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Crystal structure of XMRV 
protease differs from the 
structures of other retropepsins
Mi Li1,2, Frank DiMaio3, Dongwen Zhou1, Alla Gustchina1,  
Jacek Lubkowski4, Zbigniew Dauter5, David Baker3 &  
Alexander Wlodawer1

Using energy and density guided Rosetta refinement to improve 
molecular replacement, we determined the crystal structure 
of the protease encoded by xenotropic murine leukemia 
virus–related virus (XMRV). Despite overall similarity of XMRV 
protease to other retropepsins, the topology of its dimer 
interface more closely resembles those of the monomeric, 
pepsin-like enzymes. Thus, XMRV protease may represent  
a distinct branch of the aspartic protease family.

XMRV is a newly discovered human retrovirus and the first gamma­
retrovirus shown to be associated with human diseases. It has been 
detected in prostate cancer cells1 as well as in individuals with chronic 
fatigue syndrome2. Although the identification of XMRV as the causal 
agent for these diseases is still controversial3, it seems prudent to iden­
tify targets for drugs against this potential pathogen. Because XMRV 
is a retrovirus, inhibition of the three enzymes encoded in its genome 
(reverse transcriptase, integrase and protease) provides the most direct 
path to inactivation of the virus. It has already been shown that the inte­
grase inhibitor raltegravir is a potent inhibitor of XMRV4. Enzyme inhibi­
tion has been a very successful route for developing therapeutic agents 
against human immunodeficiency virus (HIV). In particular, numerous 
drugs targeting HIV-1 protease have been developed in the last 20 years5. 
The success of these efforts depended very much on the availability of 
the structure of HIV-1 protease, both as an apoenzyme and in complexes 
with inhibitors6. Although all retroviral proteases studied to date are 
structurally similar7, the fine differences in their structures allow for 
the development of specific inhibitors. For example, although HTLV-1  
protease8 is similar to HIV-1 protease9, it is very poorly inhibited by most 
HIV-1 protease inhibitors. None of the clinical inhibitors of HIV-1 pro­
tease have EC50 values below 35 µM against XMRV in cell culture, which 
is three to four orders of magnitude higher compared to HIV-1 (ref. 4).

Although XMRV protease has not been previously isolated or 
expressed and characterized on a molecular level, a closely related 
enzyme from Moloney murine leukemia virus (MoMLV) has been 

isolated and its amino acid sequence determined10. This informa­
tion served as a guide in cloning XMRV protease (Supplementary 
Methods) and particularly in deciding the location of its prob­
able termini. The expression construct contains 125 amino acids 
belonging to the enzyme, as well as a N-terminal hexahistidine tag 
preceded by a methionine. The enzyme migrates as a dimer on a gel-
filtration column (data not shown). Its activity was demonstrated 
by extensive autolysis (Supplementary Fig. 1a) and by its cleavage 
of maltose-binding protein (MBP) in the MBP-XMRV fusion pro­
tein (Supplementary Fig. 1b). This autolysis was inhibited by TL-3,  
a broad-specificity retropepsin inhibitor (Supplementary Methods 
and Supplementary Fig. 1). This construct of XMRV protease was 
purified and crystallized, and diffraction data were collected to 1.97-Å 
resolution (Supplementary Methods).

Because XMRV protease contains only a single methionine, near its 
C terminus (Met118), phasing of diffraction data by using anomalous 
dispersion of selenomethionine seemed unlikely without the intro­
duction of additional methionine residues. However, the structural 
similarity of all known retroviral proteases7 suggested that molecular 
replacement should be sufficient for solving the structure of XMRV 
protease. We carried out extensive trials with models built on the 
basis of crystal structures of several retroviral proteases but found 
no refinable solutions (Supplementary Methods). We finally solved 
the structure of XMRV protease through a novel application of the 
Rosetta refinement11 to several highest-scoring molecular replacement 
models. This application of the Rosetta refinement produced sufficient 
improvement of these structures to enhance the molecular replacement 
signal and resulted in a model that could be further refined by standard 
means (Supplementary Methods and Table 1).

