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Abstract 

The three-dimensional solution- and solid-state structures of the human immunodeficiency virus type-1 (HIV-1) matrix 
protein have been determined recently in our laboratories by NMR and X-ray crystallographic methods (Massiah  et  al. 
1994. J Mol Biol 244: 198-223; Hill et al. 1996. Proc Natl Acad Sci USA 93:3099-3104). The matrix protein exists as 
a monomer in solution at low millimolar protein concentrations, but forms trimers in three different crystal lattices. 
Although the NMR and X-ray structures are similar, detailed comparisons have revealed an approximately 6 8, 
displacement of a short 3'0 helix (Pro 66-Gly 71) located at the trimer interface. High quality electron density and 
nuclear Overhauser effect (NOE) data support the integrity of the X-ray and NMR models, respectively. Because matrix 
apparently associates with the viral membrane as a trimer, displacement of the 310 helix may reflect a physiologically 
relevant conformational change that occurs during virion assembly and disassembly. These findings further suggest that 
Pro 66 and Gly 71, which bracket the 3'0 helix, serve as "hinges" that allow the 310 helix to undergo this structural 
reorientation. 

Keywords: human immunodeficiency virus type 1; matrix protein; NMR spectroscopy; retroviral assembly; 
X-ray crystallography 

The human immunodeficiency virus type-1 (HIV-I) genome en- 
codes the structural Gag polyprotein (p55), which accumulates at 
the cell membrane during the late stages of the virus life cycle. 
Approximately 2,000 copies of the polyprotein assemble to form 
each immature virion. As these immature virions bud, the Gag 
polyproteins are  cleaved by the viral protease into the three major 
viral structural proteins, matrix (MA, p17), capsid (CA, p24), and 
nucleocapsid (NC, p7),  as well as three smaller peptide fragments 
(p l ,  p2, p6).  These proteins subsequently undergo a major re- 
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arrangement, termed maturation, wherein the CA molecules con- 
dense to form the conical core particle that encapsidates the RNA-NC 
ribonucleoprotein complex, and the matrix proteins form a shell 
that remains associated with the inner face of the viral membrane 
(Gelderblom, 1991; Hoglund et al., 1992; Marx et al., 1988). Ge- 
netic analyses indicate that the matrix shell helps to anchor the 
transmembrane envelope protein (TM, gp41) on  the surface of the 
virion, because mutations in both MA  (Dorfman  et al., 1994; Freed 
et al., 1994, 1995; Freed & Martin, 1996; Wang et al., 1993; Wang 
& Barklis, 1993; Yu et  al., 1992) and the intraviral domain of TM 
(Freed & Martin, 1995, 1996; Mammano et al., 1995; Yu et al., 
1993) can produce envelope-deficient virions. 

HIV-1 MA also appears to perform essential functions both early 
and late in the viral life cycle. Prior to budding, the matrix domain 
of Gag directs virion assembly to the plasma membrane. Mutations 
in the  amino terminal two-thirds of the matrix sequence can abol- 
ish or impair localization, assembly, and budding of the immature 
virion (Bennett  et al., 1993; Bryant & Ratner, 1990; Chazal et al., 
1994; Facke et al., 1993; Freed et al., 1990, 1994, 1995; Freed 
& Martin, 1995; Gheysen  et al., 1989; Gottlinger et al., 1989; 
Shoji et al., 1990; Spearman et al., 1994; Wang et al., 1993; Wang 
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& Barklis, 1993; Wills et al., 1991; Yuan et al., 1993; Zhou et al., 
1994). HIV-1 Gag associates with the membrane via an amino- 
terminal myristoyl modification (Bryant & Ratner, 1990;  Got- 
tlinger et al., 1989)  and through ionic interactions between basic 
residues in the matrix domain and the acidic membrane surface 
(Bennett  et al., 1993; Ehrlich et al., 1996; Freed et al.,  1995; Wills 
et al., 1991; Yuan et al., 1993; Zhou et al., 1994; P. Cannon, pers. 
comm.). 

