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Abstract: Fundamental studies on the availability of oxy-
gen from the decomposition of H2O2, in vivo, by Xan-
thomonas campestris, when H2O2 is used as an oxygen
source are presented. It was found that the H2O2 added
extracellularly (0.1–6 mM) was decomposed intracellu-
larly. Further, when H2O2 was added, the flux of H2O2
into the cell, is regulated by the cell. The steady-state
H2O2 flux into the cell was estimated to be 9.7 × 10−8 mol
m−2 s−1. In addition, it was proved that the regulation of
H2O2 flux was coupled to the protonmotive force (PMF)
using experiments with the protonophore carbonyl cya-
nide m-chlorophenylhydrazone (CCCP), which disrupts
PMF. The coupling constant between the rate of free en-
ergy availability from PMF and the rate of reduction of
H2O2 flux, was found to be 46.4 mol m−2 s−1 J−1 from
simulations using a developed model. Also, the esti-
mated periplasmic catalase concentration was 1.4 × 10−9
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INTRODUCTION

Oxygen is a necessary nutrient in aerobic bioreactors, and
insufficient oxygen supply is associated with low produc-
tivities (Amanullah et al., 1998; Peters et al., 1988; Pons et
al., 1989) and products of low quality (Suh et al., 1990).
Efficient oxygen supply is difficult due to low oxygen solu-
bility and high gas–liquid mass transfer resistance. Earlier,
we had proposed and demonstrated a methodology (Sriram
et al., 1998) of oxygen supply toXanthomonas campestris
cultivation (viscous, aerobic) which overcomes the gas–
liquid mass transfer resistance for oxygen supply. It uses the
liquid-phase decomposition by culture catalase (ubiquitous
in aerobic cells (Aebi, 1974)) of periodically fed hydrogen
peroxide (H2O2).

The objective of the present work is to understand the
mechanism of oxygen availability due to H2O2 decomposi-
tion by X. campestrisand to develop a kinetic model for the
same. An understanding of the mechanism of oxygen avail-
ability, will contribute toward the optimization of the H2O2-
based oxygen supply methodology to cultivations ofX.
campestrisand other aerobic organisms. Further, the
mechanism will also dictate the interpretation of DO values
and oxygen uptake rates, as clarified later. Also, studies on
the kinetics of H2O2 decomposition by living cells, in the
range of concentrations employed in this study (0.1–6 mM),
has not been reported in the literature.

In this paper, we demonstrate that the decomposition of
H2O2 by the cell is intracellular, and also deduce that within
the cell, the decomposition occurs, most probably, in the
periplasmic space. In addition, it is shown that the entry of
H2O2 flux into the cell is controlled by the cell. A math-
ematical model, based on the postulate that the regulation of
H2O2 flux into the cell is controlled by proton motive force
(PMF), predicts experimental data accurately. Further, we
have experimentally confirmed that the regulation of H2O2

flux into the cell is coupled to PMF.

MATERIALS AND METHODS

The microorganism,X. campestris(MTCC 2286), slant and
growth media, chemicals, cultivation methods, the bioreac-
tor, pH, DO probes, data acquisition, and cell concentration
analysis were the same as reported earlier (Sriram et al.,
1998). The aeration rate was 3–5 L min−1, where required.
Culture fluorescence was measured using the Fluoromea-
suret system (BioChem Technology, PA). The H2O2 con-
centrations were measured spectrophotometrically, at 240
nm (Aebi, 1974). Carbonyl cyanidem-chlorophenylhydra-
zone (CCCP) and catalase were purchased from Sigma
Chemical Co. (St. Louis, MO).

The rate constant for catalase decomposition of H2O2, k,
derived from the half-reaction rate constants (Bailey and
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Ollis, 1986), was 7.5 × 106 M−1 s−1. Using this, a unit of the
catalase used was found to correspond to 1.29 × 10−10 M.

The short-term oxygen uptake rate (OUR) of the culture
was measured as follows: Aeration was switched on until
the DO level increased beyond 50% air saturation. At 50%
DO, the aeration was switched off and the profile of de-
creasing DO, resulting from oxygen uptake by cells, was
monitored. This profile was always linear for DO$ 10%,
and its slope gave the OUR of the culture. The OUR when
H2O2 is used as an oxygen source was determined as de-
scribed in Results and Discussion.

