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The pleomorphic nature of the immature and mature HIV-1 virions has
made it difficult to characterize intersubunit interactions using traditional
approaches. While the structures of isolated domains are known, the
challenge is to identify intersubunit interactions and thereby pack these
domains into supramolecular structures. Using high-resolution mass
spectrometry, we have measured the amide hydrogen exchange protection
factors for the soluble capsid protein (CA) and CA assembled in vitro.
Comparison of the protection factors as well as chemical crosslinking
experiments has led to a map of the subunit/subunit interfaces in the
assembled tubes. This analysis provides direct biochemical evidence for
the homotypic N domain and C domain interactions proposed from
cryo-electron microscopy image reconstruction of CA tubes. Most signifi-
cantly, we have identified a previously unrecognized intersubunit N
domain–C domain interaction. The detection of this interaction reconciles
previously discrepant biophysical and genetic data.
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Introduction

Retroviruses such as human immunodeficiency
virus type 1 (HIV-1) assemble in a two-step
process. In the first step, approximately 1500

molecules of the 55 kDa Gag polyprotein, consist-
ing of the matrix (MA), capsid (CA), p2, nucleo-
capsid (NC), p1, and p6 domains in that order1 – 4

polymerize into a spherical immature particle in
which the Gag is arranged radially with the
myristylated N terminus of MA associated with
the cellular membrane.4 – 7 This initial assembly
process is accompanied by envelopment of the
nascent particle by the plasma membrane and sub-
sequent release. In the second step, the viral-
encoded protease cleaves the Gag polyprotein,
releasing the individual structural domains that
subsequently undergo a profound morphological
rearrangement. The CA and NC proteins collapse
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to form a conical core, whereas the MA protein
remains associated with the viral envelope.1,2,4 For-
mation of the mature viral core is a critical step in
the virus lifecycle; mutations that block maturation
or result in the formation of cores with aberrant
morphology inhibit infectivity apparently by
blocking the initiation of reverse transcription.8 – 14

In contrast to achievements in many other viral
systems, such as polio, herpes, polyoma, and the
double-stranded DNA bacteriophage,15 structural
studies on immature and mature retroviral
particles have proven particularly challenging.
Both forms are enveloped, non-icosahedral, and
pleiomorphic, effectively thwarting structural
determination by X-ray crystallography and cryo-
electron microscopy (cyro-EM). The structural
information available has been derived from a
“divide and conquer” strategy in which individual
domains have been analyzed by high-resolution
techniques.4,16 – 22 One remaining challenge is to
reconstruct the virion by putting the puzzle pieces
back together. Significant progress toward that
goal was made when Li et al. performed a cryo-
EM-based reconstruction of helical CA tubes,
thought to represent good models of the mature
core, and were able to pack the solved crystal
structure of the CA protein into the tube density.23

The crystal4,17 – 21 and NMR4,16,20,22 structure of CA
consists of an arrowhead-shaped N-terminal
domain composed of seven a-helices and a
globular C-terminal domain composed of four
a-helices connected by a four residue linker that is

disordered in the available structures. In the Li
et al. reconstruction, the N-terminal domain is
packed into hexamers with 100 Å exterior
diameters and 25 Å interior diameters arranged on
a p6 net. The hexamers are tied together below the
surface of the net by dimerization of the C-terminal
domain.23 In support of that packing model,
C-terminal domain dimerization has been
observed in solution as well as in the crystal
structure.4,18 Mutational analysis based on the
crystal structure has verified that the dimer inter-
face seen in the crystal structure is the interface
operative in solution, and presumably in the
tubes. In contrast, despite the apparent role of
N-terminal domain oligomerization in driving the
formation of the tubes, isolated N-terminal
domains show no tendency to associate in
solution.20,22 In the model described by Li et al.,
C-domain dimerization is important for assembly
because it connects the N-domain hexamers, but it
is not involved in the formation of the hexamer
rings per se.23 However, given the globular nature
of the C-terminal domain and the limited resol-
ution achieved in the cryo-EM reconstructions, it
remains possible that C-domain interactions play
a critical role in stabilizing the N-terminal domain
interactions. In vitro assembly studies, in which
C-domain inhibition of CA assembly was relieved
by addition of the N domain, have suggested the
existence of an N domain–C domain interaction,24

as have mutational studies in the homologous
Rous sarcoma virus (RSV) CA protein, in which
second site suppressors of C domain mutations
mapped in the N domain.25 Taken together, these
data suggest that an as yet undescribed N
domain–C domain interaction may play an
important role in assembly. In this work, we use
high-resolution mass spectrometry to identify a
critical intersubunit N domain–C domain inter-
action required for assembly of CA tubes.

Results

Failure of the capsid protein N domain to
oligomerize in solution

The cryo-EM-derived CA tube model described
by Li et al.23 predicts that the isolated N domain of
CA should form hexameric rings. N domain oligo-
merization was not detected by NMR; however,
those experiments were not performed under the
high ionic strength conditions necessary for
assembly.19 To address this point, analytical ultra-
centrifugation studies were performed under
assembly conditions (1 M NaCl), and also failed to
detect N domain oligomers (data not shown),
suggesting that the formation of homotypic N
domain interactions requires the presence of the
CA C domain. To detect potential homotypic N
domain interactions in the context of intact CA
protein, it was necessary to inhibit C domain
dimerization fully. Therefore, two mutations

 

Figure 1. Analytical ultracentrifiguation analysis of
mutant CA. Analytical centrifugation of the W184A/
M185A CA mutant (open circles) at 30 mM and at
30,000 rpm (An-60 Ti rotor), the experimental weighted
fit for a monomer (continuous line), and the calculated
dimer curve for CA under equivalent conditions (dotted
line).
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(W184A and M185A) that individually have been
shown to decrease (but not fully disrupt)
dimerization18 were introduced into the dimer
interface. Analytical ultracentrifugation experi-
ments were performed on both wild-type and the
double mutant CA at low and high ionic strength.
As predicted, the W184A/M185A CA failed to
form dimers at low ionic strength. The data fit
best to a monomer model with a calculated
molecular mass of 24.3 kDa (data not shown).

