
Reactive oxygen species (ROS) and NO, generated

by cells of the eukaryotic immune system, are very impor�

tant in struggle against bacterial infections [1�5]. Among

most possible targets of the oxygen radicals and NO are

Fe–S centers of the bacterial enzymes [6�8]. In particu�

lar, two bacterial enzymes of this Fe–S type function in

the terminal part of the non�mevalonate pathway of iso�

prenoid biosynthesis (see Scheme 1) – IspG (GcpE, (E)�

4�hydroxy�3�methylbut�2�enyl diphosphate synthase)

and IspH (LytB, (E)�4�hydroxy�3�methylbut�2�enyl

diphosphate reductase) [9�11]. Functioning of this path�

way is indispensable for bacterial growth of many species

[12] including pathogenic Mycobacterium tuberculosis

[13].

Earlier the generation of superoxide radicals and

other ROS in some bacteria and plants was shown to be

followed by accumulation in the bacterial cells and chloro�

plasts of an intermediate of non�mevalonate pathway of

isoprenoid biosynthesis (methyl�erythritol�4�phosphate

pathway, MEP) – 2�C�methyl�D�erythritol�2,4�

cyclodiphosphate (MEcDP). A reason for this is suggested

to be the inhibiting effect of superoxide radicals on

4Fe–4S active centers of IspG, catalyzing the utilization of

this compound, resulting in reduced rate of transformation

of MEcDP into (E)�4�hydroxy�3�methylbut�2�enyl

diphosphate (HMBPP) [14�16]. The largest amounts of

MEcDP were detected in the case of oxidative stress in

culture of Corynebacterium ammoniagenes, much smaller –

in culture of Myc. smegmatis [14] while in slow growing

culture of Myc. tuberculosis MEcDP has not been detected

at all. The question arises of the reason for this phenome�

non: is it due to special resistance of the microbe to the
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Abstract—Artificial generation of oxygen superoxide radicals in actively growing cultures of Mycobacterium tuberculosis,

Myc. smegmatis, and Corynebacterium ammoniagenes is followed by accumulation in the bacterial cells of substantial

amounts of 2�C�methyl�D�erythritol�2,4�cyclodiphosphate (MEcDP) – an intermediate of the non�mevalonate pathway

of isoprenoid biosynthesis (MEP) – most possibly due to the interaction of the oxygen radicals with the 4Fe–4S group in

the active center and inhibition of the enzyme (E)�4�oxy�3�methylbut�2�enyl diphosphate synthase (IspG). Cadmium ions

known to inhibit IspG enzyme in chloroplasts (Rivasseau, C., Seemann, M., Boisson, A. M., Streb, P., Gout, E., Douce,

R., Rohmer, M., and Bligny, R. (2009) Plant Cell Environ., 32, 82�92), when added to culture of Myc. smegmatis, substan�

tially increase accumulation of MEcDP induced by oxidative stress with no accumulation of other organic phosphate inter�

mediates in the cell. Corynebacterium ammoniagenes, well�known for its ability to synthesize large amounts of MEcDP, was

also shown to accumulate this unique cyclodiphosphate in actively growing culture when NO at low concentration is artifi�

cially generated in the medium. A possible role of the MEP�pathway of isoprenoid biosynthesis and a role of its central inter�

mediate MEcDP in bacterial response to nitrosative and oxidative stress is discussed.
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active oxygen species due for example to resistance of the

tuberculosis enzyme IspG responsible for MEcDP, and

can that be an explanation for elevated resistance of these

bacteria to oxidative stress in the host macrophages [17]?

As to NO, though Fe–S centers of proteins are rec�

ognized targets of nitrosative stress [18�20], there is now

no indications in the literature on the influence of NO on

Fe–S enzymes of the MEP pathway.

In this work we investigated the effect of artificial

generation of both ROS and NO on accumulation of

MEcDP and other diphosphate intermediates of MEP

pathway of isoprenoid synthesis in mycobacteria and

corynebacteria in actively growing cultures. The role of

significant accumulation of MEcDP in actively growing

bacterial cultures in response to low concentrations of

NO and ROS is discussed.

Non�mevalonate pathway of isoprenoid biosynthesis and possible loci of action of products of oxidative and nitrosative stress

Scheme 1
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MATERIALS AND METHODS

The following bacterial strains were used in this

study: Myc. smegmatis strain mc2155, Myc. tuberculosis

H37Rv, C. ammoniagenes ATCC 6872, and Micrococcus

luteus, Flemming strain 2665.