Types of Experiments

H2O2 Additions to Cell Suspensions

H2O2 at various initial concentrations (in the bioreactor) in
the range 0–10 mM, was added to log and stationary phase
X. campestriscells in the bioreactor. The DO, NADH fluo-
rescence, and pH responses of the culture were recorded
on-line after H2O2 addition, and the concentration of H2O2

in the medium and cell concentration were measured off-
line. Before all experiments, cells in the required growth
phase were resuspended in a suitable medium (without yeast
extract), to minimize interference with H2O2 concentration
measurement.

Experiment to Determine the Location of
Catalasic Action

X. campestriscells which were exposed to three sequential
2.5 mM H2O2 pulses, were resuspended in isotonic saline in
the bioreactor. H2O2 was added to the bioreactor at an initial
concentration of 2.5 mM. After 4 min, the extracellular
space (cell-free supernatant) was separated by centrifuga-
tion at 10,000g for 10 min. H2O2 at an initial concentration
of 2.5 mM was added to the supernatant, and the evolution
of oxygen was recorded. The duration of time between the
beginning of centrifugation and the pulsing of H2O2 into the
supernatant, was 20 min. Further, 5 min after H2O2 addition
into the supernatant, catalase was added to the supernatant.
The evolution of oxygen in response to all three additions
was recorded.

To investigate the stability of catalase over a period of 20
min, H2O2 was added att 4 0 min andt 4 20 min, to a
suspension of commercial catalase in a sterile medium, and
the rate of oxygen evolution was recorded. For both addi-
tions, the residual H2O2 concentration in the reactor was
calculated from stoichiometry, and a plot of ln[H2O2]
against t was prepared, the slope of which gave the consoli-
dated rate constantkE0, representative of the activity of
catalase.

Experiment to Confirm the Action of Proton
Motive Force

H2O2 was added to the bioreactor, at an initial concentration
of 2.5 mM. Later, 4 × 10−5 M carbonyl cyanidem-chloro-

phenylhydrazone (CCCP) was added, in two installments,
each of which resulted in an increase of 2 × 10−5 M, in the
bioreactor CCCP concentration. CCCP is a protonophore
which can disrupt the proton motive force (Voet and Voet,
1995) partially or completely. The first addition of CCCP
was intended to disrupt PMF partially, and the second ad-
dition, to completely disrupt PMF.

All experiments were performed at a cell concentration of
3 g L−1. To ensure that the cell concentration does not vary
due to growth, the experiments were performed in the ab-
sence of a nitrogen source. A nitrogen source is necessary
for cell growth (Pinches and Pallent, 1989), and no growth
occurs in its absence. However, glucose and other nutrients
were present. In all experiments, the temperature was main-
tained at 30°C, and the agitation was maintained at 600 rpm,
to ensure good mixing. It is known that xanthan production
is not affected at agitation rates below 1,200 rpm (Aman-
ullah et al., 1998). All experiments were performed in trip-
licate and were also reproduced on a different day. The
simulation studies and other computational analyses were
done on an IBM-PC Pentium machine.

RESULTS AND DISCUSSION

Location of Catalasic Action

Information on the location (intracellular/extracellular) of
the decomposition of H2O2 added externally to a cell sus-
pension has not been reported, thus far, in the literature.
This information is particularly significant to the develop-
ment of a model for the decomposition of external H2O2 by
cells. Further, the interpretation of DO values will depend
on the decomposition location.

Literature data suggest conflicting possibilities about the
location of catalasic action. For example, evolution of oxy-
gen bubbles upon H2O2 addition to cultures (Loewen, 1997;
Sriram et al., 1998) suggests an extracellular action, possi-
bly due to catalase secreted by cells upon sensing H2O2.
Other enzymes are known to be secreted by cells upon
sensing the appropriate substrate (Friefelder, 1993). How-
ever, H2O2 freely diffuses across the cell membrane
(Chance et al., 1979), which suggests an intracellular action,
at least partly.

The experiment to determine the location of catalasic
action was performed as described in Materials and Meth-
ods. From the results depicted in Fig. 1A, it can be seen that
the initial oxygen evolution rate (trace a), is approximately
6.77 mM h−1, which suggests the presence of at least 3.27 ×
10−10 M catalase (estimated from the rate constant,k), either
in the medium or within the cells. On the other hand, the
initial rate of oxygen evolution upon addition of the same
amount of H2O2 to the extracellular space (cell-free super-
natant) (trace b), is less than 0.5% of the rate observed in
case of the cell suspension. This rate is of the order of the
initial rate oxygen transfer from the headspace to an unsat-
urated broth (data not shown). Further, the addition of cata-
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lase into the cell-free supernatant resulted in oxygen evolu-
tion to the extent of 1.2 mM, corresponding nearly stoichio-
metrically to the amount of H2O2 (2.5 mM) initially added.
It can be therefore concluded that no catalase (or any other
significant decomposer of H2O2) was present in the cell-free
supernatant. Therefore, the observed decomposition of
H2O2 was intracellular.