Under assembly conditions (1 M NaCl), the N
domain interactions leading to stable hexamer for-
mation would be expected to manifest themselves.
Unexpectedly, no oligomers were detected
(Figure 1). The data fit best to a monomer model
with a molecular mass of 21 kDa. The somewhat
low calculated molecular mass versus the expected
molecular mass of ,25.6 kDa is probably due to
the effect of salt on the partial specific volume.26

These data suggest that homotypic N domain
interactions depend on C domain interactions,
even though the N domain to C domain linker
appears disordered in the crystal structure.

Amide hydrogen exchange as a probe of
protein interactions in assembled CA

We have performed hydrogen/deuterium (H/D)
exchange experiments on unassembled and
assembled CA to elucidate the putative N domain
to C domain interaction(s) in the CA tubes. The
exchange of an amide hydrogen atom by
deuterium requires the breaking of any associated
hydrogen bonds.27 Because amide hydrogen bonds
provide a stabilizing force for elements of second-
ary structure, the rate of amide H/D exchange for
a given peptide region reflects the structural
stability of that element. NMR-based amide hydro-
gen exchange has been used widely to characterize
the folding and stability of relatively small, soluble
proteins. Advances in mass spectrometry,28 in par-
ticular, the high-resolution and high mass accuracy
of Fourier transform-ion cyclotron resonance mass
spectrometry (FT-ICR MS)29,30 have extended the
range of accessible systems to high molecular
mass proteins of limited solubility or availability.
Mass spectrometry detected amide hydrogen
exchange has been used to determine protein–
protein interaction sites,31,32 protein–small
molecule interaction sites,33,34 and even to probe
structural changes in large macromolecular
complexes such as viruses.35,36

To generate polymerized CA tubes for H/D
exchange studies, CA was assembled in vitro by
addition of 4 M NaCl to a CA stock solution to pro-
duce a final concentration of 1 M NaCl and 400 mM
CA as described.24 Although CA tubes dissociate
upon dilution, they will remain stable if the con-
centration of NaCl is increased simultaneously.
The H/D exchange protocol has been described
by Lam et al..37 Briefly, to initiate amide hydrogen
exchange, polymerized CA tubes were diluted
1:10 into 2H2O containing 2 M NaCl. The CA poly-
mers did not dissociate (nor assemble further),
over a period of one hour, as monitored by
turbidity (data not shown). The H/D exchange
was quenched by addition of formic acid and
frozen after each of several incubation periods:
zero time, 30 seconds, one, two, four, eight, 16 and
30 minutes, and one, two, four, eight, 16, 46, and
68 hours. The H/D-exchanged assembled CA was
digested with pepsin and the extent of deuterium
incorporation was analyzed by on-line HPLC

 

 

 

Figure 2. Peptic fragments for CA and H/D exchange
profile for peptide 169–189. (a) HIV-1 CA amino acid
sequence, with the observed the peptic fragments under-
lined. The secondary structure of CA is shown above the
sequence. (b) Mass-to-charge ratio spectra for the triply
charged peptic fragment spanning residues 169–189 for
monomeric CA (black) and assembled CA (red) follow-
ing zero time, 30 second, two minute, 60 minute, four
hour, and 68 hour H/D exchange periods.
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electrospray ionization (ESI) FT-ICR MS.37 Experi-
ments with unassembled CA were performed in
parallel at low ionic strength.

Peptic fragments, approximately 10–30 residues
in length and spanning ,93% of the CA sequence,
were observed in the peptic digest and identified
by exact mass matching. The identity of each of
ten randomly selected peptides was verified by
MS/MS sequencing. Figure 2(a) shows that ,83%
of the CA primary sequence yielded peptide ions
in sufficient abundance to enable H/D exchange
analysis.

Amide hydrogen exchange protection in the
dimer interface region

The only well characterized protein–protein
interaction involved in CA assembly is the dimer
interface.4,18,21 The a-helix that comprises the C
domain dimer interface (helix IX) is contained
within the peptic fragment spanning residues
169–189 (Figure 2, top). ESI typically produces
multiple protonated positive ions of various charge
states. Mass analyzers yield mass-to-charge ratio
(m/z ) spectra. The peptide spanning residues

169–189 has a neutral mass of 2525.26 Da and
when triply charged an m/z value of 842.75. At
zero time of H/D exchange, the lowest mass peak
in the isotopic distribution is the monoisotopic
peptide (i.e. all carbon atoms are 12C, all hydrogen
atoms are 1H, all oxygen atoms are 16O, all nitrogen
atoms are 14N, and all sulfur atoms are 32S); the
peaks to the right represent higher masses due to
the random incorporation of naturally occurring
isotopes (primarily 13C, but also 15N, 34S). Over
time, as deuterium (,1 Da higher in mass than
hydrogen), replaces hydrogen, the isotopic distri-
bution shifts to higher m/z values. The rate of
deuterium incorporation is monitored by the
increase in the number-average mass38 of the iso-
topic distribution as a function of H/D exchange
period. The mass spectra of Figure 2(b) illustrate
the shift of the isotopic distribution for the same
H/D exchanged peptide 169–189 from the
unassembled (black) and assembled (red) CA.

