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Structure of the Amino-Terminal Core Domain 
of the HIV-1 Capsid Protein 

Rossitza K. Gitti," Brian M. Lee,* Jill Walker, 
Michael F. Summers,? Sanghee Yoo, Wesley I. Sundquist? 

The three-dimensional structure of the amino-terminal core domain (residues 1 through 
151) of the human immunodeficiency virus-type 1 (HIV-1) capsid protein has been solved 
by multidimensional heteronuclear magnetic resonance spectroscopy. The structure is 
unlike those of previously characterized viral coat proteins and is composed of seven ct 
helices, two P hairpins, and an exposed partially ordered loop. The domain is shaped like 
an arrowhead, with the P hairpins and loop exposed at the trailing edge and the carboxyl- 
terminal helix projecting from the tip. The proline residue Pro1 forms a salt bridge with 
a conserved, buried aspartate residue (Asp5'), which suggests that the amino terminus 
of the protein rearranges upon proteolytic maturation. The binding site for cyclophilin A, 
a cellular rotamase that is packaged into the HIV-I virion, is located on the exposed loop 
and encompasses the essential proline residue Prog0. In the free monomeric domain, 
Prog0 adopts kinetically trapped cis and trans conformations, raising the possibility that 
cyclophilin A catalyzes interconversion of the cis- and trans-Prog0 loop structures. 

T h e  most distillctive architectural feature of 
HIV-1 and other lentiviruses is an electron- 
de~lse conical capsid core that surro~~nds the 
RNA gellome at the center of the virus (1) .  
The  core structure 1s not present in freshly 
budded, immature v i r io~~s  because the mem- 
brane-hound Gag polyprotein dictates the i n -  
tial steps in viral assembly anc1 budding. Con- 
colnitant with b~lcidillg, however, Gag is pro- 
teolytically processed hy the viral protease to 
produce three new s t r~~c t~ l ra l  proteins: p17 
matrix (hIA), p24 capslcl (CA) ,  and p7 nu- 
cleocapsid (NC)  (2).  The  processed proteins 
subsequently undergo a Jramat~c structural 
rearrangement, terlneii "maturation," in 
which the capsid protell1 colldenses to form 
the colllcal core structure surrouniling the 
KC-RNA copolymer, vrh~le the lnatrlx pro- 
tell1 relnallls hound to the viral membrane. 

In addition to formi~lg the core of the 
mature virion, exte~lsive genetic analyses 
have revealed that HIV-1 C A  perforlns essen- 
tial roles during v~ral  assembly a11'1 cilsassem- 
bly (3-5). M~~tat iol ls  and deletions within the 
final 80 alnino acids of the 231-amino acid 
capsid sequence call impair or abolish viral 
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assembly, which suggests that the COOH- 
ter lnin~~s of C A  encompasses a Gag oligomer- 
ization domai11. 111 contrast, ~n~l ta t ions  in the 
NH,-terminal two-thlrds of C A  often eive u 

rlse to viruses that can assemble and bud but 
are nevertheless noninfectious. Many of these 
mutant viruses exhibit aberrant capsid mor- 
phologies. These ohservatio~ls indicate that 
sequences In the NH2-terminal two-thirds of 
C A  are essential for establishing the conical 
capsic1 core morphology and probably also 
play a role 111 viral pelletratio11 or uncoating, 
or both. 

Another essential f~lnction of HIV-1 C A  
1s to bind to the human cellular proline 
rotamase cyclophilin A (CypA). This ciirect 
interaction results In the packaglllg of -200 
copies of CypA mto each HIV-1 virion (6- 
8 ) .  CypA packaging call be blocked by treat- 
ment of cult~lred virus with the immunosup- 
presslve drug cyclosporlne or its analogs (6- 
9), w h ~ c h  h ~ n d  tightly in the active site of 
Cyp.4 (10). CypA packaging can also be 
hlocked by mutations throughout the NH,- 
terminal two-thirds of C A  (6-8). Although 
the precise f~lnctio11 of CypA is not yet clear, 
virions lacking the enzyme appear norlnal by 
standard biochemical assays but are poorly 
infectious. Cyclophilin A therefore performs 
an  essential role early in the viral life cycle 
(8, 11 ), possibly accelerating the isomeriza- 
tion of a key capsic1 proline resiciue and 
facilitating viral uncoating. 

