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Abstract

The CA domain of the HIV-1 Gag polyprotein plays critical roles in both the early and late phases
of viral replication and is therefore an attractive antiviral target. Compounds with antiviral activity
were recently identified that bind to the N-terminal domain of CA (CAN) and inhibit core assembly
during viral maturation. We have determined the structure of the complex between CAN and the
antiviral assembly inhibitor N-(3-chloro-4-methylphenyl)-N'-{2-[({5-[(dimethylamino)-methyl]-2-
furyl}-methyl)-sulfanyl]ethyl}-urea) (CAP-1) using a combination of NMR spectroscopy and X-ray
crystallography. The protein undergoes a remarkable conformational change upon CAP-1 binding,
in which Phe32 is displaced from its buried position in the protein core to open a deep hydrophaobic
cavity that serves as the ligand binding site. The aromatic ring of CAP-1 inserts into the cavity, with
the urea NH groups forming hydrogen bonds with the backbone oxygen of Val59 and the
dimethylamino group interacting with the side chains of Glu28 and Glu29. Elements that could be
exploited to improve binding affinity are apparent in the structure. The displacement of Phe32 by
CAP-1 appears to be facilitated by a strained main chain conformation, which suggests a potential
role for a Phe32 conformational switch during normal capsid assembly.

The AIDS epidemic continues to be a significant international health problem, with
approximately 40 million people living with HIV infection world-wide 1 1n 2006 alone, 4.3
million individuals became infected with HIV, and approximately 3 million deaths were
attributed to AIDS. Therapeutic agents currently used to treat HIV infection target the viral
reverse transcriptase, protease, and fusion proteins, and drugs that target the integrase enzyme
are undergoing clinical trials (www.aidsinfo.nih.gov). Although sustained reductions in viral
load can be achieved for many years with combination drug therapies 2;3; 4 inadequate
suppression due to poor compliance, resistance, and interactions with other drugs or diet can
be a significant problem for some patients and can lead to the spread of drug-resistant strains
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2;3;5,6; 78 Inhibition of other viral components may provide the best approach for attacking
viral resistance 2.

The CA protein plays critical roles in the early and late phases of replication and has long been
considered an attractive potential therapeutic targetg. CA is originally synthesized as a 231
amino acid domain within the 55 kDa Gag precursor polyprotein. During the late phase of viral
replication, the CA domain helps mediate the assembly of ~4,000 copies of Gag into the
immature virus particle 10, Subsequent processing by the viral protease triggers conformational
changes in CA that promote its assembly into the capsid, a conical protein shell composed of
about 1,500 CA molecules that encloses two copies of the viral genome and the viral enzymes
essential for infectivity. Proper assembly of this core particle is critical for viral replication,
and mutations that reduce or increase core stability lead to dramatic reductions in viral
infectivity 11ca comprises two domains 12 that have distinct roles in stabilizing the viral
capsid architecture 13,1415 cylindrical in vitro assemblies that mimic viral capsids, the
N-terminal domain (CAN, residues 1-146) forms hexamers and the C-terminal domain (CAC,
residues 147-231), which is dimeric in solution 16 Jinks adjacent hexamers 14 A crystal
structure of the Murine Leukemia Virus (MLV) CAN protein has enabled atomic-level
modeling of the HIV-1 CAN hexamerl’. Crystal structures are also available for the CAC dimer
16; 18 although a domain-swapped dimer model has been proposed from analogy with the
structurally related SCAN domain 19,20, Finally, biochemical studies indicate that the N and
C-terminal domains form intermolecular contacts in the mature capsid lattice 21;22;23; 24

Disruption of capsid reorganization can be an effective approach to viral inhibition, with
examples including targeting of capsid assembly in Hepatitis B Virus (HBV) 25 and blocking
of capsid disassembly in picorona viruses 6 Support for this approach for HIV-1 was provided
by CAI, a peptide inhibitor of CAC-CAC interactions that inhibits immature and mature particle
formation in vitro27: 28, although CAI was unable to inhibit the release of HIV-1 particles
when added to virus producing cells in cell culture or by peptide transfection. Similarly,
betulinic acid appears to impede HIV maturation by binding to an assembled form of Gag and
blocking processing of the C-terminus of CA by the viral protease29. Small molecule inhibitors
were also identified in a search for agents that bind directly to HIV-1 CA 30, One of these
compounds, CAP-1 (N-(3-chloro-4-methylphenyl)-N'-{2-[ ({5-[(dimethylamino)-methyl]-2-
furyl}-methyl)-sulfanyl]ethyl}urea), inhibits capsid assembly in vitro, HIV-1 infectivity in
vivo, and leads to the production of poorly infectious virons with abnormal core morphologies
30, NMR chemical shift mapping experiments revealed that CAP-1 binds to a site near the C-
terminal end of CAN:30 and to date, more than two dozen additional compounds have been
identified that bind specifically to this site (M. F. Summers, unpublished).