For unassembled CA, the isotopic envelope
shifts to a higher average mass in less than 30
seconds of H/D exchange, reflecting the replace-
ment of the amide hydrogen atoms with solvent-
derived deuterium (Figure 2(b), black spectra).

Figure 3. Plots of deuterium
incorporation at different time-
points. Plots of the number-average
mass versus H/D exchange period
for monomeric CA (W) and
assembled CA (B) for peptic
fragments that span residues
(a) 169–189, (b) 23–40, (c) 139–151,
(d) 55–68, and (e) 112–128. The
error bars represent the standard
deviation for three independent
determinations of the amide hydro-
gen exchange, and the lines
represent the fits obtained when
determining the amide hydrogen
exchange profiles to a sum of three
or fewer exponentials (see equation
(3) and Supplementary Material).
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After two minutes, H/D exchange is essentially
complete for the unassembled CA. For the
assembled CA, the number-average mass increases
more slowly but precisely converges with that of
the unassembled CA sample after 68 hours, indi-
cating that this peptide is substantially protected
upon assembly (Figure 2(b), red spectra). The C
domain dimer in solution is in rapid equilibrium
with the monomeric form, from which the
transient hydrogen bond breaking required for
exchange can occur more readily. However, based
on the model described by Li et al.,23 assembly of
CA into tubes should result in the stabilization of
the dimer interface; given the high local concen-
tration of the C domain within the tubes, extended
dissociation of the C-terminal domain should be an
extremely rare event requiring a high degree of
cooperative bond breaking. Consistent with our
H/D exchange results, decreased dissociation of
the C domain should manifest itself as an increase
in hydrogen bond stability and a decrease in the
rate of exchange for the residues at the dimer
interface.

Quantification of amide hydrogen H/D
exchange behavior

Quantification of amide hydrogen exchange
begins from a plot of number of exchanged hydro-
gen atoms versus H/D exchange period, as shown
for several segments of unassembled CA in Figure
3 (open circles). (The exchange data for the remain-
ing peptic peptides are presented as Supplemen-
tary Material) The number of exchanged hydrogen
atoms is determined directly from the increase in
number-average mass for a given peptide as a
function of H/D exchange period (see Materials
and Methods, equation (1)). (The deuterium incor-
poration profiles are plotted against the logarithm
of H/D exchange period, so that the display spans
the full range of H/D exchange rates.) Corrections
for incomplete exchange and back exchange
(which averaged ,20%)37 are described in
Materials and Methods. The error bars represent
the standard deviation from three independent
runs. Each segment exhibits at least a dozen
observed exchangeable amide hydrogen atoms,
each of whose behavior can be described as an
exponential approach to an asymptotic limit.

There are two general approaches to analyzing
the exchange profiles. The approaches differ in
how they “map” the pattern of protection against
H/D exchange onto the primary amino acid
sequence of the protein. First, we could model the
exchange of a segment containing n amide hydro-
gen atoms as a sum of up to n exponential curves,
by either linear least-squares39 –41 or a maximum-
entropy method.39,42 From the known secondary
structure of monomeric CA, one can then proceed
to assign each group of amide hydrogen atoms of
comparable H/D exchange rate constant to the
most probable amino acid sequence within that
segment (e.g. the most slowly-exchanging group

of hydrogen atoms to an a-helix, the most rapidly
exchanging group to an open loop, etc.). The
advantage of this approach is that it makes full
use of the known secondary structure. However,
the correspondence between secondary structural
elements and H/D exchange rate is not complete;
exchange from a loop can be slow and exchange
from a b-sheet can be fast.42 An alternative
approach is to extract a single “protection”
parameter for each segment, calculated as the
difference in area between any pair of curves in
Figure 3. Dividing that area difference by the
maximum number of experimentally exchangeable
hydrogen atoms then gives a measure of the
average protection per residue for that segment.
The advantage of that method is that it provides a
model-independent measure of protection against
H/D exchange. The disadvantage is that the resol-
ution is limited to the length of each peptic pep-
tide. We have applied both methods to the present
data, and obtained similar results. Therefore, we
shall limit further discussion to the first method.

Mapping of H/D exchange rate constants onto
the unassembled CA three-
dimensional structure

For the present data, the H/D exchange profile
for each segment could be fitted with three or
fewer exponentials (see Materials and Methods)38

to obtain exchange rate constants and amplitudes.
The H/D exchange rate constants for unassembled
CA were then mapped onto the CA crystal struc-
ture (Figure 4) as follows. Within any given

