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Poxviruses replicate their linear genomes by forming concate-
mers that must be resolved into monomeric units to produce
new virions. A viral resolvase cleaves DNA four-way junctions
extruded at the concatemer junctions to produce monomeric
genomes. This cleavage reaction is required for viral replication,
so the resolvase is an attractive target for small molecule inhib-
itors. To provide a platform for understanding resolvase mech-
anism and designing inhibitors, we have determined the crystal
structure of the canarypox virus (CPV) resolvase. CPV resolvase
is dimer of RNase H superfamily domains related to Escherichia
coli RuvC, with an active site lined by highly conserved acidic
residues that bind metal ions. There are several intriguing struc-
tural differences between resolvase and RuvC, and a model of
the CPV resolvase-Holliday junction complex provides insights
into the consequences of these differences, including a plausible
explanation for the weak sequence specificity exhibited by the
poxvirus enzymes. The model also explains why the poxvirus
resolvases are more promiscuous than RuvC, cleaving a variety
of branched, bulged, and flap-containing substrates. Based on
the unique active site structure observed for CPV resolvase, we
have carried out a series of experiments to test divalention usage
and preferences. We find that the two resolvase metal binding
sites have different preferences for Mg>* versus Mn?*. Optimal
resolvase activity is maintained with 5 um Mn?* and 100 um
Mg>*, concentrations that are well below those required for
either metal alone. Together, our findings provide biochemical
insights and structural models that will facilitate studying pox-
virus replication and the search for efficient poxvirus inhibitors.
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Poxviruses infect a broad range of vertebrate and inverte-
brate hosts, including mammals, birds, reptiles, and insects (1).
The best known example is variola, the virus responsible for
smallpox. Although smallpox has been eradicated, there is still
significant interest in poxvirus therapeutics. Part of this interest
stems from the potential use of variola as a biological weapon,
but other poxvirus strains also cause significant morbidity and
mortality even today (2).

All poxviruses have long, linear, double-stranded DNA
genomes that are replicated in the cytoplasm of infected cells.
The vaccinia virus (VV),? used for many years as a naturally
attenuated vaccine to eliminate smallpox has served as the pro-
totype poxvirus for laboratory research (3). The VV genome is
200 kb in length and encodes ~200 genes.

During poxvirus replication (Fig. 1), a viral DNA polymerase
and several auxiliary factors generate concatemers of the linear
genome using a rolling hairpin replication mechanism (1). The
concatemer junctions between unit genomes contain inverted
repeat sequences that can be extruded as four-way DNA junc-
tions (4). These cruciform structures are cleaved by a viral
resolvase, resulting in monomeric genomes that can ultimately
be packaged into new virions (5, 6). The VV resolvase (named
A22) was originally identified based on weak similarity to bac-
terial RuvC proteins and is a member of the RNase H superfam-
ily (5).

The RuvC-like resolvases use divalent ions as cofactors,
where two metal ions bind in an active site lined with conserved
aspartic and glutamic acid residues (7). During catalysis, the
metals coordinate the scissile phosphate, and the site A metal
activates a water molecule for hydrolytic attack of the phos-
phodiester, leaving 5'-phosphate and 3’-hydroxyl groups. The
site B metal participates in transition state stabilization (8, 9).
This two-metal ion mechanism is used in a broad range of
nucleotidyl transfer reactions, including the RNase H-like
nucleases, transposases, retroviral integrases, DNA and RNA
polymerases, and group I and II ribozymes (10, 11).

Early studies of vaccinia virus A22 demonstrated that the
resolvase binds Holliday junction (HJ) substrates and cleaves
them in a Mg?"-dependent manner in vitro (5). In infected
cells, A22 expression is required for concatemer resolution,
viral replication, and production of virions, supporting an

3 The abbreviations used are: VV, vaccinia virus; HJ, Holliday junction; CPV,
canarypox virus; FPV, fowlpox virus; SeMet, selenomethionine; PDB, Pro-
tein Data Bank; ITC, isothermal titration calorimetry.
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FIGURE 1. Poxvirus genome replication. Panel i, poxviruses have linear
genomes with hairpin ends. ii, rolling hairpin replication results in genome
concatemers with inverted repeats (indicated by arrows) located at the con-
catemer junctions. Panel iii, cruciform extrusion generates a four-way (Holli-
day) junction at the concatemer junction. Panel iv, the poxvirus resolvase
cleaves the junction, resulting in duplex ends that contain single strand
breaks (nicks). Panel v, ligation of the nicked duplex ends results in mono-
meric genome copies.

essential role in concatemer resolution (6). Subsequent studies
showed that A22 fused to maltose-binding protein formed a
stable dimer and that the enzyme had only weak sequence spec-
ificity compared with Escherichia coli RuvC (12, 13). In contrast
to RuvC, the poxvirus enzyme cleaves a broad range of
branched DNA substrates, including three- and four-way junc-
tions, flaps, splayed duplexes, and bulged duplexes (14). These
alternative nuclease activities led to the suggestion that A22
might also participate in the initiation of replication and/or
double-stranded break repair pathways (14).

More recently, Culyba et al. (15) carried out biochemical
studies on a series of resolvase mutants using the enzyme from
fowlpox virus (FPV), an ortholog with improved solubility
properties compared with the VV enzyme. The FPV resolvase
also proved to be useful in a high throughput screen for small
molecule inhibitors (16). Despite the substantial biochemical
data now available for the VV and FPV resolvases, there are no
structural models available for these proteins that could facili-
tate interpretation of existing data, guide new experiments, or
enable structure-based poxvirus inhibitor design. Although
crystal structures of bacterial RuvC and a yeast mitochondrial
resolvase are known (17-20), the limited sequence similarities
and distinct biochemical activities of the poxvirus enzymes
have made it difficult to utilize homology-based models.

Here, we report the crystal structure of the resolvase from
canarypox virus (CPV), a poxvirus closely related to vaccinia
and fowlpox viruses. CPV resolvase is a stable dimer of RNase
H-like folds with similarity to RuvC but with several important
differences. One such difference involves the active site, where
we find a bound Mg>" ion and an additional active site acidic
residue. The structure sparked new biochemical studies on
Mg”>" and Mn”" ion usage by CPV resolvase, resulting in some
surprising findings. Although the enzyme shows high activity
using either Mg®" (K, = 750 = 330 pum) or Mn>" (K,,, = 50 =
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17 um) as cofactor, high levels of activity can also be observed at
lower concentrations when both ions are present ([Mg>"] =
100 uM, [Mn**] = 5 um), suggesting that the mixture of metals
may be the active form under some circumstances.