Mycobacterium smegmatis was grown at 37°C on an

orbital shaker (250 rpm) in 200 ml of the rich medium con�

taining per liter: 10 g peptone, 5 g NaCl, 3 g yeast extract

supplemented with 0.05% (v/v) Tween 80, pH 7.0, in

750 ml flasks. Corynebacterium ammoniagenes and M.

luteus were grown at 30°C on an orbital shaker (250 rpm) in

200 ml of the rich medium containing per liter: 10 g pep�

tone, 5 g NaCl, 5 g yeast extract, pH 7.5, in 750 ml flasks.

Concentration of materials added during cultivation, time

of additions, and time of harvest are given in the text and

figure legends. In experiment with M. luteus transformed

by pMind�gcpE plasmid, the cells were cultivated in medi�

um supplemented with kanamycin (10 µg/ml). At the mid

log phase tetracycline was added to 0.02 µg/ml, and at the

end of log phase glucose (to 1%) and benzyl viologen (BV)

dihydrochloride (to 50 µg/ml) were added. Biomass was

pelleted by centrifugation after 20 h cultivation from the

addition of BV. The control strain of M. luteus was also

transformed by pMind plasmid (without the gcpE gene).

Mycobacterium tuberculosis was grown aerobically at

37°C in shaker flasks (200 ml medium in 500 ml flasks,

agitation at 200 rpm) in Sauton’s medium supplemented

with 0.5% albumin, 0.2% glucose, and 0.085% NaCl in

the presence of 0.05% Tween 80. Initial cell concentra�

tion was 105�106 cells/ml. Cells were grown eight days

until the optical density at 600 nm reached 0.7 (amount of

cells was determined by the Most Probable Number

method (MPN), 2.4·107 cells/ml). At this moment the

culture was supplemented with glucose (to 1%) and BV

(to 12.5 µg/ml). Cultivation was continued for four days

until the optical density at 600 nm reached 4.8 (MPN,

9.5·109 cells/ml).

Bacterial cells from 400 ml culture were collected by

centrifugation, suspended in 15 ml ethanol, incubated

with periodic stirring for 30 min, centrifuged, and resus�

pended again in 15 ml 70% ethanol (15�20 min incuba�

tion) and finally centrifuged to discard the pellet. The

combined extract was evaporated to dryness in a stream of

air in a Petri dish and then treated with 0.7 ml of 30%

D2O supplemented with SDS (0.7%) and EDTA

(50 mM) for 31P�NMR investigation using a Bruker

AM300 spectrometer (121.49 MHz, the 31P chemical

shifts are referred to the signal of 75% H3PO4 in D2O

(0.0 ppm, external standard)).

A source of nitric oxide, 2,2′�(hydroxynitrosohydra�

zono)bis�ethanimine (DETA/NO) (Sigma, USA), was

dissolved in 10 mM KOH immediately before addition

into growing bacterial culture at the mid log phase to con�

centration 90�100 µM and cultivation further continued

for 22 h.

Nitrosoglutathione was prepared by mixing equimo�

lar solutions of reduced glutathione and sodium nitrite,

and after 5 min the mixture was added to mid log phase

culture and cultivation continued for 10 h.

Mycobacterium tuberculosis Rv2868c/gene (syn�

onyms – gcpE and IspG) was cloned into M. luteus. The

gcpE gene was amplified by PCR using a primers 5′�
GACCTGCAGAACCCGATTAGGCTTTTCCA�3′ and

5′�GACTAGTCGACATCTGCGAACTCCCTT�3′ (PstI

and SpeI restriction sites are shown in bold). The purified

PCR product was ligated into pGEM�T vector (Promega,

USA). The ligated product pGEM�gcpE was transformed

into E. coli strain TG1, and selected colonies were exam�

ined by PCR. Thereafter, pGEM�gcpE and pMind vec�

tors [21] were digested with the restriction enzymes PstI

and SpeI, and the gcpE B fragment was ligated into

pMind. The ligated product pMind�gcpE was trans�

formed into E. coli strain TG1, and the sequence of the

cloned gene was confirmed. pMind�gcpE was trans�

formed into M. luteus.

