile of myr(+)MACA
at pH 5.5 exhibits two sedimentation boundaries. As shown in
Figure 5, analysis of the data yielded two peaks of approximately
3.0 S (30%) and 4.3 S (~70%). At pH 7, the major peak shifts
toward a lower S value (3.7 S), consistent with a lower-molecular
mass species, while the minor peak shifted slightly to a lower
sedimentation coefficient value (2.75 S). Increasing the pH to
8 led to shifting of the major and minor peaks to 3.6 and 2.7 S,
respectively (Figure 5). Notice that the two peaks overlap at the
higher pH, indicating a rapid dissociation of the major species.

As mentioned above, previous SE data at pH 5.5 revealed that
myr(4+)MACA is in a monomer—trimer equilibrium (20), so it is
reasonable to suggest that the two peaks at 4.3 and 3.0 S represent
the trimer and monomer species, respectively. However, because
the sedimentation coefficients of both the major and minor peaks
are sensitive to pH, we hypothesized that the minor peak prob-
ably represents a fast monomer—dimer equilibrium. To test this
hypothesis, we have collected SE data for myr(+)MACA as a
function of pH (Figure S6 of the Supporting Information). At pH
5.5, SE data best fit a monomer—trimer equilibrium with a K, of
(144 0.3) x 10'° M2 The K, is decreased by 4-fold when the
pH is increased from 5.5 to 7.0 (Table 1), indicating rapid
dissociation of the trimer form. Interestingly, the SE data for
myr(+)MACA at pH 8 best fit a monomer—dimer equilibrium
and afforded a K, of (3.3 +0.5) x 10* M~", which is similar to
that observed for the CA domain (53, 54).

One explanation for the pH dependency of the s value of the
minor species in the SV data is that myr(+)MACA resides in a
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monomer—dimer—trimer equilibrium, but the dimeric intermedi-
ate is not significantly populated. To test this possibility, we sub-
jected the sedimentation equilibrium data to nonlinear square
fitting analysis using a monomer—dimer—trimer model. The
dimerization equilibrium constant tends to yield a very small
value (near zero), consistent with the hypothesis that there is little
information in the data for a third species. In summary, the data
are best described by a monomer—trimer equilibrium. However,
we cannot rule out the possibility of a dimeric state that is not
significantly populated under these conditions.

This alternative model has been tested by various approaches.
First, we examined whether dimerization of CA is pH-dependent.
To do so, we collected SV data for myr(—)MACA and CA as a
function of pH. The SV profile of myr(—)MACA exhibits one
major sedimentation boundary that is insensitive to pH. As
shown in Figure 5, analysis of the data yielded two peaks of
approximately 3.4 S (~95%) and 2.2 S (< 5%). The SE data (not
shown) confirmed that the major boundary represents a mono-
mer—dimer equilibrium with K, varying slightly as a function of
pH (Table 1). The second minor peak at 2.2 Sis likely an impurity
because it was not observed in other samples. Likewise, SV data
obtained for CA at pH 5.5, 7.0, and 8.0 show a single boundary
(~2.7 S) at all pH values (Figure S7 of the Supporting In-
formation), indicating an intermediate value representing a
monomer—dimer equilibrium (53, 54).