Using the Thermus thermophilus RuvC-HJ complex crystal
structure (18) and biochemical data (21) as a guide, we con-
structed a model of CPV resolvase bound to an HJ substrate.
The model provides insights into the functional importance of
the structural differences between the two enzymes, including
an explanation for why the poxvirus enzymes can efficiently
cleave such a broad range of branched DNA substrates.

Experimental Procedures

Resolvase Expression and Purification—A synthetic gene for
CPV resolvase was inserted into the Ndel and BamHI sites of
pET21a (Novagen), and the enzyme was expressed in strain
BL21(DE3) at 18 °C upon induction with 0.1 mm isopropyl B-p-
1-thiogalactopyranoside when the cells reached an optical den-
sity of 0.6 at 600 nm. After 16 h, the bacterial cells were col-
lected by centrifugation and resuspended in lysis buffer (20 mm
Tris-HCI, pH 7.4, 15% (v/v) glycerol, 0.2 M NaCl, 0.01% NaN,).
The cells were lysed at high pressure using an Avestin Emulsi-
Flex-C3, clarified by centrifugation, and filtered before loading
onto a 24-ml SP-Sepharose column (GE Healthcare) equili-
brated with lysis buffer. After washing, resolvase was eluted
with a 0.2-1.0 M NaCl gradient in 20 mwm Tris-HCI, pH 7.4, 15%
glycerol, 0.01% NaN3, resulting in ~80% purity by SDS-PAGE.
Peak fractions were pooled, diluted with an equal volume of
buffer (20 mm Tris-HCI, pH 7.4, 15% glycerol, 0.01% NaNy), and
further purified with multiple injections on a 8-ml Mono-S col-
umn (GE Healthcare) using the SP-Sepharose buffers and gra-
dient. The higher resolution cation exchange step resulted in
~95% pure resolvase by SDS-PAGE. Resolvase containing frac-
tions were pooled, concentrated by centrifugation with a
10-kDa molecular mass cutoff Centricon (Millipore) and sized
on a Superdex-200 10/300 column using SEC buffer (20 mm
Tris-HCl, pH 7.4, 15% glycerol, 1 m NaCl, 0.01% NaN,).
Resolvase peak fractions were pooled, concentrated to 30-50
mg/ml, flash frozen in liquid nitrogen, and stored at —80 °C.

Resolvase mutants were generated using QuikChange (Strat-
egene) and were expressed and purified as described for wild-
type resolvase. Selenomethionine (SeMet)-substituted protein
was expressed in B834(DE3) cells grown in EZ Rich methio-
nine-free medium (Teknova) supplemented with 100 mg/liter
of p/L-selenomethionine and purified as native resolvase. Mod-
ification of the wild-type CPV coding sequence so that Lys'*®
and Lys'*® codons were changed from AAA to AAG proved to
be essential for obtaining pure resolvase.

Crystallization and Structure Determination—CPV resolvase
crystals were obtained by microdialysis, where 10 ul of 10
mg/ml protein in 20 mm Tris-HCI (pH 7.4), 15% glycerol, 1 m
NaCl, and 0.01% NaN, was dialyzed against 1.5 ml of 50 mm
Tris-HCI (pH 8.5), 180 mm MgCl,, 150 mm sodium-potassium
tartrate, 0.35—0.50 M NaCl at 22 °C using 10 ul of dialysis but-
tons (Hampton Research) and an 8-kDa molecular mass cutoff
dialysis membrane. Crystals generally appeared after 1 week
and continued to grow for another week to typical dimensions
of 0.1 X 0.1 X 0.5 mm. The crystals were cryoprotected by
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gradually increasing the sucrose concentration from 0 to 50%
by dialysis. The crystals are tetragonal, P4,2,2, with one
resolvase dimer in the asymmetric unit and diffract to 2.6 A.
Native resolvase diffraction data were collected at the NECAT
Beamline 24-ID-E and processed with XDS (22). The native
resolvase diffraction data exhibited anisotropy with diffraction
limits of 2.3 A along c* but 2.7 A along a* and b*. The data were
ellipsoidally truncated and anisotropically scaled, and an iso-
tropic B of —20.61 A was applied using the UCLA Diffraction
Anisotropy Server (23).

Diffraction data for SeMet resolvase was measured at the
Advanced Photon Source Beamline 23-ID-D and processed
with HKL-2000 (24). SHELXD (25) was used to locate both
internal selenium sites at 5 A from the anomalous difference
data, but the resulting single anomalous diffraction-phased
map could not be readily interpreted. HHpred was used to
search for homologous proteins (26) and produced three
potential models in the RuvC family for molecular replacement:
PDB codes 4EP4, 1HJR, and 1KCF. Phased molecular replace-
ment was performed using MOLREP (27) to place each model
into the single anomalous diffraction-phased map with scores
of 0.131, 0.109, and 0.134, respectively. The last model (PDB
code 1KCF; 21% identical to CPV resolvase) was combined with
the SeMet phases using Phaser (28) and used to extend the
native phases to 2.9 A after three rounds of model building with
COOT (29) and additional phase combination. The model was
refined with CNS (30) to 2.6 A, with R, = 0.223 and Ry, =
0.264. Residues 114 —127 of both subunits are disordered but
were fit into weak density to provide approximate locations for
modeling studies. A summary of data and refinement statistics
is given in Table 1.

Isothermal Titration Calorimetry—Experiments were per-
formed with a MicroCal ITC200 instrument where metal ions
were titrated into a solution containing 0.5 mm CPV resolvase
or 0.1 mMm CPV resolvase'H] complex. Experiments to test
Mn>" binding to resolvase alone were performed in 20 mm Tris
(pH 7.4), 1 M NaCl, 15% glycerol over 20 injections of 2 ul, with
3 min equilibration times, using 50 mm MnCl, in the same
buffer. Experiments to test metal ion binding to resolvaseHJ
complexes were performed in 20 mm Tris (pH 7.4), 100 mm
NaCl, with 2 mm Mn?* or 6 mm Mg®*. The HJ DNA was the
immobile junction used by Fogg et al. (31), containing 17-bp
arms. Oligonucleotides were obtained from IDT (Coralville,
IA), HPLC-purified, and annealed in 10 mm Tris-HCI (pH 8.0),
100 mm NaCl. Resolvase'H] complexes were prepared at 1:1
molar ratios and dialyzed against titration buffer (10 mm Tris-
HCl, pH 7.4. 100 mm NaCl) before adjusting the concentrations
to 0.1 mm. All titrations were repeated three or more times, and
the data were processed with Origin. For ITC experiments
where we were not able to prepare resolvase or resolvase-HJ
complex at high enough concentrations so that [complex] >=>
expected K, we were not able to determine experimental bind-
ing stoichiometries. For those cases (noted in Table 2), we fixed
the stoichiometries at their expected values and determined
affinities and enthalpies from standard hyperbolic binding
isotherms.

