THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 53, pp. 41911-41920, December 31, 2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc.  Printed in the U.S.A.

Binding of Calmodulin to the HIV-1 Matrix Protein Triggers

Myristate Exposure™

Received for publication, September 1, 2010, and in revised form, October 12,2010 Published, JBC Papers in Press, October 18, 2010, DOI 10.1074/jbc.M110.179093

Ruba H. Ghanam, Timothy F. Fernandez, Emily L. Fledderman, and Jamil S. Saad'
From the Department of Microbiology, University of Alabama at Birmingham, Birmingham, Alabama 35294

Steady progress has been made in defining both the viral
and cellular determinants of retroviral assembly and release.
Although it is widely accepted that targeting of the Gag
polypeptide to the plasma membrane is critical for proper as-
sembly of HIV-1, the intracellular interactions and trafficking
of Gag to its assembly sites in the infected cell are poorly un-
derstood. HIV-1 Gag was shown to interact and co-localize
with calmodulin (CaM), a ubiquitous and highly conserved
Ca’*-binding protein expressed in all eukaryotic cells, and is
implicated in a variety of cellular functions. Binding of HIV-1
Gag to CaM is dependent on calcium and is mediated by the
N-terminally myristoylated matrix (myr(+)MA) domain.
Herein, we demonstrate that CaM binds to myr(+)MA with a
dissociation constant (K;) of ~2 um and 1:1 stoichiometry.
Strikingly, our data revealed that CaM binding to MA induces
the extrusion of the myr group. However, in contrast to all
known examples of CaM-binding myristoylated proteins, our
data show that the myr group is exposed to solvent and not
involved in CaM binding. The interactions between CaM and
myr(+)MA are endothermic and entropically driven, suggest-
ing that hydrophobic contacts are critical for binding. As re-
vealed by NMR data, both CaM and MA appear to engage sub-
stantial regions and/or undergo significant conformational
changes upon binding. We believe that our findings will pro-
vide new insights on how Gag may interact with CaM during
the HIV replication cycle.

Gag is the major structural protein encoded by HIV-1 and
contains all of the viral elements required to drive virus as-
sembly (1-3). HIV-1 Gag targeting to the plasma membrane
(PM)? is critical for proper and efficient assembly to produce
progeny virions (1, 3-9). During virus maturation, Gag is
cleaved into myristoylated matrix (myr(+)MA), capsid, and
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nucleocapsid proteins, inducing major morphological reorga-
nization of the virus (1, 2, 4, 5, 10). In many cell types, HIV-1
Gag budding and assembly has been shown to occur predomi-
nantly on the PM (4-9, 11-18). Gag binding to the PM is me-
diated by the MA domain and enhanced by multimerization.
Proper assembly and efficient binding of Gag to the PM re-
quires a myristyl (myr) group as a membrane anchor and a
cluster of basic residues localized within the N-terminal do-
main to facilitate interactions with acidic phospholipids (1, 2,
19, 20).

Steady progress has been made in defining both the viral
and cellular determinants of HIV-1 assembly and release
(6). However, the trafficking pathway used by Gag to reach
assembly sites in the infected cell is poorly understood.
Studies by Freed, Ono, and co-workers (21-23) demon-
strated that the ultimate localization of HIV-1 Gag at virus
assembly sites is dependent on phosphatidylinositol-(4,5)-
bisphosphate (PI(4,5)P,), a cellular factor localized at the
inner leaflet of the PM (24 —26). Our structural studies re-
vealed that PI(4,5)P, binds directly to HIV-1 MA, inducing
a conformational change that triggers myr exposure (27).
In addition to PI(4,5)P,, there is mounting evidence that
HIV-1 Gag interacts with several cellular proteins during
the virus replication cycle and that these interactions are
mediated by the MA domain. These factors include calmodu-
lin (CaM) (28), the human adaptor protein-3 complex (AP-3)
(11), the tail-interacting protein (TIP47) (29), and the sup-
pressor of cytokine signaling 1 (SOCS1) (30, 31). However,
evidence for direct interactions between Gag and any of these
cellular proteins is either absent or very limited.

CaM is a ubiquitous and highly conserved calcium-binding
protein expressed in all eukaryotic cells and is implicated in a
variety of cellular functions (32—37). It can be localized in var-
ious subcellular locations, including the cytoplasm, within
organelles, or associated with the plasma or organelle mem-
branes (32-37). CaM and its interactions with cellular pro-
teins have been extensively studied (32, 38 —40). Structurally,
binding of calcium ions (Ca®") to CaM triggers a conforma-
tional change, enabling it to bind to specific proteins for a
specific response (33, 36, 37). CaM has been shown to specifi-
cally interact with and activate over 100 distinct target pro-
teins (32, 41, 42).

It is well established that binding of Ca*>* to CaM triggers
dramatic helical rearrangements in the N- and C-terminal
lobes, resulting in the opening of large binding pockets on the
surface of each domain consisting of hydrophobic residues
that are essentially buried in the apoprotein (Ca®"-free) (33,
36, 37). As a result, each domain moves from a closed confor-

JOURNAL OF BIOLOGICAL CHEMISTRY 41911


http://www.jbc.org/cgi/content/full/M110.179093/DC1

Calmodulin Triggers Myristate Exposure in HIV-1 Matrix

mation in the apo form to an open conformation when Ca>”*
is bound, allowing cellular targets to dock. The CaM protein
is highly acidic and described as having “dumbbell-like” archi-
tecture with the N- and C-terminal lobes connected by a flexi-
ble helix called the central linker. The N- and C-terminal
lobes each possess two helix-loop-helix motifs called “EF
hands” (43).

