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The human immunodeficiency virus (HIV) is an enveloped virus
constituted by two monomeric RNA molecules that encode for 15 proteins.
Among these are the structural proteins that are translated as the gag
polyprotein. In order to become infectious, HIV must undergo a maturation
process mediated by the proteolytic cleavage of gag to give rise to the
isolated structural protein matrix, capsid (CA), nucleocapsid as well as p6
and spacer peptides 1 and 2. Upon maturation, the 13 N-terminal residues
from CA fold into a β-hairpin, which is stabilized mainly by a salt bridge
between Pro1 and Asp51. Previous reports have shown that non-formation
of the salt bridge, which potentially disrupts proper β-hairpin arrangement,
generates noninfectious virus or aberrant cores. To date, however, there is
no consensus on the role of the β-hairpin. In order to shed light in this
subject, we have generated mutations in the hairpin region to examine what
features would be crucial for the β-hairpin's role in retroviral mature core
formation. These features include the importance of the proline at the
N-terminus, the amino acid sequence, and the physical structure of the
β-hairpin itself. The presented experiments provide biochemical evidence
that β-hairpin formation plays an important role in regard to CA protein
conformation required to support proper mature core arrangement.
Hydrogen/deuterium exchange and in vitro assembly reactions illustrat-
ed the importance of the β-hairpin structure, its dynamics, and its
influence on the orientation of helix 1 for the assembly of the mature CA
lattice.
© 2011 Elsevier Ltd. All rights reserved.
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Introduction

Human immunodeficiency virus (HIV) type 1
enveloped viral particles bud from infected cells
as immature virions composed of approximately
5000 radially arranged copies of the 55-kDa gag
polyprotein.1 The gag polyprotein is composed
of six distinct domains with matrix (MA) at the
N-terminus followed by capsid (CA), spacer pep-
tide 1 (SP1), nucleocapsid (NC), spacer peptide 2,
d.
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and p6 at the C-terminus. The N-terminus of gag is
myristoylated and is anchored to the viral envelope
of budding virions with the C-terminus of gag
positioned toward the center of the particle (Fig. 1b).
While the MA and NC domains do not display any
organized quaternary structure in the immature
virion, tomographic reconstructions suggest that
the CA forms a discontinuous, broken hexameric
lattice.3,4

To become infectious, HIV virions must undergo a
maturation process following budding. This process
is mediated by the viral protease and results in a
pronounced morphological change in the virion, as
∼2500 CA monomers rearrange into a conical,
centralized core. The viral protease cleaves the gag
polyprotein into the individual structural and spacer
domains described above. The separation of the
C-terminus of CA from SP1 is believed to free it
from a postulated SP1 α-helical bundle. This
then allows the rearrangement of the C-terminal
domain of CA into its mature position to form
an intrahexamer, intermolecular interaction with an
adjacent N-terminal domain (NTD).5–7 While the 13
N-terminal residues of CA are extended in the
immature form and during maturation, these resi-
dues refold into a β-hairpin following the comple-
tion of gag processing.8–11 The resulting infectious
Fig. 1. Schematics of HIV-1 CA protein, virions, and inser
mature HIV-1 CA protein monomer. Substitutions generated
and 15; Pro1 and Asp51 are shown in stick form with an as
locations of the two structural domains [NTD and C-terminal
are also depicted. (b) Cartoons of immature and mature HIV-1
immature virions with the MA attached to the interior of the v
center of the virion. Following maturation, MA remains attach
the condensed, conical core encapsidating the viral RNA–NC
region of HIV CA protein and their abbreviations with mutate
grafted MLV β-hairpin (MLV:HIV), glycine–serine (Gly–Ser
N-terminal proline, with substitution of the isoleucine to a v
at position 2 (ΔP1 I2V). [(a) and (b) are adapted from Ganser-
HIV-1 capsids are organized as fullerene cones based
on a hexameric lattice encapsidating the NC–RNA
complex (Fig. 1b).1,12–15

The β-hairpin structure is maintained by a salt
bridge between the N-terminal proline residue 1 and
the aspartate at position 51 and further strengthened
by a hydrogen-bonding network around and within
the hairpin (Fig. 1a).7,11,16 Mutational analyses
suggest that the salt bridge is essential for proper
core assembly and viral infectivity.10,17–19 Recent
high-resolution crystal structures of the hexameric
lattice show no evidence for any intersubunit
interactions that include the β-hairpin.7 Although
it appears that the formation of the N-terminal
β-hairpin is central to maturation, the molecular
basis for this requirement remains unclear.
To address the role the salt bridge, the amino acid

