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The possibility of the release of smallpox virus into a predominantly nonimmunized population highlights
the importance of understanding poxvirus biology. Poxviruses encode a conserved pathway that is required to
oxidize disulfide bonds in nascent viral proteins that fold in the reducing environment of the eukaryotic host
cytoplasm. We present the structure of the last enzyme of the vaccinia virus pathway, G4, which is almost
identical in smallpox virus. G4 catalyzes the formation of disulfide bonds in proteins that are critical for virus
maturation and host cell infection. G4 contains a thioredoxin fold and a Cys-X-X-Cys active site. In solution,
G4 monomers and dimers are observed. In the crystal, G4 is found as a dimer that buries 4,500 A” in the
interface and occludes the active site, which could protect the reactive disulfide from reduction in the
cytoplasm. The structure serves as a model for drug design targeting viral disulfide bond formation.

Interest in poxviruses has increased in the last few years due
to the possible existence of undeclared stocks of variola virus,
the cause of smallpox. The lethality and ease of transmission
makes the biology of the disease particularly important to
understand (11). Although not as transmissible, the existence
of a related monkeypox virus and other poxviruses that can
infect humans also underscore the need to better understand
this family of large DNA viruses (7).

Poxviruses replicate in the cytoplasm of infected cells, where
noninfectious proviruses undergo a maturation step, which
causes a morphological change visible by electron microscopy
(1, 7). Upon maturation, the virus assumes its first infectious
form, the intracellular mature virion (IMV). Some viral parti-
cles can exit the cell, acquiring an additional membrane and
become cell-associated virions (CEV), or are released as ex-
tracellular enveloped virions (EEV) (7). The CEV/EEV forms
are thought to mediate the spread of the virus within the host.
The IMV form likely mediates host to host spread of the virus
and can be released from the CEV/EEV by rupture of the
fragile outermost CEV/EEV membrane, either mechanically
or through antibody-dependent mechanisms (23).

In eukaryotic cells, disulfide bond formation is generally
compartmentalized in organelles and catalyzed by proteins of
the protein disulfide isomerase (PDI) family (6); in bacteria,
disulfide bonds are formed in the periplasm by disulfide oxi-
doreductases of the DsbA family (41). Proteins of the PDI
family can also isomerize or “shuffle” improperly paired disul-
fide bonds in eukaryotes; members of the DsbC and DsbG
families perform this function in bacteria. Thermophilic ar-
chaea encode disulfide oxidoreductases that mediate disulfide
bond formation in cytoplasmic proteins, which would stabilize

* Corresponding author. Mailing address: 12441 Parklawn Dr.,
Rockville, MD 20852. Phone: (301) 496-4773. Fax: (301) 402-0284.
E-mail: dgarboczi@niaid.nih.gov.

T Present address: Purdue University, 175 S. University Street, West
Lafayette, IN 47907-2063.

1 Supplemental material for this article may be found at http://jvi
.asm.org/.

7706

the proteins in harsh growth environments (24). The IMV
form of poxvirus has a number of surface proteins that contain
disulfide bonds. Although many other viruses have surface
proteins that contain disulfide bonds, those bonds form during
transit through the endoplasmic reticulum of host cells. The
proteins of the poxvirus IMV surface are unique in that they
form in the reducing environment of the host cytoplasm.

Poxviruses encode three proteins—E10, A2.5, and G4—that
form a pathway to make disulfide bonds in the host cell cyto-
plasm. E10 is similar to proteins of the EVR1/ALR family of
eukaryotic proteins that utilize the oxidizing potential of flavin
adenine dinucleotide (8, 36). The oxidizing potential is trans-
ferred from E10 through A2.5 to G4, and intermediate com-
plexes have been detected between these proteins (38). Once
oxidized, G4 can catalyze disulfide bond formation on a num-
ber of different poxvirus proteins. The deletion of any protein
in this pathway blocks the maturation of the virus prior to
formation of IMVs and therefore blocks infection (37, 39, 48).
These essential enzymes are ideal targets for antiviral drugs
(10). Since homologues of the proteins in the disulfide bond
forming pathway have been found in other families of large
DNA viruses (namely, asfarviruses, iridoviruses, and phycodna-
viruses) (16), the requirement for disulfide bond formation
may extend beyond the replication of poxviruses.

