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Ribonucleotide reductase (RNR) catalyzes reduction of the four
different ribonucleotides to their corresponding deoxyribonucleoti-
des and is the rate-limiting enzyme in DNA synthesis. RNR is a well-
established target for theantiproliferative drugsGemzar andHydrea,
for antisense therapy, and in combination chemotherapies. Surpris-
ingly, fewnovel drugs that target RNR have emerged, partly because
RNR activity assays are laboratory-intense and exclude high-through-
put methodologies. Here, we present a previously undescribed PCR-
based assay for RNR activity measurements in microplate format.We
validated the approach by screening a diverse library of 1,364 com-
pounds for inhibitors of class I RNR from the opportunistic pathogen
Pseudomonas aeruginosa, and we identified 27 inhibitors with IC50
values from ∼200 nM to 30 μM. Interestingly, a majority of the iden-
tified inhibitors have been found inactive in human cell lines as well
as in anticancer and in vivo tumor tests as reported by the PubChem
BioAssay database. Four of the RNR inhibitors inhibited growth of
P. aeruginosa, and twowere also found to affect the transcription of
RNR genes and to decrease the cellular deoxyribonucleotide pools.
This unique PCR-based assay works with any RNR enzyme and any
substrate nucleotide, and thus opens the door to high-throughput
screening for RNR inhibitors in drug discovery.
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Ribonucleotide reductase (RNR) is an essential enzyme for de
novo synthesis of DNA building blocks via reduction of the

2′-hydroxyl of ribonucleotides (1, 2). With its key role in the DNA
synthesis pathway, RNR is an absolute requirement for cellular
proliferation and a prerequisite for life. RNR is found in all free-
living organisms as well as in some dsDNA viruses. The only
known exceptions to this ubiquitous presence are a few parasites
and obligate intracellular endosymbionts (3) that rely on the host
cell for production of DNA precursors. Thus, RNR is a potential
antimicrobial drug target in a wide variety of organisms.
RNR enzymes exist in three different classes, each with dif-

ferent cofactor requirements. Eukaryotes generally possess only
one class, whereas bacteria possess any combination of RNR
classes (3). Different oligomeric states of RNRs are known, and
a common active form of the major variants of RNR is a dimer
of dimers (α2β2) (4). RNR exhibits a radical-based catalytical
mechanism that involves redox cycling of cysteine residues, spe-
cific metal ion dependencies, essential subunit interactions, and
sophisticated allosteric regulation (1). Thus, in addition to con-
ventional competitive inhibition, pharmaceuticals may interfere
with subunit interactions, binding to allosteric effector sites,
metal chelation, radical formation and transfer, or inhibition of
cysteine disulfide exchange. These sites of potential intervention
offer a plethora of possibilities for the design of pathogen-specific
antibiotics. Because sequence identities between bacterial and
human RNRs are typically well below 50%, the chances of de-
signing species-specific inhibitors are improved even more.
Current drugs targeted at RNR are used in anticancer therapy

[e.g., the radical scavenger Hydrea (hydroxyurea) and the nu-
cleoside analog Gemzar (gemcitabine, 2′,2′-difluoro-2′-deoxy-
cytidine)] that convert to a suicidal substrate analog in vivo. In-

hibitors that explore other chemical features of RNR (e.g., iron
chelators and peptides, peptide analogs mimicking subunit in-
teractions) (5, 6) have been developed as an approach to anti-
leishmanial drugs (7), as well as the basis for novel antibiotics
against Mycobacterium tuberculosis (8) and antivirals against
herpes simplex virus (9–11). To date, none of these efforts has led
to development of an approved antimicrobial or antiviral drug.
There is a limited chemical variation of RNR-targeted drugs