When a new host cell is infected, the HIV-1 matrix protein 
appears to assist in transporting the preintegration complex to the 
cell nucleus. This process is mediated by  a nuclear localization 
signal that has  been mapped to a set of basic residues located near 
the amino terminus of HIV-1 MA (Bukrinsky et al., 1993; von 
Schwedler et al., 1994). It has additionally been reported that 
C-terminal phosphorylation of a small subset of matrix proteins 
allows them to associate with the integrase protein and thereby 
target the preintegration complex to the  nuclear pore (Gallay et al., 
1995a, 1995b, 1996), although several aspects of this model E- 
main controversial (Schuitemaker et al., 1994; Freed & Martin, 
1994, 1995; Bukrinskaya et al., 1996; E.O. Freed, pers. comm.). 

Our laboratories have  focused  on structural studies of the ret- 
roviral Gag proteins to gain insights into the processes of virion 
assembly and disassembly, and to provide information necessary 
for the rational development of therapeutic agents designed to 
interfere with these functions. We recently determined the solution- 
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(Massiah  et al., 1994) and solid-state (Hill  et al., 1996) structures 
of the HIV-  1 matrix protein. Structures of the HIV- 1 and simian 
immunodeficiency virus (SIV) matrix proteins were also deter- 
mined independently by NMR (Matthews  et al., 1994, 1995) and 
X-ray crystallographic methods (Rao et al., 1995), respectively. 
With our more recent structure determination of the amino-terminal 
core domain of the HIV-1 capsid protein in solution- (Gitti et al., 
1996) and solid-states (Gamble et al., 1996, Momany et al., 1996). 
structural information is now available for each of the major Gag 
gene products (Fig. 1). 

In this paper, we compare  the three-dimensional structures of 
the monomeric (solution-state) and trimeric (solid-state) forms of 
the HIV- 1 matrix protein determined in our laboratories. Although 
the structures are very similar, small but significant differences 
have been observed that offer new insights into conformational 
changes that may be required for virion assembly and disassembly. 

Results and discussion 

Refinement of the NMR structure 

In our original NMR studies of the HIV-1 matrix protein, severe 
overlap of side chain 'H and I3C signals precluded efforts to 
unambiguously define the conformation of five  amino acid resi- 
dues (Pro 48-Glu 52), even though strong NH(,., to NH(i+l, nu- 

Fig. l. Representation of the HIV-1 virion  showing  the  relative  locations of the  three  major  Gag  gene  products,  matrix (MA), capsid 
(CA), and  nucleocapsid (NC) proteins.  Three-dimensional  solution  structures of the  monomeric forms of MA and NC and of the 
amino-terminal core domain of CA (151 residues) are shown  at  the  right. 
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clear Overhauser effects (NOEs) were observed. For example, the 
resonances for the side-chain protons of Leu 50 and Leu 51 were 
indistinguishable in the three-dimensional ”N-edited and three- 
dimensional 13C-edited NOESY spectra, and significant side-chain 
signal overlap was observed for several nearby residues, including 
Leu 41, Val 46, and Ile  60. Because unambiguous assignment of 
interresidue side-chain NOES could not be made using the original 
data, restraints for residues Pro 48-Glu 52 were not included in the 
early models (see Figs. 7 and 10 of Massiah et  al., 1994). Spectral 
resolution was improved by the subsequent collection of three- 
dimensional I3C-edited NOESY data with extensive folding in the 
I3C dimension ( 2 1  1.05 ppm with the I3C carrier set at 40 ppm); 
and with the use of “distance filtering” (i.e., assignment of other- 
wise ambiguous NOE crosspeaks on the basis of interproton dis- 
tances observed in the NMR structures), it was possible to assign 
interresidue side-chain NOEs for residues Leu 41, Val 46, Ile 60, 
Leu 50, and Leu 5 1. The new NOE data indicated a single helical 
turn for residues Pro 48-Glu 52 that was consistent with the earlier 
observation of NH(,)-NH,i+ NOE cross peaks (Massiah  et al., 
1994). The presence of Pro 48-aH to Leu 50-NH and Gly 49-aH 
to Leu 51 -NH NOEs indicated that the turn contains 310 helical 
character, as was also observed in the X-ray structures of the 
HIV-I (Hill  et al., 1996) and SIV (Rao et al., 1995) matrix pro- 
teins, but not in the refined NMR structure of the HIV-I matrix 
protein of Matthews and co-workers (Matthews et al., 1994, 1995). 

