
Abstract Production of the compatible solute glycine be-
taine from its precursors choline or glycine betaine alde-
hyde confers a considerable level of tolerance against
high osmolarity stress to the soil bacterium Bacillus sub-
tilis. The glycine betaine aldehyde dehydrogenase GbsA
is an integral part of the osmoregulatory glycine betaine
synthesis pathway. We strongly overproduced this en-
zyme in an Escherichia coli strain that expressed a plas-
mid-encoded gbsA gene under T7φ10 control. The recom-
binant GbsA protein was purified 23-fold to apparent ho-
mogeneity by fractionated ammonium sulfate precipita-
tion, ion-exchange chromatography on Q-Sepharose, and
subsequent hydrophobic interaction chromatography on
phenyl-Sepharose. Molecular sieving through Superose
12 and sedimentation centrifugation through a glycerol
gradient suggested that the native enzyme is a homodimer
with 53.7-kDa subunits. The enzyme was specific for
glycine betaine aldehyde and could use both NAD+ and
NADP+ as cofactors, but NAD+ was strongly preferred. A
kinetic analysis of the GbsA-mediated oxidation of
glycine betaine aldehyde to glycine betaine revealed Km
values of 125 µM and 143 µM for its substrates glycine
betaine aldehyde and NAD+, respectively. Low concentra-
tions of salts stimulated the GbsA activity, and the en-
zyme was highly tolerant of high ionic conditions. Even
in the presence of 2.4 M KCl, 88% of the initial enzymatic
activity was maintained. B. subtilis synthesizes high lev-
els of proline when grown at high osmolarity, and the
presence of this amino acid strongly stimulated the GbsA
activity in vitro. The enzyme was stimulated by moderate

concentrations of glycine betaine, and its activity was
highly tolerant against molar concentrations of this os-
molyte. The high salt tolerance and its resistance to its
own reaction product are essential features of the GbsA
enzyme and ensure that B. subtilis can produce high lev-
els of the compatible solute glycine betaine under condi-
tions of high osmolarity stress.
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Introduction

High osmolarity strongly interferes with the prolifera-
tion of bacteria by limiting the availability of water
(Csonka and Hanson 1991; Galinski and Trüper 1994;
Lucht and Bremer 1994). The soil-borne, gram-positive
bacterium Bacillus subtilis frequently encounters peri-
ods of high osmolarity due to the drying of the upper
layers of the soil (Miller and Wood 1996). To cope ef-
fectively with these stressful conditions, the bacteria in-
duce the expression of a large stress regulon that pre-
pares them for a variety of environmental challenges
(Hecker et al. 1996). In addition, on exposure to high os-
molarity, B. subtilis incites specific and highly co-ordi-
nated physiological adaptation reactions to limit the loss
of water from the bacterial cell and to maintain turgor
within acceptable boundaries. These specific stress re-
sponses are essential for the growth of B. subtilis in me-
dia of high osmolarity (Whatmore et al. 1990; What-
more and Reed 1990; Boch et al. 1994).

A rapid uptake of potassium ions via turgor-respon-
sive transport systems is the primary response of the B.
subtilis cells to a sudden increase in the osmolarity of
the environment (Whatmore and Reed 1990). This ini-
tial reaction is followed by the accumulation of proline
to high intracellular levels both via de novo synthesis
(Whatmore et al. 1990) and through uptake from the en-
vironment by an osmoregulated transport system (von
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Blohn et al. 1997). Proline is one of a small group of
compounds, the compatible solutes, that are amassed by
many bacterial, plant, animal, and human cells in re-
sponse to high osmolarity (Csonka and Hanson 1991;
Galinski and Trüper 1994). In contrast to ionic os-
molytes, which are deleterious at high concentrations,
compatible solutes can be accumulated to very high in-
tracellular levels without disturbing essential cell func-
tions and, thus, contribute to the restoration of turgor in
high-osmolarity environments. In addition, they can
protect the functioning and integrity of proteins and cell
components at low water activity and do not interfere
with protein-DNA interactions (Yancey 1994).

