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The antibiotic bacitracin binds metal ions such as zinc, copper and iron, and is often prepared for clinical 
and veterinary use as a zinc complex to enhance stability. Here, we show that bacitracin and its zinc 
complex are able to reduce copper and iron salts with the formation of hydrogen peroxide. This results in 
damage to the bacitracin molecule and the release of some oxidising radicals into free solution that attack 
detector molecules such as deoxyribose and DNA. Damage to deoxyribose and DNA can be detected by 
the formation of thiobarbituric acid-reactive material and this damage can be protected against by the 
addition of scavengers of the hydroxyl radical implicating the OH radical in the degradation observed. 

KEY WORDS: Fenton chemistry, antibiotics, bacitracin, metal ions, hydroxyl radicals. superoxide 
dismutase. 

INTRODUCTION 

Bacitracin is the name given to a complex mixture of related neutral polypeptide 
antibiotics isolated from B a c i l h  lichenformis. It has the structure of a 7 -amino acid 
membered ring and a side chain consisting of 5 amino acids (Figure 1). The antibiotic 
is known to be unstable and the instability appears to involve transformations of 
bacitracin A to bacitracin F.'.2 The thiazoline ring and histidine residues of bacitracin 
provide two coordination sites for metal bit~din&~ and, bacitracin is often used as a 
zinc complex which appears to stabilize the antibiotic complex.'*2 Metal ions have 
been implicated in the antibacterial activity of bacitracin since the addition of EDTA 
to culture media has been shown to suppress the activity of bacitracin towards 
Staphylococcus a u ~ e u s . ~  

Bacitracin has been widely used as an animal feed supplement. However, in human 
medicine its use, has been restricted to topical application, because of toxicity. In vitro 
metabolic studies often make use of bacitracin as an inhibitor of proteolytic degrada- 
tion of insulin and glucagon during receptor-binding studies.'S6 In addition, bacitracin 
has been shown to inhibit cyclic AMP-induced lipolysis in rat adipocytes ' and to 
increase glucose incorporation into glycogen in cultivated fQetal hepatocytes.' 

In the present study we examine the reaction of iron and copper salts with bacitra- 
cin and the resulting formation of reduction intermediates pf oxygen that are able to 
damage DNA and its pentose sugar 2-deoxyribose. 
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COOH c o o n r g ,  
NH 

FIGURE 1 Proposed structure of Bacitracin A. 

MATERIALS AND METHODS 

Reagents 
Catalase (thymol free, bovine liver), CuZn-superoxide dismutase (bovine eryth- 
rocyte), albumin (bovine, fatty acid free), 2-deoxy-D-ribose, DNA (herring testes 
Type XIV), bacitracin and bacitracin-zinc complex were from Sigma Chemical Co., 
Poole, Dorset. Desferrioxamine mesylate was from Ciba-Geigy and, all other chemi- 
cals of the highest purity available from BDH Chemicals, Poole, Dorset. 

Deoxyribose degradation. The sugar deoxyribose was degraded to release products 
with thiorbarbituric acid reactivity as previously Briefly, 0.3 ml of pho- 
sphate-saline buffer pH 7.4 (0.1M sodium phosphate in 0.15M NaCl) was added to a 
new clean plastic tube followed by 0.2ml deoxyribose (1OmM). Inhibitors were added 
at this stage to give the final reaction concentrations shown in Figures and Tables. 
0.2ml of bacitracin (l.Omg/ml) was followed by O.lml of cupric chloride (or ferric 
chloride), 1mM. The tube contents were mixed and incubated at 37°C for 3 hours. 

DNA damage. 
except that 0.2ml of DNA lmg/ml was added instead of deoxyribose. 

DNA degradation was carried out as described for deoxyribose 

Thiobarbituric acid reactivity. After incubation of the samples, 0.5 ml of thiobar- 
bituric acid reagent (1 % v/v in 0.05 M NaOH) was added to both DNA- and deoxyri- 
bose-containing tubes. To the DNA samples was added 0.5ml of 25% (v/v) HCI and 
NaOH to the deoxyribose samples 0.5ml of 2.8% (v/v) trichloroacetic acid. Tube 
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contents were heated at 100°C for 15 min to develop the pink chromogen, which was 
extracted into 1.5 ml of butan-1-01. Relative fluorescence intensity (RFI) of the buta- 
no1 extract was measured at excitation 532mm emission 553nm against a standard of 
Rhodamine B (3pmoles/l) including appropriate blanks and controls. The results 
shown are the means of 3 or more separate experiments which differed by no more 
than + 5 % .  