A total of 309 additional NOE-derived distance restraints were 
identified using the highly folded three-dimensional I3C-edited 
NOESY data, and the original MA models were subsequently re- 
fined using a total of 908 distance restraints, corresponding to an 
average of  17 restraints per restrained residue. The penalties of the 
final twenty structures ranged from 0.14 A2 to  0.23 A2, with 
individual distance violations of 50.03 A. Superposition of the C a  
atoms of helices I-V and the three-stranded j3-sheet afforded pair- 
wise RMS deviations (RMSDs) of 0.57 2 0.10 8, (Table 1). Su- 
perposition of the C a  atoms of all residues from Ser  9 to Ile 104, 
including the partially-ordered three-stranded mixed P-sheet, gave 
pairwise RMSDs of 1.16 -+ 0.35 A. The original and refined struc- 
tures compare equally well with the X-ray structures, with super- 
position of the helical and P-sheet elements affording pairwise 
RMSDs of 1.54 2 0.10 8, and 1.55 ? 0.06 A, respectively. Co- 
ordinates for the 20 refined NMR models were deposited in the 
Brookhaven Protein Data Bank in April 1995 (Brookhaven ID = 
2HMX ). 

X-ray  crystal structures 

Both monoclinic (P2,) and hexagonal (P6122) crystal forms of the 
HIV-1 matrix protein were determined and the structures were 
shown to be essentially identical (Hill et al., 1996). The mono- 
clinic crystal form was refined at 2.3 A resolution and is the only 
structure discussed here in detail. This crystal form contains two 
independent trimers in the asymmetric unit and all six individual 
matrix molecules adopt the same structure, except for variations in 
the length of the C-terminal helix. Superposition of the backbone 
C a  atoms of the six X-ray models (residues 7-104) affords pair- 
wise RMSDs in the range 0.29-0.79 8, and an overall RMSD of 
0.47 2 0.08 8, (Table 1) .  

Several lines of evidence suggest that matrix is likely to be 
trimeric when bound to the viral membrane. First, all known ma- 
trix crystal forms contain the same trimer, suggesting that this is 
the preferred matrix packing arrangement at high concentrations, 

as in the virion. Matrix trimers were observed in three different 
HIV-1 matrix crystal forms  (Hill  et al., 1996), and an analogous 
trimer was also observed in  the crystal structure of SIV matrix 
(Rao et al., 1995). The trimeric structure is also highly compatible 
with membrane binding because all of the individual basic residues 
implicated in acidic membrane binding cluster on one surface of 
the trimer (P. Cannon, pers. comm.; Freed et al., 1994). Moreover, 
when this cationic surface is oriented toward the viral membrane, 
all of the matrix C termini project away from the opposite side of 
the trimer, as if toward the center of the virion. This orientation seems 
reasonable because the matrix C termini are initially linked to the N 
termini of the internal capsid protein in the Gag precursor. 

Comparison of the X-ray and NMR models 

The detailed comparison described here is for the HIV-1 MA struc- 
tures determined in our laboratories (Massiah  et al., 1994; Hill 
et al., 1996). However, for completeness we have also examined 
the other NMR structure of  HIV-1 MA  (Matthews  et al., 1994, 
1995) and the crystal structure of the SIV MA trimer (Rao et al., 
1995), which were determined elsewhere (see Table I). We note 
that the 1.55 2 0.06 A RMSD reported in Table 1 for superposition 
of our HIV-I MA NMR model (Massiah  et al., 1994) with the SIV 
MA crystal structure (Rao et al., 1995) corrects an erroneous report 
that these two matrix structures align with an RMSD of 3.67 8, 
(Matthews  et al., 1996). This error was due to incorrect alignment 
of the amino acid sequences of the two proteins (S. Matthews, 
pers. comm.). 