Here, we present the structure of G4, the essential disulfide
oxidoreductase from vaccinia virus. Since vaccinia G4 is 98%
identical in sequence to the G4 proteins from smallpox and
monkeypox viruses, the structure of vaccinia G4 may help in
developing therapeutics against other poxviruses. The G4
structure will also aid in understanding the biology and spec-
ificity of poxviral disulfide bond formation.

MATERIALS AND METHODS

Cl g and expr Viral DNA, isolated from vaccinia virus-infected
cells, was used as a template for the amplification of g4/ using the primers
5'-GGGGATCCATATGAAGAACGTACTGATTATTTTCGG-3' and 5'-GG
GGATCCGCGGCCGCTTATTCGGTAACAGGTGGCCAAACTC-3'. The PCR
product, cut with Ndel and Notl, was cloned into the T7 promoter-driven vector,
pNAN, a variant of the vector, pLM1, in which the Ndel site was removed and
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TABLE 1. Crystallographic statistics”

Dataset SeMet

SeMet (remote) SeMet (inflection)

Resolution (A)
X-ray source

50-2.50 (2.59-2.50)
22-ID (SER-CAT)

Energy (eV) _ 12,660
Wavelength (A) 0.97931
Completeness (%) 99.1 (100)
Avg redundancy 7.9 (7.8)
Rym (%) 8.2 (44.0)
<I>/<cl> 19.3(5.3)
No. of observed/unique reflections 189,234/23,962
(anomalous pairs separate)
Dimensions of P4,2,2 cell
a(A) 72.6
b (A) 72.6
c(A) 136.8
o By () 90
RMS deviations
Bond lengths (A) 0.011
Bond angles (°) 1.298
Ramachandran
Favored (%) 92.4
Allowed (%) 7.6
Mean B-value (A?) for protein 45.2
Main chain 442
Side chain 46.2
No. of protein atoms (no H) 2,757
No. waters 80
No. SO, 2
Mean B-value of all atoms 45.2
No. refl. refined/no. free 12,338/754

Rwork/R free (%)

22.5 (24.1)/29.1 (30.2)

50-3.10 (3.21-3.10)
19-ID (SBC-CAT)

50-3.15 (3.26-3.15)
19-ID (SBC-CAT)

12,690 12,658
0.97702 0.97948
99.2 (99.9) 99.1 (99.7)
7.7 (7.8) 5.4(5.5)
10.9 (47.3) 11.1 (50.1)
16.5 (3.7) 13.7(3.2)
104,503/13,560 72,666/13,383
74.0
74.0
1432
90

“ Values in parentheses indicate the highest-resolution bin. Ry, = 2,20, ; — <[,>UZ%, 2, [l where [, is the ith intensity measurement of reflection 4, and <I,,>
is the average intensity of that reflection. Ry /Rpee = SulFp = FI/Z, ‘F,;|, where F_ is the calculated and F), is the observed structure factor amplitude of reflection /2

for the working set and free set, respectively. refl., reflections.

a polylinker containing a ribosome-binding site and restriction sites for Ndel,
Ascl, and Notl were introduced after the T7 promoter.

The protein was expressed in either BL21(DE3)-RIL cells for native protein
expression or in BL21(DE3)-RIL-X cells (Stratagene, La Jolla, CA) for sel-
enomethionine incorporation. Bacteria were grown to an optical density at 600
nm of 0.6 in LB (25) or selenomethionine media (Molecular Dimensions, Apopka,
FL) supplemented with 50 mg of L-selenomethionine (Sigma, St. Louis, MO)/
liter. Protein expression was induced with 0.5 mM IPTG (isopropyl-B-p-thiogalac-
topyranoside) for 4 to 6 h. Cells were pelleted by centrifugation at 4,000 X g and
resuspended in 100 to 150 ml of lysis buffer (100 mM TrisHCI [pH 8.0], 150 mM
NaCl, 1% NP-40, 0.1% sodium deoxycholate, 0.1% sodium azide) with two to
three Complete Protease tablets (Roche, Indianapolis, IN).

Since the majority of G4 appeared to be in inclusion bodies, we purified the
inclusion bodies by multiple rounds of washing and homogenization with lysis
buffer followed by the same buffer without detergent. Washed inclusion bodies
were dissolved in 6 M guanidine-HCI with 2 mM dithiothreitol and subjected to
ultracentrifugation at 45,000 X g for 30 min to remove the insoluble material. G4
was refolded in buffer containing 100 mM Tris-HCI (pH 8), 400 mM arginine-
HC], and 5 mM dithiothreitol. Some protein preparations were refolded without
5 mM dithiothreitol but with 5 mM reduced glutathione and 0.5 mM oxidized
glutathione. After 24 h, the refolded protein was dialyzed at least twice against
10 mM Tris-HCI (pH 8.0). The protein was filtered, concentrated, and purified
by size exclusion chromatography. G4 purity and extent of selenomethionine
incorporation were confirmed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and mass spectrometry. The G4 protein used for crystallization
was pooled from the monomer fractions but possibly contained some dimers that
formed upon concentrating the protein for crystallization.

