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Abstract
The emergence of multidrug-resistant bacteria has encouraged vigorous efforts to develop

antimicrobial agents with new mechanisms of action. Ribonucleotide reductase (RNR) is a

key enzyme in DNA replication that acts by converting ribonucleotides into the correspond-

ing deoxyribonucleotides, which are the building blocks of DNA replication and repair. RNR

has been extensively studied as an ideal target for DNA inhibition, and several drugs that

are already available on the market are used for anticancer and antiviral activity. However,

the high toxicity of these current drugs to eukaryotic cells does not permit their use as anti-

bacterial agents. Here, we present a radical scavenger compound that inhibited bacterial

RNR, and the compound's activity as an antibacterial agent together with its toxicity in eu-

karyotic cells were evaluated. First, the efficacy of N-methyl-hydroxylamine (M-HA) in inhib-

iting the growth of different Gram-positive and Gram-negative bacteria was demonstrated,

and no effect on eukaryotic cells was observed. M-HA showed remarkable efficacy against

Mycobacterium bovis BCG and Pseudomonas aeruginosa. Thus, given the M-HA activity

against these two bacteria, our results showed that M-HA has intracellular antimycobacter-

ial activity against BCG-infected macrophages, and it is efficacious in partially disassembl-

ing and inhibiting the further formation of P. aeruginosa biofilms. Furthermore, M-HA and

ciprofloxacin showed a synergistic effect that caused a massive reduction in a P. aeruginosa
biofilm. Overall, our results suggest the vast potential of M-HA as an antibacterial agent,

which acts by specifically targeting a bacterial RNR enzyme.

Introduction
Infectious diseases constitute a tenacious and major public health problem worldwide. For
many years, antibiotic-resistant pathogens have been recognized as one of the primary threats
to human survival, and some experts predict a return to the pre-antibiotic era. The emergence
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and increasing prevalence of bacterial strains that are resistant to available antibiotics urge the
discovery of new therapeutic approaches [1]. An equally alarming decline has occurred in the
research and development of new antibiotics to address the threat. Certain virulence factors
have been shown to be potential targets for drug design and therapeutic intervention, and new
insights are crucial for exploiting others [2, 3].

Bacterial DNA synthesis represents an attractive field for the discovery of new antibacterial
targets because of remarkable differences from the eukaryotic system. During the course of in-
fection, bacteria need to multiply inside the body, and they require active DNA synthesis to
multiply. The key enzyme that provides the nucleotide precursors for DNA replication and re-
pair are RiboNucleotide Reductases (RNRs). Three major classes of this enzyme are known
(class I, II and III). Class I RNRs (subclasses Ia (nrdAB) and Ib (nrdEF)) carry a stable tyrosyl
radical and are oxygen-dependent and thus, they only work under aerobic conditions; class II
RNRs (nrdJ) require the vitamin B12 cofactor 5’-deoxyadenosylcobalamin and are oxygen-in-
dependent. Class III RNRs (nrdD, with their cognate nrdG activase) carry a stable glycyl radi-
cal, are oxygen-sensitive and only work under strict anaerobic conditions [4–8]. Eukaryotes
only encode for one RNR class (Ia), but microorganisms have the ability to encode all possible
RNR combinations [9, 10]. For this reason, RNRs could be considered a good antimicrobial
target candidate to inhibit bacterial growth because they present substantial differences relative
to their eukaryote counterparts [11, 12].

Several potential RNR inhibitors were reported, which included the following: free radical
scavengers, iron chelators and substrate analogs [13–16]. Radical scavenger agents main mech-
anism of action is elicited through the inhibition of the RNR enzymes by scavenging the tyrosyl
free radical (on the small class I subunits; NrdB and NrdF) that is required for the catalytic pro-
cess [17]. These compounds have been shown to be useful for cancer treatment [18, 19]. One
known family of radical scavenger compounds are derivatives from the hydroxylamine (HA)
moiety, specifically hydroxyurea (HU), which is most commonly used for cancer treatment
[18]. In fact, these compounds effectively inhibit the RNR of eukaryotic cells [19], reducing the
possibility of using these drugs to treat bacterial infections without interfering in human RNR.

The modes by which different radical scavenger compounds interact in response to purified
RNR enzyme were studied in our previous works [11, 12]. One compound, namely N-methyl-
hydroxylamine (M-HA), was a highly active inhibitor of purified Bacillus anthracis RNR en-
zyme without interfering with the murine RNR enzyme. Although M-HA is promising as an
antibacterial agent, its potential antimicrobial activity has not been evaluated.

In the present work, we aimed to explore the capacity of M-HA to inhibit the growth of clin-
ically interesting Gram-positive (Staphylococcus aureus, Streptococcus sanguinis, Streptococcus
mutans andMycobacterium) and Gram-negative (Pseudomonas aeruginosa and Burkholderia
cenocepacia) bacteria. Next, we investigated the effects of M-HA antibacterial activity on intra-
cellular bacterial growth and biofilm-forming bacteria. Finally, the possible synergic activity of
M-HA and other antimicrobials was evaluated.

Materials and Methods

Bacterial strains and mammalian cell line
Streptococcus mutans (ATCC 25175) and Streptococcus sanguinis (ATCC 10556) were grown
in Todd-Hewitt broth (Oxoid) at 37°C. Staphylococcus aureus (ATCC 12600), Pseudomonas
aeruginosa PAO1 (ATCC 15692) and Burkholderia cenocepacia J2315 (ATCC BAA-245) were
grown in trypticase soy broth (TSB) or trypticase soy agar (TSA) (Sharlab, Barcelona, Spain) at
37°C.Mycobacterium bovis Bacillus Calmette-Guérin (BCG) substrain Connaught (ATCC
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35745) was grown on Middlebrook 7H10 agar (Difco Laboratories, Surrey, UK) supplemented
with 10% oleic-albumin-dextrose-catalase enrichment medium at 37°C for 2 weeks.

A murine macrophage J774A.1 cell line (DSMZ ACC 170) was maintained in Dulbecco’s
Modified Eagle’s medium (DMEM) with L-glutamine (Gibco BRL, Grand Island, NY) supple-
mented with 10% heat-inactivated fetal bovine serum (FBS, Lonza Ltd., Switzerland) contain-
ing 100 U/ml penicillin G (Lab ERN, Barcelona, Spain) and 100 μg/ml streptomycin (Lab Reig
Jofre, Barcelona, Spain) (complete medium) at 37°C in a humidified atmosphere with 5% CO2.

Radical scavenger compounds
The hydroxylamine-bearing compounds used in this work were hydroxyurea (HU;M=
76.05 g/mol) (Sigma-Aldrich), hydroxylamine (HA;M = 33.03 g/mol) (Sigma Aldrich)
and N-methyl-hydroxylamine (M-HA;M= 83.52 g/mol) (Acros Organics). Solutions were
freshly prepared in PBS and filtered through a 0.22-μm pore-size filter (Millipore) before each
experiment.

Antibacterial susceptibility testing
To determine the survival of the different strains in the presence of different radical scavengers,
each bacterial strain was grown in its specific medium to mid-log phase (A550 � 0.5) and plated
on solid plates supplemented with different concentrations of each compound.

In the case of BCG, colonies were scraped fromMiddlebrook 7H10 plates, resuspended in
phosphate-buffered saline (PBS), slightly vortexed with glass beads to dissolve clumps, and al-
lowed to settle for 30 minutes. The supernatant was diluted in PBS and adjusted to 1.0 McFar-
land standard. Serial dilutions were then plated on solid plates containing freshly prepared
compounds at the indicated concentrations. Colony-forming units (cfu) were counted after
growing.