As reported previously (Hill  et al., 1996), the NMR and X-ray 
models of the HIV-1 matrix protein exhibit highly similar three- 
dimensional folds. Superposition of the backbone C a  atoms of 
residues Ser 9-Ile 104 affords pairwise RMSDs of 1.93 2 0.27 A. 
A better fit is obtained when residues of the exposed, partially 
ordered 0-hairpin (residues Arg  22-Lys 30) and the extended, 
partially ordered segment that connects helices IV and V (Ile 92- 
Val 95)  are not included in the fitting (RMSD = 1.55 2 0.06 A). 
The only major difference between the NMR and X-ray models 
involves the relative length of the C-terminal helix (helix V). Helix 
V terminates at Gln 108 in the NMR models and in one of the 
X-ray models, but is extended by up to 14 additional residues in 
the other X-ray models. NOE and chemical shift analyses per- 
formed for the monomeric protein in solution at 35 “C indicated 
that residues Asn 109-Thr 122 are disordered (Massiah et al., 
1994), and it is possible that crystallization conditions (4°C) fa- 
vored the observed helical conformations. In addition, intermolec- 
ular packing interactions between the C-terminal helices of two of 
the six matrix molecules in the asymmetric unit probably extend 
the length of these helices. In both the NMR and X-ray structures, 
Ile 104 is the last MA residue that contacts the rest of the globular 
protein core. In the X-ray structure of SIV MA, helix V similarly 
terminates at Leu 108, but subsequent residues Val 1 IO-Thr 117 
form a P-hairpin (Rao et al., 1995). 

The above differences involve residues beyond the globular core 
domain of HIV-1 MA. Comparison of the NMR and X-ray models 
of the protein core reveals a single significant structural difference 
that involves an approximately 6 A displacement of the 310 helix 
comprising residues Pro 66-Gly 71. Excluding this 310 helix from 
the superposition calculations results in a significant decrease of 
the RMSD (from 1.55 2 0.006 A to 1.37 2 0.06 A; Table 1 and 
Fig. 2). Displacement of the 310  helix results from subtle differ- 
ences in the backbone torsion angles of Pro 66, coupled with 
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Table 1. Comparison of HIV-1 and SIV matrix protein structures 

A. Relative convergence of our HIV- 1 MA NMR and X-ray structures (A) 

Backbone C a  

Superposition of Superposition of 
2HMX NMR models the six X-ray models 

[Massiah et al. (1994)Ia [Hill et al. (1996)lb 

All a-helices + P-sheetc 
Above + 310 helix and turnsd 
Ser 9-Ile 104 
All atoms 
All helices + 0-sheets 

0.57 2 0.10 
0.57 i- 0.10 
1.16 2 0.35 

0.44 2 0.10 
0.43 2 0.08 
0.47 t 0.08 

1.74 ? 0.13 1.20 2 0.16 

B. Comparison of all HIV-I NMR structures with the X-ray structures 

Backbone C a  

Massiah et al. (1994) Matthews et al. (1994) 
20 NMR models ITAM NMR model 

2HMX versus X-ray versus X-raye 

All a-helices 
Above + P-sheet & turns 
Above + 310 helix 
Ser 9-Ile 104 

1.26 ? 0.06 
1.37 2 0.06 
1.55 2 0.06 
1.93 i- 0.27 

2.12 t 0.05 
2.30 IT 0.04 
2.27 2 0.04 
2.70 ? 0.03 

C. Comparison of all HIV-I structures with the SIV structure 

Hill et al. (1996) Massiah et al. (1994) Matthews et al. (1996) 
X-ray versus 2HMX NMR versus ITAM NMR versus 