and inhibitors. A reason for this is that available enzyme activity
assays have not allowed an unbiased search for novel RNR
inhibitors (i.e., high-throughput screening (HTS)]. Current
methodologies are all markedly labor-intensive because of the
fact that ribonucleotides and deoxyribonucleotides are difficult
to resolve experimentally (12–15). This severely limits the
number of samples that can be processed per day. Therefore, the
development of RNR inhibitors has been restricted to obvious
chemical properties inherent in RNR enzymology, mostly by
nucleotide analogy and radical chemistry. An efficient RNR
activity assay that allows inhibitor screening in microplate format
would have the potential to identify a range of novel inhibitors
against this promising and ubiquitous drug target.
Here, we present a PCR-basedmethod [patent pending (16)] for

activity determination of RNR that is suitable for screening of
compound libraries in microplate format. The method relies on
quantification via PCR of the amount of a dNTP formed by RNR.
Only three dNTPs are added in excess to the PCRmixture, and the
fourth limiting dNTP is supplied via theRNR reactionmixture. For
RNR enzymes using ribonucleoside diphosphates as substrates, the
PCR-required dNTP is obtained from the RNR reaction via an
incubation step with nucleoside diphosphate kinase (NDPK). The
amount of DNA formed in the PCR is related to the amount of the
limiting dNTP, and it can be quantified by various means (e.g., via
fluorescence intensity of DNA binding dyes or radioactivity-based
detection). To exemplify the usefulness of the methodology, we
have screened the diversity set II compound library (http://dtp.
cancer.gov) of theNational Cancer Institute (NCI) for inhibitors of
RNR from Pseudomonas aeruginosa, an opportunistic pathogen
and major cause of nosocomial infections (17, 18). Among 1,364
diverse compounds, we identified 27 RNR inhibitors with IC50
values ranging from ∼200 nM to 30 μM. These RNR inhibitors
were tested for inhibition of growth of P. aeruginosa PAO1, and
four compounds exhibited potencies in the same range as or better
than carbenicillin, tetracycline, and hydroxyurea. Among the RNR
inhibitors with antibacterial activity, two were found to lower
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cellular dNTP levels and to affect RNR gene expression, which are
observations compatible with RNR being targeted in vivo.

Results
PCR-Based Assay for Identification of RNR Inhibitors. PCR experi-
ments with limiting amounts of dCTP indicated that DNA for-
mation was approximately linear up to 12 μM limiting dCTP and
that NDPK conversion of dCDP to dCTP was sufficiently ef-
fective to give comparable PCR results and linearity (Fig. 1).
Assay performance was also verified with different incubation
times and different amounts of RNR in the reactions (Fig. S1).
Assay conditions were adapted for SYBR green-based detection
and CDP as substrate for RNR (Fig. 1). All four RNR products
(dCTP, dUTP, dATP, and dGTP) and dTTP could be used as
limiting dNTP, with dCTP and dTTP giving the highest sensi-
tivities (Fig. S2).
When the assay was used to screen for RNR inhibitors, con-

ditions were calibrated to create maximal separation between
positive and negative control samples. Thus, measures were
taken to ensure that samples with the highest product formation
(positive controls) gave a response close to the upper detection
limit of the assay. This rendered the response of samples with an
activity higher than the positive controls to be partly flattened
and favored detection of inhibitors. The final screening con-
ditions gave good separation between positive and negative
control samples, as judged by a Z-factor of 0.86 (Fig. S3).

Identification of 27 Potent Inhibitors of P. aeruginosa RNR. We
screened the NCI’s diversity set II (1,364 compounds) with the
unique assay, and 110 compounds were found to inhibit class I
RNR from P. aeruginosa by >50% (Fig. 1). We selected 28

compounds exhibiting>90% inhibition for dose–response analysis
using the conventional assay (14, 15) with radiolabeled CDP,
chromatographic purification of formed dCDP, and subsequent
quantification using liquid scintillation counting. In addition to
assessment of inhibitor potency, this served to confirm the hits with
a complementary assay. All derived dose–response curves allowed
acceptable model-to-data fit and determination of IC50 values.
Interestingly, two of the selected strong inhibitors were duplicates
in the NCI diversity set; thus, the screen identified 27 compounds
with confirmed inhibition of RNR activity.
IC50 values for the 27 active compounds ranged from 0.2 to