It may be argued that catalase was, in fact, secreted by the
cell suspension into the medium, but was denatured during
the 20-min interval which comprised of centrifugation and
separation of the supernatant. However, kinetic studies on
the decomposition of H2O2 (initial H2O2 4 0.18 mM) using
catalase fromAspergillus niger(typical catalase), which is
inherently less stable than the atypical catalases found inX.
campestris(Loewen, 1997), showed insignificant change in
activity (−1/[H2O2] × d[H2O2]/dt 4 0.042 vs 0.046 s−1) in
20 min. Thus, the effect of possible catalase secretion and
subsequent denaturation can be ruled out.

We have also deduced that, within the cell, the catalasic
action on external H2O2 in the concentration range 0.1–6
mM is located in the periplasmic space. Figure 1B depicts
the culture fluorescence response to H2O2 addition to X.
campestrisculture. Culture fluorescence is a technique for
the measurement of in vivo NADH concentration (Rao and

Mutharasan, 1989). On addition of H2O2 to the cell culture,
the intracellular NADH concentration is expected to drop,
due to reasons elucidated elsewhere (Sriram, 1999). In bac-
terial cells, NADH is located in the cytoplasm and in the
plasma membrane (Voet and Voet, 1995). As can be seen in
Fig. 1B, the intracellular NADH is affected only when the
H2O2 concentration in the medium exceeds 6 mM. This
suggests that for concentrations below 6 mM, the external
H2O2 does not reach the cytoplasm or the plasma membrane
but is most probably decomposed in the periplasmic space
(periplasm), which is a compartment (Voet and Voet, 1995)
between the cytoplasmic and outer membranes in bacteria.
Interestingly, it has been reported (Loewen, 1997) that in
many bacteria, most of the catalase is localized in the
periplasm.

Oxygen Efflux from Periplasm to Extracellular
Space When H2O2 Is Used as an Oxygen Source

An interesting aspect which evolves out of the result that the
decomposition of externally added H2O2 is periplasmic,
coupled with the observation that the dissolved oxygen con-
centration in the extracellular space increases when H2O2 is
added to the culture, is that a part of the oxygen which
evolves in the periplasm is ejected into the extracellular
space. It is known that cells maintain the cytosolic concen-
tration of oxygen within a narrow range, 5–20mM (Lloyd,
1998). This suggests that the unwanted oxygen which
would remain in the cell after the decomposition of H2O2,
and metabolic consumption of oxygen, is ejected. There-
fore, when H2O2 is used as an oxygen source, the DO values
need to be interpreted taking the above into consideration.

Oxygen Uptake Rates When H2O2 Is Used as an
Oxygen Source

The presence of H2O2 in the bioreactor and its decomposi-
tion by the culture, intracellularly, leads to oxygen avail-
ability to the culture. As the DO probe measures only the
oxygen ejected out by the cell, the measurement of the
oxygen uptake rate, OUR, by conventional means is impos-
sible. To solve this problem, we have established, as ex-
plained next, that when aerobicX. campestriscells in the
stationary phase are provided 0.1–6 mM H2O2 as a source of
oxygen, the oxygen uptake rate (OUR) remains the same as
when aeration is used to provide oxygen.

We measured the OUR before any addition of H2O2, to
be 2.79 mM h−1. In our other studies (Sriram, 1999), we had
calculated a value for the rate constant,kP, of the reaction

2NADH + 2H+ + O2

kP→ 2NAD+ + 2H2O. (1)

Eq. (1) is a lumped approximation of the oxidative phos-
phorylation process and relates the intracellular NADH con-
centration with the OUR of the culture. From the value of
the rate constant calculated (719 (M/h) −1 (NADH units) −1

s−1), it can be calculated that the observed maximum drop of

Figure 1. (A) Experiment to demonstrate the location of catalasic action.
Trace a shows the initial rate of oxygen evolution,dOt/dt, in response to the
addition of 2.5 mM H2O2, to X. campestrisculture. Trace b shows the
initial dOt/dt in response to the addition of 2.5 mM H2O2 to the extracel-
lular space (cell-free supernatant) of the aforementioned culture, in trace a.
(B) Variation of culture fluorescence upon addition of H2O2 to X. campes-
tris culture.
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15 units in the NADH concentration, for H2O2 additions
below 6 mM (Fig. 1B), corresponds to an increase of 0.02
mM h−1 in the OUR of the culture. Therefore, the addition
of H2O2 below 6 mM causes an increase of less than 1% in
the OUR of the culture. Thus, oxygen supply using H2O2 as
an oxygen source does not alter the oxygen uptake rate of
the culture.

