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The effect of amino acid variability between human immunodeficiency virus type 1 (HIV-1) clades on
structure and the emergence of resistance mutations in HIV-1 protease has become an area of significant
interest in recent years. We determined the first crystal structure of the HIV-1 CRF01_AE protease in complex
with the p1-p6 substrate to a resolution of 2.8 Å. Hydrogen bonding between the flap hinge and the protease
core regions shows significant structural rearrangements in CRF01_AE protease compared to the clade B
protease structure.

Based on its genomic diversity, the human immunodefi-
ciency virus type 1 (HIV-1) has been classified into three
groups, M (major), N (nonmajor), and O (other/outlier) (16).
Group M has been further defined into nine clades (clades A
to D, F to H, and J and K) and a number of subclades and
circulating recombinant forms (CRFs). HIV-1 protease is one
of the major proteins targeted for anti-HIV drug development.
The pol gene, which codes for protease, differs by 10 to 15%
between clades (7), and sequence diversity within HIV-1 clades
has been an important area of study in recent years due to its
possible role in altering resistance pathways within the pro-
tease (1, 10). In particular, the HIV-1 CRF01_AE protease
acquires nelfinavir resistance via an alternative mutational
pathway (1), making the detailed study of non-B proteases
strongly warranted.

Structural studies of clade B protease have led to the suc-
cessful development of a number of protease inhibitors (PIs).
However, the majority of HIV-1 infection cases in the world
result from non-clade B variants, and there is limited evidence
that non-clade B variants respond differently to currently avail-
able PIs (3, 23). Although a large number of clade B protease
structures have been solved over the years, to date, very little
structural information is available for non-B HIV proteases.
The first non-clade B protease structures for clade F were
published recently by Sanches et al. (18), and the crystallization
of clade C PI complexes has been reported by Coman et al. (4).
We present here the crystal structure of an inactive HIV-1
CRF01_AE protease variant (D25N) in complex with a decam-
eric peptide corresponding to the p1-p6 cleavage site within
the Gag and Gag-Pro-Pol polyproteins. CRF01_AE was one of
the first CRFs to be identified and is now the predominant
HIV-1 variant in Southeast Asia (12). The protease was de-

rived from a Japanese patient isolate and has 10 amino acid
substitutions (R14K, K20R, E35D, M36I, R41K, P63L, V64I,
H69K, L89M, and I93L) compared to that of clade B (Fig. 1A
and B).

Crystallization and structure determination. The CRF01_AE
protease was expressed and purified as previously described
(14). The protein was concentrated to 1.8 mg ml�1 using a
10-kDa molecular size limit Amicon Ultra-15 centrifugal filter
device. The decameric p1-p6 peptide (Arg-Pro-Gly-Asn-Phe-
Leu-Gln-Ser-Arg-Pro; Quality Controlled Biochemicals, Inc.,
Hopkinton, MA) was solubilized in dimethyl sulfoxide and
equilibrated with the protein with a fivefold molar excess for
1 h on ice. Crystals were grown over a reservoir solution con-
sisting of 126 mM phosphate buffer at pH 6.2 and 63 mM
sodium citrate and ammonium sulfate in the range of 18 to
33% (20). A 2:1 volume ratio of reservoir solution and sub-
strate-protein solution were combined to set up hanging drops
with a final volume of 6 �l. The crystals were grown at ambient
temperature.

Crystallographic data were collected under cryogenic condi-
tions using an R-AXIS IV image plate mounted on a Rigaku
rotating anode X-ray generator. The data were reduced and
scaled using the programs DENZO and SCALEPACK, re-
spectively (13). Structure determination and refinement were
carried out using programs within the CCP4 software suite as
previously described (15). Model building was carried out,
followed by real space refinement with the COOT molecular
graphics software (5). Refinement of the initial models was
done without the p1-p6 substrate, and the peptide was built
into the Fo � Fc density within the active site as the refinement
progressed. A truncated p1-p6 peptide lacking ArgP5 and
ProP4 was modeled into the active site, as the 2Fo�Fc and
Fo � Fc maps indicated weak and discontinuous electron den-
sity at the N terminus of the peptide. The ArgP4� of the p1-p6
peptide was modeled in as alanine, since the electron density
was not well defined to model in the arginine side chain. The
stereochemical parameters of the final model were checked
using PROCHECK (11). The CRF01_AE protease in complex

* Corresponding author. Mailing address: Department of Biochem-
istry and Molecular Pharmacology, University of Massachusetts Med-
ical School, 364 Plantation Street, Worcester, MA 01605. Phone: (508)
856-8008. Fax: (508) 856-6464. E-mail: Celia.Schiffer@umassmed.edu.

