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The HIV-1 matrix protein p17, excised proteolytically from the N
terminus of the Gag polyprotein, forms a protective shell attached
to the inner surface of the plasma membrane of the virus. During
the late stages of the HIV-1 replication cycle, the N-terminally
myristoylated p17 domain targets the Gag polyprotein to the
host-cell membrane for particle assembly. In the early stages of
HIV-1 replication, however, some p17 molecules dissociate from
the viral membrane to direct the preintegration complex to the
host-cell nucleus. These two opposing targeting functions of p17
require that the protein be capable of reversible membrane inter-
action. It is postulated that a significant structural change in p17
triggered by proteolytic cleavage of the Gag polyprotein seques-
ters the N-terminal myristoyl group, resulting in a weaker mem-
brane binding by the matrix protein than the Gag precursor. To test
this “myristoyl switch” hypothesis, we obtained highly purified
synthetic HIV-1 p17 of 131 amino acid residues and its N-myristoy-
lated form in large quantity. Both forms of p17 were characterized
by circular dichroism spectroscopy, protein chemical denaturation,
and analytical centrifugal sedimentation. Our results indicate that
although N-myristoylation causes no spectroscopically discernible
conformational change in p17, it stabilizes the protein by 1 kcal/
mol and promotes protein trimerization in solution. These findings
support the premise that the myristoyl switch in p17 is triggered
not by a structural change associated with proteolysis, but rather
by the destabilization of oligomeric structures of membrane-
bound p17 in the absence of downstream Gag subdomains.

he HIV-1 matrix protein p17 is the N-terminal domain of a
larger precursor polyprotein encoded by the HIV-1 gag gene
(1). After ribosomal translation of viral genes, the p17 domain
directs HIV-1 Gag polyproteins to the plasma membrane of the
host cell, where assembly and budding of virions occur (2-4).
Excised proteolytically during and immediately after budding of
virus particles, p17 forms a protective shell associated directly
with the inner leaflet of the viral membrane (5, 6). In the early
stages of the HIV-1 life cycle, p17 also can dissociate from the
viral membrane and direct the core-derived preintegration com-
plex to the host-cell nucleus (7-9), although the precise role of
pl7 in regulating HI'V-1 nuclear import and enabling the virus
to replicate in nondividing cells remains controversial (10-14).
More recently, isolated p17 has been shown to enhance HIV-1
infection and replication in activated T lymphocytes by up-
regulating the secretion of proinflammatory cytokines through
an extracellular receptor-mediated signaling pathway (15).
Viral maturation and nuclear targeting apparently require that
p17 bind the cell membrane reversibly. p17 is posttranslationally
myristoylated at the N terminus (2, 4). The interaction of p17
with the plasma membrane is mediated by this 14-carbon fatty
acid moiety and a cluster of positively charged amino acid
residues located in the N-terminal region of the protein (16-19).
Ample evidence shows that p17, upon cleavage from Gag by the
HIV-1 protease, has a markedly reduced binding affinity for the
plasma membrane as compared with the unprocessed polypro-
tein (18, 20, 21). Further, deletions in the C-terminal a-helical
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region of the pl7 protein dramatically enhance its membrane
binding (20). These findings have led to the hypothesis that the
proteolytic event is accompanied by a significant structural
change in pl7 that results in sequestration of the N-terminal
myristoyl group by the C-terminal a-helix, thus weakening the
membrane-binding capacity of pl7 (20). Subsequent studies
seem to support this hypothesis (18, 22), even though the precise
region of the protein involved in the myristate sequestration
remains controversial (18, 20).