In an effort to understand the molecular basis for inhibition by CAP-1, we determined the three
dimensional structure of the complex with CAN using a combination of X-ray crystallography
and NMR spectroscopy. The two approaches provide complementary information that was
useful for addressing problems associated with relatively weak binding and poor ligand
solubility. CAP-1 binds to a deep hydrophobic cavity that is formed upon extrusion of the
Phe32 side chain from a buried to an exposed position. Intermolecular interactions that appear
important for binding, and additional elements that may be exploited to enhance binding
affinity, are identified in the structure. The displacement of Phe32 appears to be facilitated by
a strained main chain conformation, which has implications for both the mechanism of capsid
assembly and its inhibition by CAP-1.
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Results and Discussion

Structure of CAN crystallized in the presence of CAP-1

The HIV-1 CAN protein (residues 1-146, wt HIV-1y 4.3 Sequence) was expressed
recombinantly in E.coli, purified, and crystallized in the presence of CAP-1 at concentrations
above the binding constant. Although the structure was determined at 1.5 A resolution and
conformational changes that appear to open the CAP-1 binding site were observed (discussed
below), density for CAP-1 was not visible. CAP-1 binds with modest affinity (~800 uM) and
is poorly soluble, and our preferred explanation is that the CAP-1 that crystallized with the
protein diffused out of the binding site and precipitated during crystal growth, while the ligand-
bound CAN conformation was retained because lattice contacts with a neighboring molecule
occur in this region of the structure (Supplemental Figure S1). It is possible that CAP-1 bound
in multiple related conformations that reduce the interpretable electron density, although we
do not see the residual density that might be expected at medium/low resolution for this
situation. A third possibility is that the structure observed arose simply because of favorable
lattice forces in the new crystal form, although this seems unlikely because we were unable to
grow crystals from these conditions in the absence of CAP-1. Regardless of the reason for the
missing CAP-1 density, the functional relevance of the crystal structure as the conformation
that binds CAP-1 is indicated by independent NMR data that are discussed below.

Comparison of the crystal structure with other X-ray and NMR determinations of CAN
indicated that the majority of the protein residues were unaffected by the presence of CAP-1
12,3132 However, a significant conformational change was observed for residues that earlier
NMR HSQC titration experiments had indicated were in the vicinity of the CAP-1 binding site
30, In the structure crystallized in the presence of CAP-1, the side chain of Phe32 is repositioned
~6 A from its buried location in the protein core to a solvent exposed environment Figure 1.
The Phe32 side chain, in turn, displaces the side chain of Tyr145 from a partly buried position
within a hydrophaobic hollow in the free protein to a poorly ordered conformation that is not
clearly defined in electron density maps of the protein crystallized in the presence of CAP-1.
In addition, electron density was not observed for the side chain of His62, which was well
defined in structures determined for the free CAN protein.

NMR studies of CAP-1:CAN

CAP-1 contains a urea moiety that can adopt two conformations (1 and 2, Figure 2). Positive
nuclear Overhauser effects (NOES) were observed from the CAP-1 N1-H to both the H-5 and
H-6 protons of the free CAP-1 ligand (2 mM, 5% DMSO-dg/95% H,0), indicating that the 2-
conformation is favored ([1]/[2] ~ 0.5/1), Figure 2. NMR data were also obtained for CAP-1
in the presence of CAN (0.100 mM; [CAP-1]/[CAN] = 20:1). Negative transfer-NOEs were
observed under these conditions, and the relative N1-H to H5 and H6 intensities shifted in favor
of the 1 conformer ([1]/[2] ~ 2:1), Figure 2. The residual N1-H to H5 signal results from rapid
exchange between free (20-fold excess) and bound CAP-1 coupled with urea bond
isomerization. These data indicate that the 1 conformer is preferentially, if not exclusively,
bound by CAN.