Inhibitory concentration 50% (MIC50) was defined as the compound concentration that re-
duced bacterial growth (cfu) by 50%, and MIC100 was defined as the lowest concentration of
drug that visibly inhibited bacterial growth by 100%.

Determining mammalian cytotoxicity
Murine J774 macrophages (6x104 per well) were seeded onto 48-well tissue culture plates in
complete medium without antibiotics in the presence of different doses of HU, HA and M-HA,
or left untreated. After 24, 72 and 120 h of exposure to the different compounds, culture super-
natants were removed and cell viability was assessed by using a 3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide (MTT) colorimetric assay (Sigma Aldrich) (20). Absorbance
was measured at 550 nm with an ELISA reader (Infinite M200 Microplate Reader, Tecan). The
results were expressed as a percentage of cell survival relative to untreated cells. Each experi-
ment was repeated at least three times.

In another set of experiments, cells were washed at 24 hours after adding the compounds
for the first time, and new, freshly made compounds were added. Cell viability was measured
each 24 hours as described above.

The 50% cytotoxicity inhibitory concentration (CC50) of each drug was determined from
dose-response curves by using Graph Pad Prism v6. The selectivity index (SI) (SI = CC50/
MIC50) was calculated on the basis of the CC50 and MIC50 values as determined after 24 h
of exposure.
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The anti-BCG intracellular activity of the different compounds
For the infection experiments, BCG suspensions were adjusted to a 1.0 McFarland standard
and centrifuged at 2000 g for 10 minutes. The bacterial pellets were re-suspended in complete
medium without antibiotics and were further subjected to three consecutive 30 second pulses
(45 W) in an ultrasonic water bath to obtain a predominantly single bacterial cell suspension.

Murine J774 macrophages (3x104 per well) were seeded onto 48-well plates in complete me-
dium without antibiotics. Twenty-four hours later, they were infected with BCG at a multiplici-
ty of infection (MOI) of 10 for three hours as previously described [20]. The MOI was
confirmed by plating serial dilutions of the inoculum on solid media. After three hours, cells
were washed to remove extracellular bacteria and incubated with fresh complete medium plus
different doses of HU, HA, and M-HA, at 37°C in a 5% CO2 atmosphere. All infections were
performed in triplicate. The cell culture supernatants were removed, macrophages were lysed,
and bacterial counts were determined by plating serial dilutions on Middlebrook 7H10 plates
at different time points after infection (24, 72, and 120 h) [20]. Non-infected control cultures
were always included and all experiments were repeated at least three times.

Cytokine analysis and nitric oxide (NO) production
Cell culture supernatants were collected at different time points as indicated above in both ex-
periment types for macrophage cell viability and intracellular BCG susceptibility to the com-
pounds. Interleukin (IL)-10, IL-12 and tumor necrosis factor (TNF)-α levels were determined
by using commercially available enzyme-linked immunosorbent assays (ELISA) (IL-10 and IL-
12p40 fromMabtech AB, Nacka Strand, Sweden; and TNF-α from R&D Systems Inc., Minne-
apolis, MN, USA) according to the manufacturer’s instructions. All samples were assayed
in duplicate.

The NO production was assessed by measuring nitrite concentrations with the Griess reac-
tion (Sigma).

Viability test analysis
An overnight culture of P. aeruginosa PAO1 was diluted in fresh LB medium and grown to the
beginning of exponential phase (A550 * 0.3) to which different concentrations of radical scav-
enger compounds were added. After 3 or 24 hours of incubation at 37°C, the cells were stained
by using the LIVE/DEAD BactLight viability kit (Life Technologies) for 15 minutes at room
temperature in the dark. Fluorescent bacteria were visualized with a Nikon E600 microscope
(Nikon) coupled with a DP72 Olympus camera.

Viable cell counts in biofilm inhibition after radical scavenger treatment
To investigate the anti-biofilm activity of the different radical scavengers alone or in combina-
tion with ciprofloxacin, P. aeruginosa PAO1 biofilms were grown on microtiter plates and a
previously described protocol was followed [21]. An overnight-grown culture of P. aeruginosa
in TSB was diluted 1:100 in sterile TSB medium supplemented with 0.2% glucose and added to
a 96-well microtiter plate with pegs (Nunc-TSP, Thermo Scientific) (200-μl each well). After
24–48 h of incubation at 37°C in a humidified chamber, the culture supernatant was discarded
and the pegs were washed three times with sterile PBS to remove non-adherent cells. After
being rinsed, the biofilms were treated with different radical scavenger concentrations alone or
in combination with ciprofloxacin. After 24 h of treatment, the pegs were transferred to a new
plate that had been rinsed with PBS. Adherent bacteria were first fixed with 200 μl of methanol
for 10 min and then stained with crystal violet (1%) for 10 min. Excess crystal violet was
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washed gently with water and the pegs were dried in air for 5 min. The dye that was bound to
the cells was dissolved with 150 μl of ethanol 95%, centrifuged at 2000 rpm for 10 min, and
read at 570 nm with a microplate reader (Infinite M200).

Biofilm culture in flow cell system and confocal microscopy analysis
To prepare biofilms developed under continuous flow, P. aeruginosa cells (5x105 cfu/ml) were
cultured in LB medium at 25°C in flow chambers with channel dimension of 1x4x40 mm as de-
scribed previously [22]. After 96 h of culture, formed biofilms were treated with 40 μg/ml of
HA, HU or M-HA, and LB medium was used alone in the control sample. After 24 h of treat-
ment at 25°C, biofilms were stained with 5 μM SYTO 9 at room temperature in the dark for 30
min, according to the specifications of the LIVE/DEAD BacLight Bacterial Viability kit (Molec-
ular Probes, Invitrogen).

Confocal scanning laser microscopy of the biofilms was performed with a Leica TCS-SP5
confocal scanning laser microscope (Leica Microsystems, Wetzlar, Germany), with an excita-
tion wavelength of 477 for SYTO9. To measure biofilm thickness, sections were scanned and
Z-stacks were acquired at z step-size of 0.388 μm. Field size was 456 μm x 456 μm at 20X mag-
nification. Microscope images were further processed with ImageJ analysis software (National
Institute of Health, USA) and COMSTAT 2 software, specific for biofilm quantitative analysis
[23].

Statistical analyses
Data were presented as the means ± standard deviation (SD). The statistical significance of dif-
ferences between cytokine levels and BCG growth inhibition using the different radical scaven-
ger compounds was assessed by using Student’s t-tests (SigmaStat, SPSS, Chicago, IL).
Differences were considered significant when P< 0.05. All statistical procedures were per-
formed with SPSS 15.0 software (SPSS Inc., Chicago, IL).

Results

M-HA showed greater antibacterial activity than HU and HA radical
scavengers
The antibacterial activity of three radical scavengers (HU, HA and M-HA) was evaluated
against four Gram-positive bacteria (S. aureus, S.mutans, S. sanguinis andM. bovis BCG) and
two Gram-negative bacteria (P. aeruginosa and B. cenocepacia). As shown in Table 1, the HU
compound exhibited moderate activity against S. aureus, S.mutans and S. sanguinis (200–
330 μg/mL) and high growth inhibitory activity against P. aeruginosa,M. bovis and B. cenoce-
pacia (7.6 to 13 μg/mL). HA showed better growth inhibitory activity relative to HU in all test-
ed bacteria (2 to 52 μg/mL). M-HA was highly active inM. bovis BCG and P. aeruginosa
cultures, with a 1.5 to 4.5-fold lower MIC50 than HU and HA. In BCG cultures, 7.5 to 43 times
lower concentrations of M-HA (MIC50 = 1.9 μg/mL) were needed to obtain the same results as
the other bacteria cultures (from 14.2 μg/mL for B. cenocepacia to 81.9 μg/mL for S. sanguinis)
(Table 1).

