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Crystallographic and structural analyses are reported for the
recombinant retroviral proteinase MAV, derived from the
myeloblastosis-associated virus. A complete X-ray data set to
2.25 A resolution was collected from a single crystal using a
position-sensitive detector. Data reduction and analysis show
that the proteinase crystallizes in the trigonal space group
P3,21 with unit cell dimensions, @ = b = 88.9 A, ¢ = 78.8 A, The
proteinase exists as a dimer in the crystallographic asymmetric
unit and shares an overall structural similarity to the aspartic
proteinase family of enzymes.

The retroviral genome incorporates three open reading
frames that code for the gag, pol, and env polyproteins. These
polyproteins are cleaved during viral maturation into func-
tional enzymes and capsid proteins through the action of a
specific retroviral proteinase (Moelling et al. 1980; Dickson et
al. 1984; Katoh et al. 1985), In the human immunodeficiency
virus, type 1 (HIV-1), the gag-pol polyprotein comprises not
only the structural gag proteins, but also three enzymes, the
pl0 PR proteinase, p66 (p51) RT reverse transcriptase, and p32
IN integrase (Ratner et al, 1985). In the avian sarcoma/leukosis
retroviruses, the equivalent proteinase is located in the gag
reading frame (Fig. 1) and is somewhat larger in size than its
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Figure 1 MAV proteinase. Avian sarcoma/leukosis retroviruses in-
corporate a pl5 maturation proteinase in the ORF-1 (gag) reading
frame. In MAV, the proteinase has 124 amino acid residues and a
molecular weight of 13,500.

counterparts in the human retroviruses (Toh et al. 1985; Pearl
and Taylor 1987). Because of their critical role in viral replica-
tion, maturation proteinases are prime targets for structural
studies aimed at the rational design of antiviral compounds.

METHODS

Protein was isolated from a recombinant Escherichia coli sys-
tem that expressed an artificial precursor incorporating the
proteinase as a fused gene product. Autolytically liberated
proteinase was purified using standard chromatographic tech-
niques (Sedlacek et al. 1988) and characterized by SDS-PAGE
and isoelectric focusing to be homogeneous prior to crystalliza-
tion. Following dialysis and concentration by ultrafiltration,
the protein was set up in hanging drop experiments to estab-
lish ecrystallization conditions for X-ray analysis (Cox and
Weber 1987, 1988). The best crystals grew as hexagonal rods
(0.1 mm-0.4 mm) from 8-pl drops (Fig. 2) prepared by mixing 4
ul of 0.1 mm protein with 4 pl of reservoir solution (0.05 M
citrate/phosphate [pH 5.6] 8-12% [NH41,80,, 5% dimethyl
formamide). The reservoir additionally contains 0.05% [-mer-
captoethanol. Crystals typically grow within 1 week at room
temperature.

Native data sets were collected from a number of crystals
using a Nicolet/Xentronics imaging proportional counter with
monochromated CuKa radiation generated by an Elliot GX-21
rotating anode X-ray source. The data used in the present anal-
ysis included 2845 0.25-degree frames collected from a single
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crystal. Data collection continued for 12 days, during which
there was little appreciable radiation damage to the crystal.
The diffraction data were then indexed and integrated using
the XENGEN software (Howard et al. 1987). The MAV
proteinase crystallizes in a trigonal unit cell with dimensions
a=b=889A, c=788A,a=p=090°y=120° Subsequent ex-
amination of the indexed diffraction pattern determined the
space group as P3,21 (Fig. 3). The data set is virtually complete
to 2.25 A with 196,542 observations of 16,968 unique reflec-
tions (4 missing). Intensities were well measured to 2.4 A
where the mean intensity was 20 above background, dropping
to 1o above background at 2.25 A resolution. The unique reflec-
tions merged with a o-weighted Ry, on intensities of 8.6%.

The MAV structure was solved by molecular replacement
using a partially refined Rous sarcoma virus (RSV) proteinase
model (Miller et al. 1989). The results of six-dimensional
searches (Fujinaga and Read 1987) of this model against the
MAYV reflection data in the resolution ranges of 5 A—4 A and 3.5
A-3.2 A gave solution peaks with correlation coefficients of
0.737 and 0.697, respectively. The solution corresponded to
only a minor shift of the input RSV molecule. From this model,
initial electron density maps were calculated at 3.2 A. The R-
factor for this model was 0.34.
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RESULTS
The MAV proteinase crystallizes with the native dimer in the

crystallographic asymmetric unit, as is observed for the essen-
tially isomorphous RSV proteinase (Miller et al. 1989). The
monomers of the dimer are related to each other by a non-
crystallographic dyad axis, so that the two active-site aspartic
acids are brought into close juxtaposition at the base of the
substrate-binding cleft. In this respect, the topology of the MAV
dimer is similar to that observed in the bilobal aspartic
proteinases, of which penicillopepsin and endothiapepsin are
examples (James and Sielecki 1983; Blundell et al. 1985). Each
monomer is composed of two twisted B sheets of four B strands,
which form the walls of an irregular barrel. Although the MAV
structure is not fully refined, Figure 4, which shows a section of

Figure 3 (hk3) diffraction zone synthesized from intensities of in-
tegrated reflections. Lines show the directions of the e* and b* axes.
Sides of box are at 2.5 A resolution.