Figure 4. Monomer hydrogen exchange rates. The
amide hydrogen exchange rates were mapped onto the
N domain (top) and the C domain (bottom) CA crystal
structures, which were combined to represent the intact
CA monomer unit; helices I, IV, and IX are labeled (H1,
H4, and H9) as well as the cyclophilin loop. The H/D
exchange rate constants were assigned to the different
residues according to the methods described in Results.
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peptide, the fastest H/D exchange rate constant
(dark red is fastest, light red is fast) was mapped
onto the respective protein segment expected to be
most solvent-accessible (e.g. loop) on the basis of
the crystal structure.39 The slowest H/D exchange
rate constant (dark blue is slowest, light blue is
slow) from the same peptide was mapped onto
the least solvent-accessible secondary structural
segments (e.g. a-helix; b-sheet). For example, the
peptide corresponding to residues 170–189
(Figure 4, helix IX) had 17 residues that exchanged
with rate constant, 9 min21, and three residues
that exchanged at 0.6 min21. Residues 170–181
and 185–189 were assigned to the faster (9 min21)
exchange rate constant, whereas residues 182–184
were assigned to the slower (0.6 min21) rate
constant. More slowly exchanging backbone
amide hydrogen atoms were assigned to the
interior of the helix because residues in the middle
of helices have less motional lability and/or
stronger hydrogen bonds than those near the
ends of helices.39,43 – 45 The amide hydrogen
exchange rate constants for all of the peptic
peptides were mapped onto the three-dimensional
structure of the unassembled CA in a similar
manner (Figure 4).

Comparison of unassembled and assembled
CA H/D exchange

The basic premise of the present analysis is that
reduction in H/D exchange rate for a given CA
segment on assembly indicates that the segment is
located at the protein–protein binding interface.31,32

However, it is important to recognize that binding
could, in principle, cause the protein(s) to unfold
or fold tighter in regions other than at the binding
interface.33 Fortunately, the changes we observe
are almost exclusively decreases in H/D exchange
on assembly of CA; therefore, it appears likely
that the presently observed changes in H/D
exchange rates can indeed be ascribed to reduced
solvent-accessibility at the protein–protein binding
interface.

Figure 3(a) shows H/D exchange profiles for
unassembled (open circles) and assembled (filled
squares) CA segments located at the dimer
interface. Figure 3(a), (c), and (d) represent seg-
ments that display significantly reduced H/D
exchange upon assembly. H/D exchange profiles
for several other CA segments (e.g. see Figure
3(e)) are unaffected by assembly, strongly
suggesting that (i) those segments are not situated
at the protein–protein interface, and (ii) the struc-
ture of CA does not change markedly upon
assembly.

The (absolute) exchange rate constants used to
generate Figure 4 serve as a baseline to measure
reduction in exchange rate constant on assembly.
In Figure 5, we therefore map the ratio of exchange
rate constant for assembled relative to
unassembled CA, for each of the previously
assigned segments. Dark blue denotes segments

that are most protected by assembly (i.e. greatest
reduction in H/D exchange rate constant on
assembly), and conversely for dark red.

Protein–protein interactions in assembled CA
revealed by decreases in H/D exchange rate

On the basis of the proposed structure of the CA
tubes, one can make reasonable predictions about
changes in H/D exchange protection upon
assembly. As discussed above, perhaps the best
characterized intermolecular interaction is the for-
mation of the C domain dimer. Crystallographic

Figure 5. Changes in amide hydrogen exchange rates
on assembly. Changes in amide hydrogen exchange
rates between monomer CA and assembled CA mapped
onto the N domain and the C domain crystal structures
combined to represent the intact CA protein. The seg-
ments with a decreased exchange rate in the assembled
form are color-coded blue (darkest blue is most comple-
tely protected on assembly), segments with increased
exchange rate on assembly are coded red (darkest red
for greatest increase in exchange rate), and segments
with no change are coded yellow. The a and b (ribbon)
representations and c and d (surface) depictions rep-
resent the same CA structure rotated by 1808 to provide
a complete view of the changes in amide hydrogen
exchange rate.
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and mutational studies implicate helix IX,
(residues 179–192) in stabilizing the C domain
dimer.18,21,23 In solution, the Kd for dimerization is
18 mM, and the subunits are in rapid, reversible
equilibrium,18,46,47 allowing for H/D exchange
from the monomeric species. The cryo-EM recon-
struction of the polymerized tube suggests that C
domain dimers stabilize the structure and that the
effective concentration of the C-terminal domain is
high, resulting in a decrease in the dissociation
rate. The H/D analysis reveals that solvent access
to this helix is significantly reduced upon assembly
(dark blue in Figure 5).

For the N-terminal domain, it has been
suggested that helices I and II pack against each
other to stabilize the formation of the hexamer.23

Consistent with that hypothesis, helices I and II
are significantly more protected upon assembly,
thereby providing the first direct evidence for par-
ticipation by that segment in protein–protein inter-
actions upon assembly. On the other hand,
assembly produces very little change in H/D
exchange rate of the cyclophilin loop and helix V,
suggesting that those segments are not involved in
protein–protein interactions. In fact, it has been
proposed that those segments lie on the outside of
the cylinders and would thus not be involved in
protein–protein interactions.23 Taken together, the
present results thus validate the comparison of
unassembled and assembled H/D exchange rates
as a tool for identifying protein–protein interaction
sites.

It has generally been assumed that the amino
acid residues linking the N and C domains rep-
resent an unstructured linker; indeed, that region
is disordered in the one available crystal structure
of intact CA.17 However, the amino acid sequence
in that region is highly conserved between the
various strains of HIV-1, suggesting functional
importance. Consistent with the amino acid con-
servation, the segment undergoes a significant
change in amide hydrogen exchange rate upon
assembly, suggesting that even if the segment is
disordered in the monomer, it forms structured
interactions upon assembly.

Surprisingly, the C terminus of helix III and the
N terminus of helix IV showed the largest decrease
in amide hydrogen exchange rate (and thus a cor-
respondingly significant protein interaction on
assembly). Interactions involving those helices
have not been observed previously in the
polymers; thus, the large degree of protection
suggests that this interaction is important for
forming the hexamer lattice.