A potential role of CaM in the HIV replication cycle has
been proposed by several research groups. A combination of
in vivo and in vitro studies revealed that, in addition to Gag,
CaM interacts with HIV-1 Nef and the envelope glycoprotein
(Env) (44 —47). Interaction between Gag and CaM is Ca®" -de-
pendent (28). Gag and CaM were also found to co-localize in
a diffuse pattern spread throughout the cytoplasm. Recent
studies have shown that myr(—)MA and short peptides de-
rived from the MA protein interact directly with CaM (48,
49). However, it is well established that several myristoylated
proteins like the myristoylated alanine-rich C kinase substrate
(MARCKS), brain-specific protein kinase C substrate (CAP-
23/NAP-22), and HIV-1 Nef interact with CaM via the myr
group to facilitate their intracellular localization and mem-
brane targeting (44, 45, 50, 51). Thus, we seek to determine
whether the myr group of MA is important for CaM binding
and/or whether binding of CaM to MA alters the myr switch
mechanism in vitro. Membrane association and dissociation
of myristoylated proteins are often regulated by intracellular
Ca®" signaling through a “Ca®>" -myr switch.” Some examples
include the Ca®>* sensor proteins recoverin (52), neurocalcin
(53), and S-modulin (54), which alter their intracellular local-
ization from the cytosol to the membrane through Ca®>* bind-
ing (55). In this report, we present structural, biochemical,
and biophysical data on the interactions between myr(+)MA
and CaM. Our data revealed that CaM binds directly to
myr(+)MA in a calcium-dependent manner and 1:1 stoichi-
ometry. We also demonstrate that CaM binding to
myr(+)MA induces the extrusion of the myr group, which
may suggest a potential role in the trafficking and/or targeting
of Gag during the late stage of HIV replication.

EXPERIMENTAL PROCEDURES

Sample Preparation—A co-expression vector encoding the
HIV-1 MA gene and yeast N-myristyl transferase was kindly
provided by Michael Summers (Howard Hughes Medical In-
stitute and University of Maryland, Baltimore County). Uni-
formly 'N-labeled samples for myr(—)MA and myr(+)MA
proteins were prepared as described (56 —58). The same pro-
tocols have been followed for preparation of recombinant
myr(+)MA protein with a **C-labeled myr group except that
5 mg/liter of [**C]myristic acid (Sigma) was added to cells at
~40 min (A4y, = ~0.2) before induction with isopropyl B-p-
thiogalactopyranoside. A plasmid encoding full-length (amino
acids 1-148) Norvegicus rattus calmodulin was a kind gift
from Madeline Shea (University of Iowa). CaM expression
and purification were conducted according to a previously
published protocol (59, 60). CaM samples were stored in a
buffer containing 50 mm Tris (pH 7.0), 100 mm NaCl, and 10
mM CaCl,. Molecular masses for all of the protein samples
were confirmed by electrospray ionization mass spectrometry.
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NMR Spectroscopy—NMR data were collected at 35 °C (un-
less noted otherwise) on a Bruker Avance II (700 MHz "H)
spectrometer equipped with a cryogenic triple-resonance
probe, processed with NMRPIPE (61), and analyzed with
NMRVIEW (62). All of the NMR samples were prepared in a
buffer containing 50 mm Tris-d11 (pH 6.3) and 10 mm CacCl,,
Signal assignments of myr(—) and myr(+)MA were described
elsewhere (27, 56 —58). 'H-"H NOE cross-peaks between the
13C-labeled myr group and unlabeled protein residues were
assigned from three-dimensional (**C-edited and '*C-edited/
12C-double-half-filtered) HMQC-NOESY data (see Refs.

63— 65 and citations therein). 'H, *C, and >N NMR chemical
shifts for CaM have been reported (66). Because the CaM
construct used here is different by four residues from that
used by Ikura et al. (66) (Phe-99, Asn-129, Thr-143, and Ser-
147 substituted with Tyr, Asp, Gln, and Ser, respectively), a
complete signal assignment was achieved by a combination
of two-, three-, and four-dimensional NOESY data col-
lected on *°N- and *°N,**C-labeled protein samples. Protein
backbone signals were assigned using standard triple reso-
nance methods (HNCA, HNCO, HNCOCA, HNCACB, and
HNCOCACB), and side chain signals were assigned from
three- and four-dimensional '°N-, *C-, and '*N/"*C-edited
NOESY data (see Refs. 64 and 65 and citations therein).

Gel Filtration Assay—The mobility of myr(+)MA, CaM,
and their complex was analyzed with or without calcium.
Briefly, 500 ul of CaM, MA, or their complex at ~300 um
were run through a HiLoad 16/60 Superdex 75 column or
HiPrep 16/60 Sephacryl S-200 HR (GE Healthcare) columns
in a buffer containing 50 mm Tris (pH 7) and 10 mm CaCl, (or
2 mM EDTA). Protein fractions were analyzed by SDS-PAGE.
Molecular mass calibration kits (GE Healthcare and Sigma)
were used to determine the approximate molecular masses of
loaded proteins.

