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NA replication is essential for the proliferation
D and survival of all forms of life ranging from

simple viruses and bacteria to more complex or-
ganisms including humans. The effect of uncontrolled
DNA synthesis is often highlighted by various pathologi-
cal states caused by dysfunctional and/or unregulated
replication activity. Diseases such as cancer, autoim-
mune disorders, and viral infections require abnormally
high levels of DNA synthesis. As a consequence, these
pathological states are treated with compounds that in-
hibit DNA synthesis. DNA damaging agents and chain-
terminating nucleosides hinder DNA replication by
chemically transforming nucleic acid into an ineffective
substrate for elongation (1). Unfortunately, these agents
often cause severe side effects induced by the non-
selective killing of pathogenic and healthy cells (2). In
addition, these agents can accelerate disease develop-
ment by altering the integrity and stability of genomic
material (3). For example, antiviral nucleosides can
cause symptoms mimicking diabetes mellitus (4), and
DNA damaging agents are linked with the development
of therapy-related cancers (5).

To avoid these complications, other molecular tar-
gets involved in DNA synthesis must be evaluated as
potential points for therapeutic intervention. Indeed,
efficient DNA replication is dependent upon a confed-
eration of proteins (6) that must function in a collabora-
tive effort. Several of these proteins, including DNA heli-
cases and “clamp-loading” accessory proteins, require
ATP binding and hydrolysis to function properly (7).
Clamp loaders are an attractive target as they function
to increase the efficiency of DNA synthesis by placing ac-
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ABSTRACT DNA synthesis is catalyzed by an ensemble of proteins designated
the replicase. The efficient assembly of this multiprotein complex is essential for
the continuity of DNA replication and is mediated by clamp-loading accessory pro-
teins that use ATP binding and hydrolysis to coordinate these events. As a conse-
quence, the ability to selectively inhibit the activity of these accessory proteins pro-
vides a rational approach to regulate DNA synthesis. Toward this goal, we tested
the ability of several non-natural nucleotides to inhibit ATP-dependent enzymes as-
sociated with DNA replicase assembly. Kinetic and biophysical studies identified
5-nitro-indolyl-2’-deoxyribose-5'-triphosphate as a unique non-natural nucleotide
capable of selectively inhibiting the bacteriophage T4 clamp loader versus the ho-
mologous enzyme from Escherichia coli. Modeling studies highlight the structural
diversity between the ATP-binding site of each enzyme and provide a mechanism
accounting for the differences in potencies for various substituted indolyl-2'-
deoxyribose-5'-triphosphates. An in vivo assay measuring plaque formation dem-
onstrates the efficacy and selectivity of 5-nitro-indolyl-2’-deoxyribose as a cyto-
static agent against T4 bacteriophage while leaving viability of the E. coli host
unaffected. This strategy provides a novel approach to develop agents that selec-
tively inhibit ATP-dependent enzymes that are required for efficient DNA
replication.

*Corresponding author,
ajb15@case.edu.

Received for review September 1, 2009
and accepted December 8, 2009.

Published online December 8, 2009
10.1021/cb900218¢

© 2010 American Chemical Society

VOL.5 NO.2 s ACS CHEMICAL BlIOLOGY 183




184

@

b dATP d5-NITP
dITP d5-EtITP d5-CHITP d5-NITP
d5-AITP d5-EyITP d5-CEITP d4-NITP
& @ &8
d5-FITP d5-CITP d-5PhITP d6-NITP

Figure 1. Structures and electron density surface poten-
tials of natural and non-natural nucleosides and nucleo-
tides used in this study. For convenience, only the
nucleobase portion is provided. a) Comparison of the
structures of adenine and 5-nitroindole. b) Structures of
substituted indolyl deoxynucleotides. All models were con-
structed using Spartan *04 software (www.wavefun.com).
The electron density surface potentials of adenine and
non-natural nucleobases were then generated. The most
electronegative regions are in red, neutral charges are in
green, and the most electropositive regions are in blue.

cessory proteins, referred to as “sliding clamps”, onto
nucleic acid in an ATP-dependent manner. Sliding
clamps increase the processivity of DNA polymerases in-
volved in chromosomal replication, and disrupting the
interactions between a DNA polymerase and its proces-
sivity factor dramatically reduces the overall efficiency of
DNA synthesis (8). Since replicative accessory proteins
are species-specific, inhibiting the function of a patho-
genic protein without affecting the activity of the host
protein could be developed into a selective therapeutic
agent to inhibit cellular proliferation.

However, this is not an easy task since clamp load-
ers from viruses, bacteria, and eukaryotes all rely on the
binding and hydrolysis of ATP for their biological func-
tion. As such, the commonality in primary amino acid se-
quence for the ATP binding site suggests a low probabil-
ity of identifying a unique molecule that inhibits a clamp
loader from one species while leaving another unaf-
fected. Despite these obstacles, this report describes
the ability of various non-natural nucleotides (Figure 1)
to disrupt processive DNA synthesis by inhibiting the ac-
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tivity of ATP-dependent accessory proteins. Kinetic, bio-
physical, and in vivo data reveal a specific non-natural
nucleotide, 5-nitro-indolyl-2’-deoxyribose-5’-
triphosphate (d5-NITP) (9), that selectively inhibits the
bacteriophage T4 clamp loader versus the functionally
homologous clamp loader from Escherichia coli. This
represents a novel strategy to develop therapeutic
agents against hyperproliferative diseases such as viral
infections and cancer by selectively inhibiting ATP-
dependent enzymes involved in DNA replication and
recombination.