2D NOESY spectra were obtained for CAN as a function of added CAP-1, Figure 2D.
Significant chemical shift changes were observed for a number of CAN residues, including
Val27, Ala3l, His62, Leul38, lle141, and Tyr145. In some cases, intramolecular NOE
intensities changed significantly upon CAP-1 binding. For example, NOEs between His 62-
H3d, and both Val 27-y;CHsz and Val 59-y,CHg decreased upon titration with CAP-1 (Figure
2), whereas His62-Hge; exhibited a significant increase in NOE intensity with Ala64-CH3 in
the presence of CAP-1. These changes indicate that, upon CAP-1 binding, the His62 side chain
no longer packs against VVal27 and Val59, but instead interacts with the N-terminal end of helix
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H4. In addition, Phe32 H{ undergoes a large upfield shift (from 6.81 ppm to 6.57 ppm) and
exhibits increased NOE intensities to His62-Hd, and -He; upon CAP-1 binding, indicating that
the Phe32 side chain packs against the side chain of His62 in the CAP-1:CAN complex.

CAP-1 precipitates at concentrations above 3 mM, and the maximum CAN:CAP-1/CAN(free)
ratio achieved in the 2D NOESY experiments was therefore ~75%/25%. Under these
conditions, Phe32 exhibited diminished but detectable NOEs with Trp23, Val36 and Leul38
due to rapid exchange between the CAN (Phe32 sequestered) and CAN:CAP-1 (Phe32 exposed)
species. Well-resolved intermolecular NOE cross peaks were also observed upon addition of
CAP-1 to CAN, including NOEs between CAP-1 H6 and the methyl protons of Val27, Val59,
Ala65 and Met66; CAP-1 H3 and H5 NOEs to Val27 and Ala31; and CAP-1 C1-methyl NOEs
to Trp23, Val59, Ala65, Leul38 and lle141, Figure 2. These data are consistent with a unique
binding mode, in which the aromatic ring of CAP-1 is sequestered within the hydrophobic
pocket vacated by Phe32.

Structure of the CAP-1:CAN complex

As indicated above, the NMR and X-ray crystallographic data provided complementary
information and were therefore used jointly to determine the structure of the CAN:CAP-1
complex. A starting model for refinement trajectories was built by manually docking CAP-1
into the Phe32 cavity of the CAN crystal structure obtained in the presence of CAP-1. It was
not possible to generate reasonable models consistent with the NOE data using CAN crystal
structures obtained in the absence of CAP-1, in which the Phe32 side chain was buried. Atoms
with well-defined electron density were restrained to the coordinate positions of the crystal
structure, and atoms that lacked well-defined density were allowed to move during the
calculations. After heating and equilibration at 350 K, a total of 20 structures obtained at 0.2
ps intervals were independently cooled for 2 ps to ~0 K and subjected to energy minimization,
which afforded 20 final CAP-1:CAN structures, Table 1 and Figure 3.

The position and orientation of the CAP-1 phenyl group is well defined by the NMR data within
the binding pocket. The C1 methyl group packs against the side chains of Leu138 and Ile141,
the aromatic H6 proton and chlorine atom pack against the side chain of Val59, and the H3
and H5 protons on the opposite side of the phenyl ring pack against Ala31 and the aromatic
ring of Phe32. This specific packing arrangement is consistent with the observation of VVal59
and Met66 side chain NOEs with CAP-1 H6 (but not H3 or H5), and Ala31 and Phe32 side
chain NOEs with CAP-1 H3 and H5 (but not H6), Figure 4. In all the energy-minimized
structures, the urea N*H and N2H protons are within hydrogen bonding distance of the
backbone carbonyl of Val59, Figure 4. The remaining atoms of CAP-1 are exposed to solvent
and appear generally disordered, except that the dimethylamino group resides near the
carboxylate of Glu28, Figure 4.

Evidence that CAP-1 binding is promoted by Ala31-Phe32 main chain strain

Because the burial of phenylalanine side chains is highly favorable, it was surprising to find
that the Phe32 side chain is displaced from the core of the protein upon CAP-1 binding. We
therefore inspected Phe32 in unbiased (simulated annealing omit) density for all crystal
structures of HIV-1 CAN crystallized in the absence of CAP-1 that have been published at high
resolution 31 32, Of these 22 crystallographically independent views, Phe32 has well defined
density in the buried position in 14 cases, but has weak density in the other eight examples.
Phe32 might be adopting a range of exposed conformations in the structures with weak density,
although in no case is density for an ordered Phe32 conformation visible outside of the usual
buried position.
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To understand better the conformational changes that occur upon CAP-1 binding, we
determined the crystal structure of a CAN mutant (A92E) to 1.9 A resolution in the absence
of CAP-1. Ala92 resides in a flexible loop that is well removed from the CAP-1 binding site,
and mutation of this residue alters HIV-1's dependence on cyclophilin A 33; 34 put does not
lead to global or local structural perturbations 3,35 The CAN(A92E) protein was crystallized
using conditions different from those previously reported for the selenomethionine-substituted
variant of this construct 32. The eight molecules within the asymmetric unit of these crystals
are very similar to those observed in previous CAN and CAN:cyclophilin X-ray structures, with
the Phe32 side chain buried within the folded core of the protein. Surprisingly, six of the eight
molecules in the new CAN(A92) structure have well defined electron density for a cis Ala31-
Phe32 peptide bond, whereas two molecules have density consistent with the previously
observed trans peptide bonds (Figure 5). This contrasts with all previously reported CAN
structures, which have at least one well-defined trans Ala31-Phe32 conformation molecule and
in some cases have additional molecules in the asymmetric unit that display ill-defined density
but never show a well-defined cis Ala31-Phe32 peptide. Note that the cases of unclear densities
are not easily modeled simply as a mixture of the well-defined cis and trans conformations.