34 μM (Fig. 2 and Figs. S4–S7), which corresponds to Ki values of
∼46 nM to 8 μM, for the experimental conditions applied and
assumed competitive inhibition [Ki = IC50/(1 + [S]/Km)]. Nota-
bly, the enzyme concentration in the assay was high (0.25 μM and
1 μM for the respective RNR subunits), which suggests that the
most potent inhibitors may be tight binders with Ki values even
lower than the apparent ones reported. In addition, the relatively
high enzyme concentration in relation to the potency of the
inhibitors indicates that inhibition likely involves interference
with the catalytical machinery of RNR rather than trivial mech-
anisms, such as aggregation leading to promiscuous inhibition.

Four Main Groups of RNR Inhibitors. On a structural basis and with
respect to functionality and possible mode of action, the inhibitors
could be divided into a few groups. Three groups contained
compounds with functionalities known to be redox-active and that
exhibited some similarity to compounds known to affect RNR
activity. These three groups were defined by 5 anthraquinone-like
(Fig. S4), 10 naphthoquinone-like (Fig. S5), and 4 phenol-con-
taining (Fig. S6) substances. Eight (one-third) of the confirmed
inhibitors were more diverse and did not possess functionalities
obviously related to known RNR inhibitors, and they were defined
as a separate group of diverse compounds (Fig. S7).
The most potent inhibitors were found within the anthraqui-

none-like group and exhibited IC50 values below 1 μM (Fig. S4).
In order of potency as an RNR inhibitor, the group consists of
the dye toluidine blue (NSC36758), a derivative of the redox in-
dicator methylene blue (NSC40273), the resorufin analog ques-
tiomycin A (NSC94945), crystal violet 47 (NSC23123), and an
isoalloxazine derivative (NSC3064). Toluidine blue exhibited an
apparent IC50 value well below the enzyme concentration of
the assay, and the lowest concentration tested (0.2 μM) still
gave pronounced inhibition (Fig. 2). Compounds of the naph-
thoquinone-like group contain naphthoquinone or hydronaph-
thoquinone moieties. These compounds typically exhibited IC50

Fig. 1. PCR-based quantification of RNR enzyme activity. (Upper Left) PCR-
based assay with three dNTPs in excess and limiting amounts [1 (a), 2 (b), 4 (c),
6 (d), 12 (e), and 15 (f) μM] of either dCTP (Right) or dCDP (Left) in which
NDPK was used to catalyze conversion of dCDPs into dCTPs shows that
quantifications are linear up to 12 μM dCTP. The concentrations of dATP,
dGTP, and dTTP were 200 μM. DNA (ca. 180 bp) from PCRs was separated on
an ethidium bromide-containing (0.5 μg/mL) agarose gel (2%). (Upper Right)
NDPK-treated dCDP gives a similar response in the PCR-based assay as cor-
responding amounts of dCTP. An aliquot (10 μL) from each PCR was mixed
with SYBR green dissolved in TAE buffer (190 μL), and the fluorescence in-
tensity was recorded. (Lower Left) Distribution of relative P. aeruginosa RNR
enzyme activity in 1,364 assays each containing 100 μM of a compound from
the NCI’s compound library (diversity set II). Approximately 110 compounds
inhibited RNR enzyme activity to >50%, and 28 compounds inhibited it to
>90% (red bars). (Lower Right) Representative 96-well plate shows 80 sam-
ples (blue bars, 0–90% inhibition; red bars, >90% inhibition), eight fully
inhibited controls (purple bars), and eight noninhibited controls (yellow bars).