Steady-state Kinetics—The bulged DNA substrates and the
reaction protocols used for fluorescence polarization kinetic
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assays were identical to those described by Culyba et al. (16).
DNA oligonucleotides were HPLC-purified (IDT) and
annealed at 1:1 (both unlabeled) or 1:2 (labeled:unlabeled)
ratios in 10 mm Tris-HCI, pH 7.4, 0.1 M NaCl. The reactions
were carried out in 100 ul of 25 mm Tris-HCI (pH 8.0), 100 mMm
NaCl, 5 mm MgCl, (or 0.5 mm MnCl,), at 37 °C for 30 min.
Resolvase concentrations were 10 nmM, fluorescein-labeled sub-
strate was fixed at 2 nM, and unlabeled concentrations were
varied from 0 to 1920 nm. Polarizations were recorded every
60 s by a Beacon 2000 instrument (Invitrogen). The fraction
cleaved was calculated by the following formula: (FP — basal
FP)/(initial FP — Basal FP), and the initial velocities were calcu-
lated using an exponential decay model in PRISM. K,,,and V, .
were calculated using the Michaelis-Menten model in PRISM.
Each experiment was repeated three times. For experiments to
determine K, for metal ions, DNA substrate concentrations
were fixed at the measured K, values; Mg " concentration was
varied from 0.25 to 13 mm, whereas Mn>" concentration was
varied from 0.012 to1.3 mm.

HJ Cleavage Assays—The HJ for cleavage assays was the
“subA” substrate used by Culyba et al. (16). Oligonucleotides
were obtained from IDT HPLC-purified and annealed in 10 mm
Tris-HCI (pH 8.0), 100 mm NaCl. One of the four oligonucleo-
tides contained a 3’-carboxyfluorescein label. Cleavage reac-
tions were carried out in 20 mMm Tris-HCI (pH 8.0), 100 mMm
NaCl, 1% glycerol, 100 nm CPV resolvase, 10 nm subA, and
varying concentrations of MgCl, or MnCl,. Reaction volumes
of 20 ul were incubated at 37 °C for 30 min and stopped by
addition of 5 ul of 5X stop solution (100 mm EDTA, 5% SDS,
30% glycerol, and 0.1% bromphenol blue). The reaction prod-
ucts were separated on a 10% polyacrylamide gel in TBE buffer.
Substrate and product bands were identified by the fluorescein
label, using a Storm 860 imager (GE Healthcare).

CPV ResolvaserH] Model—The T. thermophilus RuvC-HJ
complex (PDB code 4L.D0) was first modified as follows. The
terminal base pairs and/or hairpin nucleotides were removed
on each junction arm, and the arms were extended to 10 bp in
length by overlap superposition of idealized B-DNA duplex seg-
ments. The HJ core where RuvC binds was nonchanged. A CPV
resolvase'HJ] model was then constructed by superposition of
the resolvase dimer onto the RuvC dimer using the Co posi-
tions of conserved catalytic residues. The side chain dihedral
angles of several amino acids at the protein-DNA interface were
adjusted to avoid steric clashes. The only steric overlap between
the resolvase main chain and the H] DNA involved the disor-
dered loop connecting a4 and o5, which was not experimen-
tally well defined but may become ordered upon substrate
binding. We did not attempt to model a DNA binding confor-
mation for this loop.

Results and Discussion

Purification and Crystallization of CPV Resolvase—Although
FPV resolvase has improved solubility properties compared
with the VV enzyme (15), our attempts to crystallize the protein
either alone or as a four-way junction complex were not suc-
cessful. FPV resolvase precipitated upon incubation at 4 and
20 °C, which may have contributed to the difficulties in obtain-
ing crystals. The selection of FPV resolvase as a model system
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was based on a comparison of five different poxvirus resolvase
homologs that were cloned and expressed. We therefore
expanded the search to include resolvases from five additional
poxviruses (canarypox, pseudocowpox, sheeppox, swinepox,
and crocodilepox) in an attempt to identify an ortholog that
could be crystallized. We found that CPV resolvase could be
overexpressed (20 mg/liter), is soluble at high ionic strength,
and is stable at 4 °C for several months following purification
with no signs of precipitation.

Preliminary expression and purification trials of CPV
resolvase resulted in a minor impurity running at a slightly
higher mass on SDS-PAGE. Repeated attempts to remove this
band chromatographically were unsuccessful. We noticed that
the codons for a Lys-Lys-Asn motif near the 3’'-end of the
resolvase cDNA generated a run of eight adenosines, which
could result in frame shifts during bacterial translation. Plas-
mid-derived stop codons are located at appropriate positions
downstream of this motif to account for the increased mass
observed in the impurity. When we changed both lysine codons
in the motif to AAG, the impurity was eliminated. Although we
tested several purification schemes involving affinity tags, the
best results were obtained by expressing native resolvase and
purifying the enzyme using cation exchange and size exclusion
chromatography.

CPV resolvase crystals were initially identified in hanging
drop vapor diffusion experiments, but we were not able to opti-
mize the conditions to obtain single, diffraction quality crystals.
Microdialysis allowed more control over crystallization, where
we were able to generate suitable single crystals by lowering the
NaCl concentration while increasing MgCl, and sodium-potas-
sium tartrate. The crystals diffracted x-rays to 2.6 A at synchro-
tron sources and contain a dimer of CPV resolvase in the asym-
metric unit. The initial phases were determined using a
combination of molecular replacement with fission yeast Ydc2
(18) to 2.9 A and single-wavelength anomalous diffraction from
SeMet-substituted resolvase to 5 A. The model was refined to
2.6 A, with R, = 0.223 and R, = 0.264. A summary of
diffraction data, phasing, and refinement results is given in
Table 1.

Overall Structure—CPV resolvase is an elongated dimer with
dimensions of 40 X 44 X 74 A (Fig. 24). Each subunit has a
central five-stranded B-sheet that is flanked on each face by a
pair of a-helices. This fold is similar to that found in bacterial
RuvC and other RNase H superfamily members (Fig. 2B). The
active site, defined by a cluster of conserved acidic residues, is
located in a cleft formed between the B-sheet and the a4/a5
helices. The resolvase dimerization interface is formed by the
al and @2 helices and is primarily hydrophobic, with the a2
main chains contacting one another at Gly”®. The two resolvase
subunits are nearly identical in structure, with a root mean
square deviation of 0.33 A for Ca atoms. However, the loops
connecting a2 and B4 adopt different conformations in the two
subunits, resulting in a slightly asymmetric dimer (indicated by
arrows in Fig. 2A). A similar observation was made for 7. ther-
mophilus RuvC (20).

