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Abstract-The hydroquinone moiety of the antibiotic rifamycin SV reacts with molecular oxygen to 
form reduced oxygen intermediates such as superoxide (0;) and hydrogen peroxide (H,O,). The 
antibiotic semiquinone is also formed. Rifamycin SV in the presence of iron and copper salts can lead 
to the formation of the highly reactive hydroxyl radical (OH ) which degrades the sugar deoxyribose. 
This damage is substantially inhibited by the enzyme catalase and scavengers of the hydroxyl radical 
such as formate, mannitol and thiourea. When linear duplex DNA is substituted for deoxyribose only 
rifamycin SV and copper ions substantially degrade DNA with release from the DNA molecule of 
thiobarbituric acid-reactive products. Damage to DNA by rifamycin and copper ions is significantly 
inhibited by catalase but poorly inhibited by scavengers of the hydroxyl radical consistent with a site- 
specific radical reaction of the DNA molecule. 

Several biological properties of rifamycin SV are known to resemble those of the metal chelating 
agent l,lO-phenanthroline. Here, we show that similarities extend to an unusual chemical property 

whereby thiobarbituric acid-reactive material is released from DNA in the presence of a copper salt. 

The rifamycins are lipophilic antibiotics produced by 
the micro-organism Nocurdiu mediterrunei [ 11. They 
have a naphthohydroquinone ring spanned by a long 
aliphatic bridge; the latter participating in binding 
to RNA polymerase [2]. Bacterial DNA-dependent 
RNA synthesis is strongly inhibited by low con- 
centrations of the rifamycins and inhibition closely 
resembles that produced by the metal chelating agent 
1, lo-phenanthroline [3]. 

The hydroquinone moiety (QH,) of rifamycin SV 
reacts with molecular oxygen to form reduced oxygen 
intermediates such as superoxide (0;) and hydro 
peroxide (H202). The drug semiquinone (QH’ k 

en 
is 

also produced (equations l-3) 

QH,+O,$QH’+Oz+H+ U] 

20~+2H+-+H202+02 (2) 

QH’+O,+Q+Os+H+ (3) 

Oxidation of the hydroquinone form of the drug, 
known as “SV” to the quinone (Q) form “S” is 
greatly accelerated by the presence of divalent metal 
ions [3,4] particularly transition metal ions. Rifa- 
mycin SV in the presence of iron or copper ions 
can lead to hydroxyl radical (OH’) formation as 
measured by the ability of OH’ to degrade the sugar 
deoxyribose [5]. 

Rifamycin SV was found to be particularly useful 
as an agent against organisms such as Mycobhcterium 
tuberculosis [6]. However, renewed interest in the 
drug has centred around its reported antiviral [7], 
anti-inflammatory [8] and immunosuppressive prop- 
erties [9]. In the present paper, we report that rifa- 
mycin SV in the presence of copper ions can 
substantially degrade the DNA molecule and release 
fragments containing aldehydic groups. 

* To whom correspondence should be addressed. 

MATERIALS AND METHODS 

Rifamycin SV sodium salt, superoxide dismutase 
(bovine erythrocyte), catalase (bovine liver), albu- 
min (human fatty acid free), 2-deoxy-D-ribose, l,lO- 
phenantholine, DNA (calf thymus type l), DNA 
(E. coli type VIII) were from the Sigma Chemical 
Company (Poole, Dorset). Agarose (electrophoresis 
grade) Koch-Light (Colnbrook, Bucks). All other 
chemicals were of the highest purity available from 
BDH Ltd (Poole, Dorset). Malondialdehyde 
(MDA) was prepared as previously described [lo]. 

Degradation of deoxyribose and DNA. The fol- 
lowing reagents were added to new clean plastic 
tubes in the order indicated; 0.2 ml of phosphate- 
saline buffer (0.1 M sodium phosphate in 0.15 M 
NaCl) pH 7.4 or Tris buffer (0.1 M) pH 9.2, 0.2 ml 
DNA (1 mg/ml in distilled water), or 0.2 ml deoxy- 
ribose (10 mM), 0.1 ml of rifamycin SV (1 mg/ml). 
Where indicated in the appropriate figures or tables, 
0.1 ml of proteins or scavengers were added. The 
reaction was started by the addition of 0.1 ml of 
metal salt (see figures and tables) and resulting mix- 
tures were incubated for 2 hr at 37” in a shaking 
waterbath. In experiments where DNA was 
degraded by 1, lo-phenanthroline the procedure pre- 
viously described [ll] was adopted. 