The observation of a cis Ala31-Phe32 peptide bond in the CAN crystal structure is surprising
because cis peptide bonds are not typically seen before residues other than proline due to their
relatively high conformational energy. The reason that the cis conformation is energetically
accessible for Ala31-Phe32 is explained by inspection of the Ala31 main chain. The Ala31 phi
angle of trans conformation structures in the absence of CAP-1 is unfavorable (ranging from
+43° to +57°) whereas Ala31 phi for the cis conformation is favorable (—60° to —75°). Thus,
strain in the main chain is manifest either as a cis conformation for the Ala31-Phe32 peptide
or as an unfavorable phi angle for Ala31. In contrast, the CAN structure crystallized in the
presence of CAP-1 (i.e., Phe32 “out”) displays both a trans Ala31-Phe32 peptide and a
favorable Ala31 phi angle (—45°). Taken together, these observations suggest that the
energetically unfavorable exposure of the Phe32 side chain in the presence of CAP-1 is partially
offset by relief of conformational strain in the main chain. The NMR data obtained for CAN
do not exhibit signals or NOEs characteristic of a cis conformer, and we therefore believe that
the Ala31-Phe32 bond exists predominantly as an ensemble of strained trans conformations
under physiological conditions.

Steric strain involving non-Pro cis peptide bonds is rare in protein structures, and when present
is usually associated with functional sites 36 37 1n this regard, Phe32 is conserved in 610 of
613 HIV-1 sequences present in the Los Alamos HIV-1 data base, and the remaining three
sequences have a Phe side chain shifted from position 32 by just one residue in the alignment
38, Phe32 is also conserved in 63 of the 64 available HIV-2 Gag sequences (with the remaining
one sequence conservatively substituted by Leu) and in 60 of the 67 available SIV sequences
(substituted seven times by Trp). Taken together, these findings suggest that main chain strain
of Ala31-Phe32 may have been evolutionarily selected, perhaps to facilitate capsid assembly
(see below).

Mechanism of inhibition of capsid assembly by CAP-1

CAN functions in the assembly of both immature virions and the cone-shaped capsid that
characterizes mature infectious virions. EM studies have revealed that CAN adopts a hexagonal
lattice within the immature virion, but the precise domain orientation is not yet known 39 The
mature capsid adopts a fullerene organization in which the majority of the surface is formed
by CAN hexamers that are linked through CAC dimers 16; 18 Wit five pentagonal defects
distributed at the narrow end of the conical assembly and seven at the wide end 13 Moderate
resolution models for the hexagonal portion of the mature capsid have been derived by docking
high resolution CAN and CAC structures into EM reconstructions of in vitro assembled CA
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tubes 14 and 2D crystalline sheets (M. Yeager, personal communication). A crystal structure
of Moloney murine leukaemia virus (MLV) CAN also revealed a hexameric assembly 17 that
allows construction of a HIV-1 CAN hexamer by homology modelling (Figure 6). The MLV
and HIV-1 CAN hexamers are stabilized by intermolecular packing interactions between
helices H1, H2, and H3, and perhaps also by weak interactions between the six N-terminal -
hairpins at the top of the hexamer. The six C-termini, which lead to the CAC dimerization
domains, are located at the bottom of the hexamer model (Figure 6A).