The myristoyl group can adopt two different conformations in
a protein: exposed and hidden (or sequestered). The transition
between alternating orientations of the myristoyl moiety relative
to the protein, known as the “myristoyl switch,” can be triggered
by certain biochemical and biophysical events including prote-
olysis (23). In the case of some proteins, myristate sequestration
causes significant protein structural changes (23, 24). For these
reasons, the postulated myristoyl switch model for p17 is thought
to be a possible regulatory mechanism by which the matrix
protein dictates its subcellular localization to exert different
biological functions in HI'V-1 pathogenesis. However, definitive
structural evidence to support this hypothesis is lacking for p17.
The question of how proteolytic processing of the Gag polypro-
tein during viral maturation induces a significant structural
change in p17, and thus sequestration of the myristoyl moiety,
remains unanswered. Although both NMR and crystal structures
of recombinant nonmyristoylated p17 have been determined
(25-29), these studies shed little light on the structural basis of
the myristoyl switch hypothesis. Comparative studies of both
myristoylated and nonmyristoylated p17 are needed to better
understand the molecular mechanism by which it functions in the
early and late stages of the HIV-1 life cycle.

Here we report total chemical synthesis of the 131-residue p17
and its myristoylated form, i.e., myristoylated HIV-1 matrix
protein p17 [myr(+)-p17] and nonmyristoylated HIV-1 matrix
protein pl7 [myr(—)-pl7], by using a three-segment native
chemical ligation approach (30). Hundreds of milligrams of
highly pure and correctly folded synthetic proteins were readily
prepared. Both forms of HIV-1 pl7 were characterized by
circular dichroism (CD) spectroscopy, protein chemical dena-
turation, and analytical centrifugal sedimentation. Our results
indicate that the addition of the N-terminal myristoyl group
resulted in no major conformational change in pl7. Instead,
myristoylation enhanced the stability and promoted trimeriza-
tion of the matrix protein. We propose that the myristoyl switch
in p17 is triggered by destabilization of oligomeric structures of
membrane-bound pl17 as a result of the proteolytical processing
of the HIV-1 Gag polyprotein during viral maturation.

Abbreviations: Acm, acetamidomethyl; CD, circular dichroism; GuHCI, guanidine hydro-
chloride; myr(+)-p17, myristoylated HIV-1 matrix protein p17; myr(—)-p17, nonmyristoy-
lated HIV-1 matrix protein p17; RP, reversed-phase.
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Strategy for the synthesis of the HIV-1 matrix protein p17 by means of sequential native chemical ligation of three peptide fragments at the ligation

sites Gly-55-Cys-56 and Tyr-85-Cys-86. The N-terminal Cys residue of the second peptide thioester was temporarily protected by Acm to prevent intramolecular
head-to-tail cyclization. A 0.25-mmol-scale synthesis resulted in ~275 mg of folded protein, i.e., an overall yield of 7.5%.

Materials and Methods

Peptide Synthesis, Chemical Ligation, and Protein Folding. The amino
acid sequence of and the synthetic strategy for the 131-residue
HIV-1 matrix protein p17 are outlined in Fig. 1. Four peptides
(three peptide thioesters and one peptide acid) were indepen-
dently synthesized on appropriate phenylacetamidomethyl resins
by using a custom-designed, machine-assisted chemistry tailored
from the 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate activation/N,N-diisopropylethylamine in
situ neutralization protocol developed by Kent and coworkers
(31, 32) for Boc solid-phase peptide synthesis. The four peptides
are: H-(1-55)-S-acetyl-leucinyl-OH or (1-55), myr-(1-55)-S-
acetyl-leucinyl-OH or myr-(1-55), H-Cys(Acm)-(57-85)-S-
acetyl-leucinyl-OH (ACM, acetamidomethyl) or (56-85), and
H-Cys-(87-131)-OH or (86-131). All crude peptides, after cleav-
age and deprotection in HF, were purified to homogeneity by
preparative C18 reversed-phase (RP) HPLC, and their molec-
ular masses were verified by electrospray ionization MS.