When CPV resolvase and E. coli RuvC dimers are compared,
several differences stand out (Fig. 3). First, the a1l and a2 helices
are both longer in RuvC, resulting in a more extensive dimeriza-
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TABLE 1
Summary of data collection and refinement statistics

Rperge = 2, — <I,>[3I, where <[, > is the average intensity over symmetry
equivalent measurements. R factor = E[h)bs — F_.|/3F.,, where summation is data
used in refinement. Ry, .. was calculated with data not used in refinement (5%). The

fre

numbers in parentheses represent values in the highest resolution shell.

Native SeMet
Space group P432,2 P432,2
Unit cell (A) a=891,¢=1179 a=289.3,¢c=1182
Wavelength (A) 0.97918 0.97947
Resolution (A) 50-2.6 50-3.2
Completeness (%) 99.7 (99.9) 99.9 (100)
Rinerge 0.09 (0.99) 0.156 (0.922)
Mean I/o 14.5 (1.4) 23.9 (3.3)
Redundancy 3.4(3.2) 13.6 (11.7)
Unique reflections 18,685 8,250
Single anomalous diffraction phasing
Number of selenium sites 2
Resolution (A) 5.0
Molecular replacement
Model 1KCF
Resolution (A) 2.9
SeMet/model phase combination
Final overall figure of merit 0.669
Final total log likelihood gradient map ~ —86,084
Refinement
Riyee 0.264
Ruon 0.223
Number of atoms
Protein 2112
Mg>* 2
Tartrate 10
Solvent 35
Root mean square deviation
Bond length (A) 0.008
Bond angles (°) 1.270
Ramachandran plot (%)
Favored 94.4
Allowed 5.6

tion interface. A total of 950 A of solvent-accessible surface is
buried versus 660 A2 for CPV resolvase. The longer a1 helices in
RuvC make substantial contributions to the dimer interface,
contributing 55% of the buried surface, whereas CPV resolvase
dimerization is mediated almost entirely by «2. Despite the
modest self-interaction surface, CPV resolvase elutes as a single
dimeric peak on size exclusion columns, consistent with the
dimeric properties of VV resolvase when expressed as a malt-
ose-binding protein fusion (12).

A second conspicuous difference is that CPV resolvase does
not have the a3 helix found in RuvC, and the a4 helix is longer
than the similarly positioned helix in RuvC. As discussed below,
the shorter @2 and extended a4 helices in CPV resolvase sug-
gest that different structural elements may be used to recognize
branched DNA substrates compared with RuvC. The con-
served RNase H core consisting of the five B-strands and the
C-terminal a-helix are similar in CPV resolvase and RuvC, with
a root mean square deviation of 1.4 A (Fig. 3C).

Active Site Organization—The CPV resolvase active site is
comprised of five conserved carboxylate side chains (Figs. 34
and 4). Asp®, Glu®®, Asp'®!, and Asp'**are found in most RuvC-
like resolvases (Fig. 2B), where Asp®, Glu®®, and Asp'®* repre-
sent the highly conserved DDE motif that is characteristic of
RNase H superfamily members (32). Each of these four catalytic
residues is required for activity in the nearly identical FPV
resolvase (21). Asp*®°, the fifth acidic active site residue, is con-
served among the poxvirus and mitochondrial resolvases, but
not among bacterial RuvC orthologs. The locations and activi-
ties of alanine mutations for several resolvase residues studied
in the FPV system are indicated in Fig. 3A.
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B B1 B2 B3 al
I
CPV-Res MTIICSVDIGIKNPAYTIFRYE---DSKVSLIAIEKSDWS-————-——-———-—- DNWEYNVTKDLTKYN---- 52
VV-Res MSKKDYSSEIICAFDIGAKNPARTVLEVK---DNSVRVLDISKLDWS————————————— SDWERHIAKDLSQYE---- 74
FPV-Res MIICSVDIGIKNPAYAIFNYDNT-SNTIKLIAIEKSDWT---—-————————— KNWERSVARDLTRYN---- 53
Ydc?2 ...PIYPTSRVLGIDLGIKNFSYCFASQNEDSKVIIHNWSVENLTEKNGLDIQWTEDFQPSSMADLSIQLFNTLHEKEN 110
Tth-RuvC MVVAGIDPGITHLGLGVVAVEGKGALKARLLHGEVVKTSPQ-—-—————— EPAKERVGRIHARVLEVLHRFR 63
Ec-RuvC MAIILGIDPGSRVIGYGVIRQV---GRQLSYLGSGCIRTKVD-———————— DLPSRLKLIYAGVTEIITQFQ 60
B4 a2 B5
— ) —
CPV-Res  PDIIVLEKQGYRS---------— PNAKIIYFIKGFFYNTNT--—--—-————-SVIVRN-—-——-—-—-—————- PTFQGGS 96
VV-Res YTTVLLERQPRRS——————-—-—-—-— PYVKFIYEIKGELYHTSAA----—-—-——-KMICVS—-——————————— PVMSGNS 119
FPV-Res  PDVVILEKQGFKS-------—-- PNSKIIYFIKGFFYNSNT - --—-PTFKGGS 97
Yde?2 PHVILMERQRYRSGIATIPEWTLRVNMLESMLYALHYAEKRNSIEQKIQYPFLLSLS SVLNTKASFS 186
Tth-RuvC PEAVAVEEQFFYRQ----NELAYKVGWALGAVLVAAFEAG----—-——--— VPVYAYGPMOVKQALAF ———-GHGHA 121
Ec-RuvC  PDYFAIEQVFMAKN----ADSALKLGQARGVAIVAAVNQE-——-——————- LPVFEYAARQVKQTVVi-—---GIGSA 118
---gi--- ---éﬁi---——————

CPV-Res YSDRKKQSVITFMDKLSRYSDHIDD—--=-—=————— ILSSFTKLDDIADSEFNLGIAYIESTFKKNVK 152
VV-Res YRDRKKRSVEAFLDWMDTFGLRDS——————————~— VPDRRKLDDVADSFNLAMRYVLDKWNTNYTPYNRCKSRNYIKKM 187
FPV-Res  YRNRKKQSIDVFIQKISEYTDYKND--—————-— ILNKYTKLDDIADSFNLGLSYMESLLKKCKISKD 156
Ydc2 ———KKKSRVOMVKELIDGQKILFENEEALYKWNNGSRVEFKKDDMADSALIASGWMRWQAQLKHYRNFCKQFLKQ 258
Tth-RuvC ---AKEEVALMVRGILGLK-—--——-———————————— EAPRPSHLADALATALTHAFYARMGTAKPL 166
Ec-RuvC -—-—-EKSQVQHMVRTLLKLP-—-—-—-==—-==-—————————— ANPQADAADALAIAITHCHVSQONAMOMSESRLNLARGRLR 172

FIGURE 2. Overall structure of CPV resolvase. A, orthogonal views of the resolvase dimer. The active sites are indicated by select side chains (yellow/red) and
bound Mg?* (blue spheres). Dimerization is mediated primarily by the a2 helix. Arrows indicate the 84-a2 loop, which adopts different conformations in the two
subunits. B, alignment of RuvC family resolvases. Secondary structure is indicated for CPV resolvase. Active site residues are shaded yellow, and residues
identical in three or more of the sequences are shaded gray. The a3 helix present in bacterial and mitochondrial resolvases is boxed. Ydc2, Schizosaccharomyces
pombe; Tth, T. thermophilus; Ec, E. coli.