sequence, and the β-hairpin structure play in mature
core formation, we generated several substitutions
in the β-hairpin region of HIV-1 CA protein. The
mutants examined included a deletion of the
N-terminal proline to preclude the salt bridge
formation, introduction of a flexible glycine–serine
linker in lieu of wild-type (WT) residues 3–13, and
the grafting of the murine leukaemia virus (MLV)
hairpin sequence (residues 2–15) onto the HIV-1 CA
protein sequence (Fig. 1c). In vitro assembly reactions,
ted hairpin mutations. (a) Cartoon representation of the
for this work are confined between amino acid numbers 1
terisk to denote the Pro1–Asp51 salt bridge. The relative
domain (CTD)], the β-hairpin, and the CypA binding loop
virions showing the gag polyprotein arranged radially in
iral membrane and with CA and NC extended toward the
ed to the viral membrane, while CA has collapsed to form
complex. (c) Amino acid substitutions in the β-hairpin

d regions underlined, including WT CA protein sequence,
) replacement of the β-hairpin, and the deletion of the
aline, a conserved substitution among other HIV strains,
Pornillos, et al.2].
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hydrogen/deuterium exchange mass spectrometry
(HDX MS), and in vivo studies were able to shed
light on the role of the hairpin structure on retroviral
assembly. Through these experiments, we show that
mutations that inhibit or strain β-hairpin formation
prevent in vitro assembly, while the insertion of
the MLV β-hairpin sequence enhanced assembly.
Additionally, theMLVβ-hairpinwas found to stabilize
the CA assembly and modulate the orientation/
stability of helix 1 in CA monomers, both of which
may strengthen and/or facilitate the formation of
the mature CA lattice. We also propose that the
β-hairpin modulates the orientation of helix 1, which
is integral to the assembly of the hexameric lattice.

Results

CA protein secondary structure and stability of
β-hairpin mutants

Amino acid substitutions (Fig. 1c) were generated
in the hairpin region of the HIV CA protein to
investigate the role of the N-terminal β-hairpin on
mature core formation. These mutations included
the deletion of the N-terminal proline to abolish
the formation of the Pro1–Asp51 salt bridge,
insertion of a glycine–serine loop in positions 3–13
(GGSGGSGGSGG) to increase the flexibility of
the β-hairpin region, and replacement of the
WT β-hairpin sequence with that from MLV, a
structurally similar virus. In the case of the Pro1
deletion, an additional mutation (I2V) was inserted
in order to result in the trimming of the initiating
methionine. The extent of conformational distur-
bances induced by these mutations on CAmonomer
secondary structure and stability was monitored
by circular dichroism (CD) spectroscopy. Com-
pared to WT, the hairpin mutations did not
dramatically alter the secondary structure, indi-
cating that the proteins maintained the predomi-
nantly helical content associated with HIV-1 CA
(Fig. 2). All four proteins also displayed similar
melting temperatures of approximately 55 °C,
suggesting similar thermal stability across the
mutants (Fig. 2b). However, small variations in
Fig. 2. Secondary structure anal-
ysis and melting curves of CA
protein mutants. (a) CD spectra of
(●) WT, (▵) ΔP1 I2V, (◇) Gly–Ser,
and (□) MLV:HIV. (b) Melting
curves of (●) WT, Tm=55.2 °C; (▵)
ΔP1 I2V, Tm=55.1 °C; (◇) Gly–Ser,
Tm=52.8 °C; and (□) MLV:HIV,
Tm=54.8 °C.

image of Fig. 2


Fig. 3. Assembly reactions of WT
and β-hairpin variants. Samples
were analyzed at the noted protein
concentrations: (●) WT, 32 μM; (■)
MLV:HIV, 32 μM; (▵) ΔPro1 I2V,
40 μM; (▴) ΔPro1 I2V, 80 μM; and
(◇) Gly–Ser, 162 μM.
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the melting curves of the CA proteins indicate that
subtle structural variations are likely present.
ΔPro1 I2V and Gly–Ser showed less cooperative
unfolding in the melting experiments compared to
WT. This suggests that deletion of the N-terminal
proline or the substitution of the β-hairpin with
a flexible loop disrupted the formation of the
β-hairpin.

Introduction of mutations in the hairpin region of
HIV CA protein alters assembly

The in vitro assembly of WT CA protein can be
triggered by the addition of NaCl,10,13,15,20–24 and
the kinetics of this assembly process may be
monitored by an associated time-dependent increase
in turbidity.24,25 This approach was employed to
investigate the assembly activity of the HIV-1 CA
hairpin mutants. Invariably, each mutation altered
the observed assembly dynamics. Deletion of the
N-terminal proline (ΔPro1 I2V) inhibited assembly,
requiring an increase in protein concentration in
Fig. 4. Electron micrographs of the products of selected asse
HIV, (d) MLV:HIV, andWTmixed assembly. WTwas assembl
andMLV:HIV (32 μM) samples were assembled in the presence
and 14 μM WT were co-assembled in 1.95 M NaCl. Grids wer
100 nm.
order to observe an increase in turbidity (80 μM
versus 32 μM for WT), while the substitution of the
β-hairpin structure with a flexible glycine–serine
loop prevented assembly even at elevated concen-
trations (162 μM, Fig. 3). In marked contrast,
grafting the MLV hairpin sequence to the HIV
CA protein significantly enhanced the rate of
assembly compared to WT. The assembled struc-
tures of WT CA, ΔPro1 I2V, and MLV:HIV were
visualized by electron microscopy (Fig. 4a–c). Both
WT and the MLV:HIV fusion construct showed
predominantly ordered tubular structures, with
diameters ranging from 30 to 50 nm (Fig. 4a and c).
Deletion of the N-terminal proline resulted in the
formation of amorphous aggregates at increased
protein concentrations (Fig. 4b). The Gly–Ser mutant
is assembly deficient; no conditions where the
mutant would assemble into WT-like tubes were
found. As the Gly–Ser mutant retains the WT hairpin
length and Pro1, these results suggest that the proline
at the N-terminus of CA is necessary but not
sufficient to support proper mature lattice formation.
mbly reactions. (a) WT CA protein, (b) ΔP1 I2V, (c) MLV:
ed at 400 μM in the presence of 1 MNaCl.ΔP1 I2V (80 μM)
of 1.95MNaCl. For the mixed assembly, 14 μMMLV:HIV
e stained with 1% uranyl acetate. The scale bars represent

