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ABSTRACT:. Assembly of the human immunodeficiency virus type 1 (HIV-1) first occurs on the plasma
membrane of host cells where binding is driven by strong electrostatic interactions between the N-terminal
matrix (MA) domain of the structural precursor polyprotein, Gag, and the membrane. MA is also
myristylated, but the exact role this modification plays is not clear. In this study, we compared the protein
oligomerization and membrane binding properties of Mgnd Myr- Gag' expressed in COS-1 cells.
Sedimentation studies in solution showed that both the myristylated Gag precursor and the mature MA
product were detected in larger complexes than their unmyristylated counterparts, and the myristylated
MA protein bound liposomes with-3-fold greater affinity than unmyristylated MA. Aromatic residues
near the N-terminal region of the MA protein were more accessible to chymotrypsin in the unmyristylated
form and, consistent with this, an epitope in the N-terminal region was more exposed. Moreover, the
cyclophilin binding site in the CA domain downstream of MA was more accessible in the unmyristylated
Gag protein, while the Tsgl01l binding site in the C-terminal region was equally available in the
unmyristylated and myristylated Gag proteins. Taken together, our results suggest that myristylation
promotes assembly by inducing conformational changes and facilitating MA multimerization. This
observation offers a novel role for myristylation.

The HIV-1 structural precursor polyprotein (PF39 is proteolytic maturation result in sequestration of the myristate
thought to bind the plasma membrane of host cells through group ). Currently, this myristyl switch hypothesis is based
a cluster of positively charged residues in its N-terminal on observations that MA in the context of the Gag precursor
matrix (MA) domain and through modification by co- binds more strongly to membrane than mature MA (pl17),
translational N-terminal myristylatiorl(2). Recently, myri- as assayed by subcellular localization or binding to membrane-
stylation was shown to be a critical determinant to target enriched cell fractions or liposomed42—15). In general,
Gag to cholesterol- and sphinglomyelin-enriched micro- these observations are interpreted to reflect a reduction in
domains (rafts) on the plasma membraBg Removal of exposure of the myristate moiety, which in turn prevented
the myristate signal results in improper targeting of Gag to the presumed stabilizing effects of fatty acid insertion into
the soluble pool or to intracellular membran&s4—6). Gag the lipid bilayer. This gives the impression that strong binding
plasma membrane binding is followed by assembly and is mediated through the modification itself. However, while
release of the viral particle. During the virus maturation stage myristate contributed all of the membrane binding energy
that follows, proteolytic processing of assembled Gag by the in an assay using acylated peptides, it is intrinsically a weak
viral-encoded protease (PR) results in formation of mature binding signal 16). Other determinants contribute in the case
Gag cleavage products including myristylated MA (Myr  of some retroviral Gag proteins. Genetic analyses show that
MA). Most of the MA protein forms a shell that underlies basic residues contribute to membrane binding of both the
the lipid bilayer obtained when the assembled virus buds HIV-1 Gag precursor and the mature protef). (Gag and
through the plasma membrane during release from the cellMA lacking myristate still show strong salt-dependent
(7, 8). A subpopulation of MA is hypothesized to dissociate affinity for negatively charged liposomes4). The binding
from the membrane and direct transport of a viral preinte- energy in proteins containing both a myristate and a basic
gration complex to the nucleu$,(10), but this notion is cluster reflects a combined contribution from both determi-
controversial {1). To reconcile the apparently opposing nants and is much greater than the signal from either motif
membrane- and nuclear-targeting functions of MA, it has alone. In the case of other retroviral Gag polyproteins such
been suggested that conformational changes in MA following as the Rous sarcoma virus (RSV) and human T-cell leukemia

virus type 1 (HTLV-1) Gag proteins that are myristylated

U but do not contain an obvious cluster of N-terminal basic
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than the element alone, are responsible for the binding This sequestering of the myristic acid is required for the

properties.
The 3-dimensional structure of unmyristylated (Myr
HIV-1 MA has been determined by both NMR and X-ray

pentameric assembly of VP4. Mutation of Thr28 disturbs
the twisted tube structure, resulting in abnormal assembly
of the virus. This implies that the torsion imposed by the

crystallography and shown to be predominantly composed sequestering of the myristic acid affects the subunit interac-

of a globular core of clustered helices joined by loops or
regions of extended structurgd-22). This general structure
appears to be conserved among retrovirug8s-26). The
front face of the protein is highly basic allowing strong
interaction with electronegative lipid headgroups. X-ray
crystallography showed the MA protein to be a trimer, an
organization that is supported by solution analysis of
recombinant unmyristylated proteins purified from bacteria
(27) or insect cells 28). Interestingly, the MA protein of
the closely related equine infectious anemia virus (EIAV)
lacks myristylation but is otherwise highly structurally and
functionally homologous29, 30). EIAV MA protein appears

tions essential to proper assembly of the poliovirus particle.

Together, these observations indicate that the myristyl moiety
and its sequestration in the hydrophobic core of the molecules
confer defined conformations to the proteins that influence

protein—protein interactions and function.