Taken together, the H/D exchange data provide
a comprehensive map (based on 83% primary
sequence coverage) of the protein interactions
involved in assembly of CA. The results confirm
that C domain–C domain interactions observed in
solution and in the crystal structure occur in the
assembled CA, a result consistent with the model
suggested by the cryo-EM reconstructions and
merging of the N and the C domain crystal struc-

tures. The increased protection at helix I and helix
II on assembly (Figure 5), supports the proposed
N domain–N domain interactions. However, the
data suggest two new interaction sites that are
necessary for CA assembly.

Finally, a dominant structural element in the
tube reconstructions is a hexameric arrangement
of the N-terminal domain. However, neither the
isolated N domain of CA protein, nor an intact
CA, which cannot form C domain dimers, is
capable of forming oligomers under assembly con-
ditions. Thus, it appears that C domain dimeriza-
tion is required for the formation of the N domain
homotypic interactions. The new interaction site
observed at helix III and helix IV represents a
possible interface for an N domain–C domain
interaction.

Chemical crosslinking of assembled CA

Although H/D exchange can identify protected
regions that may represent interdomain interfaces,
identifying pairs of interacting regions is some-
what more complex. We have therefore applied
chemical crosslinking to probe the position of the
C domains and the N domains relative to each
other in the CA tubes. The homobifunctional
lysine-reactive crosslinker, disuccinimidyl tartarate
(DST), was used to chemically crosslink tubes of
CA. To prevent disruption of the structure due to
extensive alkylation, mild crosslinking conditions
were employed. Approximately half of the mono-
meric subunits in the tubes were unmodified,
while 35% carried a single DST crosslinker whose
free succinimidyl group had been hydrolyzed, and
15% carried two DST molecules, both of which
were hydrolyzed. Extremely mild crosslinking con-
ditions led to efficient crosslinking, presumably
due to the proximity and stability of the subunits
within the tube. The tubes were dissociated and
the covalent dimers were separated from the
monomer by size-exclusion chromatography
(Figure 6(a) and (b)). Because they are covalent, all
the dimers necessarily have at least one crosslinker.
Of the dimers isolated from the tubes, 50% carried
only a single DST molecule, 35% carried two
molecules, one of which was hydrolyzed, and 15%
carried three, two of which were hydrolyzed.
Following a concentration step, the fractions were
digested with the protease Lys-C, and the resultant
peptides were analyzed by reverse-phase liquid
chromatography and electrospray ionization time-
of-flight mass spectrometry (LC-ESI-TOF). The
elution profile was interrogated with the
Metabolynx software package (Micromass, UK) to
identify species uniquely arising from the dimeric
fraction. An ion of m/z 1605 eluting at ,36
minutes was unique to the digest of the covalent
CA dimer (Figure 6(c) and (d)). From the 8 þ ,
9 þ , 10 þ , 11 þ , 12 þ , and 13 þ charge states of
that ion (Figure 6(e)), the average mass for the
(neutral) peptide was 14,439 Da (Figure 6(f)).
Lys-C cleaves following lysine residues,48 and
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therefore would not be expected to cleave the
modified lysine residue at the site of crosslinking.
Therefore, the masses of all possible peptides
arising from one missed cleavage were predicted
and used to calculate those combinations of pep-
tides plus DST that would yield a mass consistent
with the observed experimental mass of the
dimer-derived peptide. The peptides spanning
residues 31–131 (10,948 Da) and 171–199
(3376 Da) have a combined predicted mass of
14,324 Da. With the addition of the DST crosslinker
they have a predicted mass of 14,438 Da, in good
agreement with the observed mass of 14,439 Da.
The two next closest matches were crosslinked
peptides derived from the crosslinking of residues
31–131 (10,948 Da) to either residues 132–158
(3167 Da) or 1–30 (3412 Da). However, the
resultant crosslinked peptide masses were calcu-
lated to deviate by 2209 Da and þ36 Da from the

observed mass of 14,439 Da, well outside experi-
mental error.

The lysine residues at the missed cleavage
locations are expected to be the crosslinked species,
so we infer that Lys70 is crosslinked to Lys182. The
length of DST is 6.4 Å and, since the peptides are
dimer-derived, we conclude that within the tube
Lys70, located within the N domain of one subunit,
is in close proximity to Lys182, located within the
C domain of another. The only modified peptide
that could be detected in the digests of either the
monomers or dimers was the K70–K182 cross-
linked peptide found in the dimer fraction. This
suggests that the alkylation by DST is relatively
non-specific, occurring at many lysine residues
and decreasing their individual signals, but when
DST adds at either K70 or K182 it converts to an
inter-subunit crosslink with relatively higher
efficiency.