image of Fig. 3
image of Fig. 4
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In vitro assembly reactions of HIV CA display a
lag phase followed by a sigmoidal increase in rate,
characteristic of a nucleation-limited reaction. The
MLV:HIV CA fusion protein displayed an enhanced
rate of assembly as compared to WT, with signifi-
cant shortening of the lag phase (40 s versus 60 s for
WT) at a protein concentration of 32 μM, which
suggests that the nucleation step in the fusion
construct is likely more efficient (Fig. 3). Upon
purification of the MLV:HIV fusion construct,
approximately half of the protein was found to
precipitate in phosphate buffer in the absence of
NaCl. Examination of the precipitate by electron
microscopy revealed tubular structures identical
with those resulting from assembly reactions at
lower protein concentrations in the presence of NaCl
(Fig. 5a). Based on the studies from Douglas et al.,
the addition of sodium chloride is necessary to
shield the N-terminal charges and thus prevent
charge–charge repulsion that would otherwise
inhibit CA in vitro assembly.25 We therefore carried
out assembly reactions of both the MLV:HIV fusion
construct and the WT CA in different NaCl
concentrations. When the log of the rate of assembly
is plotted versus NaCl concentration for WT and
fusion protein, the slopes of the linear fits are not
parallel, suggesting different shielding needs (Fig.
5b). The rates of assembly for the two proteins do,
however, converge at high salt concentration where
shielding is most effective, suggesting that the
difference in assembly rate is due to electrostatic
interactions.25,26

While the structures formed upon polymerization
of WT and MLV:HIV CA appear to be morpholog-
ically similar in nature, we could not discount the
possibility that the hairpin graft affected the
protein–protein interaction interfaces necessary for
assembly of the WT tubes. To assay for such a
variation, we co-assembled WT and MLV:HIV in
vitro. Nucleation-limited reactions display a non-
linear dependence of the rate on protein concentra-
tion. For example, doubling the concentration of WT
CA results in a roughly 10-fold increase in the rate of
in vitro assembly. If WT and the MLV:HIV fusion
proteins are incapable of co-assembly and equimo-
lar amounts are mixed, the assembly rate would be
expected to correspond to the sum of the contribu-
tions from the individual proteins. On the other
hand, if the proteins are able to co-assemble, the rate
of assembly would increase to a rate approximately
equal to the sum of their respective concentrations.
Assembly reactions of either the WT or the MLV:
HIV fusion protein alone at 14 μM displayed little
assembly, whereas a mixture containing 14 μM of
each protein displayed significant assembly (Fig. 6a).
This result strongly suggests that the two proteins
are capable of interacting during the rate-limiting
step of polymerization, as no assembly would
otherwise be observed if they did not interact.
Furthermore, the rate of assembly of the equimolar
mixture of both proteins is intermediate between
that observed for the WT protein and MLV:HIV
fusion proteins at 28 μM, suggesting that each
species retains its intrinsic assembly properties in
the mixed assembly reaction. Electron microscopic
images of the products from the mixed assembly
reactions demonstrated that tubes similar to those
produced with only WT CA or the MLV:HIV fusion
are formed (Fig. 4d). This indicates that the product
of assembly is very similar whether WT CA, MLV:
HIV, or mixtures of the two proteins are used in the
assembly reaction.
The tubes were pelleted, separated from the

supernatant, and analyzed by electrospray time-of-
flight mass spectrometry to verify that both WT CA
and MLV:HIV fusion proteins were incorporated
into the products of the co-assembly. In the mass
spectrum, a doublet was observed in the charge
state envelope with signals corresponding to each
protein being present at approximately a 1:1 ratio
(Fig. 6b). While not strictly quantitative, the ioniza-
tion efficiency of both WT CA and MLV:HIV CA
proteins is expected to be very similar owing to the
high sequence similarity between the two forms.
Therefore, the mass spectrum may provide a rough
measure of the relative extent of incorporation of
Fig. 5. Dependence of WT HIV
andMLV:HIV assembly onNaCl. (a)
A representative micrograph of
MLV:HIV assembly in the absence
of NaCl. The scale bar represents
100 nm. (b) Assembly reactions were
performed for HIV WT CA (●) or
MLV:HIV CA (■) in different salt
concentrations, ranging from 1.5 to
2.3 M NaCl. The rate of assembly of
each reaction was determined by
fitting the log phase of the assembly.
Resulting values showed a varied
reliance on salt between the proteins.