The second approach involved alteration of the monomer—
dimer properties of MACA by mutagenesis. We generated a
myr(+)MACA double mutant with Trp184 and Met185 in the
CA domain substituted with alanine residues (W184A/M185A).
These amino acid substitutions were shown to significantly
inhibit CA dimerization (53). Interestingly, SV data obtained
for myr(+)MACA-W184A/M185A at pH 5.5 yielded a single
boundary with a sedimentation coefficient value of 2.7 S (Figure
S8 of the Supporting Information), which indicates that the
formation and stability of the trimer form of MACA are de-
pendent on the dimer interface of CA. The finding that myr-
(+)MACA trimerization is disrupted by mutation of Trpl184
and Met185 is very similar to that observed for myr(—)GagAp6
bound to inositol phosphates (55). Increasing the pH shifted the s
values only slightly to 2.55 and 2.5 S at pH 7 and 8, respectively.
Because SV and SE data of CA and myr(—)MACA revealed that
dimerization of CA is not pH-dependent, the sensitivity of the
sedimentation coefficient to pH in myr(+)MACA-WI84A/
MI85A is likely to be attributed to the MA domain. The nature
of the oligomerization for myr(+)MACA-W184A/M185A was
determined by SE data. At pH 5.5, SE data analysis best fit a
monomer—dimer equilibrium with a K, of (6.0 £ 0.1) x 10° M ™!
(Figure S9 of the Supporting Information). Because the sedi-
mentation coefficient and sensitivity to pH of the minor peak for
WT myr(+)MACA (Figure 5) are very similar to that observed
for myr(+)MACA-W184A/MI85A, it is very likely that the
minor peak at 3.0 S (Figure 5) represents monomer and dimer
species that are in fast exchange. Taken together, our data
demonstrate that the myr(s)—myr(e) equilibrium in a Gag-like
construct is also sensitive to pH and that the MA domain can
dictate the type of multimers in solution at any given pH.

NMR and Biophysical Characterization of M A Mutants
That Disrupt the His—Glu Salt Bridge. Previous studies have
shown that mutations in helix V of the MA domain, including
L85R, Y86G, C87S, V88E, and H89G, led to retargeting of the
majority of virus particle formation to intracellular compart-
ments and severely defective virus replication in the CEM(12D-7)
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cell line (/8). Structural characterization of the myr(+)MA
protein (20) revealed that these residues are located in or near
the hydrophobic cavity occupied by the myr group and may
contribute to the stabilization of the pocket. Thus, it is likely that
disrupting the hydrophobic cavity and altering the myr switch
mechanism contribute to the retargeting of Gag to intracellular
compartments.

To confirm that importance of the salt bridge in regulating the
myr(s)—myr(e) equilibrium, we made H89G and EI2A MA
mutants and examined their structural properties by NMR and
biophysical methods. Protein expression and purification were
achieved according to a standard protocol (20, 28, 32). However,
in sharp contrast to the WT myr(+)MA protein, the myr(+)MA-
H89G protein was found exclusively in inclusion bodies and was
extracted under denaturing conditions. The protein was poorly
soluble (concentration of ~40 uM). NMR and SV data for
myr(+)MA-H89G (Figures S10 and S11 of the Supporting
Information) revealed that the protein forms high-molecular
mass aggregates that caused considerable broadening in the
NMR signal. SV data show multiple peaks with large sedimenta-
tion coefficient values. Changes in the pH do not appear to affect
the type or nature of myr(+)MA-H89G aggregates.

To assess whether the His89 mutation caused unfolding in the
tertiary structure of MA and/or induced dramatic conforma-
tional changes leading to the formation of high-molecular mass
aggregates, the myr(-)MA-H89G mutant was made and char-
acterized by the same methods. Interestingly, the protein was
soluble and present in the monomeric state (Figure SI1 of the
Supporting Information). CD data confirmed that the MA protein
maintains its secondary structure in the context of the H89G
mutation (Figure S12 of the Supporting Information). These results
suggest that substitution of His89 not only disrupted the His—Glu
salt bridge but also destabilized the tertiary structure, triggering myr
exposure and promoting high-order protein self-association.