� Published ahead of print on 23 April 2008.

6762



with p1-p6 was determined to a resolution of 2.8 Å (PDB code
3D3T) (Table 1).

Protease structure comparison. The clade B D25N protease
in complex with p1-p6 (PDB code 1KJF) was used for struc-
tural comparisons. The terminal regions (residues 1 to 9 and 86
to 99) from both monomers were used to superimpose the
clade B structure onto the CRF01_AE complex. The superim-
position was performed in a way that preserved the orientation
of the substrate peptide between the two structures. A double-
difference plot was generated to visualize structural differences
between the two complexes. Distances between all the C�
atoms within the dimer were calculated for each complex, and
then the difference of the difference between the two dimers
was plotted as a contour plot, as previously described (15). The
presence of significant contour peaks within the plot indicates
regions that differ between the two structures.

Based on the C� superimposition, the CRF01_AE and clade
B structures displayed a high level of structural similarity to
each other, with a root-mean-square deviation of 0.37 Å (Fig.
2A). However, peaks within the double-difference plot show
that the CRF01_AE complex has significant structural rear-
rangements at the flap hinge region (residues 33 to 39) and
near the protease core region (residues 16 to 22) (Fig. 2B).
These structural differences are present in both monomers of
the complex. Closer examination of Ile36 shows that its shorter

TABLE 1. Crystallographic data and statistics for CRF01_AE in
complex with substrate p1-p6

Parameter Value

Resolution (Å) ...........................................................................2.8
Temperature (oC) ......................................................................Cryogenic
Space group ................................................................................P61

Cell dimensions
a � b (Å) ................................................................................62.1
c (Å) ........................................................................................82.1

Za .................................................................................................6
Rmerge (%)...................................................................................9.5
Completeness (%)......................................................................99.4
Total no. of reflections..............................................................45,495
No. of unique reflections ..........................................................4,523
I/�I................................................................................................8.4

RMSD inb

Bond lengths (Å) ...................................................................0.008
Bond angles (Å).....................................................................1.2

Rfactor (%) ...................................................................................19.9
Rfree (%)......................................................................................25.8

a Number of molecules in the unit cell.
b RMSD, root-mean-square deviation.

FIG. 1. (A) Amino acid sequence alignment of the CRF01_AE protease with the clade B protease. Positions where sequences differ are
indicated in red. (B) CRF01_AE protease in complex with p1-p6 (green). Amino acid changes in monomer A (cyan) are indicated in red, and
changes in monomer B (magenta) are indicated in blue.
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FIG. 2. (A) Ribbon diagram superposition of the CRF01_AE (blue) and the clade B (gray) p1-p6 structures. The flap hinge region is indicated
by the red box. (B) Double-difference plot comparing the CRF01_AE and clade B p1-p6 structures. Contours in the plot represent the degrees
of distance between the residues of the structures being compared. Black indicates a distance of �0.6 Å; red indicates �0.59 Å and �0.3 Å; blue
indicates 0.3 Å and 0.59 Å; and yellow indicates 	0.6 Å. (C) Stereoview of the rearrangement of the flap hinge region of the CRF01_AE structure
(blue) compared to that of the clade B structure (gray). The Asn37 side chain in the CRF01_AE structure is disordered and has been modeled
as alanine. (D) p1-p6 substrate conformation (blue, CRF01_AE; gray, clade B).
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side chain is stabilized through van der Waals interactions with
the side chains of Asn18, Leu38, and Arg20, allowing the flap
hinge region to pack closer to the core region when compared
to the longer Met36 side chain in the clade B structure (Fig.
2C). The collapse of the flap hinge toward the core is further
enhanced by the formation of a hydrogen bond between the
carbonyl oxygen of Asp35 and the NE or NH-2 of the Arg20
side chain. This interaction causes the Asp35 side chain to flip
inward toward the core region. In comparison, the longer
Glu35 side chain in clade B is flipped outward into the solvent,
allowing its OE-2 oxygen to form a hydrogen bond with the
side chain NH-1 of Arg57. The positioning of the Arg57 side
chain also allows the NH-2 hydrogen to form a hydrogen bond
with the carbonyl oxygen of Met36. The Arg57 side chain of
the CRF01_AE structure is not involved in making any inter-
actions with the flap hinge and packs against Trp42. These
observations suggest that the flap hinge region of the
CRF01_AE protease is likely to have reduced flexibility as a
result of its tighter packing against the protease core region
than against clade B.