The CAP-1 binding site and Phe32 are located on the bottom (inner) surface of the CAN
hexamer model. Binding of CAP-1 would not obviously impact CAN hexamer formation
because the nearest approach of a modeled CAP-1 atom to the adjacent CAN subunit is ~5
A, and occurs between a flexible CAN side chain and the exposed and presumably mobile
CAP-1 furyl ring. In addition, CAP-1 does not appear to induce significant conformational
changes away from its binding site. Similarly, it is difficult to envision how CAP-1 binding to
CANwould alter CAC dimerization. It therefore seems most likely that CAP-1 binding inhibits
formation of the third intermolecular interface, between CN and CAC domains of adjacent
molecules within the hexamer. The importance of CAN:CAC interactions was initially
suggested by genetic analyses of the RSV CA protein 24 and by hydrogen exchange
experiments <+ 2,40 \which indicated that several of the conserved residues adjacent to
HIV-1 CA Phe32 participate in an intermolecular CAN-CAC interface upon capsid assembly
21 Furthermore, the flexible side chain of CAN Lys70 is susceptible to chemical cross-linking
with Lys182 on the CAC domain of a second CA molecule during mild alkylation of assembled
tubes,41 and mutation of Lys70 inhibits CA tube assembly in vitro41.

Very recently, Ganser-Pornillos and Yeager have visualized this third CAN-CAC interface at
moderate (910\) resolution in cryo-EM reconstructions of 2D crystals of hexagonal CA arrays.
Their studies show that CAC domains pack in a groove between the N-terminal end of CAN
helix 4 and the C-terminal end of CAN helix 7, i.e., in the region distorted by binding of CAP-1.
Although side chain detail is not available at the current resolution, it seems likely that the
conformational changes that we observe upon CAP-1 binding would inhibit this packing
interaction. One possibility is that exposure of the Phe32 side chain, displacement of the
CAN helix 7 Tyr145 side chain and repacking of the His62 side chain against the N-terminal
end of CAN helix 4 might alter the surface of CAN in a manner that inhibits its interactions
with CAC. An alternative possibility is that, during capsid assembly, CAC binding to CAN
normally triggers a conformational change similar to that observed upon CAP-1 binding,
thereby allowing residues of CAC to occupy the CAP-1 binding pocket. This mechanism would
provide a biological explanation for the strained Phe32 backbone and the observed
conformational switch, and would assume that CAP-1 functions as a direct competitor for the
Phe32 pocket. Additional studies will be required to evaluate these or other potential CAN-
CAC binding modes.

Potential for future drug development

Although CAP-1 exhibits antiviral activity in cell cultures at non-toxic doses, its affinity for
CAN (0.8 mM) is significantly below the levels needed for therapeutic use. The structure
reported here of the CAP-1:CAN complex provides details that may be useful for developing
new assembly inhibitors with improved affinities. The cavity vacated by Phe32 encloses a
volume of 264 A3 and presents a total of 249 A2 of Connoly molecular surface to its inner
walls 42. The buried portion of CAP-1 occupies only 194 A3 (73%) of the cavity volume in
our joint NMR/Xray structure, and modifications that improve the fit to the binding site should
greatly improve inhibitor binding. The carbonyl oxygen of Ala31 is located within the largely
hydrophobic pocket, and modifications that enable hydrogen bonding with this buried oxygen
should similarly enhance binding. In addition, the backbone oxygen of VVal59 and the NH
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groups of Gly61 and His62 are available for hydrogen bonding at the mouth of the cavity, and
these groups might also be exploited to enhance binding affinity.

The discovery and development the non-nucleoside reverse transcriptase inhibitors (NNRTIs)
followed a similargathway. The NNRTISs bind to a pocket that forms only in the presence of
inhibitors#3: 44; 45 and involves reorientation of aromatic side chains from native buried
positions44? 45 1n addition, the initially discovered NNRT s exhibited relatively poor affinities
for RT, but the affinities were substantially improved by structure-based drug design (for
example, see ref 46). These similarities provide grounds for optimism that useful inhibitors
that target the CAP-1 binding site can be developed following a similar strategy. An unfortunate
problem with the NNRTIs is that their binding site can readily accommodate mutations, and
this has led to the development of resistance to this class of inhibitors. Because Phe32 is highly
conserved, itis conceivable that the CAP-1 binding site may be less susceptible to drug-induced
evolutionary pressure.

In summary, we have determined the structure of the CAN:CAP-1 complex and identified
structural features that may be exploited to enhance binding affinity. Binding involves a major
reorientation of Phe32, which appears to be promoted by main chain strain. We speculate that
this strain may be evolutionarily conserved to allow structural changes associated with CAN-
CAC interactions during capsid assembly, and that CAP-1 binding interferes with these
interactions. Efforts to develop new inhibitors with improved efficacy using the CAN:CAP-1
structure as a guide are underway.