Mathematical Model for Oxygen Availability

A mathematical model was developed, as explained in this
section, to predict the dissolved oxygen and H2O2 profiles
resulting from the decomposition of external H2O2 by X.
campestriscells.

Material balances for H2O2, in the medium and the
periplasm can be written as follows:

dH

dt
= −

~4pr0
2N!

V
JH, (2)

dHp

dt
=

4pr0
2N

N~4pr0
2d!

JH − kEpHp (3)

=
JH

d
− kEpHp. (4)

On the basis of results discussed earlier and the assumption
that no oxygen accumulation occurs in the periplasm, a
balance for dissolved oxygen in the medium can be written
as follows:

dO

dt
=

k

2
EpHp

~4pr0
2d!N

V
− OUR. (5)

Also, an expression for the total oxygen evolved (i.e., the
sum of the observed rate of increase of DO in the medium
and the metabolic oxygen uptake rate),dOt/dt, can be writ-
ten as

dOt

dt
=

k

2
EpHp

~4pr0
2d!N

V
. (6)

As can be seen in Fig. 2, the total rate of oxygen evolution,
dOt/dt, increased until 55 s and subsequently decreased to a
steady-state value of around 1.5 mM h−1. The values of the
H2O2 flux into the periplasm,JH, were estimated from the
slopes of theHp profile, in conjunction with Eq. (3). The
value ofJH decreased from an average initial value of 1.0 ×
10−6 mol m−2 s−1 to a steady-state value of 9.7 × 10−8 mol
m−2 s−1, a 10.3-fold decrease. The above discussion clearly
suggests that the cell controls the incoming H2O2 flux to
maintain the periplasmic concentration of H2O2 at a con-
stant value.

The corresponding (t 4 0–150 s) medium pH profile
(trace b, Fig. 2) indicates proton entry into the cell. (Such
trends in medium pH were not observed in the control ex-
periments: aeration or H2O2 decomposition by free cata-
lase.) Therefore, proton motive force could be responsible
for the control of the incoming H2O2 flux, JH. Proton motive

force is coupled with ATP generation in oxidative phos-
phorylation (the chemiosmotic theory: Harold, 1986; Voet
and Voet, 1995). It is also known that the transport ofb-ga-
lactosides such as lactose into the cell is mediated by PMF
(Voet and Voet, 1995).

We have postulated that the energy made available due to
proton movement across the cell membrane is coupled to
the reduction of transmembrane H2O2 flux, which may be
endergonic. To model the observed change in medium pH
upon H2O2 addition, we have assumed that a constant mem-
brane potential,DC, exists across the cell membrane (Voet
and Voet, 1995), and that the spontaneous proton movement
into the cell can be represented as a linear combination of
(1) the “diffusive” movement of protons down the concen-
tration gradient and (2) the “electrical” movement of
charges protons due to the membrane potential. Therefore,
the rate of proton movement can be written as

d@H+#

dt
= kH$@H+# − @H+#i% +

DC

Re
. (7)

It has been assumed that the internal pH is constant, since
the average intracellular pH has been reported to remain
constant during fermentations (Dombek and Ingram, 1987).

The free energy available due to the proton movement is
(Harold, 1986)

dG

dt
= HRT ln

@H+#i

@H+#
+ FDCJ d@H+#

dt
. (8)

We have assumed that a fraction of this energy is utilized to
regulate H2O2 flux, so that

dJH

dt
= a

dG

dt
, (9)

wherea is a proportionality constant.
The model constituted by the Eqs. (2), (3), (5), (7), (8),

and (9) was simulated using a fourth-order Runge–Kutta,
with the parameter values listed in Table I.