image of Fig. 5


Fig. 6. Co-assembly of WT and
MLV:HIV CA protein and electro-
spray ionization mass spectrometry
analysis of co-assembly products. (a)
Assembly reactions of (●) WT CA at
28 μM, (○) WT CA at 14 μM, (■)
MLV:HIV at 28 μM, (□) MLV:HIV
at 14 μM, and (×) mixed assembly of
MLV:HIV and WT CA, both at
14 μM. All assemblies were per-
formed in 1.95 M NaCl. (b) The
charge state distribution (charges
labeled) from the mass spectrum of
the MLV:HIV and WT CA co-
assembly reaction products shows
equivalent distribution of the WT
CA and MLV:HIV fusion proteins.
The inset shows the observed m/z
for the 27+ charge state where m/z
949.20 corresponds to [WT CA]27+

and m/z 951.94 corresponds to
[MLV:HIV]27+.
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each protein in the assembled tubes. Deconvolution
of the charge state distributions yielded masses
corresponding to both the calculated masses of WT
and MLV:HIV CA. Although not purely quantita-
tive, these data indicate that both the WT and the
MLV:HIV fusion proteins are assembled into tubes
at roughly equal efficiencies under mixed assembly
conditions.
As heteropolymers of WT and MLV:HIV fusion

proteins may be formed under typical assembly
conditions, specific intermolecular and intramolec-
ular interactions crucial to assembly are not likely to
involve the β-hairpin. This suggests that the
increased assembly kinetics observed for the MLV:
HIV fusion protein are a result of structural
modulation beyond the β-hairpin region.

HDX MS identifies regions of structural/stability
variation

While the β-hairpin does not appear to be
involved in any intermolecular interactions in the
mature CA lattice,7 allosteric effects may be induced
by the substitution of the β-hairpin. In order to
investigate the effect of replacing the β-hairpin of
HIV-1 CA with that from MLV, we examined both
monomers and assemblies of the WT and MLV:HIV
fusion constructs by HDX MS. The use of HDX MS
allows for the interrogation of protein dynamics and
structural interactions both in the β-hairpin region
and elsewhere within the protein, either or both of
which may be modulated by the replacement of the
β-hairpin.
The exchange plots for a peptide that comprises

residues 1–22 of the CA proteins and contains both
the β-hairpin and the N-terminal portion of helix 1
are shown in Fig. 7a. While notable protection is
observed upon assembly, this is likely due to the
strong intermolecular interactions formed within
helix 1 and is in line with previously published HDX
studies of the HIV-1 CA lattice.8,21 The variations in
exchange patterns between the WT CA and the
MLV:HIV fusion protein in both the monomer (open
symbols) and the assembled states (filled symbols)
suggest the presence of structural or dynamic
variations between the two proteins. In the case of

image of Fig. 6
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the monomers, we interpret this subtle but statisti-
cally significant variation to indicate an increase in
the stability of the β-hairpin in the MLV:HIV fusion
protein.
In the case of the assembled proteins, the

difference in exchange patterns is larger than that
of the monomers. At late times, the increased
exchange protection in the mutant relative to the
WT suggests an increased stabilization from inter-
molecular interaction for the mutant protein. Exam-
ination of the B-MLV27 and N-MLV16 CA hexameric
crystal structures indicates possible intermolecular
interactions between β-hairpins of adjacent sub-
units. These interactions are not present in the WT
HIV-1 CA hexamer crystal structure.7 The protec-
tion observed for the 1–22 peptide on the assembled
MLV:HIV fusion protein lattice versus WT is
consistent with the presence of an intermolecular
interaction similar to that found in the B- and
N-MLV structures. Such intermolecular interactions
would be expected to increase the protection in the
MLV:HIV fusion assembly slightly and, if the
interactions are highly stable, show increased
protection at long time periods of exchange. In
nearly all other detected peptides, no significant
variations were observed between the WT CA and
the MLV:HIV fusion samples. Several peptides
showed increased protection upon assembly (such
as CA 30–40 shown in Fig. 7b) consistent with
previously reported results from WT CA in vitro
assemblies21 and HIV mature virus-like particles.8