Native chemical ligation of H-Cys(Acm)-(57-85)-S-acetyl-
leucinyl-OH and H-Cys-(87-131)-OH went to completion within
8 h at a total concentration of 20 mg/ml in 0.2 M phosphate
buffer containing 6 M guanidine hydrochloride (GuHCI) and
2% thiophenol (vol/vol) (pH 7.5). Removal of the Acm group
from the purified ligation product, H-Cys(Acm)-(57-131)-OH,
was achieved quantitatively by dissolving the Cys-protected
peptide at 0.5 mg/ml in 0.1 M citric acid/0.2 M HCI, to which 5
mM iodine (in MeOH) was added dropwise to a final concen-
tration of 0.05 mM or until a stable yellow color was observed.
The reaction proceeded for 30 min before being quenched by
ascorbic acid. The major product, an intramolecularly disulfide-
bridged H-Cys-(57-131)-OH, was purified to homogeneity and
used directly in the subsequent ligation reaction. Ligation of
H-(1-55)-S-acetyl-leucinyl-OH or myr-(1-55)-S-acetyl-leuci-
nyl-OH and H-Cys-(57-131)-OH was carried out essentially as
described above, resulting in two full-length peptides of 131-aa
residues.

Protein folding was carried out by dissolving a purified and
lyophilized p17 polypeptide at 1 mg/ml in 0.2 M phosphate
buffer containing 6 M GuHCI and 10 mg/ml DTT (pH 7.5),
followed by extensive dialysis against acidified water. Folded
proteins were quantified by UV absorbance measurements at
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280 nm by using a molar extinction coefficient (16,960) calcu-
lated according to an algorithm published in ref. 33. All analyt-
ical RP-HPLC runs were performed on a Waters Alliance system
(Milford, MA) or an Agilent 1100 series (Palo Alto, CA)
equipped with a Waters Symmetry 300 C18 column (5 um, 4.6 X
150 mm) at a flow rate of 1 ml/min and a temperature of 40°C.
Solvent A was water containing 0.1% trifluoroacetic acid, and
solvent B was acetonitrile containing 0.1% trifluoroacetic acid.

Analytical Ultracentrifugation. Sedimentation equilibrium exper-
iments were run at 35°C on a Beckman XL-A Optima system
by using a four-hole An-60 rotor and double-sector center-
pieces of 12-mm path length. Myr(—)-p17 and myr(+)-pl7
were prepared at a concentration of 100 uM each in 50 mM
sodium phosphate buffer containing 100 mM NaCl (pH 5.5).
Buffer density and partial specific volume (v-bar) were calcu-
lated by using the program SEDNTERP (www.jphilo.mailway.
com/download.htm). The molar extinction coefficient was
calculated from UV absorbance scans of the samples used
for analytical ultracentrifugation. The rotor speed range
for myr(+)-p17 and myr(—)-p17 data collection was 18,000—
21,000 and 18,000-50,000 rpm, respectively. Scans used ab-
sorption optics at settings of 0.002-cm step size, three averages
per point, and 295 nm. Data analysis was performed with at
least four rotor speeds per sample by using the programs
ULTRASCAN (Version 6.0, www.ultrascan.uths.csa.edu) and
WINNONLIN (Version 1.06, Pharsight, Mountain View, CA).

CD Spectroscopy and Chemical Denaturation of p17. CD spectra of
myr(—)-pl7 and myr(+)-p17 at 0.5 mg/ml in 10 mM phos-
phate buffer (pH 6.8) were obtained at room temperature on
a J-810 spectropolorimeter (Jasco, Easton, MD) by using a
1-mm cuvette. Protein denaturation by GuHCl was carried out
at room temperature and monitored at 222 nm by CD spec-
troscopy. Specifically, an initial 2.4 ml of protein solution
prepared at 0.1 mg/ml in 20 mM phosphate buffer (pH 6.8) was
aliquotted into a 10-mm cuvette. An increasing amount of
aliquot was withdrawn, followed immediately by addition of an
equal volume of denatured protein of the same concentration,
prepared in 20 mM phosphate buffer containing 7.6 M GuHCl
(pH 6.8). This procedure generated a stepwise increase (0.25
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Fig. 2. Analysis of the synthesis and native chemical ligation of myr(—)-p17 and myr(+)-p17. (A and B) Native chemical ligation of peptide fragments (56-85)

and (86-131) monitored by analytical C18 RP-HPLC (5-65% solvent B over 30 min) at different time intervals. (Cand D) Ligation of peptide fragments (1-55) and

(56-131) monitored by HPLC (20—45% solvent B over 30 min) at 10 min and 4 h.