Fig. 2. Four RNR inhibitors that also have bactericidal effect on growth of
P. aeruginosa (Table 1): toluidine blue (NSC36758, ○), streptonigrin
(NSC45383, ●), NSC361666 (□), NSC228155 (■), and hydroxyurea (△). All
four inhibitors were significantly more potent than hydroxyurea. Toluidine
blue exhibited >70% inhibition even at 13 nM (discussed in main text).
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values from 1 to 10 μM. One subgroup is defined by three differ-
ently substituted hydronaphthoquinones (Fig. S5; NSC278631,
NSC128281, and NSC111552). Of these, NSC278631 (IC50 = 2.4
μM) with the largest substituent exhibited a fourfold lowered IC50
value, thus suggesting a possible structure–activity relationship.
Conversely, the subgroup defined by four differently substituted
naphthoquinones all exhibited similar IC50 values around 1.2 μM
(Fig. S5; NSC645330, NSC641396, NSC641395, and NSC661221).
Compounds in the phenol-containing group (Fig. S6) had IC50
values in the same range as compounds of the naphthoquinone-like
group. For the diverse group of compounds, IC50 values ranged
from 1.1 to 26 μM (Fig. S7).

Four RNR Inhibitors with Antibacterial Activity Against P. aeruginosa.
The 27 compounds that were active inhibitors of P. aeruginosa
RNR by the enzymatic dose–response test were further analyzed
for antibacterial activity against P. aeruginosa PAO1. Four
compounds [NSC36758 (toluidine blue), NSC45383 (streptoni-
grin), NSC361666, and NSC228155; Fig. 2] were active in disk
diffusion tests, and minimum inhibitory concentration (MIC)
and minimum bactericidal concentration (MBC) values were in
the micromolar range for three of these (Table 1). In relative
terms, these three compounds were as effective P. aeruginosa
bactericidals as the common antibiotics tetracycline and carbe-
nicillin. Compared with the cytostatic RNR inhibitor hydroxy-
urea (IC50 = 150 μM; Fig. 2), all four compounds exhibited
higher antibacterial activities, and streptonigrin and NSC228155
were about two to three orders of magnitude more potent than
hydroxyurea on the bacterial level (Table 1). Whereas both
streptonigrin and its methyl ester derivative (NSC45384) showed
similar inhibition at the enzymatic level (Fig. S5), only strepto-
nigrin was active against P. aeruginosa (Table 1). Interestingly,
the four compounds with obvious antibacterial activity each
belonged to a separate functional group of RNR inhibitors. This
demonstrates that our HTS approach for identification of RNR
inhibitors can identify potential leads of various chemical types.

Two Inhibitors Increase RNR Expression and Lower Cellular dNTP
Levels. The four inhibitors that exhibited antibacterial activity
were tested for their ability to affect expression of class I (nrdA)
and II (nrdJ) RNR genes using quantitative real-time PCR.
Subbactericidal concentrations of toluidine blue (100 μM) and
streptonigrin (20 μM) were found to cause >10-fold increased
expression of nrdJ, whereas nrdA was not significantly affected
(Fig. 3). In contrast, 100 μM of either of the other two inhibitors

(NSC361666 and NSC228155) did not cause any significant
changes in RNR transcript levels and followed the expression
profile of the DMSO-treated control sample (Fig. 3).
To investigate a coupling to inhibition of RNR activity in vivo,

toluidine blue and streptonigrin were further tested for their
effects on the cellular dNTP pools. As above, subbactericidal
inhibitor concentrations were added to P. aeruginosa cultures,
bacterial cells were harvested after 30 min of continued in-
cubation, and dNTPs were extracted and quantified. Both
streptonigrin and toluidine blue led to significantly depleted
levels of dNTP pools (Fig. 4). All four dNTPs were decreased by
both inhibitors, and compared with the control, streptonigrin
treatment decreased the total dNTP pool by 73 ± 21% and to-
luidine blue decreased it by 54 ± 16%.