In the unassembled form, the peptide that covered
the C-terminal portion of helix 1 and part of helix 2
(CA 23–40) exchanged more rapidly in the WT
protein than in the fusion protein. This difference
was not evident in the assembled samples (Fig. 7c).
As no statistically significant variation in exchange
between fusion and WT proteins was observed for
the overlapping peptide spanningCA residues 30–40,
the difference in protection in CA 23–40 is confined to
residues 23–29. The variation in exchange between
the monomeric proteins suggests that the identity of
the β-hairpin affects the orientation of helix 1 prior to
assembly. However, the identical exchange patterns
in the assembled proteins suggest that the orientation
of helix 1 is not mediated by the β-hairpin following
assembly. As the variation in the exchange pattern is
observed only for CA 23–29 in themonomers and not
in the assembled lattice, it appears that the MLV β-
hairpin has the ability to modulate the orientation or
stability of helix 1 compared to the WT β-hairpin.
Fig. 7. HDX peptide profiles for WT and MLV:HIV
analyzed by mass spectrometry. HD exchange plots for
peptides covering the 40 N-terminal amino acids of
monomeric (open symbols) and assembled (filled sym-
bols) MLV:HIV (□, ■) and WT CA (○, ●). (a) The
exchange plot for residues 1–22 shows a decrease in
exchange for MLV:HIV in both monomeric and assembled
forms, while (b) the peptide containing amino acids 30–40
shows no variation between the proteins. The increased
protection in the assembled states is due to intermolecular
interactions of helix 2 in the assembled lattice. (c) The 23–
40 peptide shows different exchange patterns between
monomeric and assembled CA proteins, which can be
explained by a change in the orientation of helix 1 in the
monomeric form but not in the assembled state.

image of Fig. 7
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Fusion construct only marginally reduces
virus infectivity

The consequence of changes to the viral core
stability induced by the MLV mutation would be
expected to be reflected in viral infectivity, as
variations in core stability have been shown to
affect infectivity.28 To test this, we introduced the
MLV β-hairpin region into the pNL4-3 proviral
DNA. Human kidney 293T cells were transfected
with either WT or MLV:HIV proviral DNA to
produce infectious virions that were purified as
described in Materials and Methods. The presence
of mature virions was confirmed by Western blot
(data not shown). The MLV:HIV fusion virus had a
10-fold decrease in viral yield compared to WT and
a 6-fold reduction in infectivity. While the MLV:
HIV fusion virus resulted in some deficiencies in
both viral yield and infectivity, the production of
viral particles shows that some level of conforma-
tional plasticity is accepted by the CA protein,
allowing for the formation of mature, infectious
particles following the replacement of the β-hairpin.
Discussion

Retroviral CA proteins are capable of assembling
into mature cores in the absence of cellular
factors,10,13–15,19–25,29 and much previous work has
gone into understanding the structural basis of this
capability. One core structural determinant of mature
CA proteins has been identified as the N-terminal
β-hairpin.10,16,19,30 In HIV-1, Mason–Pfizer monkey
virus, respiratory syncytial virus, human T-cell
lymphotropic virus, and MLV, this β-hairpin is
stabilized by the formation of a salt bridge between
an N-terminal proline and an aspartate located in
helix 3.7,9,10,16,17,31,32 Modifications and N-terminal
extensions of CA that block β-hairpin formation
result in the production of spherical, immature-like
particles.19,33 Mutations to the N-terminal proline's
proton-accepting partner (aspartate) to alanine,
asparagine, glutamine, or glutamate produce simi-
lar defects in regard to maturation, morphology,
and infectivity.10,17,30,34,35 While these experiments
highlight the importance of β-hairpin formation in
the production of mature, infectious virions, struc-
tural studies of the mature HIV-1 CA lattice show
no evidence for the presence of any intermolecular
interactions involving the β-hairpin7 or any signif-
icant alteration to subunit structure.10 By deleting
the N-terminal proline, replacing the WT β-hairpin
with a flexible Gly–Ser loop, and grafting the
β-hairpin from MLV, we have been able to examine
the structural/dynamic implications of the β-hairpin
and its components on HIV-1 CA.
In this work, we showed that deletion of the

N-terminal proline in HIV-1 CA resulted in aberrant
in vitro assembled structures, in good agreement
with previous data, and that the presence of an
N-terminal proline alone is not sufficient to support
assembly of the mature CA lattices; whether the
proline in the Gly–Ser mutant forms the salt bridge
is unknown. A plausible explanation is that the
deletion of the proline, which abrogates the
formation of the salt bridge, results in a more
random conformation of the N-terminal hairpin
residues, as suggested by NMR experiments10 and
that this, in turn, interferes with assembly of the
mature lattice. It has been suggested that formation
of the hairpin may destabilize immature interac-
tions and serve as a trigger/scaffold for proper CA
protein rearrangement of the NTD.11,36 While this is
at odds with the observation that, despite cleavage
of MA and CA, β-hairpin formation does not occur
until the final cleavage CA-SP1 event has occurred,8

it does not preclude a contributing role for the
hairpin residues in destabilizing the immature
form. Further support for the notion that flexibility
in the hairpin residues can help disrupt mature
lattice formation is found in the fact that while the
Gly–Ser mutant was incapable of assembly despite
being properly folded and having a stability similar
to that of WT CA, Gross et al. showed that deletion
of the first 13 residues of HIV CA protein (CAΔ13)
allows for the formation of tubular structures in
vitro, even in the absence of the salt bridge.19 A
unifying explanation for these observations is that
these 13 flexible residues, if present, must be folded
to prevent steric clashes.
While the Gly–Ser and ΔPro1 I2V mutants