RESULTS AND DISCUSSION

d5-NITP Is a Potent Inhibitor of the Bacteriophage
T4 Clamp Loader. d5-NITP is a non-natural nucleotide
that mimics the size and shape of (d)ATP (Figure 1,
panel a) and is used as an effective surrogate for dATP
by various DNA polymerases during the misreplication
of damaged DNA (10). These features prompted us to
evaluate if d5-NITP could also act as a substrate for the
ATP-dependent bacteriophage T4 clamp loader, gp44/
62. Despite structural and functional similarities to
dATP, d5-NITP is not hydrolyzed by gp44/62 (Figure 2,
panel a). The inability to hydrolyze d5-NITP is not caused
by the absence of the 2’-hydroxyl moiety since gp44/62
is also incapable of hydrolyzing r5-NITP, the ribose
form of the non-natural nucleotide (Figure 2, panel a).
This contrasts data obtained with natural nucleotides in
which gp44/62 hydrolyzes dATP just as efficiently as
ATP (Figure 2, panel a).

The lack of hydrolysis could simply reflect an inabil-
ity to bind the non-natural nucleotide. This possibility
was tested by monitoring the dose-dependency of d5-
NITP toward inhibiting the ATPase activity of gp44/62.
Figure 2, panel b shows that d5-NITP inhibits gp44/62
with a K; value of 4.8 = 0.5 wM. A similar K; of 10.8 =
0.7 uM is obtained using r5-NITP (Figure 2, panel b), in-
dicating that the bacteriophage clamp loader is promis-
cuous in its ability to bind either ribose or deoxyribose
nucleotides (11). The calculated Hill coefficient for both
non-natural nucleotides is ~1, indicating a lack of posi-
tive or negative cooperativity between the four ATP bind-
ing sites of gp44/62.

The mode of inhibition by d5-NITP was determined
by measuring ATP hydrolysis at several different fixed
concentrations of d5-NITP while varying the concentra-
tion of ATP. The double reciprocal plot yields a series of
lines intersecting on the y-axis and are diagnostic for re-
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versible, competitive inhibition (Figure 2, panel ¢) (12).
The measured K; of 5.7 = 1.1 uM is identical, within er-
ror, to the value of 4.8 uM measured using Dixon plot
analysis. It is striking that the K; for d5-NITP is ~5-fold
lower than the inhibition constant of 29 wM for ATPyS
(Table 1) and~300-fold lower than the value of
1,200 M measured for AMP-PNP (13). The lower inhibi-
tion constant for d5-NITP compared to these other com-
petitive inhibitors indicates superior binding affinity
that is influenced by the unique chemical features
present on the 5-nitro-indolyl moiety. However, the
triphosphate group is essential for binding as 5-nitro-
indolyl 2’-deoxynucleoside (d5-NI) does not inhibit
gp44/62 at concentrations greater than 200 uM.

d5-NITP Inhibits DNA Synthesis by Blocking
Replicase Assembly. gp44/62 catalyzes formation of
the replicase, a multiprotein complex that performs
highly processive DNA synthesis. During this process,
gp44/62 binds and hydrolyzes (d)ATP to first load the
processivity factor, gp45, onto DNA and then coordi-
nates proper interactions of gp45 with the DNA poly-
merase (gp43) in an ATP-independent manner (14). Al-
though gp44/62 does not hydrolyze d5-NITP, we tested
if replicase formation can occur solely through the bind-
ing of the non-natural nucleotide using the strand dis-
placement polymerization assay (15) (Figure 3, panel a).
This assay distinguishes between processive DNA syn-
thesis catalyzed by replicase complex (synthesis be-
yond a forked strand) from the activity of DNA poly-
merase that does not perform strand displacement
synthesis. As illustrated in Figure 3, panel b, longer rep-
lication products are generated by the replicase com-
pared to DNA polymerase alone (compare lane 4 with
lane 2). The inclusion of 100 wM d5-NITP inhibits forma-
tion of the replicase complex as shorter replication prod-
ucts are produced (Figure 3, panel b, lane 5) compared
to when d5-NITP is omitted (Figure 3, panel b, lane 4).
The reduction in processive DNA synthesis does not re-
flect direct inhibition of polymerase activity by d5-NITP,
since identical amounts of products are generated by
the polymerase in the absence or presence of d5-NITP
(Figure 3, panel ¢). The lack of an effect on polymerase
activity is consistent with reports indicating that d5-NITP
is poorly incorporated opposite any of the four natural
templating nucleobases (16, 17).

The inhibitory effect by d5-NITP on gp44/62 was fur-
ther investigated using a FRET quenching assay devel-
oped by Benkovic and co-workers (18) that monitors
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Figure 2. d5-NITP is not hydrolyzed by gp44/62 but instead acts as a
competitive inhibitor. a) Hydrolysis of various nucleotide substrates by
gp44/62 quantified by colorimetric ATPase assay. Assay conditions are
as described in Methods. The concentration of all nucleotide sub-
strates was maintained at 500 M. b) Dose-dependent inhibition of
gp44/62 ATPase activity by d5-NITP (A) and r5-NITP (H). K; values are
4.8 = 0.5 and 10.8 = 0.7 p.M, respectively. c) Double reciprocal plot of
rate versus ATP concentration at several fixed concentrations of d5-
NITP. The following concentrations of d5-NITP were used: no inhibitor
(m), 5 .M (A), 25 pM (V¥), and 50 .M (#). The K; value of d5-NITP was
determined by fitting the data to the following rate equation: v =
Vimax[S1/Kn(1 + [11/K) + [S]. The inset shows a plot of the slope of each
line ([ATP]/rate) as a function of d5-NITP concentration.