Analytical Ultracentrifugation—Sedimentation velocity
measurements were collected on a Beckman XL-I Optima
system equipped with a four-hole An-60 rotor (Beckman
Coulter). Protein samples were prepared in 50 mm Tris, 100
mM NaCl, and 10 mm CaCl,. Loading concentrations were
at 110, 250, and 100 uM for myr(+)MA, CaM, and
myr(+)MA-CaM, respectively. Rotor speed was set at 40,000
rpm (20 °C), and scans were acquired at 295 nm. Partial spe-
cific volumes (v-bar) and molar extinction coefficients were
calculated by using the program SEDNTERP, and buffer den-
sities were measured pycnometrically. Sedimentation velocity
data analysis were performed by using SEDFIT (67-70).

Isothermal Titration Calorimetry (ITC)—ITC experiments
were conducted on protein samples in a buffer containing 50
mM Tris (pH 7.0), 100 mm NaCl, and 10 mm CaCl,. Dissocia-
tion equilibrium constants for CaM binding to myr(—) and
myr(+)MA proteins were determined using a VP-isothermal
titration microcalorimeter (MicroCal Corp., Northampton,
MA) (71). CaM (~400 um) was titrated into the cell sample
containing ~20 uM of myr(+) or myr(—)MA. Endothermic
heats of reaction were measured at 37 °C for 30 injections.
Heats of dilution were measured by titrating CaM into a
buffer under identical conditions. Base-line corrections were
performed by subtracting heats of dilution from the raw
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MA-CaM titration data. Binding curves were analyzed, and
dissociation constants were determined by nonlinear least
square fitting of the base line-corrected data.

Fluorescence Spectroscopy—All of the fluorescence meas-
urements were collected on a Fluorolog-3 spectrofluorimeter
(Horiba Jobin Yvon Inc.). The following parameters have been
used: Auycitation = 295 NI Ay ission = 300—500 nm; data in-
terval = 1 nm; slit width = 5 nm. CaM (~500 pum) and MA
(~5.8—-6.5 um) samples were prepared at identical buffer
conditions containing 50 mm HEPES (pH 7.0) and 10 mm
CaCl,. To study the effect of salt on myr(+)MA-CaM interac-
tions, fluorescent spectra were obtained for myr(+)MA as a
function of added CaM at various NaCl concentrations (0,
100, 200, 300, and 500 mm). As a control, we examined the
effect of salt on fluorescence signal by collecting spectra of
myr(+)MA at the same salt concentrations described above.
We found no detectable effect of salt on the fluorescence sig-
nal. Emission spectra of buffers were subtracted from the MA
spectra to correct for the solvent effect. Additional control
experiments were obtained by titrating CaM into buffer to
correct for the Tyr fluorescence signal from CaM. These
spectra have been subtracted from the Trp fluorescence spec-
tra. Dissociation constants were calculated using ORIGIN 8.1
software (OriginLab, Northampton, MA) by plotting relative
fluorescent enhancement (AF = F, — F,, where F, and F_ are
fluorescence intensities for MA in the CaM-bound and free
forms) versus CaM concentration.

RESULTS

In vivo and in vitro studies have shown that Gag interac-
tions with CaM are mediated by the MA domain and depen-
dent on calcium (28). More recent studies have shown that
myr(—)MA and short peptides derived from the MA protein
interact directly with CaM (48, 49). However, because it is not
yet known how CaM interacts with the native myr(+)MA
protein and whether binding affects the myr switch mecha-
nism in vitro, we have conducted structural, biochemical, and
biophysical studies on the interactions between CaM and
myr(+)MA.

Gel Mobility Assay—The solution properties of unbound
CaM, MA, and their complex were initially analyzed with size
exclusion chromatography in the presence or absence of cal-
cium. Three samples were run separately on gel filtration col-
umns (Superdex 75 and Sephacryl S-200 HR) under identical
experimental conditions. As shown in Fig. 1 (top panel), the
elution volumes of unbound CaM and myr(+)MA were at 66
and 77 ml, respectively. A sample of the myr(+)MA-CaM
complex made with a 1:1 stoichiometry eluted at 57 ml. The
chromatogram for the complex shows an additional small
peak at 77 ml, indicating a slight excess of myr(+)MA. A gel
filtration mobility assay with known protein standards (Fig. 1,
bottom panel) revealed that the apparent molecular mass of
CaM is significantly high (27 kDa) compared with MA despite
the fact that both proteins have similar molecular masses
(~17 kDa). The migration behavior of CaM has been attrib-
uted to its elongated dumbbell shape (72). The myr(+)MA-
CaM complex migrates as a ~45-50-kDa species, signifi-
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FIGURE 1. Characterization of the MA-CaM complex by gel filtration
chromatography. Top, chromatographic separation of myr(+)MA, CaM,
and myr(+)MA-CaM in the presence of calcium. Bottom, gel filtration cali-
bration assay showing mobility of CaM, MA, and the CaM-MA complex.

cantly higher than a 1:1 complex (Fig. 1B and supplemental
Fig. S1).