inhibited or largely abolished assembly, grafting
the β-hairpin from a structurally similar virus,
MLV, to HIV-1 CA enhanced in vitro assembly
rates and reduced the level of salt needed to
allow assembly. Placing the MLV hairpin into the
pNL4-3 proviral DNA generated a mild, 6-fold
decrease in infectivity that is similar to reported
reductions in infectivity from hairpin mutations
Q4A, Q7/Q9A, and Q13A.28,37 The ability to form
mixed assemblies of the MLV:HIV fusion protein
and WT CA, combined with the maintenance of a
level infectivity, suggests that the feature(s) that
make the fusion construct more amenable to
assembly is/are not dramatically different from
that/those of the WT CA.
The application of HDX MS to monomers and

assemblies of WT HIV-1 CA and MLV:HIV high-
lights several intriguing variations in protein struc-
ture and dynamics. The vast majority of the
exchange patterns from detected peptides did not
vary betweenWT and theMLV:HIV fusion proteins,
although notable variations were observed for the
β-hairpin and helix 1. These variations provide
explanations for the differing in vitro assembly and
infectivity characteristics of the WT and MLV:HIV
fusion constructs.
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While no variation in the exchange plots was
observed for the peptide CA 23–40 between the WT
CA and the MLV:HIV fusion in the assembled
lattices, the dynamics of exchange were varied in the
monomers, with WT CA being slightly more
protected through the intermediate time points of
exchange. As an overlapping peptide (CA 30–40)
does not change between these two proteins, the
difference in protection may be mapped to residues
23–29 and, thus, helix 1. The variation in the
exchange dynamics indicates that the MLV:HIV
fusion hairpin modulates the orientation or dynam-
ics of helix 1 in the monomeric proteins. This
alteration of the local environment of helix 1,
which forms intermolecular interactions along the
6-fold axis of symmetry in hexamers, provides a
mechanism for the increased assembly dynamics
observed for the MLV:HIV fusion construct. In this
regard, the orientation of helix 1 in the MLV:HIV
fusion appears to be more amenable to assembly.
This interpretation is consistent with results from
HDX MS experiments of virions where a slight
difference in packing of helix 1 was observed in
immature and mature virions. Helix 1 was notably
destabilized during maturation, suggesting a pres-
ence of a transition state between the immature and
the mature lattices.8 Additionally, the β-hairpin was
found to form only following complete gag proces-
sing and was postulated to serve as a locking
mechanism to stabilize CA in the mature lattice. The
increased exchange in the MLV:HIV fusion mono-
mers suggests that helix 1 is either more solvent
exposed or slightly less stable than for WT mono-
mers, either of which may aid in nucleating
assembly. A comparison between crystal structures
of the mature NTD with or without the β-hairpin
showed a displacement of helix 1 of ∼0.7 Å between
the two forms.36 As mixed assemblies of the MLV:
HIV fusion and WT CA were able to form and no
change in H1 exchange was observed in the
assembled state, we can assume that the structural
variations in helix 1 observed in the monomeric
form are abolished in the assembled hexameric
lattice, likely as a result of the numerous inter-
molecular interactions present in the lattice.7

The peptide that contains the N-terminal
β-hairpin in the MLV:HIV fusion protein is notably
more protected than WT in both the monomer and
the assembled forms. In the monomer, the variation
is indicative of the formation of a more stable
β-hairpin than that of WT. As the peptides exchange
to the same extent after ∼15 min, no large-scale
structural variations are present in the monomers.
The CA 1–22 peptide in the MLV:HIV fusion was
also more protected than WT in the assembled form.
The increased protection, however, extended to long
periods of exchange, suggesting the formation of a
stable interaction beyond those present in WT. A
close examination of the published B-MLV27 and
N-MLV16 hexameric crystal structures suggests the
possible presence of an intermolecular interaction
involving β-hairpins from adjacent subunits. In the
B-MLV structure,27 a hydrogen-bonding interaction
is likely present between Arg3 and Tyr12 and is
consistent with the reduction of the MLV:HIV
assembly's dependence on salt, as Arg3 is expected
to be charged at the pH values used in these studies.
As variations in core stability have been shown to
affect infectivity,28 the additional intermolecular
interaction, thus stabilizing the lattice, would be
expected to change the infectivity of the virions
containing the MLV:HIV CA fusion protein from
virions relative to WT CA, as we have observed.
Our results clarify the importance and role of the

N-terminal β-hairpin in regard to the HIV-1 mature
CA lattice. The β-hairpin appears to provide stability
for an otherwise unstructured region that arises
during gag processing en route to the production of
mature components. This region also likely modu-
lates and strains the orientation and/or dynamics of
helix 1 during viral maturation prior to the formation
of the mature β-hairpin. Together, our results not
only indicate that the N-terminal β-hairpin affects
the orientation and assembly dynamics of CA but
also provide evidence that the β-hairpin stabilizes
the orientation of CA in the mature lattice while
allowing for dynamic motions of helix 1 during
maturation in vivo as the CA enables the formation of
a lattice that is morphologically distinct from the
immature lattice.