To investigate the mechanisms through which M-HA inhibits bacteria growth, we specifi-
cally stained bacteria with the Live/Dead BactLight bacterial viability assay (Invitrogen). As
shown in Fig. 1, the different radical scavengers (at a MIC50 concentration) did not apparently
modify the bacterial membrane integrity after 3 hours of treatment because all of them were
stained green. After 24 h of treatment, the proportion of non-viable cells (red cells) increased,
especially when treated with M-HA.
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M-HA does not affect eukaryotic cell growth
The antiproliferative activity of the three radical scavengers was evaluated against murine J744
macrophages by MTT staining. As expected, HU and HA interfere with macrophage prolifera-
tion even when low concentrations are used (Fig. 2). Only the lowest dose of HA (10 μg/ml)
permits macrophage growth. By contrast, concentrations of up to 250 μg/ml M-HA do not in-
hibit macrophage proliferation (Fig. 2). The same results were obtained when culture medium
plus radical scavenger compounds were renewed every 24 hours (data not shown), and even if
the cells were treated for up to 120 hours (data not shown). As shown in Table 1, a cytotoxic
concentration (CC50) is observed for M-HA when doses higher than 250 μg/mL were used.

The selectivity index (SI) was calculated on the basis of the MIC50 and CC50 values that
were determined after 24 h of exposure (Table 1). High SI values were obtained for M-HA in
Mycobacterium and Pseudomonas growth inhibition (SI = 182.6 forM. bovis and 52.5 for P.

Fig 1. P. aeruginosa viability according to the LIVE/DEAD assay after treating with HU, HA, and M-HA. The bacteria were grown with HU (7.6 μg/ml),
HA (8.3 μg/ml), or M-HA (6.7 μg/ml) for 3 and 24 hours and stained with LIVE/DEAD assay. Live cells were green (SYTO 9 dye) and dead cells were red
(propidium iodide dye) under a fluorescent microscope. Magnification, x 1000. HU, hydroxyurea; HA, hydroxylamine; and M-HA, methyl-hydroxylamine.

doi:10.1371/journal.pone.0122049.g001

Table 1. The antibacterial activity of HU, HA and M-HA against Gram-positive and Gram-negative bacteria.

HU μg/ml HA μg/ml M-HA μg/ml

MIC50 MIC100 CC50 SI MIC50 MIC100 CC50 SI MIC50 MIC100 CC50 SI

S. aureus 279.9 >380 25.9 0.09 28.4 <132.2 12.9 0.45 58.5 <334.1 350.8 6

S. mutans 205.3 >1140 25.9 0.13 16.5 <231.4 12.9 0.78 77.7 <584.7 350.8 4.5

S. sanguinis 336.9 >1140 25.9 0.08 51.5 <231.4 12.9 0.25 81.9 <417.6 350.8 4.3

M. bovis BCG 8.36 >380 25.9 3.1 2.6 <16.5 12.9 4.96 1.9 <41.8 350.8 184.6

P. aeruginosa 7.6 <41.8 25.9 3.4 8.3 <66.1 12.9 1.55 6.7 <108.6 350.8 52.4

B. cenocepacia 12.9 >129.3 25.9 2 2.6 >66.1 12.9 4.96 14.2 >142 350.8 24.7

The growth inhibition of different bacteria after culturing them in HU-, HA-, or M-HA-supplemented media. The data are representative of one of at least

three independent experiments. HU, hydroxyurea; HA, hydroxylamine; M-HA, methyl-hydroxylamine; MIC50, 50% inhibitory concentration; MIC100, 100%

inhibitory concentration; CC50, 50% cytotoxicity inhibitory concentration; and SI, selectivity index (SI = CC50/MIC50).

doi:10.1371/journal.pone.0122049.t001
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aeruginosa), which were much higher than the SI obtained with HA or HU (SI from 0.08 to
4.9).

M-HA shows intracellular antimycobacterial activity
In view of the results shown in Table 1, M-HA seems to be a promising antimycobacterial can-
didate because mycobacteria are the intracellular pathogens for which we aimed to demon-
strate activity in infected macrophages. As shown in Fig. 3A,M. bovis BCG viability was
diminished when infected macrophages were incubated in the presence of the different radical
scavenger compounds related to untreated wells. At 72 hours post-infection, HU triggers a
BCG growth inhibition of approximately 50%, but only HA treatments exhibited better inhibi-
tion values when the dose was greater than 35 μg/ml. As explained before, this finding also cor-
responds to a concomitantly drastic reduction in macrophage viability (see Table 1, CC and
Fig. 2). By contrast, M-HA showed enhanced intracellularM. bovis BCG growth inhibition in
comparison with that of HU or HA at a range of concentrations that were not toxic for eukary-
otic cells between 74.6% BCG survival at 8 mg/ml and 42.6% at 125 mg/ml (Fig. 3A). Moreover,
the M-HA intracellular antimycobacterial activity improved when the culture medium was

Fig 2. Dose-response curves for HU, HA andM-HA treatments of murinemacrophages. The level of growth alteration for J774 macrophages that were
treated with different doses of radical scavenger compounds at 72 hours post-treatment. Cell viability was measured by using an MTT assay. Values
represent the means ± standard deviation (SD) of triplicate cultures. The data are representative of one of at least three independent experiments. (*,
P< 0.05 vs. non-treated cells). HU, hydroxyurea; HA, hydroxylamine; and M-HA, methyl-hydroxylamine.

doi:10.1371/journal.pone.0122049.g002
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Fig 3. The intracellular BCG growth inhibition of macrophages treated with different doses of HU, HA and M-HA. The effects of different doses of
radical scavenger compounds on the intracellular viability of BCG at 72 hours post-infection. A) Compounds were added 3 hours after infection B)
Compounds were renewed every 24 hours after infection. The results are expressed as the means ± standard deviation (SD) of triplicate wells in percentages
of inhibition with respect to non-treated cells. The data are representative of one of at least two independent experiments where statistically significant
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changed every 24 hours by adding freshly prepared compounds, and values of up to 13% BCG
survival were reached (Fig. 3B). In absolute numbers, this finding represents up to a one log re-
duction, i.e., at 72 hours post-infection, an M-HA concentration of 82 mg/ml was reduced
from 6.3x104 (untreated wells) to 8.4x103 viable BCG cells (cfu). Similar values were observed
in both cases (replacing or not replacing the compounds every 24 hours) at 120 hours post-in-
fection (data not shown).

Increased TNF production by M-HA
We investigated the production of two bactericidal products that are able to kill intracellular
BCG, namely TNF-α and NO [24], when the macrophages were infected with BCG and treated
with the different radical scavenger compounds. As shown in Fig. 4, M-HA-treated macro-
phages produce higher TNF-α values at 24 hours post-infection than untreated cells (Fig. 4A).
The highest amount of cytokine production was observed when cells were treated with high
concentrations of M-HA (Fig. 4A). The amount of cytokine production did not increase after
longer periods of incubation (72 or 120 hours after infection) (data not shown). When TNF-α
production was evaluated in non-infected cultures, similar values were obtained in radical scav-
enger-treated and non-treated macrophages (data not shown).

Low but detectable amounts of NO production between 1 and 3 μM of NO were found in
both BCG-infected radical scavenger-treated and untreated macrophages. No significant differ-
ences were observed between HA, HU and M-HA-treated macrophages. These data are consis-
tent with previous data from [25].