In contrast to the well-characterized examples above of
myristylated proteins that sequester the fatty acid moiety,
the structure of myristylated MA protein has not yet been
determined. In this report, we compared biochemical and
biophysical properties of myristylated and unmyristylated
HIV-1 Gag and MA proteins in the cytosol of transfected
COS-1 cells. Our results indicate differences in the N-

to have a both a basic membrane-binding face that exhibitsterminal region of mature MA, and in the context of the Gag
strong salt dependency and a second hydrophobic membraneprecursor, differences that extended beyond the MA domain.

binding site 29, 30). The expectation of different structures
for the myristylated and unmyristylated HIV-1 Gag and MA
proteins is not unwarranted. N-terminal myristylation occurs
co-translationally on soluble ribosomé&4(32). The aliphatic
modification will therefore have been attached to its N-

terminal Gly acceptor before completion of protein synthesis,

The modification influenced the membrane binding of MA

to a slightly greater extent than Gag, suggesting that the
precursor may contain binding determinants outside of MA.
This may provide an explanation for the observation, noted
above, that MA in the context of the Gag precursor binds
membrane better than mature MA. These findings support

which may promote sequestration of the hydrophobic chain the idea that the modification may influence the presentation

away from the cytosol and into the protein structure.
Consistent with this idea, the HTLV-I Gag protein was found
to be cytosolic, suggesting that the myristyl moiety is

unavailable for binding membranous vesicles in the cyto-

plasm @3). The structure of myristylated proteins whose

of specific regions in the structure or affect multimerization
properties and thereby determine the overall functional
characteristics of the protein.

MATERIALS AND METHODS

structure has been solved by NMR or X-ray crystallography  cej| Culture, Transfection, and Preparation of Cytoplas-

[e.g., recoverind4—36); HIV-1 Nef (37); and poliovirus VP4
(38, 39)] show sequestration of the fatty acid moiety within

mic Extracts.COS-1 cells were cultured in DMEMsupple-
mented with fetal bovine serum to 60% confluency at 37

a hydrophobic pocket. This sequestering event apparentlyec_The cells were transfected wikeMV-rev andppgRRE-r
impacts the structure of downstream sequences as differencegncoding wild-typegag (41) or with a plasmid encoding

in the structure of the modified and unmodified forms extend
well beyond the pocket. In recoverin, the myristic acid is

gagG2A (Myr~ Gag, refs42 and43) using the FUGENE 6
reagent (Roche) according to the instructions of the manu-

sequestered in a deep hydrophobic box where it is clampedacturer. pCMVrer encodes Rev, a regulatory viral protein

by interaction with multiple residues. The comparison of the
myristylated and the unmyristylated forms of the protein

required for cytoplasmic expression of Gag and Gag-Pol
MRNAs @1). At 48 h post-transfection, the cells were

showed that the N-terminal region that is composed of tWo parvested by scraping into cold PBS and pelleted. The

helices in the Myr protein is longer and more flexible than
the same region in the Myprotein, where it is more defined

pelleted cells were washed three times with cold PBS,
allowed to swell in 1 mL of cold hypotonic buffer (10 mM

and rigid. In this case, sequestering of the myristate stabilizedyis pH 7.4, 1 mM MgCJ) containing protease inhibitors

a conformation of the molecule that provided greater fluidity.
It is suggested that this enhanced flexibility facilitates

for 15 min on ice, and disrupted with 35 strokes of a Dounce
homogenizer with a type B pestle. The total lysate was spun

switching between myristate-exposed and -sequestered stateggr 10 min at 100@ at 4 °C to remove unbroken cells and
and thereby, the proper functioning of the molecule. The pyclei. Where indicated in the text, the supernatant (S1

myristylated form of the Nef protein adopts a compactly
folded structure in which the myristic acid moiety is tucked
toward the inside of the protein by formation of a loop

between residues Gly2 and Trp5. In contrast, the unmyri-

extract) was centrifuged at 100 @p@or 30 min to obtain
the soluble (S100) fraction and a plasma membrane-enriched
(P100) fraction 44).

Sedimentation Analysi€ytoplasmic (S100) extract was

stylated Nef protein displays an extended N-terminal area gpplied to 16-50% sucrose gradients prepared in hypotonic
where the first two helices are destabilized. The myristylated pfter (10 mM Tris, pH 7.4, 1 mM MgG), and the samples

structure appears to be important for multimerization of the \yere centrifuged for 20 h at 48 000 rpm in a SW 50.1 rotor
protein, as it has been shown that Nef interaction with actin anq Beckman ultracentrifuge. After centrifugation, fractions
to form a high molecular mass complex is dependent on the yere collected from the top of the tube, the refractive index

N-terminal modification 40). Myristylation of poliovirus
VP4 results in the formation of a twisted tube structure

1 Abbreviations: DMEM, Dulbecco minimal essential medium; PBS,

stabilized by interaction between the Gly2 residue carrying phosphate-buffered saline; SBBAGE, sodium dodecyl sulfate-

the myristic acid and the Thr28 in the core of the protein.

polyacrylamide gel electrophoresis; DTT, dithiotreitol.
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was measured, and the protein composition was determinecand MA-CA in cytoplasmic extracts were labeled by the

by SDS-PAGE and Western analysis. A low molecular

procedure described above using a monospecific antibody

weight calibration kit (Amersham) provided sedimentation raised against the CA protein.

molecular weight markers.
Immunoprecipitation AssayProtein A agarose beads

Analysis of Proteir-Lipid Binding. Lipid titrations were
carried out on the fluorescent-tagged IgG-labeled proteins