Discussion
The PCR-based HTS method to screen for inhibitors of any RNR
has been tested on class I RNR from the opportunistic pathogen
P. aeruginosa. Among 1,364 chemically diverse compounds, ∼2%
(27 compounds) were potent inhibitors and had IC50 values be-
tween 0.2 μM and 34 μM. Four of these RNR inhibitors were also
found to inhibit growth of P. aeruginosa, and three compounds
were at least as bactericidal against P. aeruginosa as the well-
known antibiotics tetracycline and carbenicillin. Because these
four antibacterial compounds were structurally different, con-
tained different chemical functionalities, and were potent RNR
inhibitors with IC50 values between 0.2 μM and 26 μM, it is
conceivable that the approach presented here has a promising
potential to identify novel antibiotic leads with a known in-
tracellular target. The different chemical functionalities of the

Table 1. Antibacterial effect of unique RNR inhibitors compared
with a known RNR antiproliferative drug and two known
antibiotic drugs

Compound DDT*, mm MIC†, μM MBC‡, μM IC50
§, μM

NSC36758 (toluidine blue) 17 400 400 <0.2
NSC45383 (streptonigrin) 18 50 200 7.4
NSC361666 8 >400{ n.d.k 7.4
NSC228155 11 50 400 26
Hydroxyurea ND 5,700 180,000 150
Tetracycline 16 15 450 N/A
Carbenicillin 20 150 625 N/A

N/A, not applicable; ND, not detected.
*Disk diffusion test (38).
†MIC (LB media) (39).
‡MBC (LA plates) (39).
§Data from Fig. 2 and Figs. S4–S7.
{Distinct but not complete growth inhibition was observed at the highest
concentration tested (400 μM).
kNot determined (n.d.) because complete growth inhibition was not ob-
served at highest concentration tested (400 μM).

Fig. 3. Transcription of RNR genes in response to inhibitor treatment. Class
II RNR (nrdJ) (A) and class I RNR (nrdA) (B) P. aeruginosa cultures with an
optical density of 0.15 were treated with RNR inhibitors with antibacterial
activities (streptonigrin, □; toluidine blue, ○; NSC228155, ■; NSC361666,
thick black line) or DMSO as a control (△), and the fold-change in mRNA
expression was monitored over time by real-time PCR. Whereas streptonigrin
and toluidine blue lead to >10-fold changes in transcript levels of nrdJ,
changes by NSC228155 and NSC361666 are modest and close to the control.
None of the inhibitors significantly affected transcription of the nrdA gene.
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inhibitors suggest that different parts of the catalytical machinery
of P. aeruginosa RNR have been targeted. Approximately 15% of
the identified RNR inhibitors possessed antimicrobial activity,
which is a reasonable number considering the inherent drug re-
sistance of P. aeruginosa (19).
A phenol functionality was found in 4 of the 27 potent RNR

inhibitors identified by us (Fig. S6). This functional group, as well
as hydroxylamines (e.g., hydroxyurea), is known to exhibit re-
activity toward RNR and to act as a radical scavenger (20, 21).
Among the phenol-containing compounds, NSC361666 exhibited
antibacterial activity in the disk diffusion test; however, its effect in
liquid culture was weak, and we did not observe interference with
RNR gene expression for this compound. Similarly, for the diverse
group of compounds (Fig. S7), one (NSC228155) was found to
inhibit P. aeruginosa growth but did not affect RNR gene expres-
sion. Regardless of the limited biological effects of the inhibitors in
these two groups (Figs. S6 and S7), they are of interest to guide the
design of novel bioactive RNR inhibitors, especially in light of the
fact that most of these inhibitors are inactive in PubChem Bio-
Assays for activity against human cell lines in culture and in vivo
(Table S1). In this respect, the eight compounds (Fig. S7) with
structures previously unknown to be associated with inhibition of
RNR are particularly interesting and truly unique as RNR inhib-
itors. The most potent of these (NSC130872) is a reported in-
hibitor of cyclin-dependent kinase (22), and therefore a possible
competitive inhibitor with respect to nucleotides.
The most potent RNR inhibitors were found within the an-

thraquinone-like group of substances (Fig. S4). Based on their
structural features, compounds in this group can be classified as
distinctly redox-active, and they most likely inhibit RNR via in-
terference with radical formation, radical transfer, or metal oxi-
dation state. Related redox indicators have previously been shown
to interact with the radical harboring subunit of Escherichia coli