RESULTS AND DISCUSSION

Benzyl viologen (BV) as well as methyl viologen

(paraquat) is known to facilitate generation of superoxide

radicals in aerobically grown bacterial cells [22]. Earlier

we demonstrated that BV�induced oxidative stress is fol�

lowed in many aerobic bacteria by accumulation of

MEcDP [14, 15]. As a rule, BV was added to bacterial cul�

tures at the end of logarithmic or beginning of stationary

phase simultaneously with glucose to increase substantial�

ly the yield of MEcDP. The growth to high densities of

culture was required for determination of phosphates by

Fig. 1. Influence of benzyl viologen (BV) and cadmium ions on

growth (optical density of culture, A600) of Myc. smegmatis.

Additions to the basic medium: 1) BV; 2) glucose + BV; 3) glu�

cose + Cd2+; 4) Cd2+ + BV.
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31P�NMR. Detectable amounts of MEcDP were regis�

tered in bacteria after 1 h of contact with BV + glucose in

aerobic medium, and the maximal concentration was

reached by 24 h, the concentration of BV 50 µg/ml being

optimal for cultures coming to the end of log phase [14].

We investigated the effect of BV on accumulation of

organic diphosphates in mycobacteria and corynebacteria

in actively growing cultures. Results for Myc. smegmatis

are presented in Figs. 1 and 2. Addition of glucose (1%) at

the beginning of the log phase (optical density about 2 at

600 nm in peptone�yeast extract medium) stimulated

growth rate by 30�60% (Fig. 1, curve 1 – typical one from

four experiments). The 31P�NMR spectrum of the mate�

rial extracted by alcohol at the end of log phase of this

culture shows (Fig. 2, spectrum 1) signals in a range from

–5 to –15 ppm assigned to organic diphosphates: termi�

nal β�phosphate of organic diphosphates (from –6 to

–8 ppm); α�phosphates of organic diphosphates (from

–9 to –11 ppm); and phosphates of dinucleotides like

hexose�nucleoside�diphosphate (from –11 to –13 ppm).

A duplet typical for MEcDP and centered at chemical

shift –14.7 ppm was not noted in this case.

Addition of BV (25 µg/ml) at the late log phase (Fig.

1, curve 2) inhibited the growth rate in glucose�containing

medium only about 10�30% and in spite of oxidative stress

the final biomass was not changed or decreased no more

than 10�15% of control (no BV). This cell biomass con�

tains substantial amount of MEcDP (Fig. 2, spectrum 2:

multiplet centered at –10 ppm and duplet at –14.7 ppm).

A signal at –7.5 ppm assigned to terminal β�phosphate of

organic diphosphates is noteworthy reduced.

Recent investigation of the MEP pathway of iso�

prenoid biosynthesis in plant chloroplasts revealed that

infusion of Cd2+�containing solutions in leaves of some

plants [16] induced accumulation of MEcDP in their

chloroplasts, supposedly because of incorporation of cad�

mium ions in the apoenzyme IspG by binding to cysteines

in the active center, thus substituting iron for cadmium in

the active center of IspG.

We also observed an inhibitory effect of addition of

0.15 mM CdCl2 simultaneous with 1% glucose at the

beginning (1/3) of logarithmic phase on the growth of

Myc. smegmatis. Figure 1 (curve 3) illustrates 30�70%

inhibition when 0.15 mM CdCl2 + glucose was added as

compared with the control (supplemented with glucose

only), and this inhibition depends on culture density,

rate, and phase of growth in each experiment (not

shown). Figure 2 (spectrum 3) indicates that growth in

cadmium�containing medium brings accumulation of

MEcDP similar to the effect of oxidative stress (Fig. 2,

spectrum 2). Subsequent addition of 0.15 mM CdCl2 and

25 µg/ml BV (+ glucose) (Fig. 1, curve 4) causes very high

accumulation of MEcDP in the cells (Fig. 2, spectrum 4),

so that concentration of MEcDP is greater than the con�

centration of other phosphates extracted from the cells by

alcohol (for better presentation, signals in spectrum 4 of

Fig. 2. 31P�NMR spectra of ethanol extract of Myc. smegmatis

cells grown on medium supplemented with glucose (1), glucose +

BV (2), glucose + Cd2+ (3), glucose + BV + Cd2+ (4). 
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Fig. 2 are reduced to 1/6). Note that no substantial

amount of glyceraldehyde phosphate, deoxy�xylulose

phosphate, methylerythritol phosphate, and other pre�

cursors of MEcDP in the MEP�pathway of isoprenoid

biosynthesis (CDP�ME, CDP�ME2P) are detected by
31P�MNR under these experimental conditions. Two

