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zymic hydrolysis than the unsubstituted
parent compound, 6-APA. They were also
found to have a distorting effect on the
conformation of the active site of the en-
zyme (5, 6). It thus became apparent that

the side-chains (i.e., the N-acyl substitu-
ents) of A-type penicillins induce in the
enzyme a conformational transition which
�is unfavorable to the catalytic reaction. The

transition, which is fully reversible, is slow
enough to result in biphasic kinetics of the

reaction with A-type substrates (4, 7). Re-
markably, the initial phase shows a consid-

erable decrease in both kcat and Km values.
This “decelerating” phase is followed by a
second (“linear”) phase, where both values
are constant. The linear phase is main-
tamed indefinitely, i.e., until the substrate

is exhausted or displaced by an S-type pen-
icillin. The displacement causes a slow con-
formational transition which is also re-
flected in biphasic kinetics: the hydrolysis

of the A-type substrate stops immediately,
whereas the hydrolysis of the displacing, S-

type penicillin, accelerates slowly before
reaching the constant rate normally ob-
served with that substrate (4).

It occurred to us that the kinetics of

deceleration of hydrolysis of an A-type pen-
idillin, and the kinetics of acceleration

(upon its displacement), provide a very sen-
sitive gauge of the effect of that penicfflin

.on the conformation of the enzyme. We

asked, thus, whether the respective kinetics
will reveal differences in the conformation
induced by closely related substrates.

MATERIALS AND METHODS

Penicillins. Crystalline preparations of

benzylpenidillin were obtained from Rafa
Laboratories, Israel; methicillin, flucloxacil-
lin and cloxacillin were from Beecham Re-
search Laboratories, England; oxacillin was

obtained from Bristol Laboratories, USA;
6-aminopenicillanic acid (6-APA) was from

Aldrich Chem. Co., USA; dicloxacillin and
nafdillin were from Wyeth Labs, Inc., USA;
pyrazocfflin was kindly provided by Dr. V.
Csanyi (University Medical School, Buda-

pest).
Other Reagents. All chemicals were CP

grade commercial preparations. Fresh sub-
strate solutions were prepared daily, with

distilled water. In colorimetric experiments,
phosphate buffer 0.003 M pH 7.3 was used.

In all other cases, the buffer used was 0.1

M phosphate pH 7.
Penicillinase. The extracellular prepa-

ration ofpenicillinase was derived from Ba-

cillus cereus strain 569/H and purified as
previously described (8). One pemdillinase
unit hydrolyzes 1 �zmole benzylpenicillin in
1 hr at 30#{176}and pH 7.0.

Kinetic measurements. To follow the
progress of the enzymic hydrolysis of the
penicilhins, the spectrophotometric (9) and
colorimetric (10) methods were employed.

Among the A-type penicillins, only the hy-
drolysis of oxacillin, cloxacfflin and methi-
dillin could be followed spectrophotometri-

cally (taking L�#{128}�O� -240 M’ cm�; �

= -120 M’ cm’; &meth 41 M1 cm’). In

the case of other A-type penicillins, the
changes in absorbance accompanying the
cleavage of the $-lactam ring were too small

to enable the use of direct spectrophotom-
etry. The measurements were carried out
in thermostated cuvettes using Gilford

model 2400 or Varian Techtron model 635
recording spectrophotometer.

In the colorimetric method of assay (10),
the color shift of an acid-base indicator,
bromthymol blue, was followed at 620 nm
pH 7.3 0.003 M phosphate buffer, in Gilford
model 300 N or model 2400 recording spec-
trophotometer. Since the change of absorb-
ance of the indicator deviates from linearity
as more and more of the basic form of the
indicator converts into the acidic form, care
was taken to monitor the reaction within a
narrow range of pH. The recorded progress

curves of the enzymatic reactions were dig-
itilized with the aid of A -+ D converter
(GP-2 GraS/Pen Sonic Digitizer) and the

changes of substrate concentrations with
time were determined.

lodination of Penicillinase. The iodina-
tion procedure of penicillinase was as pre-
viously described (6).