To determine whether myr(+)MA is able to bind to apo
CaM, the myr(+)MA-CaM complex was made in the absence
of Ca>". Two separate peaks for CaM and myr(+)MA were
eluted at 67 and 74 ml, respectively (supplemental Fig. S2). No
peak was observed at ~57 ml to indicate the formation of
complex. The elution volume of apo CaM is very similar to
that observed in the presence of Ca®*, indicating that the mi-
gration behavior is Ca®>*-independent. Consistent with earlier
studies, our results demonstrate that CaM interaction with
myr(+)MA is Ca*>-dependent.

Sedimentation Studies of myr(+)MA-CaM Interactions—
Although the results described above provide insights on the
mobility of the myr(+)MA and CaM proteins as well as their
complex, the oligomerization and equilibrium properties and
stoichiometry have yet to be determined. To do so, we con-
ducted sedimentation velocity experiments on samples pre-
pared at loading concentrations 100 —250 uMm for myr(+)MA,
CaM, and their complex. The myr(+)MA-CaM sample used
for these experiments was first subjected to a gel filtration
chromatography column to ensure sample homogeneity. As
shown in Fig. 2, sedimentation velocity profiles of myr(+)MA,
CaM, and the myr(+)MA-CaM complex exhibit a single sedi-
mentation boundary. Analysis of the data using SEDFIT (67—
70) yielded peaks of ~1.5, 1.7, and 2.9 S for myr(+)MA, CaM,
and myr(+)MA-CaM, respectively. Further analysis of the
sedimentation velocity data using molecular mass distribution
revealed approximate molecular masses of 16 and 17 kDa for
myr(+)MA and CaM, respectively, whereas the apparent mo-
lecular mass for the myr(+)MA-CaM complex was calculated
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FIGURE 2. Sedimentation coefficient distributions (C(s)) obtained
from the sedimentation profiles for CaM, myr(+)MA, and the
myr(+)MA-CaM complex.

to be ~35 kDa. The monomeric character of myr(+)MA at
the current buffer conditions (pH 7.2) is consistent with our
recent studies, which show that oligomerization of MA is pH-
dependent (73). Taken together, the sedimentation velocity
results indicate the formation of a 1:1 myr(+)MA-CaM
complex.

Characterization of CaM Binding to myr(+)MA by ITC—
As discussed above, central to the cellular activity of Ca®*-
bound CaM in binding to target proteins is the presence of
two hydrophobic batches localized on the N- and C-terminal
lobes (36). Additional electrostatic interactions were also
shown to stabilize CaM-protein interactions (44, 45, 50, 51).
However, the importance and relative contribution of hydro-
phobic versus electrostatic factors in myr(+)MA-CaM inter-
actions are not known, especially that the hydrophobic myr
group can potentially play a role as was observed in other
CaM-protein interactions (44, 45, 50, 51). ITC has been used
to determine the affinity and thermodynamic parameters of
CaM binding to myr(+)MA. ITC measures heat absorbed or
generated upon binding and provides values for the dissocia-
tion constant (K), the stoichiometry (#), and the enthalpy
change (AH"). The K, value is then used to calculate the
change in Gibbs energy (AG°), which together with AH" al-
lows the calculation of the entropic term TAS®. The separa-
tion of the free energy of binding into entropic and enthalpic
components reveals the nature of the forces that drive the
binding reaction.

As shown in Fig. 3, one-site fitting of the ITC data yielded
the following thermodynamic parameters: n = 1.08, K, =
1.9 = 0.1 uM, AH° = 11.3 = 0.1 kcal/mol, and AS° = 62.6 cal/
mol/deg. As indicated by the sign of the heat of enthalpy,
CaM binding to myr(+)MA is strongly endothermic, which
confirms the entropically driven nature of interactions. How-
ever, we do not rule out the presence of electrostatic interac-
tions to further stabilize binding. Of particular note, CaM
binding to myr(—)MA has been shown to be salt-dependent,
suggesting a contribution of electrostatic interactions (48). To
examine the effect of salt on myr(+)MA-CaM interactions,
tryptophan fluorescence spectroscopy experiments were con-
ducted at salt concentrations of 0—500 mm. The MA protein
contains two Trp residues at positions 16 and 36, whereas
CaM lacks any Trp residues. A change in the intensity of the
Trp emission spectrum occurs upon binding of CaM. Our
data revealed that binding affinity is reduced only by ~6-fold
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FIGURE 3. Upper panel, ITC data obtained upon titration of CaM (402 um)
into myr(+)MA (20 um). The data best fit one-site binding mode and af-
forded a K, of 1.9 um (lower panel).
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upon increasing salt concentration from 0 to 500 mm (supple-
mental Table S1 and Fig. S3), indicating that the electrostatic
factor in myr(+)MA-CaM binding is inconsequential.

Myristate Group of MA Is Not Required for CaM Binding—
Several myristoylated proteins including MARCKS, CAP-23/
NAP-22, and HIV-1 Nef were found to bind CaM to facilitate
their intracellular localization and membrane targeting (44,
45, 50, 51). Our ITC data described above show that CaM
binding to myr(+)MA is entropically driven, indicating a ma-
jor contribution of hydrophobic contacts. To examine
whether the myr group is involved in CaM binding, ITC ex-
periments were carried on the myr(—)MA protein as titrated
with CaM (supplemental Fig. S4). Interestingly, thermody-
namic parameters (K, = 2.1 = 0.2 um, AH° = 12.90 * 0.02
kcal/mol, and AS® = 67.5 cal/mol/deg) are almost identical to
those obtained for the myr(+)MA-CaM complex. Taken to-
gether, these results indicate that the myr group is not in-
volved in CaM binding.