A third response of B. subtilis to osmotic stress is the
accumulation of glycine betaine. This trimethylammo-
nium compound is one of the most potent compatible
solutes and is used as an osmoprotectant by a wide vari-
ety of prokaryotic and eukaryotic organisms. Since glycine
betaine is synthesized by many plants (Rhodes and Han-
son 1993), root exudates and decaying plant tissues are
its likely sources in the soil (Goldmann et al. 1991). B.
subtilis can scavenge glycine betaine directly from the
environment via three high-affinity uptake systems that
comprise both secondary and ABC transporters (Kempf
and Bremer 1995; Lin and Hansen 1995; Kappes et al.
1996). In addition, it also can synthesize glycine betaine
when the precursors choline or glycine betaine aldehyde
are present in the growth medium (Boch et al. 1994). A
genetic and physiological analysis of the osmoregula-
tory choline-glycine betaine pathway in B. subtilis has
revealed that glycine betaine production occurs by a
two-step oxidation process with glycine betaine alde-
hyde as the intermediate (Boch et al. 1994, 1996). Two
enzymes act in concert for glycine betaine synthesis: a
type-III alcohol dehydrogenase (GbsB), which oxidizes
choline to glycine betaine aldehyde, and a glycine be-
taine aldehyde dehydrogenase (GbsA), which converts
this intermediate into glycine betaine. The structural
genes (gbsAB) for these enzymes are genetically orga-
nized in an operon, and their transcription is induced by
the presence of choline in the growth medium (Boch et
al. 1996).

B. subtilis shares the ability to oxidize choline to glycine
betaine with a variety of microbial, plant, animal, and hu-
man cells (Csonka and Hanson 1991; Rhodes and Hanson
1993; Galinski and Trüper 1994; Miller and Wood 1996).
Although the combination of enzymes that mediate this
reaction can differ, a soluble, substrate-specific glycine
betaine aldehyde dehydrogenase is frequently an integral
part of the biosynthetic pathway. The bacterial enzymes
involved in glycine betaine synthesis have recently gained
considerable biotechnological attention in connection
with attempts to genetically engineer plants with increased
salt tolerance and resistance to drought (Holmström et al.
1994; Rathinasabapathi et al. 1994). In the present study,
we focus on the osmoregulatory choline-glycine betaine
pathway from B. subtilis and report the biochemical char-
acterization of the glycine betaine aldehyde dehydroge-
nase GbsA.

Materials and methods

Bacterial strains, plasmids, growth conditions, and chemicals

The Escherichia coli strain PD141 (P. Dersch and E. Bremer, un-
published results) is a derivative of the ∆(betTIBA) strain MC4100
(Lamark et al. 1991) and carries in its chromosome the structural
gene for the phage T7 RNA polymerase under lacPO control on
the defective prophage λDE3 (Studier and Moffat 1986). Plasmid
pJB009 (Boch et al. 1996) is a derivative of the low-copy-number
expression vector pPD100 (Dersch et al. 1994) harboring the
gbsA+ gene under the control of the T7φ10 promoter. For the over-
expression of the gbsA gene, the cells were grown in M9 minimal
medium (Miller 1992) enriched with 0.2% casamino acids and
0.2% glucose as the carbon source. Glycine betaine, glycine be-
taine aldehyde, choline, carnitine, proline, trehalose, NAD+,
NADP+, and a variety of aldehydes were purchased from Sigma
(Deisenhofen, Germany), Biomol (Hamburg, Germany), and Fluka
(Neu-Ulm, Germany). The osmoprotectant ectoine was obtained
from Bi-Top (Witten, Germany), and β-alanine betaine (homobe-
taine) was synthesized from acrylic acid and methylamine (Le
Berre and Delacroix 1973).

Expression of the gbsA gene under T7φ10 control

For the overproduction of the B. subtilis GbsA protein, a fresh
overnight culture of the recombinant E. coli strain PD141 (pJB009)
was diluted 100-fold into M9 minimal medium containing 0.2%
casamino acids, 0.2% glucose, and chloramphenicol (30 µg ml–1)
to select for the gbsA+ plasmid pJB009. The cultures (2-l) were
grown at 37°C with aeration to mid-exponential phase until the
cells reached an OD578 of 0.5. The T7φ10-mediated expression of
the plasmid-encoded gbsA gene was initiated by inducing the ex-
pression of the chromosomal T7 RNA polymerase gene with iso-
propyl-β-D-thiogalactopyranoside (IPTG; final concentration 1 mM)
in strain PD141. After further growth of the cultures for 30 min, ri-
fampicin was added to a final concentration of 100 µg ml–1 to in-
hibit the E. coli RNA polymerase. The cells were subsequently
grown for an additional hour and were harvested by centrifugation
at 6,000 × g for 15 min at 4°C. The cell pellet was resuspended in
5 ml 100 mM Hepes buffer (pH 7.9) containing 10 mM dithiothre-
itol (DTT).

Purification of the GbsA protein

For the isolation of the GbsA enzyme, we routinely used cells from
4-l cultures of strain PD141 (pJB009). The enzyme isolation pro-
cedures were all performed at 4°C or on ice. The bacterial cells
were disrupted by passing them three times through a French pres-
sure cell operating at 100 MPa. Unbroken cells and cellular debris
were removed by low-speed centrifugation (27,000 × g for 10
min), and the cell-free extract was then further cleared from large
membrane fragments by ultracentrifugation (100,000 × g for 30
min). Fractionated precipitation with ammonium sulfate was used
as the initial step for the purification of GbsA. A saturated ammo-
nium sulfate solution (4.1 M) was added to the cleared cell lysate
to final concentrations of 35, 45, 55, and 75%, and the precipitated
proteins were collected by centrifugation (27,000 × g for 10 min).
The protein fraction precipitating between 55 and 75% saturation
contained most of the GbsA enzyme activity. This fraction was
solubilized in 4 ml 10 mM Hepes (pH 7.9) containing 10 mM DTT
and 10% glycerol (buffer A). The protein solution was desalted on
a Sephadex G-25 column (PD-10; Pharmacia LKB Biotechnology,
Freiburg, Germany) that was equilibrated and run with buffer A.
The eluted proteins were applied to a Q-Sepharose Fast Flow (1 ×
13 cm) column equilibrated with buffer A, the column was washed
with 40 ml 250 mM KCl in buffer A, and the proteins were eluted
from this column by applying an 80-ml linear gradient of KCl
(250–800 mM) in buffer A. The fractions showing GbsA activity
eluted at a concentration of approximately 360 mM KCl. These
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fractions were pooled, solid ammonium sulfate was added to a fi-
nal concentration of 1.5 M, and the solution was applied to a
phenyl-Sepharose (2.6 × 10 cm) column equilibrated with a buffer
containing 10 mM potassium phosphate (pH 8.0), 10 mM DTT,
and 1.5 M ammonium sulfate (buffer B). The column was washed
with 100 ml buffer B, and the proteins were subsequently eluted
with 200 ml of a declining gradient of ammonium sulfate (1.5–0
M) in buffer B. Fractions with GbsA activity eluted at a concen-
tration of approximately 400 mM ammonium sulfate. These frac-
tions were pooled, ammonium sulfate was added to a final concen-
tration of 1.5 M, and the proteins were rechromatographed on the
phenyl-Sepharose column. The purified GbsA enzyme was stored
at –80°C.

Enzyme assay

The activity of the GbsA protein was determined spectrophoto-
metrically at 30°C by measuring the reduction of NAD+ to NADH
at 340 nm in an LKB spectrophotometer (LKB Ultrospec 2000;
Pharmacia, Freiburg, Germany). The standard assay contained 100
mM Tris-HCl (pH 8.0), 10 mM DTT, 1 mM NAD+, 0.5 mM glycine
betaine aldehyde, and various amounts of enzyme in a final reac-
tion volume of 1 ml. The enzyme reaction was started by the addi-
tion of the GbsA protein, and the absorbance was measured at 12 s
intervals over a period of 4 min. The reduction of NAD+ in the re-
action mixture in the absence of the substrate glycine betaine alde-
hyde was negligible. One unit of enzyme activity is defined as the
amount of the GbsA protein required to convert 1 µmol of NAD+

to NADH per min.

Protein determination and SDS-polyacrylamide gel electrophoresis

Protein concentrations were determined using the Protein Assay
Kit II (BioRad, Munich, Germany) with bovine serum albumin as
the standard. The purification of GbsA was monitored by elec-
trophoresis in SDS-12% polyacrylamide gels (Laemmli 1970).
The proteins were visualized by staining with Coomassie Brilliant
Blue or silver nitrate. Scanning of SDS-polyacrylamide gels was
performed with a laser densiometer (Ultrascan XL; LKB, Freiburg,
Germany).

Molecular mass analysis

For the molecular mass analysis of native GbsA, we used fractions
from the Q-Sepharose Fast Flow column that were enriched in
GbsA activity. The relative molecular mass of the enzyme was es-
timated by gel-filtration chromatography on a Superose 12 column
(1 × 30 cm) in a 100 mM Tris-HCl buffer (pH 8.0). β-Amylase
(200 kDa), alcohol dehydrogenase (150 kDa), bovine serum albu-
min (66 kDa), and carbonic anhydrase (29 kDa) were used as ref-
erence proteins. The Stokes radius of the native GbsA enzyme was
determined from the chromatographic properties of GbsA on the
Superose 12 column and was calculated according to the method
of Siegel and Monty (1966). The values for –(log Kav)1/2 were cal-
culated with the equation: Kav = (Ve – V0)/(Vt – V0), where Ve is
the elution volume of the GbsA enzyme, V0 the column void vol-
ume, and Vt the total column volume. Blue dextran (2,000 kDa)
was used to determine the V0. The sedimentation coefficient (S20,w)
of GbsA was determined by centrifugation through a continuous
10–35% (v/v) glycerol gradient. Partially purified GbsA (25 µg)
was centrifuged through the gradient at 220,000 × g in a Sorvall
TST 60.4 swing-out rotor at 4°C for 20 h. After the centrifugation
run, 0.2-ml fractions were collected from the top of the tube and
assayed for GbsA enzyme activity. Cytochrome c (12 kDa), car-
bonic anhydrase (29 kDa), bovine serum albumin (66 kDa), and al-
cohol dehydrogenase (150 kDa) were combined and sedimented
through a parallel gradient; their positions in the gradient were de-
termined by SDS-polyacrylamide gel electrophoresis and plotted
against their known S20,w values (Ilag et al. 1991).

Results

Purification of the GbsA enzyme

For the purification of the B. subtilis glycine betaine alde-
hyde dehydrogenase GbsA, we first overproduced the en-
zyme in the heterologous host E. coli using a plasmid
(pJB009) that expresses the gbsA+ gene under the control
of the bacteriophage T7φ10 promoter (Boch et al. 1996).
The E. coli strain used for gbsA overexpression, strain
PD141, carries a chromosomal deletion of the entire bet-
TIBA gene cluster (Lamark et al. 1991), thus avoiding a
possible contamination of GbsA preparations with the
betB-encoded E. coli glycine betaine aldehyde dehydroge-
nase. Induction of the T7 RNA polymerase/T7φ10 pro-
moter system (Studier and Moffat 1986) by the addition
of IPTG resulted in the production of the GbsA polypep-
tide to an extent that it represented approximately 17% of
the soluble cell proteins (Fig. 1). The GbsA protein mi-
grates on SDS-12% polyacrylamide gels as a species with
an apparent molecular mass of 62 kDa (Fig. 1), although
the molecular mass deduced from the DNA sequence of
the gbsA structural gene is 53.7 kDa (Boch et al. 1996).
Such a difference between the calculated molecular mass
and that inferred from the mobility of the protein on SDS-
polyacrylamide gels has previously also been observed
for the glycine betaine aldehyde dehydrogenase from
spinach (Weretilnyk and Hanson 1990). We purified the
GbsA protein from cleared cell lysates of strain PD141
(pJB009) by fractionated ammonium sulfate precipitation
and two subsequent chromatographic steps on anion 
exchange (Q-Sepharose) and hydrophobic interaction
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Fig.1 A, B Purification of the GbsA protein. A The proteins were
electrophoretically separated on an SDS-12% polyacrylamide gel
and were stained with Coomassie Brilliant Blue. Lane 1 protein ex-
tract of strain PD141 (pPD100; vector) that was induced with 1 mM
IPTG, lane 2 protein extract from an uninduced culture of strain
PD141 carrying the gbsA+ plasmid pJB009, lane 3 protein extracts
from a culture of PD141 (pJB009) that was induced with 1 mM
IPTG, and lane 4 purified GbsA protein (1.5 µg). The molecular
mass of marker proteins is indicated, and the location of the GbsA
protein is marked with an arrow. B The purified GbsA protein
(0.12 µg) was run on an SDS-12% polyacrylamide gel and stained
with silver nitrate



(phenyl-Sepharose) columns to apparent homogeneity (Fig.
1). The GbsA enzyme was purified approximately 23-fold,
yielding a preparation with a specific activity of 16 units
per mg of protein. The purified protein was stable in Tris-
HCl, Hepes, or phosphate buffer in the presence of a re-
ducing agent (10 mM DTT) and showed no loss of activ-
ity after incubation for 1 h at room temperature. It could be
stored without glycerol at –80°C for several months with-
out showing a detectable decrease in its enzyme activity.
The results of a typical purification for the GbsA enzyme
from 4 l of cell culture are summarized in Table 1.

Molecular mass of the GbsA enzyme

To deduce the subunit composition of the active GbsA en-
zyme, we determined the molecular mass of the partially
purified protein under nondenaturing conditions by two
independent methods: gel filtration on Superose 12 and
rate zonal centrifugation in glycerol gradients. The GbsA
protein was applied to an FPLC molecular sieving column

that had been standarized with proteins of known molecu-
lar mass. Chromatography of GbsA on the Superose 12
column yielded a sharp activity peak in the elution posi-
tion between the reference proteins bovine serum albumin
(66 kDa) and alcohol dehydrogenase (150 kDa), corre-
sponding to a molecular mass of 125 kDa (Fig. 2A). The
chromatographic behavior of the GbsA protein on the Su-
perose 12 column (Fig. 2B) also permitted us to deduce an
apparent Stokes radius of 4.3 nm for the enzyme (Siegel
and Monty 1966). GbsA activity in the glycerol gradients
was also found in a position between the bovine serum al-
bumin and alcohol dehydrogenase marker proteins (Fig. 2C).
A sedimentation coefficient of S20,w of 6.0 for GbsA was
deduced from a standard plot of the known S20,w values of
the different reference proteins (Fig. 2D). This allowed us
to calculate a native molecular mass of the GbsA protein
of 109 kDa from its sedimentation coefficient (Martin and
Ames 1961). Thus, both the gel-filtration chromatography
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Table 1 Purification of the glycine betaine aldehyde dehydroge-
nase GbsA of Bacillus subtilis. The B. subtilis GbsA protein was
overproduced in a heterologous Escherichia coli host strain har-
boring a gbsA+ plasmid under the control of the phage T7φ10-pro-
moter/RNA polymerase expression system. Cell extract was pre-
pared from 4 l of E. coli cells. One unit of enzyme activity is de-
fined as the amount of protein required for the oxidation of 1 µM
NAD+ to NADH per min

Purification step Activity Protein Specific Puri- Yield
(U) (mg) activity fication (%)

(U/mg factor
protein) (-fold)

Cell-free extract 131 185 0.4 – 100
Ammonium sulfate 115 97 1.2 1.7 73

precipitation 
(55–75%)

Q-Sepharose 77 12 6.3 9.0 58
Phenyl-Sepharose 48 3 15.9 22.7 37

Fig.2A–D Determination of the molecular mass and the Stokes
radius of the GbsA protein. A Estimation of the native molecular
mass by gel-filtration chromatography. Partially purified glycine
betaine aldehyde dehydrogenase was chromatographed through a
Superose 12 column. An aliquot of each fraction was assayed for
glycine betaine aldehyde dehydrogenase activity. The following
marker proteins were used to calibrate the column: β-amylase (β-
AM; 200 kDa), alcohol dehydrogenase (ADH; 150 kDa), bovine
serum albumin (BSA; 66 kDa), and carbonic anhydrase (Ca; 29
kDa). B Estimation of the Stokes radius of the glycine betaine
aldehyde dehydrogenase from the data determined in A. The
known Stokes radii were plotted against their –(log Kav)1/2 (Siegel
and Monty 1966). C Estimation of the molecular mass by sedi-
mentation through glycerol gradients. Partially purified glycine be-
taine aldehyde dehydrogenase (25 µg) was centrifuged through a
10–35% glycerol gradient. A set of fractions was assayed for en-
zyme activity. The marker proteins cytochrome c (Cyt; 12 kDa),
carbonic anhydrase (Ca; 29 kDa), bovine serum albumin (BSA; 66
kDa), and alcohol dehydrogenase (ADH; 150 kDa) were cen-
trifuged through a parallel gradient, and their position in the gradi-
ent was subsequently determined on an SDS-12% polyacrylamide
gel. D Estimation of the sedimentation coefficient (S20,w) of the
glycine betaine aldehyde dehydrogenase. The mobility of the pro-
teins in the glycerol gradient is plotted against their known sedi-
mentation coefficients (S20,w)



and the centrifugation in glycerol gradients of GbsA gave
comparable results for the molecular mass determination.
We conclude from these data that the native enzyme is a
homodimer composed of 53.7-kDa subunits.

Characterization and kinetic properties 
of the GbsA protein

The purified GbsA exhibited its greatest enzyme activity
in the Tris-HCl buffer system [100 mM Tris-HCl (pH
8.0)]. The high activity of the B. subtilis enzyme in the
Tris-HCl buffer contrasts with the inhibitory effect of this
buffer system on the glycine betaine aldehyde dehydroge-
nase from Amaranthus hypochondriacus (Valenzuela-
Soto and Muñoz-Clares 1994) and E. coli (Falkenberg and
Strøm 1990). The pH-activity profile of GbsA showed a
broad range of activity with an optimum at pH 8.0. We
therefore used the Tris-HCl buffer system at a pH of 8.0
for all further determinations of the GbsA enzyme activ-
ity. GbsA showed specificity for glycine betaine aldehyde
as substrate; no GbsA-catalyzed reduction of NAD+ was
observed with propionaldehyde, pivalaldehyde, isovaler-
aldehyde, acetaldehyde, or benzaldehyde in final concen-
trations of 0.5 or 50 mM (data not shown). The initial ve-
locities for the enzymatic reaction of GbsA were deter-
mined at various concentrations of glycine betaine alde-
hyde and the cofactors NAD+ or NADP+. For these as-
says, the concentration of one substrate was varied, while
that of the other compound was kept constant (Fig. 3).
Substrate inhibition of enzymatic activity has been ob-
served for various glycine betaine aldehyde dehydroge-
nases (Falkenberg and Strøm 1990; Valenzuela-Soto and
Muñoz-Clares 1994). We found that GbsA activity was

significantly inhibited when glycine betaine aldehyde lev-
els exceeded 0.5 mM; we therefore used lower levels of
this substrate for our kinetic experiments. We found that
the GbsA protein could use both NAD+ and NADP+ as a
cofactor for the enzyme reaction, but that NAD+ was
clearly preferred. The Michaelis constants (Km) for
glycine betaine aldehyde and the cofactors were deter-
mined from secondary plots of the intercepts of the
Lineweaver-Burk plots (Fig. 3A, B) against reciprocal
concentrations of the substrates (Fig. 3C, D). This deriva-
tion leads to Km values independent of the concentration
of the second substrate. From the experiments docu-
mented in Fig. 3, we calculated Km values of 0.12 mM for
glycine betaine aldehyde and 0.14 mM for NAD+. The ap-
parent Km value for NADP+ was approximately 1 mM
(data not shown). The oxidation of glycine betaine alde-
hyde by the GbsA protein was effectively irreversible
since no oxidation of NADH was observed with glycine
betaine as substrate at concentrations of up to 10 mM.

Effect of salts and osmoprotectants on GbsA activity

B. subtilis accumulates large amounts of K+ during water
stress (Whatmore and Reed 1990). We therefore investi-
gated the influence of this ion on the GbsA enzyme activ-
ity. KCl had an activating effect at moderate concentra-
tions; the enzymatic activity of GbsA was stimulated to
approximately 150% when 0.2 M KCl was added to the
assay mixture (Fig. 4). Higher concentrations of this salt
resulted in a progressive decline of this maximal activity.
However, the GbsA enzyme was quite salt-tolerant since
it retained 88% of its original activity even in the presence
of 2.4 M KCl (Fig. 4). NaCl had a similar influence on the
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Fig.3A–D Double-reciprocal
plots of the enzymatic activity
of GbsA. The initial velocities
of the enzymatic reactions
were determined with A NAD+

as the variable substrate at var-
ious fixed concentrations of
glycine betaine aldehyde
(GBA): p 0.05 mM, P 0.075
mM, r 0.1 mM, and G 0.2
mM. B Glycine betaine alde-
hyde was used as the variable
substrate and various fixed
concentrations of NAD+ were
employed: r 0.1 mM, P 0.15
mM, G 0.2 mM, m 0.3 mM,
and p 1 mM). C and D show
secondary plots of the inter-
cepts against the reciprocal
concentrations of the fixed
substrate from A and B, re-
spectively



GbsA activity (Fig. 4), suggesting that the nature of the
cation had no strong effect.

Glycine betaine, the end product of the GbsA-mediated
enzyme reaction, had a dual effect on the purified GbsA
protein. At moderate concentrations, glycine betaine stim-
ulated the GbsA enzymatic activity to approximately
140% of its original value, whereas at higher concentra-
tions it inhibited the enzyme activity somewhat (Fig. 5). A
gbsA+ B. subtilis mutant defective in the gbsB-encoded
type-III alcohol dehydrogenase was able to grow in high-
osmolarity medium when glycine betaine aldehyde, but
not choline, was added to the medium. These physiologi-
cal data suggest that the GbsA protein cannot use choline
as a substrate for glycine betaine production. Indeed, we
did not detect any reduction of NAD+ by the purified
GbsA enzyme in the presence of choline. We found, how-
ever, that even low concentrations of choline strongly in-
hibited GbsA (Fig. 5). A kinetic analysis of the inhibitory
effect of choline on the enzymatic function of GbsA
showed that choline competitively inhibited GbsA with a
Ki value of 7 mM (data not shown).

High concentrations of proline are amassed by the B.
subtilis cells through de novo synthesis when the cells
are subjected to a sudden increase in the external osmo-
larity (Whatmore et al. 1990). We therefore tested the in-
fluence of this compatible solute on the activity of GbsA
over a wide range of concentrations. Proline strongly in-
creased the enzyme activity. The maximal effect was ob-
served at concentrations of approximately 0.5 M when
the GbsA-mediated oxidation of glycine betaine alde-
hyde reached 167% of its original value (Fig. 5). The en-
zyme was not inhibited even at a concentration of 2 M
proline and exhibited 106% of its original activity (Fig.
5). We analyzed whether this was a specific effect of pro-
line, or whether there was a general stimulation of the
GbsA enzyme by osmoprotective compounds. The amino
acid glycine neither stimulated nor inhibited GbsA activ-
ity to any significant extent up to concentrations of 1.5
M (Table 2). The compatible solute ectoine, a cyclic
amino acid, and the sugar trehalose are known to stabi-
lize proteins and cell components under high osmotic
conditions (Csonka and Hanson 1991; Galinski and
Trüper 1994; Yancey 1994). Neither compound had a
stimulating effect on GbsA activity. In contrast, the 
osmoprotectant homobetaine, a structural analogue of
glycine betaine with one additional methylene group in
the main carbon chain, had a stimulating effect similar to
glycine betaine (Table 2). L-Carnitine, which is also
structurally related to glycine betaine and choline, almost
completely inhibited the GbsA enzyme even at concen-
trations as low as 25 mM (Table 2). Hence, the activity
of the GbsA enzyme is not stimulated in a general man-
ner by the presence of compatible solutes, and it appears
that proline and homobetaine have specific effects on the
function of the GbsA protein.

287

Fig. 4 Effect of salts on the activity of the GbsA protein. Enzyme
assays were performed in 0.1 M Tris-HCl containing salts (G KCl,
P NaCl) in concentrations between 0 and 2.4 M. The enzyme ac-
tivity was plotted against the concentration of salt in the assay

Fig. 5 Effect of amino acids and osmoprotectants on the activity
of GbsA. Enzyme assays were performed in the presence of vary-
ing concentrations of p choline, m glycine betaine, or P proline.
The specific activity of the enzyme under these conditions was
plotted against the concentration of the added compound

Table 2 Effects of various salts and osmoprotectants on the activ-
ity of the GbsA glycine betaine aldehyde dehydrogenase. The spe-
cific activity of the purified enzyme was determined under stan-
dard assay conditions [100 mM Tris-HCl (pH 8.0, 1 mM NAD+,
0.5 mM glycine betaine aldehyde, and 10 mM DTT] containing
100, 500, or 1,500 mM of the various compounds. The enzyme ac-
tivity is given in % with respect to the specific enzyme activity in
a standard assay without additional substances (100%) (nd not de-
termined)

Compound 100 mM 500 mM 1,500 mM

KCl 143 146 105
NaCl 151 138 100
Proline 136 165 121
Glycine betaine 138 93 46
Choline 36 8 nd
Homobetaine 111 128 156
Carnitine 4a nd nd
Ectoine 113 100 48
Trehalose 94 85 nd
Glycine 98 96 79

a At a concentration of 25 mM



Discussion

The osmoprotectant glycine betaine is accumulated by the
soil bacterium B. subtilis cells as a metabolically inert
stress compound (Boch et al. 1994). Its synthesis from its
precursors choline or glycine betaine aldehyde confers a
high degree of osmotic tolerance and, consequently, is an
important facet of the specific adaptation reactions of B.
subtilis to high osmolarity stress (Boch et al. 1996). We
report in the present communication the purification and
characterization of one of the enzymes from the osmoreg-
ulatory choline-glycine betaine pathway, the glycine be-
taine aldehyde dehydrogenase GbsA. Deletion of the
structural gene (gbsA) for this enzyme from the B. subtilis
chromosome completely abolishes the production of
glycine betaine from the precursor glycine betaine alde-
hyde (Boch et al. 1996), attesting to the key role of GbsA
for glycine betaine synthesis in vivo. The in vitro charac-
terization of the purified GbsA protein now provides di-
rect experimental evidence for its previously proposed
enzymatic function (Boch et al. 1996). Our database
searches revealed that the GbsA protein is a member of a
large superfamily of specialized and nonspecialized alde-
hyde dehydrogenases from both prokaryotes and eukary-
otes (Habenicht et al. 1994). Within this superfamily, the
B. subtilis GbsA protein shows strong sequence identity
(between 37 and 45%) to glycine betaine aldehyde dehy-
drogenases from plants (Beta vulgaris, Spinacia oler-
aceae, Hordeum vulgare, Atriplex hortensis, and Sorghum
bicolor) and bacteria (E. coli and Sinorhizobium meliloti)
with a known involvement in the adaptation to high os-
molarity and drought.

Overproduction of the B. subtilis GbsA protein in the
heterologous E. coli host permitted the development of a
simple, three-step purification procedure for this enzyme.
The kinetic parameters of GbsA for its substrate glycine
betaine aldehyde (Km = 125 µM) and its cofactor NAD+

(Km = 143 µM) are comparable to those of glycine betaine
aldehyde dehydrogenases purified from bacterial, fungal,
plant, animal, and human cells (Nagasawa et al. 1976;
Mori et al. 1980; Pan et al. 1981; Weretilnyk and Hanson
1989; Falkenberg and Strøm 1990; Valenzuela-Soto and
Muñoz-Clares 1994; Chern and Pietruszkor 1995). Two
procedures, gel filtration and sedimentation centrifugation
through a glycerol gradient, suggest that the GbsA en-
zyme constitutes a homodimer with 53.7-kDa subunits. It
shares this native composition with the glycine betaine
aldehyde dehydrogenases from the plants S. oleracea
and A. hypochondriacus (Weretilnyk and Hanson 1990;
Valenzuela-Soto and Muñoz-Clares 1994), whereas the
corresponding enzymes from the gram-negative bac-
terium E. coli, the fungus Cylindrocarpon didymum, and
human liver are tetramers (Mori et al. 1980; Valenzuela-
Soto and Muñoz-Clares 1994; Chern and Pietruszkor
1995). The B. subtilis GbsA protein is specific for glycine
betaine aldehyde, and this high substrate specificity is
also manifested in the homologous enzymes participating
in the osmoregulatory choline-glycine betaine pathways

in E. coli (Falkenberg and Strøm 1990), Pseudomonas
aeruginosa (Nagasawa et al. 1976), plants (Weretilnyk
and Hanson 1989; Valenzuela-Soto and Muñoz-Clares
1994), and the horseshoe crab (Dragolovich and Pierce
1994). A high substrate specificity of these enzymes for
the intermediate in glycine betaine synthesis is consistent
with their highly specialized physiological function in the
cellular defence against high osmolarity stress. In con-
trast, the glycine betaine aldehyde dehydrogenase isolated
from human liver displays a broad substrate specificity,
and this enzyme probably functions in this organ in the
synthesis of glycine betaine as a methyl donor rather than
as an osmoprotectant (Chern and Pietruszkor 1995).

In osmoregulating B. subtilis cells, the GbsA protein is
initially faced with substantial intracellular concentrations
of K+ and proline (Whatmore et al. 1990; Whatmore and
Reed 1990). Analysis of the purified GbsA protein re-
vealed that this enzyme is highly tolerant towards K+ (Fig.
4) and that proline has a strong stimulating influence on
GbsA activity (Fig. 5). Even in the presence of 1.5 M pro-
line, the enzyme displayed 121% of its original activity.
Glycine betaine is accumulated in many osmoregulating
microbial cells up to molar concentrations (Whatmore et
al. 1990; Csonka and Hanson 1991; Galinski and Trüper
1994). Obviously, the B. subtilis GbsA protein must func-
tion in the presence of large amounts of its reaction prod-
uct. The enzyme was fully active even at a glycine betaine
concentration of 0.5 M and still exhibited 66% of its ini-
tial activity in the presence of 1 M glycine betaine (Fig.
5). It is apparent that the tolerance of the GbsA protein to
high salt, proline, and its reaction product are key features
for an enzyme participating in the production of the os-
moprotectant glycine betaine in B. subtilis. These charac-
teristics ensure that the glycine betaine aldehyde dehydro-
genase GbsA can effectively function under those condi-
tions that are prevalent in B. subtilis cells exposed to a
high osmolarity environment.
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