the ability of gp44/62 to open the closed ring of the ho-
motrimeric gp45 labeled with fluorescent probes. When
CPM-labeled gp45 is mixed with gp44/62 and 1 mM
ATP, a rapid change in fluorescence with an amplitude
0f 0.2199 + 0.0004 units is obtained (Figure 3, panel d)
and confirms that clamp opening occurs upon ATP bind-
ing and hydrolysis. However, a significantly smaller
change in fluorescence (@mplitude = 0.044 = 0.002)
is detected when ATP is replaced with 1 mM d5-NITP
(Figure 3, panel d), indicating that clamp opening does
not occur upon binding of the non-natural nucleotide.
These results collectively indicate that d5-NITP inhibits
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TABLE 1. Summary of inhibition constants
for natural and non-natural nucleotides
against the ATP-dependent clamp loaders
from bacteriophage T4 (gp44/62) and Es-
cherichia coli (-y-complex)

'::::;Ld: gp44/62 K (uM)?  y-Complex K; (uM)* se:cctﬂ"’jw
ATPyS 289+ 11.6 13.0 4.5 0.44
dITP <200 60.9 + 19.5 0.30
d5-AlTP <200 45.0 + 18.5 0.23
d5-FITP <200 34+ 4 0.17
d5-EtITP  81.5+17.0 9.0+ 3.2 0.11
d5-EylTP <200 30.0 = 15.7 0.15
ds5-CITP 378 40 = 13 0.93
d5-NITP 48+05 21.7+21 4.52
d5-CHITP  47.5 +10.0 24.0 = 10.5 0.51
d5-CEITP  10.0*+1.6 11.8*1.5 1.18
d5-PhITP 42 =10 7.5*1.1 0.18
d4-NITP  342+67 111+ 2.4 0.32
d6-NITP 51+ 1.4 8.1+23 1.59

9Reactions were performed using 500 nM gp44/62 and
gp45, 10 mM Mg?*, 100 uM ATP, and 1 M DNA. The con-
centration of nucleotide was varied from 0.5 to 400 wM. As-
says were performed at 25 °C. Initial rates in ATP consump-
tion were obtained from the time courses that were linear
over the time frame measured (120 s). ICs, values were con-
verted to dissociation constants (K using eq 3. “Reactions
were performed using 100 nM y-complex and B-clamp,

10 mM Mg?*, 20 wM ATP, and 1 M DNA. The concentra-
tion of nucleotide was varied from 0.5 to 400 wM. Assay
was performed at 37 °C. Initial rates in ATP consumption
were obtained from the time courses that were linear over
the time frame measured (120 s). ICs, values were con-
verted to dissociation constants (K using eq 3. “Selectiv-

ity factor = Ki(y-complex)/Ki(gp44/62). No inhibition

was observed at nucleotide concentrations greater

than 200 pM.

replicase assembly and subsequent processive DNA
synthesis by hindering the ability of gp44/62 to open
the closed gp45 trimer.

Structure—Activity Relationships for Nucleotide
Binding. d5-NITP represents the most potent inhibitor
of gp44/62 identified to date as it binds 5- and 300-fold
more tightly than other competitive inhibitors such as
ATPyS and AMP-PNP, respectively. A structure—activity
relationship explaining the unprecedented potency of
d5-NITP was developed by testing the ability of the other
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non-natural nucleotides (Figure 1, panel b) to inhibit
gp44/62. The data summarized in Table 1 indicate that
the active site of gp44/62 displays an unexpected plas-
ticity in its ability to bind a variety of non-natural nucleo-
tides of diverse size and shape. Although these ana-
logues bind with differing affinities, a direct correlation
between binding affinity and nucleobase size is not evi-
dent (see Supporting Information 1). In fact, d5-NITP
binds with a significantly higher affinity compared to
analogues such as ATPyS and AMP-PNP that are simi-
lar in shape and size. In addition, the majority of small
non-natural nucleotides such as dITP, d5-AITP, and d5-
FITP bind poorly, as their K; values are >200 M. One
notable exception is d5-EtITP, as it inhibits gp44/62
with a K; value of 80 wM. Surprisingly, the closely re-
lated analogue d5-EyITP binds far worse with a K; of
>200 wM. The unexpected difference in potency be-
tween the two analogues may be caused by entropic
factors as the more flexible ethyl moiety could occupy
lower free energy states associated with ground state
binding compared to the conformationally restricted eth-
ylene moiety (19). Indeed, entropic effects appear to
play important roles in binding as bulky, hydrophobic
analogues such as d5-CHITP and d5-PhITP bind to
gp44/62 with low K; values of ~40 wM. The K; values
of these analogues are lower than analogues such as
dITP and d5-AITP that more closely resemble ATP and
again reiterate that nucleobase size or shape does not
directly correlate with binding affinity.

In addition, a strong correlation between binding af-
finity and overall mr-electron surface area is not appar-
ent, since the K; value for the electron-rich d5-PhITP
(Ki = 42 M) is identical to that for d5-CHITP (K; =
42 nM), which lacks significant r-electron density at
the 5-position. It is quite surprising that the hydrophilic
analogue d5-CITP binds to gp44/62 with a relatively low
K; of 37 WM. This provides an interesting paradox as
the small hydrophilic nucleotide d5-CITP binds with
nearly the same affinity as large, hydrophobic ana-
logues such as d5-CHITP and d5-PhITP. This dichotomy
becomes even more intriguing when one considers that
d5-NITP, an analogue possessing both hydrophobic
and hydrophilic character, binds 5-fold more tightly than
any of these analogues.