Because the imidazole group of His89 is also engaged in
another intramolecular H-bond with the carbonyl group of
Leu51, substitution with a Gly may cause larger conformational
changes that may contribute to the loss of stability of the
hydrophobic pocket and in turn to disruption of the myr switch
mechanism. We predicted that substitution of Glul2 is less
complex. To examine this possibility, we have substituted
Glul2 with Ala and examined its biophysical characteristics by
NMR and sedimentation methods. Both myr(—)MA-E12A and
myr(4+)MA-E12A proteins were made. Both proteins were very
soluble, and purification was achieved as described for WT
proteins. These substitutions did not adversely affect myristyla-
tion efficiencies [~100%, compared to ~90% myr and 10%
myr(—) for the wild-type MA protein]. 'H and "N NMR signals
observed in two-dimensional (2D) 'H—""N HSQC spectra of
myr(+)MA and myr(—)MA were substantially different for the
first ~20 amino acids, indicating sequestration of the myr group
(Figure S13 of the Supporting Information). Indeed, SV data
confirmed that the myr(+)MA-EI2A protein is a monomer and
insensitive to changes in pH (Figure S13 of the Supporting
Information). Collectively, our data demonstrate that disruption
of the His89—Glul2 salt bridge alters the myr(s)—myr(e) equi-
librium, although substitution of His89 appears to have a much
larger effect on the stability of the hydrophobic cavity.

As discussed earlier, substitution of Trp184 and Met185 with Ala
residues in myr(+)MACA inhibited the formation of the trimer
form. However, SV and SE data revealed that myr(+)MACA-
WI184A/M185A resides in a monomer—dimer equilibrium where
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FIGURE 6: Structural view of the HIV-1 myr(+)MA protein in the
myr-sequestered (green) and myr-exposed (brown) forms. Notice the
conformational change involving Leu8, which acts as an NMR
reporter for the movement of the myr group.

dimerization appears to be induced by the MA domain. Because
substitution of Glul2 with Ala completely abolished trimer forma-
tion for myr(+)MA, we predicted that the E12A mutation in
MACA will modulate the oligomerization properties of MACA.
As shown in Figure S14 of the Supporting Information, the SV
profile of myr(+)MACA-E12A/W184A/M185A exhibits a single
sedimentation boundary that is insensitive to pH. Analysis of the
data yielded one peak at 2.4 S, consistent with the monomeric
character of myr(+)MACA. In summary, we conclude that
substitution of Glul2 modulates the myr(s)—myr(e) equilibrium
of MA and MACA in vitro.

His—Glu Salt Bridge, an Important Structural Element
in HIV-1 MA. 1t has been established that for a stable salt
bridge to form between oppositely charged residues (such as Asp
or Glu with Arg, Lys, or His), the two following criteria become
critical (56, 57). (1) The centroids of the side chain charged groups
in oppositely charged residues are within 4 A of each other (598),
and (ii) at least one pair of Asp or Glu side chain COO- oxygen
atoms and side chain nitrogen atoms of Arg, Lys, or His are
within 4.0 A of each other. To verify the formation of a salt bridge
between the side chains of His89 and Glu12 in HIV-1 myr(—)MA,
distances between the centroid of COO- and the His89 nitrogen
atom were measured and found to be within 4 A in both X- -ray
and NMR structures of myr(—)MA (Figure S15 of the Support-
ing Information) (20, 28, 59). However, this distance is signifi-
cantly larger in the myr(4+)MA structure (20, 26).

As described above, significant structural differences between
the myr(e)MA and myr(s)MA proteins involve the positioning
and packing of helix I (20, 21, 28). For both myr(e)MA and
myr(s)MA, the imidazole group of His89 is locked in a unique
orientation in which Ne2 forms a salt bridge with the carbonyl
group of Leu51. For myr(e)MA, tight packing of helix I against
helices IT and V is stabilized by a Glu12(COO-)—His89(H02) salt
bridge and Glul2(COO-)—Ser9(NH) hydrogen bond (Figure 6).
As shown in Figure 2, increasing the solution pH for myr(—)MA
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FIGURE 7: (A) Subcellular localization of WT HIV-1 Gag compared
to that of the H89G and K30E/K32E mutants. HeLa cells were
transfected with the indicated molecular clones. Cells were fixed and
stained with an antibody specific for p17 (MA) or were costained with
antibodies specific for pl17 (MA) and the MVB marker CD63. (B)
Virus release efficiency data for WT and mutant Gag [calculated as
follows: virus release efficiency = virion p24/(cell Gag + virion
Gag)]. (C) The MA H89G mutant induces defects in virus replication
in T-cells. Jurkat or MT-4 T-cells were transfected with WT pNL4-3
or the indicated MA mutant derivatives. Cells were split every 2 days;
virus replication was measured by RT assay. For comparison, virus
replication data for V7R and K30E/K32E mutants are also shown.