When the production of IL-10 and IL-12 was studied in BCG-infected macrophages treated
with the different radical scavengers, the results differ between cytokines and treatments.
While IL-10 production was not detected in any case (data not shown), IL-12 production was
significantly increased in HA-treated macrophages in a dose-dependent manner (Fig. 4B). At
the highest HA concentration, however, IL-12 production dramatically diminished, probably
due to the reduced presence of viable macrophages (Fig. 2).

M-HA inhibits P. aeruginosa biofilm formation
As explained previously, good M-HA antibacterial activity was also observed against P. aerugi-
nosa (SI = 52.4). Thus, we further investigated the capacity of M-HA in reducing P. aeruginosa
biofilms because it is one of the most important forms of persistent bacteria and is a character-
istic of chronic P. aeruginosa infections. We used the quantitative microtiter plate method to
determine the effect of the different hydroxylamine derivative compounds on biofilm forma-
tion. A dose-effect concentration was observed for each compound (Fig. 5). At 20.6 μg/ml HA
and 82.5 μg/mL HU and M-HA, P. aeruginosa growth was completely arrested and no biofilm
was formed (Fig. 5).

The M-HA effect on a preformed P. aeruginosa biofilm
Once a biofilm has been established, the cells are extremely resistant against all types of antibi-
otics and detergents and it is often challenging to remove. The effects of the different radical
scavengers on existing P. aeruginosa biofilms were initially assessed using crystal violet-based
biomass staining assay. As Fig. 6 shows, all compounds reduce the amount of biofilm formed,
reaching values of approximately 55%, 90% and 70% reduction from HU, HA, and M-HA,

differences between treated and untreated cells (P< 0.05) for all compounds and concentrations. HU, hydroxyurea; HA, hydroxylamine; and M-HA, methyl-
hydroxylamine.

doi:10.1371/journal.pone.0122049.g003
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Fig 4. TNF-α and IL-12 production as triggered by BCG-infected macrophages that were treated with
different doses of HU, HA andM-HA. J774 macrophages were infected with BCG and treated with different
concentrations of radical scavenger compounds, and TNF-α and IL-12 levels were measured 24 hours post-
infection. The results represent the means ± SD of triplicate preparations with one representative of two
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respectively, at the highest tested concentrations and three days of treatment. When employing
M-HA concentrations that did not affect eukaryotic cell viability (up to 165 mg/ml), increasing
amounts of compound diminished the established biofilms, indicating that the cells in an

independent experiments. A Mann-Whitney test was performed (*, P< 0.01; versus non-treated
macrophages (control)). HU, hydroxyurea; HA, hydroxylamine; and M-HA, methyl-hydroxylamine.

doi:10.1371/journal.pone.0122049.g004

Fig 5. The inhibition of biofilm formation by different doses of HU, HA and M-HA. The biofilm formation of P. aeruginosa PAO1 was quantified as the
absorbance of crystal violet stain (A570 nm) after being cultured for 24 h in 96-well plates in the presence and absence of the radical scavenger compounds.
The values represent the percentages of biofilm biomass production. The results are expressed as the means ± SD of five replicates from one representative
of three independent experiments. A Student's t-test was performed (**, P< 0.01; versus non-treated biofilms). HU, hydroxyurea; HA, hydroxylamine; and
M-HA, methyl-hydroxylamine.

doi:10.1371/journal.pone.0122049.g005
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Fig 6. Disassembling the existing P. aeruginosa biofilms by adding HU, HA and M-HA. P. aeruginosa
bacteria were allowed to form biofilms in peg plates for 24 h, the medium was removed and fresh medium
with different concentrations of radical scavenger compounds were changed every 24 hours over three days
(Days 1, 2 and 3). The percentage of biofilm biomass production is represented for each day. The results are
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existing biofilm can be removed or disaggregated. Moreover, the highest biofilm reductions
under M-HA treatment were found after three days of treatment, with 20% less remaining bio-
film compared with the first day of treatment (Fig. 6). Further, confocal scanning laser micros-
copy of a biofilm grown in a flow cell chamber in the presence of the different radical
scavengers showed significantly reduced biomass and average thickness of the treated samples
(HA, HU and M-HA) compared to the untreated sample (Table 2 and Fig. 7).

Synergic effects on biofilm reduction by ciprofloxacin plus M-HA
The capacity to remove a pre-existing biofilm was evaluated when treating with ciprofloxacin
in combination with M-HA. Ciprofloxacin alone showed a dose-dependent effect on P. aerugi-
nosa biofilm reduction (Fig. 8). However, in comparison with treatments that employed cipro-
floxacin alone, the combined use of ciprofloxacin and M-HA was more efficient for removing
pre-existing biofilm, yielding 50% reduction values at ciprofloxacin concentrations of 0.016 or
0.008 μg/ml, and 6.6 or 86 μg/m of M-HA, respectively, was added. (for 5 to 8 times lower con-
centration than ciprofloxacin alone to have the same effect) (Fig. 8).

Discussion
The clinical use of RNR inhibitors has a history of several decades, and this history has demon-
strated that RNR inhibitors have antitumor activity alone or in combination with other drugs
[13, 18, 19]. Among RNR inhibitors, some radical scavenger compounds derived from hydrox-
ylamines such as HU have been used for some types of cancer treatment [18]. Both HA and
HU dramatically affect eukaryotic viability, and thus little interest has been aroused in studying
these compounds as antimicrobial agents. It remains an important goal to develop a novel HA
derivative with low toxicity and improved cytostatic action especially for treating bacterial in-
fections. We previously demonstrated the capacity of the HA derivative M-HA in inhibiting
RNR enzymatic activity in B. anthracis [11], although its potential as an antimicrobial drug has
not been investigated. When exploring the role of M-HA in inhibiting the growth of a wide
range of pathogenic Gram-positive or Gram-negative bacteria during a comparison of HA and
HU, the intracellular bacterial growth and the formation of biofilms was evaluated.

the means ± SD of three-five replicates from one representative of two independent experiments. A Student's
t-test was performed (*, P< 0.05; versus non-treated biofilms). HU, hydroxyurea; HA, hydroxylamine; and
M-HA, methyl- hydroxylamine.

doi:10.1371/journal.pone.0122049.g006

Table 2. Biofilm parameters of wild-type P. aeruginosa treated with 40 μg/ml HA, HU and M-HA.

Live cells (green)

Biomass (μm3/μm2) Averange thickness (μm)

Untreated 28.9 ±4.7 40.2±3.5

HU (40 μg/ml) 11.9±4.5* 24.2±8.2*

HA (40 μg/ml) 10.7±3.2* 19.4±2.5*

M-HA (40 μg/ml) 20.5±5.9* 30.6±2.9*

Biomass values indicate the amount of living cells inside the biofilm. Values represent the mean ± SD of

three independent experiments. Asterisk denotes significant differences compared to non-treated biofilm

(p<0.05, Student’s t-test).

doi:10.1371/journal.pone.0122049.t002
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Our results show that HA and M-HA are more efficacious that HU as antimicrobial agents
for both Gram-positive and Gram-negative bacteria (Table 1). For instance, P. aeruginosa and
M. tuberculosis use an iron containing class I RNR (class Ib) [26, 27] while B. anthracis clearly
uses a manganese class I RNR (Class Ib) [28]. Our results suggest that M-HA is an active inhib-
itor for both iron and manganese forms of RNR.

When eukaryotic cytotoxicity was evaluated, HU and HA exerted high toxicity in murine
macrophage cells (CC50 of 25.8 and 12.9 μg/ml, respectively) as expected (Fig. 2). Our results
are consistent with previous results in which HU and resveratrol (a radical scavenger aromatic

Fig 7. Confocal microscopy of P. aeruginosa biofilms grown on flow cell. The formed biofilms were treated for 24 h with HU, HA and M-HA at 40 μg/ml
final concentration. Each panel shows the maximum Z-projection and the orthogonal views for each stack.

doi:10.1371/journal.pone.0122049.g007
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compound that is not derived from HA) were efficacious against pathogenic bacteria (P. aeru-
ginosa, Propionibacterium acnes, S. aureus, and Enterococcus faecalis) but had high toxicity in
eukaryotic cells as well [29, 30]. However, M-HA showed a highly reduced toxic effect on mac-
rophage culture (CC50 of 351 μg/mL), corroborating the low toxicity of M-HA that was also
found against human lung fibroblasts [31]. Thus, our first results confirm the promising role of
M-HA as an antimicrobial agent.

Because of their small sizes, these compounds would easily cross the cell wall and membrane
and exert their antimicrobial activity directly through RNR enzyme inhibition. In previous
works, we determined that M-HA specifically inactivates the bacterial enzymatic activity of the
essential RNR enzyme by quenching the tyrosyl radical that is necessary for enzymatic activa-
tion, thus making it unable to form dNTPs and blocking DNA synthesis [11]. The exact mode

Fig 8. The synergistic effect of ciprofloxacin and M-HA on the reduction in P. aeruginosa biofilm formation. P. aeruginosa bacteria were allowed to
form biofilms in peg plates for 24 h, the medium was removed and fresh medium with different concentrations of ciprofloxacin with/without M-HA were added.
Biofilm formation (crystal violet stain) was evaluated 24 hours later. The biofilm biomass production percentage is represented here. The results are the
means ± SD of three-five replicates from one representative of two independent experiments. A Student's t-test was performed (*, P< 0.05; **, P< 0.005
versus ciprofloxacin treated biofilms). CPX, ciprofloxacin; and M-HA, methyl-hydroxylamine.

doi:10.1371/journal.pone.0122049.g008
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of M-HA is not completely understood, but some authors hypothesize that this molecule can
interact directly in the places where the tyrosyl radical is formed because of its small size [32].
In terms of HU, which is a bigger molecule than M-HA, it seems that the interaction does not
occur directly where the tyrosyl radical is generated but is more directed at interrupting the cat-
alytic electron transfer pathway of the small subunit at the interface between the interaction be-
tween the small (α) and large RNR (β) subunits [33–35]. This finding could explain why
M-HA was approximately several orders of magnitude more effective at inhibiting bacterial
RNR than HU. Confirmation was established with the use of HA, the smallest HA, with the
highest antimicrobial activity that also presents the highest toxicity because this molecule sure-
ly interacts with and can reach the tyrosyl radical site easily in both prokaryotic and eukaryotic
RNR. Another issue is to understand the precise mechanism of action for the bacterial killing
of radical scavengers after blocking the RNR enzyme. In E. coli [36] HU has been recently
shown to cause increased superoxide production, and together with increased iron uptake, this
increase fuels the formation of hydroxyl radicals that contribute to HU-induced cell death.
Based on the HU analogy, we believe that the M-HA mode of action or bacterial killing might
be similar.

Interestingly, M-HA has the highest therapeutic index for cytotoxicity (SI) for its inhibition
ofM. bovis BCG (182.6 μg/ml), which is 3.5 times that of P. aeruginosa (52.5 μg/ml). Because
of the global relevance of these two agents, we should search for the possible role of M-HA in
treating these agents.

To measure the potential growth inhibitory capacity of these compounds against mycobac-
teria, we selected BCG as a model in murine macrophages. Although there are significant dif-
ferences betweenM. tuberculosis and BCG, they are closer genetically, and previous studies
have demonstrated the validity of BCG for the in vitro evaluation of drug candidates against tu-
berculosis [37, 38]. In our case, a comparison of the BCG RNR primary protein structure
showed 100% shared identity with that of theM. tuberculosis RNR protein, the causative agent
of tuberculosis (see S1 Fig.). This finding indicates a possible identical mode of action for
M-HA on theM. tuberculosis RNR. BCG intracellular kinetics in J774 macrophages has been
very well characterized [25, 39]. Initially, J774 macrophages ingest mycobacteria and internal-
ize BCG cells into phagosomes. An initial killing is observed during the first three days of infec-
tion, and then a stable level of viable BCG can be observed in J774 macrophages. Despite the
fact that BCG does not grow as exponentially inside macrophages asM. tuberculosis does, BCG
is continuously growing and being killed by macrophages [25]. This finding permits the use of
this model for evaluating new drug candidates with the capacity to interfere in mycobacterial
DNA synthesis.

Our results showed that up to 85% of mycobacterial growth inhibition by M-HA occurs at
72 hours post-infection (Fig. 3). In view of the impressive results obtained here, we aimed to go
further in understanding the mechanism. As expected [40], our results showed that BCG-in-
fected macrophages do not induce NO production. Treatment with HA-derivatives did not sig-
nificantly modify these results. However, enhanced TNF-α production, which is another
killing mechanism of macrophages, is observed in M-HA-treated macrophages. The increased
production of TNF-α in BCG-infected M-HA-treated macrophages could be explained by dif-
ferent reasons. On the one hand, BCG-infected J774 macrophages release exosomes that con-
tain mycobacterial antigens such as a 19 kDa antigen or phosphatidyl inositol mannosides
known to induce pro-inflammatory cytokines such as TFN-α by exerting bystander effects on
other cells [41]. The M-HA treatment could induce a higher production of these exosomes
than non-treated macrophages. On the other hand, M-HA could directly induce TNF-α pro-
duction in BCG-infected macrophages. Two reasons led us to support this last option. First,
TNF-α production is observed as early as 24 hours post-infection (Fig. 4), whereas the exosome
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released from BCG-infected J774 macrophages is primarily detected between 48 and 72 hours
post-infection [41]. Second, an M-HA dose-dependent response is observed in TNF-α produc-
tion, leading us to favor the second hypothesis. The fact that TNF production levels in non-in-
fected M-HA-treated macrophages were lower than those detected in M-HA-treated BCG-
infected macrophages indicates that a BCG-infection must be related to the capacity of M-HA
to induce TNF-α production, as was previously described for other drugs [42, 43]. Neverthe-
less, we cannot rule out other possible mechanisms, such as the influence of such radical scav-
engers in other routes related to cytokine production. Supporting this idea, significant IL-12
levels were only detected in BCG-infected HA-treated macrophages. Although in vitro and in
vivo data indicated that HU or HA treatment triggers chemokines and/or cytokines production
[44–48], the mechanism by which these compounds interfere with cytokine-mediated signaling
is also unclear. TNF-α and IL-12 are critical cytokines in the control of mycobacterial infec-
tions [49]. Synergically with IFN-γ, the compounds activate naive macrophages, which in turn
help to control mycobacteria growth. Previous studies demonstrated that TNF-α and IL-12
production is differently regulated in mycobacteria infected macrophages [50]. Thus, our re-
sults provide an initial step to further understand the possible role of cytokines production in
BCG cell growth inhibition as mediated by these radical scavengers.

To our knowledge, this is the first report describing the use of a radical scavenger and more
specifically the first to observe the M-HA effect on mycobacterial inhibition. Among infectious
diseases, tuberculosis (TB) is the leading killer with over two million casualties annually world-
wide. The WHO considers tuberculosis to the most dangerous chronic disease in the world. In
recent years, the emergence and spread of resistantM. tuberculosis strains has fuelled the TB
epidemic by making it more difficult to treat. These results make the M-HA a potentially valu-
able agent, and further analyses must be performed to test it in a combination therapy with ex-
isting, well-known antimycobacterial drugs.