(E) Ligation of peptide fragments myr-(1-55) and (56-131) monitored by HPLC

(25-50% solvent B over 30 min) at 1 h. (F) Folded and purified HIV-1 p17 and its myristoylated form analyzed by C18 RP-HPLC (5-65% solvent B over 30 min).
The molecular masses determined by electrospray ionization MS for the three ligation products, H-Cys(Acm)-(57-131)-OH, myr(—)-p17, and myr(+)-p17, were
inagreement with the expected values (in parentheses) calculated based on the average isotopic compositions of the peptides. Finally, the three transient ligation
intermediates, (56—85)int, (1-55)int, and myr-(1-55)it, were the products derived from a nucleophilic substitution reaction of corresponding peptide thioesters

with the catalyst thiophenol.

M) in the concentration of GuHCI in the cuvette from 0 to 4
M after 16 withdrawal/addition cycles. The solution in the
cuvette was thoroughly mixed before signals at 222 nm were
recorded at different GuHCI concentrations. The experimen-
tal data were subjected to a six-parameter nonlinear regression
analysis by using an equation published in ref. 34 that was
derived from a two-state protein denaturation model, yielding
the free energy change of unfolding, AG®° (kcal/mol), at zero
GuHCI concentration.

Results

The HIV-1 Matrix Protein p17 Can Be Synthesized Readily by Means of
Native Chemical Ligation. The protein p17 contains two conve-
niently located Cys residues in the sequence, Cys-56 and Cys-86,
making it an ideal protein molecule to be synthesized by using
sequential, two-step native chemical ligation. As illustrated in
Fig. 2 A4 and B, the first ligation reaction by using the C-terminal
peptide (86—131) and the middle fragment (56—85) was almost
complete in 4 h, yielding a readily separable ligation product
(56-131) with a molecular mass of 8,649.4 = 0.6 Da. The
experimentally determined mass value agrees with the expected
value of 8,649.6 Da calculated on the basis of the average isotopic
compositions of the ligation product. Notably, a stable interme-
diate H-(56-85)-S-phenyl accumulated as the result of a nu-
cleophilic substitution reaction between H-(56-85)-S-acetyl-
leucinyl-OH and thiophenol, as identified by electrospray
ionization MS. This finding suggests that thiophenol-catalyzed
native chemical ligation is achieved through formation of a more
reactive peptide thioester species with a presumably better
leaving group —S-phenyl.

For the first ligation reaction, the sulfhydryl group of the
N-terminal Cys-56 in the peptide thioester H-(56-85)-S-acetyl-
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leucinyl-OH was protected by Acm to prevent intramolecular
ligation, i.e., head-to-tail backbone cyclization. Because in-
tramolecular ligation proceeds much faster than intermolecular
reactions due to a much higher effective concentration of
reactants, peptide thioesters with unprotected N-terminal Cys
have been constructed for efficient synthesis of circular peptides
and proteins (35). Cys-56(Acm) of the first ligation product,
H-Cys(Acm)-(57-131)-OH, was deprotected before the second
ligation reaction. Methods for Cys(Acm) deprotection in pep-
tides are well established in the literature. We chose I, treatment
of the peptide in acidic aqueous solution to simplify subsequent
workup steps. Removal of Acm proceeded quantitatively, yield-
ing the major product: an intramolecularly disulfide-bridged
H-(56-131)-OH as suggested by electrospray ionization MS
analysis (data not shown). Although the reaction also generated
two minor products, i.e., a reduced monomeric H-(56-131)-OH
and its intermolecularly disulfide-bridged dimer, all three prod-
ucts could be used for the second ligation reaction where
reducing thiophenol would render them chemically identical.
The second ligation between H-(1-55)-S-acetyl-leucinyl-OH
and H-(56-131)-OH proceeded as efficiently as the first one
(Fig. 2 C and D). A thiophenol-derived peptide thioester inter-
mediate H-(1-55)-S-phenyl, similar to the one observed previ-
ously, also accumulated stably during the ligation reaction. The
full-length ligation product, H-(1-131)-OH, gave rise to a mo-
lecular mass of 14,751.1 = 1.0 Da, in agreement with the
expected value of 14,751.7 Da calculated on the basis of the
average isotopic compositions of myr(—)-pl7. In a parallel
experiment, myristoylated (1-55)-S-acetyl-leucinyl-OH was li-
gated with H-(56-131)-OH, and similar results were obtained
(Fig. 2E). The observed molecular mass of myr-(1-131)-OH, i.e.,
14,961.5 = 1.2 Da, is within experimental error of the calculated
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Fig. 3. CD spectra of myr(—)-p17 and myr(+)-p17 (A) and their two-state,
GuHCl-induced denaturation monitored at 222 nm by CD spectroscopy (B).
Both proteins adopted a similar, if not identical, predominantly a-helical
structure, as evidenced by the dual peaks at 208 and 222 nm, characteristic for
a-helices. Myr(+)-p17 was 1 kcal/mol more stable than its nonmyristoylated
form in PBS.