RESULTS 

Bacitracin and the bacitracin-zinc complex stimulated damage to DNA and deoxyri- 
bose, causing the release of thiobarbituric acid-reactive products from both in the 
presence of copper salts (Figure 2). Degradation of deoxyribose also occurred in the 
presence of bacitracin and its zinc complex when a ferric salt was present, although 
the dose response curve was quite different from that seen with copper (Figure 2). 
However, ferric salts and bacitracin failed to release any significant amount of 
TBA-reactive material from DNA (Figure 2). Damage to DNA and deoxyribose, in 
the presence of copper salt, was substantially inhibited by catalase implicating hyd- 
rogen peroxide as a major contributor to damage. Heat-denaturation of catalase 
significanlty decreased its ability to protect the two detector molecules against damage 
(Tables 1 and 2). Superoxide dismutase was poorly protective and inhibited little more 
than albumin, added as a control for non-specific radical scavenging effects (Tables 
1 and 2). The hydroxyl radical scavengers mannitol, thiourea and formate were 
extremely effective at protecting deoxyribose from damage but mannitol, unlike 
thiourea and formate, was less effective at protecting DNA (Table 1). 

The metal chelator EDTA markedly inhibited damage to the detector molecules 
when bacitracin was present but this inhibition was decreased when the zinc-complex 
was used. (Tables 1 and 2). The iron chelator desferrioxamine also inhibited copper- 
derependent bacitracin damage to the detector molecules (Tables 1 and 2). 

DISCUSSION 

The antibiotic bacitracin is mainly used in human disease as a topical agent and is 
thought to exert is antibacterial effect by inhibiting the incorporation of amino acids 
into the cell-wall mucopeptide (for a review see reference " ). Data presented here 
strongly suggest that bacitracin and its zinc complex are able to reduce copper and 
iron salts with the formation of hydrogen peroxide. 

Bacitracin is known to bind metals through its thiazoline and histidine sites and, 
the zinc complex of bacitracin is frequently made to increase stability of the antibiot- 
ic.'.2 Copper ions have also been observed to bind to bacitracin'* but in the process 
they destabilize the molecule, catalyzing the conversion of bacitracin A to bacitracin 
F in the presence of oxygen.I3 

Here, we present data to suggest the activity of copper, and to a lesser extent that 
of iron, in causing the oxidation of bacitracin is related to the formation of oxygen 
radicals. Bacitracin appears to be able to reduce iron and copper salts with the transfer 
of electrons to molecular oxygen to form superoxide (0;) and hydrogen peroxide 
(H,O,) (Equations 1-4) summarize some of the possible reactions that could lead 
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0 1 2 3 I 

FIGURE 2 The effect of Bacitracin concentration (mg/ml added) on the degradation of DNA and 
deoxyribose detected as thiobarbituric acid-reactivity (% RFI). 
(a) Deoxyribose degradation in the presence of a copper salt (ImM added) and bacitracin 
(b) Deoxyribose degradation in the presence of a copper salt and a bacitracin-zinc complex 
(c) DNA degradation by copper salt (1mM added) and bacitracin 
(d) DNA degradation by copper salt and bacitracin-zinc complex 
(e) Deoxyribose degradation by an iron salt (ImM added) and bacitracin 
(t) Deoxyribose degradation by an iron salt and bacitracin-zinc complex 
(g) DNA degradation by an iron salt (ImM added) and bacitracin 
(h) Deoxyribose degradation by an iron salt and bacitracin-zinc complex 

Bacitracin A + Cu2+ -, Bacitracin F 

Cu' + 0, -, Cu2+ + 0; + 2H+ Cu (111) + H,O, 

20, + 2H+ + H,O, + 0, 

CU+ + H 2 0 2  + Cu2+ + OH- + -OH 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

Il
lin

oi
s 

C
hi

ca
go

 o
n 

11
/0

6/
11

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



T
A

B
L

E
 I 

D
am

ag
e 

to
 D

eo
xy

rib
os

e 
an

d 
D

N
A

 b
y 

B
ac

itr
ac

in
 a

nd
 C

op
pe

r 
io

ns
 m

ea
su

re
d 

as
 th

e 
re

le
as

e 
of

 T
hi

ob
ar

bi
tu

ri
c 

ac
id

-r
ea

ct
iv

e 
pr

od
uc

ts
 

Th
io

ba
tb

itu
ri

c 
ac

id
-r

ea
ct

iv
itv

 
D

eo
xy

rib
os

e 
de

gr
ad

at
io

n 
D

N
A

 d
am

ag
e 

R
FI

 u
ni

ts
 

YO
 In

hi
bi

tio
n 

R
F

I 
un

its
 

YO
 In

hi
bi

tio
n 

(E
x 

53
2 

Em
 5

53
) 

(E
x 

53
2 

Em
 5

53
) 

I. 
B

la
nk

 (
ba

ci
tr

ac
in

) 0
.2

 m
g/

m
l 

2.
 B

la
nk

 (
co

pp
er

 s
al

t 0
. I 

m
M

) 
3.