Materials and Methods

Plasmid mutagenesis

According to the prediction of the web-based program
TermiNator,38 deletion of proline 1 followed by an
isoleucine would not result in the N-terminal trimming
of the initiating Met during heterologous protein expres-
sion in Escherichia coli. To circumvent this matter, we
introduced an HIV-subtype conserved substitution, I2V,
along with the N-terminal proline deletion to obtain
proper cleavage of methionine. Mass spectrometry showed
that ∼70% of the expressed protein was properly
processed, resulting in valine as the first amino acid of
the ΔP1 I2V protein. A glycine–serine loop mutation was
prepared by replacing amino acids 3–13 with the repetitive
sequence GGSGGSGGSGG. Both ΔP1 I2V and Gly–Ser
substitutions were introduced into the WT pNL4-3 HIV-1
CA sequence on a pET17b vector with the QuikChange
Mutagenesis protocol (Agilent, Santa Clara, CA).
The MLV:HIV fusion CA protein was generated

through PCR amplification to create a fragment contain-
ing both NdeI and BamHI restriction sites. The NdeI and
BamHI restriction enzyme sites were then used to move
the MLV β-hairpin-encoding fragment into the pNL4-3/
pET17b CA vector. All mutagenesis insertions were
confirmed by DNA sequencing (Heflin Center, University
of Alabama at Birmingham).
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The MLV:HIV fusion virus was prepared with the
proviral pNL4-3 plasmid as a template and 35 rounds of
exponential PCR amplification. Primers for PCR amplifi-
cation were generated to complement either the CA
protein (forward primer) or the MA protein (reverse
primer). These primers also contained a noncomplemen-
tary sequence that corresponded to the MLV hairpin
sequence. Introduction of the mutation was confirmed by
DNA sequencing (Heflin Center).

Protein expression and purification

Proteins were expressed and purified as previously
described.24 Briefly, E. coli BL21 cells containing plasmids
encoding for WT HIV CA protein or the various β-hairpin
CAmutants were grown to an O.D. of 0.6–0.8 and induced
with 0.4 mM IPTG for 4 h. Cells were harvested, and the
pellets were frozen at −80 °C overnight. Pellets were then
resuspended in 50 mM Tris and 5 mM β-mercaptoethanol,
pH 8.4 with 0.01% (w/v) lysozyme, 1 mM PMSF and
1 μg/mL DNase and RNase. Cells were lysed by freeze–
thaw cycles in a dry ice/ethanol bath alternating with a
water bath set at 37 °C. Cellular debris was pelleted by
centrifugation, and the protein of interest was precipitated
on ice with 20% ammonium sulfate for 1 h. The precipitate
was recovered by centrifugation at 20,000g, and the pellet
was resuspended at 4 °C in 50 mM Tris and 5 mM
β-mercaptoethanol, pH 8.4. The soluble material was
dialyzed against 25 mM Tris, pH 8.4, and centrifuged to
separate insoluble matter. The supernatant was loaded in
a Q-Sepharose (GE Healthcare, Piscataway, NJ), and the
protein was eluted with a linear NaCl gradient from 0 to
500 mM. Purified protein fractions were pooled and
dialyzed against 50 mM sodium phosphate buffer,
pH 8.0, and stored at −80 °C until needed.

Circular dichroism

Protein samples were analyzed by CD using an AVIV
model 620S (Aviv Biomedical, Lakewood, NJ). Spectra
were obtained at wavelengths from 190 to 260 nm in a
temperature-controlled unit at 20 °C with a 0.1 cm path-
length cuvette. Proteins were diluted in sodium phosphate
buffer, pH 8.0, to a final concentration of 5 μM. All spectra
were averaged over five independent measurements.
Protein CD signals were converted to molar ellipticity,
[θ], by the formula:

u½ � = u × 100 × Mrð Þ= c × lð Þ
where θ is the CD signal in millidegrees, Mr is the protein
molecular weight, c is the protein concentration in
milligrams per milliliter, and l is the path length in
centimeters. Melting curves were obtained using the same
protein conditions across temperatures ranging from 20 to
90 °C with incubation at each temperature of 30 s.

In vitro assembly and data analysis

Assembly reactions were triggered by the rapid dilution
of 50 mM sodium phosphate and 4 M NaCl, pH 8.0, to a
protein solution to reach the desired NaCl concentration
for assembly. Protein polymerization was followed by an
increase in turbidity over time, monitored on a Beckman
DU640 spectrometer (Beckman Coulter, Brea, CA) at
350 nm every 20 or 30 s for up to 1 h. The elapsed time
between the addition of NaCl and the first optical density
measurement was approximately 20 s. The log phase of
each reaction was fit to a linear equation using Sigma
Plot (Systat Software Inc., San Jose, CA) to examine the
assembly kinetics of each reaction.