led to dramatic chemical shift changes of the HN resonances of
Ser9, Glu52, and His89. These residues are directly involved in a

web of hydrogen bonds that stabilize the packing of helix I. In
comparison, helix I is moved away in myr(s)MA to allow for
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sequestration of the myr group, and contacts between Glul2-
(COO-) and both His89(HA2) and Ser9(NH) are no longer
present (Figure 6). Our data clearly show that manipulation of
the electronic properties of the imidazole group of His89 via
variation of the solution pH drastically alters the myr(s)—myr(e)
equilibrium.

The Subcellular Site of HIV-1 Gag Assembly Is Altered
by the H89G Mutation. A previous study demonstrated that
the subcellular site of HIV-1 Gag assembly is altered by the H§9G
mutation (/8). However, the identity of the site at which the
H89G mutant assembles has not been previously defined. To
address this issue, we performed dual immunostaining with an
anti-MA antibody and an antibody specific for the tetraspanin
CD63 in HeLa cells transfected with WT and the H89G mutant
molecular clones. CD63 is commonly used as a marker for the
late endosomal/M VB compartment (60, 6/). The H89G mutant
displayed an internal localization distinct from the largely PM
distribution observed with the WT. The internal Gag puncta
observed with H89G colocalized extensively with CD63, suggest-
ing MVB localization (Figure 7A). As a control, we also included
the K30E/K32E mutant, previously shown to be MVB-tar-
geted (43). These results indicate that the H89G and L30E/
K32E mutants are targeted to the same internal, CD63-positive
compartment. Consistent with previous results (/8), we also de-
termined by radio-immunoprecipitation analysis that the H89G
mutant displayed a marked reduction in the efficiency of virus
particle production, as did the V7R mutant, previously shown to
be defective for Gag—membrane association (45) due to a defect
in myristate exposure (32) (Figure 7B). Although the V7R
mutation reduces the amount of cell-associated p24, the overall
Gag expression level for this mutant is similar to that of WT Gag
(Figure S16 of the Supporting Information). Gag expression and
processing profiles for the H89G were similar to those of the WT
(Figure S16 of the Supporting Information). Taken together,
these results indicate that His§9 is essential for proper targeting of
Gag to the PM and efficient particle formation in HeLa cells.

As discussed above, previous studies have shown that the
H89G mutation led to severely defective virus replication in the
CEM(12D-7) T-cell line (18). To verify whether this phenotype is
cell type-dependent, we assessed the effect of the H89G mutation
on virus replication in additional T-cell lines. The Jurkat and
MT-4 T-cell lines were transfected with molecular clones encoding
WT or H89G mutant MA. As controls, we included the previously
described V7R and K30E/K32E mutants (43, 45). The results
demonstrated that the H89G mutation blocked virus replication
in both T-cell lines (Figure 7C). In comparison, the V7R mutant
replicated with a delay of ~6 days in MT-4 cells but did not
replicate in Jurkat cells (Figure 7C). These results indicate that
the H89G mutant is replication defective in a range of T-cell lines.