iTo whom correspondence should be addressed High-resolution structural illformation 
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has not heen available for any retroviral 
capsic1 protein. Structural studies of HIV-1 
CA are complicateil by the fact that the 
native protein can form a colnplex mixture 
of oligorners in solution, incl~~i l ing cliiners, 
tetramers, dodecamers, spheres, fibers, and 
t~lhes (12) .  Although HIV-1 C A  has heen 
s ~ ~ c c e s s f ~ ~ l l y  cocrystallizecl with an  antibody 

Fig. 1. (A) Resolved 
downfield (left) and up- 
f~eld (right) pori~ons of 1 D 
'H NMR spectra ob- 
ta~ned at Indicated times 
during limited trypsin dl- 
gest~on of (14). 
Resolved signals do not 
shift but narrow consid- 
erably upon proteolysis 
(by as much as fourfold). 
reflecting a decrease in 
molecular weight from 
51 kD for the dlmer to 
-1 7 kD for the cleaved, 
monomeric core do- 
main. The I D  NMR 
spectrum of native CA is 
also very similar to that of 
CA,,,,,, but the native 
proteln IS more resstant 
to proteolvsis (331. IB1 2D 
'H ' - ' ~N  HSQC spectrum 
(18) obtalned for recom- 
binant HIV-I CA,,. . in- 
cludng an expanson of 
the most crowded re- 
glon (boxed) (15). As- 
s~gnments are included 
for all backbone and Trp 
side chain NH pairs [un- 
labeled signals corre- 
spond to side cha r  NH, 
(Asn and Gln) and NH 
(Arg) groups]. Slgnals re- 
sulting from the cis- 
Prom minor conformer 
and a mlnor conformer 
lnvolvng the flpped side 
chain of TrpRG are la- 
beled with primes, and 
signals that are folded in 
the '%I dlmenslon are 
denoted by an asterisk. 
(C) Selected I3C. I H  
strips from the 3D HNCA 
data (18) showing the 
two sets of resonances 
observed for resldues In 
close proxlmlty to Pro"". 
The solid lines denote in- 
terresidue connectlvltles 
for the major (trans- 
Progo) conformer, and 
the dotted llnes connect 
signals of the minor (cis- 
ProQo) conformer. Resl- 
due assignments are 
given at the bottom of 

fragment (13),  the crystal structure has yet 
to be reporteel. In an attempt to define 
clomains that are amenable to nuclear mag- 
netic resonance (NMR) structural stuclies, 
we subjectecl native and mutant recombi- 
nant  capsicl proteins to limited proteolysis 
and monitored them by NMR spectroscopy 
ancl SL>S-p~lyacr~lamide gel electrophore- 

sis (SLIS-PAGE) (14). These experin~ents 
revealed that the NH,-terminal (core) do- 
main of the protein rms resistant to limited 
proteolysis, whereas the  COOH-terminal 
(assembly) domain, wl~ ich  contains a highly 
co~lserveil 20-residue seqlrellce termed the 
major homology region (MHR) ,  was suscep- 
tihle to digestion. Proteolytic cleavage of 

Residue number 

RlOO I I * P I  i\C 

the figure, and Interresidue correlations to preceding Coc carbons are labeled withln the flgure (c and t refer to slgnals associated wlth the CIS-Pro9%nd 
trans-Pro" conformers, respectively). 
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the assembly domain was particularly effi- 
cient for a CA mutant containing a G ~ U ' ~ ~  
+ Asp'59 (E159D) (15) substitution in the 
MHR (CAE,,,,) (14, 16). As shown in Fig. 
lA,  resolved 'H NMR signals observed for 

narrow considerably upon proteol- 
ysis but do not undergo frequency shifts, 
which indicates that the intact capsid pro- 
tein is, in fact, composed of two distinct 
domains and that limited proteolysis does 
not alter the structure of the NH2-terminal 
core domain. 

