











and tested with resolvase, demonstrating a 70 mP drop in
FP. Evidently, the 5bp of pairing is sufficient for the
duplex be mostly paired in the starting substrate, but
melt efficiently to allow release of the labeled strand
after cleavage.

To characterize cleavage of this substrate more fully, we
checked the structure of reaction products by gel electro-
phoresis (Figure 2A and B). Incubation with fowlpox
resolvase yielded two cleavage products that appeared
sequentially. Electrophoresis adjacent to synthetic oligo-
nucleotides matching candidate cleavage products
indicated sequential cleavage at the two single-to-double-
strand transitions shown at the bottom of Figure 2B.

In the poxvirus replication cycle, this cleavage reaction
may be important for resolving complex DNA structures
generated during viral DNA replication. The poxvirus
DNA polymerase is unusual for acting efficiently to fuse
double strand broken ends containing terminal regions of
homology, allowing use of the 3’-end at the double-strand
break as a template for further elongation (14). Resolvase
cleavage of an off-center-bulged DNA at the sites mapped
in Figure 2 would thus generate a substrate for
recombinational priming by the viral polymerase. The
cleavage reaction described here would therefore allow re-
starting of DNA replication on molecules with complex
unpaired regions.

A question that arises in any such study is whether the
observed cleavage reaction is due to action of resolvase or
cleavage by a low level contaminating protein in the
resolvase preparation. To check this possibility, we
compared cleavage by FP resolvase with two active site
substitutions (D7A and DI135A) previously shown to
block cleavage by resolvase in vitro (5,6). These two mu-
tants blocked all cleavage in the FP assay (Figure 2C)
confirming that fowlpox resolvase was responsible for
the observed cleavage activity.

Using the FP assay, we were able to show turn-over of
fowlpox resolvase at high substrate concentrations,
allowing an investigation of the cleavage reaction using
Michaelis-Menton kinetics. We estimated V., to be
40 nM/min and Ky to be 226 nM (Supplementary Figure
S1). The apparent turn-over number k., for the off-center
bulge substrate was 4 per min, assuming that a dimer with
two active sites cut a single double-stranded DNA on the
two strands. The catalytic efficiency k., /Ky 1is thus
3x10°M~" s7!. Cleavage of a Holliday junction by
fowlpox resolvase in vitro was estimated at 13.8 per min
in a single turn-over experiment, but only 0.24 per min in a
multiple turn-over assay requiring completion of the cata-
lytic cycle (5). Making the assumption that the rate limiting
steps are the same for both substrates, the kinetic analysis
suggests that cleavage is slower on the off-center bulge sub-
strate, but this is associated with increased turn-over
compared to the Holliday junction. Data in Figure 1G in-
dicates that product is released efficiently after cleavage of
the off-center bulge substrate, consistent with the idea that
an increased rate of product release accounts for the accel-
eration of the reaction cycle.

To measure of the robustness of the assay, we calculated
Z'- and Z-factor values, which provide a measure of both
the dynamic range and variance. Z'- and Z-factor values
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Figure 2. Cleavage of the bulged DNA substrate by fowlpox resolvase.
(A) Analysis of cleavage products by native gel electrophoresis.
Products were characterized by co-migration with synthetic markers
identical to each expected product. (B) Analysis of products of
cleavage of the bulged DNA substrate analyzed by denaturing gel elec-
trophoresis. The inferred sites of cleavage are shown at the bottom.
‘Mix’ indicates a mixture of the synthetic 15nt expected cleavage
product and an authentic reaction mixture, indicating co-migration
with the indicated product. (C) Resolvase catalytic site mutants
obstruct resolvase cleavage as measured in the FP assay. The bulged
DNA substrate was mixed with D7A, DI35A or wild-type resolvase,
then cleavage tracked for the indicated times.
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range over —oo < Z < 1. Values greater than 0.5 indicate a
large separation between the positive and negative
controls with low variance suitable for high-throughput
screening (15). Using data obtained from 5 days of con-
secutive screening, we calculated Z’- and Z-factor values
of 0.78 and 0.68, respectively.

