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Key interactions in HIV-1
maturation identified by
hydrogen-deuterium exchange
Jason Lanman1,5, TuKiet T Lam2,3, Mark R Emmett2,3, 
Alan G Marshall2,3, Michael Sakalian4 & Peter E Prevelige Jr1

To characterize the intersubunit interactions underlying
assembly and maturation in HIV-1, we determined the amide
hydrogen exchange protection pattern of capsid protein 
in the immature virion and the mature virion using mass
spectrometry. Alterations in protection upon maturation
provide evidence for the maturation-induced formation of an
interaction between the N- and C-terminal domains in half of
the capsid molecules, indicating that only half of the capsid
protein is assembled into the conical core.

Human immunodeficiency virus type 1 (HIV-1) capsids exist in both
immature and mature forms. The immature capsid is spherical in mor-
phology, with the Gag polyprotein arranged radially1,2. Upon cleavage-
induced maturation, the capsid (CA) protein collapses to form a conical
core, which encases the complex of nucleocapsid protein (NC) and the
dimeric RNA, while the matrix (MA) protein remains associated with
the viral envelope3–5. Formation of the mature viral core is critical for
viral infectivity6–9.

Despite considerable effort, structural studies of immature and
mature virions have lacked sufficient resolution to identify inter-
subunit interactions. A model of the mature form has been derived
from tubes of CA polymerized in vitro10 and refined by mutational11

and hydrogen-deuterium (H/D) exchange studies12. Collectively,
these studies provide support for homologous CA N-terminal
domain (NTD) and C-terminal domain (CTD) interactions as well as
an NTD-CTD interaction in the formation of the core. To determine
which of these interfaces is present in the immature virion, we carried
out comparative H/D exchange studies of intact immature and
mature virus-like particles.

Immature and mature virus-like particles (iVLP and mVLP) lacking
envelope protein (Env) were generated, purified and analyzed by SDS-
PAGE (see Supplementary Methods and Supplementary Fig. 1
online). To detect conformational heterogeneity within mVLP, the
amide H/D exchange pattern of CA (Fig. 1a) was analyzed by online
liquid chromatography electrospray ionization mass spectrometry
(LC-MS) and compared with that of CA in solution. As expected, both
forms of CA initially have the same mass (25,601 Da), represented by

the peak at m/z ≈ 915.4. Over time, the mass of CA shifts to a higher
value of m/z, reflecting deuterium incorporation. After 30 s of
exchange, the peak for free CA in solution is unimodal and has shifted
to m/z = 918.3, an 84-Da mass increase. In contrast, the peak for CA in
mVLP shows a bimodal distribution composed of nearly equal num-
bers of fast (CAfast) and slow (CAslow) exchanging molecules.

The exchange profile for CAfast is similar to that of free CA in solu-
tion (Fig. 1a) suggesting that CAfast is not substantially protected rela-
tive to free CA. At early exchange periods (≤5 min) we observed a small
but reproducible level of protection in CAfast relative to free CA
(Fig. 1b). It has been suggested that mVLP CA should be dimeric13,
whereas the free CA in solution is predominately monomeric. The
degree of protection (∼ 17 Da) corresponds well with the observation
that 21 residues become buried upon dimerization14.

CAslow shows an additional 34-Da protection compared with
CAfast; this is consistent with CAslow forming stable NTD interactions
similar to those observed in in vitro–assembled CA (∼ 40 residues in

Figure 1 (a) Mass-to-charge ratio
spectra for the 28+ charge state of CA
in mVLP (red spectra) and in solution
(black spectra) after 0 and 30 s, 5
and 45 min, and 9 and 30 h of H/D
exchange. The two peaks observed for
CA in the mVLP (CAslow and CAfast) are
labeled. (b) The number-average mass
for CA in solution (solid black circles),
CAslow (open red triangles) and CAfast
(solid red triangles) in the mature
viral-like particles are plotted versus
the H/D exchange period.
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the NTD)12. This analysis suggests that CAslow molecules form both
NTD and CTD interactions, presumably within the conical core. The
CAfast and CAslow peaks are comparable in area at all exchange 
periods, indicating that about half of the CA in mVLP is in the 
slow-exchanging form and the other half is in the fast-exchanging
form, and that the two forms do not interconvert. Using electron
microscopy, Briggs et al.15 have independently obtained evidence that
only a subpopulation of the total CA molecules in the virion 
contribute to the mature viral core.

To locate the regions in CA responsible for the bimodal distribu-
tion, exchanged iVLP and mVLP were digested with pepsin and the
extent of deuterium incorporation into each peptide was analyzed by
high-resolution mass spectrometry12,16. The peptide spanning CA
residues 55–68 (m/z = 744.84) corresponding to the NTD-CTD inter-
face identified in vitro12 shows a bimodal distribution in the mature
virion but not in the immature virion (Fig. 2). The H/D exchange
profiles of this segment in iVLP and the faster component of mVLP
(Fig. 2) are very similar to that seen for unassembled CA12, indicating
that these CA molecules are probably similar in conformation to CA
from unassembled subunits. The exchange profile for the slower-
exchanging component in mVLP is similar to that previously
observed for in vitro–assembled CA12, suggesting that the core-
associated CA molecules form the heterotypic NTD-CTD interaction
in mVLP. The relative distribution of fast- and slow-exchanging sub-
populations agrees well with that observed in intact CA and suggests

that this interface is present in the bulk of the core-associated mole-
cules, independent of their location.

CA helices I (residues 16–30) and II (residues 33–47) have been
implicated in the formation of the mature virion on the basis of EM
reconstructions of in vitro–assembled tubes10. The degree of protec-
tion for residues 1–22 observed in mVLP is similar to that observed in
in vitro tubes, suggesting that a similar homotypic NTD interaction is
present in mVLP (see Supplementary Fig. 2 online).

A peptide corresponding to residues 23–40 (see Supplementary
Fig. 2 online) was observed in all three forms (iVLP, mVLP and
in vitro). In vitro, the formation of homotypic NTD interactions upon
assembly results in a substantial increase in the protection of this pep-
tide12. At 100 min of exchange (the time of maximum difference
between unassembled and assembled CA), this peptide shows protec-
tion in both iVLP and mVLP comparable to that observed in
in vitro–assembled CA. This result is inconsistent with the peptide
being solvent-exposed and suggests that similar NTD interactions are
formed in both iVLP and mVLP. Similarly, a peptide corresponding to
residues 25–68 is well protected in both iVLP and mVLP, and the pep-
tide corresponding to residues 112–128 shows similar exchange in all
assembly states (see Supplementary Fig. 2 online). No evidence of
bimodal exchange was observed for any of these peptides.

Taken together, these results suggest that helices I and II are involved
in intersubunit interactions in both the immature and mature virion.
A defining characteristic of core formation seems to be the formation
of the heterotypic NTD-CTD interaction. In support of this model,
mutations in this interface region lead to noninfectious virions, and a
small molecule compound that binds near the interface interferes with
core formation but not assembly17.

Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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Figure 2 ESI FT-ICR mass spectra for the peptide spanning CA residues
55–68 in iVLP (left) and mVLP (right) after H/D exchange. The peaks labeled
with asterisks are not a part of the isotope distribution for this peptide.
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