value of 14,962.1 Da based on the average isotopic compositions
of myr(+)-pl7.

On a typical 0.25-mmol synthetic scale, 275 mg of HPLC-
purified and folded protein was obtained, representing an overall
yield of synthesis of 7.5%. Shown in Fig. 2F are the two final
products of p17 analyzed by RP-HPLC under the same chro-
matographic conditions. Myristoylation of the HIV-1 matrix

protein caused a shift of retention time of >2 min on the C18 RP
column, presumably because of the presence of the 14-carbon
hydrophobic fatty acid at the N terminus.

Myristoylation of p17 Results in Little Structural Change and Stabilizes
the Matrix Protein by 1 kcal/mol. Both forms of synthetic HIV-1
pl7 adopt indistinguishable, predominantly «-helical struc-
tures in solution, as indicated by CD spectroscopic analysis
(Fig. 34). This finding, although in line with known structural
features of recombinant HIV-1 pl7 characterized by NMR
spectroscopy and x-ray crystallography (28, 29), also supports
the conclusion that synthetic p17 is correctly folded. Further
evidence for the correct folding of synthetic p17 comes from
studies of GuHCl-induced denaturation (Fig. 3B), where co-
operative unfolding with an apparent two-state transition is
indicative of a compact, single-domain globular structure of
the protein. Significantly, myr(+)-p17 is more stable than
myr(—)-pl7 by 1 kcal/mol, suggesting that the myristoyl
moiety forms energetically favorable hydrophobic contacts
with surrounding residues.

Myristoylation of p17 Promotes Protein Trimerization. Analytical
ultracentrifugation was used as a tool for evaluating high-order
assembly of the synthetic proteins in solution (Fig. 4). Data
analysis by using the program WINNONLIN indicated that al-
though myr(+)-p17 at 100 uM and 35°C was present in a
monomer—trimer equilibrium with an association constant of
1.2 £ 0.4 X 103 M2, myr(—)-p17 existed as a monomer with no
significant amount of trimeric species present under the same
conditions. The experimental data did not fit equilibria between
monomer and dimer or other higher-order oligomers. These
results suggest that myristoylation of pl7 promotes protein
trimerization in solution. It is worth noting that for myr(+)-p17
at 100 uM, about half of the protein formed trimer. In contrast,
>99% of myr(+)-pl7 used in the protein denaturation experi-
ment was in the monomeric form because the protein concen-
tration was much lower (0.1 mg/ml).