Screening compound libraries using the FP assays

We next used the off-center bulge substrate (sub F) to
screen two small molecule libraries for inhibitors of
resolvase DNA cleavage (Supplementary Table S2).
Library 1, from the NSRB, contained a structurally
diverse set of 130540 compounds. Library 2 contained a
structurally focused set of 2788 compounds from Merck
designed to target enzymes of the RNAse H superfamily,
the majority of which contain metal chelating pharmaco-
phores, which have been reported to be important in HIV
integrase and RNAase H inhibitors (10,11,16).

Percent inhibition (PI) was calculated for each
compound from the FP measurements at a single concen-
tration (see ‘Supplementary Methods’). For Library 1, we
scored a compound as a hit if its PI was >2 SD from the
mean PI of all compound-containing wells. This hit defin-
ition corresponded to compounds with PI values >15% in
our assay. We identified 1936 compounds meeting this hit
criteria, which corresponded to an overall hit rate of 1.5%.
Using the same PI cut-off of 15% for Library 2, we
obtained an overall hit rate of 45% for this library.
Thus, we obtained a 30-fold higher hit rate for Library 2
(Supplementary Table S2). Since Library 2 contained pri-
marily metal chelating compounds designed to target
RNase H superfamily members, these data indicate that
many of these metal chelating pharmacophores are inhibi-
tors of poxvirus resolvase. The mechanism of inhibition of
these metal chelators was not simple sequestration of the
free Mg®" cofactor away from the enzyme, because the
Mg concentration was 750-fold in excess of the inhibitor
concentration.

Structure-activity analysis of 1-hydroxy-1,8-naphthyridin-
2(1H)-one inhibitors

Based on initial results for resolvase inhibition in vitro,
antiviral  activity and  toxicity, 1-hydroxy-1,8-
naphthyridin-2(1 H)-ones were selected as a chemical
series for follow up SAR analysis (Figure 3 and
Table 1). The I1-hydroxy-1,8-naphthyridin-2(1H)-one
compounds have recently been reported to inhibit HIV
RNase H, an enzyme structurally related to poxvirus
resolvase (16). These compounds contain a potential
metal chelating pharmacophore comprised of NS, the
hydroxyl group at N1 and the carbonyl at position 2 in
the naphthyridinone ring (Figure 3). Compound 1
(Table 1), the initial hit from the library screen, showed
an 1Csq value of 0.3 uM for resolvase inhibition in the FP
assay. Resynthesis (Supplementary Data) and retesting of
1 confirmed that the activity was associated with the
expected structure. To validate its activity, compound 1
was tested in resolvase cleavage reactions containing au-
thentic Holliday junction substrates in vitro and found to
show effective inhibition. Subsequent antiviral assays

Figure 3. The I-hydroxynaphthrydinone backbone, showing the poten-
tial metal binding pharmacophore (shaded). For synthetic methods see
Supplementary Figures S3 and 4.

showed an ICsy value of 4uM. Cytotoxicity however
was high with LDs, value of 13 uM.

Compounds 2-8 were synthesized (Supplemental
Methods in Supplementary Data) in an effort to increase
potency, reduce cytotoxicity and begin to explore the SAR
for this series of compounds. Since it is likely that the
resolvase inhibitory activity of 1 is due to its ability to
both bind to the active site as well as chelate an active
site divalent metal, modifications to the structure of 1
were designed to explore these aspects of its activity.
Modifications to the groups at the 3 and 6 positions
around the naphthyridinone ring were made to determine
if these structural components were essential for binding.
Modifications to the N-hydroxy group were made to test
whether metal chelation is essential for activity. Some of
the substitutions were chosen based on the structures of
other hits in the initial library, and for synthetic accessi-
bility. Compounds 2 and 4 were synthesized to investigate
the tolerance for substitutions at the 6 position of the
naphthrydinone ring. Both were slightly less potent in
the FP assay than compound 1 and showed no reduction
in cytotoxicity. To test the importance of the potential
metal chelating pharmacophore, an analog with the N1
position substituted with a benzyloxy group was tested
and this eradicated activity, supporting the idea that
metal binding by the pharmacophore in Figure 3 is essen-
tial for activity.