FIGURE 3. A and B, comparison of CPV resolvase (A) and E. coli RuvC (B) structures. The a1 and 2 helices are longer in RuvC, and RuvC has a short a3 helix not
presentin resolvase. The a4 helix is longer in CPV resolvase. In A, residues whose alanine mutations disrupt activity in FPV resolvase are colored red (Asp®, Glu®®,
Lys'", Asp'®!, and Asp'3%), and those that retain some activity are black (Glu®?, Asp®*, and Asp'3). In B, the conserved active site residues are indicated
(vellow/red). C, superposition of resolvase and RuvC subunits. The RuvC structure shown is PDB code THJR.

We identified a well ordered Mg>* ion coordinated by Asp®,
Asp'', and four water molecules in the A site electron density
of both CPV resolvase subunits (Fig. 44). One of the coordi-
nated water molecules also forms hydrogen-bonding bridges to
Asp'®° and Asp'®* (Fig. 4B). Thus, Asp'>*° may contribute to A
site stabilization by helping to anchor a tightly bound water
molecule, which in turn coordinates the metal ion. The B site,
where Glu®® is expected to coordinate a second metal ion in the
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presence of substrate, is not occupied in the crystal structure
despite the high concentration of Mg®" that is present.

Yang and co-workers (8, 9, 33) have crystallized a series of
RNase HI'DNA-RNA complexes and visualized snapshots of
active sites thought to represent the two-metal ion catalytic
mechanism in progress. A comparison of the CPV resolvase
active site with the active site from the RNase H1 complexes
provides useful insights into how a DNA substrate strand could
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FIGURE 4. Active site of CPV resolvase. A, stereo view of active site electron density (2mF, — DF_; contoured at 1) showing the Mg>*

Poxvirus Resolvase Structure

-water cluster bound at

site A and the five acidic active site residues. B and C, active sites of CPV resolvase (B) and RNase H1 (C) bound to a DNA-RNA hybrid (PDB code 2QKK). Metal
coordination and Asp-water hydrogen bonds are drawn as dashed lines. The substrate scissile phosphate is expected to displace one of the water molecules

130

coordinated to Mg?" in the CPV resolvase A site. Asp

be engaged for hydrolytic attack by resolvase (Fig. 4, B and C).
One of the Mg®*-coordinated water molecules in the CPV
resolvase structure (e.g. W3 in Fig. 4B) may serve as a surrogate
for the scissile phosphate nonbridging oxygen atom that
bridges between the A site and B site bound metals in an active
resolvase-substrate complex.

Metal Binding to CPV Resolvase—The observation of a
bound Mg>" ion, together with a potential role for Asp**® in
stabilizing the A site metal, prompted us to investigate Mg "
and Mn?" binding to CPV resolvase when bound to HJ sub-
strate. We used isothermal titration calorimetry (ITC) to mea-
sure the binding affinities, where metal ions were titrated into a
solution of resolvase bound to HJ substrate. We limited metal
binding to a single site and eliminated cleavage activity by using
site-specific resolvase catalytic mutants. The resolvase E59A
mutant was used to measure metal binding affinity at site A,
because Glu®” is remote from the A site and does not participate
in A site metal binding (Fig. 4B). The D131A mutant was used
to measure the metal affinity at site B, based on similar reason-
ing. Both mutants have been previously shown to eliminate
cleavage activity but bind HJ substrates with wild-type affinities
(K,< 50 nm) for the nearly identical FPV resolvase (21). As a
negative control, we titrated metal ions into a resolvase E59A/
D130A/D131A/D134A- H] complex where both metal binding
sites were eliminated. This mutant still binds HJ substrates
tightly, but the complex does not bind Mg>* or Mn*", indicat-
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and Asp'3* stabilize a Mg®* -bound water through hydrogen bonding.

ing that there are no high affinity binding sites located outside
of the enzyme active site.

Two of the ITC experiments are shown in Fig. 5 (A and B),
and a summary of binding data is given in Table 2. Mn>" binds
to site A with K, = 24.7 = 0.8 uM and to site Bwith K, = 5.8 =
0.2 um. The surprisingly high affinity of Mn®" for the metal-
binding sites of CPV resolvase suggests that this metal ion could
be used in vivo, if present at micromolar concentrations in the
cytoplasm of poxvirus-infected cells.

When we titrated Mg>" into the same complex, we found
weaker binding, with K, values of 277 + 14 .and 392 = 16 um for
sites A and B, respectively. In these experiments, the stoichiom-
etries were fixed at n = 2 sites per dimer, and the affinities were
determined from standard hyperbolic binding curves, because
sigmoidal binding (allowing experimental determination of N)
would require using concentrations of resolvase‘HJ complex
greater than 1 mm (79 mg/ml).

As shown in Table 2, the enthalpies of binding of both Mg>"
and Mn>" to resolvase-HJ complexes are positive, whereas pre-
vious reports of metal binding to isolated resolvase enzymes
and to an RNase HII ortholog indicated negative enthalpies
(34-36). To confirm that metal binding to CPV resolvase alone
is also exothermic, we carried out ITC experiments in the
absence of bound HJ substrate. Mn>" binds to resolvase with K, =
1.19 * 0.03 mm and with AH = —6.14 =+ 0.05 kcal/mol. Mg>™"
binding to resolvase alone was too weak to measure under the

JOURNAL OF BIOLOGICAL CHEMISTRY 11099



Poxvirus Resolvase Structure

Time (min) Time (min)
A 0 20 40 60 B 0 20 40 60 C 2+
1.00 3.00 . ; ; i Mn“™ as cofactor
T T T T T T T T T T T T 30
£ 1
0.80 ; C M2+ 2304 : T R
Site A: Mn Site B: Mn =
2.00 - .. 20 E
0.60 - %
o} $ 1.50 i =
2 2 § 104 [Bulged DNAJ=395 nM
g 7] g 1.00] _ g Km=50+17 uM
©
7 U l l ] 050 h . 0 T T T T T
0.00 1L ‘ “““ i 000 | l““““ ) 00 02 04 06 08 10 12 14
] \ | . ] \ ] . ] A ] A ] A ] , [Mr?*]: mM
T T T T T T T T T T T T T T T T T T T T
8.00
4 E59A-H) : Mn** i D131A-H) : Mn2* D
5 N=2.02+0.01 5 con N=1.75£0.10 20 Mg2* as cofactor
8 2.004 Kd=24.7+0.8pM 4  § "] Kd=5.75+0.21pM 7 _
=5 £ € 154
s 5 4.00] i =
2 ] 1 @ z f i
<] (] g 10
£ 1.00 B 2 ;00 - ©
g g 5 [Bulged DNAJ=268 nM
] 1 0.00] | g 5 Km=750%330 uM
0.00 T &