A molecule of XMRV protease is a homodimer (Fig. 1a), with a two-
fold symmetry axis that does not coincide with the symmetry elements 
of the crystal. Its fold generally resembles those of other retroviral 
proteases (Fig. 1b), although with several substantial differences, 
especially at the two termini. Both the N and C termini are longer 
in XMRV protease than in most other retropepsins. The N terminus 
contains a helical insertion before strand β1 (Fig. 1c). Instead of the 
interdigitated N and C termini (β1 and β9 strands, Fig. 1c) that create 
the dimer interfaces in all other structurally characterized retroviral 
proteases, the dimer interface of XMRV protease utilizes hairpins 
formed by strands β10 and β11, near the C termini of both mono­
mers (Figs. 1c and 2a and Supplementary Figs. 2a and 3). The flaps of 
each protomer (residues 48–66) are partially disordered at their tips, a 
situation common for the apoenzymes of retropepsins12. However, the 
ordered parts of the flaps appear to represent the open conformation 
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seen in the apo form of HIV-1 protease13. The N-terminal fragment of 
XMRV protease is partially helical, with residues Gly6 through Glu11 
disordered in monomer B, and is quite different from its counterparts 
in other retroviral enzymes (Supplementary Fig. 4).

Although the mode of dimerization of XMRV protease shows 
substantial differences from those of other retropepsins (Fig. 2b), 
it is much closer to that of the putative protease (RP) domain of the 
eukaryotic protein Ddi1 (ref. 14). The crystal structure of the isolated 
RP domain of Saccharomyces cerevisiae Ddi1 was solved and refined at 
2.3-Å resolution (PDB code 2I1A; ref. 14), revealing similarity in the 
overall structural fold to retropepsins. However, to our knowledge, no 
enzymatic activity of Ddi1 RP has been reported. The overall struc­
tural similarity (Supplementary Fig. 5) of XMRV protease and Ddi1 
RP is reflected by the r.m.s. deviations of 1.66 Å and 1.87 Å between 
the equivalent 85 Cα atoms in the monomers and 174 Cα atoms in the 
dimers of both proteins, respectively. By comparison, an analogous 
alignment of XMRV protease with the apo form of HIV-1 protease 
(PDB code 3HVP; ref. 13) yields r.m.s. deviations of 2.18 Å for the 
monomers and 2.35 Å for the dimers.

Like those of XMRV protease, the N and C termini of Ddi1 RP are 
substantially longer than in a majority of retropepsins. The dimer 
interface in Ddi1 RP is formed solely by the C-terminal part of the 
protomer (by three consecutive β strands, β7–β9; Fig. 1c) and does 
not include the N terminus at all (Fig. 2c). A comparable situation 
is seen in XMRV protease, except that the interface uses only two  
β strands (β10–β11). Residues Gly119 and Gln120 make a turn after 
β11 and form hydrogen bonds with the O and N atoms of Gly116, 
thus extending the sheet, but the following segment of the C-terminal 
chain does not form any regular structure and points in a completely 
different direction (Fig. 2a and  Supplementary Fig. 2a).

As noted in the description of the structure of Ddi1 RP14, β strands 
that form the dimer interface in that protein are rotated by ~45° 
compared to their counterparts in HIV-1 protease and other retro­
pepsins. Two of these strands in XMRV protease superimpose almost 
exactly on their counterparts in Ddi1 RP, retaining their angles, with 
only the residues at the turn between the interface strands following  

a slightly different path in the two proteins, despite their identical 
length (Supplementary Fig. 6). The axis of the dimer interface β-sheet 
in XMRV protease is aligned roughly perpendicular to the long axis of 
the protease dimer. The direction of the interface strands and the lack 
of interdigitation resembles a situation seen in pepsin-like aspartic 
proteases, with the caveat that the dimerization interface in the latter 
enzymes is six-stranded (as in Ddi1 RP), in contrast to the four-stranded 
interface in XMRV protease (Fig. 2 and Supplementary Fig. 2a). This 
structure of the interface sheet results in a much smaller number of 
contacts with the opposite protomer in the dimer compared to other 
retropepsins, in which extensive intermolecular contacts are created by 
interdigitation of the C- and N-terminal β strands. Nonetheless, XMRV 
protease is dimeric in solution as well as in crystals.

The two β-strands that follow helix α1 in XMRV protease and Ddi1 
RP and form the dimer interface are both topologically and structur­
ally equivalent to the corresponding C-terminal loops of each domain 
of pepsin-like aspartic proteases (Fig. 2 and Supplementary Fig. 2a), 
whereas the third strand is missing in XMRV protease. In this respect, 
XMRV protease seems to be closer than the other retroviral proteases 
to the putative common ancestor of monomeric and dimeric aspartic 
proteases15, indicating divergence in their evolutionary paths.