Exploring the Active Site of gp44/62. Predictive in sil-
ico models of the active site of gp44/62 bound with ATP
(Figure 4, panel a) or with d5-NITP (Figure 4, panel b)
were generated to provide more insight into the mecha-
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Figure 3. d5-NITP inhibits assembly of the bacteriophage T4 replicase. a) Diagram of strand displacement assay used to
monitor replicase assembly and function. DNA polymerase alone (I) can incorporate nucleotides up to the forked strand
but is unable to extend beyond it. As such, the longest product possible is a 44-mer. DNA polymerase in the presence of
accessory proteins (Il) defines the replicase and is able to extend the primer beyond the forked strand up to the abasic
site (SP) present at position 51 in the template. In this case, the longest product formed is a 50-mer. When an ATPase in-
hibitor is present (lll), replicase assembly is prevented. As a result, extension beyond the forked strand is not observed
and the longest product detected is 44-mer generated by DNA polymerase alone. b) Representative denaturing gel elec-
trophoretic images of DNA synthesis catalyzed by the bacteriophage T4 polymerase and replicase in the absence or pres-
ence of d5-NITP. DNA substrate alone (lane 1), T4 DNA polymerase (lane 2), T4 DNA replicase (polymerase and acces-
sory proteins) (lane 4), T4 DNA polymerase with 100 uM d5-NITP (lane 3), and T4 DNA replicase with 100 .M d5-NITP
(lane 5). c) Quantification of product formation using the strand displacement assay described above. d) Fluorescence
changes associated with opening of the bacteriophage T4 processivity factor by the clamp loader, gp44/62. In the pres-
ence of 1 mM ATP, gp44/62 opens the closed ring of the homotrimeric gp45 labeled with fluorescent probe to generate a
rapid change in fluorescence. In the presence of 1 mM d5-NITP, a significantly smaller change in fluorescence is ob-
served indicating that clamp opening does not occur upon binding of the non-natural nucleotide.

nism of nucleotide binding. In the absence of a struc- ate a threaded model based on the structure of P.
ture for gp44/62, the PHYRE (20) serverwas used to cre-  furiosus RFC (11QP) with a high degree of confidence (€
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Figure 4. Molecular modeling of the active sites of gp44/62 and
y-complex. The active site of the bacteriophage T4 clamp loader, gp44/
62, bound with (a) ATP or (b) d5-NITP. The active site of the E. coli

clamp loader, y-complex, bound with (c) ATP or (d) d5-NITP.

TABLE 2. Summary of inhibition constants for
various non-natural nucleotides against
wild-type, R175K, and R175L mutants of

gp44/62

Nucleotide
analogue

Wild-type K; (uM)”  R175K K (uM)  R175L K; (uM)

ATPyS 289 +11.6 140=*35 332=*8.0
d5-NITP  48+0.5 13.8*42 16.4=*2.4
d5-CITP 37 +8 40.6 +17.6 <200°
d5-EtITP  81.5+17.0 252*42 11.0=*3.5
d5-EyITP <200 26.2 +9.0 34+ 14
d4-NITP  342+67 302*7.4  41.6*10.9
dé-NITP 51+ 1.4 9.1+21 5.0.*+ 1.8

9Reactions were performed using 500 nM gp44/62 and gp45,
10 mM Mg?*, 100 uM ATP, and 1 M DNA. The concentration
of nucleotide was varied from 0.5 to 400 M. Assays were per-
formed at 25 °C. Initial rates in ATP consumption were ob-

tained from the time courses that were linear over the time

frame measured (120 s). ICs, values were converted to disso-
ciation constants (K) using eq 3. °No inhibition was observed

at nucleotide concentrations greater than 200 M.

ENG ET AL.

value of 2.5 X 107%). In this model, gp44/62 binds
ATP through interactions with each individual compo-
nent of the nucleoside triphosphate. The triphosphate
moiety interacts with a positively charged arginine
(Arg205) as well as G55, K56, and T57 that compose
part of the Walker A motif. The hydroxyl group on the ri-
bose moiety interacts with Arg16 through hydrogen
bonding interactions while contacts with the adenine
ring are stabilized through —ar stacking interactions
with Phe204 and hydrogen-bonding interactions with
amide bonds on the adjacent helix.

The model of gp44/62 bound with d5-NITP shows
many of the same interactions. Two noticeable differ-
ences, however, include more favorable stacking inter-
actions between the indolyl ring and Phe204, as well as
potential electrostatic interactions between the nitro
group and Arg175. This model shows strong alignment
between the two oxygens on the nitro moiety with the
guanidinium nitrogens of Arg175 that is not present in
the model of gp44/62 bound with ATP. As such, the ori-
entation and close proximity (<4 R) between these
complementary functional groups could account for the
higher affinity of d5-NITP compared to ATP.

To investigate this mechanism, inhibition constants
for d5-NITP were measured using two active site mu-
tants, R175L and R175K (Table 2). The binding affinity
for d5-NITP decreases ~3-fold upon the conservative
substitution of arginine with lysine. This small decrease
is consistent with a minimal loss of electrostatic interac-
tions between the oxygens of the nitro group and the
guanidinium nitrogen. Surprisingly, the K; of 16 uM for
the R175L mutant is identical to 14 M measured with
the R175K mutant. At face value, this result is unex-
pected since replacing the positively charged arginine
with the hydrophobic leucine should abrogate electro-
static interactions and thus weaken binding affinity by
at least 10-fold. However, hydrophobic interactions be-
tween the nitro and leucine most likely compensate for
the loss of the electrostatic interaction. Indeed, the iden-
tity in K; values for d5-NITP with the R175K and R175L
mutants likely reflects its bipolar character, as d5-NITP
possesses both hydrophilic and hydrophobic proper-
ties. This possibility was investigated by measuring the
inhibition constant for d5-CITP with these mutants. The
K of 41 wM with the R175K mutant is very similar to the
K; of 37 uM with wild-type gp44/62. This minimal
change is expected, since the carboxyl moiety can form
favorable electrostatic contacts with either arginine or ly-
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sine. However, a more dramatic effect is observed with
the R175L mutant as reflected by the large K; of

>200 M, indicating that replacement of a positively
charged amino acid with the hydrophobic leucine ad-
versely influences the binding of the negatively charged
d5-CITP.