T T T T T T T T T T
00 05 1.0 1.5 2.0 25 3.0 35 4.0 45

Molar Ratio

00 05 1.0 1.5 2.0 25 3.0 35 4.0 45

T 0

I I I I I I 1
0 2 4 6 8 10 12 14

[Mg?*]: mM

Molar Ratio

FIGURE 5. Metal ion usage by CPV resolvase. A, direct binding of Mn?* ions to the CPV resolvase A site by ITC. Mn?" ions were titrated into a 100 um solution
of CPV resolvase E59A-HJ complex. B, direct binding of Mn?* ions to the CPV resolvase B site. Mn?" ions were titrated into a solution of 100 um CPV resolvase
D131A-HJ complex. C, determination of K,,, for Mn>" in a CPV resolvase cleavage reaction with bulged DNA substrates. D, determination of K, for Mg®* ina CPV
resolvase cleavage reaction with bulged DNA substrates. In Cand D, the concentration of bulged substrate was fixed at the substrate K,,, values, determined at

saturating concentrations of Mn®* and Mg?*, respectively.

TABLE 2
Properties of CPV resolvase metal cofactors
ND, not determined due to weak binding; #» = binding sites per resolvase dimer.

Mg>* Mn2+

Wild-type resolvase”

K, (1um) ND 1190 = 30

AH (kcal/mol) ND —6.14 * 0.05
Resolvase E59A-HJ (A site binding)

Ky (um) 277 + 14 24.7 0.8

AH (kcal/mol) 3.93 £ 0.08 2.76 = 0.02

N 2 2.02 * 0.01
Resolvase D131A-H]J (B site binding)

K, (um) 392 £ 16 5.75 +0.21

AH (kcal/mol) 4.52 = 0.08 8.11 + 0.04

N® 2 1.75 = 0.10
Resolvase D130N/E59A-HJ (A site binding) #

Ky (M) ND 151 + 24

AH (kcal/mol) ND 2.26 = 0.12
Bulged duplex substrate cleavage

K, (um) 750 £330 50 % 17

“ Stoichiometry was fixed at # = 2 (see “Experimental Procedures”).
? Stoichiometry was fixed at # = 2 when [resolvase-HJ]/K,; < 4].

buffer conditions required to prevent aggregation and precipi-
tation of the enzyme. We discuss the implications of these bind-
ing enthalpies below, in the context of a resolvase:HJ model.

Catalytic Efficiencies of Mg> " and Mn**" —The results of ITC
experiments suggest that Mn>" should be an effective cofactor
for resolvase cleavage at much lower concentrations than
Mg>". This is consistent with previous findings that Mn>™" is
effective at 0.5 mm in HJ cleavage assays for FPV resolvase (21).
To characterize metal utilization further, we measured K, val-
ues for Mg®" and Mn>* using a bulged DNA substrate (Fig. 5, C
and D). Unlike HJ substrates, which suffer from slow product
dissociation rates, bulged DNA substrates are both efficiently
cleaved and rapidly released by resolvase (14, 16).

Using a fluorescence polarization assay previously developed
for screening small molecules for inhibitory activity against
FPV resolvase (16), we first determined approximate K, values
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for the bulged substrate in the presence of saturating Mg>* and
Mn?**. The maximum velocity measured for CPV resolvase was
slightly higher when Mn>" versus Mg>* was used as cofactor,
with k_,,(Mn**)/k_,.(Mg>") = ~1.7 and substrate K, values of
395 + 91 and 268 * 58 nm, respectively. We then measured K,
values for Mg®* and Mn?" using fixed concentrations of bulged
substrate (Fig. 5, C and D). As anticipated from the ITC exper-
iments, the K, values are quite different for the two metals,
with K,,, = 50 = 17 um for Mn>" and K;,, = 750 = 330 um for
Mg>*,

Resolvase Activity in the Presence of Both Mn”" and Mg> " —
Our experiments have thus far indicated that Mg®" and Mn*"
support resolvase cleavage activity, but Mn>* requires concen-
trations that may not be available under physiological condi-
tions for efficient function at the A site. We therefore asked
whether a combination of Mg?" and Mn?* would be effective
at concentrations lower than are required for either metal ion
alone. To address this, we measured the amount of HJ cleaved
in a 30-min reaction by CPV resolvase using different concen-
trations of metal ions (Fig. 6, A and B). When they are the only
source of divalent ion, 200 um Mg®>* and 20 um Mn>" are
required to cleave half of the substrate. When both ions are
present, however, the requirements for cleavage of half of the
substrate are quite different (Fig. 6C). At 5 um Mn*", the Mg>™"
requirement drops to ~100 uMm, and at 10 um Mn**, 50100
uM Mg>" is sufficient.

These experiments indicate that a combination of 5-10 um
Mn** and 50-100 pm Mg>™ is sufficient for highly efficient
resolvase-mediated HJ cleavage. Estimates of free cytosolic
Mg®" range from 0.2 to 1.0 mM in mammalian cells, suggesting
that use of Mn>" by poxvirus resolvases may be unnecessary
(37). The cellular concentration of Mn?" has not been investi-
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FIGURE 6. Divalent ion requirements for optimal CPV resolvase activity.
A-C,Mg*" alone as cofactor (A), Mn** alone as cofactor (B), and Mn?" fixed at
four different concentrations (C), with Mg®* varied for each. D, Mg®>* and
Mn?* required for HJ cleavage by the CPV resolvase D130N mutant. The
D130N substitution weakens A site metal binding, requiring ~10-fold higher
concentration of either metal ion. The assay in A-D monitors cleavage of 10
nm fluorescently labeled HJ substrate by 100 nm resolvase after 30 min. The
arrows indicate the positions of substrate (S) and product (P) bands on native
PAGE after quenching the reactions.

gated nearly as extensively as for Mg>", but in rat hepatocytes,
the free and total concentrations have been measured as 0.7 =
0.1 and 34 = 4 uM, respectively (38). At these concentrations,
Mn>* would be expected to contribute to poxvirus resolvase
catalysis. We suggest that in some cell types and/or under some
physiological conditions, the free cytosolic concentration of
Mg>"* may be limiting, and poxviruses could exploit the um
concentrations of Mn>" available to maintain high viral repli-
cation activity.