CaM Binding to myr(+)MA as Detected by NVIR—NMR
methods have been utilized to determine how CaM interacts
with myr(+)MA and to identify the interacting regions for
both proteins. Chemical shift perturbations not only provide
insights on the interacting regions but can also be used to
identify allosteric conformational changes distant from the
binding site. All NMR studies were obtained in the presence
of calcium. We first conducted NMR binding studies on
myr(+)MA as a function of added CaM. The two-dimen-
sional "H-"*N HSQC spectrum collected for a uniformly
5N-labeled myr(+)MA at 100 um mainly indicates a myr-
sequestered conformation (57, 73). The addition of substoi-
chiometric amounts of unlabeled CaM led to significant
chemical shift changes and signal broadening/loss (Fig. 4).
Interestingly, at 0.25:1 myr(+)MA:CaM, the 'H-'°N signals
corresponding to residues in the N-terminal domain (Gly-2 to
Arg-20) became broad beyond detection, whereas residues
Leu-21 to Glu-45 either disappeared or exhibited a significant
loss in intensity (Fig. 4). These results suggest that the N-ter-
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FIGURE 4. Top panel, overlay of two-dimensional 'H-">N HSQC spectra obtained for a uniformly '>N-labeled myr(+)MA upon titration with unlabeled CaM.
Black, myr(+)MA-CaM ratio of 0:1; blue, myr(+)MA-CaM ratio of 0.25:1; red, myr(+)MA-CaM ratio of 1:1. Bottom panel, selected 'H-">N HSQC signals from the
top panel are shown to emphasize the significant loss of signal intensity in the N-terminal domain of MA upon CaM binding at 0.25:1 stoichiometry.

minal region of MA is perturbed by CaM binding. A steady
decrease in intensity for most of the 'H-'°N signals in the
HSQC spectra was clearly observed as a function of added
CaM. At 1:1 myr(+)MA:CaM, the vast majority of "H-""N
signals were severely broadened, but many new others have
appeared (Fig. 4).

Severe broadening or loss of signals can be explained by
one or more of the following events. First, binding of CaM
induces a large conformational change, leading to alteration
of tertiary and/or secondary structure of MA. This possibility
has been recently suggested by Chow et al. (48) upon studying
the interactions of CaM and myr(—)MA. Second, a slow ex-
change on the NMR scale between free and bound forms at
1:1 stoichiometry. This is ruled out because no changes in
spectra were detected by further addition of CaM (up to 3:1
CaM:MA). Third, an increase in the line widths of signals as a
result of increasing the molecular size of the myr(+)MA-CaM
complex. This possibility has been tested by collecting two-
dimensional 'H-"°N transverse relaxation optimized spectros-
copy data for ®N-labeled myr(+)MA complexed with CaM
(data not shown). Although a few 'H-"°N signals were
sharper, the transverse relaxation optimized spectroscopy and
HSQC spectra were essentially similar. Fourth, binding kinet-
ics are in intermediate exchange on the NMR time scale. To
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determine whether this was the case, we collected a set of
two-dimensional HSQC data on an '°N-labeled myr(+)MA
complexed with CaM as a function of temperature (15-35 °C;
supplemental Fig. S5). Changing the temperature has not re-
sulted in any major improvement of signal intensity. How-
ever, in the spectrum collected at 25 °C, two new signals have
appeared at 10~11 ppm (*H). These two signals, which likely
correspond to the side chains Trp-16 and Trp-36, are sub-
stantially shifted from their original positions, suggesting that
these residues are probably involved in CaM binding or un-
dergo a conformational change upon binding of CaM.

CaM Binding to myr(+)MA Triggers myr Exposure—Previ-
ous studies have shown that 'H-'°N resonances correspond-
ing to residues Gly-2 to Arg-20 are usually sensitive to the
positioning of the myr group (27, 57). The finding that these
signals completely disappeared at a substoichiometric addi-
tion of CaM (Fig. 4) may suggest a perturbation of the myr
switch mechanism. To examine this hypothesis, we devised
three approaches. First, we collected two-dimensional HSQC
spectra for myr(—)MA as a function of added CaM. Interest-
ingly, the "H-"°N signals for residues Gly-2 to Arg-20 did not
exhibit significant intensity loss or broadening at substoichio-
metric CaM (supplemental Fig. S6). However, as was observed
for myr(+)MA when complexed with CaM at an equimolar
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FIGURE 5. Overlay of two-dimensional "H-'>C HMQC spectra obtained
for myr(+)MA containing a '>C-labeled myr group in the unbound
(black) and CaM-bound (red) states. For comparison, a spectrum of free
myristic acid is shown (green). An asterisk indicates a breakthrough of 'H-
13C signals from CaM.

ratio, the HSQC spectrum of myr(—)MA became very broad,
and several new peaks have appeared. Thus, the loss of signals
for residues Gly-2 to Arg-20 in the HSQC spectrum of
myr(+)MA (Fig. 4) suggests a slow exchange on the NMR
scale between two conformations, likely to be myr-seques-
tered and exposed states.