�RESULTS AND DISCUSSION

The penicfflins selected for this study
include several members of the isoxazolyl
family of 6-APA derivatives as well as two

other A-type penicillins with structurally
unrelated side-chains (Table 1). Hydrol-



TABLE 1

Relative Vm,,�, values for 6-APA and A-type derivatives

R-NH��� �S\Ce%.Me

0��C_N�..#{231}/’ � General structure of penicillin

II COO

Name Side-chain (R) Relative Vmax#{176}

1. 6-Aminopenicillanic acid (6-APA) H 100

2. Methicillin 24

3. Nafcillin
0
Oco-

0- Ct

2.1

4. Pyrazocillin -CO-

�c’ �Me

0.9

�

5. Isoxazolyl-penidillins (General structure)

�R1

(Q�- C- C -CO-

R N C....
2 ‘o’ Me

6. Oxacillin As in (5), R1 = R2 = H 25

7. Cloxacilhin As in (5), R, = H, R2 = Cl 2.9

8. Dicloxacillin As in (5), R1 = R2 = Cl 0.8

9. Flucloxacillin As in (5), R1 = F, R2 = Cl 1.1

a }� of hydrolysis in the linear phase of the biphasic reaction, relative to that of 6-APA

kinetics of 6-APA hydrolysis is linear throughout.)
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(= 100). (The

ysis of 10 mM cloxacillin catalyzed by pen-
icfflinase (400 units/mi) and followed col-
orimetrically (10) in 3 mlvi phosphate buffer,
is shown in Fig. 1 (top). The progress of the
catalytic reaction (curve A) recorded as

change in absorbance at 620 nm (left ordi-
nate) shows biphasic kinetics at saturating

substrate concentrations (4). Assuming first
order kinetics (see below) for the transition
from the initial (vjnjtjai) to the final (vfm,,�)
rate of the reaction, the rate constant for
the transition is obtained from the following
expression:

in I v, - vfm� I in Ivth��l� - vernal I k1. t 1

where vt and k, are, respectively, the cata-
lytic rate at any moment t, and the first
order rate constant of the forward confor-
mational transition; t is the time elapsed

since the substrate was added. The values

for hi Iv, - vfm�1 I were calculated from curve
A. The linearity of the plot of ln� vt - vrmalI
against t (curve B and right ordinate) con-
firms that the transition obeys first order
kinetics. Evidence that the kinetic transi-

tion stems from a substrate-induced change

in conformation has been presented prey-
ously (4). The deceleration rate constant,
k1, has been evaluated by a best fit of Eq. 1
using a computer regression program. Best
estimates for the k1 values for cloxacillin
and the other substrates tested (Table 1)
are in good agreement with the correspond-
ing values obtained by a similar analysis of
direct spectrophotometric (9) or polarime-
tric (11) recordings of the progress of each
catalytic reaction.

Figure 1 (bottom) illustrates the kinetics
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FIG. 1. Derivation of rate constants for confor-

mational transitions induced in penicillinase by sub-

strates

Top: Biphasic reaction progress of the hydrolysis

of cloxacillin (10 mM) catalyzed by penicillinase (400

urtits/ml), and followed colorimetrically (9) at 620 mm

(trace A, left ordinate). At 300, phosphate buffer 3

mM, pH 7.3. Trace B: values of ml v, - v�j � vs. time

calculated using Eq. 1, as described in the text, from

Curve A.

Bottom: Kinetics of recovery of the catalytic recov-

ery of penicillinase towards benzylpenidilhin following

5 mi.n preincubation (at 30#{176})with 10 nmi dicloxacillin.

Measured spectrophotometrically (9) in 0.1 M phos-

phate buffer, pH 7, 300, after 1:300 dilution of the

enzyme-dicloxacillin incubation mixture with 1.5 m�s

benzylpenicillin. For other details see legend to Fig. 1

(Top). A) change of absorbance with time at 240 nm

(left ordinate). B) -lnIvfifl� - v11 calculated from curve

A as above (right ordinate).

of recovery of the catalytic activity of the

penicilhinase towards benzylpenicillin fol-
lowing 5 mm preincubation at 30#{176}with 10
mM dicloxacillin. The reaction has been

measured spectrophotometrically (9) in 0.1
M phosphate buffer pH 7.0, 30#{176},after 1:300

dilution of the enzyme-dicloxacillin incu-
bation mixture with 1.5 nmi benzylpenidillin
solution. Curve A shows the change of ab-

sorbance with time at 240 nm (left ordi-
nate), while the dependence of in � v, - Vfmal I
on time, calculated from curve A as above,

is presented in curve B (right ordinate).
Such measurements have been repeated

for the seven A-type penicil.lins (Table 1).
Rate constants of the conformational tran-

sitions have been derived from the kinetics

of the catalytic reaction: the rate constants
for the forward transition k1 were obtained
from the decelerating phase, and the con-
stants, kr, for the reverse transition, from
the accelerating phase, as illustrated in Fig.
1. Both transitions showed apparent first