Backbone C a  SIV X-ray' SIV X-ray' SIV X-ray' 

All a-helices 0.50 ? 0.05 1.24 t 0.07 
Above + P-sheet 

and turns 0.50 ? 0.05 1.38 5 0.07 
Above + 310 helix 0.50 2 0.05 1.55 2 0.06 
Ser 9-Ile 104 0.59 2 0.06 1.85 ? 0.23 

2.19 

2.37 
2.34 
2.68 

D. Comparison of the HIV-I  MA NMR structures 

Massiah et al. (1994) Massiah et al. (1994) 
( 1 HMX) versus (2HMX) versus 

Backbone C a  Matthews et al. (1996)  (ITAM) Matthews et al. (1996)  (ITAM) 

All a-helices 
All a-helices + P-sheet 
Above +31" helix 
Ser 9-Ile 104 

2.12 t 0.12 
2.13 ? 0.12 
2.12 2 0.11 
2.59 2 0.16 

2.09 2 0.09 
2.1 I 2 0.09 
2.17 2 0.07 
2.69 t 0.10 

aRMSDs were calculated for the 20 refined 2HMX NMR structures. 
bThe RMSDs of the X-ray structures were calculated from the six independently generated models. 
'All a-helices = helices I (Ser 9-Glu 17); I1 (Lys 30-Phe 44); 111 (Thr 53-Gln 65); IV (Ser 72- 

dThe 3," helix spans residues Pro 66-Gly 71. 
Toordinates  for only one low penalty refined MA NMR structure by Matthews et al. (1996) were 

'Coordinates for the SIV trimers were kindly provided by Dr. Zihe  Rao and Prof. David Stuart 

Ile 92);  V  (Asp 95-Ile 104). Including P-sheet: Ser 9-Leu 21, Gln 28-Phe 44. 

available from the Brookhaven Protein Data Bank (ITAM). 

(Oxford, UK). 

significant differences in the backbone I) angle of Gly 71 (148 
degrees and -80 degrees in the X-ray and NMR structures, re- 
spectively) and the $ angle of Ser 72 (-73 degrees and - 179 
degrees in the X-ray and NMR structures, respectively). 

Detailed examination of the crystallographic and NMR data 
have confirmed that the respective models are correct and genu- 
inely differ in this region. As shown in Figure 3, the crystal model 
fits  the  unbiased  multiple  isomorphous  displacement (MIR)/ 

averaged density in this region and is also consistent with simu- 
lated annealing omit maps (not shown). To evaluate the NMR 
models, the Leu 68 and Tyr 79 side-chain protons and the Ser 72 
backbone amide proton served as useful reporters. As shown in 
Figure 4, the side chain of Leu 68 (located on the 310 helix) is in 
close proximity to the Tyr 79 aromatic ring (located on helix IV). 
In the X-ray structures, the Leu 68-Hy proton is approximately 
equidistant from the Tyr 79-H6 (4.17 A) and HE (4.44 A) protons, 
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Fig. 2. Superposition of  the  HIV-1  matrix  protein struc- 
tures,  determined by  NMR (darker shades) and  X-ray 
crystallography,  showing  the 6 8, displacement of the 
310 helix (residues Pro 66-Gly 71). This helix  makes 
intermolecular  contacts  in  the  trimer,  which  suggests 
that  the  observed  differences  reflect  actual  conforma- 
tional  changes  that  occur  during  virus  assembly and 
disassembly.  The  figure was generated by superposi- 
tion of the  backbone Ca atoms of residues Ser 9- 
Glu 17, Lys  30-Phe 44, Pro 48-Glu 52, Thr 53- 
Gln  65,  Ser  72-ne  92,  and Lys  95-ne  104,  and displayed 
using  the  Molscript (Kraulis, 1991) and  Raster-3D 
(Bacon & Anderson,  1988)  software  packages. 