In the second approach, we collected two-dimensional 'H-
13C HMQC data for myr(+)MA containing a **C-labeled myr
group. Only methylene and methyl resonances for the myr
group are expected to appear in the spectra. As shown in Fig.
5, the 'H-">C signals of the myr group in the free myr(+)MA
protein (black) are identical to those reported previously for
the myr-sequestered form (57) and are very different from
those observed for free myristic acid (green) (74). Interest-
ingly, for the myr(+)MA-CaM complex at 1:1 stoichiometry,
the "H-">C signals of the myr group (red) shift toward values
of the free ligand, suggesting extrusion of the myr group upon
CaM binding. At a substoichiometric amount of CaM (0.25:1
myr(+)MA:CaM), the HMQC spectrum (supplemental Fig.
S7) shows two separate sets of "H-'*C signals for free and
bound forms, confirming a slow exchange between myr-se-
questered and exposed forms that is induced by CaM binding.

In the third approach and to confirm that binding of CaM
triggers myr exposure, three-dimensional '*C-edited and '*C-
edited/">C-double half-filtered HMQC-NOESY spectra were
obtained for myr(+)MA containing a **C-labeled myr group
in the free or CaM-bound states. Previous studies have shown
that the myr group occupies a hydrophobic cavity and makes
contacts with a number of hydrophobic and aromatic residues
including Val-7, Leu-8, Leu-16, Ile-34, Leu-51, and Ile-85 (27,
57, 58, 73). For free myr(+)MA, several NOE cross-peaks are
observed between the side chains of these residues and the
methylene (H5-H11) and terminal methyl (H14) signals of
the myr group, confirming sequestration of the myr group
(supplemental Fig. S8). However, no NOE cross-peaks are
observed between the myr group and any of these residues in
the CaM-bound spectrum. These results were confirmed by
three-dimensional '*C-edited HMQC-NOESY spectra (sup-
plemental Fig. S8), demonstrating that CaM binding to
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myr(+)MA induces the extrusion of the myr group (supple-
mental Fig. S8). In addition, no new NOE cross-peaks are ob-
served between the myr group and CaM, indicating that the
myr group does not interact with CaM but is rather exposed
to solvent.

NMR Studies of CaM upon Binding to MA—AIl of the NMR
data described above were obtained for '*N- or '*C-labeled
MA proteins as titrated with unlabeled CaM. To map out the
interaction region(s) on the CaM protein as a function of MA
binding, reciprocal NMR experiments were conducted on
uniformly '°N- or '*C-labeled samples of CaM as a function
of added MA.

Complete assignments of 'H, '°N, and '?C signals for CaM
were achieved by using a combination of two-, three-, and
four-dimensional NMR methods (see details under “Experi-
mental Procedures”). Representative "H-'>N HSQC spectra
obtained for '?N-labeled CaM in the unbound form and in
complex with myr(+)MA are shown in Fig. 6A4. At 1.4:1 MA:
CaM, the majority of signals exhibited significant chemical
shift changes. No changes in the spectrum were observed
upon further addition of myr(+)MA. Interestingly, residues
that exhibited substantial chemical shift changes are not lo-
calized in a well defined region of the CaM protein but rather
spread throughout the N- and C-terminal lobes as well as the
central helix. A surface representation of the CaM protein
(Protein Data Base code 3CLN) shown in Fig. 6B highlights
residues that exhibited chemical shift changes upon binding
of myr(+)MA. Residues that exhibited substantial chemical
shift changes (A8, ((A8')* + (A§™)?)") > 0.1 ppm) are
colored in red, whereas those with modest changes are col-
ored in orange (Ad;;; < 0.1). Perturbations of the vast major-
ity of amide signals may suggest an engagement of a wide in-
teracting interface or induction of significant conformational
changes in CaM upon binding to MA.

Because of partial assignment (~70%) of the 'H-'°N signals
in the HSQC spectrum of CaM, Chow et al. (48) have recently
proposed that CaM undergoes only modest structural
changes upon binding with myr(—)MA. To assess whether
the myr group is responsible for the significant changes ob-
served in the HSQC spectrum shown in Fig. 6, two-dimen-
sional HSQC data were also collected for **N-labeled CaM as
titrated with myr(—)MA (supplemental Fig. S9). The spectral
changes in the HSQC spectrum of CaM upon binding to
myr(—)MA are almost identical to those observed in the cor-
responding spectrum when myr(+)MA is bound (Fig. 6),
which demonstrates that the substantial chemical shift
changes are not caused by the myr group but rather by pro-
tein-protein contacts.

Hydrophobic Regions in CaM Are Important for MA
Binding—A prominent feature that contributes to the flexibil-
ity of CaM is the presence of two hydrophobic surfaces on the
N- and C-terminal lobes. These regions are only formed upon
binding of Ca>" (37). Central to the formation of these hydro-
phobic batches is exposure of eight Met residues that contrib-
ute ~46% to the solvent-accessible surface area of these two
regions (75, 76). Methionine residues are considered essential
for the unique promiscuous binding behavior of CaM to tar-
get proteins (76). This novel structural feature renders the
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FIGURE 6. A, overlay of two-dimensional 'H-">N HSQC spectra obtained for '>N-labeled CaM in the unbound state (black) and in complex with unlabeled
myr(+)MA at 1. 4:1 (MA:CaM) (red). B, surface representation of the CaM structure of (Protein Data Base code 3CLN). Residues that exhibited substantial
chemical shift changes (> 0.1 ppm) or signal loss are colored in red, whereas those modestly perturbed (< 0.1 ppm) are colored in orange. Calcium ions are

colored in green.

