APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Aug. 1999, p. 3304-3311

0099-2240/99/$04.00+0

Vol. 65, No. 8

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Nanomolar Levels of Dimethylsulfoniopropionate,
Dimethylsulfonioacetate, and Glycine Betaine Are Sufficient
To Confer Osmoprotection to Escherichia coli

ANNE COSQUER,** VIANNEY PICHEREAU,*t JEAN-ALAIN POCARD,? JACQUES MINET,'
MICHEL CORMIER,' ano THEOPHILE BERNARD?

Laboratoire de Microbiologie Pharmaceutique, Université de Rennes 1, 35043 Rennes,"
and Equipe “Membranes et Osmorégulation,” UPRES-A CNRS 6026,
Université de Rennes 1, 35042 Rennes,? France

Received 21 December 1998/Accepted 11 May 1999

We combined the use of low inoculation titers (300 = 100 CFU/ml) and enumeration of culturable cells to
measure the osmoprotective potentialities of dimethylsulfoniopropionate (DMSP), dimethylsulfonioacetate
(DMSA), and glycine betaine (GB) for salt-stressed cultures of Escherichia coli. Dilute bacterial cultures were
grown with osmoprotectant concentrations that encompassed the nanomolar levels of GB and DMSP found in
nature and the millimolar levels of osmoprotectants used in standard laboratory osmoprotection bioassays.
Nanomolar concentrations of DMSA, DMSP, and GB were sufficient to enhance the salinity tolerance of E. coli
cells expressing only the ProU high-affinity general osmoporter. In contrast, nanomolar levels of osmopro-
tectants were ineffective with a mutant strain (GM50) that expressed only the low-affinity ProP osmoporter.
Transport studies showed that DMSA and DMSP, like GB, were taken up via both ProU and ProP. Moreover,
ProU displayed higher affinities for the three osmoprotectants than ProP displayed, and ProP, like ProU,
displayed much higher affinities for GB and DMSA than for DMSP. Interestingly, ProP did not operate at
substrate concentrations of 200 nM or less, whereas ProU operated at concentrations ranging from 1 nM to
millimolar levels. Consequently, proU™ strains of E. coli, but not the proP* strain GM50, could also scavenge
nanomolar levels of GB, DMSA, and DMSP from oligotrophic seawater. The physiological and ecological

implications of these observations are discussed.

Glycine betaine (GB) [(CH,);N"CH,-COO™; 2-trimethyl-
ammonioacetate] and 3-dimethylsulfoniopropionate (DMSP)
[(CH;),S " CH,-CH,-COO ] are produced by a wide variety of
halophilic photosynthetic organisms, including marine algae,
phytoplankton, cyanobacteria, and/or nearshore halophilic
higher plants, in which they apparently accumulate as cytosolic
osmolytes (3, 35, 39, 48, 50). In contrast, 2-dimethylsulfonio-
acetate (DMSA) [(CH;),S*CH,-COO™], the closest sulfo-
nium analog of GB, is found only as a secondary solute in two
species of marine algae, and our knowledge of the biological
function(s) of DMSA is rudimentary (6, 42, 46). However, it
has been established that many bacterial species, including
Escherichia coli, respond to hyperosmotic stress by accumulat-
ing high levels of GB and DMSP from their environments (8,
11, 40, 42). These compounds primarily serve as cytosolic os-
molytes that allow for rehydration of stressed cells exposed to
hyperosmotic environments (7, 8). GB and DMSP also act as
“compatible solutes” because high cytosolic concentrations of
these compounds do not disturb the functioning of cellular
proteins and counteract the destabilizing effects of salts (13, 20,
38). Moreover, GB and its analogs are also called “osmopro-
tectants” because they stimulate bacterial growth in media with
inhibitory osmolarities and extend the range of salinities at
which bacteria can grow (6, 8, 18). In this respect, GB and
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DMSP are among the most effective osmoprotectants for E.
coli and other enteric bacteria, such as Salmonella typhimurium
and Klebsiella pneumoniae (35, 40, 46).