(Pierce), pre-washed three times with either cold nondena-in cytoplasmic extracts by addition of increasing amounts

turing hypotonic (10 mM Tris, pH 7.4, 1 mM Mgl or

denaturing RIPA (0.5% Nonidet P-40, 0.5% deoxycholate,

1 mM PMSF, 1 mM NaHPQO;, 150 mM NacCl, 10 mM Tris,

of PC:PS:PE-LUVs from a concentrated stock. Changes in
fluorescence were monitored by recording the spectiaat
= 480 nm, scanning fronhen 500—600, and calculating the

pH 7.8) buffer containing protease inhibitors (Roche) were integrated intensity. Control studies were done using extracts
incubated with the appropriate antibody, added to cytoplas- prepared fronrev-transfected cells. All fluorescence mea-

mic extracts, and rotated at°€ for 60 min. Immunopre-

surements were made using an ISS fluorimeter (1.S.S., Inc.,

cipitates were washed in hypotonic or RIPA buffer, boiled Champaign, IL) with samples contained in microcuvettes
in SDS sample buffer with 5% mercaptoethanol, resolved with a path length of 3 mm. All samples showed a similar

by SDS-PAGE, and analyzed by Western blotting with the
antibody indicated in the text.

Limited Proteolytic DigestionChymotrypsin digestion of
samples was performed using 40 of total S100 protein
for the period indicated in the text at 3T at an enzyme-

~15% increase in emission intensity upon membrane bind-
ing. This increase was normalized to 1.0 to evaluate the
membrane partition coefficient upon addition of lipid.
Homotransfer Fluorescence homotransfer was measured
by monitoring the anisotropy of OG-tagged IgG-labeled

to-substrate ratio of 1:10. The reaction was stopped by boiling protein atlex = 480 nm andlem = 525 nm. Homotransfer is

in SDS sample buffer.

Protein DetectionSamples were adjusted to 1% SDS by
addition of 5X SDS sample buffer (I mM Tris-HCI, 20%
glycerol, 4% SDS, 0.5% Bromo-phenol blue, 500 mM DTT)
and heated for 5 min at 98C. The proteins in the sample
were then resolved by electrophoresis through 12.5%-SDS

detected by fluorescence anisotropy, which is a measure of
the polarization of the emitted light. Data were corrected
for background scattering. Measurements were taken by
beginning at 0 nM protein and adding small increments up
to a total of 200 nM. As the size of the Gag multimers formed
during the assembly pathway is unknown, the data was fit

polyacrylamide gels. Following electrophoresis, the gels were by assuming that Gag monomers associate to dimers, trimers,
transferred to nitrocellulose and analyzed by Western blotting tetramers, or hexamers.

with the antibodies specified in the text. Monoclonal antibody

anti-MA | was a gift of R. Schroenbrunner (Roche, Swit-
zerland). Monoclonal anti-MA Abs was purchased from

RESULTS
Differential Membrane Binding of Myrand Myr- MA.

Advanced BioSciences. Rabbit polyclonal anti-capsid (CA) The Gag and MA proteins that accumulated in the soluble

was raised against a native form of the CA proted®)(

fraction of mammalian cells transfected with wild-type HIV-1

Sheep monospecific antibody raised against a peptidegag pol, andrev provided a source of myristylated proteins.

encompassing aa 9902 in CA was purchased from

A subpopulation of the Gag proteins in this fraction are

International Enzymes. Mouse monoclonal anti-CA antibody destined for membrane binding and assemé, (while MA

was purchased from NEN-DuPont. Anti-cyclophilin A was
obtained from BioMol. Anti-Tsg101 monoclonal antibody

proteins that were prematurely cleaved from Gag provide a
physiologically relevant model for myristylated MA in lieu

was obtained from Santa Cruz. Proteins were visualized by of bacterially expressed and unmyristylated protein. Mutated
chemiluminescence using Lumi-Light reagents (Roche). gag encoding Gag, and Gag-Pol proteins in which Ala was
Where indicated in the text, measurements of relative protein substituted for Gly (G,A) was used to obtain unmodified
levels were determined by densitometry using NIH Image Gag and MA protein. In the case of the,A mutant,

1.62 software.
Fluorescence Assays. Sample Preparatioarge unila-

mellar vesicles (LUVs, 0.1 mm diameter) composed of 1,2-

comparable amounts of Gag and Gag-related proteins ac-
cumulate in the cytoplasm, but the efficiency of membrane-
associated assembly is significantly reduced. This is indicated

palmitoyl-oleoyl-phosphatidylcholine (PC), -phosphatidylserine by diminished association of the Gag and MA proteins with
(PS), and -phosphatidylethanolamine (PE) at a molar ratio plasma membrane-enriched particulate cellular components

of 1:1:1 were prepared by extrusiofd]j. Myristylated and
unmyristylated HIV-1 MA in cytoplasmic extracts were
specifically labeled using anti-MA Abs monoclonal antibody

and the absence of viral particles in the media as we and
others have shown previousi3 48). The extracts prepared
from cells transfected with wild-type or mutategag

tagged with Oregon Green (OG). This antibody recognizes contained full-length Pr3%9 precursor, prematurely pro-
its antigenic site only in the context of the mature MA protein teolytically processed MA-CA cleavage intermediate, and