Met methyl groups excellent “NMR reporters.” Interactions of
target proteins or CaM antagonists often led to significant
perturbations in the 'H-'3C chemical shifts of Met side chains
(77). To assess whether the two hydrophobic batches are in-
volved in the binding of MA, we collected two-dimensional
'H-'3C HMQC data on a uniformly '*C-labeled CaM sample
as titrated with myr(+)MA. A selected region showing the
'H-"C signals of the methionine methyl groups (Ce) is shown
in Fig. 7. In this spectrum, the "H-"C signals of all nine me-
thionine residues are observed. The "H-'3C signals of Met-51,
Met-71, Met-72, Met-144, and Met-145 exhibited significant
chemical shift changes upon titration of myr(+)MA, whereas
those corresponding to Met-36, Met-76, Met-109, and Met-
124 were less pronounced. Methionine residues at positions
36, 51,71, and 72 are located in the N-terminal hydrophobic
batch, whereas those at positions 109, 124, 144, and 145 are
located within the hydrophobic patch in the C-terminal lobe
(Fig. 7). Our two-dimensional HMQC data suggest that both
the N- and C-terminal lobes of CaM are probably involved in
myr(+)MA binding because methionine groups from both
motifs exhibited significant chemical shift changes. Similar
two-dimensional HMQC experiments have also been con-
ducted on CaM upon titration with the myr(—)MA protein
(data not shown). Chemical shift changes observed for the
'H-'>C signals of Met residues are very similar to those shown
in Fig. 7. The absence of any additional chemical shift pertur-
bations in the "H-'3C signals when the myr group is present
confirms that the myr group is not involved in CaM binding.

ACEEVEN
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FIGURE 7. A, overlay of two-dimensional 'H-"*C HMQC spectra obtained for
3C-labeled CaM as a function of added unlabeled myr(+)MA. Black,
myr(+)MA-CaM ratio of 0:1; blue, myr(+)MA-CaM ratio of 0.25:1; magenta,
myr(+)MA-CaM ratio of 0.5:1; green, myr(+)MA-CaM ratio of 1:1. B, surface
representation of the CaM structure (Protein Data Base code 3CLN) showing
the nine Met residues on the N- and C-terminal lobes (red). Calcium ions are
colored in green.
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DISCUSSION

CaM is a ubiquitous protein expressed in all eukaryotic
cells and is implicated in a variety of cellular functions (32—
37). It can be localized in various subcellular locations, includ-
ing the cytoplasm, within organelles, or associated with the
plasma or organelle membranes (32-37). Earlier studies have
attempted to identify specific roles of CaM in viral replication
and infectivity. CaM has been shown to possess a functional
role in budding of Ebola virus-like particles through interac-
tions with the viral matrix protein VP40 (78). Others have
proposed a potential role of CaM in the HIV and simian im-
munodeficiency virus replication cycles (28, 44—47,79). A
combination of in vivo and in vitro studies revealed that CaM
interacts with HIV-1 Gag, Nef, and Env proteins (28, 44—47).
It has also been shown that HIV-infected cells express ele-
vated levels of CaM (80). HIV-1 Gag was shown to co-localize
with CaM in a diffuse pattern spread throughout the cyto-
plasm (28). These findings may suggest a link between the
CaM cell signaling pathway and HIV replication and
infectivity.

The interactions between Gag and CaM are mediated by
the myr(+)MA protein and are Ca®" -dependent (28). Al-
though recent studies have provided evidence for direct inter-
actions between CaM and myr(—)MA (48) or short peptides
derived from the MA protein (49), the molecular mechanism
of CaM binding to myr(+)MA and the subsequent effect on
the myr switch mechanism are not known. In this report, we
have established that: (i) CaM binds to myr(+)MA with 1:1
stoichiometry in a Ca>"-dependent manner, (ii) CaM binding
to myr(+)MA induces a structural change that triggers myr
exposure, (iii) the myr group is not involved in CaM binding,
and (iv) CaM-MA interaction is hydrophobic and entropically
driven, whereas electrostatic interactions appear to be
inconsequential.

Several myristoylated proteins including MARCKS, CAP-
23/NAP-22, and HIV-1 Nef are known to bind CaM to facili-
tate their intracellular localization and membrane targeting
(44, 45, 50, 51). Structural, biochemical, and biophysical char-
acterization of CaM complexed with these proteins or short
peptides derived from within revealed that the myr group is
involved in CaM binding, suggesting that the myr group is not
only important for membrane targeting but also for mediating
protein-protein interactions. Membrane association and dis-
sociation of myristoylated proteins are often regulated by in-
tracellular Ca®>* signaling through a Ca®>*-myr switch (52—
54), which alters their intracellular localization from the
cytosol to the membrane through Ca®>" binding (55). How-
ever, intracellular targeting of Ca®" nonsensing proteins like
MARCKS, CAP-23/NAP-22, and Nef is regulated by CaM
binding. Although the MA protein belongs to the Ca*>* non-
sensing protein, the finding that the myr group is not
“grabbed” by CaM may suggest a novel functional role of CaM
in the trafficking and/or targeting of Gag to the PM for
assembly.