Development of TBA-reactivity. After incubation 
of samples, 0.5 ml of thiobarbituric acid (1% w/v in 
0.05 M NaOH), and 0.5 ml of 28% w/v trichloro- 
acetic acid (TCA) were added for DNA degradation 
studies and the low levels of TBA-reactivity 
measured by fluorescence. However, for deoxy- 
ribose degradation 2.8% w/v TCA was substituted 
for 28% TCA and the high levels of TBA-reactivity 
formed were measured by absorbance. The tube 
contents were transferred from plastic to glass tubes 
and heated to 100” for 15 min to develop the colour. 
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The resulting TBA chromogen was extracted into 
1.5 ml of butan-l-01 and the clear organic layer used 
for both spectrofluorimetric and spectrophotometric 
measurements. 

Thiobarbituric acid adduct jluorescence. Fluor- 
escence in the butanol extracts was measured at 
553 nm following excitation at 532 nm in a Perkin 
Elmer MPF 4 spectrofluorimeter. Units of flu- 
orescence are shown as Relative Fluorescence 
Intensity (RFI) calibrated against a standard rho- 
damine B (3 PM) as previously described [lo]. 
Absorbance values were kept below 0.05 to avoid 
inner-filter effects [12]. 

Electrophoretic separation of damaged DNA. An 
agarose gel (0.65% w/v) was prepared in sodium 
phosphate buffer pH 7.8 (0.1 M) containing EDTA 
(5 mM). Samples were loaded into wells cut into the 
gel, each containing 50 ~1 of the incubated DNA test 
solution pre-mixed with an equal volume of liquid 
agarose. The gel was run in the above buffer for 
24 hr at 11 mA. Resulting bands of DNA were 
viewed under U.V. light after development in ethid- 
ium bromide (5 ,ug/ml). E. coli DNA was used for 
the studies. 

Separation of rifamycin SV and rifamycin S by 
HPLC. Separation of the rifamycins was performed 
in acetonitrile (far U.V. grade) containing 35% v/v 
phos hate (0.1 M potassium salt) at a flow rate of 
1 ml min. The column (250mm x 4.6 mm) was P 
packed with ODS silica (5 ,u) (Shandon Southern). 
Separation of 20~1 samples (as prepared for the 
oxygen uptake experiments) was monitored at 
216 nm. 

Oxygen uptake measuremenb. A Clarke-type elec- 
trode (Hanstech Ltd) was used in these experiments. 
The electrode was calibrated according to the manu- 
facturers instructions with 100% air saturation at 35” 
equal to 0.219 p moles of oxygen/ml. To the reaction 
vessel was added 1 ml of distilled water, 0.4 ml of 
phosphate saline buffer (as previously described) 
pH 7.4, 0.4 ml of rifamycin SV (1 mg/ml). The elec- 
trode was allowed to stabilise before 0.2 ml of appro- 
priate metal salt (1 mM) was added. Readings were 
taken from the point of metal salt addition. 

Detection of rifamycin SV oxidation by spectro- 
photometry. To a cuvette were added 0.8 ml of phos- 
phate-saline buffer (as previously described) pH 7.4, 
0.4 ml of formate (200 mM) or thiourea (20 mM), 
0.1 ml of rifamycin SV (1 mg/ml) and 0.2 ml of cop- 
per salt (1 mM). The resulting changes in absorbance 
were monitored at 525 nm for 10 mins. 

All results shown are the mean of three or more 
experiments which differed by less than 25%. 

RESULTS 

In a previous study it was shown that rifamycin 
SV (RSV) oxidised rapidly at pH 9.2 in the presence 
of manganous ions, to form rifamycin S (RS) [4] and 
this was confirmed in our experiments at pH 9.0 (Fig. 
1). However, under our experimental conditions 
copper ions were more effective at stimulating oxi- 
dation of RSV at pH 7.4 (Fig. l), measured as both 
uptake of oxygen and the formation of RS. 