Additional evidence for the role of Arg175 in binding
non-natural nucleotides comes from comparing the K;
values for hydrophobic analogues such as d5-EtITP and
d5-EyITP (Table 2). These analogues bind poorly to wild-
type and R175K mutant. However, their K; values are
~10-fold lower in the R175L mutant compared to wild-
type enzyme. This increase in binding affinity is consis-
tent with a model invoking entropic stabilization of the
hydrophobic nucleobase within a hydrophobic active
site upon replacement of arginine with leucine. By infer-
ence, these data suggest that the high binding affinity
of d5-NITP is caused by the schizophrenic nature of the
nitro moiety, which can interact with positively charged
amino acids through enthalpic effects and with hydro-
phobic amino acids through entropic/desolvation
effects.

At the molecular level, the nitro group appears to be-
have as a promiscuous pharmacophore as it can blend
into different protein environments with diverse func-
tional groups such as positively charged and hydropho-
bic amino acids. In this case, the electron-withdrawing
potential and zwitterionic character of -NO; allows it to
participate in non-covalent, electrostatic interactions
while its double-bond character provides potential inter-
actions though mr-cation and —r stacking arrange-
ments. Finally, the surprisingly low solvation energy of
the nitro moiety allows it to interact with molecular tar-
gets through entropic effects. These collective properties
provide d5-NITP with its superior inhibitory effects
against ATP-dependent clamp loaders, especially com-
pared with other competitive inhibitors such as ATPyS
and AMP-PCP that accurately mimic ATP. Since the
triphosphate moiety of d5-NITP is unmodified, inhibi-
tion displayed by this non-natural nucleotide likely oc-
curs via non-productive binding that prevents conforma-
tional changes in gp44/62 required for proper
interactions with gp45. We argue that interactions be-
tween d5-NITP and specific amino acids such as Arg175
and Phe204 within the ATP-binding site are respon-
sible for non-productive binding as these interactions
do not exist when ATP is bound to gp44/62.

www.acschemicalbiology.org

To investigate this further possibility, we measured
the K; values for d4-NITP and d6-NITP to evaluate if the
position of the nitro pharmacophore impacts nucleotide
binding. With wild-type gp44/62, the K; of 34 .M for d4-
NITP is ~6-fold higher than that for d5-NITP (5.7 M)
and suggests that placement of the nitro group at the
4-position prohibits favorable contacts with Arg175
(Table 1). Consistent with this argument, the K; value
for d4-NITP is unaltered when Arg175 is replaced with
either lysine or leucine (Table 2). In contrast, the K; for
dé6-NITP (5.1 wM) is identical to that for d5-NITP (4.8 M)
and suggests that the binding mode for d6-NITP and d5-
NITP are identical (Table 1). However, the model in
Figure 4, panel b argues otherwise as Arg175 does not
directly interact with the pharmacophore at the
6-position. Instead, the high binding affinity for d6-NITP
likely results from favorable electrostatic interactions
with Arg16, another positively charged amino acid in
close proximity. Collectively, these data indicate that the
position of the nitro pharmacophore influences binding
affinity through discrete molecular contacts with active
site amino acids.

d5-NITP Is a Selective Inhibitor of gp44/62. Clamp
loaders across all species serve identical functions by
using ATP to assemble their respective DNA replicase
complexes (21). In fact, the clamp loaders from bacterio-
phage T4, E. coli, and eukaryotes all display significant
similarity (~56%) and identity (~33%) in regions that
interact with ATP (see Supporting Information 2). The
similarities in function and active site composition pre-
dict that all clamp loaders should display an identical
structure—activity relationship for the non-natural nucle-
otides used in this study. This hypothesis is inaccurate
as the K; values for non-natural nucleotides differ signifi-
cantly between gp44/62 and the related E. coli
vy-complex (Table 1). In fact, gp44/62 binds these ana-
logues with affinities ranging from 5 M to greater than
200 wM, whereas the y-complex binds the same ana-
logues with an average affinity of ~20 wM. Compared
to gp44/62, the y-complex binds the majority of ana-
logues with higher affinity. In fact, d5-NITP is the only
nucleotide analogue that binds more tightly to gp44/62
than to the y-complex. The difference in binding affinity
provides a selectivity factor of 4.5 for the phage clamp
loader, whereas most other analogues display selectiv-
ity factors of <1 (Table 1).

The selectivity of d5-NITP was investigated by com-
paring in silico models of the active site of the y-complex
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Figure 5. Inhibition of T4 plaque formation by d5-NlI. a) The addition of
100 pg mL~! d5-NI reduces plaque formation. Arrows indicate
plaques caused by the lysis of phage-infected E. coli. b) Graphical
quantification of plaque reduction by d5-NI (n = 4, **p < 0.01 vs
others). ) Effects of 100 pg mL~* d5-NI (#), d5-Eyl (A), and ampicil-
lin (®) compared to a DMSO control treated normal growth curve of
E. coli (m). d) Comparing the ability of d5-NI, d5-Eyl, d5-Fl, and chlor-
amphenicol to inhibit phage infectivity (n = 4, **p < 0.01 vs others).

e) The addition of 100 pg mL~* d5-NI reduces plaque formation more
effectively in wild-type E. coli JA300) compared to the E. coli strain
KY895, which is deficient in deoxythymidine kinase activity (tdk-1)

(n = 3, *p < 0.05).