In an effort to improve the physiochemical properties of
this series, the phenyl group at position 3 was substituted
with an ethyl ester, yielding compounds 5-8. The ethyl
ester was chosen based on its presence in active com-
pounds the initial library (data not shown). This modifi-
cation reduced the hydrophobicity (Table 1), which was
higher in compounds 1-4 than is typical of inhibitors
active in cells. Two pendant groups were compared at
position 6 with the ethyl ester at position 3 (compounds
5 and 7). Compound 7 showed favorable characteristics.
Initial tests of the ICsy in the FP assay showed a slight
increase over compound 1. Inhibition of Holliday junction
cleavage was monitored using gel-based assays and
compound 7 was found to show a similar ICs,
(Figure 4). As a test of specificity, activity of compound
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Table 1. SAR analysis of naphthyridone resolvase inhibitors

Compound  Structure FP assay, IC50 (uM)  Antiviral assay, IC50 (uM) Cytotoxicity, LD50 (uM) Log P
1 0.3+0.2 4+1 13+4 4.82
2 3+£2 4+1 15+ 12 4.94
3 . >250 > 350 ND 6.85
4 o 741 11+1 10+ 1 3.90
5 . 14+7 12+1 20 + 12 3.60

F

F OH o

‘ ST o/\CH3
N T
L

6 >250 >350 ND 5.50
7 11+2 25+ 16 156 + 28 1.43
8 >250 >350 ND 3.54

ND indicates not done.
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Figure 4. Inhibition of cleavage of a Holliday junction substrate by
fowlpox resolvase in the presence of compound 7. Holliday junction
substrates were fluorescently labeled on one DNA strand. Reaction
products were analyzed after separation by electrophoresis on a
native polyacrylamide gel.
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7 was compared against the variola topoisomerase
enzyme, and found to show no inhibitory activity
(Supplementary Figure S2). Importantly, though the
1Cs for viral infection was slightly increased, the LD50
was greatly increased, so that the differential between anti-
viral activity and LD50 was highest among the com-
pounds studied (~6-fold). Synthesis and testing of the
N1 benzyloxy derivatives (6 and 8) confirmed for com-
pounds 5 and 7 also that blocking the metal chelating
pharmacophore abolished activity.

CONCLUSIONS

Variola virus is a category A agent due to concerns about
its possible use as a biological weapon. A Holliday
junction resolvase is required for poxvirus replication.
Here, we report development of a bulged DNA substrate
that reports resolvase cleavage activity efficiently using FP
assays, making possible high-throughput screening.
Besides the practical utility, the activity on this substrate
suggests a new function for resolvase that may be im-
portant in linearizing branched DNA intermediates
during poxvirus replication to restart DNA synthesis.
We screened >100000 compounds and found that
1-hydroxy-1,8-naphthyridin-2(1 H)-one compounds con-
stitute particularly active inhibitors. SAR analysis
showed that potential metal chelating groups were import-
ant for inhibition, suggesting functional parallels with the
FDA-approved inhibitors of HIV integrase. One
1-hydroxy-1,8-naphthyridin-2(1 H)-one  (compound 7)

showed antiviral activity at concentrations below cyto-
toxic levels. Thus, these compounds represent starting
points for developing inhibitors of variola virus for
biodefense applications.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Tables 1 and 2, Supplementary Figures
1-4, Supplementary Data and Supplementary Methods.
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