The sugar deoxyribose was not degraded by RSV 
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Fig. 1. pH-dependent oxidation of rifamvcin SV in the 
presence of copper and manganese ions. Orbalues decrease 
from 100%. Rifamvcin S values increase from 0%. n . Cuz+ 
(0.1 mM) at pH9:O; A, Mn*+ (O.lmM) at~pH.b_%, 
Cur+ (0.1 mM) at pH 7.4; 0, Mn*+ (0.1 mM) at pH 7.4. 
Rifamycin S formation was measured by HPLC using % 

area for calculation of values. 

and manganous ions whereas RSV and copper ions 
were extremely effective at bringing about degra- 
dation (Table 1). This copper-dependent degra- 
dation-of deoxyribose was substantially inhibited by 
the addition of catalase and the enzyme’s protective 
activity was mostly destroyed by heat-denaturation 
of the protein (Table 1). Albumin and superoxide 
dismutase were partly inhibitory but this was prob- 
ably due to non-specific copper-binding by the pro- 
teins since heat-denaturation of them did not abolish 
their activity (Table 1). The hydroxyl radical scav- 
engers mannitol, thiourea and formate significantly 
decreased deoxyribose degradation in the presence 
of copper ions and rifamycin SV whereas urea, added 
as a control for non-specific scavenging effects, had 
little or no protective action (Table 1). Thiourea and 
formate but not mannitol, however, greatly accel- 
erated the oxidation of RSV to RS in a buffer, 
containing copper ions, at pH 7.4 (Fig. 2). This accel- 
eration of oxidation could be reduced by adding 
mannitol to the reaction at concentrations five times 
that of formate and 50 times that of thiourea (Fig. 
2). The addition of superoxide dismutase to the same 
reactions was without effect (data not shown). 

When linear duplex DNA was incubated with cop- 
per ions and RSV they were able to bring about the 
release of TBA-reactive material from it. The ability 
of other metal ions to do this was also examined 
(Table 2). Ferrous ions released some TBA-reactive 
material from DNA in the absence of RSV and 
copper ions released TBA-reactive material from 
RSV in the absence of DNA (Table 2). However, 
RSV and copper ions produced substantially more 
TBA-reactive material from DNA. The fluorescent 
characteristics of the TBA adducts formed from 
products released from DNA deoxyribose and RSV 
are shown in Fig. 3. As can be seen their spectra are 
indistinguishable from the TBA adduct formed by 
the 3-carbon molecule malondialdehyde (MDA). 
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Table 1. Degradation of deoxyribose by rifamycin SV and copper ions the effect of 
inhibitors 

TRA reactivity after 2 hr incu- 
bation at 37” 

Blank (Deoxyribose i- RSV) 
Control (Deoxyribose + Cu*+ + RSV 

AS32 nm % Inhibition 

0.024 (subtracted) 
0.226 

Control + superoxide dismutase (0.06 mg/ml) 0.171 
Control + superoxide dismutase Heat denatured 0.142 
Control + catalase (0.06 mg/ml) 0.012 
Control + catalase Heat-denatured 0.130 
Control + albumin (0.06 mg/ml) 0.155 
Control + albumin Heat-denatured 0.160 
Control + formate (50 mM) 0.032 
Control + mannitol (50 mM) 0 
Control + urea (5 mM) 0.185 
Control + thiourea (5 mM) 0 

24% 
37% 
95% 
43% 
32% 
29.2% 
86% 

100% 
18% 

100% 

Concentrations shown are the final reaction concentrations. Details of the reaction 
mixture are given in the Methods Section. 

RSV = Rifamycin SV. 