Substrate conformation. The p1-p6 peptide is bound within
the active site in an extended conformation with the Phe-Leu
cleavage site at positions P1 and P1�, oriented between the
“catalytic” Asn25 residues. AsnP2 in the CRF01_AE structure
adopts a conformation different from that of the clade B struc-
ture (Fig. 2D). OG of SerP3� also adopts an orientation that is
different from that seen in the clade B structure. ProP5� is
rotated by 180o, which causes the C terminus of the peptide to
kink toward the P4� position, whereas in the clade B complex,
the p1-p6 peptide adopts an extended conformation at the C
terminus. Despite changes in peptide conformation, the pro-
tease-substrate hydrogen bonding patterns show a high degree
of similarity between the two structures, with 13 substrate-
protease hydrogen bonds conserved between the CRF01_AE

and the clade B structures (Table 2). However, the CRF01_AE
structure makes four additional substrate-protease hydrogen
bonds that are not seen in the clade B structure. The AsnP2
side chain conformation allows OD-1 to form a hydrogen bond
with either Asp29 N or Asp30 N, while ND-2 forms a hydrogen
bond with Asp30 OD-2. Furthermore, the AsnP2 side chain
confirmation allows it to make significant van der Waals inter-
actions with Asp29 and Asp30. The hydrogen bond formed
between SerP3� OG and Arg8 NH1 is a result of SerP3� OG
adopting an orientation that is different from that seen in
the clade B structure. Thus, compared to the clade B struc-
ture, the p1-p6 substrate appears to form better interactions
with the CRF01_AE active site.

Conclusions. The structure described in this study is the first
CRF01_AE protease structure, as well as the first non-B
HIV-1 protease-substrate complex structure, to be reported to
date. The R20, D35, I36, K69, M89, and L93 seen in the
structure have been implicated as resistance-associated muta-
tions in clade B protease (2, 8, 9). While no significant struc-
tural changes were observed at K69, M89, and L93, the R20,
D35, and I36 substitutions in the CRF01_AE protease resulted
in significant structural rearrangements of the flap hinge and
core regions compared to that in the clade B structure. We
have observed a similar structural rearrangement in a
CRF01_AE protease structure in an inhibitor complex (un-
published data), which might be an indication that the inter-
actions observed are unique to the CRF01_AE protease.

Movement of the flaps is essential for substrate binding, and
the flap hinge and core regions play key roles in flap dynamics
(17, 19, 21). The close packing observed between these regions
in the CRF01_AE protease structure is likely to restrict flexi-
bility and thereby affect flap dynamics. The protease molecule
itself undergoes large conformational changes in order to fa-
cilitate substrate binding and product release following sub-
strate cleavage (6). Thus, reduced flexibility resulting from the
packing of the flap hinge and core regions may have an effect
on protease activity as well. Previously reported enzyme kinet-
ics data for a CRF01_AE variant indicate that the active site
specificity and catalytic efficiency are slightly lower for the
CRF01_AE protease than for the clade B protease (3). Fur-
thermore, polymorphisms occurring within these regions are
thought to affect binding affinities for PIs (22). Therefore,
the structural changes observed may influence how the
CRF01_AE protease interacts with PIs and may thereby alter
levels of resistance to currently available inhibitors compared
to that of clade B protease.
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