(1NJF) bound with ATP (Figure 4, panel c) or d5-NITP
(Figure 4, panel d) with corresponding models of
gp44/62 (Figure 4, panel a and b). Visual inspection re-
veals some obvious similarities between the two clamp
loaders. The triphosphate moieties of ATP and d5-NITP
interact with amino acids within the Walker A motif
(G57, K58, and T59) as well as Arg63 in the E. coli
vy-complex. A major difference between the two clamp
loaders, however, is the absence of an aromatic amino
acid in the active site of the y-complex that can interact
with adenine or the indole of d5-NITP. In addition, the
vy-complex lacks a positively charged amino acid analo-
gous to Argl75 in gp44/62 that could interact with the
nitro pharmacophore. In fact, the active site of the
vy-complex (Figure 4, panel c) resembles a simple hydro-
phobic pocket lined with small, aliphatic amino acids in-
cluding P12, V18, and V19. This hydrophobic environ-
ment could explain why most hydrophobic non-natural
nucleotides bind with similar affinities (~20 M) that
are relatively independent of shape/size, -electron sur-
face area, and dipole moment.
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Testing the In Vivo Selectivity of Non-natural
Nucleosides. We hypothesize that the differences in K;
values for d5-NITP between clamp loaders could be ex-
ploited to inhibit phage replication while leaving DNA
synthesis in the E. coli host unperturbed. This system
provides a simple and convenient model to test non-
natural nucleos(t)ides as potential agents that selec-
tively inhibit pathogenic DNA synthesis in a host. This
was investigated using a plaque-forming assay to quan-
tify the ability of non-natural nucleosides to inhibit
phage infection in an E. coli host (22). Data provided in
Figure 5, panel a shows that E. coli preincubated with
100 pg mL~* d5-NI have ~40% fewer plaques com-
pared to untreated E. coli. The protective effect is dose-
dependent, as treatment with 25 ug mL~* d5-NI pro-
vides ~2.5-fold less protection than 50 pg mL™?
(Figure 5, panel b). It should be emphasized that the
nitro group acts as the primary pharmacophore since
other non-natural nucleosides generate significantly
less protective effects. This is evident as treatment with
150 pg mL™! 5-ethylene-indolyl-2’-deoxyribose (d5-Ey)
only inhibits 15% of plaque formation, whereas other
analogues such as 5-fluoro-indolyl-2’-deoxyribose (d5-
FI) do not inhibit plaque formation at concentrations of
100 pg mL™! (Figure 5, panel d).

The reduction in phage infectivity by d5-NI does not
appear to be caused by an indirect mechanism such as
reducing the viability of E. coli. This conclusion is based
upon several independent pieces of evidence. First,
d5-NI does not produce a significant bactericidal or bac-
teriostatic effect on E. coli in suspension (Figure 5,
panel ¢) or when plated on LB/agar for extended peri-
ods of time (see Supporting Information 3). Second, the
inclusion of a bacteriostatic agent such as the antibi-
otic chloramphenicol does not cause an appreciable de-
crease in phage infectivity (Figure 5, panel d). Finally,
the inability of other non-natural nucleoside analogues
such as d5-Ey and d5-Fl to inhibit plaque formation cor-
relates well with the poor potency of the corresponding
nucleoside triphosphate to inhibit gp44/62. In fact, the
protective effects of 100 wg mL™* of d5-NI against phage
infection correlates with the in vitro inhibitory effects of
d5-NITP against the bacteriophage clamp loader. In-
deed, simple calculations predict that complete conver-
sion of 100 ug mL™?! of d5-NI to the corresponding
triphosphate would generate a maximum intracellular
concentration of 200 wM d5-NITP. This concentration
would be sufficient to inhibit greater than 98% of
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gp44/62 activity in vivo, as it is >40 times the K; value
of 4.7 uM measured for d5-NITP. We acknowledge that
complete conversion of d5-NI to d5-NITP is unlikely.
However, even a low conversion efficiency of 10% would
result in an intracellular concentration of 20 pM d5-
NITP. This concentration would still produce an appre-
ciable inhibitory effect on the bacteriophage clamp
loader while having a minimal effect on the E. coli clamp
loader that possesses a higher K; value for d5-NITP.

To investigate if the effects of d5-NI are dependent
upon nucleoside phosphorylation, we measured the
ability of this non-natural nucleoside to inhibit phage
infection in an E. coli strain lacking deoxythymidine ki-
nase activity (E. coli strain KY895). Reducing nucleoside
phosphorylation activity should result in a lower intra-
cellular concentration of d5-NITP, which would reduce
the inhibitory effects in phage infectivity. This would be
manifest in an increase in plaque formation. Indeed, the
protective effects of d5-NI appear to be dependent
upon its conversion to d5-NITP, as the data provided in
Figure 5, panel e show that the effects of d5-NI are sig-
nificantly reduced in a deoxythymidine kinase deficient
(tdk-1) E. coli strain (KY895) compared to wild-type
E. coli (JA300). Experiments to accurately quantify the
concentration of non-natural nucleotides in these E. coli
strains are currently being performed to validate this
proposed mechanism. Regardless, the data presented
here suggest the inhibitory effects of d5-NI on phage in-
fectivity are linked with the enzymatic formation of the
nucleoside triphosphate.