Gel electrophoresis clearly shows the damage result- 
ing from incubation of DNA with a mixture of copper 
and RSV (Fig. 4). For comparison the effect of 
a l,lO-phenanthroline-copper ion mixture is also 
shown. Degradation of DNA by the RSV-copper 

‘525 
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Fig. 2. Oxidation of rifamycin SV in the presence of copper 
ions, thiourea or formate at pH 7.4. The inhibitory effect 
of mannitol. W, Rifamycin SV + Cuz’ (0.1 mM) + formate 
(40 mM); Cl, rifamycin SV + Cuz+ (0.1 mM) + formate 
(40 mM) + mannitol (200 mM); A, rifamycin SV + Cu2+ 
(0.1 mM); A, rifamycin Sv + Cu*+ (0.1 mM) + mannitol 
(40 mM); 0, rifamycin SV + Cu*+ (0.1 mM) + thiourea 
(4 mM); 0, rifamycin SV + Cu*+ (0.1 mM) + thiourea 
(4 mM) + mannitol (200 mM). Final reaction concen- 
trations are shown. Details of the assay procedure are given 

in the Methods section. 

complex (Monitored as TBA fluorescence) was 
strongly inhibited by catalase but not by the addition 
of other proteins (Table 3). The hydroxyl radical 
scavengers, thiourea, mannitol and formate did not 
protect the DNA against damage by copper and RSV 
(Table 3). 

DISCUSSION 

The inhibitory characteristics of rifamycin SV 
towards the initiation of RNA synthesis were 
described by Scrutton in 1971 as “resembling those 
of the metal chelating agent 1 ,lO-phenanthroline” 
[3]. It is now well established that a complex of 1 JO- 
phenanthroline and copper (II) degrades DNA in 
the presence of reducing agents [13-161. Here, we 
show that similarities between rifamycin SV and 
l,lO-phenanthroline extend to several other chemical 
properties. 

At a pH value of 7.4 copper ions are the most 
effective of the metal ions tested, in promoting oxi- 
dation of RSV with the accompanying formation of 
damaging oxygen radicals. In agreement with pre- 
vious studies manganous ions do not appear to par- 
ticipate in Fenton chemistry to form OH’ radicals 
that damage the sugar deoxyribose [17]. However, 
they do promote the rapid oxidation of RSV [3,4]. 
Damage to deoxyribose by copper and RSV was 
substantially inhibited by catalase and, to some 
extent, by all proteins added including the heat- 
denatured form of catalase. This partial inhibition 
can be ascribed to a general metal-binding anti- 
oxidant property of proteins when added to oxygen 
radical reactions stimulated by copper ions [18]. The 
importance of hydrogen peroxide, as shown by cata- 
lase inhibition of deoxyribose degradation suggests 
that hydroxyl radicals are formed by a Fenton-type 
reaction and this is further supported by the inhibi- 
tory activity of mannitol, thiourea and formate. 
Urea, as expected, showed little or no inhibitory 
action when added as a control for non-specific scav- 
enging effects. 
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Table 2. Release of TBA-reactivity following damage to DNA by rifamycin SV 
and transition metal ions 

Relative fluorescence intensity units (RFI) Ex 532 nm 
Em 553 nm 

DNA + RSV + DNA + RSV + 
Metal ion metal ion metal ion metal ion 

Cu2+ (0.1 mM) 3 44 160 
Cu2+ (0.08 mM) 3 41 146 
Cu2+ (0.04 mM) 3 40 121 
Cu2+ (0.02 mM) 3 36 75 
Cu2+ (0.01 mM) 3 35 49 
Fe3+ (0.1 mM) 8 6 11 
Fez+ (0.1 mM) 37 7 21 
Co2+ (0.1 mM) 3 7 5 
Mn2+ (0.1 mM) 3 5 8 
Cr6+ (0.1 mM) 4 15 15 

Reaction conditions are described in the Methods section and final reaction 
concentrations of metal ions are shown. 

RSV = Rifamycin SV. 
The TBA absorbance value of the DNA, RSV and copper mixture showing 160 

RF1 units was 0.059 (A532 nm). 