order kinetics and the rate constants were
independent of enzyme or substrate con-

centration and of the incubation time of the
enzyme with the penicillin. The two sets of
rate constants derived for the seven A-type

penicillins are presented in Fig. 2 where k1
values are plotted against the respective kr

values. It will be obvious that although

derived from enzyme kinetics, these values
are nevertheless completely independent of
the catalytic reaction. Thus, the value k1

obtained for a given substrate is uniquely
related to the conformational transition in-
duced (by that substrate) in the native en-
zyme. Similarly, the value of kr is deter-
mined by the energy barrier between the
conformational state induced by the dis-
placed A-type substrate, and that induced
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FIG. 2. a) Comparison of transition rate con-

stants (k, and k,) obtained for the individual A-type

penicillins

The position of each penicillin was specified by the

average of about 10 determinations of kf and kr, as

illustrated in Fig. 1. Relative standard deviations were

generally below 10%. Symbols: (0) oxacillin; (C) clox-

acillin; (F) flucloxacillin; (D) dicloxacillin; (M) methi-

cillin; (N) nafcillin; (P) pyrazocilhin.

b) Comparison of activation energies of the for-

ward (EJ) and the reverse (Ea’) transitions induced

by A-type penicillins. Rate censtants k, and kr were

derived as illustrated in Fig. 1, from runs at tempera-

tures ranging from 9#{176}to 37#{176}. The activation energies

were evaluated from Arrhenius plots constructed from

4-6 replicate determinations of each constant. Sym-

bols are as in Fig. 2a. Relative standard deviations

ranged between 4% and 7%.
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by the displacing S-type substrate. And,
since the kr values are all based on data
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tical conditions, differences in these values

can be traced to the effect of structural
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Fig. 2a) allows us to conclude that the plot-
ted position of each substrate is uniquely

specified by these parameters. As expected,
the largest differences are observed with
structurally unrelated substituents of 6-
APA. We wish, however, to emphasize the
important differences caused by the rela-
tively minor modifications within the isox-
azolyl family of substrates.

The significance of these results was fur-
ther tested by measuring the respective k1

and kr values at temperatures ranging from
9#{176}to 37#{176}in order to obtain the activation
energies for the forward (EJ) and reverse
(Ea’�) transitions. The plot of Ea1 vs. Ea’�

shown in Fig. 2b confirms that each sub-
strate induces a unique change in the con-
formation of the enzyme.

Independent evidence in support of this
conclusion is presented in Fig. 3, in which
we compare the rates of inactivation of

penicfflinase in the presence of saturating
concentrations of the various A-type peni-
cillins. In each case, the conformational
change induced by the penicillin leads to
exposure of an essential tyrosine residue
(Ref. 12 and unpublished results); iodina-

tion of the exposed residue causes loss of
Catalytic activity (13). Thus, the rate of
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of exposure of the essential tyrosine in the
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The different inactivation rates (Fig. 3)
inaicate that the position of the displaced
tyrosine in such complexes varies with the
different substrates. Similar results were

obtained when the thermostabiity of the
same enzyme-substrate complexes was
compared. Although all A-type penicfflins

labiize the enzyme to heat (2), the rate of
inactivation at 48#{176}was specific for each
penicillin tested at saturating concentra-

tions (not shown). Taken together, these

FIG. 3. Rates of inactivation induced by A-type

penicillins

Enzyme samples were iodinated at 0#{176}in the pres-

ence of substrates, and their activity determined as

previously described (13). Residual activity is ex-

pressed as percent ofthe initial activity ofeach r;mple.

No inactivation was observed in the absence of added

substrate. The substrate concentrations (>3 nms) used

are considered saturating since further excess did not

affect the rates of inactivation. (�) oxacillin; (0) meth-

icillin; (V) cloxadillin; (0) nafcilhin; (U) flucloxacillin;

(S) pyrazocillin; (A) dicloxacilhin.

results provide further evidence that the
subtle structural differences in the sub-

strates are clearly reflected in the confor-
mational state of the enzyme.

We conclude that the exquisite specificity
of catalytic parameters is matched by, and
thus may largely derive from, the unique-
ness of the conformational response of the
enzyme to the substrate.
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SUMMARY

CASPARY, WILLIAM J., CRAIG NIZIAK, D. ALLAN LANZO, ROSALIND FRIEDMAN, AND

NICHOLAS R. BACHUR: Bleomycin A2: A ferrous oxidase. Mol. Pharmacol. 16, 256-.

260 (1979).