CaM-binding proteins typically contain a region that is
characterized by a basic amphiphilic helix consisting of ~20
residues. In many classical CaM-binding targets, hydrophobic
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residues usually occupy conserved positions at 1-5-10 or 1-8-
14, which point to one face of the helix (34). Additional basic
residues are responsible for stabilization of the complex via
electrostatic interactions with CaM acidic residues. Although
these patterns are typically found in many CaM-binding pro-
teins, numerous unclassified examples were also identified
(34). A web-based tool has been developed by the Ikura labo-
ratory (Ontario Cancer Institute) to identify sequences with
potential CaM-binding sites (41). Upon analysis of the protein
sequence, it provides scores from 0 to 9 based on several cri-
teria including hydropathy, a-helical propensity, residue
weight, residue charge, hydrophobic residue content, helical
class, and occurrence of particular residues. The most likely
binding site in a given sequence is highlighted by repeated 9s.
This method has been used to analyze the MA protein se-
quence and yielded the highest score for residues Lys-32 to
Glu-40. These residues make up the majority of helix IL. Inter-
estingly, this region contains several hydrophobic residues
(Ile-34, Val-35, Trp-36, and Ala-38) that do not match any of
the known patterns for CaM-binding sites. Although se-
quence analysis using the web-based data base tool did not
reveal a potential binding site within helix I (score 0), solution
x-ray scattering data (49) and fluorescence studies on short
MA peptides (28) revealed that both helices I and II of MA
(residues 11-47) are important for CaM binding. Although it
appears that a synthetic peptide spanning region Gly-11 to
GIn-28 (helix I and B-hairpin) binds CaM with 2:1 stoichiom-
etry, Gly-26 to Asn-47 (helix II) and Gly-11 to Asn-47 (helix
I-1I) bind with 1:1 stoichiometry. Taken together, our results
combined with the previous findings may suggest a novel
CaM-binding mode that requires engagement of hydrophobic
residues from both helices I and II of MA.

During the preparation of this manuscript, Chow et al. (48)
reported their findings on the interactions between CaM and
full-length myr(—)MA. In this study, it was suggested that
CaM disrupts the MA structure to interact with helices I and
II. Based on CD data, it was suggested that the MA protein
undergoes a 20% loss in helical character upon binding to
CaM. Our current data combined with previous studies (28,
48, 49) indicate that the CaM-binding site in MA is localized
within residues 11-45. Although it is not yet clear which spe-
cific residues are critical for binding, data suggest that several
hydrophobic residues within helices I and/or II probably in-
teract with CaM. The N-terminal region of MA (residues
2-47) is critical for various MA functions. Among these func-
tions is its role in mediating Gag-membrane interactions and
regulation of the myr switch mechanism (4, 5, 22, 23, 27, 57,
58,73, 81, 82). Helix I of MA is implicated in Gag binding to
several cellular constituents including the AP-3 complex (11)
and TIP47 (29). Several residues in helix I (Leu-8, Ser-9, Leu-
13, Trp-16, Glu-17, and Lys-18) have been reported as being
critical for Env incorporation (83—85), which led to the sug-
gestion that MA protein interacts directly with the Env pro-
tein via helix I (83, 86). Indeed, our NMR data presented here
suggest that helix I is likely to undergo a structural change or
readjustment of position in response to CaM binding, which
in turn leads to extrusion of the myr group.
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Structural studies revealed that myr exposure is increased
by several factors including PI(4,5)P, binding, pH, increasing
protein concentration, and inclusion of the capsid domain
(27,57, 73). Equilibrium data revealed that although
myr(+)MA resides in monomer-trimer equilibrium, the
myr(—)MA protein maintains the monomeric character in
solution under all conditions (57). In addition, exposure of the
myr group is coupled with protein trimerization (57). Despite
the evidence that MA can form trimers and assemble on
membrane as hexamers (87, 88), the role of MA oligomeriza-
tion in stabilizing Gag-Gag interactions is still controversial
(57, 88-93). Our data presented here show that exposure of
the myr group upon binding to CaM does not induce the for-
mation of MA trimer. It has yet to be determined whether
binding of CaM to Gag or Gag-like construct (containing the
capsid domain) enhances oligomerization.

Induction of a transient rise in cytoplasmic Ca®>* has been
shown to increase the amounts of HIV-1 Gag, Gag assembly
intermediates, and virus-like particles in multivesicular bod-
ies, and resulted in a dramatic increase in virus-like particle
release (94). It was suggested that Ca®>*-mediated fusion of
vacuolar/multivesicular body-like compartments promotes
virus-like particle production. However, it is not known
whether manipulating the cytoplasmic Ca>" level plays a role
in stabilizing Gag-CaM interactions and facilitates Gag traf-
ficking and assembly. In summary, although it is now estab-
lished that CaM binds directly with the MA protein leading to
extrusion of the myr group, the precise functional role of
CaM in the HIV replication cycle has yet to be examined and
warrants further investigation.
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