Our NMR and biophysical studies revealed that the E12A
mutation led to tight sequestration of the myr group and
inhibited trimer formation. To test whether this mutation has an
effect on virus production, HeLa cells transfected with WT or
E12A mutant molecular clones were metabolically radiolabeled,
and cell and virus lysates were immunoprecipitated with HIV-Ig.
Our data show that E12A had only a small effect on virus
production compared to H89G (Figure S16 of the Supporting
Information), suggesting that salt bridge partners have very
different effects on virus production. In addition, we performed
dual immunostaining with an anti-MA antibody and an antibody
specific for the tetraspanin CD63 in HeLa cells transfected with
the E12A mutant molecular clone. The E12A mutant exhibited a
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FIGURE 8: Schematic representation showing multimerization events
of Gag and MA proteins as a function of pH.

localization pattern similar to that of WT Gag (Figure S16 of the
Supporting Information).

DISCUSSION

Structural studies have demonstrated that the myr group of HIV-1
MA can adopt sequestered and exposed conformations (20).
Exposure of the myr group is coupled with protein trimerization
and is enhanced by factors that promote protein self-association,
such as increasing protein concentration or appending the CA
domain (20). Here we provide evidence that myr exposure in
HIV-1 MA is modulated by pH. We also show that extrusion of
the myr group becomes less sensitive to protein concentration
and attachment of CA at pH >7. Intriguingly, increasing the
pH to 8 inhibited the formation of trimers for MA and MACA
(Figure 8). These findings indicate that trimerization of Gag
in vitro, although enhanced by CA, is solely driven by the MA
domain and tightly regulated by pH.

HIV-1 Gag myristoylation and multimerization are directly
linked to efficient membrane binding and are required for particle
formation and viral infectivity (13, 44, 62, 63). The oligomeriza-
tion properties of HIV-1 Gag, MA, and MACA constructs have
been extensively studied (13, 20, 32, 46, 49, 55, 64—68). The
CA domain is known to play a central role in mediating Gag—
Gag interactions (3, 47—52). Other domains, including SP1 and
NC, are also thought to play important roles in Gag assembly
(2,47,52,63,65,69—71). Despite the evidence that MA can form
trimers and assemble on the membrane as hexamers (68, 72),
the role of MA—MA interactions in stabilizing Gag—Gag
interactions is still controversial (20, 55, 64—66, 68, 73).
While it appears that interactions between the myr group
and membrane are essential for Gag—Gag interactions in
living cells (13), electron cryotomography studies of immature
virions revealed that CA and SP1 form ordered hexagonal
shells, but MA and NC shells lack an ordered structure (52).
Our findings support the hypothesis that myristoylation is
important for Gag multimerization and reveal that pH is an
additional factor that governs the type of Gag multimers in
solution.

Rein and co-workers have recently examined the oligomeriza-
tion properties of Gag in the absence or presence of inositol
phosphates (55). The Gag construct used in these studies lacks the
myr group and the p6 domain [myr(—)GagAp6]. SE data
obtained for myr(—)GagAp6 at pH 7.4 indicate that the protein
is in a monomer—dimer equilibrium with a Ky of 5.5 uM (K, =
1.8 x 10°M ") or 14 uM (K, = 6.7 x 10* M ") depending on the
method of measurement. Interestingly, these Ky values are very
similar to that obtained for myr(—)MACA at a similar pH value
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(Table 1), suggesting that the NC domain has minimal or no role
in Gag multimerization in the absence of bound RNA. At this
point, it is not clear whether inositol phosphate-driven multi-
merization of MA and Gag proteins is pH-dependent.