GB and DMSP are released into marine sediments, seawa-
ter, and estuarine waters as a result of the natural decay of
halophytes, as well as the exposure of halophytes to fluctuating
salinity levels that are caused by inflowing freshwater and
twice-daily tides (24, 25, 49). Furthermore, GB and DMSP
might be important to human health because environmental
osmoprotectants favor survival and could promote prolifera-
tion of pathogenic bacteria, such as enterotoxigenic strains of
E. coli in sediments, recreational waters, and shellfish produc-
tion zones that may be contaminated by sewage effluents from
upstream urban and rural communities (14-18). However, the
concentrations of GB and DMSP in natural environments are
at least 3 to 4 orders of magnitude lower (1 to 10 nM [27, 30,
51]) than the concentrations of these compounds that provide
maximal osmoprotection to pure bacterial cultures grown un-
der controlled laboratory conditions (10 to 500 uM [11, 12, 31,
41, 42]). Moreover, most studies performed with such cultures
have measured bacterial growth by using spectrophotometric
methods which require high cell densities that are not likely to
be found in natural environments (31). Furthermore, it is no-
table that the GB and DMSP concentrations in seawater are
also considerably lower (ca. 3 logs lower) than the calculated
affinities (K,,, values) of well-characterized osmoporters, such
as the ProP and ProU GB-proline transporters of S. typhi-
murium (4, 5), as well as the GB or DMSP porters of many
other bacteria (1, 23, 32, 45). These differences are particularly
intriguing because natural populations of free-living bacteria
can salvage nanomolar levels of GB, choline (a precursor of
GB), and DMSP from seawater and can accumulate osmoti-
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cally significant levels of GB and DMSP from their natural
habitats (28, 29, 52). However, it is not yet known which spe-
cies of free-living bacteria can salvage very low concentrations
of environmental osmoprotectants. Surprisingly, it is also not
known if nanomolar levels of GB and other osmoprotectants
can effectively confer enhanced salinity tolerance to bacteria
(i.e., stimulate bacterial growth at inhibitory osmolarities).
Also, the transporters and the genes involved in DMSP and
DMSA uptake have not been identified in any bacterium, al-
though competition studies have suggested that GB porters of
E. coli and marine bacteria also recognize DMSP as a substrate
(11, 19, 29, 52).

The objectives of this study were (i) to determine the lowest
concentration(s) of GB, DMSA, and DMSP that could still
alleviate osmotic inhibition of growth when E. coli was cultured
at very low cell densities, (ii) to evaluate the osmoprotective
activities and uptake kinetics of the three methylated onium
compounds in E. coli strains expressing either the ProP osmo-
porter or the ProU osmoporter (19, 34), and (iii) to determine
whether E. coli cells maintained in oligotrophic seawater could
take up very low levels of environmental osmoprotectants.

MATERIALS AND METHODS

Bacterial strains. A set of E. coli strains expressing either both, one, or none
of the two GB-proline transport systems (i.c., ProP and ProU) that operate in
wild-type E. coli K-12 (7, 34) were used in this study. Strain MC4100 [F~ araD139
A(argF-lac)U169 rpsL150 relAl deoCl ptsF25 flbB5301 rbsR] was used as the
parental strain (37). Strain GM50 [MC4100 ®(proU-lacZ™)3 (\placMu55)] (37)
and strain BK32 [MC4100 A(putPA)I101 A(proP)2] (21) are defective in ProU-
and ProP-mediated GB uptake, respectively. Strain MKH13 [MC4100 A(putPA)
101 A(proP)2 A(proU)608] is deficient in both proline transport and GB uptake
activities (21).

Media and growth conditions. Bacteria were pregrown aerobically at 37°C in
M63 minimal medium containing 10 mM glucose and 15 mM ammonium sulfate
as the carbon and nitrogen sources, respectively (18). Cultures (10 ml) were
grown in 50-ml test tubes (inclined at an angle of 30°) with rotary shaking at 200
rpm. The osmotic strength of M63 medium was raised by adding NaCl to final
concentrations ranging from 0.3 to 0.8 M. Natural surface seawater was collected
at high tide at Paimpol (anse du Guilben, northern Brittany, France), filtered
with Whatman no. 1 paper, autoclaved (30 min, 121°C), and stored at 4°C. The
osmolalities of M63 medium and seawater were determined by using a freezing
point depression microosmometer. At the collection site, the osmolality of sea-
water was similar to the osmolality of M63 medium supplemented with 0.6 M
NaCl (1,360 mosmol/kg of water).

Osmoprotectants were added to M63 medium or seawater from filter-steril-
ized stock solutions. GB was purchased from Sigma Chimie, St. Quentin Falla-
vier, France. Unlabeled DMSA and DMSP, as well as [methyl-'*C]GB (2.04
GBq - mmol '), [methyl-'*CIDMSA (2.04 GBq - mmol '), [1-"*C]DMSA (0.28
GBq - mmol™!), and [1-'"*C]DMSP (37 MBq - mmol '), were synthesized as
described previously (42).

Bacterial growth was monitored by counting colonies on Luria-Bertani agar
plates and/or by measuring the optical densities at 570 nm (ODs,,) of cell
suspensions with a Turner spectrophotometer. All of the data below are means
based on at least three independent experiments, and the standard deviations for
the spectrophotometric and culturable count determinations were less than 5%
and less than 15%, respectively.

Uptake and fate of radiolabeled osmoprotectants. E. coli cells grown to the
mid-exponential phase in M63 medium were harvested by centrifugation
(5,000 X g, 10 min) and were resuspended at an ODs, of 1 in M63 medium
containing 0.3 M NaCl and 10 mM glucose. The cells were incubated in this
medium for 45 to 60 min in order to obtain full induction of the ProU and ProP
osmoporters (8, 34). Uptake of [methyl-'*C]|GB, [methyl-'*CIDMSA, and [1-'*C]
DMSP was then monitored at room temperature (20 to 22°C) in the same
medium. Transport was terminated by filtering cell suspensions with Whatman
GFJF filters. Each filter was then rinsed with 5 ml of transport medium without
osmoprotectant. The radioactivity captured by the filtered cells was measured by
liquid scintillation counting (19, 41).