RNR (23, 24). In this group, toluidine blue exhibited an extremely
low IC50 value (<0.2 μM) and also exhibited antimicrobial activity.
Toluidine blue is structurally very similar to methylene blue. Both
are dyes with various uses in histology, for example, and are ca-
pable of two-electron redox cycling under physiological conditions
(25). They induce cancer cell apoptosis and have activity against
some bacteria (26, 27). The extreme IC50 of toluidine blue, below
the enzyme concentration in the assay, excludes pure competitive
inhibition and instead indicates that its activity is redox-related.
The mechanism may involve repeated and DTT-driven in-
activation of the radical harboring subunit of RNR.
The naphthoquinone-like RNR inhibitors are also known to

be redox-active, and therefore have potential to interfere with
this aspect of RNR catalysis (Fig. S5). Among the 10 compounds
in this group, the streptonigrin exhibited antibacterial activity
against P. aeruginosa that was in line with common antibiotics.
Streptonigrin is produced by Streptomyces flocculus, and it has
activity against several microbial pathogens (28, 29). Its cytotoxic
effects are enhanced by metal ions, and its mechanism of action
is proposed to involve redox cycling, formation of radicals,
genotoxic effects, or interference with cell respiration (30, 31).
Inhibition of RNR results in similar effects, as observed for hy-
droxyurea-mediated inhibition of RNR in E. coli (32). However,
RNR has not been proposed as a mode of action for streptoni-
grin. Despite the general toxicity of streptonigrin, it is inactive in
many tumor models (Table S1), suggesting that it has potential
as an antibiotic lead compound.
The cellular response by P. aeruginosa to toluidine blue and

streptonigrin involved increased expression of nrdJ and decreased
dNTP levels. We have previously observed a pronounced increase
in the expression of the P. aeruginosa class II RNR gene and
impaired dNTP synthesis caused by hydroxyurea treatment (33).
The increased RNR gene expression in conjunction with de-
pletion of dNTP levels indicates that RNR is targeted by tolui-
dine blue and streptonigrin, thus suggesting a novel activity for
these compounds that may be as relevant as their previously
reported effects (26–32). Our results suggest that inhibition of
growth is attributable to impaired DNA synthesis as a result of
low dNTP pools. A possible feedback mechanism accounting for
the induction of RNR expression in response to lowered dNTP
levels might be executed by NrdR, a protein that regulates RNR
expression (34, 35) and possesses an ATP cone capable of binding
nucleotides, and thereby to respond to nucleotide fluctuations.
In this study, we present a simple PCR-based assay to identify

novel RNR inhibitors. The assay is suitable for microplate format
and can be performed with standard laboratory equipment or fully
automated for HTS. Because the read-out is based on quantifica-
tion of DNA, a variety of detection modes can be used (e.g.,
fluorescence intensity of DNA-bound dyes, scintillation-based
detection of radiolabeled nucleotides). In its most simple form,
only a PCR thermocycler is required and semiquantitative results
can be obtained simply by photographic documentation of the
fluorescence of DNA-bound dyes on UV illumination. This is in
contrast to the chromatographic approaches currently used for
analysis of RNR activity, whose automation requires robotic
HPLC systems. The moderate detection range of the assay in its
current setup can easily be extended by adjustment of PCR con-
ditions, reagents, or the mode of detection (e.g., use of a scintilla-
tion proximity assay with streptavidin-coated beads, radiolabeled
RNR substrate, and biotinylated PCR primers). Moreover, an in-
teresting application of the assay is determination of dNTP pools.
This is a unique assay that is particularly suitable in HTS for

inhibitors of any RNR, regardless of species origin or substrate
preference. Using the method, we have identified several potent
and previously undescribed inhibitors of P. aeruginosa RNR with
distinctly different structures, and three of the identified com-
pounds exhibited clear antibacterial activities against P. aerugi-
nosa. Relative to hydroxyurea, an antiproliferative drug that