Crystallization and structure determination. Crystals of G4 were obtained by
vapor diffusion in hanging drops over a reservoir of 100 mM citrate buffer (pH

4.6), 20% PEG1500, and 200 mM LiSO,. Larger, better-shaped crystals were
obtained by spreading the drop on the cover, presumably by increasing the
surface area for crystal nucleation. Crystallization was improved by the addition
of either 5 mM dithiothreitol or 5 mM Tris(2-carboxyethyl) phosphine to the
protein prior to crystallization. The crystals were frozen in 100 mM citrate buffer
(pH 4.6), 30 to 35% PEG1500, 200 mM LiSO, and 20% glycerol.

X-ray data were collected (Table 1) and then integrated and scaled using
HKL2000 (30). Five of the nine selenium positions were found by SOLVE (44)
using the two datasets from the same crystal. Density modification and building
of an initial model was performed by RESOLVE (42, 43). The initial maps had
discontinuous, fragmented Ca backbone electron density for some core second-
ary structural elements of two of the three molecules in the asymmetric unit and
little density for the third molecule or for side chains. Iterative building in O (17)
and refinement with CNS (2) and Refmac (28) improved the electron density
maps and allowed tracing of the missing third molecule. The occupancies of the
Se and Ce atoms of the selenomethionine residues were lowered to model
radiation damage based on Fo-Fc difference electron densities for these atoms.
Noncrystallographic symmetry restraints were used during refinement and each
molecule was a separate translation/libration/screw (TLS) group for TLS refine-
ment in Refmac (49). G4 is 124 residues in length; for the three molecules—A,
B, and C—of the asymmetric unit, residues Al to 49, A55 to 120, B1 to 121, C1
to 45 and C56 to 120 were modeled into density (19). Model geometry was
analyzed with Procheck (20). LSOMAN was used for structural alignment be-
tween the monomers. The root-mean-square deviation between monomers A
and B was 0.71 A, and between monomers A and C it was 0.61 A (106 Ca atoms
for residues 1 to 43 and residues 58 to 120). Buried surface calculations were
performed by using Areaimol (22). Surface complementarity was calculated with SC
(21). Secondary structure assignment was calculated by using DSSP (18). Figures of
protein models were generated with PyMOL (5). Sequence alignments were made
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FIG. 1. Structure of G4. (A) The “front” view shows G4 along the plane of the B-sheet of the thioredoxin fold, with the B-strands colored
orange and the helices in blue. Indicated in red are the side chains of the two cysteines of the catalytic site of G4. By analogy to other proteins
of this fold, the more N-terminal cysteine (Cys13), found in the loop between 81 and al, forms disulfide bond intermediates with cysteines of
substrate proteins. Helices and strands are labeled. (B) The “side” view is perpendicular to the B-sheet, allowing a different perspective of the sheet
and extended “fingers” region. (C) Topology diagram of the secondary structural elements of G4, showing the core thioredoxin fold (box). The

location of the cysteines are in red.

by using Multalin (3). The structure of G4 has been deposited in the Research
Collaboratory for Structural Bioinformatics protein data bank (RCSB pdb code
2G20Q).

RESULTS

The overall structure of G4. The structure of G4 reveals a
thioredoxin fold, despite having only ca. 25% sequence identity
in the first 40 residues and less thereafter to proteins of known
structure in this family (Fig. 1A and B). G4 has the N-terminal
B-strand-a-helix-B-strand and the C-terminal B-strand-B-strand-
a-helix that form the core of the thioredoxin fold and make a
four-stranded B-sheet similar to glutaredoxin (26). In addition
to the core fold, 26 residues connect strands B2 and B3 and
include the o2 helix (Fig. 1C). The overall G4 structure resem-
bles a hand, with the additional residues between 32 and B3
forming two upheld “fingers.” G4 contains a thioredoxin-like
CXXC sequence motif located on a “knuckle,” between the
Bl-strand and the al-helix (Fig. 1A). Alternating oxidation
and reduction of the cysteines in the CXXC motif is the basis
of disulfide reductase and oxidase activity in many thioredoxin
family proteins. In the crystal, the cysteines of the CSIC motif
of G4 are in a reduced state.