 C
on

to
l 

(b
ac

itr
ac

in
 +

 C
u2

+ 
0.

lm
M

) 
R

ea
ct

io
n 

3 
+ 

Su
pe

ro
xi

de
 d

is
m

ut
as

e 
(5

0p
g/

m
l)

 
R

ea
ct

io
n 

3 
+ 

C
at

al
as

e 
(5

0p
g/

m
l)

 
R

ec
at

io
n 

3 
+ 

C
at

al
as

e 
H

ea
t-

de
na

tu
re

d 
R

ea
ct

io
n 

3 
+ 

A
lb

um
in

 (
50

pg
/m

l)
 

R
ea

ct
io

n 
3 

+ 
M

an
ni

to
l 

(2
0m

M
) 

R
ea

ct
io

n 
3 

+ 
Th

io
ur

ea
 (

2m
M

) 
R

ea
ct

io
n 

3 
+ 

U
re

a 
(2

m
M

) 
R

ea
ct

io
n 

3 
+ 

Fo
rm

at
e 

(2
0m

M
) 

R
ea

ct
io

n 
3 

+ 
E

D
T

A
 (

0.
2m

M
) 

R
ea

ct
io

n 
3 

+ 
D

E
FO

M
 (

0.
2m

M
) 

15
 

14
 

47
.3

 
39

.2
 

0 43
.0

 
35

.5
 

0 0 47
.3

 
0 3.

8 
24

.6
 

17
%

 
10

0%
 

9%
 

10
0%

 
10

0%
 

0%
 

10
0%

 
92

%
 

48
 Yo

 

25
%

 

4 4 24
.3

 
21

.9
 

3.
2 

20
.7

 
20

.9
 

12
.4

 
1.

5 
17

 5.
6 

1.
5 

6.
 I 

10
%

 
87

%
 

15
%

 
14

%
 

49
%

 
90

%
 

30
%

 
77

%
 

90
%

 
75

%
 

~ 
~~

~ 
~~

~ 
~~

 

T
he

 c
on

ce
nt

ra
tio

ns
 s

ho
w

n 
ar

e 
fin

al
 r

ea
ct

io
n 

co
nc

en
tr

at
io

ns
. 

D
E

FO
M

 =
 d

es
fe

rr
io

xa
m

in
e.

 
R

FI
 =

 R
el

at
iv

e 
flu

or
es

ce
nc

e i
nt

en
si

ty
. 

R
es

ul
ts

 h
av

e 
be

en
 c

or
re

ct
ed

 f
or

 b
la

nk
 v

al
ue

s.
 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

Il
lin

oi
s 

C
hi

ca
go

 o
n 

11
/0

6/
11

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



TA
B

LE
 I

1 
D

am
ag

e 
to

 D
eo

xy
rib

os
e 

an
d 

D
N

A
 b

y 
B

ac
itr

ac
in

-z
in

c 
co

m
pl

ex
 a

nd
 c

op
pe

r 
io

ns
 m

ea
su

re
d 

as
 th

e 
re

le
as

e 
of

 T
hi

ob
ar

bi
tu

ric
 a

ci
d-

re
ac

tiv
e 

pr
od

uc
ts

 

D
eo

xy
rib

os
e 

de
gr

ad
at

io
n 

D
N

A
 d

am
ag

e 
R

FI
 u

ni
ts

 
YO
 In

hi
bi

tio
n 

R
FI

 u
ni

ts
 

%
 I

nh
ib

iti
on

 
(E
x 5

32
 E

m
 5

53
) 

(E
X

 5
32

 E
m

 5
53

) 

1.
 B

la
nk

 (
ba

ci
tra

ci
n-

zi
nc

) 
0.

2 m
g/

m
l 

2.
 B

la
nk

 (
co

pp
er

 i
on

s 
0.

lm
M

) 
3.