Materials and Methods

Structure determination of CAN crystallized in the presence of CAP-1

CAN was prepared using a published procedure 47, except that a final step was added in which
protein was dialyzed into 10 mM Tris (pH 8.0), 50 mM NaCl, 5 mM B-mercaptoethanol and
run on a S75 (Pharmacia) sizing column. Crystals were obtained overnight at 21°C, 13°C and
4°C conducted by mixing solutions of CAN (0.84 mM, with 10 mM Tris, 50mM NaCl, 5 mM
B-mercaptoethanol, pH 8.0) and CAP-1 (Maybridge Chemicals, Cornwall, England, 15.7 mM
in DMSO-dg) ([CAN] = 0.72 mM; CAP-1:CAN ratio = 6.1:1). Crystals grew overnight at 21°
C, 13°C, and 4°C, in sitting drops that were prepared using a Hydra 96+1 crystallization robot
(Robbins Scientific, Sunnyvale, California). The drop was a mixture of 0.5 uL. CAN:CAP-1
solution and 0.5 pL reservoir (100 mM Tris pH 8.5, 5% PEG 8000, 20% PEG 300, and 10%
glycerol). Data were collected from several crystals grown at each of these temperatures; in
all cases the diffraction and map quality were similar, although the best data (reported here)
was from a crystal grown at 13°C. Crystals were mounted in a nylon loop and flash-cooled in
liquid nitrogen without use of an additional cryoprotectant. X-ray diffraction data were
processed with MOSFLM 48 The single CAN molecule in the asymmetric unit was located
bx molecular replacement using MOLREP 49 Refinement was performed using REFMAC5
50 and map fitting was with XTALVIEW 51 Figures were made with PyMol <.

Crystallization and structure determination of CAN A92E

CAN(A92E) was prepared and purified as described 12 The sequence (Gag residues 133-278;
CA residues 1-146) corresponds to wild-type HIV-1y 4.3 CAN, except that Ala92 was replaced
by Glu. The purified protein was dialyzed against 10 mM Tris (pH 8.0), 50 mM NaCl, 2 mM
B-mercaptoethanol, run on a S75 gel filtration column (Pharmacia), and concentrated to 0.9

mM. Crystals grew after several weeks at 21°C in sitting drops with a reservoir solution of

24% PEG 4500, 0.60 M MgCl2, and 100 mM Tris HCI pH 8.5, and a drop of two parts protein
solution to one part reservoir solution 53, Crystals were briefly transferred to a cryoprotectant
consisting of well solution supplemented with 10% glycerol, then suspended in a nylon loop
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and flash-cooled in liquid nitrogen. HKL and SCALEPACK 54 were used for data processing.
The structure was determined via molecular replacement with PHASER 55 using a previously
solved HIV-1 CAN as the search model. Refinement used REFMACS5 90 in the CCP4 suite of
programs 56 Model building was done with Coot 57,

Inspection of the diffraction pattern and indexing trials revealed that half of the reflections are
systematically weak, indicating the presence of translational pseudo symmetry. The diffraction
pattern could therefore be indexed either in the true space group or in the pseudo space group
in which the systematically weak reflections are ignored and the c axis length is halved. Both
the true and pseudo cells belong to space group P1. The structure was initially solved by
molecular replacement in the pseudo space group and the four molecules of that asymmetric
unit were refined before confirming the true cell structure by molecular replacement and
independent refinement of all eight molecules. As expected for large numbers of systematically
weak reflections, some statistics for the pseudo cell (Rfree = 21.7%; resolution = 1.451&) appear
better than for the true cell (Rfree = 26.8%; resolution = 1.90 ,&). Resolution is defined as the
Bragg spacing at which half of the measured reflections are less than two times their estimated
standard deviation. Nevertheless, refinement statistics for the true cell indicate that this
structure is of good quality (Table 2).

NMR data collection and analysis

Samples of CAN containing a C-terminal His-6 tag were prepared using a modification of a
described protocol 30 The gene encoding the N-terminal domain (NTD) of HIV-1 CA
(residues 1 through 151) with a C-terminal His-6 tag was PCR-amplified from pNL4-3,
subcloned into pET-11a (Novagen) and subsequently transformed into BL21 competent cells
(Stratagene). Cells were grown in LB medium or M9 minimal medium containing °NH,ClI
and/or 13C-glucose (Isotec) as its sole nitrogen and/or carbon source. Protein expression was
induced in shake flasks at an ODgqg of 0.6 with ImM IPTG. The cells were harvested and lysed
with a microfluidizer (Microfluidics) and the protein was purified to homogeneity by cobalt
affinity (Talon) and cation exchange (Amersham) chromatographies.