G4 dimers. For each of the three G4 molecules A, B, and C
of the asymmetric unit, another molecule makes extensive con-
tact from the neighboring asymmetric unit that is crystallo-
graphically related by twofold rotational symmetry. Labeling
the molecules of the neighboring asymmetric unit as A’, B’,
and C’, dimers form between A and B’, B’ and A, and C and
C’ (see Fig. S1 in the supplemental material).

Each G4 monomer has a surface area of ca. 8,500 A2 In
each G4 dimer, there is a buried surface area of ca. 4,500 A2
By comparison, ca. 1,400 to 1,700 AZ surface area is buried in
forming a typical antibody-antigen complex (4). Each G4

monomer contributes ca. 2,250 A? to the dimer interface,
which is about one-fourth of the total surface of the monomer.

In the “fingers” region of the G4 dimer, which extends beyond
the thioredoxin core, the residues between B2 and o2 form an
antiparallel B-sheet with B2 from the other molecule of the dimer,
doubling the length of the B2-strand from each monomer through
extensive hydrogen bonding. This adds a fifth strand to the
B-sheet of each monomer (Fig. 2A). The five-stranded, extended
B-sheet of one monomer wraps around the a2 helix of the other
molecule, making numerous hydrophobic interactions provided
by the side chains of the following residues: Leu33, Val35, Ile37,
Phe40, Phe41, Leu66, Tyr69, 1le70, Phe74, Tyr76, Met83, Phe85,
Phe94, and Trpl119 (Fig. 2B).

To evaluate the complementarity of the interacting surfaces
of the two G4 molecules, we calculated the shape correlation
statistic for the interface (21). The shape correlation is a mea-
sure of the geometric match between two interacting surfaces
and is a function of the distance and matching curvature be-
tween points on both surfaces that form the interface. A per-
fect fit between two surfaces would yield a shape correlation of
1.0, with no separation between the surfaces. The interface
between the two G4 molecules yields a shape correlation value
of 0.71, which is in the range found for protein oligomers and
protein-protein inhibitor interfaces and is higher than the val-
ues (0.64 to 0.68) typical for antibody-antigen complexes (21).
In addition, no electron density for water molecules is present in
the interface. Consistent with the dimer in the crystal, G4 appears
to be capable of forming dimers in solution (Fig. 3; see also Fig.
S2 in the supplemental material), although the protein used for
crystallization was obtained by pooling the fractions from the
monomeric peak. Some higher-order multimers can also been
seen in Fig. 3, consistent with buried surfaces between dimers of
ca. 1,100 to 1,300 AZ that are seen in the crystal.
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FIG. 2. G4 dimers. (A) Stereo view of the G4 dimer as a ribbon diagram. One monomer is colored by secondary structure as in Fig. 1, and the
other is colored beige. The long B-strands that form due to the dimerization are shown. A gray line represents a loop between strand 2b and helix
a2 that was not built into the model due to disorder in the crystal. The cysteines are colored red. (B) Stereo view of the interface of the dimer
as a solvent-accessible surface representation of one molecule and a ribbon representation of the second molecule. The hydrophobic residues of
the dimer are colored green in the surface representation and depicted as yellow sticks in the ribbon representation.

Comparison of G4 sequences. G4 is conserved in all se-
quenced poxviruses. Alignment of a number of G4 sequences,
as shown in Fig. 4, indicates that the B2b strand and a2 helix
extending beyond the core thioredoxin fold are conserved.
Many of the hydrophobic residues that make contacts in the
G4 dimer interface are also conserved, suggesting that all of
the poxvirus G4 proteins are capable of forming dimers.

A feature of poxvirus G4 sequences is a conserved hexapep-
tide, YGVWPP, at the C terminus of G4 (9). In the G4 struc-
ture, Trp119 of the hexapeptide contributes hydrophobic con-
tacts to the dimer interface. There is density to suggest that the
Trp119 side chain can adopt an alternate conformation and
may not be required for the dimer interaction. The electron

density for the prolines following Trp119 suggest that they are
disordered and do not play a structural role.