Figure 6. Cross-linking of CA
tubes. (a) Absorbance (280 nm) for
size-exclusion chromatographic
separation of crosslinked assembled
CA samples. (b) SDS-PAGE
(reducing, Tris-glycine, 12.5% poly-
acrylamide gel) of concentrated
samples from the SEC fractions
covering the monomer peak (lane
1) and dimer peak (lane 2). (c) and
(d) Secondary ion counts (m/z
1605) for the Lys-C digested mono-
mer and dimer samples,
respectively. (e) Electrospray
ionization mass spectrum for the
digested dimer sample eluting at
,36 minutes. (f) MaxEnt 1
deconvoluted average mass of the
peptides in the mass spectrum of
(e).
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Discussion

During maturation, HIV undergoes a profound
morphological change in which the CA and NC
proteins collapse to form a conical core.1,2,4 Proper
core formation is essential to virus infectivity;
mutations that interfere with core formation or
stability block the post-entry steps associated with
reverse transcription.8 – 14 Thus, interference with
the protein–protein interactions that drive core for-
mation represents a rational therapeutic strategy.
However, the only well characterized interaction
is the CA C domain dimer interface that has been
observed crystallographically and biochemically.18

Assembly of CA into a curved sheet of inter-
locked hexameric units presents a puzzle. While
CA molecules can dimerize through homotypic C
domain interactions, the N domain alone or as
part of an intact CA that cannot dimerize, fails to
form hexamers (Figure 1 and accompanying dis-
cussion). This suggests that hexamers cannot be
stabilized solely by N domain–N domain
interactions.

Merging crystallographic data with cryo-EM-
based image reconstructions of helical CA tubes
resulted in the suggestion that interactions
between helices I and II help stabilize the packing
of the N-terminal domain into hexameric rings.23

Recently, it has been demonstrated that a charge

change mutation in helix II (E45A) increases core
stability, providing support for that model.49 The
increased H/D exchange protection upon
assembly presently observed in helices I and II is
consistent with that model and provides the first
biochemical evidence for the existence of that
interaction in CA tubes.

It is instructive to note that helix IV displayed no
change in H/D exchange protection and the cyclo-
philin loop displayed a slight increase in H/D
exchange rate on assembly of CA. We interpret
those results to indicate that those regions do not
form protein–protein interactions in the CA
cylinders, a model consistent with the N domain
orientation proposed by Li et al., in which that
region faces toward the outside of the hexamer
subunit.23

The largest changes in amide hydrogen
exchange rates are localized in the distal portion
of the loop between helices III and IV, and at the
base of helix IV. The crosslinking of the Lys70 in
the N domain of one subunit to Lys182 in the C
domain of another indicates that helix III and
helix IV interact with the C domain of another CA
molecule. This previously unrecognized interaction
may represent the missing contact that is necessary
to promote the assembly of hexameric oligomers.

To test the viability of that hypothesis, we built a
model for the interactions that occur during CA

Figure 7. Models for protein
interactions in CA tubes. (a) CA
N-domains oriented into the hex-
amer units observed in cryo-EM
reconstructions (D. Thomas &
S. Fuller, unpublished results). The
C domains for two N domains in
the hexamer are modeled (in off-
white and green), with their
respective N domains with the
same colors. The C domains are
positioned with the Lys70 and
Lys182 approximately 6 Å apart.
Bottom: Cartoon representations
for two alternative interactions
(b) and (c) involved in assembly.
The N and C domains are rep-
resented by large and small ovals.
The CA protein dimer connecting
the two hexamers in the ribbon
model (off-white and green) is rep-
resented by subunits A and A0. The
adjacent CA protein in each hex-
amer ring is represented by subunit
B or B0 (blue). Arrows denote: (1)
the N domain–N domain inter-
action; (2) the N domain–C domain
interaction; and (3) the C domain–
C domain interaction. Both models
invoke interhexamer C domain–C
domain binding; the models differ
in whether the N domain–C
domain binding is intra- or
interhexamer.
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assembly (Figure 7). The N domains are positioned
adjacent to each, other forming hexamers similar in
size and position to those observed in cryo-EM
reconstructions by Li et al..23 The connection
between adjacent hexameric units is through two
C domains, one from a CA in each hexamer.
Schematically (Figure 7(b)), the C-terminal
domains of subunits A and A0 form a dimer posi-
tioned such that the C-terminal domain of subunit
A interacts with the N-terminal domain of subunit
B and the C domain of subunit A0 interacts with
the N domain of subunit B0. In that orientation,
Lys182 in the C-terminal domain of subunit A is
within 6 Å of Lys70 in the N-terminal domain of
subunit B, sufficiently close to accommodate the
crosslinking data. The C-terminal domain region
facing away from the dimer interface, comprising
the region from the C terminus of helix VIII
through the loop region and extending into the N
terminus of helix IX, likely interacts with the
N-terminal domain.

How then does the putative N domain to C
domain interaction promote assembly? One model
is that interhexamer C domain dimerization
induces a conformational change in each C domain
resulting in an increased affinity for the N domain.
Under these circumstances, the N domain of sub-
unit B can now form two stabilizing interactions:
the N domain–N domain interaction (interaction
1), and the new N domain–C domain interaction
(interaction 2) (Figure 7(b)). In this model,
although the C domain–C domain dimer inter-
action (interaction 3) is stable enough to be
observed in solution, the homotypic N domain
interaction (interaction 1) is relatively weak and
stable N domain interactions require the additional
stabilization afforded by interaction with an adja-
cent C domain. Prior to dimerization, the C
domain displays little affinity for the N domain,
thus accounting for the inability of the double
mutant CA to form complexes in solution. Thus,
three interactions are necessary for the formation
of cylinders: the C domain–C domain dimer inter-
action (interaction 3); the N domain–N domain
interaction (interaction 1); and the N domain–C
domain interaction (interaction 2)

In an alternative model (Figure 7(c)) that is con-
sistent with the present data, the C-terminal
domains of subunits A and A0 form a dimer posi-
tioned such that the C-terminal domain of subunit
A interacts with the N-terminal domain of subunit
B0 and the C domain of subunit A0 interacts with
the N domain of subunit B. In this model, dimeri-
zation need not result in a conformational change
in the C domain but rather it serves to optimally
position the C domain contributed by a subunit
outside the nascent hexamer to form a platform
onto which an N domain can add stably. Although
the mechanism is different in the two models
(Figure 7(b) and (c)), both still require three inter-
actions for assembly.

These new interactions provide insight into the
assembly and maturation of the virion and explain

extant data. In the structurally similar RSV, a C
domain mutation (Lys170) was rescued by a
reversion mutation in the N domain (Lys64); both
are in regions analogous to the crosslinked lysine
residues of HIV-1 CA.25 RSV Lys64 lies in the loop
region connecting helix III and helix IV, corre-
sponding to the region in HIV-1 CA in which sig-
nificant amide hydrogen exchange protection was
observed. RSV Lys170 lies in the C terminus of
helix VIII, corresponding to a region that is also
protected in HIV CA upon assembly. Those find-
ings suggest that similar interactions are involved
in the assembly and maturation of HIV-1 and RSV,
and that the same interactions could be important
in other retroviruses as well. More recently, in
vitro assembly of RSV Gag and Gag fragments has
demonstrated a crucial role for nucleic acid-
dependent dimerization in the assembly process.50

RSV CA does not dimerize in solution. The import-
ance of RNA may be due to the need for dimer
interactions to facilitate the other contacts involved
in the assembled product.

These present results demonstrate that H/D
exchange and chemical crosslinking are powerful
tools for determining protein interactions, allowing
us to probe polymerized CA cylinders for inter-
actions that until now have been undetectable.
Advances in mass spectrometry have made H/D
exchange especially useful for monitoring changes
in large macromolecular complexes such as
viruses. The high resolution and high mass
accuracy of FT-ICR MS make it possible to work
on even larger proteins, making it potentially
possible to look at large viruses or macromolecular
complexes with more complex protein
compositions.

Materials and Methods

Protein preparation

Plasmids for expression of wild-type (WISP93-73) (19,
46) and M185A mutant HIV-1 CA (17) were obtained
from W. Sundquist (University of Utah). CA was
expressed and purified as described by Lanman et al.24

The M185A plasmid was used to make the W184A/
M185A plasmid using PCR mutagenesis. The W184A
mutation was confirmed by sequencing that region in
the plasmid and the protein mass was verified by mass
spectrometry. The W184A/M185A mutant CA protein
was expressed and purified similar to the M185A mutant
CA protein as described by Lanman et al.24

Analytical ultracentrifugation

Sedimentation equilibrium experiments on the
W184A/M185A CA protein were performed at protein
concentrations of 300 mM, 100 mM, and 30 mM in 50 mM
sodium phosphate (pH 8.0) in the presence or absence
of 1 M NaCl at 20 8C. Data were obtained using a
Beckman Optima XL-A analytical ultracentrifuge at
rotor speeds of 20,000 rpm, 30,000 rpm and 40,000 rpm
using an An-60 Ti rotor equipped with charcoal-filled
Epon double-sector centerpieces in cells with quartz
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windows. The absorbance was monitored at 280 nm and
ten scans were averaged. The partial specific volume
was calculated from the weighted average of the partial
specific volumes of the individual amino acids.51 Sol-
ution densities were obtained from standard tables. The
equilibrium data from all nine experiments were
weighted fit globally to obtain the molecular mass and
detect association.52

H/D exchange sample preparation

The CA protein was assembled by adding 33 mL of
4 M NaCl to 100 mL of 533 mM CA to produce final con-
centrations of 1 M NaCl and 400 mM CA. The assembly
reactions were carried out in 50 mM Na2HPO4 buffer at
pH 8.0. The unassembled CA or assembled CA was
diluted 1:9, v/v (2–18 mL) into deuterium buffer
(25 mM Tris–HCl, pH 7.4) at 22 8C. The deuterium buffer
for the assembled CA also contained 2 M NaCl to stabil-
ize the cylinders during dilution. The CA protein
samples were exchanged for periods of zero time, 30
seconds, one, two, four, eight, 16 and 30 minutes, one,
two, four, eight, 16, 46 and 68 hours, and each exchange
time-period was run in triplicate to ensure reproduci-
bility and generate error bars for each data point. The
deuterium exchange was quenched by addition of an
equal volume (20 mL) of chilled 1% (v/v) formic acid (to
a final concentration of 0.5%). The samples were frozen
rapidly in liquid nitrogen and then stored at 270 8C.37

Both the unassembled and assembled CA samples were
analyzed with the same method. The 68 hour time-point
served as a 100% exchange control, and a control for the
zero time-point was prepared by adding 2 mL of the
unassembled CA or assembled CA to a solution contain-
ing 20 mL of 1.0% formic acid and 18 mL of deuterium
oxide.