whereas in the NMR models, the -Leu 68-Hy proton is signifi- 
cantly  closer to the Tyr 79-HS proton (3.65 A) than to  the 
Tyr 79-HE proton (4.87 A). Thus,  NOE crosspeaks involving these 
protons should allow discrimination between the NMR and X-ray 
models. As shown in Figure 5A, the Leu 68-Hy proton exhibits a 
strong-intensity NOE crosspeak with the Tyr 79-HS aromatic pro- 
ton, but only a weak signal to the Tyr 79-HE proton. In addition the 
Leu 68-*’CH3 (pro-R) diastereotopic methyl group  exhibits strong 

intensity NOE crosspeaks with the Tyr 79-HS proton and only 
weak crosspeaks with the Tyr 79-HE proton, whereas the  Leu 68- 
“CH3 (pro-S) methyl exhibits  strong  NOE  crosspeaks to the 
Tyr 79-HP protons (not shown). Finally, as shown in Figure 5B, 
the backbone NH proton of Ser 72 exhibits strong-intensity NOES 
to the Gly 71-NH and Leu 75-*CH3 protons, consistent with the 
short interproton distances of 2.7 8, and 3.3 A, respectively, in the 
NMR model, but seemingly inconsistent with the distances of 

Fig. 3. Unbiased  electron  density map contoured  at 1.2 8, RMSD.  MIR  phases  calculated  to  2.5 A resolution  were  refined  by  six-fold 
non-crystallographic  symmetry  averaging,  solvent  flattening,  and  histogram  shifting  with  the  program DM (Cowtan, 1994). An alpha 
carbon  superposition of the  current  refined  X-ray (yellow) and  NMR (magenta) structures is shown.  Gly 72 is  labeled  for  both  models 
and Pro 66 is  visible at  the  right  hand edge of this  figure.  This  figure was  made  with  the  program 0 (Jones  et al., 1991). 



Fig. 4. Best fit superposition of the backbone heavy atoms of residues 
Thr  53  to Gln 65  and Ser 72 to Gln 90 of the 20 refined NMR structures 
(blue), compared with a representative X-ray crystal structure model (white), 
showing that the relative positions of the Tyr 79 and Leu 68 side chains  are 
different in the NMR and X-ray models. The side chains of  Leu 68  and 
Tyr 79 are colored red in the NMR models, and green (Tyr 79)  and yellow 
(Leu 68) in the X-ray models. 

4.6 8, and 5.6 8,, respectively, in the X-ray models. To address the 
possibility that the NOE and X-ray data could be simultaneously 
satisfied, combined simulated annealing refinement was performed 
against both the X-ray data and the Ser 72-NH to Gly 71-NH and 
to Leu 75-'CH3 NOE distance restraints (Briinger, 1992). Three 
separate trajectories were performed, yielding average distances 
for the Ser 72-NH to Gly 7 I-NH  and to Leu 75-'CH3 distances of 
4.5 8, and 5.3 A, respectively. The minimum values observed over 
all 18 models in these calculations were 4.4 8, and 4.3 A, providing 
clear evidence that the differences observed in the NMR and X-ray 
models reflect actual structural differences between the mono- 
meric and trimeric forms of the protein. 

A second, smaller difference between the NMR and X-ray MA 
models occurs at the C-terminal end of helix 11, with the largest 
deviation observed for residue Ala 45 (approximately 1 A). Anal- 
ysis of NOE intensities suggests that this difference is real. How- 
ever, because Ala 45 is positioned at the terminus of helix I1 and 
does not make long-range intramolecular contacts, and because 
predicted differences in local interproton distances  are small, it is 
not possible to unambiguously discriminate between the X-ray and 
NMR models on the basis of the NOE  data. 

Differences between the solution and crystal structures arise as 
a consequence of matrix trimerization in the crystal. The trimer 
interface is created primarily by packing of the C terminus of helix 
II and its adjacent loop  (residues 42-47) against the 310 helix and 
the following loop (residues 69-74). Thus, the residues exhibiting 
the largest differences between the solution and crystal structures 
reside at the center of this interface. In particular, Thr 70-0 and 
Ser 72-N both make intermolecular hydrogen bonds to Asn 47-N 
and Ala 45-0. The  Ala 45 methyl group also makes hydrophobic 
interactions across the interface. These interactions serve to rotate 
the Ser 72 amide nitrogen toward the trimer interface and displace 
Ala 45 into the interface. 