NMR data were collected on Bruker 600 and 800 MHz instruments equipped with cryoprobes
at 11 or 35 °C using protein samples of 100-700 uM CAN in 25 mM sodium phosphate, pH
7.0, 5mM DTT, 10% D0, and 5% DMSO-dg. NMR signals of CAP-1 were assigned by
standard 2D NMR methods ©8. Resonances of the protons attached to carbons in free CAP-1
were assigned using natural abundance *H,23C HMQC and 2D homonuclear NOESY data
collected in 100% DMSO-dg at 35°C. The signals of these protons of CAP-1 in the complex
were assigned in HoO by titrating increasing amounts of CAP-1 (0 — 3 mM) into 700 uM CA
protein and monitoring with 2D homonuclear NOESY (tix = 120 ms) experiments.
Intermolecular 1H-H NOEs for the complex were obtained with 3D 13C-edited HMQC-
NOESY, 1N-edited NOESY-HSQC and 2D homonuclear NOESY data. NMR data were
processed with NMRPIPE 59 and analyzed with NMRVIEW 60,

Joint NMR/X-ray structure determination of the CAP-1:CAN complex

Refinement of the CAP-1:CAN complex was performed using the AMBER-9 program package
61 by docking a CAP-1 model into the cavity of the X-ray structure and performing restrained
molecular dynamics followed by energy minimization. Initial CAP-1 coordinates and the
associated force field library were generated with X-Leap 61 which was then used to manually
dock the CAP-1 model into the vacant pocket of the X-ray structure. The resulting initial
complex was subjected to restrained molecular dynamics at 350 K (50 ps). Atoms of the crystal
structure with well-defined electron density were restrained to initial reference coordinates
with a 1.0 kcal/mol-A2 potential. Other atoms of the crystal structure were unrestrained.
Intermolecular NOEs with strong, medium and weak intensities were used to assign upper-
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limit distagce restraints of 2.7, 3.3 and 5.0 A, respectively, and were implemented with a20
kcal/mol-A2 potential. Restraints involving methyl pseudoatoms were increased by 0.5 A.

Atomic Coordinates

The atomic coordinates have been deposited in the Protein Data Bank, www.pdb.org (PDB 1D
codes 2pxr, CAN crystallized in the presence of CAP-1; 2pwm, CAN A92E true cell; 2pwo,
CAN A92E pseudo cell; 2jpr, CAP-1:CAN complex determined by the hybrid NMR/Xray
crystallography approach).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Structural changes induced in CAN when crystallized in the presence of CAP-1. (a) Ribbon
diagram of CAN crystallized in presence (darker colors) or absence of CAP-1. Phe32 is shown
explicitly. N and C-termini, secondary structural elements, and cyclophilin A binding site are
labeled. (b) Close up stereoview of the structural changes in the presence of CAP-1. (c) Surface
representation of CA crystallized in the absence (left) and presence (right) of CAP-1. Phe32
is shown explicitly in the open and closed conformations.
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Figure 2.

Portions of the 2D NOESY spectra (11 °C, 95% H,0/5% DMSO-dg) used to determine the
intramolecular orientation of the amide protons in CAP-1. (a) Structures of two possible CAP-1
conformations. (b) Portion of the 2D NOESY spectrum of free CAP-1 showing the positive
(red) intramolecular 1H-H NOEs of HN1 to HN2, H5 and H6. HN1 in the free state is
preferentially orientated closer to H5. (c) Row and corresponding 2D NOESY spectrum of
CAP-1 (2 mM) in the presence of CAN (0.1 mM) showing the negative (black) 1H-1H transfer
NOEs. (d) Portions of the 2D NOESY data obtained for CAN (0.7 mM) in the presence of
increasing amounts of CAP-1 (CAN:CAP-1 = 1:0 (black), 1:1 (green), 1:4 (blue)). Chemical
shift changes observed upon titration are denoted by dashed lines, and intermolecular NOEs
are labeled.
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Figure 3.

CAP-1:CAN structures calculated by restrained molecular dynamics with AMBER using the
hybrid X-ray/NMR approach. (a) Ensemble of 20 structures calculated after equilibration at
350 K using NOESY NMR-derived distance restraints. The positions of CAN atoms with well-
defined electron density were restrained to coordinates of the crystal structure. (b) Ensemble
of 20 refined models obtained by energy minimization after cooling to 0 K.
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Figure 4.

Representative CAP-1:CAN structure calculated by restrained molecular dynamics using the
hybrid X-ray/NMR approach. (a) Stereo view of the CAP-1 binding with observed NOEs
(dashed black lines) and potential hydrogen bonds (dashed red lines) labeled. The side chain
of Phe32, which is displaced from the core upon CAP-1 binding, is also shown. (b) Electrostatic
surface representation of the CAP-1 binding site showing the insertion of the CAP-1 aromatic
ring into the pocket vacated by Phe32.
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Figure 5.