Fig. 4. dNTP pool changes in response to inhibitor treatment. P. aeruginosa
cultures with an optical density of 0.35 were treated with inhibitors associated
with increased RNR expression [streptonigrin (SN), light gray bars; toluidine
blue (TB), dark gray bars] or DMSO as a control (open bars). Cultivation was
continued for 30 min after addition of inhibitor, after which cells were har-
vested and dNTPs were extracted and quantified by HPLC. Given concen-
trations refer to the total amount extracted divided by the culture volume.
Both streptonigrin and toluidine blue significantly decreased the total dNTP
pool comparedwithDMSO-treated controls aswell as the four individual dNTP
pools. The observed differences between individual dNTP levels (i.e., dCTP vs.
dGTP vs. dTTP vs. dATP) were not statistically significant, however.
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targets RNR via radical scavenging, four compounds were more
potent on both the cellular and enzymatic levels, and two were
found to target P. aerugionsa RNR in vivo. Interestingly, a ma-
jority of the identified inhibitors of P. aeruginosa RNR have been
found inactive in human cell lines as well as in anticancer and
in vivo tumor tests as reported by the PubChem BioAssay da-
tabase. RNR is a promising antimicrobial drug target that
deserves attention at a time when the number of multidrug-re-
sistant pathogens is escalating globally. To meet this challenge,
we have developed a unique methodology that opens the door to
exploration of RNR in HTS-based drug discovery.

Materials and Methods
Materials. The two subunits, NrdA and NrdB, of class I RNR from P. aeruginosa
were purified as described (36). Taq polymerase from Fermentas was used
for PCR. NDPK, SYBR green (at a 10,000× working concentration), and
standard chemicals were from Sigma–Aldrich. Tris/acetate/EDTA (TAE) buffer
at 1× working solution contained 40 mM Tris-acetate pH 8.0 and 2 mM
EDTA. Additional materials are described in SI Materials and Methods.

PCR with a Limiting Amount of dCTP. Different PCR assays with three dNTPs
each at a concentration of 200 μM in each sample and the fourth dNTP at
variable concentrations (0–16 μM) between samples were prepared. Other
components of the 50-μL PCR mixture contained 2 pg/μL DNA template,
0.5 μM DNA primers, 1.5 mM MgCl2, 0.02 U/μL Taq DNA polymerase, and PCR
reaction buffer. Samples were subjected to thermocycling: 3 min at 94 °C
followed by 40 cycles of 45 s at 94 °C, 50 s at 55 °C, and 60 s at 72 °C. PCR
samples were analyzed by agarose gel electrophoresis and ethidium bro-
mide staining or by fluorescence intensity measurement after mixing with
SYBR green as described in SI Materials and Methods.

NDPK Conversion of dNDP to dNTP. Samples of 25 μL contained 100 mU/μL
NDPK, 4 mM ATP, 5 mMMgCl2, and variable concentrations (5, 10, 20, 30, 60,
and 75 μM) of dCDP were incubated for 30 min at 37 °C, after the reactions
were quenched by heating. Subsequently, 10 μL of NDPK reaction mixture
was mixed with 40 μL of PCR mixture (final concentrations: 200 μM each of
dGTP, dATP, and dTTP; 2 pg/μL DNA template, 0.5 μM DNA primers, and
0.05 U/μL Taq DNA polymerase and PCR reaction buffer). PCR controls with 1,
2, 4, 6, 12, and 15 μM dCTP (i.e., the final dCTP concentration that would
result if NDPK converted all dNDP to dNTP) were prepared. All samples were
subjected to PCR cycling, and the DNA formed was analyzed by fluorescence
intensity measurement and gel electrophoretic analysis, as described in SI
Materials and Methods.

Screen for RNR Inhibitors in a 96-Well Format. Reactions with class I RNR from
P. aeruginosa in a total reaction volume of 30 μL were prepared in separate
wells of a PCR plate. The RNR reactions contained 0.25 μM NrdA, 1 μM NrdB,
5 mM ATP, 20 mM magnesium-acetate, 30 mM DTT, and 1.5 mM 3-[(3-
Cholamidopropyl)dimethylammonio]-1-propanesulfonate in 30 mM Tris-
buffer (pH 7.5).