Collectively, the in vitro and in vivo data presented
here demonstrate that replicative accessory proteins are
bona fide targets for therapeutic intervention against
pathological disorders caused by uncontrollable DNA syn-
thesis. Although inhibiting DNA polymerase activity is
the most logical target for therapeutic intervention, agents
targeting this activity can cause toxic side effects by non-
selectively inhibiting DNA synthesis in diseased and
healthy cells. Using the simple bacteriophage T4 replica-
tion system as a tool, this report illustrates a way to cir-
cumvent this complication by selectively inhibiting DNA
synthesis by targeting the activity of an essential replica-
tive accessory protein. In this respect, the ability of the
non-natural nucleoside d5-NI to differentially inhibit bac-
teriophage infectivity without affecting E. coli proliferation
likely reflects the ability of the corresponding nucleotide
to inhibit ATP-dependent processes involved in assembly
of protein complexes at the DNA replication fork of the
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bacteriophage. From a pharmacological perspective, this
preferential inhibition can be rationalized by simply evalu-
ating the selectivity factor for d5-NITP, defined as the ra-
tio of its K; value for y-complex versus gp44/62 (K host/
Ki pathogen)- IN general, high values of greater than 100 are
desired as they predict exclusive inhibition of the target
enzyme without influencing the activity of enzymes
present in the host. As such, it is quite surprising that
d5-NI displays any in vivo selectivity since the calculated
in vitro selectivity factor for d5-NITP is only 4.5. This low
value suggests that d5-NITP should elicit an appreciable
cytostatic effect against E. coli by inhibiting bacterial DNA
synthesis. However, this dichotomy can be rectified by
taking into account a limitation of “selectivity”, which as-
sumes that the K, value for the substrate will be identical
among all potential targets. Indeed, selectivity factors
can greatly underestimate the therapeutic potential of a
compound if K, values for the substrate differ by only
5-fold among various enzyme targets. As such, the thera-
peutic potential of an inhibitor must take into account
the relationship between the K; for the inhibitor with re-
spect to the K, for the substrate. This relationship, calcu-
lated as the ratio of [(Km/K) pathogenl/[(Km/K dnostl, defines
the sensitivity factor for an inhibitor. Using the parameters
listed in Table 1, the sensitivity factor for d5-NITP against
gp44/62 is 20, and this higher value could explain the
cytostatic effects of d5-NI against phage proliferation
in vivo. Kinetic simulations of this model (Supporting In-
formation 4) indicate that differences in the K, for ATP
will cause a competitive inhibitor such as d5-NITP to
have a more pronounced inhibitory effect on the ATPase
activity of the bacteriophage clamp loader compared to
the y-complex.

Another possibility is that fundamental differences
in the biology of DNA replication between E. coli and
the phage invader may contribute to the inhibitory ef-
fects of d5-NITP (see Supporting Information 5). For ex-
ample, E. coli replicates its circular genome in a bidirec-
tional manner from a single origin of replication. This
simple mode of replication requires minimal clamp
loading events to achieve continuous and uninterrupted
leading and lagging strand DNA synthesis. In contrast,
bacteriophage T4 DNA synthesis is more complicated as
replication of its linear genome occurs in two distinct
phases. After bidirectional DNA synthesis commences
from fixed locations in the phage genome, there is a
switch to recombination-dependent replication (RDR)
that produces long concatemers of the phage genome
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generated via homologous recombination. RDR re-
quires the activity of two additional bacteriophage en-
zymes, UvsX and UvsY, that utilize ATP to catalyze strand
invasion of single stranded 3’ ends of DNA into homolo-
gous regions of duplex DNA. After replication of the re-
sulting “D-loop” structures, the concatemers are pro-
cessed into smaller genomic segments by terminase
prior to packaging into new phage patrticles. Since effi-
cient concatemeric replication depends upon a high fre-
quency of clamp loading events, the bacteriophage is
predicted to be more sensitive to the inhibitory effects
of d5-NITP. In addition, d5-NITP could inhibit other tar-
gets associated with bacteriophage replication and/or
infection including other ATP-dependent enzymes such

as UvsX, UvsY, gp59 (DNA helicase), and gp 61 (heli-
case loader) that are required for RDR. Regardless, these
data support a new approach to disrupt the activity of
a specific replicative accessory protein in various DNA-
and RNA-dependent viruses. This approach could be
used to develop new therapeutic agents against her-
pes simplex virus (HSV) and hepatitis C virus whose life
cycles also depend on the activity of ATP-dependent ac-
cessory proteins (23). HSV is a particular relevant ex-
ample since it possesses several accessory proteins, in-
cluding the origin-dependent replication initiator (UL9)
and the DNA helicase-primase (UL5, UL52 core enzyme,
and UL8 loader), that require ATP binding and hydroly-
sis for activity (24).

METHODS

Materials. Non-natural nucleosides and nucleotides were syn-
thesized as previously described (210, 25-27). Purification of
wild-type gp44/62 and gp45 from overproducing strains ob-
tained from Dr. William Konigsberg (Yale University) was per-
formed as previously described (28). The R175K and R175L mu-
tants of gp44/62 were constructed using the Stratagene
QuikChange mutagenesis kit and purified as described (28).
Purification of exonuclease-deficient T4 DNA polymerase
(D129A) was performed as previously described (29). The
pET26b vector harboring the double mutant gp45 W199F V162C
(30) was a generous gift from Dr. Stephen Benkovic (Pennsylva-
nia State University). Expression, purification, and labeling of
the mutant gp45 with 7-diethylamino-3-(4’-maleimidylphenyl)-
4-methylcoumarin (CPM) (Molecular Probes) was done as de-
scribed (30).