In the alignments, a completely conserved Gly-Lys-Pro se-
quence is adjacent to the catalytic site on the loop connecting
the B1 strand and the al helix. The proximity of Lys10 to
Asn68 on the 2 helix may contribute to stabilizing the dimer
of G4. Gly9 and Prol1 may allow conformational flexibility for
large movements of Lysl10, which could be involved in the
monomer-dimer transition or substrate binding.

Comparison to the binding site of other proteins with a
thioredoxin fold. To get an indication of the mode of binding
substrates, we compared the structure of G4 to other proteins
with thioredoxin folds. The structures of Escherichia coli thio-
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FIG. 3. Size exclusion chromatogram of G4. This representative
280-nm absorption profile of G4 (molecular mass of 14.0 kDa), shown
in blue, indicates two major populations of G4, consistent with a
monomer-dimer equilibrium. The protein was run in phosphate-buff-
ered saline buffer with the addition of 5 mM dithiothreitol. Immedi-
ately prior to the G4 run, molecular size standards (Stds) were run
under the same conditions (orange peaks) with their molecular masses
given at the top of the chromatogram.

redoxin bound to peptides from the proteins, NF-kB and
Ref-1, have been determined by using nuclear magnetic reso-
nance (31, 32). Figure 5A indicates that substrate peptides
bind to thioredoxin by making numerous interactions with the
loops at the top of the B sheet. Other proteins of this family are
thought to bind peptides similarly, at a hydrophobic cleft next
to the N-terminal, active cysteine, Cys13, of the CXXC motif
(Fig. 5B). When G4 is oriented similarly, as shown in Fig. 5, the
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a2 helix and B strand of the “finger” region protrude beyond
the substrate binding loops, thereby blocking the binding site
seen in the other proteins. This suggests that G4 may not bind
substrate as a dimer and indicates that dimerization may play
a role in regulating its catalytic activity.

By analogy to other thioredoxin-like proteins, Cys13 of G4
would contain the redox-active thiol, but the Sy atom of Cys13
is almost entirely buried. In the dimer structure, the o2 helix
contributes to occluding the Sy, so that only 0.2 to 1.1A2 is
exposed to solvent. Although the cysteines are reduced in the
structure, a disulfide bond could be protected from the solvent
in a similar manner. Thus, the dimer may be capable of main-
taining the oxidized state of G4 in the cytoplasm until it can
react with substrate.

DISCUSSION

Together with the poxviral proteins E10 and A2.5, G4 con-
stitutes a pathway that forms disulfide bonds in the cytoplasm
of eukaryotic cells. A number of vaccinia virus proteins have
been identified as substrates of G4. These include L1, a target
of neutralizing antibodies and candidate for a DNA vaccine
(13-15, 50), as well as A21, A28, L5, H2, and A16, proteins
involved in membrane fusion during viral infection (33-35, 46,
47). The importance of this pathway is reinforced by the ob-
servation that deleting any of the three proteins in the disulfide
bond-making pathway abrogates virus formation (37, 39, 48).

We observe the structure of G4 as a dimer in the crystal. In
solution, a peak with the mobility of a dimer is always observed
during size exclusion chromatography, although we isolated
the monomer for crystallization (Fig. 3). For a monomer to
exist in solution, the large hydrophobic surface that is buried in
the dimer interface would need to be shielded from solvent.
The positions of the o2 helices in the G4 dimer suggest a
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FIG. 4. Alignment of vertebrate poxvirus G4 sequences. Differences in sequence

are shown, and periods (.) indicate identical residues.

Conserved hydrophobic residues that are in the dimer interface are boxed in green. Hydrophobic residues of the dimer interface that are less well
conserved are in yellow boxes. In red boxes are the cysteines that mediate the oxidase function. The residue ranges of B-strands and a-helices
observed in the G4 structure are shown above the alignment. The B2b strand and the «2 helix form the extended “finger” region. The conserved

YGVWPP sequence close to the C terminus is underlined.
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FIG. 5. Comparison of substrate binding sites of thioredoxin-like proteins. (A) Ribbon diagrams of thioredoxin bound to a peptide from NF-xB
(left) (PDB code 1MDI) and Ref-1 (center) (PDB code 1CQG). A similarly oriented G4 is shown (right), illustrating the extended “finger” region
protruding through the peptide binding surface found in thioredoxin. (B) Ribbon diagrams of thioredoxin bound to a peptide from NF-«B (left)
or Ref-1 (center) and a similarly oriented G4 (right). Surface representations are shown below each ribbon diagram in panel B, illustrating the
hydrophobic cleft of the binding site on thioredoxin. The view of G4 shows the occlusion of the binding site due to the extended “fingers” region.
The surfaces are colored from white to green representing increasing hydrophobicity.