Regarding P. aeruginosa, the primary point of interest is an evaluation of the capacity to re-
duce biofilm formation. Considering that biofilm formation protects bacteria during infections,
such as in chronic wounds, hospital-related pneumonia and bacterial chronic lung infections
[51], the inhibition of biofilm formation by M-HA is a critically important quality as a poten-
tial therapeutic, possibly more so than its anti-microbial activity. Bacterial biofilms generally
become 10–1000 times more resistant to the effects of antimicrobial agents than planktonic
cells [52].

We were able to demonstrate that M-HA is capable of inhibiting P. aeruginosa biofilm for-
mation (for an approximately 60% reduction at 5.2 μg/mL on the third day of continuous treat-
ment); this study compared favorably with other studies that employed different anti-biofilm
strategies [53]. These results were corroborated by growing P. aeruginosa cells to form a con-
tinuous biofilm in flow cells and imaging by laser scanning confocal microscopy (Table 2 and
Fig. 7). Moreover, the combination of M-HA with the well-known antibiotic ciprofloxacin in-
creased the ability to reduce an existing biofilm 10–20 times better than ciprofloxacin or
M-HA alone. Using new and existing antimicrobials may provide a new strategy for bacterial
therapy. Drug combinations would decrease the likelihood of resistance [54]. This finding
demonstrates the feasibility of combined chemotherapy with known antibiotics for combating
multi-resistant bacteria infections.

The global emergence of antibiotic-resistant strains continues unabated, along with an over-
all increase in the number of infections worldwide, highlighting the urgent need for new agents
to treatMycobacterium and Pseudomonas infections. Non-conventional anti-infective ap-
proaches must be explored. Our findings may provide a new basis for the discovery of new and
potent radical scavenger inhibitors and improved clinical applications of these compounds in
antimicrobial therapy.
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Supporting Information
S1 Fig. A sequence alignment of NrdFs fromM. tuberculosis (Mtub NrdF2),M. bovis subs
bovis (Mbbo),M. bovis BCG strain Pasteur (MboP), Salmonella typhimurium (Styp), E. coli
(Ecol) and B. anthracis (Bant). Iron ligands (ligated iron ion) and tyrosyl radical-harboring
residues are shown.
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Author Contributions
Conceived and designed the experiments: EJ AB JG ET. Performed the experiments: EJ AB ET.
Analyzed the data: EJ AB JG ET. Contributed reagents/materials/analysis tools: EJ AB ET.
Wrote the paper: EJ AB JG ET.

References
1. Spellberg B, Guidos R, Gilbert D, Bradley J, Boucher HW, Scheld WM, et al. The epidemic of antibiotic-

resistant infections: a call to action for the medical community from the Infectious Diseases Society of
America. Clin Infect Dis. 2008; 46(2):155–64. doi: 10.1086/524891 PMID: 18171244

2. Payne DJ. Microbiology. Desperately seeking new antibiotics. Science. 2008; 321(5896):1644–5. doi:
10.1126/science.1164586 PMID: 18801989

3. May M. Drug development: Time for teamwork. Nature. 2014; 509(7498):S4–5. doi: 10.1038/509S4a
PMID: 24784427

4. Torrents E, Sahlin M, Sjöberg B-M. The Ribonucleotide Reductase Family- Genetics and Genomics. In:
Ribonucleotide Reductases (ed Andersson KK) Nova Science Publishers. 2008:pp. 17–77.

5. Nordlund P, Reichard P. Ribonucleotide reductases. Annu Rev Biochem. 2006; 75:681–706. PMID:
16756507

6. Hofer A, Crona M, Logan DT, Sjoberg BM. DNA building blocks: keeping control of manufacture. Crit
Rev BiochemMol Biol. 2012; 47(1):50–63. doi: 10.3109/10409238.2011.630372 PMID: 22050358

7. Cotruvo JA, Stubbe J. Class I ribonucleotide reductases: metallocofactor assembly and repair in vitro
and in vivo. Annu Rev Biochem. 2011; 80:733–67. doi: 10.1146/annurev-biochem-061408-095817
PMID: 21456967

8. Torrents E. Ribonucleotide reductases: Essential Enzymes for bacterial life. Front Cell Infect Microbiol.
2014; 4:52. doi: 10.3389/fcimb.2014.00052 PMID: 24809024

9. Lundin D, Gribaldo S, Torrents E, Sjoberg BM, Poole AM. Ribonucleotide reduction—horizontal trans-
fer of a required function spans all three domains. BMC Evol Biol. 2010; 10:383. doi: 10.1186/1471-
2148-10-383 PMID: 21143941

10. Lundin D, Torrents E, Poole AM, Sjoberg BM. RNRdb, a curated database of the universal enzyme
family ribonucleotide reductase, reveals a high level of misannotation in sequences deposited to Gen-
bank. BMCGenomics. 2009; 10:589. doi: 10.1186/1471-2164-10-589 PMID: 19995434

11. Torrents E, Sahlin M, Biglino D, Graslund A, Sjoberg BM. Efficient growth inhibition of Bacillus anthracis
by knocking out the ribonucleotide reductase tyrosyl radical. Proc Natl Acad Sci U S A. 2005; 102
(50):17946–51. PMID: 16322104

12. Torrents E, Sjoberg BM. Antibacterial activity of radical scavengers against class Ib ribonucleotide re-
ductase from Bacillus anthracis. Biol Chem. 2010; 391(2–3):229–34.

13. Cerqueira NM, Fernandes PA, Ramos MJ. Ribonucleotide reductase: a critical enzyme for cancer che-
motherapy and antiviral agents. Recent patents on anti-cancer drug discovery. 2007; 2(1):11–29.
PMID: 18221051

14. Shao J, Zhou B, Chu B, Yen Y. Ribonucleotide reductase inhibitors and future drug design. Current
cancer drug targets. 2006; 6(5):409–31. PMID: 16918309.

15. Moorthy NS, Cerqueira NM, Ramos MJ, Fernandes PA. Development of ribonucleotide reductase in-
hibitors: a review on structure activity relationships. Mini reviews in medicinal chemistry. 2013; 13
(13):1862–72. PMID: 24032510

16. Aye Y, Li M, LongMJ, Weiss RS. Ribonucleotide reductase and cancer: biological mechanisms and tar-
geted therapies. Oncogene. 2014:In Press.