A Fifth Acidic Active Site Residue Increases Resolvase Metal
Binding Affinity—Poxvirus and mitochondrial resolvases have a
fifth acidic active site residue that is not conserved among the
eubacterial RuvC enzymes (Fig. 2B). For CPV resolvase, this is
Asp'®°, In the CPV resolvase structure, the Asp'*° and Asp'®*
side chain carboxylates hydrogen bond to a water molecule that
coordinates the bound A site metal (Fig. 4). Thus, Asp'° con-
tributes indirectly to metal binding and could be important for
resolvase activity.

To test this hypothesis, we purified the CPV resolvase D130N
mutant and measured HJ cleavage activities in the presence of
Mg®>" and Mn>*. The concentrations of Mg>" and Mn>"
required to cleave half of the HJ substrate in a 30-min reaction
increase to 3 mm and 200 uM, respectively, compared with 200
and 20 uM for the wild-type enzyme (Fig. 6D). To directly mea-
sure metal binding to the resolvase A site, we purified the CPV
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resolvase D130N/E59A protein in which B site binding is
blocked and carried out ITC experiments on the mutant
resolvase'HJ complex. The Mn?" K , for site A increased from
25 uM for wild-type resolvase to ~170 um for the D130N/E59A
mutant (Table 2), in broad agreement with the cleavage activity
measurements. Binding of Mg>" to the resolvase D130N/
E59A-HJ complex was too weak to measure reliably using ITC.

A Model of the CPV Resolvase:H] Complex—The crystal
structure of T. thermophilus RuvC bound to a DNA four-way
junction has provided a framework for considering how the
bacterial enzyme recognizes this branched substrate (18).
Given the common features of the dimeric E. coli (and T. ther-
mophilus) RuvC and CPV resolvase structures, we reasoned
that the modes of substrate recognition are also likely to be
similar. However, there are also some important differences
between the two enzyme dimer structures, as discussed previ-
ously and highlighted in Fig. 3. To help visualize the potential
consequences of these differences in the context of substrate
binding, we constructed a model of the CPV resolvase‘HJ com-
plex by superposition of the CPV resolvase dimer onto the
T. thermophilus RuvC dimer in the RuvC-HJ complex struc-
ture. For both models, we extended the four-way junction arms
to lengths of 10 bp using standard B-DNA, leaving the core
DNA structure unchanged.

The CPV resolvase'H] model and RuvC-HJ structure are
compared in Fig. 7. The DNA junction arms extend in direc-
tions that approximate tetrahedral geometry, but the four DNA
strands are not stereochemically equivalent. The two “contin-
uous” strands have a B-DNA-like backbone conformation at
the branch point, whereas the two “crossing” strands have a
sharp kink at the branch point, similar to that seen in the CreHJ
complex (39). The continuous strands of the HJ substrate are
positioned near the enzyme active sites, consistent with the
established strand cleavage preference for RuvC (40). Overall,
the enzyme-bound DNA junction adopts a conformation that is
distinct from the planar, 2-fold symmetric form found in the
Cre'HJ complex (39), the stacked-X form found in the T7 endo-
nuclease I'HJ complex (41), and the 2-fold symmetric
unstacked X form found in the T4 endonuclease VII‘-HJ com-
plex (42).

The RuvC/resolvase dimers engage the minor grooves of the
DNA arms as they converge at the center of the junction, con-
sistent with biochemical data for FPV resolvase (21). The most
extensive interactions are with the DNA duplex arms that will
be cleaved, which we refer to here as the “C arms.” RuvC makes
very few contacts to the DNA arms that are not cleaved (the “U
arms”), except at the very center of the junction (18). In the
discussion that follows, HJ nucleotides in a given strand are
numbered —10... —1,1... 10, where the branch point phos-
phate is indicated by —1:+1.

Implications for Branched Substrate Recognition—An obvi-
ous difference between the two complexes shown in Fig. 7
involves the protein-DNA interactions present at the center of
the junction. The a2 helix in RuvC extends into the center of
the junction, where side chains from «2 and the B4-a2 loop are
well positioned to interact with both the backbone and the +1
and +2 base pairs of each arm. In the CPV resolvase model, the
a2 helix is shorter, and the enzyme can only contact the sugar-
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FIGURE 7. Comparison of a CPV resolvase-HJ complex model with the RuvC-HJ complex. A, model of a CPV resolvase-HJ complex obtained by superposition
of the resolvase dimer onto the RuvC dimer shown in B. B, structure of the T. thermophilus RuvC-HJ complex determined at 3.8 A (PDB code 4LD0). The duplex
arms of the four-way junction have been extended to 10 bp in length for both A and B. The bound A site Mg?" ion is drawn as a blue sphere in A, and active site
residues are in yellow for both panels. Key regions of protein-DNA interactions discussed in the text are indicated.

phosphate backbone at the junction center. These observations
are consistent with and may explain the relative lack of
sequence specificity near the junction branch point for the pox-
virus enzymes (12, 13), compared with the strong preferences
observed for E. coli RuvC (43, 44).

A second difference involves the a4 helix, which is longer in
CPV resolvase compared with RuvC. The a3-c4 region of RuvC
makes only minimal contact with the DNA junction, although
the disordered loop connecting these helices could potentially
form backbone contacts to the U arm. In the CPV resolvase-H]J
model, the N terminus of a4 is docked at the minor groove of
the extended U-arm in each subunit, where resolvase-DNA
backbone interactions involving both o4 and residues in the
B5-a4 loop can be formed. Arg'®® and Lys'®" are located on the
DNA binding surface of a4 and are highly conserved among
the poxvirus enzymes. Lys'" is essential for activity in FPV
resolvase (21), supporting the importance of these inferred pro-
tein-DNA contacts. Indeed, Lys'®" is also strongly conserved
among the RuvC-like enzymes (Figs. 2B and 3C). Unlike RuvC,
the model predicts that poxvirus resolvases make substantial
interactions with all four arms of the four-way junction.

The third difference we observed involves the extent of
enzyme-DNA interactions on the C-arms of the junction. RuvC
makes a relatively small number of DNA backbone interactions
after the +1 and +2 nucleotides, with contacts possibly extend-
ing to the +6 and +7 positions. CPV resolvase, however, docks
in the major groove of the C-arm adjacent to the cleavage site,
where a complex network of interactions could potentially be
formed. In addition, the disordered a4-a5 loop is positioned
where it could form backbone interactions in the adjacent
minor groove, extending potential C-arm contacts to +8/+9
base pairs from the branch point. The more extensive C-arm
contacts predicted for the poxvirus enzyme may explain the
broad range of branched substrates that can be efficiently
cleaved (14). Unlike RuvC, which interacts primarily with the
center of the four-way junction, resolvase is predicted to inter-
act primarily with the junction arms. Bulged, flap-containing,
and alternative junction substrates could each adopt conforma-
tions in which two duplex segments are bent into a structure
resembling the C-arms shown in Fig. 7A. This observation may
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explain why activity-based screens for poxvirus resolvase inhib-
itors work so well with bulged DNA substrates (16).