explanations for this are possible: elevated stationary con�

centration of these compounds is followed by sharp eleva�

tion of their metabolism, or the rate of their transforma�

tion into MEcDP is so high compared to the rate of their

biosynthesis that even substantial inhibition of MEcDP

utilization by IspG has no influence upon the amount of

these products in the cells. It is important to note that

under conditions of high rate of MEcDP accumulation, a

certain part of the culture retains its ability to grow, and

the number of colony�forming cells on solid medium is

more than 107 per ml (not shown). As the MEP pathway

is indispensable for bacterial growth, we assume that

under this condition some cells continue to synthesize

IspG enzyme or they can restore the inhibited enzyme

molecules and thus diminish negative effect of oxidative

and cadmium stress [2, 19, 23]. As to the nature of organ�

ic diphosphates registered on Fig. 2, we argue that a sig�

nal at chemical shift –7.5 ppm (Fig. 2, spectrum 1) can be

assigned to terminal phosphorus of diphosphates located

beyond IspG in the MEP pathway, and it is drastically

reduced or disappears during oxidative or cadmium

stress, respectively. We shall discuss this possibility later.

Contrary to Myc. smegmatis and many related bacte�

ria, accumulation of MEcDP under oxidative stress was

never registered in Myc. tuberculosis. A possible reason for

this might be an unusual resistance of the tuberculosis

IspG enzyme to active oxygen species that make the whole

bacterium more resistant to oxidative stress [17] and help

it to survive within a macrophage. To check this sugges�

tion, we transferred a plasmid bearing the Myc. tuberculo�

sis IspG gene into bacterium M. luteus (see “Materials and

Methods”) and incubated it under conditions of oxidative

stress. We expected that no MEcDP would accumulate in

the M. luteus mutant if the transferred enzyme is really

resistant to oxygen radicals, but if this enzyme is sensitive

to superoxide as the enzyme of micrococci, then MEcDP

will accumulate in amounts typical for the wild strains of

M. luteus. Thus, in the mutant micrococci we observed

accumulation of MEcDP under oxidative stress as in a

wild strain [14] (data not shown), and that is why we con�

clude that the Myc. tuberculosis IspG enzyme is sensitive

to oxidative stress. So, now we returned to search for con�

ditions causing MEcDP accumulation in the Myc. tuber�

culosis bacterium, and this time we used early phase of

active growth of the Myc. tuberculosis culture.

Accumulation of MEcDP in Myc. tuberculosis cells treat�

ed with BV as compared with Myc. smegmatis is presented

in Fig. 3. Contrary to our earlier experiments, when we

added BV and glucose to the late logarithmic or even to

stationary phase when biomass was rather high, now we

made additions to actively growing culture (7�8 days of

culture, optical density about 0.6 at 600 nm) and the

amount of added BV was reduced to 12.5 µg/ml so that not

to kill the cells, and we let them grow for another 4 days in

glucose�supplemented medium before being taken for

NMR analysis (Fig. 3, spectrum 1). We made three inde�

pendent experiments to prove the accumulation of

MEcDP and present the best spectrum in Fig. 3. We clear�

ly see two signals of MEcDP (duplet at –14 and

–10 ppm). Contrary to Myc. smegmatis (Fig. 2, spectrum

2), extract from Myc. tuberculosis does not show NMR

signals of dinucleotides (chemical shifts at –10/–11 ppm)

or other metabolically important organic diphosphates

like NAD(P)+ and NAD(P)H. In general, alcoholic

extract from Myc. tuberculosis looks much poorer than

that of Myc. smegmatis. Besides definite signals of

MEcDP, only signals of orthophosphate and a small

monophosphate component at chemical shifts 0 or

–1 ppm in Myc. tuberculosis versus 21 components (in the

range of chemical shifts from +5 to –15 ppm) in Myc.

smegmatis are observed. Because the negatively charged

MEcDP is clearly extracted from the cells, the suggestion

of possible different extractability of the compounds due

to complex cell wall structure of these relative organisms is

not realistic. The difference is most possibly explained by

lower level of metabolism in general and lower level of

phosphates in slowly growing Myc. tuberculosis bacterium.

Thus, in Myc. tuberculosis (as well as in many other

bacteria) oxidative stress induced even by low concentra�

tion of the redox cycling drug BV provokes accumulation

during the active phase of growth of MEcDP – the cen�

tral metabolite of the MEP pathway of isoprenoid biosyn�

thesis.