M-HA Acts as a Ribonucleotide Reductase Inhibitor

PLOS ONE | DOI:10.1371/journal.pone.0122049 March 17, 2015 18 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0122049.s001
http://dx.doi.org/10.1086/524891
http://www.ncbi.nlm.nih.gov/pubmed/18171244
http://dx.doi.org/10.1126/science.1164586
http://www.ncbi.nlm.nih.gov/pubmed/18801989
http://dx.doi.org/10.1038/509S4a
http://www.ncbi.nlm.nih.gov/pubmed/24784427
http://www.ncbi.nlm.nih.gov/pubmed/16756507
http://dx.doi.org/10.3109/10409238.2011.630372
http://www.ncbi.nlm.nih.gov/pubmed/22050358
http://dx.doi.org/10.1146/annurev-biochem-061408-095817
http://www.ncbi.nlm.nih.gov/pubmed/21456967
http://dx.doi.org/10.3389/fcimb.2014.00052
http://www.ncbi.nlm.nih.gov/pubmed/24809024
http://dx.doi.org/10.1186/1471-2148-10-383
http://dx.doi.org/10.1186/1471-2148-10-383
http://www.ncbi.nlm.nih.gov/pubmed/21143941
http://dx.doi.org/10.1186/1471-2164-10-589
http://www.ncbi.nlm.nih.gov/pubmed/19995434
http://www.ncbi.nlm.nih.gov/pubmed/16322104
http://www.ncbi.nlm.nih.gov/pubmed/18221051
http://www.ncbi.nlm.nih.gov/pubmed/16918309
http://www.ncbi.nlm.nih.gov/pubmed/24032510


17. Lassmann G, Thelander L, Graslund A. EPR stopped-flow studies of the reaction of the tyrosyl radical
of protein R2 from ribonucleotide reductase with hydroxyurea. Biochem Biophys Res Commun. 1992;
188(2):879–87. PMID: 1332707

18. Saban N, Bujak M. Hydroxyurea and hydroxamic acid derivatives as antitumor drugs. Cancer Che-
mother Pharmacol. 2009; 64(2):213–21. doi: 10.1007/s00280-009-0991-z PMID: 19350240

19. Basu A, Sinha BN. Radical scavengers as ribonucleotide reductase inhibitors. Curr Top Med Chem.
2012; 12(24):2827–42. PMID: 23368105

20. Secanella-Fandos S, Luquin M, Julian E. Connaught and Russian strains showed the highest direct an-
titumor effects of different Bacillus Calmette-Guerin substrains. The Journal of urology. 2013; 189
(2):711–8. doi: 10.1016/j.juro.2012.09.049 PMID: 22982433

21. Stepanovic S, Vukovic D, Hola V, Di Bonaventura G, Djukic S, Cirkovic I, et al. Quantification of biofilm
in microtiter plates: overview of testing conditions and practical recommendations for assessment of
biofilm production by staphylococci. APMIS. 2007; 115(8):891–9. PMID: 17696944

22. Tolker-Nielsen T, Sternberg C. Growing and analyzing biofilms in flow chambers. Current protocols in
microbiology. 2011;Chapter 1:Unit 1B 2.

23. Heydorn A, Nielsen AT, Hentzer M, Sternberg C, Givskov M, Ersboll BK, et al. Quantification of biofilm
structures by the novel computer program COMSTAT. Microbiology. 2000; 146 (Pt 10):2395–407.
PMID: 11021916

24. Arko-Mensah J, Julian E, Singh M, Fernandez C. TLR2 but not TLR4 signalling is critically involved in
the inhibition of IFN-gamma-induced killing ofmycobacteria by murine macrophages. Scandinavian
journal of immunology. 2007; 65(2):148–57. PMID: 17257219

25. Jordao L, Bleck CK, Mayorga L, Griffiths G, Anes E. On the killing ofmycobacteria by macrophages.
Cellular microbiology. 2008; 10(2):529–48. PMID: 17986264

26. Torrents E, Westman M, Sahlin M, Sjoberg BM. Ribonucleotide reductase modularity: Atypical duplica-
tion of the ATP-cone domain in Pseudomonas aeruginosa. J Biol Chem. 2006; 281(35):25287–96.
PMID: 16829681

27. Hammerstad M, Rohr AK, Andersen NH, Graslund A, HogbomM, Andersson KK. The class Ib ribonu-
cleotide reductase fromMycobacterium tuberculosis has two active R2F subunits. Journal of biological
inorganic chemistry: JBIC: a publication of the Society of Biological Inorganic Chemistry. 2014; 19
(6):893–902.

28. Crona M, Torrents E, Rohr AK, Hofer A, Furrer E, Tomter AB, et al. NrdH-redoxin protein mediates high
enzyme activity in manganese-reconstituted ribonucleotide reductase from Bacillus anthracis. J Biol
Chem. 2011; 286(38):33053–60. doi: 10.1074/jbc.M111.278119 PMID: 21832039

29. Docherty JJ, McEwen HA, Sweet TJ, Bailey E, Booth TD. Resveratrol inhibition of Propionibacterium
acnes. J Antimicrob Chemother. 2007; 59(6):1182–4. PMID: 17449884

30. ChanMM. Antimicrobial effect of resveratrol on dermatophytes and bacterial pathogens of the skin. Bio-
chem Pharmacol. 2002; 63(2):99–104. PMID: 11841782

31. Atamna H, Paler-Martinez A, Ames BN. N-t-butyl hydroxylamine, a hydrolysis product of alpha-phenyl-
N-t-butyl nitrone, is more potent in delaying senescence in human lung fibroblasts. J Biol Chem. 2000;
275(10):6741–8. PMID: 10702229

32. Gerez C, Fontecave M. Reduction of the small subunit of Escherichia coli ribonucleotide reductase by
hydrazines and hydroxylamines. Biochemistry. 1992; 31(3):780–6. PMID: 1310046

33. Luo J, Graslund A. Ribonucleotide reductase inhibition by p-alkoxyphenols studied by molecular dock-
ing and molecular dynamics simulations. Archives of biochemistry and biophysics. 2011; 516(1):29–
34. doi: 10.1016/j.abb.2011.09.003 PMID: 21951815

34. Ekberg M, Sahlin M, Eriksson M, Sjoberg BM. Two conserved tyrosine residues in protein R1 partici-
pate in an intermolecular electron transfer in ribonucleotide reductase. J Biol Chem. 1996; 271
(34):20655–9. PMID: 8702814

35. Stubbe J, Nocera DG, Yee CS, Chang MC. Radical initiation in the class I ribonucleotide reductase:
long-range proton-coupled electron transfer? Chemical reviews. 2003; 103(6):2167–201. PMID:
12797828

36. Davies BW, Kohanski MA, Simmons LA, Winkler JA, Collins JJ, Walker GC. Hydroxyurea induces hy-
droxyl radical-mediated cell death in Escherichia coli. Mol Cell. 2009; 36(5):845–60. doi: 10.1016/j.
molcel.2009.11.024 PMID: 20005847

37. Altaf M, Miller CH, Bellows DS, O'Toole R. Evaluation of theMycobacterium smegmatis and BCGmod-
els for the discovery ofMycobacterium tuberculosis inhibitors. Tuberculosis. 2010; 90(6):333–7. doi:
10.1016/j.tube.2010.09.002 PMID: 20933470

M-HA Acts as a Ribonucleotide Reductase Inhibitor

PLOS ONE | DOI:10.1371/journal.pone.0122049 March 17, 2015 19 / 20

http://www.ncbi.nlm.nih.gov/pubmed/1332707
http://dx.doi.org/10.1007/s00280-009-0991-z
http://www.ncbi.nlm.nih.gov/pubmed/19350240
http://www.ncbi.nlm.nih.gov/pubmed/23368105
http://dx.doi.org/10.1016/j.juro.2012.09.049
http://www.ncbi.nlm.nih.gov/pubmed/22982433
http://www.ncbi.nlm.nih.gov/pubmed/17696944
http://www.ncbi.nlm.nih.gov/pubmed/11021916
http://www.ncbi.nlm.nih.gov/pubmed/17257219
http://www.ncbi.nlm.nih.gov/pubmed/17986264
http://www.ncbi.nlm.nih.gov/pubmed/16829681
http://dx.doi.org/10.1074/jbc.M111.278119
http://www.ncbi.nlm.nih.gov/pubmed/21832039
http://www.ncbi.nlm.nih.gov/pubmed/17449884
http://www.ncbi.nlm.nih.gov/pubmed/11841782
http://www.ncbi.nlm.nih.gov/pubmed/10702229
http://www.ncbi.nlm.nih.gov/pubmed/1310046
http://dx.doi.org/10.1016/j.abb.2011.09.003
http://www.ncbi.nlm.nih.gov/pubmed/21951815
http://www.ncbi.nlm.nih.gov/pubmed/8702814
http://www.ncbi.nlm.nih.gov/pubmed/12797828
http://dx.doi.org/10.1016/j.molcel.2009.11.024
http://dx.doi.org/10.1016/j.molcel.2009.11.024
http://www.ncbi.nlm.nih.gov/pubmed/20005847
http://dx.doi.org/10.1016/j.tube.2010.09.002
http://www.ncbi.nlm.nih.gov/pubmed/20933470