In order to produce a homogeneous pro- 
tein for structural studies, the HIV-1 capsid 
core domain (residues 1 through 15 1; CA15') 
was expressed in Eschenchu coli and purified 
to homogeneity ( 1 7). The 'H NMR spectrum 
of CA15, was again similar to that of the 
partially digested protein sample, indicating 
that the expressed and proteolyzed domains 
adopt the same structure in solution. Gradi- 
ent-enhanced triple-resonance NMR meth- 
ods, including four-dimensional (4D) 15N- 
' 3C- and ' 3C- 13C- edited nuclear Overhauser 
effect spectroscopy (NOESY) experiments, 
were applied to 15N and 15N-13C isotopically 
labeled CAI,, proteins, allowing assignment 
of the backbone and side chain signals (18). 
The quality and resolution of the data are 
reflected in the 2D 'H-15N heteronuclear sin- 
gle-quantum coherence (HSQC) spectrum 
shown in Fig. 1B. Two sets of signals (relative 
ratio, 86: 14) were observed for residues with- 
in the CypA binding site (Ala88-Gly89-Pro90- 
Ilegl) (Fig. 1, B and C), which is indicative of 
a slow local conformational equilibrium. The 
major conformer exhibits intense Gly89-Ha- 
to-Pro9"-H6 nuclear Overhauser effects 
(NOEs), reflecting a trans-Prog0 peptide bond. 
In contrast, intense Gly89-Ha-to-Prog0-Ha 
NOEs diagnostic of a cis-Prog0 peptidyl link- 
age were observed for the minor isomer (by 
the same criteria, ProlZ2 contains a cis peptide 
bond, and all other proline peptide bonds are 
trans). 

A total of 998 experimental distance re- 
straints were used to generate an ensemble of 
50 distance geometry structures with the use 
of the program DIANA (19). A stereoview of 
a best-fit superposition of the backbone atoms 
is shown in Fig. 2. The structure is composed 
of seven a helices, two P hairpins, and an 
exposed partially ordered loop. Residues com- 
prising these secondary structural elements are 
as follows: Pro' through Gln13 form a P hair- 
pin with a three-residue (Leu6-Gly8) turn; 
Ser16 (the helix capping residue, N-cap) 
through Lys30 form helix I; Se133 (N-cap) 
through Ala47 form helix 11, which is kinked 
at Pro38 and changes from a -  to 3''-helicity at 
Ser44; Thr4' (N-cap) through Thr58 form he- 
lix 111; G l d 3  through Leua3 form helix IV; 
Pro" through Prog9 form the CypA-binding 
loop, which contains a type I1 tight turn 
(Alag2 through Glng5); Arglm through Ala'05 

Fig. 2. Stereoview of a best-fit superposition of the backbone C, Ca, and N atoms of 50 HIV-1 CA,,, 
distance geometry models generated with DIANA (19). The NH,-terminal P hairpin and helices I 
through VII are colored orange, green, cyan, azure, purple, magenta, fuchsia, and red, respectively, 
and the disordered segments and loops are colored gray. Relevant structural statistics follow. 
Distance restraints: total, 998; intraresidue, 66; sequential, 201 ; medium-range, 308; long-range, 
177; and hydrogen bond, 260 (four per hydrogen bond). Target function, 0.51 + 0.05 A,; maximum 
individual violation, 50.1 7 A; number of distance violations per model greater than 0.: A, 1.6 + 1.3; 
maximum distance violation, 0.1 2 + 0.02; and sum of distance violations, 4.0 + 0.4 A. Pairwise rms 
deviations: backbone heavy atoms (C, Ca, and N) of all helices (residues 17 through 30,*34 through 
44, 49 through 57, 63 through 83, 11 1 through 118, and 127 through 144), 0.74 + 0.1 5 A; backbone 
heavy atoms of helices plus P hairpins (residues 1 through 4,lO thr?ugh 13,17 through 30,34 through 44, 
49 through 57,63 through 83, and 11 1 through ?44), 0.85 + 0.1 6A; all heavy atoms of residues 1 through 
4, 10 through 13, 17 through 30, 34 through 44, 49 through 57, 63 through 83, and 11 1 through 144, 
1.51 +0.14A. 