(anti-MA Abs; ref2). The anti-MA Abs antibody was labeled
by addition of probe from an OG stock in dimethylformate
at a probe to protein molar ratio of 4:1. Following overnight

mature CA recognized by anti-CA antibody (Figure 1A, lanes
1 and 3). Neither extract contained viral particles, as indicated
by the absence of particulate viral proteins (data not shown).

incubation at 5C, unreacted probe was removed by dialysis The mature MA-specific anti-MA Abs was used as a probe

against 40 mM Hepes, pH 7.0, 0.5 M NaCl, 1 mM DTT.

because it detects only mature Myitane 2) or Myr (lane

The labeling ratio was estimated to be 1:1 as determined by4) MA (2). This is also evident from its inability to detect
absorption spectroscopy and the Bradford colorimetric assay.the Gag precursor and MA-CA proteins present in the
OG-anti-MA Abs was used at a concentration 2-fold lower samples.

than the concentration of MA as measured in independent

The membrane binding properties of the Mynd Myr

fluorescence titrations. Myristylated and unmyristylated Gag MA proteins in the soluble fraction were compared by
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A. MA-Myr+ MA-Myr - Characterization of the Multimerization State of Myand
Myr~ MA. The Myr® MA protein may have assumed a
conformation that exposed the regions involved in membrane
binding. Alternatively, the putative conformation may have
facilitated multimerization and thereby enhanced the pre-
sentation of membrane-binding determinants. Differences in
protein complex size (or shape) were assessed by their
sedimentation behavior in sucrose gradients. The sedimenta-
[ ) CA tion of the Myrt and Myr- MA proteins was compared to
the sedimentation behavior of marker proteins that provide
- - MA standards for globular proteins such as M#9{51). The
éA 2 3&9\ 4 mature MA-specific probe, anti-MA Ab<], was used for
Westem{u' T o these studies. As shown in Figure 2A, the Mynd Myr
a-MAabs  o-MAabs MA proteins both sedimented faster than expected for the
monomeric protein (17 kDa), based on the sedimentation
B. characteristics oti-lactalbumin (14.4 kDa, lanes 2P6).

12 However, they did not sediment identically. Consistent with
previous results obtained with recombinant proteins in insect
cells 28), the Myr- MA migrated more slowly than the Myr
MA. Myr~— MA (lanes 13-20) sedimented in sucrose
between the 43 kDa (lanes 421) and 67 kDa (lanes 15
19) markers. Myr MA (lanes 5-12) sedimented ahead of
the 94 kDa marker (lanes #4.6), suggesting formation of
larger complexes. The results suggest that the Vamd
Myr~ MA proteins are components of complexes of different
sizes. These distinctions might reflect differences in MA-
MA subunit packing as trimers (51 kDa), hexamersl 02
kDa), or larger oligomers or association with cellular proteins
o ® 1w =@ w0 2 w or both. Thus, myristylation appears to have favored forma-

PC:PS:PE (uM) tion of bigger homo- or heteromeric complexes of MA.

Ficure 1: (A) Protein composition of cytoplasmic extracts express- To determme if the.dlfference_s in fsed-lmentann.behawor
ing Myrt and Myr- gag. Proteins in S100 extracts were identified '€flected differences in the multimerization properties of the
by Western analysis with a monospecific antibody against CA (lanes Myr* and Myr MA proteins, we used fluorescence ho-

1 and 3) or MA (lanes 2 and 4) proteins. (B) Membrane binding mgtransfer, which measured fluorescence resonance energy

affinity of Myr* and Myr- MA. Lipid titrations were carried out ; : ;
as described in Materials and Methods, using OG-tagged anti-MA transfer between identical probes attached to the proteins.

Abs-labeled MA proteins in S100 fractions. Closed circles, Myr ~ Mature MA-specific anti-MA Abs was labeled with a
MA; open circles, Myr MA. Maximal sample error:+0.08. fluorophore capable of transferring its energy when one probe

is in close proximity to another. The labeled antibody was
measuring the partition coefficient of S100 preparations of then titrated into the S100 fraction of COS-1 cells eXpreSSing
the two proteins labeled with fluorescent-tagged Oregon €ither Myr™or Myr™ protein (Figure 2B). The same general
Green (OG) antibody. Previous studies demonstrated that the?&€havior was observed for both samples at low probe
presence of the IgG antibody and its probe did not alter the cONcentrations (525 nM). The addition of more antibody
binding affinity of recombinant (Myr) MA or Gag protein resulﬁed in attachmgnt t(_) subunits on the same multimer
(27). Large unimellar vesicles (LUVS) with a significant causing a decrease in anisotropy because of energy transfer.