Figure 3 (See facing page for legend.)
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the 2F -F, clectron density incorporatling Lhe active-site Asp?-
Ser-Gly segments, illustrates the quality of the current X-ray
map.

Refinement of the MAV model is continuing, with cach
monomer of the dimer being refined independently (Hendrick-
son 1980). This will allow any local structural differences that
may exist between monomers as a result of the different molec-
ular environments to be preserved. Remodeling into electron
density maps using FRODO (Jones 1978) is aided with a pro-
gram that uses a crystallographic structural data base for
checking side-chain rotamers and sccondary structural motifs
(Weber et al. 1989). The current model incorporates neither sol-
vent molecules nor individual temperature factors and gives an
R-factor of 0.28 at 2.4 A.

DISCUSSION

Comparison of the scquences of relroviral proteinases demon
strates the high degree of homology shared among these mole-
cules (Tables 1 and 2). The active-site aspartic acid is indicated
with an asterisk, and the highly conserved sequences common
across all retroviral proteinases are indicated with points. The
conserved sequences form a three-strand P sheet that struc-
turally resembles the greck letter y. Two copies of this motil
are found in the bilobal aspartic proteinases. The conserved
Gly-Arg-Asp/Asn residues are positioned at the top of a com-
mon helix in MAV and RSV. This helix is apparently absent in
the HIV-1 structure (Navia et al. 1989). The degree of sequence
homology suggests that the structures of the MAV and RSV
maturation proteinases can be used to model the structures of
other retroviral proteinases. Given the structural homology
scen between these retroviral proteinases and the aspartic
proteinases, it should be possible to extrapolate features of in-
hibitor binding observed in the latter to models for inhibitors
bound to retroviral proteinases, including HIV-1 proteinase.
I'rom these models, it may be possible to rationally design
proteinase inhibitors and so block viral maturation and in-
fectivity of the virus. Crystallographic analyses of inhibitors
bound to MAV proteinase will provide a better basis with which

Figure 4 The 2F -F, map for the catalytic aspartic acid and adja-
cent residues from each monomer. The view is toward the bottom of
the active-site cleft.
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Table 1 Sequence Alignments of MAV, RSV, H

RSV
HIV-1
HIV-2
MAV
RSV
HIV-1
HIV-2
MAV
RSV
HIV-1

MAV

Table 2 Retroviral Proteinase Sequence Homology

HIV.1 - HIV-2 MAV RSV
HIV-1 70% 42% 41%
HIV-2 42% 43%
MAV 99%

RSV

The homology table was constructed using a sequence analysis software
package, WISCONSIN (Devereux and Hacberli 1985).

to guide these modeling studies. Such analyses are under way
and are the goal of structural studies on these retrovirally en-
coded enzymes.
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Retroviruses, such as the human immunodeficiency virus
(HIV), encode a proteinase that is responsible for the matura-
tion of virions into infectious virus particles (Crawford and Goff
1985; Katoh et al. 1985; Kohl et al. 1988). Maturation proceeds
via the specific cleavage of the viral polyprotein products of the
gag and pol genes by the viral proteinase. Much effort is cur-
rently being directed toward the design of specific inhibitors of
the HIV proteinase enzyme (HIV PR) with the hope that this
strategy will lead to a chemotherapeutic agent for the treat-
ment of AIDS. Recent X-ray crystallographic investigations of
the Rous sarcoma virus proteinase (RSV PR) (Miller et al.
1989) and HIV PR (Navia et al. 1989) have demonstrated that
these enzymes are structurally related to the aspartic
proteinase family, for which at least 22 amino acid sequences
are known (Foltmann 1988). In addition, X-ray crystallographic
structures of three mammalian aspartic proteinases, pepsin
(Andreeva et al. 1984; C. Abad-Zapatero et al., in prep.),
chymosin (G. Gilliland et al., in prep.), and human renin
(Sielecki et al. 1989); and of three fungal enzymes, penicillopep-
sin (James and Sielecki 1983), rhizopuspepsin (Suguna et al.
1987), and endothiapepsin (Blundell et al. 1985); have been
solved and refined at or below 2.5 A resolution.

Whereas the mammalian and fungal enzymes all possess
very similar three-dimensional structures (Tang et al. 1978; C.
Abad-Zapatero et al., in prep.), the retroviral proteinases show
only limited homology with their eukaryotic counterparts. For
example, the eukaryotic enzymes consist of about 325 residues
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