Electron microscopy

Products of the assembly reactions were blotted on
copper or nickel formvar-coated grids for 2 min and
negatively stained with 1% uranyl acetate. Grids were
observed using a Titan transmission electron microscope
(FEI, Hillsboro, OR) operating with an accelerating
voltage of 60 or 80 kV.

Hydrogen/deuterium exchange mass spectrometry

Monomers of the HIV-1 WT CA and MLV:HIV fusion
construct were prepared for HDX MS in 50 mM sodium
phosphate, pH 8.0. To examine the products of assembly,
we allowed HIV-1 WT CA or MLV:HIV fusion proteins to
assemble for 1 h at room temperature and then purified
them from monomers by centrifugation. HDX was
initiated by diluting ∼2 μg of sample 10-fold into
deuterated 50 mM sodium phosphate buffer, pD∼7.6,
with or without 2 M NaCl. Samples were exchanged for
up to 48 h, and after selected periods of time, the exchange
reaction was quenched by the addition of formic acid and
guanidine hydrochloride to 1% and 1.5 M final concen-
trations, respectively. Samples were then either frozen
immediately (monomers) or digested with pepsin for
1 min prior to rapid freezing (assemblies) in liquid
nitrogen and stored at −80 °C. Immediately prior to
analysis, samples were quickly thawed and, in the case of
the monomers, digested with 1 mg/mL pepsin for 1 min.
Samples were injected onto a C4 trap (Microm BioRe-
sources, Inc., Auburn, CA), rapidly eluted by a 5–95%
acetonitrile gradient, and detected with a hybrid ion trap/
Fourier transform ion cyclotron resonance mass spectrom-
eter (FT-ICR MS) (LTQ-FT; Thermo Finnigan, Waltham,
MA). Exchanged peptides were identified via exact mass
measurements with the FT-ICR MS in exchange experi-
ments and are based on peptide identifications deter-
mined in parallel experiments of unexchanged proteins by
MS/MS sequencing.
The extent of deuterium incorporation at each time

point was determined by calculating the centroid of the
isotopic distribution of each peptide using the HD
Desktop software package39 and comparing these values
to those from non-exchanged samples. Exchange plots
were represented as the number of deuterons incorporated
versus time. These plots were then fit to a sum of
exponentials derived from the exchange rate expression:40

D = N − A × exp −k1tð Þ − B × exp −k2tð Þ

whereD is the observed number of deuterons incorporated
at time t and N is the total number of protons that
exchanged within the time domains of the experiment. A
and B correspond to the number of exchangeable sites that
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are observed to exchange with rate constants k1N1.0 min−1

and k2b1.0 min−1, respectively. The regression values for A
and B and the associated standard error calculated from the
fits were used to calculate a p-value via a two-tailed t-test in
order to strengthen the determination of variance as
observed in the exchange profiles for individual peptides
across the constructs.

Virus production

Human kidney 293T cells were transfected with WT or
MLV:HIV pNL4-3 proviral DNAs using a ratio of Fugene
to DNA (Roche, Indianapolis, IN) of 3:1 or 6:1 for 72 h at
37 °C in a 5% carbon dioxide atmosphere. Supernatants
containing the virus progeny were aspirated, cellular
debris was separated by centrifugation, and the virus-
containing supernatant was stored at −80 °C until needed.
For examination of viral infectivity, JC53.bl reporter cells
were infected with either HIV-1 WT or MLV:HIV, and
infectivity was measured as previously described.41

Infectivity was also measured using a p24 antigen ELISA
kit as described by the manufacturer (Beckman Coulter).
Virus samples were further purified for Western blotting
by centrifuging the semi-purified virus stocks through a
20% sucrose cushion at 64,000g for 2 h. Pellets were
resuspended in sodium chloride–Tris–EDTA buffer at
4 °C overnight.

Western blotting of infectious particles

HIV-1 WT and MLV:HIV viruses were inactivated by
the addition of 10× Laemmli buffer and boiled for 5 min
prior to separation with a 12.5% SDS-PAGE gel. Separated
proteins were transferred to a polyvinylidene fluoride
membrane using a wet system for 2 h at 100 V at 4 °C.
Following transfer, the membrane was blocked for 1 h
with 4% nonfat milk diluted in phosphate-buffered saline
(GIBCO, Carlsbad, CA) and blotted with either anti-HIV-2
1343 (rabbit, with cross-reactivity to gag and its processing
products) or anti-CA ARF (goat, anti-HIV-1 gag) over-
night at 4 °C under gentle shaking. Excess antibody was
removed by washing the membrane with phosphate-
buffered saline/milk and then incubated with anti-rabbit
IgG horseradish peroxidase or anti-goat IgG horseradish
peroxidase (Southern Biotech, Birmingham, AL) for 1 h.
Chemiluminescence was detected by incubating the
blotted membrane with ECL (GE Healthcare) for 2 min
and exposing the membrane to film.
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