. i . . The Myr- sample reached a plateau at a lower probe
neu_tral phosphol|p|_d composmon_were tltra'ged into the OG- concentration than the Myrwhich continued to decline until
anti-MA Abs solution, and the increase in fluorescence

) : . : 0 nM. The final amount of homotransfer between the probes
intensity as the proteins bind to the membrane was assesse ttached to the MyrMA complex was greater (i.e., displayed
relative to control samples titrated with buffer. No changes . |ower anisotropy) than that of probes attached to the Myr
in fluorescence intensity were detected with extracts preparedya complex, implying that My¥ MA was in a larger
from the control cells transfected witiev alone (data not  complex than Myr MA. These observations support the
ShOWn). In contrast, as shown in Figure 1B, both Samples results of the sedimentation assay.

containing MA proteins bound membranes. The presence of

myristgte shifted the me.mbrgng binding affinity frpm a Myr' and Myr Gag/MA-CA.To examine the relationship
midpoint of 110 to 3%M lipid. Similar results were obtained  petween myristylation, conformation, and multimerization

using a different anti-MA antibody (data not shown), making i the context of the Gag precursor, the contribution of

it unlikely that the difference was due to differential antibody myristate to membrane binding and multimerization in the
recognition of the Myr and Myr" proteins. Thus, the Myr  context of the Gag precursor and MA-CA processing
MA in the cytosol bound membrane with higher affinity, intermediate was assessed. For these experiments, Gag was
indicating that the myristate directly or indirectly contributes labeled with OG-tagged anti-CA antibody. Since mature CA

to binding in the context of the mature protein. does not bind LUVs in the assay3), the probe reflected

— — Gag

- —— MA-CA

1.07

081

061

041

021

Normalized Change in FI

004

Differential Membrane-Binding and Subunit Packing of
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Ficure 2: Multimerization state of Myr and Myr- MA protein. (A) Sedimentation in sucrose gradients (the top of the gradient is on the

right). S100 extracts containing Myrand Myr- MA proteins were fractionated on ¥%0% sucrose gradients as described in Materials

and Methods. Following centrifugation, fractions were collected from the bottom of the gradient, and the protein composition of the fractions
was determined by SDSPAGE and Western analysis with anti-MA Abs. The top panel shows the sedimentation of marker proteins in the
sucrose gradienpflactalbumin (14.4 kDa), trypsin inhibitor (20.1 kDa), carbonic anhydrase (30 kDa), ovalbumin (45 kDa), albumin (66

kDa), and phosphorylade (97 kDa)]. Molecular weight markers (in kDa) are on the left of the panel. The migration position of the MA
protein in the SDSPAGE is indicated on the right of the panel. The dashed lines show the migration of the MA proteins relative to the
markers in the sucrose gradient. Sucrose gradient fraction numbers are indicated on the bottom. (B) Fluorescence homotransfer. Fluorescence
homotransfer was measured as described in Materials and Methods using anti-MA Abs antibody tagged with OG. Inset, Western analysis
of the extracts showing MA protein detected by the anti-MA Abs antibody. Maximal sample er006.

the membrane binding of Gag and MA-CA. To assess ties of the Myr and Myr- Gag proteins, OG-labeled anti-
membrane binding, LUVs were titrated into the solution as CA antibody was titrated into the S100 fraction of COS-1
described above, and the increase in fluorescence intensitycells expressing either Myror Myr~ protein, and fluores-
as the proteins bind to the membrane was determined relativecence homotransfer was determined (Figure 3B). As was the
to control samples derived from cells transfected wéh case with MA, the same general behavior was observed for
alone. As shown in Figure 3A, the difference in membrane both the Myt and the Myr Gag proteins in that the amount
affinity between unmyristylated and myristylated Gag pro- of homotransfer between OG-anti-CA probes was always
teins is not as large as with the mature MA protein/ greater (i.e., displayed a lower anisotropy) when the probes
and 40uM, respectively). were attached to Myr Gag/MA-CA than Myr Gag/MA-

The relatively small amount of Gag in the soluble fraction CA. The results support the conclusion that M@ag/MA-
precluded assessment of its sedimentation behavior in sucros€A is in larger complexes than the unmyristylated counter-
gradients. Therefore, to examine the self-associative properparts and indicate that the myristate moiety contributes
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A. Epitopes:
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Ficure 4: Limited proteolytic digestion of Myr and Myr MA
—Gag-Myr with chymotrypsin. Top, locations in MA of aromatic residues and
Gag-Myr the antigenic site recognized by the probe (shaded rectangle).
Bottom, chymotrypsin (tg) was added to 1@g of total S100
protein containing Myr or Myr— MA and incubated for 30 and 90
min at 37°C. The reaction was stopped by boiling in SDS sample
buffer. Proteins were analyzed by SBBAGE and Western blotting
with MA-specific anti-abs antibody. Molecular weight markers in
kDa are indicated on the left of the panel. Filled circle: chymo-
tryptic fragment detected in both samples;*1 kDa chymotryptic
fragment detected in the MymMMA sample.

w

Anisotropy (480,520)

n the figure) retained the antigenic site of the anti-MA Abs
60 80 100 antibody, which is localized to the C-terminal region (data
Anti-Gag (nM) not shown). This indicated that the aromatic residues in the
Ficure 3: Membrane and oligomerization properties of cytosolic C-termnal portion of both the Myr a”,d the 'V'Y" MA
Myr* and Myr- Gag/MA-CA proteins. (A) Membrane binding ~ proteins (Tyr77 and/or Tyr86) were inaccessible to the
affinity. Lipid titrations were carried out as described in Materials enzyme. After 90 min, little change was detected in the digest

and Methods, using OG-tagged anti-CA-labeled proteins in S100 cqntaining the M rotein. In contrast. the proteins in the
fractions. Closed circles, Myr Gag; open circles, Myr Gag. g yr p ' ' P