Buried Phe32 conformation seen in the absence of CAP-1 is associated with backbone strain.
(a) Example of a cis Ala31-Phe32 peptide. (b) Example of a trans Ala31-Phe32 peptide. (c)
The Ala31-Phe32 in the structure crystallized in the presence of CAP-1 (trans). Density is
shown for simulated annealing omit maps 62
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Figure 6.

(a) Model of the HIV-1 CAN hexamer of the mature capsid lattice modeled on the MLV
CAN structure 17. CAP-1 is shown in stick representation. (b) Same as panel A, viewed from
below. Approximate location of CAC is indicated.
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Table 1

NMR/X-ray Amber refinement data

Restraints

Intramolecular NOEs
Intermolecular NOEs

138 lle H82 Cap-1C1H;4.3 27 Val Hyl Cap-1H65.5
141 1le Hy2 Cap-1ClH,4.3 27 Val Hyl Cap-1H555
32Phe HS Cap-1H56.1 31 Val HB Cap-1H53.8
32Phe H5 Cap-1H36.1 31 Val Hp Cap-1H35.0
32PheHe Cap-1H56.1 59 Val Hp Cap-1H63.8
32PheHe Cap-1H36.1 59 Val Hy2 Cap-1H655
32Phe H; Cap-1H55.0 65 Ala Hp Cap-1H6 5.5
32Phe H{  Cap-1H35.0 65 Ala HB Cap-1H555
66 MetHe  Cap-1H655 65 Ala HB Cap-1H355

62 His Hel 64 - Ala HB 3.8

23 Trp Hn2 Cap-1C1H, 5.5

Torsion angle restraints

C6-C7-N1-C8 180
C7-N1-C8-N2 180
N1-C8-N2-C9 180

Atoms fixed to X-ray coordinates|

All atoms: Residues 1-25, 27-59, 63-144]

Backbone atoms: Residues 26,62

Refined Structures (20 totah)®

Total energy. —49285+15

Amber energy —5019.0+15

Restraint energy 905+14
Distance penalty 0.000 + 0.000
Torsion penalty 0.02 +0.01

a . L ]
Energies (kcal/mol) are reported as the mean + standard deviation for the 20 refined structures.
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Crystallographic and Refinement Data

Table 2

Page 20

CAN(A92E) real cell

CAN(A92E) pseudo cell

CAN (+ CAP-1)

Data collection

Space group .
Unit cell lengths: a, b, ¢ (A)
Unit cell angles: a, B, v (°)
Wavelength (A)

Resolution (A)

Number of observed reflections
Number of unique reflections
Completeness (%)
Rsym (%)
Average /o(1)
Mosaicity (°)
Refinement
Working Rfactor ¢ (%)
Rfree (%)

Rt)verall (%)
No. non-hydrogen atoms
Number of water molecules
RMSD: bond lengths (A)
bond angles (°)
¢/y angles, non-Gly/Pro res.
most favored regions (%)
additional allowed (%)
generously allowed (%)
disallowed regions (%)
<B> : main chain atoms (A?)
side chain atoms (A?)
water molecules (A%)

NSLS X29
P1
48.3,59.0,92.3
71.5,88.1, 83.0
1.1000
32.2-1.90
(1.97-1.90)
1,156, 031
74, 959
96.5 (95.4)
5.9 (12.4)
10 (2)
0.40

0.204
0.270
0.208
9946
797
0.020
1.724

94.5
53
0.2
0.0
16.4
19.2

26.3

NSLS X29
P1
46.248.258.9
83.0,71.3,87.4
1.1000
30.0-1.45
(1.50-1.45)
579, 474
84, 901
91.0 (61.6)
5.6 (29.4)
12(2)
0.35

0.170
0.216
0.173
5366
533
0.017
1.664

93.8
5.8
0.2
0.2

175

20.4

29.8

NSLS X12-B
C222,
42.2,62.8,106.3
90, 90, 90
1.0000
53-1.50
(1.54-1.50)
255, 759
23,354
95.2 (72.5)
4.1 (42.4)
10 (2)
0.50

0.163
0.221
0.166
1,374
179
0.020
1.873

934
5.8
0.8
0.0

21.3

24.4

36.4

Values in parentheses refer to the high-resolution shell.

Rsym =2 (I=<I>)/Z(I).

R-factor = Zhkl |[Fo — Fc| / |Fol. Rfree is as for Rworking but calculated for a randomly selected 5% of reflections not included in the refinement.

Roverall is using all reflections (Rfree + Rworking)
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