Formate and thiourea but not mannitol, however, 
greatly accelerated the oxidation of RSV in a simple 
buffer at pH 7.4 containing copper ions. This rapid 

Fig. 3. Fluorescent scans of the TBA adducts formed from 
copper damage to DNA, and rifamycin SV. Fluorescent 
scans were made at 532 nm excitation and 553 nm emission. 
(A) Malondialdehyde standard; (@J copper-phenanthro- 
line damage to DNA; (C) copper-rifamycin SV damage to 
DNA; (D) copper damage to rifamycin SV; (E) 
DNA + rifamycin SV; (F) DNA + copper ions. The reac- 
tion conditions leading to formation of TBA-reactivity are 

fully described in the Methods sections. 

oxidation could be reduced by adding higher con- 
centrations of mannitol than either the formate or 
thiourea present and, since superoxide dismutase 
had no inhibitory effect on the oxidation of RSV by 
these scavengers it suggests that OH’ radicals are in 
some way involved. It is possible that radicals formed 
from formate and thiourea are able to reduce the 
metal ions present and increase the rate of RSV 
oxidation, e.g. reaction of OH’ with formate gives a 
highly reducing formate radical. 

Fig. 4. Separation of copper-damaged DNA by gel elec- 
trophoresis. The gel shows from left to right: (1) DNA 
incubated with copper salt, phenanthroline and mer- 
captoethanol; (2) DNA incubated with copper ions; (3) 
DNA incubated with rifamycin SV; (4) DNA control; (5) 

DNA incubated with copper ions and rifamycin SV. 
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Table 3. Degradation of DNA by rifamycin SV and copper ions: the effect of inhibitors 

TBA-reactivity after 2 hr incubation 
at 37 

RF1 Units % Inhibition 

Blank (DNA + RSV) 4 (subtracted) 
Control (DNA + Cu*+ + RSV) 166 
Control + superoxide dismutase (0.06 mg/ml) 154 
Control + superoxide dismutase heat-denatured 128 
Control + catalase (0.06 mg/ml) 10 
Control + heat-denatured catalase 143 
Control + albumin (0.06 mg/ml) 147 
Control + heat-denatured albumin 138 
Control + formate (50mM) 
Control + mannitol (50 mM) 

111 
166 

Control + urea (5 mM) ’ 166 
Control + thiourea 148 

7% 
23% 
94% 
14% 
11% 
16.9% 
33% 
0 
0 

11% 

Details of the reaction conditions are given in the Methods section and values shown are 
final reaction concentrations. RSV = Rifamycin SV RF1 = Relative fluorescence intensity 
units. 

Linear duplex DNA was only degraded by RSV 
in the presence of copper ions. Like l,lO-phen- 
anthroline [16], RSV and copper ions release TBA- 
reactive material from the deoxyribose moiety of 
DNA, a property so far shared only with the anti- 
tumour antibiotic bleomycin in the presence of fer- 
rous ions [19]. The release of TBA-reactive material 
from DNA by copper and RSV suggests that binding 
takes place between the drug-metal complex and 
DNA. Ferrous ions were able to release some TBA- 
reactive material from DNA in the absence of RSV 
and copper ions could release TBA-reactive material 
from RSV in the absence of either DNA or deoxy- 
ribose. The latter finding suggests that the RSV 
molecule itself could be source of reactive aldehydes. 
The fluorescent properties of the various TBA 
adducts were spectroscopically indistinguishable 
from that formed by an authentic sample of 
malondialdehyde. 

Damage to DNA by copper and RSV is dependent 
on the generation of hydrogen peroxide in the reac- 
tion since catalase strongly inhibits the damage 
observed. A similar pattern, with poor protection 
given by hydroxyl radical scavengers, is also seen 
when a copper-phenanthroline complex degrades 
DNA [16], suggesting that the reaction on the DNA 
molecule leading to OH’ radical formation is site- 
specific and not amenable to interruption by scav- 
engers unless they have some special ability to 
approach the site of radical formation. It might also 
suggest that the OH’ radical is not responsible for 
damage to DNA. Alternatives, in copper reactions, 
to the OH’ radical have been proposed and these 
include a CuH202+ complex 1201 and the Cu(II1) 
form [20,21], both of which could lead to DNA 
damage [22]. Like site-specific OH’ radicals neither 
of these species would be scavenged by mannitol, 
thiourea or formate. 

The antibiotic rifamycin SV and its analogue rif- 
ampicin (data not included) are able to degrade 
DNA in vitro in the presence of copper ions. It is 
highly likely that the drug would also cause DNA 

damage in uiuo making it a potentially more “toxic” 
agent than hitherto thought. 
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