Maximal sample error:+0.08. (B) Fluorescence homotransfer. Sample containing MyrMA were further digested to &11
Fluorescence homotransfer was measured as described in MaterialDa fragment (designated by * in the figure). As the 11 kDa
and Methods using anti-CA antibody tagged with OG. The antibody fragment retained the C-terminal anti-MA Abs antigenic site,
detected a protein composition identigal to that shown in Figure 1, this fragment was generated by cleavage at aromatic amino
lanes 1 and 3. Maximal sample errot0.006. acids in the N-terminal region of MA (possibly Tyr29 or
tomultimerization in the context of both the Gag precursors Trp36), implying that they were more accessible in the Myr
and the mature MA protein. MA protein as compared to the MyiMA protein. The~11
Limited Proteolytic Digestion of Cytosolic Myand Myr- kDa fragment was not detected in the MyMA protein
MA. The results above suggested that the Mgnd My gigest, even after long (overnight) exposure. The results
Gag precursor and the mature MA proteins accumulated in g ggest that regions in the core of MA were differentially
complexes with distinct membrane binding and associative exposed to the chymotrypsin probe in the cytosolic com-
properties. To assess this further, we compared the suscepmexeS containing the Myrand Myr forms of the protein.
tibility of the proteins to limited chymotryptic digestion. , , , )
Chymotrypsin was chosen because the aromatic residues that MAP17 Epitope Is Exposed Differently in Myristylated
are potential substrates for the enzyme (Trp16, Tyr29, Trp36 Wild-Type and Unmyristylated Mutant MRinding apparent
and Phe43, Tyr77, and Tyr86, Figure 4, top) are distributed d|ﬁerences m_the accessibility of core residues in the
throughout the core of the MA protein and might therefore N-terminal region of Myr and Myr~ MA prompted us to
permit differences in Myr and Myr- MA to be detected. examine the possibility that these proteins were conforma-
Limited Chymotryptic digestion was performed on the tiona"y different in the region near the N-terminal basic
multimeric proteins in the cytosolic fraction. Following region (aa 1731, ref2). To do this, we determined the
incubation with chymotrypsin, the samples were boiled in accessibility of an antigenic site in this region. Monoclonal
SDS buffer to denature the proteins, and the undigestedantibody MA | recognizes an antigenic site that includes
proteins and the products of chymotrypsin hydrolysis were residues 1%25, based on studies using recombinant MA-
separated by SDSPAGESs. As shown in Figure 4, the Myr related proteins and synthetic peptides in enzyme linked
and Myr MA proteins exhibited similar sensitivity to  immunoserological assays (ELISA) and Western analyses
chymotrypsin during the first 30 min of incubation. The (data not shown). Previously, we demonstrated that this
cleaved proteins~13 kDa, designated by filled circle in  antibody recognizes recombinant MyMA purified from
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IP: Anti-MA I Anti-MA 1 A.
AT 8T IR IP: Anti-MA 1 Supernatant
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(SR
et 0‘6 G’é‘ o 6&:“ o

@\ gD Vi - W

1 2 3 4 5 6

Western:  Anti-CA2
Western: Anti-MA abs Anti-MA abs

Ficure 5: Differential accessibility of the anti-MA | antigenic site
in Myr* and Myr- MA cytosolic complexes. Immunoprecipitation .
with anti-MA | antibody of S100 extracts under nondenaturating o
(lanes 1-3) and denaturing (lanes—6) conditions. The lanes L
contain immune-precipitates derived from the S100 extracts of cells
transfected withrev alone (lanes 1 and 4), oev with wild-type
gagpol (lanes 2 and 5), arev with Myr— gagpol (lanes 3 and 6).
MA proteins were identified by Western blotting with anti-MA abs
antibody.

IP: Anti-CA1

68kDa-

Gag

43kDa- MA-CA-p2

an expression strain dEscherichia coli(27). Cytoplasmic
extracts prepared from transfected mammalian cells express-
ing the Myr" and Myr- MA proteins were subjected to 29kDa-
immunoprecipitation with anti-MA | antibody under non-
denaturing and denaturating conditions as described in
Materials and Methods. As shown in Figure 5, the antibody
immune-precipitated only the Myr MA protein under

CA-p2

18kDa-

nondenaturing conditions (lane 3). In contrast, the antibody 23

precipitated both the Myr (lane 5) and the Myr (lane 6) Western:  Anti-CA2

MA proteins when the highly denaturing RIPA buffer was C.

used for the immunoprecipitation reaction. The results o P

support the notion that the Myrmand Myr- MA proteins are oo @ oo e

conformationally different in the region of the antigenic site 18 kDs- - CyP A _ Teg 101

near the membrane-binding signal, or alternatively, that 15kDa- h » ‘“ had -43 kDa

different multimerization states of the Myand Myr- MA 1 2 3 4 5 6

proteins were responsible for the difference in accessibility Western:  Anti-CyPA Anti-Tsg 101

of the antigenic site. FIGURE 6: Immune-capture of CyP A and Tsg101 by Myand
Distal Effects of N-Terminal Myristylationmmunopre- Myr~ Gag. (A) S100 extracts prepared from cells transfected with

cipitation with the anti-MA | antibody under nondenaturing rév alone (lanes 1 and 4jev with wild-type gag/pol (lanes 2 and