The agreement of the experimental data and simulated
profiles (Fig. 3A, DO and Fig. 3B, H2O2) is evident. In

Figure 2. Variation of the total rate of oxygen evolution (dOt/dt) (trace a)
and medium pH (trace b) in response to the addition of 1.7 mM H2O2.
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addition, the increase in medium pH, as predicted using Eq.
(7), also agreed with the experimental data. The amount of
free energy made available from PMF,DG, was calculated
by numerically integrating Eqs. (7) and (8) simultaneously,
and was found to be 1.1 × 10−7 J. Also, on integrating Eq.
(9), we obtain

JH~t = `! − JH~t = 0! = aDG, (10)

so that the value of the coupling constanta, can be calcu-
lated as

DG/DJH|t4`
t40,

using the values ofJH reported in the earlier discussion, and
the value ofDG above. The value of the coupling constant,
a, was found to be 46.4 mol m−2 s−1 J−1. Also, the value of
the concentration of catalase in the periplasm,Ep, was es-
timated to be 1.375 × 10−9 M, from model simulations.

Experimental Verification of the Role of PMF in
H2O2 Flux Control

The action of PMF can be reduced or completely disrupted
by the addition of a protonophore, CCCP (Voet and Voet,
1995), which short-circuits the proton gradient across the
cell membrane. Therefore, higher oxygen evolution due to
higher H2O2 flux (lesser flux control in the absence of
PMF), in the presence of CCCP, is expected.

The DO response to a 2.5 mM H2O2 addition, in the
absence of CCCP (control case) (Fig. 4,t <2 min) shows an

Figure 3. (A) Variation of DO (trace a) anddOt/dt (trace b) in response
to the addition of 1.7 mM H2O2: Experimental (point) and simulated (line)
results. (B) Variation of H2O2 concentration in medium in response to the
addition of 6.0 mM H2O2 to X. campestris:experimental (point) and simu-
lated (line) results.

Figure 4. Experiment to prove the role of PMF. The points show the
variation of DO, in response to the addition of 2.5 mM H2O2, at time zero;
2.5 × 10−5 M CCCP was added (open arrows) att 4 4 min (for partial
disruption of PMF) andt 4 8.4 min (complete disruption of PMF).

Table I. Values of the parameters used in the mathematical model

Parameter Value Source/basis

d 10 nm Voet and Voet (1995)
Ep 1.4 × 10−9 M Fitted parameter
[H+]i 3.2 × 10−8 M From pHi 7.5
k 7.5 × 106 M−1 s−1 Estimated from half-reaction rate constants, reported by Bailey and Ollis (1986)
kH 0.1 h−1 Least-squares fit to pH data
N 7.6 × 1011 cell L−1 From 3 gL−1 cells, assuming cell density4 1 g mL−1

OUR 2.9 × 10−3 M h−1 Measured before H2O2 addition
r0 1.0 × 10−6 m Bailey and Ollis (1986)
Re 2.2 × 106 V Estimated from rate of pH change when [H+] 4 [H+]i

V 1 L This work
a 46.4 mol m−2 s−2 J−1 Calculated by integrating Eq. (9), i.e.,a 4 JH(t4`)−JH(t40)/G(t4`)−G(t40)
DC 160 mV Voet and Voet (1995)
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initial increase until 0.15 mM and a subsequent decrease,
consistent with H2O2 flux control postulate, and the model
predictions, given earlier. However, after the first addition
of CCCP (partial disruption of PMF) the profile (t 4 4–8
min) shows an increase, with saturation at about 0.25 mM,
which is higher than in the control case, as expected. Fur-
ther, when att 4 8.4 min, the second bolus of 2 × 10−5 M
CCCP was added to the cell suspension, the DO level
showed a sharp increase followed by saturation at 1.1 mM.
This near-stoichiometric oxygen evolution suggests that a
complete disruption of PMF causes cessation of all control
over the entering H2O2 flux. This confirms that PMF is
responsible for regulation of H2O2 flux into the cell.

NOMENCLATURE

d thickness of periplasm, m
Ep concentration of catalase in periplasm,M
F Faraday constant, J mV−1 mol−1

G free energy from PMF, J
H H2O2 concentration in medium,M
Hp H2O2 concentration in periplasm,M
[H+] proton concentration in medium,M
[H+]i proton concentration in periplasm,M
JH H2O2 flux from medium into periplasm, mol m−2 s−1

k rate constant for catalasic H2O2 decomposition,M−1 h−1

kH permeability for proton movement from medium to periplasm, m
s−1

N number of cells in the bioreactor
O concentration of oxygen in the medium, DO,M
OUR oxygen uptake rate,M h−1

R gas constant, J K−1 mol−1

Re electrical resistance of cell membrane to protons,V

r0 radius of bacterial cell, m
T bioreactor temperature, K
t time, s
V bioreactor volume, L
a coupling constant, J (mol m−2 s−1)−1

DC membrane potential, mV
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