Implications for Gag—Membrane Binding. It is now
established that P1(4,5)P; is critical for HIV-1 and HIV-2 Gag
assembly and binding to the PM (2/—23, 28). Recent studies have
revealed that targeting of Moloney murine leukemia virus
(MMLYV) Gag to the PM is also PI(4,5)P,-dependent (74). Earlier
studies revealed that HIV-1 and MMLYV are enriched in phos-
phoinositides, including PI(4,5)P, (75). Consistent with these
findings, in vitro studies have shown that binding of HIV-1
Gag (23), MA and MACA (76), and MMLV MA (74) to
membrane models is enhanced by addition of PI(4,5)P, and
phosphatidylserine (76). Despite our current understanding of
the effect of pH on the myr(s)—myr(e) equilibrium and the
possible consequences for membrane binding, it has yet to be
established whether actual binding of MA and Gag to mem-
branes in vivo is pH-dependent. In vitro studies of Gag assembly
have provided insights into the process of Gag—Gag interactions
and multimerization. Gag is capable of forming VLPs in vitro in
the absence of other viral and cellular constituents (/, 2). Authen-
tic-like particles can be formed by addition of RNA or inositol
phosphates to Gag (/, 2, 77). Various biochemical assays have
been devised for the study of binding of MA, MACA, and Gag
proteins to membrane models. In these experiments, liposomes
were at pH 7—8 and often yielded variable binding affinities
(17,67, 76, 78). On the basis of our findings, it is reasonable to
suggest that changes in pH may have an effect on the affinity of
MA and Gag binding to membranes.

Relationship between the His—Glu Salt Bridge and Virus
Production. A significant point that emerged from this study is
the interplay among Gag targeting, membrane binding, and virus
production. Here we show that mutation of His89 induced the
retargeting of the Gag protein to MVBs and severely reduced
virus replication. Interestingly, the in vivo phenotype exhibited
by the Gag H89G mutant is very different from that of G2A,
V7R, or L8I and L8A mutants, which displayed a hazy,
nonpunctate staining pattern typical of HIV-1 Gag mutants that
are defective in membrane binding (18, 32, 45, 79, 80). Structural
studies revealed that Val7 and Leu8 mutations shut off the myr
switch and stabilize the myr(s) form (32). Thus, it appears that
sequestration or the lack of a myr group favors cytosolic
localization rather than MVB association. Despite the ex-
tensive analysis of the effect of Gag mutations on intra-
cellular localization and their effect on virus production and
infectivity, it is not yet clear how and why some Gag mutants
are associated with MVBs. Although earlier studies have shown
that targeting of the Gag K30E/K32E mutant to MVB com-
partments led to severely defective virus particle production in
HelLa cells (43), recent evidence revealed that it can still support
highly efficient assembly and release in T-cells (/0). It was
suggested that under some circumstances, late endosomal com-
partments can serve as productive sites for HIV assembly in some
cell types (10).

On the basis of the current understanding of the effect of some
MA mutations on the myr switch mechanism, it is reasonable to
suggest that formation of Gag aggregates caused by substitution
of His89 (and possibly other residues in the vicinity) may be
responsible for association with MVBs. Structural, biophysical,
and biochemical characterizations of MA mutants may help in
explaining localization pathways of Gag.
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Our structural and biophysical data for the E12A mutant
clearly indicate that the myr group is tightly sequestered. One
possibile explanation for this finding is that mutation of E12
could disrupt the E12—S89 salt bridge and favor the myr(s) form.
However, because our data demonstrate that myr exposure is
modulated by pH and that deprotonation of His89 appears to be
important in the regulation of the myr switch mechanism in vitro,
the E12—S9 salt bridge must be of a secondary importance or
inconsequential. The slight effect of the E12A mutation on virus
production and WT-like Gag subcellular localization suggests
either that the His—Glu salt bridge is not very important for
replication or that other factors contributing to Gag targeting
and assembly may still be involved. For example, it has yet to be
determined whether binding of PI(4,5)P, to MA-E12A triggers
myr exposure and promotes oligomerization. Efficient virus
production is directly linked to Gag—PI(4,5)P, binding and
subsequent myr exposure. We have shown that the myr group
in HIV-2 MA is tightly sequestered and that PI(4,5)P, binding,
although identical to that of HIV-1, is unable to trigger exposure
of the myr group (21). However, our in vivo data revealed that the
efficiency of HIV-2 virus production is very similar to that of
HIV-1 (27). In other words, we believe the interplay among myr
exposure, Gag targeting, and virus production is more complex
than we initially thought.