Our data on the accumulation of MEcDP in

response to superoxide as well as the data of other inves�

tigators [16] makes us think that the most likely target of

active oxygen is 4Fe–4S active center of enzyme IspG,

though the similar center of IspH is also affected (the fact

that accumulation of HMBPP is not observed could be

explained by simultaneous inhibition of HMBPP utiliza�

tion and reduction of HMBPP synthase IspG).

The Fe–S centers of enzymes are sensitive to attack

by ROS and NO [6, 20], so we investigated the influence

of NO�generating compounds on the phosphate compo�

sition in bacterial cells of interest. First we checked the

influence of NO upon the culture of C. ammoniagenes

noted for its prompt response to oxidative stress [14]. In

control experiments, a culture of the corynebacterium

growing on the peptone–yeast extract medium at the

middle of log phase was supplemented with substrates:

glucose (0.5%) and lactate (0.11%). Biomass (A600 > 20)

was extracted and analyzed after 20 h incubation as usual

(see “Materials and Methods”). Results are presented as
31P�NMR spectra in Fig. 4 (spectrum 1). In the case of

control cells of C. ammoniagenes, we see α�phosphates of

organic diphosphates (chemical shifts from –9 to
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Fig. 3. 31P�NMR spectra of ethanol extract of the Myc. tuberculosis cells (2) in comparison with that of Myc. smegmatis (1). 
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Fig. 4. 31P�NMR spectra of the ethanol extract of C. ammoniagenes cells grown on medium with no addition of oxidative stress generator (1)

or supplemented with the NO generator DETA/NO (2), or supplemented with benzyl viologen (3). 
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–11 ppm), terminal β�phosphates of organic diphos�

phates (chemical shifts from –6 to –8 ppm), and a small

signal at –3/–4 ppm (possibly a terminal γ�phosphate of

organic triphosphate). As to the unique signal of

cyclodiphosphate MEcDP at chemical shift –14 ppm, its

split peak could be seen as a trace signal. On addition of

artificial NO generator (DETA/NO) at low concentra�

tion (90 µM) together with glucose (0.5%) and lactate

(0.11%) at the middle of logarithmic phase, a substantial

increase after 20 h incubation of the signal of MEcDP as

compared with control cells is seen (Fig. 4, spectrum 2).

Spectrum 2 in Fig. 4 illustrates a clear signal typical of

MEcDP (duplets at –14 and –10 ppm), while in control

cells only trace signals could be observed (Fig. 4, spec�

trum 1). Thus, this is the first demonstration of MEcDP

accumulation in bacterial cells when they are cultivated

under the influence of NO. Certainly, the registered

amounts of MEcDP is far from the potential of the tested

microorganism, and in spectrum 3 of Fig. 4 we see the

response of C. ammoniagenes to BV�induced oxidative

stress, when the concentration of MEcDP becomes very

large (signal amplitudes were reduced by 4�fold for con�

venience of presentation).

So we suggest that Fe–S enzymes of the non�meval�

onate pathway of isoprenoid biosynthesis responsible for

transformation of MEcDP into the subsequent products

(IspG and IspH) are controlled in bacteria not only by

superoxide radicals, but also by nitric oxide NO. Of

course, the degree of inhibition by these agents may differ

greatly for the two enzymes and significantly depend on

the individual microorganism.

In Fig. 5 the effect of nitric oxide on a growing cul�

ture of Myc. smegmatis is illustrated. We made five inde�

pendent experiments. In an attempt to attribute the phe�

nomenon also to mycobacteria, we added DETA/NO

(0.1 mM, 22 h) to growing culture of Myc. smegmatis, or

another NO generator nitrosoglutathione (0.5 mM,

10 h), but we could not register accumulation of MEcDP

by 31P�NMR in extract from these cells. However, there is

an intriguing feature in the Myc. smegmatis (grown in the

NO�supplemented medium) NMR spectra in the range

of chemical shifts from –6 to –10 ppm. A signal of the

terminal β�phosphate of organic diphosphates at about

–7.5 ppm (Fig. 5, spectrum 1) pronounced in control

cells, “disappeared” under the influence of nitric oxide

(cultivation in presence of DETA/NO) and is replaced by

a larger and split peak at chemical shift –6.8 ppm (and

possibly corresponding to it also split peak at chemical

shift –9.7 ppm; Fig. 5, spectrum 2). Also, when NO was

generated by nitrosoglutathione (Fig. 5, spectrum 3),

another split and larger peak appeared at chemical shift

–7.0 ppm simultaneously with a second multiplet at

chemical shift –9.7 ppm. These results could be

explained without contradiction for Myc. smegmatis

under particular experimental conditions by suggestion of

preferential inhibition by NO of the enzyme IspH. So, if

Fig. 5. Effect of NO upon Myc. smegmatis. 31P�NMR spectra of

the ethanol extract of control Myc. smegmatis cells (1) or cells

grown on medium supplemented with DETA/NO (2) or supple�

mented with nitrosoglutathione (3). The region of diphosphate

NMR signals on the chemical shifts scale is shown.
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a signal at –7.5 ppm belongs to β�phosphate of isopen�

tenyl diphosphate (IPP) or dimethylallyl diphosphate

(DMAPP) (the products of IspH (Scheme 1)), then its

stationary concentration should decrease on addition of

inhibitory nitric oxide. Note that our suggestion on the

nature of the signal at chemical shift –7.5 ppm correlates

with the presented results (Fig. 2) on the influence of cad�

mium and oxidative stress on NMR spectra of Myc. smeg�

matis. We expect simultaneous increase in the concentra�

tion of the IspH substrate – HMBPP (signals at

–6.8/–7.0 and –9.7 ppm), while the concentration of the

product of the enzyme IspH affected by nitric oxide

decreases. Activity of IspG is believed to be a limiting step

of the MEP pathway [13], so even substantial inhibition

of IspH may not lead to accumulation of MEcDP in

amounts sufficient for NMR analysis. It is important to

note that 31P�NMR requires relatively large concentra�

tions of the analyzed substances. That is why the regis�

tered increase in the signals in spectra 2 and 3 (Fig. 5) at

chemical shift –6.8/–7.0 and –9.7 corresponds to sub�

stantial quantities of the organic diphosphates. Earlier

[24] we calculated that in corynebacteria the concentra�

tion of MEcDP exceeds 50 mM when cells are grown

under oxidative stress.

Thus, all the above results illustrate that both oxida�

tive and nitrosative stress inhibit Fe–S enzymes of the

MEP pathway of isoprenoid biosynthesis in mycobacteria

and corynebacteria. However, bacterial growth in vitro is

not completely suppressed, so what might be the signifi�

cant sense for the host immune system in the struggle

against bacterial infections to block the MEP pathway by

oxygen radicals and by nitric oxide? Because of the spe�

cific requirements for NMR as a detector of the phos�

phate�containing intermediates, we used high�density

bacterial cultures (>5·108 cells/ml) actively growing on a

rich medium. Also, we used low concentration of com�

pounds generating small quantities of the nitric oxide and

active oxygen that would not decrease substantially the

growth rate in order to obtain good biomass (much high�

er concentration of these agents are usually used to stop

the growth of Myc. tuberculosis [5]). It is clear that under

our experimental conditions the sensitivity to the

inhibitors might be decreased, and also the cells may con�

tinue to grow due to accumulated substrates and by cryp�

tic growth when metabolic pathways are blocked. For

example, in our experiments 0.15 mM CdCl2 only slight�

ly reduced the growth rate of Myc. smegmatis culture (Fig.

1, curve 3), while 0.04 mM CdCl2 completely inhibit the

growth when added together with inoculum (not shown).

That is why a certain role of sensitivity of non�mevalonate

pathway of isoprenoid biosynthesis in the struggle of the

immune system against bacterial infections cannot be

excluded. Of course, experiments in vivo and with

macrophages are required to make this statement defi�

nite. However, our experiments with cadmium ions

incline us to think that substantial bactericidal effect can

be expressed by induction of oxidative and nitrosative

stress concomitant with inhibition of resynthesis and/or

reparation of IspH and IspG enzymes. That is why the

system of resynthesis and reparation of Fe–S centers (and

possibly the unique SUF system for mobilization of sulfur

in mycobacteria [25]) might be a good target in the search

for new antibacterial drugs. Quite recent data on activa�

tion of genes responsible for reparation of Fe–S centers in

enzymes [5] in the case of oxidative and nitrosative stress

and activation of transport of iron ions are in accord with

our suggestion. Of special interest is the fact that activa�

tion is observed at low concentration of the inhibitors

(lower than bacteriostatic) and these concentrations cor�

respond to that used in our experiments.