The bleomycins are polypeptides produced by Streptomyces verticullus and are used in
chemotherapy of various malignancies. We find that bleomycin A2 catalyzes the oxidation
of Fe� to Fe� and reduces oxygen. The reaction follows classical Michaelis-Menten
kinetics (Vmax = 0.27 �.tmole/min/mi, Km = 1.8 mi�i). One mole of bleomycin A2 turns

over approximately 5,000 moles Fe�47min. This catalytic activity of bleomycin A2 is heat
insensitive and strongly dependent on pH, buffer and ionic strength, and is unaffected by
DNA. This enzyme-like action may be involved in the bleomycin degradation of DNA.

INTRODUCTION

Bleomycin A2, a potent antimicrobial and
antitumor agent (1), is a polypeptide with
a molecular weight of approximately 1400
produced by Streptomyces verticullus. It
was discovered by Umezawa in 1966 (2, 3).
While its mechanism of action has yet to

be determined, it is known that bleomycin
A2 binds to DNA and causes DNA strand
breakage (4-12). Kohn has suggested that
bleomycin-induced DNA degradation may

be associated with cell toxicity (11). Certain
metal ions (Cu�, Zn� or Co�) inhibit
bleomycin-induced DNA breakage (13), but
others (Fe�, Mg�) are necessary for this

activity (8, 9). It appears that Fe�, oxygen
and bleomycin are required for the break-
age of DNA (8, 9). Lown and Sim (8) have
suggested that superoxide and hydroxyl
radicals may play a role in this drug’s ability

to break DNA.

I To whom all correspondence should be addressed.

0026-895X/79/040256-05$02.00/0
Copyright © 1979 by Academic Press, Inc.
All rights of reproduction in any form reserved.

MATERIALS AND METHODS

Bleomycin A2 was obtained from the
Natural Products Branch, Division of Can-
cer Treatment, NCI, NIH. Purity was
checked by thin layer chromatography and
by ‘3C nuclear magnetic resonance spec-
troscopy. Ten microliters of a bleomycin A2
solution (2.8 mg/mi) were spotted on a

silica gel 60 plate (0.25 mm thickness, E. M.
Laboratories, Inc.). The plate was chromat-
ographed in 10% ammonium acetate:meth-
anol (1:1) according to the method of Ume-
zawa et al. (3). One spot was observed under
shortwave u.v. light (2537 A). The R� value
was 0.33 (published value for bleomycin A2
is 0.40 (3)). The ‘3C nuclear magnetic reso-
nance spectrum of bleomycin A2 confirmed

that any impurity, if present, was less than
1%. All peaks were assigned to bleomycin
carbons (14). No extraneous peaks were

present. Since the signal/noise was 120/1
and extraneous peaks would be observabli
at a signal/noise of 1/1, we concluded that
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FIG. 1. Oxygen consumption as a function of bleo-

mycin A2 concentration

Fe�� (500 tiM) was added to reaction mixtures con-

taming the concentrations of bleomycin A2 indicated.

Points represent one determination. The experiment

was repeated and similar results were obtained.
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our sample of bleomycin A2 was essentially

pure.
The oxygen content of reaction mixtures

was measured with a Clark electrode in a
Yellow Springs Model 53 Instrument. Re-

action mixtures (final volume, 1 mi) con-
tamed 0.1 M sodium maleate buffer (pH
6.2), 10 ��LM bleomycin A2 (when used) and
500 �M FeSO4. Buffer and water were aer-

ated by bubbling with air for 3 min at 37#{176}.
Bleomycin A2 was added to the reaction
vessel, the electrode was inserted and the

system was equilibrated for 1 mm while
being monitored for oxygen content. Fifty

microliters of FeSO4 (10 �zM) was injected
into the reaction vessel and the change in
oxygen content was determined. FeSO4 so-
lutions were made fresh daily in water that

had been sparged with N2. Rates of oxygen
consumption were calculated from the mi-
tial linear electrode response (the value
used for the dissolved oxygen content in
the reaction mixture was 0. 16 �tmole).

Visible-u.v. spectra were obtained on a

Cary 14 recording spectrophotometer.

RESULTS AND DISCUSSION

While investigating the interaction of
Fe� and bleomycin A2, we observed that
bleomycin A2 stimulated an Fe��-depend-

ent consumption of oxygen. Although Fe�
was spontaneously transformed to Fe� in

the presence of oxygen, the addition of 10

�LM bleomycin A2 to FeSO4 accelerated the
process. This reaction required � bleo-
mycin A2 and oxygen. The rate of the oxy-

0.080

gen consumption was directly proportional
to the bleomycin A2 concentration (Fig. 1).
Preheating the bleomycin A2 at 100#{176}for up

to ten minutes did not affect its ability to
stimulate oxygen uptake.