mechanism for such shielding. The monomer could form by
binding its own «2 helix in the same position that is occupied
by the a2 helix of its partner in the dimer, thus masking the
hydrophobic surface. As modeled in Fig. 6, the “finger” region
folds down in a similar position as the “finger” of the other
molecule of the dimer. In the model of monomeric G4, the o2
helix swings away from the catalytic site and exposes the loops
seen in other structures of thioredoxin-like proteins. A similar
hydrophobic cleft would be created adjacent to the catalytic
cysteine in monomeric G4. The Sv of the reactive Cys13 also
would become exposed to solvent when the a2 helix folds down
in the monomer. The monomer may raise its “fingers” to form

the dimer, which would protect the Cys13-Cys16 disulfide bond
in the reducing cytoplasm.

Alternatively, it is possible that the dimer interface is a
surrogate for the binding of a substrate to the G4 monomer.
The unfolded or partially folded substrate proteins may bind
using similar interactions that occur in the dimer, through
hydrophobic interactions or hydrogen bonding at the edge of
the sheet. In the structure of L1, a substrate of G4, at least
some disulfide bonds are formed prior to protein folding, since
some disulfides are not solvent accessible in the final structure
(40). G4 may function as a chaperone while disulfide bonds are
formed. The complex between G4 bound to peptides from
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FIG. 6. Model of monomeric G4. (A) A monomeric, closed model
of G4 (left) was built based on the location of f2b and «2 in the dimer.
For reference, the open form of the dimer in the crystal is shown on
the right. (B) A view oriented from the top as in Fig. 5B shows the
closed model (left) and open model (right) of G4 as a ribbon diagram
(above). The same view of the closed model as a surface representation
colored by hydrophobicity shows a similar hydrophobic cleft above the
active-site cysteine, colored in red (below).

known substrates may also aid in designing drugs to block G4
activity.

The eukaryotic disulfide oxidoreductases also have disulfide
isomerase activity. PDI contains multiple thioredoxin domains,
and individual domains are sufficient for creating disulfide
bonds, but multiple domains are required to isomerize improp-
erly paired bonds (45). In bacteria, DsbC and DsbG both
contain single thioredoxin domains that dimerize to provide
isomerase activity (12, 27). PDI and the DsbC/DsbG proteins
have similar “V”-shaped structures that expose a hydrophobic
surface between two catalytic CXXC motifs. The hydrophobic
surface is thought to hold the misfolded substrate proteins
while the catalytic sites function as isomerases. Whether G4
can or cannot isomerize disulfide bonds is unknown, but the
solvent-inaccessible environment of Cysl3 suggests that G4
does not have isomerization activity as a dimer. The reducing
environment of the cytoplasm itself may be capable of breaking
improperly paired disulfide bonds.

The catalytic cysteines are located at the amino-terminal end

J. VIROL.

of the G4 a1 helix and are found at the amino-terminal end of
the structurally analogous helix in other thioredoxin-like pro-
teins. This helix is thought to provide a macro-dipole that
lowers the pKa of the catalytic cysteine and maintains it in an
ionized, active form (29). In the model of G4, the carboxyl-
terminal end of helix o2 is situated close to the catalytic site
and would oppose the dipole of helix a1. The carbonyl oxygen
of Asn68 at the carboxyl end of helix a2 is located 3.4 to 3.6 A
from the sulfur atom of Cys13 in the three molecules of the
asymmetric unit. The location of the a2 helix further suggests
that the G4 dimer is inactive. In the model of monomeric G4,
a2 swings away from the catalytic site, allowing the «l helix
dipole to lower the pKa of Cys13, promoting its ionization and
thus activating G4 (Fig. 6).

Part of the sequence noted to be conserved in G4 proteins
was the YGVWPP sequence near the C terminus (9). Exami-
nation of the electron density map beyond Trpl19 of the
hexapeptide sequence indicates that the C terminus is disor-
dered. The selective pressure for conservation of this region,
throughout the poxvirus G4 proteins, does not appear to be
structural. The hexapeptide sequence may perform a function
in binding to A2.5 or in localization to the membrane, where
G4 substrates are found. Due to the proximity of Trp119 to the
dimer interface, A2.5 binding to the YGVWPP sequence may
disrupt the dimer and be a means to regulate G4 activity.
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