Fig. 5. A: Portion of the two-dimensional NOESY spectrum obtained for 
the HIV-1 matrix protein (120 ms mixing time) showing NOE crosspeaks 
involving aromatic side-chain protons. Correlations between Tyr 79-HS 
and HE protons and the methyl protons of Leu 68 are labeled. The Leu 68- 
"CH, methyl protons  exhibit a stronger intensity NOE  crosspeak  to 
Tyr 79-HS protons than to HE protons. In addition, Leu 68-Hy exhibits a 
very strong NOE crosspeak with the Tyr 79-HS protons, but only a weak 
cross peak with the Tyr 79-HE protons. B: Strip from the three-dimensional 
"N-NOESY-HSQC spectrum obtained for "N-labeled MA showing NOE 
correlations from the Ser 72 backbone amide proton to the Gly 71 back- 
bone amide and Leu 75-SCH3 methyl protons. These NOE data are con- 
sistent with the orientation of the 310 helix observed in the NMR models, 
but are incompatible with the X-ray model. 

The fact that the 310 helix undergoes a 6 8, displacement upon 
MA protein trimerization raises the intriguing possibility that this 
structural change may  be required for assembly and disassembly of 
the matrix shell. Interestingly, both terminal residues of the 310 

helix (Pro 66 and Gly 71)  are highly conserved among 96 pub- 
lished strains of HIV-I (Meyers  et al., 1995). Pro 66 serves as a 
bridge between helix 111 and the 310 helix, and may provide the 
flexibility necessary to allow the 310 helix to reorient. This proline 
is only sparingly substituted by serine (Meyers et al., 1995), and it 
is interesting that a serine residue was also found to bridge a- and 
310-helical substructures in the HIV-I capsid protein (Gitti et al., 
1996). Conservation of Gly 71 at the other end of the 310 helix may 
help to facilitate the large torsion angle changes associated with 
this residue since glycine lacks a side chain. 

In summary, we have documented a 6 8, displacement of the 3 1 ~  
helix comprising residues Pro 66-Gly 71 in the X-ray and NMR 
structures of the HIV- 1 matrix protein. Conserved residues Pro 66 
and Gly 7 1 appear to function as hinges that allow the 3 1o helix to 
reorient on trimerization, and this reorientation may be important 
for protein-protein interactions associated with viral assembly and 
disassembly. 
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Materials  and  methods 

Recombinant HIV-1 matrix proteins used in both X-ray and NMR 
studies were expressed and purified using identical procedures 
(Massiah  et al., 1994). The highly-folded three-dimensional 'H-, 
I3C-edited NOESY spectrum ( I  50 msec mixing time) of the origi- 
nal, uniformly I3C, I5N-labeled protein sample (5.6 mM) was ob- 
tained with a General Electric PSG OMEGA-600 NMR spectrometer 
(599.7 1 MHz, 'H). The  data were acquired with 32 transients per 
hypercomplex t, , t2 pair, a I3C dwell of 300 ps ( 2  1 1.05 ppm with 
the I3C carrier set at 40 ppm), and acquisition times of 22 ms ('H, t, ,  
256*), 13.5 ms (13C, t2, 90*) and 112.6 ms ( 'H, t3, 1,024 points). 

Previously generated MA NMR structures (1HMX) were re- 
fined using DSPACE (Biosym, Inc., San Diego, CA). Conjugate 
gradient minimization (CGM) and moderate-temperature simu- 
lated annealing was only performed for residues Val 7 to Gln 108 
because no experimental distance restraints were employed for the 
remaining residues. Structures were initially treated with several 
cycles of 64-128 steps of local simulated annealing and minimi- 
zation, followed by global CGM. 
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