Another aspect of the problem is the possibility of

other functions of MEcDP beyond being an intermediate

of the MEP pathway. The unusual cyclodiphosphate

structure, stability, and the ability to accumulate in large

quantities [15] suggest some yet unknown function for

this compound. These speculations are interesting in the

light of a recent publication on the MEP pathway in the

bacterium Listeria innocua [26], which has a complete

mevalonate pathway and truncated MEP pathway termi�

nated by MEcDP�synthase – IspF. Transformation of this

organism with the Bacillus subtilis IspG�gene�bearing

plasmid demonstrated that the truncated MEP pathway is

functionally very active as it can produce extremely high

concentrations of HMBPP [26]. Retention in evolution

of an enzyme chain leading to “useless” compound

MEcDP seems unreasonable (the genes IspG and IspH

are not found in the genome of this strain). So what may

be an additional metabolically important function for

MEcDP in this case? To answer this, we should under�

stand how the synthesis of MEcDP is regulated in the

bacterial cell. Our data illustrating that most intensive

accumulation of MEcDP is often observed only in grow�

ing cultures of bacteria when many important substrates

are sufficiently supplied suggest that the activity of the

non�mevalonate pathway (in particular, the stationary

Components necessary for induction of accumulation of 2�C�

methyl�D�erythritol�2,4�cyclodiphosphate and a possible locus of

its action on the genome of the producing bacterium

Scheme 2

HLP
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level of its unusual intermediate – MEcDP) might serve

as a sensor of energetic wellbeing. In fact, high levels of

important metabolites (ATP, CTP, NADPH, pyruvate,

phosphoglycerate) are required at the same time for the

successful MEcDP biosynthesis (Schemes 1 and 2). On

the other hand, the level of MEcDP clearly depends on

the level of oxygen radicals and NO, and thus MEcDP

could well be a sensor of oxidative and nitrosative stress.

The exact mechanism of this is still obscure, but it is clear

that high negative charge and expressed stability of this

cyclic compound is somehow involved. One recent obser�

vation in our laboratory on the specific properties of

MEcDP (A. Anuchin et al., unpublished) may lead the

way. The in vitro interaction of the plasmid DNA with the

recombinant histone�like protein HLP of Myc. smegmatis

[27] is followed by a change in circular dichroism (CD),

but on addition of MEcDP (isolated from C. ammonia�

genes) [28] these CD spectral changes were reversed. It is

very tempting to suggest that highly negatively charged

MEcDP may directly control some positively charged

histone�like activators and suppressors of DNA and thus

be involved in regulation of gene activity and sensory

functions (Scheme 2). Moreover, we suggested earlier that

MEcDP can act as an endogenous stabilizing agent for

bacterial cells subjected to oxidative stress. When added

to a solution of DNA in the presence of Fenton reagent,

MEcDP prevented the decomposition of the DNA by

complexation of ferrous ions, which attenuated their abil�

ity to catalyze the formation of hydroxyl radicals from

hydrogen peroxide [29].

This work was supported by the program “Molecular

and Cellular Biology” (Russian Academy of Sciences), by

the Federal Target Program “Scientific and Scientific�

Pedagogical Personnel of Innovative Russia” (contracts

14.740.11.08.01, 14.740.11.0246, 14.740.11.1056), and

by Russian Foundation for Basic Research grants (Nos.

11�04�00713�a and 11�04�01440�a).

A multiyear subscription to Nature by Dr. M. D.

Fischer (Oxford Research Machines, UK) is greatly

acknowledged.

REFERENCES

1. Chan, E. D., Chan, J., and Schluger, N. W. (2001) Am. J.

Respir. Cell Mol. Biol., 25, 606�612.

2. Cirillo, S. L., Subbian, S., Chen, B., Weisbrod, T. R.,

Jacobs, W. R., Jr., and Cirillo, J. D. (2009) Infect. Immun.,

77, 2557�2567.

3. Cooper, A. M., Segal, B. H., Frank, A. A., Holland, S. M.,

and Orme, I. M. (2000) Infect. Immun., 68, 1231�1234.

4. Jordao, L., Bleck, C. K., Mayorga, L., Griffiths, G., and

Anes, E. (2008) Cell Microbiol., 10, 9�48.

5. Voscuil, M. I., Bartek, I., Visconti, K., and Schoolnik, G.

K. (2011) Front. Cell. Infect. Microbiol., 2, 105.

6. Singh, A., Guidry, L., Narasimhulu, K. V., Mai, D., Trombley,

J., Redding, K. E., Giles, G. I., Lancaster, J. R., Jr., and

Steyn, A. J. (2007) Proc. Natl. Acad. Sci. USA, 104, 1562�1567.