Implications for Other Retroviral Gag Proteins. Several
structures of retroviral myr(—)MA(8/—86) and myr(+)MA
proteins (20, 2I) have been determined by NMR or X-ray
methods. In contrast to their low degree of sequence homology,
structures of retroviral MA proteins are remarkably similar.
Phylogenetic sequence analysis revealed that His89 is highly
conserved across all known strains of HIV-1, HIV-2, and SIV,
suggesting that its structural role in regulating the myr switch
mechanism is probably important for Gag assembly, virus
infectivity, and production at least in the lentivirus genus. Despite
their high degree of homology of sequence and structure, the myr
switch mechanism is significantly different for HIV-1 and HIV-2
MA proteins (2/). The myr group of HIV-2 MA is tightly
sequestered, and the protein is a monomer (2/). These observa-
tions indicate that key differences in the myr switch mechanism
can exist between closely related retroviruses. In HIV-2 MA,
Glul2 is substituted with Lys. Previous studies have shown that
the pK, value of a buried Lys residue can be abnormally low
(~5.6) compared to those of Lys residues that are usually found
at the surface and interact extensively with water (pK, ~
10.5) (87). In this case, a Lys side chain is present in the neutral
state (NH,). The pK, values of the side chains of His89 and Lys12
in HIV-2 MA are not known, and thus, it is unclear whether a
varying pH can trigger myr exposure in HIV-2 MA.

In summary, we have now established that the MA domain of
HIV-1 Gag acts as a “pH sensor” and that, at least in vitro, myr
exposure is regulated by pH. We also suggest that our results may
have broader implications for the nature and type of Gag
multimers present in vivo. A potential role of pH variations in
subcellular localization and targeting of the HIV-1 Gag protein is
not known. Fluctuations in intracellular pH (from 6.3 to 7.8) are
often observed in response to cell growth, development, and
apoptosis (88—90). Even alterations in PM function can be
induced by cytopathic viruses, including HIV-1 (91). A signifi-
cant decrease in pH from 7.2 to as low as 6.0 was observed in cells
infected by HIV-1 (91). As suggested by one reviewer of this work,
our findings may suggest that given that the intracellular pH in
healthy cells is around 7—7.2, Gag multimerization-induced
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myristate exposure would occur only under specific conditions
(e.g., with cytopathic effects). Thus, exposure of the myr group
upon Gag multimerization is probably not triggered uncondi-
tionally. While it has yet to be established whether manipula-
tion of intracellular pH can alter kinetic pathways and sites or
efficiency of Gag assembly, this possibility warrants further
investigation.
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2D 'H-'"N HSQC NMR spectra of myr(—)MA and
myr(+)MA as a function of pH (Figures S1 and S2); 3D
BC-edited/"*C-double-half-filtered NOE spectrum of myr(+)MA
at pH 5.5 (Figure S3); sedimentation equilibrium profiles for
myr(4+)MA at different pH values (Figure S4); plots of chemical
shift changes versus pH used to determine the pK, value of
His89 for myr(—)MA (Figure S5); sedimentation equilibrium
and velocity profiles for WT CA and various MACA mutants as
a function of pH (Figure S6—S9); 2D NMR HSQC spectra
(Figure S10), sedimentation velocity profiles (Figure S11), and CD
spectra (Figure S12) for MA H89G mutants; 2D HSQC spectra
and sedimentation velocity profiles of MA E12A mutants
(Figure S13); sedimentation velocity profiles for myr(+)MA-E12A/
WI184A/M185A as a function of pH (Figure S14); structural
representation of salt bridge formation in the HIV-1 MA
structures (Figure S15); and SDS—PAGE showing the effect
of His89 and E12 mutations on virus production (Figure S16).
This material is available free of charge via the Internet at http://
pubs.acs.org.
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