38. Stanley SA, Barczak AK, Silvis MR, Luo SS, Sogi K, Vokes M, et al. Identification of host-targeted small
molecules that restrict intracellularMycobacterium tuberculosis growth. PLoS Pathog. 2014; 10(2):
e1003946. doi: 10.1371/journal.ppat.1003946 PMID: 24586159

39. Anes E, Peyron P, Staali L, Jordao L, Gutierrez MG, Kress H, et al. Dynamic life and death interactions
betweenMycobacterium smegmatis and J774 macrophages. Cellular microbiology. 2006; 8(6):939–
60. PMID: 16681836

40. Peteroy-Kelly M, Venketaraman V, Connell ND. Effects ofMycobacterium bovis BCG infection on regu-
lation of L-arginine uptake and synthesis of reactive nitrogen intermediates in J774.1 murine macro-
phages. Infect Immun. 2001; 69(9):5823–31. PMID: 11500460

41. Bhatnagar S, Shinagawa K, Castellino FJ, Schorey JS. Exosomes released frommacrophages in-
fected with intracellular pathogens stimulate a proinflammatory response in vitro and in vivo. Blood.
2007; 110(9):3234–44. PMID: 17666571

42. Mendez S, Traslavina R, Hinchman M, Huang L, Green P, CynamonMH, et al. The antituberculosis
drug pyrazinamide affects the course of cutaneous leishmaniasis in vivo and increases activation of
macrophages and dendritic cells. Antimicrob Agents Chemother. 2009; 53(12):5114–21. doi: 10.1128/
AAC.01146-09 PMID: 19770283

43. Cui W, Lei MG, Silverstein R, Morrison DC. Differential modulation of the induction of inflammatory me-
diators by antibiotics in mouse macrophages in response to viable Gram-positive and Gram-negative
bacteria. Journal of endotoxin research. 2003; 9(4):225–36. PMID: 12935353

44. Trifilieff A, Fujitani Y, Mentz F, Dugas B, Fuentes M, Bertrand C. Inducible nitric oxide synthase inhibi-
tors suppress airway inflammation in mice through down-regulation of chemokine expression. J Immu-
nol. 2000; 165(3):1526–33. PMID: 10903760

45. Lanaro C, Franco-Penteado CF, Albuqueque DM, Saad ST, Conran N, Costa FF. Altered levels of cyto-
kines and inflammatory mediators in plasma and leukocytes of sickle cell anemia patients and effects
of hydroxyurea therapy. Journal of leukocyte biology. 2009; 85(2):235–42. doi: 10.1189/jlb.0708445
PMID: 19004988

46. Navarra P, Grohmann U, Nocentini G, Tringali G, Puccetti P, Riccardi C, et al. Hydroxyurea induces the
gene expression and synthesis of proinflammatory cytokines in vivo. The Journal of pharmacology and
experimental therapeutics. 1997; 280(1):477–82. PMID: 8996231

47. Navarra P, Tringali G, Fabricio AS, Proietti A, Vairano M, Pozzoli G, et al. Hydroxyurea induces vaso-
pressin release and cytokine gene expression in the rat hypothalamus. Journal of neuroimmunology.
2006; 179(1–2):94–100. PMID: 16934875

48. Weinberg A. In vitro hydroxyurea decreases Th1 cell-mediated immunity. Clinical and diagnostic labo-
ratory immunology. 2001; 8(4):702–5. PMID: 11427414

49. Dorhoi A, Kaufmann SH. Tumor necrosis factor alpha in mycobacterial infection. Seminars in immunol-
ogy. 2014; 26(3):203–9. doi: 10.1016/j.smim.2014.04.003 PMID: 24819298

50. Wang J, Wakeham J, Harkness R, Xing Z. Macrophages are a significant source of type 1 cytokines
during mycobacterial infection. The Journal of clinical investigation. 1999; 103(7):1023–9. PMID:
10194475

51. Hassett DJ, Korfhagen TR, Irvin RT, Schurr MJ, Sauer K, Lau GW, et al. Pseudomonas aeruginosa bio-
film infections in cystic fibrosis: insights into pathogenic processes and treatment strategies. Expert
opinion on therapeutic targets. 2010; 14(2):117–30. doi: 10.1517/14728220903454988 PMID:
20055712

52. Smith AW. Biofilms and antibiotic therapy: is there a role for combating bacterial resistance by the use
of novel drug delivery systems? Advanced drug delivery reviews. 2005; 57(10):1539–50. PMID:
15950314

53. Overhage J, Campisano A, Bains M, Torfs EC, Rehm BH, Hancock RE. Human host defense peptide
LL-37 prevents bacterial biofilm formation. Infect Immun. 2008; 76(9):4176–82. doi: 10.1128/IAI.00318-
08 PMID: 18591225

54. Tamma PD, Cosgrove SE, Maragakis LL. Combination therapy for treatment of infections with gram-
negative bacteria. Clinical microbiology reviews. 2012; 25(3):450–70. doi: 10.1128/CMR.05041-11
PMID: 22763634

M-HA Acts as a Ribonucleotide Reductase Inhibitor

PLOS ONE | DOI:10.1371/journal.pone.0122049 March 17, 2015 20 / 20

http://dx.doi.org/10.1371/journal.ppat.1003946
http://www.ncbi.nlm.nih.gov/pubmed/24586159
http://www.ncbi.nlm.nih.gov/pubmed/16681836
http://www.ncbi.nlm.nih.gov/pubmed/11500460
http://www.ncbi.nlm.nih.gov/pubmed/17666571
http://dx.doi.org/10.1128/AAC.01146-09
http://dx.doi.org/10.1128/AAC.01146-09
http://www.ncbi.nlm.nih.gov/pubmed/19770283
http://www.ncbi.nlm.nih.gov/pubmed/12935353
http://www.ncbi.nlm.nih.gov/pubmed/10903760
http://dx.doi.org/10.1189/jlb.0708445
http://www.ncbi.nlm.nih.gov/pubmed/19004988
http://www.ncbi.nlm.nih.gov/pubmed/8996231
http://www.ncbi.nlm.nih.gov/pubmed/16934875
http://www.ncbi.nlm.nih.gov/pubmed/11427414
http://dx.doi.org/10.1016/j.smim.2014.04.003
http://www.ncbi.nlm.nih.gov/pubmed/24819298
http://www.ncbi.nlm.nih.gov/pubmed/10194475
http://dx.doi.org/10.1517/14728220903454988
http://www.ncbi.nlm.nih.gov/pubmed/20055712
http://www.ncbi.nlm.nih.gov/pubmed/15950314
http://dx.doi.org/10.1128/IAI.00318-08
http://dx.doi.org/10.1128/IAI.00318-08
http://www.ncbi.nlm.nih.gov/pubmed/18591225
http://dx.doi.org/10.1128/CMR.05041-11
http://www.ncbi.nlm.nih.gov/pubmed/22763634


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