Compounds from the NCI/Developmental Therapeutics Program Open
Chemical Repository (diversity set II containing 1,364 compounds, http://dtp.
cancer.gov/) were added (final concentration of 100 μM) to the wells of
columns 2–11. In addition, eight control samples without test compound and
eight with 3.5 mM hydroxyurea were set up in the wells of columns 1 and 12,
respectively. All samples contained 1% DMSO.

After setup, sampleswere incubatedfor30minandCDP (final concentration
of 100 μM) was then added to start the reactions. Reactions proceeded for
60 min at ambient temperature and were then quenched by heating. The
chosen incubation time gave a substrate conversion of 40–50% in positive
control samples, which is suitable for screening purposes. After heat

quenching, the samples were allowed to cool off, NDPK was added (final
concentration of 25 mU/μL), samples were incubated overnight, and the re-
action was quenched by heating.

After cooling, 70 μL of PCR mixture (see above) lacking dCTP was added to
each well and samples were subjected to PCR cycling as described above.
After PCR, 10 μL from each well was transferred to a black 96-well plate,
190 μL of SYBR green in TAE was added to each well, and the fluorescence
intensity recorded as described in SI Materials and Methods.

Data Analysis. For calculation of the Z-factor ½1− ð3σP þ 3σNÞ=j�P − �Nj, where σP
and σN are SDs of the positive and negative controls and �P and �N are the
average of positive and negative controls], performance measures of the
method of one series with negative control samples (3.5 mM hydroxyurea
and 1% DMSO) and one series with positive control samples (only 1%
DMSO) were prepared and incubated as described above. The Z-factor for
individual 96-well plates fluctuated from 0.6 to 0.9. Software (Marvin and
Instant JChem, version 5.3.8) from Chemaxon (www.chemaxon.com) was
used for structure drawing and database management.

Dose–Response Analysis. Dose–response analyses were performed for com-
pounds that inhibited RNR activity >90% in the primary screen at a con-
centration of 100 μM, where inhibition by 3.5 mM hydroxyurea was defined
as 100%.

In dose–response experiments, compounds were tested in the conven-
tional assay (SI Materials and Methods) at concentrations starting at 100 μM
and diluted in 11 steps (1:2.25 in each). Other reaction constituents were as
described above in the screen for RNR inhibitors in a 96-well format. For
compounds with satisfactory dose–response behavior, IC50 values were de-
termined by fitting a four-parameter dose–response model (B + (B − T)/(1 +
10(log[IC50] − log[I])h), where B is the lower plateau, T is the top plateau, and h is
the slope) to the data by nonlinear regression. Statistical analysis of model-
to-data fit was performed with SOLVERSTAT, and reported SEs are calcu-
lated by the program (37).

Antimicrobial Activity. Compounds with confirmed activity in the dose–re-
sponse analysis were tested for bacterial growth inhibition by means of
a disk diffusion test (38), MIC (39), and MBC (39) as described in SI Materials
and Methods.

In Vivo Effects of RNR Inhibitors. Compounds with antimicrobial activity were
tested for their effects on expression of RNR genes by quantitative real-time
PCR (SI Materials and Methods). Compounds dissolved in DMSO were added
to P. aeruginosa cultures, grown in minimal media enriched with vitamin
B12, at early log phase. The relative fold-changes in mRNA expression of RNR
genes were subsequently monitored over time with respect to the time
point of inhibitor addition using quantitative real-time PCR according to the
comparative cycle threshold (ΔΔCt) method (40). Control samples, to which
only DMSO were added, were also prepared.

Compounds that were found to increase the expression of RNR genes were
tested for their effect on cellular dNTP levels. P. aeruginosa cultures were
grown in minimal media until the OD600 reached 0.35, whereupon inhibitors
dissolved in DMSO were added or only DMSO was added to control samples.
Cultivation was continued for another 30 min, the bacterial cells then har-
vested, and dNTPs were extracted and quantified (SI Materials and
Methods).
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