A unique structural organization of N and C termini in XMRV pro­
tease leads to differences in the intersubunit interactions within the 
dimer interface compared to other retroviral enzymes. An important 
interaction stabilizing the dimers of retroviral proteases is created by 
an ion pair involving Arg8 of one protomer and Asp29′ of the other one 
(HIV-1 protease numbering) (Supplementary Fig. 2b). In contrast to 
all other characterized retropepsins, in XMRV protease these two resi­
dues are not conserved. A residue equivalent to Arg8 is Glu15 (Fig. 1c), 
but its side chain faces an opposite direction because the following 
Pro16 adopts a cis conformation. Although Pro16 is conserved among 
retroviral proteases, the trans conformation of this residue in most 
of these enzymes leads to observed differences in topologies in the  
N-terminal strand. Gln36 in XMRV protease is equivalent to Asp29 in 
HIV-1 protease, and their respective side chains, in addition to differing 
in their ionic state, are also oriented differently. Although simian foamy 
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Figure 1  The structure of XMRV 
protease. (a) A dimer of XMRV 
protease in cartoon representation, 
with the monomers colored 
cyan and blue and the catalytic 
aspartates shown as sticks.  
(b) A superposition based on Cα 
coordinates of XMRV protease 
(cyan) and HIV-1 protease 
apoenzyme (green, PDB 3hvp).  
(c) Structure-based alignment of 
the XMRV, HIV-1 and EIAV proteases, as well as Ddi1 RP. Secondary structure elements and residue numbers are marked for XMRV and HIV-1 proteases. 
Residues identical in all four enzymes are boxed. Panels a and b are stereoviews prepared with PyMOLl18.
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virus protease also lacks a corresponding ion pair, its structure has been 
characterized by NMR only for a monomer16, and thus its dimer inter­
face cannot be analyzed. These intersubunit ionic interactions are sub­
stituted by hydrophobic contacts in XMRV protease (Supplementary 
Fig. 2b), thus modifying the network of interactions within the dimer 
interface. It must be pointed out, however, that mutation R8Q in HIV-1 
protease, which replaces the ion pair with polar interactions, leads to 
only small differences in the activity of the enzyme17, indicating that the 
presence of an ion pair may not be necessary to stabilize the dimer.

As for other retropepsins crystallized in the absence of ligands,  
a water molecule bridges the two catalytic aspartates. The architecture 
of the active site in XMRV protease, particularly the hydrophobic lining 
of the binding site area, also resembles those of other retropepsins, 
suggesting that this enzyme might have similar substrate-recognition 
preferences. As an example, the loop Leu83–Leu92, equivalent to the 
so-called polyproline loop in HIV-1 protease (residues Leu76–Ile84), 
adopts a conformation in XMRV protease that is very similar to that 
in other retroviral enzymes, but contrasts with the one found in Ddi1 
RP (Supplementary Fig. 7). As revealed by numerous structures of 
inhibitor complexes of retropepsins, residues of this loop are involved 
in extensive interactions with the ligands. Therefore, although the 
only structure of XMRV protease currently available is that of the 
apoenzyme form, overall conservation of the structural features of 
retropepsins in the active site area allows prediction of the putative 
subsites for the residues of substrates and/or peptidic inhibitors. The 
residues predicted to form subsites S1–S4 in the monomer of XMRV 
protease are compared with their equivalents in HIV-1 and EIAV 
proteases in Supplementary Table 2. Although the predominantly 
hydrophobic character of the binding sites is well preserved as a result 
of the conservative nature of a majority of substitutions, the presence 
in XMRV protease of unique polar residues such as His37 in S2 and 
S4, Tyr90 in S1 and S3, and Gln36 and Gln55 (presumably, since the 
fragment of the flap with this residue is disordered) in S3 and S5 
provides clues for the design of specific inhibitors against XMRV 
protease. The other important difference observed in pocket S3 is 
due to the lack of conservation in XMRV protease of the previously 
mentioned Arg8 and Asp29 that form part of this pocket in the other 
retroviral enzymes. Further studies with substrates and inhibitors 
of XMRV protease will be necessary to define the specificity of this 
enzyme and to design more effective inhibitors.

Accession codes. Protein Data Bank: Coordinates and structure 
factors have been deposited with the accession code 3NR6.

Note: An enhanced version of this article and supplementary information are available 
on the Nature Structural & Molecular Biology website.
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Figure 2  Dimer interface regions in aspartic proteases. Strands belonging to the N-terminal regions of the molecules (or domains in pepsin) are blue, 
and the C-terminal regions are red. (a) XMRV protease. (b) HIV-1 protease. (c) Ddi1 RP. (d) Pepsin.
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