Discussion

N-terminal myristoylation is an important posttranslational pro-
cessing event that targets proteins to the inner surface of the
plasma membrane by inserting the 14-carbon hydrophobic an-
chor into the lipid bilayer (23). Because the energetic strength of
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Sedimentation equilibrium for myr(—)-p17 and myr(+)-p17 at 100 uM and 35°C. The data for myr(—)-p17 were collected at eight different rotor speeds

ranging from 18,000 to 50,000 rpm; only the high-speed sedimentation equilibrium data are shown (38,000, 42,000, 46,000, and 50,000 rpm). The data for
myr(+)-p17 were collected at five different rotor speeds: 18,000, 19,000, 20,000, 21,000, and 22,000 rpm. Myr(—)-p17 existed as a monomer under the
experimental conditions, whereas myr(+)-p17 was in a monomer-trimer equilibrium with a Keq value of 1.2 X 108 M2,
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such interaction alone is insufficient to hold lipid-linked proteins
at the membrane surface (36, 37), additional stabilizing inter-
actions between the protein and membrane are needed. Despite
the multipoint anchoring, lipid proteins can still dissociate from
the plasma membrane, an event coupled to functions important
in HIV-1 pathogenesis in the case of pl7. Understanding the
molecular determinants governing the reversible membrane-
binding process will require comprehensive structural and func-
tional studies of lipid-linked proteins such as p17, which cannot
be readily produced in large quantities in heterologous expres-
sion systems lacking intracellular machineries for proper post-
translational modifications.

Several techniques for site-specific unnatural modifications
of proteins are currently in practice, including total chemical
synthesis (32, 38, 39), in vitro translation (40-42), auxotrophic
bacterial expression (43-46), enzymatic semisynthesis (47—
49), native chemical ligation (30, 50), expressed protein liga-
tion (51), and, more recently, expression in Escherichia coli by
using novel orthogonal tRNA/synthetase pairs (52, 53).
Among these methods, total chemical synthesis coupled with
native chemical ligation has proven to be a robust and versatile
technique for the production of small- to medium-sized pro-
teins (54).

Native chemical ligation, developed by Kent and coworkers
(30), allows two fully unprotected synthetic peptides to react
chemoselectively in aqueous solution to assemble a longer
polypeptide chain linked by a new peptide bond. The method
requires the presence of a C-terminal a-thioester moiety on the
first peptide and an N-terminal cysteine residue on the second
one. When multistep ligation strategies are used (55), large
proteins can be assembled in solution. The 131-residue HIV-1
pl7 contains two Cys residues conveniently situated in the
sequence. Our experimental results clearly demonstrate that the
matrix protein and its unnaturally modified forms can be readily
synthesized by means of two-step, sequential ligation of three
peptide segments. This methodology has afforded us a unique
opportunity to investigate how the hypothesized myristoyl switch
model for p17 works at the molecular level in the lipid-mediated
membrane-binding process.

The myristoyl switch model stipulates that the p17 domain,
as part of the HIV-1 Gag polyprotein, adopts a structure that
exposes the N-terminal myristoyl group for interaction with
the plasma membrane. However, upon cleavage by the HIV-1
protease during viral maturation, the p17 domain undergoes a
significant conformational change, resulting in burial or se-
questration of the fatty acid moiety and, thus, a weakened
membrane-binding capacity. Several lines of evidence derived
from cryoelectron microscopic characterizations of virus par-
ticles and functional studies seem to support this hypothesis
(18, 20-22, 56), yet a definitive structural proof remains
elusive. Recently, the solution structure of a 283-residue
N-terminal fragment of the immature HIV-1 Gag polyprotein
comprising both the p17 domain and the downstream capsid
protein has been determined (57). The pl7 domain in the
immature Gag polyprotein assumed an essentially identical
structure to that observed for the cleaved form determined by
x-ray crystallography and NMR spectroscopy (28, 29), sug-
gesting that proteolysis did not induce structural changes in
pl7. The proteins used for structural determination were
nonmyristoylated, leaving room for uncertainty as to whether
proteolysis leads to structural changes in myristoylated pro-
teins. Nevertheless, if the myristoyl switch were the result of a
significant structural rearrangement after cleavage and involv-
ing a distal C-terminal a-helix, as originally postulated for p17,
myristoylated p17 would adopt a different conformation than
unmodified p17. Our findings seem to suggest otherwise.