We tested the effects of pH, ionic
strength and buffer on the stimulation of
oxygen uptake by bleomycin A2. We found

that sodium maleate or succinate sup-
pressed the endogenous rate of Fe�-in-
duced oxygen uptake. The bleomycin A2
stimulation had a pH optimum between pH
6 and 7 in 0. 1 M maleate or succinate buffer.

When increasing concentrations of Fe�
were added to reaction mixtures containing
i05 M bleomycin A2, the initial rates of
oxygen consumption increased until satu-
ration was reached. These experimental
data followed Michaelis-Menten kinetics
(Fig. 2). A kinetic analysis of these data by
Lineweaver Burk plot (Fig. 2) yielded a Km
= 1.8 miii and Vmax = 0.27 �mole/min/mi.

Initially one mole of bleomycin A2 catalyzed
approximately 5,000 moles Fe��/min. The
specific activity of bleomycin A2 is 27 �zmole

02 consumed/min4tmole bleomycin A2.
One of the products of this catalytic proc-

ess is Fe� chelated to bleomycin A2 (Fig.
3). The visible-u.v. spectrum of 400 zM bleo-
mycin A2 + 400 �LM Fe� in air was identical
to the spectrum of -400 �tM bleomycin A2

+ 400 /�M Fe� under nitrogen or air. These
spectra, in turn, were different from the

sum of the spectra of 400 �tM Fe� and 400
jLM bleomycin A2 measured in separate Cu-
vettes. These data indicated that the cata-

lyst-substrate complex (bleomycin A2-
Fe�) reacted with oxygen to form a bleo-
mycin A2-Fe� complex. If some form of

oxygen were present in this complex, it did
not affect the visible spectrum since the
spectrum of Fe�’�� and bleomycin A2 under

nitrogen is identical to the product in air or

oxygen. The univalent oxidation of ferrous
ion and the concurrent consumption of ox-
ygen suggested superoxide was formed in
this reaction.

Since Fe�4� was oxidized to � in the

presence of bleomycin A2 and oxygen, we
would expect that the superoxide radical
was formed. While we have been able to
detect this radical species when Fe� was

added to a phosphate buffer, we have not
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FIG. 2. Michaelis-Menten plot of oxygen consumption versus Fe � concentration

The insert is a Lineweaver-Burk plot of the same data. Measurements were made as described in

MATERIALS AND METHODS. 0.1 M maleate buffer pH 6.2 and lOzM bleomycin A were used.

been able to detect 02: in the presence of
Fe4�-bleomycin A2 in a maleate buffer. The

assays we used for 02: detectic.n were the
spectroscopic monitoring of ferricyto-
chrome C reduction, of nitro blue tetrazo-
hum reduction or of epinephrine oxidation
(15), electron spin resonance (16, 17) and
inhibition of oxygen consumption by SOD2

or catalase. With this latter assay, if O2

and H2O2 were formed, an apparent inhi-
bition of oxygen consumption would be ex-
pected since oxygen was re-formed accord-
ing to the following reactions:

SOD
2O2� + 2H� � 02 + HO2

2H202 Catalase � 02 + 2H2O

We observed this inhibition in a Fe� phos-
phate but not in a Fe4�-bleomycin A2 sys-

tem. Our inability to observe inhibition in

the presence of bleomycin A2 may have

2 The abbreviation used is: SOD, superoxide dis-

been due to a rather slow dissociation of
the iron-bleomycin A2-oxygen complex
leading to small amounts of 02 being re-

formed in comparison to the amount of
oxygen utilized at any time point.

Bleomycin A2 possesses catalytic activity
in oxidizing ferrous ion and follows kinetics

characteristic of an enzyme. In light of
these data, we suggest that bleomycin A2,
since it is a polypeptide, may be considered

an enzyme and be classified as a ferrous
oxidase. Since this activity is heat resistant,
it appears unlikely that this catalytic activ-

ity could be due to a high molecular weight
impurity. While a low molecular weight
impurity (such as EDTA) may be heat re-

sistant, such a species would have to be
preser.t at concentrations less than 1% of
the bleomycin concentration used or i0�

M. Such concentration would not be com-
patible with the amount of oxygen con-

sumed (18, 19).
Based on our data, we propose the follow-

ing mechanism for the catalytic activity of
bleomycin A2:




