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Buffering capacity and membrane H* conductance of

Zymomonas mobilis
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Buffering power and membrane conductance to H* were measured in Zymomonas mobilis subsp mobilis ATCC
29191 by a pulse technique. Over the pH range studied, from 4.02 to 7.44, Z. mobilis presented very high values of
cytoplasmic buffering capacity; it was a significant proportion of the total buffering capacity. These results support
the idea that the cytoplasmic buffering power might be part of the pH homeostatic mechanism.
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Introduction

In previous papers, we reported on our studies on buffering
capacity and membrane conductance to protons of acetic
acid and lactic acid bacteria. For acetic acid bacteria we
showed that these parameters vary depending on metabolic
activities. Gluconobacter oxydans, which oxidises sugars
and alcohols to acids and accumulates them, presented
lower values of buffering capacity and membrane conduc-
tance to protons that Acetobacter aceti, which oxidises such
compounds completely to CO, and H,O [10]. On the other
hand, buffering capacity and membrane conductance to H*
for the acidophilic Lactobacillus acidophilus was higher
than for neutrophilic Enterococcus faecalis [9] and Strepto-
coccus lactis [6]. All of these bacteria are homofermenta-
tive, yielding mainly lactic acid from glucose. In view of
our interest in bacteria that grow and/or tolerate acidic con-
ditions and the suggestion by Zychlinsky and Matin [17]
that the cytoplasmic buffering power of Thiobacillus acido-
philus might be part of the pH homeostatic mechanism of
this acidophile, we report here measurements of buffering
capacity and membrane conductance to protons for Zymo-
monas mobilis.

Z. mobilis is a neutrophilic Gram-negative bacterium
with unusual physiological and biochemical properties, as
reviewed by Swings and DeLey [16]. The wide pH range
for growth, from 3.5 to 7.5, and the acid tolerance are both
quite typical for this bacterium. The original pH in the
liquid standard medium is 6.4. The final pH after 24 h at
27° C is 4.8. Genetically, phenotypically, and ecologically,
Zymomonas 1s related to acetic acid bacteria Gluconobacter
and Acetobacter. They all occur in acidic, sugary, and alco-
hol-containing niches such as tropical plant juices and beer.
Zymomonas more closely resembles Gluconobacter than
Acetobacter because of its polar flagella, its incomplete
tricarboxylic acid cycle, and the occurrence of the Entner—
Doudoroff pathway. It has been suggested that Zymomonas
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and the acetic acid bacteria might be derived from a com-
mon aerobic ancestor [12,16]. This has been corroborated
by rRNA hybridization studies [3]. Following the Entner—
Doudoroff pathway, Z. mobilis catabolizes a high percent-
age (95-98%) of the substrate carbon to ethanol and CO,
and only a small percentage (2-5%) is incorporated into
cell mass. A further exceptional property of Z. mobilis is
its tolerance toward high concentrations of its substrate and
product [2,16]. This bacterium performs a highly pro-
ductive ethanol fermentation and its industrial applications
can be extended to other substrates and products.

The quantitative estimates of buffering capacity reported
here showed that Z. mobilis exhibited comparable values
of cytoplasmic buffering power to the acidophilic bacterium
Lactobacillus acidophilus [9) and a decrease in cytoplasmic
buffering capacity as the external pH increased from pH 4
to 7.5, as noted by others for acidophilic and for acid-toler-
ant bacteria [6,10]. We have used the method in which the
decay of an acid pulse is used for determination of buffer-
ing capacity and membrance conductance to protons [6, 8].

Materials and methods

Bacterial strain and growth conditions

Zymomonas mobilis subsp mobilis ATCC 29191 was used
in these experiments. Cells were grown to early stationary
phase in Standard Medium [16] and then washed three
times in 300 mM KCl.

Chemicals

Valinomycin and carbonic anhydrase were from Sigma
Chemical Co, St Louis, MO, USA. All other chemicals
were obtained from commercial sources. Valinomycin was
used at a final concentration of 10 uM and added to cell
suspensions as small volumes of concentrated stocks in ace-
tone; final acetone concentrations did not exceed 0.2%.
Carbonic anhydrase was prepared at 20 mg mi~! in 300
mM KCl.

Preparation of non-proliferating cell suspensions
(NPC)

Cells were harvested in the early stationary phase of growth
and washed three times in 300 mM KCl. The washed cells
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Figure 1 Buffering capacity for Zymomonas mobilis. (a) Bo and Bt, and (b) Bi values over the pH range 4.0-7.4. Bo and Bt values were determined
as described in the text. Symbols represent data from independent experiments. Bi was calculated as the difference between the values of Bt and Bo.

Cell protein was 5.2 mg ml?!

were treated with 3 mM EDTA and suspended in 300 mM
KCI [8].

Measurement of cell protein
Protein content was determined according to the method
described by Lowry et al [5].

Measurement of buffering capacity and membrane
conductance fo H*

Buffering capacity and membrane conductance to H* of
Z. mobilis were measured by an acid-pulse technique as
previously described [6-8, 15]. Buffering capacity and
membrane conductance to protons are presented as func-
tions of external pH. The smooth curves that describe the
behaviour of these parameters were obtained from a poly-
nomic regression.

Results and discussion

The major goal of these experiments was to provide a quan-
titative description of cytoplasmic buffering capacity over
a wide range of pH (4.02-7.44). The results (Figure 1) indi-
cate that for Z. mobilis internal buffering capacity (Bi) was
a significant proportion of the total buffering capacity (Bt)
and that Bi decreased with increasing pH in the range stud-
ied. On the other hand, external buffering power (Bo)
varied slightly over this pH range in comparison to Bt and
Bi, but Bo values were not quite different from Bo values
found for acetic acid bacteria [10]. The pH of the standard

medium fell from 6.4 to 4.8 for the first 24 h of growth of
Z. mobilis and the final pH after 3 days at 27° C was 4.8-
5.2. Thus, these bacteria may possess protection mechan-
isms against changes in external pH. One of these mechan-
isms could be the increase in cytoplasmic buffering power
when pH,, became more acidic [17].

The values of cytoplasmic buffering capacity (Bi)
reported here for Z. mobilis were comparable to the values
found by Krulwich et al [4] for a well buffered bacterium,
Bacillus subtilis, and by us [9] for the acidophilic bacterium
Lactobacillus acidophilus. Clearly, the Bi of Z. mobilis was
far greater than those of acetic acid bacteria [10].

Figure 2 shows that passive proton conductance of Z.
mobilis, just like Serratia marcescens [8], A. aceti and G.
oxydans [10], was sensitive to proton concentration at the
external surface, over the pH range studied. Z. mobilis pre-
sented higher membrane H* conductance (CH,,) values than
those of acetic acid bacteria [10].

Zymomonas and acetic acid bacteria complement each
other, since Zymomonas produces ethanol, which the acetic
acid bacteria in turn, oxidize. The presence of pyruvate
decarboxylase and alcohol dehydrogenase enables Zymo-
monas mobilis to perform a pure ethanol fermentation. The
organism can produce high concentrations of ethanol, up
to 13% (w/v) [11]. Thus, Z. mobilis possesses protection
mechanisms against this toxic fermentative end product.
Large amounts of hopanoids, pentacyclic triterpenoids,
occur in Z. mobilis [1,13,14]. Probably these substances sta-
bilize the cell membrane against the dissolving effect of
ethanol. In this paper, we describe a further exceptional
property of Z. mobilis, its high cytoplasmic buffering power
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Figure 2 Membrane conductance to H* for Z. mobilis

that might protect the cells against external acidic con-
ditions.
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