Both forms of p17 gave rise to virtually identical CD spectra,
suggesting that N-myristoylation has little impact on the
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overall structure of the protein. Notably, myristoylated p17 is
more stable than the nonmyristoylated protein by 1 kcal/mol.
Solvent-exposed hydrophobic side chains in a protein are, in
general, destabilizing because they can be buried in the
unfolded state, thus favoring protein denaturation (58). A
solvent-exposed myristoyl group is expected to further desta-
bilize the protein because of an additional entropy penalty
associated with the long flexible hydrocarbon chain (58). Our
finding indicates the existence of an energetically favorable
interaction of a hydrophobic nature between the 14-carbon
fatty acid moiety and proximal residues in the protein. The N
terminus of p17 shown in various structural analyses is highly
mobile (27-29), suggesting that it would not interfere with such
an interaction. Whereas our data identify a “myristoyl-
hidden” interaction mode for pl7 in the absence of any
spectroscopically discernible structural change in the protein,
residues involved in the myristoyl sequestration remain to be
structurally identified.

The central question remains: What triggers the burial of the
myristoyl group in pl7 in the reversible membrane binding
process? A partial answer may lie in the destabilization of
oligomeric structures of p17 at the membrane surface. Non-
myristoylated p17, at up to millimolar concentrations in solu-
tion, adopts a monomeric structure composed of five a-helices
connected by short loops, as determined by NMR spectroscopy
(25, 28). In contrast, x-ray diffraction shows that nonmyris-
toylated p17 crystallizes as a trimer, similar in other respects
to the NMR structure (29). Trimers and/or higher-order
oligomers of p17 are believed to be the quaternary structure
relevant to membrane binding. In fact, mutations detrimental
to p17 trimerization have been shown to prevent viral particle
assembly (59, 60). Our results obtained from the sedimenta-
tion experiments indicate that at concentrations >100 uM,
myristoylated pl7 predominantly exists as a trimer, whereas
the nonmyristoylated protein stays as a monomer under
identical conditions. We speculate that pl7 trimerization in
solution is mediated by the clustering of exposed myristoyl
groups. It is plausible that the myristoyl switch in p17 at the
membrane surface, although not caused by any structural
change associated with proteolysis, may be triggered energet-
ically. Because regions of the HIV-1 Gag polyprotein outside
the p17 domain contribute to membrane binding as well as to
protein oligomerization (18, 21, 61-64), the departure of
downstream Gag subdomains upon proteolytic cleavage pre-
dictably weakens oligomeric structures of p17 at the membrane
surface. Such destabilization may lead to the dissociation of
“clustered” myristoyl moieties or pl7 molecules from each
other and, ultimately, the detachment of some p17 molecules
from the membrane. This reversible membrane-binding event
is energetically favored to some extent because the myristoyl
moiety in dissociated monomeric p17 molecules can adopt a
thermodynamically more stable, sequestered conformation. A
structural proof is needed to support this possibility by dem-
onstrating the existence of myristoyl-sequestered monomeric
and myristoyl-exposed trimeric structures of the p17 protein.
Crystallographic studies of both forms of synthetic p17 are
needed. Finally, it is worth noting that phosphorylation at the
C-terminal Tyr of p17 has been suggested to be an important
regulatory event in facilitating import of the viral preintegra-
tion complex into the cell nucleus (9, 65, 66). Tyr phosphor-
ylation induces the binding of pl7 to the core domain of
integrase (65). It remains to be seen whether Tyr phosphor-
ylation also promotes dissociation of trimeric p17 in solution
and destablization of multimeric p17 at the membrane surface.

Shortly before we submitted this manuscript, Tang, Sum-
mers, and coworkers (67) published the NMR structure of
myristoylated HIV-1 p17, and it seems to be in agreement with
the conclusions we have reached based on our own studies. The
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structure reveals that the myristoyl group is partially seques-
tered in a hydrophobic cavity that requires only minor con-
formational adjustments for insertion. Their work further
suggests that the exposure of the myristoyl group is coupled
with protein trimerization, which is enhanced by the presence
of other Gag subdomains. They concluded that the HIV-1
myristoyl switch is not induced by conformational changes but
through entropic modulation of a preexisting equilibrium
between myristoyl-sequestered monomer and myristoyl-
exposed trimer. Notably, although the NMR study did not
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