 C
on

to
l (

C
u2

+ 
+ 

ba
ci

tra
ci

n-
zi

nc
) 

R
ea

ct
io

n 
3 

+ 
Su

pe
ro

xi
de

 d
is

m
ut

as
e 

(5
0p

gl
m

l) 
R

ea
ct

io
n 

3 
+ 

C
at

al
as

e 
(5

0p
g/

m
l) 

R
ea

ct
io

n 
3 

+ 
C

at
al

as
e 

H
ea

t-d
en

at
ur

ed
 

R
ea

ct
io

n 
3 

+ 
A

lb
um

in
 (

5O
pg

/m
l) 

R
ea

ct
io

n 
3 

+ 
M

an
ni

to
l 

(2
0m

M
) 

R
ea

ct
io

n 
3 

+ 
Th

io
ur

ea
 (

2m
M

) 
R

ea
ct

io
n 

3 
+ 

U
re

a 
(2

m
M

) 
R

ea
ct

io
n 

3 
+ 

Fo
rm

at
e 

(2
0m

M
) 

R
ea

ct
io

n 
3 

+ 
E

D
T

A
 (0

.2
m

M
) 

R
ea

ct
io

n 
3 

+ 
D

E
FO

M
 (

0.
2m

M
) 

5 5 60
.3

 
57

.3
 

7.
3 

55
.2

 
56

.4
 

9.
1 

6.
1 

59
. I 6.
 I 

35
 

16
.9

 

5%
 

88
%

 
8%

 
6%

 
85

%
 

90
 yo 2 Y
o 

90
% 

42
%

 
72

%
 

4 4 17
.6

 
18

.0
 

I .
6 

10
.4

 
18

.5
 

13
.9

 
3.

2 
2.

3 
7.

2 
2.

3 
2.

3 

0%
 

9 I
 O

h
 

41
%

 
0%

 
21

%
 

82
%

 
0 Y

o 
59

 yo 
87

%
 

87
%

 
~~

 
~ 

~~
 

Th
e 

co
nc

en
tra

tio
ns

 s
ho

w
n 

ar
e 

fin
al

 re
ac

tio
n 

co
nc

en
tra

tio
ns

. 
D

E
FO

M
 =

 d
es

fe
rr

io
xa

m
in

e.
 

R
FI

 =
 R

el
at

iv
e 

flu
or

es
ce

nc
e i

nt
en

si
ty

. R
es

ul
ts

 h
av

e 
be
en
 c

or
re

ct
ed

 f
or

 b
la

nk
 v

al
ue

s.
 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

Il
lin

oi
s 

C
hi

ca
go

 o
n 

11
/0

6/
11

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



BACITRACIN AND OXYGEN RADICALS 43 

to oxidative damage of bacitracin and the formation of reduced oxygen intermediates. 
Bacitracin and its zinc complex are also able to stimulate peroxidation of pho- 
spholipid liposomes in the presence of both iron and copper salts (unpublished data). 
The failure of superoxide dismutase to substantially inhibit damage to DNA or 
deoxyribose suggests that a cupryl ion (CuIII) is not formed from 0; (Equation 2), 
or possibly that the cupryl ion does not damage DNA or deoxyribose under our 
reaction conditions. Catalase was protective to the detector molecules when bacitra- 
cin and copper ions (or iron ions) were present, implicating H 2 0 2  as a key inter- 
mediate in oxidative damage. Hydroxyl radical scavengers suggested that the reactive 
species formed was the -OH radical (or a species with similar properties), by a 
Fenton-type reaction (Equation 4). The cupryl ion (CuIII) has been proposed as an 
alternative to the -OH radical in copper-dependent Fenton chemistry however.14 

The metal chelators EDTA and desferrioxamine inhibited damage to the detector 
molecules when bacitracin and its zinc complex were present with iron or copper salts. 
This inhibition may suggest that the stronger metal binding properties of the chelators 
removed metal ions from bacitracin which was then no longer able to reduce metals 
complexed to EDTA of desferrioxamine. Iron or copper ions bound to bacitracin 
would be expected to generate radicals that site-specifically damage the bacitracin 
molecule. However, since damage occured to the detector molecules DNA and 
deoxyribose and, such damage could be inhibited by addition of hydroxyl radical 
scavengers, this suggests that the bacitracin copper complex released some -OH 
radicals into free solution. Zinc is often proposed as a protective metal against 
oxidative damageI5.I6 stimulated by iron salts and, this appears to be consistent with 
the known increased stability of a zinc bacitracin complex. However the bacitracin 
zinc complex was still able to participate in oxidative damage when iron and copper 
salts were added. 

The ability of bacitracin to form reduced oxygen intermediates extends our 
previous observations on antibacterial antibiotics such as rifamycins,” tetracyclines’’ 
and j?-lactamsi9 and suggests that their ‘phago-mimetic’ activity might contribute to 
their antimicrobial properties. 
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