H/D exchange protocol

A detailed description for the H/D exchange experi-
ment setup has been described elsewhere.37 Briefly, the
deuterated samples were thawed rapidly and digested
for two minutes with equimolar pepsin in a 5 mL loop
and injected onto a Vydac C4 microbore column for
sample cleanup. The injection valve, loop, and column
were submerged completely in a 0 8C ice-bath. The
peptides were eluted rapidly with a 5–90% acetonitrile
gradient (50 mL/minute), and a post-column split-flow
reduced the flow-rate to the ,350–450 nL/minute
needed for efficient microelectrospray ionization.53 The
mass analyses were carried out with a homebuilt 9.4 T
FT-ICR mass spectrometer configured for external
accumulation.54 Ions were accumulated in a linear
octopole ion trap for two seconds and then transmitted
to a three-section open cylindrical four inch diameter
Penning trap (trapping voltage, 2 V). Trapped ions were
excited (frequency-sweep, 72–320 KHz at 150 Hz/ms,
190 Vp –p) and detected (320 kHz Nyquist bandwidth)
for 0.8 second to yield 512 K time-domain data. Typical
chamber base pressure was ,5 £ 10210 Torr
(1 Torr < 133.322 Pa). Time-domain ICR data were
acquired by an in-house modular FT-ICR MS data acqui-
sition system (MIDAS) software.55 Fifty time-domain
data sets/scans were collected individually during
elution of each H/D exchange period sample. The eluted
peptides were identified by accurate mass measure-
ments. The average number of amide hydrogen atoms
exchanged for deuterium was determined by measuring

the shift in the number-average mass for the isotopic dis-
tribution of each peptide, for each H/D exchange period.
To account for back exchange (DD!H) and forward
exchange (DH!D) during analysis, the deuterium content
was calculated from:

DH!D ¼
m 2 m0%

m100% 2 m0%
£ N ð1Þ

in which m, m0%, and m100% are the number-average mass
for each peptide isotopic distribution after a specified
H/D exchange period, zero-time control, and the 100%
control. The 100% exchange control was the data for 68
hour H/D exchange period (i.e. the maximum observed
mass increase corresponding to maximal exchange of
deuterium for backbone NH hydrogen atoms). The aver-
age back-exchange was ,20% (after taking into account
that the maximum degree of initial deuteration can be
only 90%, based on tenfold dilution of the original
sample into 2H2O). However, a couple of the slow-
exchanging peptides were not exchanged completely
even after 68 hours, so their m100% was adjusted to 20%
back exchange for consistency. The total number of
exchangeable residues, E, was calculated from:

E ¼ A 2 P 2 1 ð2Þ

in which A is the total number of amino acid residues in
the peptide, P is the number of proline residues, and we
must subtract 1 because a peptide with N amino acids
has only N 2 1 peptide linkages. A plot of number-
average mass for each peptide isotopic distribution
versus H/D exchange period was fitted to a rate
expression (equation (3)) allowing for up to three distinct
H/D exchange rates per peptide:38

D ¼ N 2 a expð2k1tÞ þ b expð2k2tÞ þ c expð2k3tÞ ð3Þ

in which N is the maximum (i.e. 100% control) number of
exchangeable hydrogen atoms, and D is the observed
number of deuterium atoms incorporated after t minutes
of exchange. The a, b, and c values represent the number
of residues that exchange with respective rate constants,
k1, k2, and k3. The exchange rates were assigned to
specific residues based on the secondary structure for
that segment in the crystal structures. For example, the
faster-exchanging NH hydrogen atoms were assigned to
residues in loops, whereas the slower rates were
assigned to residues in helices.

For each peptic peptide, a “protection factor”, P, for
each structural segment is defined as the ratio of the
H/D exchange rate constant for that segment in
the unassembled CA, kmonomer, to the rate constant for
the same segment in assembled CA, kassembled:

P ¼ kmonomer=kassembled ð4Þ

Although the specific rates of exchange for each residue
cannot be determined, the protection factors, P, can
resolve solvent exposure down to a fraction of each pep-
tide length, to provide a rough map of those segments
that are protected upon assembly.

Chemical crosslinking of assembled CA

CA protein was assembled as described above to pro-
duce final concentrations of 1 M NaCl and 400 mM CA,
and a final volume of 500 mL. The assembly reactions
were carried out in 50 mM Na2HPO4 buffer at pH 8.0:
3.4 mL of 700 mM DST was added to the assembled CA
to produce a 1:2 DST to amine molar ratio. The reaction
was incubated for five minutes and then quenched by

Interdomain Interactions of HIV-1 Capsid Protein 769



the addition of 10 mL of 1.5 M Tris–HCl (pH 6.8). The
assembled structures with a sedimentation coefficient
larger then 24 S were pelleted by centrifugation in a
Beckman 100.3 rotor for 30 minutes at 70,000 rpm. The
supernatant was discarded and the pellet was resus-
pended in 500 mL of 0.1% (w/v) SDS and 50 mM
iodoacetamide.

The monomer and covalent dimer and larger oligo-
mers in the sample were separated by size-exclusion
chromatography (SEC) (HiLoad 16/60 Superdex 200 pg,
Amersham Biosciences) in 50 mM Tris–HCl (pH 8.0).
Fractions representing the dimer and monomer peaks
were separately combined and concentrated using
centrifugal filter devices (Centricon YM-10 or YM-30,
Millipore). A 1:50 molar ratio of protein:Lys-C was
added and the samples were incubated at 37 8C for 12
hours, and then more Lys-C was added at the same
ratio and incubated for another 12 hours. Digest samples
(10 mL) were loaded onto a C18 reverse-phase column
and the peptides were eluted with a 10–60% acetonitrile
gradient, in 0.1% formic acid. The eluting peptides were
analyzed by LC-ESI-TOF (LCT, Micromass), and Metobo-
lynx (Micromass) was used to compare the ions eluted in
CA covalent dimer and monomer samples. The analysis
identified a unique ion at m/z 1605, for which Maxent 1
yielded an average mass of 14,439.
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