7. Cruz�Ramos, H., Crack, J., Wu, G., Hughes, M. N., Scott,

C., Thomson, A. J., Green, J., and Poole, R. K. (2002)

EMBO J., 21, 3235�3244.

8. Crack, J. C., Smith, L. J., Stapleton, M. R., Peck, J.,

Watmough, N. J., Buttner, M. J., Buxton, R. S., Green, J.,

Oganesyan, V. S., Thomson, A. J., and Le Brun, N. E.

(2011) J. Am. Chem. Soc., 133, 1112�1121.

9. Rohdich, F., Hecht, S., Gaertner, K., Adam, P., Krieger,

C., Amslinger, S., Arigoni, D., Bacher, A., and Eisenreich,

W. (2002) Proc. Natl. Acad. Sci. USA, 99, 1158�1163.

10. Wang, K., Wang, W., No, J. H., Zhang, Y., Zhang, Y., and

Oldfield, E. (2010) J. Am. Chem. Soc., 132, 6719�6727.

11. Lee, M., Graewert, T., Quitterer, F., Rohdich, F., Eppinger,

J., Eisenreich, W., Bacher, A., and Groll, M. (2010) J. Mol.

Biol., 404, 600�610.

12. Testa, C. A., and Brown, M. J. (2003) Curr. Pharm.

Biotechnol., 4, 248�259.

13. Brown, A. C., Eberl, M., Crick, D. C., Jomaa, H., and

Parish, T. (2010) J. Bacteriol., 192, 2424�2433.

14. Ostrovsky, D., Kharatian, E., Dubrovsky, T., Ogrel, O.,

Shipanova, I., and Sibeldina, L. (1992) Biofactors, 4, 63�68.

15. Ostrovsky, D. N. (1995) Biochemistry (Moscow), 60, 9�12.

16. Rivasseau, C., Seemann, M., Boisson, A. M., Streb, P.,

Gout, E., Douce, R., Rohmer, M., and Bligny, R. (2009)

Plant Cell Environ., 32, 82�92.

17. Ehrt, S., and Schnappinger, D. (2009) Cell. Microbiol., 11,

1170�1178.

18. Rogers, P. A., Eide, L., Klungland, A., and Ding, H. (2003)

DNA Repair (Amst.), 2, 809�817.

19. Overton, T. W., Justino, M. C., Li, Y., Baptista, J. M.,

Melo, A. M., Cole, J. A., and Saraiva, L. M. (2008) J.

Bacteriol., 190, 2004�2013.

20. Jones�Carson, J., Laughlin, J., Hamad, M. A., Stewart, A.

L., Voskuil, M. I., and Vazquez�Torres, A. (2008) PLoS

One, 3, 1976.

21. Blokpoel, M. C., Murphy, H. N., O’Toole, R., Wiles, S.,

Runn, E. S., Stewart, G. R., Young, D. B., and Robertson,

B. D. (2005) Nucleic Acids Res., 33, 22.

22. Hassan, H. M., and Fridovich, I. (1979) J. Biol. Chem.,

254, 10846�10852.

23. Silver, S., and Phung, L. T. (1996) Annu. Rev. Microbiol.,

50, 753�789.

24. Ostrovsky, D., Kharatian, E., Malarova, I., Shipanova, I.,

Sibeldina, L., Shashkov, A., and Tantsirev, G. (1992)

Biofactors, 3, 261�264.

25. Huet, G., Daffe, M., and Saves, I. (2005) J. Bacteriol., 187,

6137�6146.

26. Begley, M., Bron, P. A., Heuston, S., Casey, P. G., Englert,

N., Wiesner, J., Jomaa, H., Gahan, C. G., and Hill, C.

(2008) Infect. Immun., 76, 5392�5401.

27. Anuchin, A. M., Goncharenko, A. V., Demina, G. R.,

Mulyukin, A. L., Ostrovsky, D. N., and Kaprelyants, A. S.

(2010) FEMS Microbiol. Lett., 308, 101�107.

28. Shipanova, I., Kharatian, E., Sibeldina, L., Ogrel, O., and

Ostrovsky, D. (1992) Biokhimiya, 57, 862�872.

29. Ostrovsky, D., Diomina, G., Deriabina, Yu.,

Goncharenko, A., Eberl, M., Shumaev, K., and Shashkov,

A. (2003) Prikl. Biokhim. Mikrobiol., 39, 565�570.