P : ; . 5), or rev with Myr— gagdpol (lanes 3 and 6) were immunopre-
conditions followed by Western blotting with anti-CA cipitated with anti-MA | antibody under the nondenaturating

monoclonal antibody revealed tha#-fold more Myr Gag conditions used in Figure 5. The immune-precipitates (lan€3)1
protein was precipitated by the antibody than My@ag and aliquots of the supernatants (lanes6} were analyzed by
(Figure 6A, compare lanes 2 and 3). In contrast, comparable SDS-PAGE followed by Western blotting with anti-CA mono-
amounts of My and Myr proleins were detected in he (61 S0 (1.8, ) o SR i oot
superngtar_]t fract!ons (Ian_es > and 6). .The fa(.:t that the prepared fror% gells transfecte)él witby alone (lane 1)rev with
antigenic site that is recognized by the anti-CA antibody used pmyr+ gagpol (lane 2), orrev with Myr— gagpol (lane 3) were
for Western blotting lies in the CyP A binding region (aa examined by SDSPAGE, and the same nitrocellulose membrane
210-230, ref4?2) raised the possibility that the N-terminal was analyzed by Western blotting with (B) anti-CA monoclonal
modification had distal effects. To determine if myristate antibody (lanes £3), (C) polyclonal anti-CyP A antibody (lanes
affects the accessibility of cellular protein binding sites in 1-3), orwith anti-Tsg101 mouse monoclonal antibody (lanes)
the context of the Pr889precursor, we compared the ability
of Myr™ and Myr- Gag proteins to capture cyclophilin A
(CyP A, 17 kDa), which binds residues 21224 in the CA
domain of Gag %2) and Tsg101 (46 kDa), which requires

length Gag as compared to the sample with Mgroteins
(~0.5:1.0) because MyrGag is processed more efficiently
(2, 11, 29). However, when the nitrocellulose membrane used

the L domain in the C-terminal p6 region of G&g), Protein I Panel B was analyzed by Western blotting using an anti-
A agarose beads coated with anti-CA polyclonal antibody CYP A polyclonal antibody (Figure 6C), less CyP A was
were prepared and incubated with the cytosolic extracts detected on the beads incubated with the extract prepared
containing the Myt or Myr- Gag-related proteins. Following ~ from cells expressing the MyrGag protein (lane 2) as
this incubation period, the samples were analyzed by Westerncompared to the beads incubated with the extract containing
blotting using the same monoclonal anti-CA antibody. the Myr~ Gag (lane 3; CyP A ratie= 0.25:1.0). This amount
Comparable amounts of total CA-related protein derived from of CyP A was less than expected whether it was compared
Myr+ and Myr- Gag had been retained on the beads coatedto the total CA-related protein detected or to full-length Gag.
with the anti-CA polyclonal antibody~0.9:1.0 as deter-  In contrast, an anti-Tsg101 monoclonal antibody detected
mined by densitometry; Figure 6B, lanes 2 and 3). As amounts of Tsg101 on the beads that were consistent with
expected, the sample with Myproteins contained less full-  the amount of Myt and Myr- Gag detected in the immune
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precipitate {0.5:1.0; lanes 5 and 6). The results suggest that
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contrast to the results of Morikawa et ab5j. Differences

the presence or absence of the N-terminal myristate moietyin the mode of protein expression and possibly in the

influenced the accessibility of the CyP A binding site in the
downstream CA domain but not the C-terminal Tsg101
binding region in p6. The myristic acid moiety may have
affected the conformation or the multimerization state of
regions in Gag beyond the MA domain.

DISCUSSION

In this report, we demonstrated that myristylated wild-
type and unmyristylated mutant MA that are prematurely
cleaved from Pr5%9 precursors in the cytoplasm form
complexes that exhibit different membrane-binding and
multimerization properties. Moreover, an antibody directed
against an antigenic site near the N-terminal membrane-
binding signal differentially recognized the myristylated
protein. Structural studies show that recombinant HIV-1 MA

has a conserved globular core of clustered helices joined by

loops or regions of extended structure. It is reasonable to
assume that, following co-translational modification, the
myristyl moiety would be inserted into the protein core and
alter the disposition of helice$b4). The lack of antibody
recognition that we observed for the myristylated MA protein
(Figure 5) could not be only attributed to occlusion by the
myristyl group of antigenic sites in the core structure. The
CyP A binding site in the downstream CA domain of Gag

cytoplasmic environment provide the most likely explanation
for the observed differences. Morikawa et al. expressed the
proteins individually as C-terminally His-tagged fusion
proteins in bacterial and insect cells and examined their
oligomerization state following imidazole elution and puri-
fication. We expressed thgag pol, and rev genes in
mammalian cells, permitting proteolytic processing to occur
in a more natural setting and assessed pretpintein
interactions of MA within cell lysates. Consistent with our
observation that Myr Gag formed larger complexes than
Myr~ Gag (Figure 3B), the MA protein in the cytosol were
detected in larger complexes than unmyristylated MA (Figure
2A). Both homo- and heterotypic interactions are expected
to take place in this environment. Interestingly, it has been
reported that calmodulin binds peptides containing HIV-1
MA amino acids 1+25 and 3%+46 (65). Perhaps the
inaccessibility of this region of Myr MA to both chymo-
trypsin digestion and to anti-MA | (Figures 4 and 5) reflects
the association of calmodulin or other host proteins with
Myr* MA in the cytosol.