Fig. 3. Ribbon representations showing front (A) and edge-on (B) views of the arrowhead-shaped 
NH,-terminal core domain of HIV-1 CA. The domain is oriented with the tip of the arrowhead pointing 
toward the bottom of the figure. Heavy atoms of the trans-Prog0 side chain in the exposed CypA- 
binding loop are included in the figure. Residues at the NH,- and COOH-termini of the helices, P 
hairpins, and CypA-binding loop are labeled (see Fig. 2 caption for coloring scheme). 
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form helix V; Glylo6 through Serlo9 form a 
turn; Thrl lo (N-cap) through Thrl l9 form 
helix VI; His1,' through Pro1,, form a mini $ 
hairpin structure; through Tyr145 form 
helix VII; and Ser146 through Leu1,' form a 
short disordered stretch at the COOH-termi- 
nus. In general, residues within the disordered 
segments exhibit rapid backbone NH, ex- 
change with water protons (20), and prelim- 
inary analysis of 15N relaxation parameters 
indicates that these residues are indeed con- 
formationally labile in solution. 

The seven helices of CAI,, pack together 
through extensive hydrophobic interactions 
(Fig. 3), with the following interhelical in- 
teractions: helix I contacts helices I1 (anti- 
parallel) and 111 (parallel); helix I1 contacts 
helices I (antiparallel), 111 (antiparallel), and 
VII (antiparallel); helix 111 contacts helices I 
(parallel), I1 (antiparallel), VI, and VII (par- 
allel); helix IV contacts helix V (antiparal- 
lel) and makes a class I1 contact (tilted by 
55") with helix VII; helix V contacts helices 
IV (antiparallel) and VII; helix VI is nearly 
perpendicular to, and makes contacts with, 
helices 111 and VII; and helix VII contacts 
helices 11, 111, IV, V, and VI. The P-hairpin 
structures and the CypA-binding loop pack 
against helix VI and protrude from the do- 
main in the same general direction (Fig. 3). 
The overall structure (21) resembles an ar- 
rowhead, with leading edge lengths of -31 

Helix II 

C- 

Helix I 

A, a trailing edge leagth of -39 A, and a 
thickness of -16 A. The HIV-1 CAI,, 
structure described here differs substantially 
from those of other RNA viral coat proteins 
(22) and from predicted HIV-1 CA struc- 
tures used to interpret epitope mapping ex- 
periments and stimulate drug design (23). 

In the immature virion, the CAI,, do- 
main is NH,-terminally linked to the mem- 
brane-bound matrix protein (24) and 
COOH-terminally linked to the Gag as- 
sembly (CA-NC) and RNA binding (NC) 
domains. The capsid domain is thus likely 
to be oriented with the trailing edge of the 
arrowhead (and the CypA binding site) 
facing the viral membrane and the COOH- 
terminal tip pointing toward the center of 
the virus (that is, the viral membrane would 
reside on the top of Fig. 3A). Proteolytic 
maturation could then proceed by simple 
translocation of the CA and NC   rote ins 
toward the center of the virus without re- 
ordering or gross reorientation. This would 
place CypA between the matrix and capsid 
domains of the assembling Gag protein and 
subsequently on the outer surface of the 
mature viral capsid cone. 