The HJ Conformation in the Active Resolvase Complex—
Although there has been general agreement regarding the
sequence specificity of E. coli RuvC, the question of where that
sequence is positioned on a given branch point isomer that is
cleaved by RuvC has been more difficult. Bennett and West (45)
used methylphosphonates to bias HJ substrates toward specific
branch point isomers and concluded that RuvC cleaves the
—1:+1 and +1:+2 phosphates, with a small preference for the
branch point position. Using immobile junctions, Fogg et al.
(46) found an even higher preference for the branch point phos-
phate. In contrast, Sha et al. (47) used intramolecular torsional
restraints to bias the HJ isomers formed in solution and con-
cluded that cleavage at the +1:+2 position is strongly pre-
ferred. For the VV resolvase, Garcia et al. (12) found that an
immobile HJ substrate was cleaved at both the +1:+2 and
+2:+3 phosphates.

To address this question in the context of CPV resolvase and
the model shown in Fig. 7, we first marked the expected loca-
tions of scissile phosphates in the enzyme active sites, using the
highly conserved DDE residues (Asp®, Asp***, and Glu®®) and
the corresponding residues from a high resolution RNase
H1-DNA‘RNA complex structure (9), as shown in Fig. 4C.
Based on these positions, the expected distance between scissile
phosphates in the CPV resolvase dimer is 36.4 A. Assuming that
the resolvase dimer remains relatively rigid and the HJ substrate
is remodeled to fit the enzyme during binding and catalysis, a
distance of ~36 A is required between HJ scissile phosphate
positions to be engaged by both of the enzyme active sites.

In the HJ conformer observed in the RuvC-HJ crystal struc-
ture, the distance between continuous strand branch point (—1:
+1) phosphates is 30.8 A, and the distance between +1:+2
phosphates is 24.7 A. Thus, the observed HJ conformation can-
not be the one that is cleaved by either CPV resolvase or RuvC,
assuming a symmetric or nearly symmetric mechanism. The
branch point and +1:42 phosphates are each ~6.5 A from the
expected scissile phosphate positions in the CPV resolvase
active sites, further indicating that the HJ in this model does not
represent an active conformation.
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To estimate the distances that would be available in alterna-
tive HJ conformers (48), we calculated the same interphosphate
distances in the Cre (39), T4 endonuclease VII (42), and T7
endonuclease I (41) HJ complexes. For continuous strand
branch point phosphates in these structures, the values are 31.9,
31.6,and 32.0 A, respectively, leading to the surprising conclu-
sion that the RuvC enzymes appear incapable of cleaving sym-
metrically at this position for any known HJ conformation. For
the +1:+2 phosphates, the corresponding distances are 34.9,
37.3, and 35.6 A, all of which are much closer to the expected
distance than that found in the RuvC-HJ complex.

The Cre and T4 endonuclease VII HJ conformations are
closely related to one another, differing primarily by their inter-
arm angles and small out of plane deviations in the T4 endonu-
clease VII HJ arms. An HJ conformation intermediate between
the Cre and T4 endonuclease-bound HJ forms could be
obtained by “flattening” the HJ conformers shown in Fig. 7
while maintaining general features of the resolvase-DNA inter-
actions. The resulting Cre/T4-endonuclease HJ conformation
would have the correct interphosphate distance, would be more
closely related to the HJs observed in RuvABC resolvasome
studies (49), and would be more consistent with the well estab-
lished conformation of RuvC-HJ and FPV resolvase'HJ com-
plexes in solution (21, 50). Indeed, the yeast mitochondrial
resolvase Ccel binds to a nearly square planar form of the HJ
(51). Additional work will be required to establish the detailed
structure of the active RuvC and resolvase:HJ complexes.

Thermodynamic Signature of a Structural Reorganization
upon Metal Binding—The metal binding enthalpies summa-
rized in Table 2 support the idea that the poxvirus resolvase-HJ
complex adopts distinct structural conformations in the pres-
ence versus absence of divalent ions. Previous reports have indi-
cated exothermic binding of Mg>* and/or Mn*" to RuvC-like
resolvases, as expected from the ionic nature of the coordina-
tion complexes that are formed (34 —36). Indeed, Mn>" binding
to CPV resolvase is also exothermic. However, we have shown
here that binding of Mg®* and Mn>* to the resolvase*HJ com-
plex is endothermic and is therefore entropically driven. These
observations can be explained by a model in which a substantial
number of solvent molecules are bound within the resolvase-HJ
interface upon initial complex formation but are released when
divalent ions bind to the complex. The resulting redistribution
of solvent would provide both a positive enthalpic contribution
(because of “melting” of bound water) and a favorable entropic
contribution. Additional structural changes are likely to con-
tribute as well and would presumably be revealed by high reso-
lution structural models of a resolvase‘HJ complex.

We suggest that the models shown in Fig. 7 represent inac-
tive complexes that form when resolvase binds to a four-way
junction. Mg>" or Mn>"* binding then leads to a conforma-
tional change that positions the scissile phosphates into the
enzyme active sites and involves a substantial release of bound
solvent.

Future Directions and the Search for Poxvirus Inhibitors—
The CPV resolvase structure described here has led to new
insights, provided explanations for the unique biochemical
properties of poxvirus resolvases, and provided the basis for
structure-based design of poxvirus resolvase inhibitors. Inhib-
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itors for the RNase H family member HIV integrase are in the
clinic (52), suggesting that poxvirus resolvase could also be a
tractable target for anti-poxvirus drugs, and lead molecules
have been identified (16). An important future goal in this area
will be to obtain an experimental structure that represents
an active resolvase-substrate complex. In addition to helping
to understand substrate recognition and catalysis by these
enzymes, such a structure would provide a second structural
platform for guiding inhibitor design.

The work described here also highlights a third potentially
useful structure for design of inhibitors: the high affinity, inac-
tive complex that forms when poxvirus resolvase first binds to
the four-way junction. Stabilization of this structure and pre-
venting the transition to an active, metal-bound form could be
an effective structure-based strategy for inhibition of poxvirus
replication. Because this intermediate is a potential target of
small molecules identified using activity-based screening
approaches, our findings may also be valuable in understanding
mechanisms of inhibition by small molecules and in directing
experiments to improve initial hits.
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