In our studies, myristate appeared to enhance the mem-
brane binding of MA to a slightly greater extent than it
increased the binding of Gag. It is difficult to know if this
difference between Gag and MA is significant because the

was also less accessible (Figure 6). Rather, the lack ofbinding of Myr* Gag and Myr MA proteins were not

antibody recognition might reflect differences in the posi- assessed with the same probe (i.e., anti-MA was used to tag
tioning of residues in the MA antigenic site because of the MA; anti-CA was used to tag Gag). However, the observed
presence of the myristyl group or an influence on the differences between the Myrand the Myr Gag and MA
multimerization state of the protein, which obscured the MA were also modest (3- vs 2-fold), and these observations were

and the CA antigenic sites.

The anti-MA | antigenic site (within residues +25) is
part of 36 structurally equivalent positions in the crystal
structures of the HIV-1, simian immunodeficiency virus
(SIV), and bovine leukemia virus (BLV) MA proteir2).

The conserved topology in the 3-dimensional structure is
particularly striking since HIV/SIV and BLV exhibit neg-
ligible sequence identity. The 36 positions are predicted to
form the trimer face, and since myristylation affects multi-
merization (ref55 and Figures 2 and 3), may explain why
the core region might be structurally distinct in Myand
Myr~ Gag and MA. Indeed, our observations that N-terminal
aromatic residues (Figure 4) and the anti-MA | epitope
(Figure 5) are exposed differently in the Myand Myr
proteins are consistent with previous studies. It is interesting
to note that Tyr86, which we found to be inaccessible in
both Myr™ and Myr- MA (Figure 4) and Cys87 are both
involved in the MA membrane targeting functiob§( 57)

and comprise part of a hydrophobic pocket in the C-terminal
region of MA (21). Mutations in this pocket alter membrane
targeting to the plasma membrarig,(58). Moreover, prior
studies suggest that the entire core is involved in myristate-
directed control of membrane-binding and targetiag2@,
58—62). Interestingly, the N-terminal region, including the
MA | antigenic site, is a key modulator of multimerization
of recombinant HIV-1 Gag in vitrog3).

Although our results are mainly consistent with previous
observationsZ0, 27, 55, 62, 64), we detected no monomeric
MA, and the unmodified MA protein in our cell lysate was
in smaller complexes than the myristylated MA protein, in

highly reproducible. Indeed, the difference in membrane
binding between the Myr and Myr proteins may be
underestimated since the myristyl switch model predicts that
mature Myr~ MA should exist partially in a state where the
myristate is sequestered. The membrane binding affinity of
this form of Myrt MA is predicted to be less than that of
Myr™ MA with an exposed fatty acid moiety. This makes
the observation that the M{iGag and MA proteins exhibited
similar membrane-binding properties (35 and /44, re-
spectively) unexpected and also suggests that the myristic
acid moiety is unavailable in our cytosolic MyGag as it
appears to be in HTLV-1 Gag, which remains soluble and
unattached to internal membranes in the cytopla®®h The
myristyl switch hypothesis predicts that MyGag should
bind better than Myr MA, and in accordance with the
model, previous studies from our lab and others demonstrated
higher membrane-binding affinity for Gag than for MA7R

27, 28, 66). Since our prior studies and others were done in
vitro and/or utilized mostly unmyristylated recombinant
proteins, it is likely that proteiprotein interactions medi-
ated through regions in MA28, 55) and the downstream
CA and NC domains in the Gag precursér 57, 67—69)
account for the differences observed in the more natural
setting of the cytoplasm. This notion is supported by the fact
that the MA protein was a monomer in our previous studies
where recombinant unmyristylated Gag exhibited higher
membrane binding affinity than MA2({). If, as indicated

by our data, the two cytosolic proteins have similar membrane-
binding properties in their natural multimerized states,
conformational differences in the proteins because of se-
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A,

Ficure 7: Models for structural (A) and functional (B) changes in MA as a result of its co-translation modification by myristylation. The
model in panel A suggests specific residues altered in the context of the MA trimer model of Hill 20)ahnd is based on the results
described in the text. Left: the residues that affect membrane interaction and are predicted to form membrane-binding plé&8amd(ref
references therein) are indicated by space-filling. Right: the space-filled residues that comprise the antigen site recognized by anti-MA |
are indicate in blue. These residues were differentially exposed in the experiment described in Figure 5. The space-filled residues in yellow
show the chymotrypsin substrates protected from proteolysis in the experiment described in Figure 4. The model in panel B illustrates how
Gag myristylation and multimerization may drive assembly and maturation.

questration of myristate, multimerization, or both might stage for post-assembly events rather than driving membrane-
account for their distinct targeting and functional properties. binding during assembly. Thus, myristylation may contribute

Our results, summarized in the model in Figure 7, suggest 0 conformational properties that increase Gag’'s membrane
that regions flanking the N-terminal basic motif are not affinity not solely through direct contact between myristate
available in the myristylated proteins as a consequence ofand lipids but also by stabilization of tertiary and quartenary
the occlusion of the myristate moiety in the cytoplasmic Protein states that favor formation of larger complexes and
milieu. Occlusion might be due to sequestration within the Viral particle assembly.
protein structure or to multimerization of the protein.
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