Initial Velocity Studies in the Presence and Absence of Inhibitor.
All experiments with gp44/62 used the following buffer system
(designated T4 buffer): 50 mM Tris pH 7.5, 10 mM DTT, 150 mM
potassium acetate, 10% glycerol. A typical ATPase assay con-
tained 10 mM Mg?*, 1 uM 13/20 DNA, 500 pM ()NTP or (d)NTP,
500 nM gp45, and 500 nM gp44/62 in T4 buffer. ATPase activ-
ity was measured by monitoring the release of P; using a mala-
chite green assay (31) or via the hydrolysis of [y->?P]-ATP. Reac-
tion inhibition studies used identical conditions except for the
inclusion of variable concentrations of inhibitor (0—400 M)
and a fixed concentration of ATP (32.5 nM [y->2P]-ATP and
100 wM unlabeled ATP). Reactions were quenched at variable
times (0—120 s) by the addition of an equal volume of 1 N for-
mic acid and analyzed by TLC on PEl-cellulose plates (EM Sci-
ence) using 0.6 M KH,PO,, pH 3.5. The ATPase activity of the
vy-complex was measured as above using the following modifi-
cations: all reactions were performed at 37 °C, y-complex buffer
(20 mM Tris pH 7.5, 5 mM DTT, 10% glycerol) was used, the con-
centration of ATP was fixed at 20 uM, and 100 nM B-subunit
and y-complex were used. Reactions were quenched using
0.5 M EDTA. In both cases, product formation was detected us-
ing a Packard Cyclone Phosphorimager. The ratio of free 32P; to
non-hydrolyzed [y->2P]-ATP was multiplied by the final concen-
tration of ATP to obtain total product concentration. Product for-
mation in the absence of enzyme was measured and subtracted
from all measurements. Initial velocities were obtained by fit-
ting the data to eq 1:
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y=mx+b 1)

where y is product concentration, x is time, m is the slope, and
b is the y-intercept. ICs, values were obtained by fitting initial ve-
locities to eq 2:

y =100/ + (IC5o/D™ 2

where y is the fractional activity, / is the concentration of inhibi-
tor, 1Cso is the concentration of inhibitor that yields 50% en-
zyme activity, and n is the Hill coefficient for the inhibitor. True
inhibition constants designated as K; values were obtained from
eq 3:

K, = 1Cso/1 + [ATPI/K,, 3)

where K., is the Michaelis—Menten constant for ATP, [ATP] is
the concentration of ATP, and ICs, is the concentration of inhibi-
tor that yields 50% enzyme activity.

Replicase Formation Assay. 34/Bio-62 (50SP)/36-mer was
prepared and labeled as previously described (32). T4 buffer
was mixed with 34/Bio-62 (50SP)/36-mer (500 nM), ATP
(100 M), Mg?* (10 mM), streptavidin (1 wM), dCTP (500 uM),
gp44/62 (500 nM), gp45 (500 nM), and gp43 exo™ (150 nM).
Reaction was initiated with gp43 exo™ and incubated for 10 s.
Elongation was initiated by addition of (d)NTPs (100 uM) with
salmon sperm DNA trap (3 mg mL™%) and quenched in an equal
volume of 1 M HCl at variable time (0—15 s). DNA was ex-
tracted using phenol/chloroform/isoamyl alcohol (25:24:1)
and neutralized with 1 M Tris/NaOH. Strands were separated
on a 16% denaturing acrylamide gel and detected by phosphor-
imaging. The presence of full-length product (50-mer) is indica-
tive of replicase formation.

Fluorescence Measurements. Tryptophan fluorescence was
measured with a Kintek SF-2004 stopped-flow. Excitation wave-
length was 290 nm and emission cutoff filter was 310 nm. Sy-
ringe A contained T4 buffer, 2 WM gp44/62, and 20 mM Mg?*.
Syringe B contained T4 buffer, 2 M 45 W199F V162C-CPM, and
2 mM ATP or 2 mM d5-NITP. Single mixing reactions were moni-
tored over 3 s, and data were fit to the equation for a single ex-
ponential (eq 4):
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where A is the amplitude, k is the first-order rate constant, and
tis time.

In Vivo Phage Assay and Toxicity Screen. Initial screening of po-
tential toxicity against E. coli was performed growing JA300
E. coli cells (ATCC) in the absence and presence of various non-
natural nucleosides. The culture media was LB supplemented
with 0.8 g glucose L™*. A 1:250 dilution of an overnight culture
was grown to midlog phase and treated with non-natural nucleo-
side for 1 h. Growth curves were obtained by measuring ODgqo,
and toxicity was assessed by comparing growth curves of cells
treated with non-natural nucleosides and DMSO. Toxicity over a
24-h period was assessed by plating dilutions of suspension
cultures on LB/agar plates and counting colonies after 24 h.

The inhibitory effects of various non-natural nucleosides
against phage proliferation was assessed using a plaque form-
ing assay. An overnight culture of JA300 E. coli cells was diluted
1:150 in LB and preincubated with varying concentrations of
non-natural nucleosides for 60 min at 37 °C. Cultures were then
infected with ~300 pfu of T4 bacteriophage (ATCC). The suspen-
sion was decanted over an LB/agar plate. After the suspension
absorbed into the LB/agar, plates were incubated at 37 °C for
24 h, and plaques were manually counted. To test the depen-
dence of non-natural nucleoside metabolism on phage inhibi-
tion, a deoxythymidine kinase knock out E. coli strain (KY895)
(33, 34) was obtained from the E. coli Genetic Resource Center
(Yale University) and used in place of JA300 in the plaque form-
ing assay. In all cases, ANOVA analysis and Student’s t test
were performed using Graphpad Prism v4.0.

Molecular Modeling. An energy minimized coordinates of d5-
NITP was generated from the Dundee PRODRG?2 Server (http://
davapcl.bioch.dundee.ac.uk/programs/prodrg/) (35). The
structure of y-complex used for modeling was obtained from
the RCSB Protein Data Bank (PDB ID: 1NJF). A model of gp44/62
was obtained by threading the primary sequence of gp44/62
was into the structure of P. furiosus RFC (24% sequence iden-
tity PDB ID: 1IPQ) using the Imperial College Protein Homology/
analogy Recognition Engine (PHYRE) (http://www.sbg.bio.ic.ac.
uk/phyre/). d5-NITP was docked into the active site of each
structure using Crystallographic Object-Oriented Toolkit (36).
Docked models were then subject to energy minimization us-
ing CNSolve v. 1.1.
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