Although the rearrangements that accom- 
pany proteolytic maturation (1-3) are poorly 
understood at the molecular level, x-ray crys- 
tallographic studies of HIV-1 protease-peptide 
complexes reveal that protease binds the MA- 
CA junction in an extended conformation, 
with the first five residues of capsid protein 
projecting into a series of pockets in the en- 
zyme (25). This mode of protease recognition 
is incom~atible with the NH,-terminal 
P-hairpin structure of CA, 51, which suggests 
that the hairpin structure forms after proteol- 
ysis. In the cleaved capsid protein, the NH,- 
terminal NH,+ group of Pro1 is oriented to- 
ward helix 111 and positioned to form a salt 
bridge with Asp51 (Fig. 4). This aspartate is 
highly conserved (26), and is the only buried 
charged side chain in the protein (27). In the 
Gag precursor, Pro1 would be uncharged and 
unable to form this salt bridge. Moreover, 
additional residues at the NH,-terminus of 
the P-hairpin structure would clash sterically 
with helices I, 11, and I11 (Fig. 4). Thus, pro- 
teolytic processing probably triggers rear- 
rangement of the NH2-terminal residues of 
CA from an extended conformation in the 
Gag polyprotein into the $-hairpin structure 
seen in the mature protein. This process is 

Fig. 4. Space-filling representation of HIV-1 
CA,,,, showing the juxtaposition of the Pro1- 
NH2+ and GluS1-COO- charged groups. This salt 
bridge, which cannot exist in the Gag precursor 
protein, appears to stabilize the NH2-terminal p 
hairpin in the processed CA protein and may fa- 
cilitate the structural reorganization that occurs 
during viral maturation. Coloring scheme: NH2- 
terminal p hairpin, orange; helix I ,  green; helix I I ,  
cyan; Pro1, blue; and AspS1, red. 

strikingly reminiscent of zymogen activation 
in the trypsin family of serine proteases, where 
proteolytic processing similarly allows rear- 
rangement of the new NH2-terminus to form 
a salt bridge with a buried aspartate (28). We 
speculate that in the HIV-1 virus, formation 
of the p hairpin may alter CA-CA interac- 
tions and thereby serve as the trigger for for- 
mation of the capsid cone. 

Several studies have established that the 

loop connecting helices IV and V constitutes 
the primary CypA binding site. Mutations in 
this loop, including P90A, G89A, and A90- 
93 (15), abolish CypA binding in vitro and 
diminish CypA packaging and viral infectiv- 
ity in culture (4, 5, 7, 8). Moreover, we have 
shown that transfer of the HIV-1 loop se- 
quence 87HAGPIA92 confers CypA binding 
to chimeric capsid proteins containing other- 
wise nonbinding SIV sequences (29). In con- 
trast, mutations involving the two prolines 
immediately outside the CypA binding site 
(P85A and P99A) lead to the production of 
noninfectious virions that nevertheless con- 
tain wild-type amounts of CypA (7). These 
prolines bracket the CypA binding loop and 
serve to break helices IV and V, respectively, 
and their substitution probably leads to pro- 
tein misfolding. Prog3 is located at the (i + 1) 
position of a type I1 turn within the CypA 
bindine  loo^. and can be mutated to Ala " .. 
without affecting CypA packaging, virion 
production, or infectivity (7). This represents 
a conservative substitution that would not be 
expected to destabilize the type I1 turn (30). It 
is interesting, however, that mutations on 
either side of this proline (A92E and G94D) 
result in viruses that retain their ability to 
package CypA but are resistant to cyclospo- 
rine (and nonimmunosuppressive analogs) 
and, indeed, depend on the drug for efficient 
replication (31 ). Although these substitutions 
are unlikely to affect the global structure of 
the HIV-1 CA core domain, the G94D sub- 
stitution at the (i + 2) position is likely to 
have a major destabilizing effect on the type I1 
turn (30). Both mutations may also affect the 
relative energies or kinetics of interconversion 
of the two CypA binding loop conformations. 

The observation of two kinetically 
trapped conformations associated with the 
CypA binding site raises the possibility that 
the different loop conformations may facil- 
itate distinct intermolecular interactions 
during virion morphogenesis. For example, 
Prog0 could serve as a molecular switch for 
capsid assembly and disassembly, with 
CypA functioning either to flip the switch 
or to lock it in a particular state. Alterna- 
tively, the discrete flexible Prog0 loop may 
simply provide a highly accessible handle 
for CypA binding. Agents that interfere 
with these or other essential capsid func- 
tions may now be designed with the use of 
structure-based approaches. 
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