For kinetic studies, time-dependent measurements of '“C-labeled osmopro-
tectant uptake were obtained for each concentration of radioactive substrate.
Kinetic experiments were performed with dense and dilute cell suspensions of
strains BK32 and GMS50 in order to evaluate the capacities of ProU and ProP to
take up osmoprotectants in the presence of a wide range of substrate concen-
trations. In the kinetic experiments performed with dense suspensions (ODs, 1;
ca. 2 X 10°® CFU/ml), the concentrations of [**C]GB, ["*C]DMSA, and
[**C]DMSP ranged from 0.1 M to 4 mM. For each concentration of *C-labeled
osmoprotectant, four 40-ul aliquots of cell suspension were filtered at 30-s
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intervals over a 2-min period. In the kinetic experiments performed with dilute
cell suspensions, dense suspensions (ODs, 1) were diluted 1:1,000 in transport
medium before the radiolabeled osmoprotectant was added (final cell density, ca.
2 X 10° CFU/ml). In these experiments, ['*C]GB and [methyl'*CIDMSA were
supplied without isotopic dilution at final concentrations ranging from 1 nM to
40 pM in a final volume of 2 to 100 ml. Time-dependent uptake assays (at four
times over a 5- to 12-min period) were performed by filtering between 0.5 and 20
ml of cell suspension for each time point, depending on the concentration of
[**C]GB or ["*C]DMSA. The amounts of internalized osmoprotectants were
always linear with time (data not shown). Unless indicated otherwise, uptake
rates were expressed in nanomoles per minute per milligram of cell protein,
which were determined by the method of Lowry et al. (33).

To investigate the fate of [methyl-'*C]DMSA and [1-'*C]DMSP, cultures of E.
coli MC4100 were grown to the mid-log phase in M63 medium with or without
0.5 M NaCl. Then, 5 ml of a cell suspension was supplemented with 200,000 dpm
of radiolabeled DMSA or DMSP and transferred into a Warburg vial whose
center well contained a piece of filter paper soaked with 20 pl of 5 M KOH,
which was used to trap the '*CO, that might evolve from catabolism of
['*C]DMSA or ['*C]DMSP. The vial was sealed with a rubber stopper and
incubated overnight at 37°C with shaking at 100 rpm. At the end of the exper-
iment, the cells were centrifuged and extracted in 80% ethanol. The radioactiv-
ities of the ethanol-soluble and insoluble extracts, as well as '*CO,, were then
measured by liquid scintillation counting (17, 42).

Uptake of nanomolar concentrations of osmoprotectants by confined cultures
of E. coli exposed to seawater. Cultures which were used to evaluate the ability
of E. coli cells to scavenge nanomolar levels of radiolabeled osmoprotectants
from seawater were pregrown to the mid-exponential phase (ODs, 1; ca. 2 X
10® CFU/ml) in M63 medium supplemented with 0.3 M NaCl in order to obtain
osmoadapted cells. Then, 5 ml of a bacterial cell suspension was transferred
directly into a diffusion chamber which was immersed in 1 liter of autoclaved
seawater containing a nanomolar concentration of a radiolabeled osmopro-
tectant (ca. 100,000 dpm). The diffusion chamber was composed of a screw-cap
bottomless Eppendorf tube prolonged by a dialysis bag whose bottom was sealed
with a tight press-on clamp. The lower part of the bag was installed in a glass
beaker below the surface of the seawater, which was stirred at 50 rpm. The upper
end of the dialysis bag was sealed to the Eppendorf tube with several layers of
self-adhesive tape and a rubber band; it was kept above the seawater. Prior to the
uptake experiment, the beaker was washed with a 0.1 mM solution of unlabeled
osmoprotectant in order to avoid nonspecific adsorption of the radiolabeled
compound to the glassware. The beaker was then rinsed thoroughly with sterile
distilled water in order to remove unbound traces of the unlabeled osmopro-
tectant. Uptake assays were performed at room temperature (20 to 22°C). Time-
dependent measurements of ['*C]GB, ["*C]DMSA, and ["“C]DMSP uptake
rates were obtained by filtering subsamples of the confined bacterial cells onto
Whatman GF/F filters (as described above) and rinsing the filtered cells twice
with 1 ml of autoclaved seawater.

Stability of radiolabeled osmoprotectants. GB and DMSA were chemically
stable under all of our experimental conditions. However, DMSP underwent
limited spontaneous degradation to dimethylsulfide and acrylic acid (2 to 5% in
10 to 15 h). Therefore, control experiments without bacteria were performed
along with the experiments that required long-term incubation of DMSP with E.
coli cultures, particularly metabolism experiments and experiments in which we
measured DMSP uptake for long periods of time.

RESULTS

E. coli MC4100 is responsive to nanomolar concentrations
of osmoprotectants. E. coli MC4100 was inoculated at a very
low cell density (300 = 100 CFU/ml) into M63 medium con-
taining 0.8 M NaCl, which prevented growth of this bacterium
(18, 19). GB, DMSA, and DMSP were supplied as putative
osmoprotectants at initial concentrations ranging from 102
to 1073 M. Bacterial growth was monitored by counting colo-
nies for 4 days. Growth of MC4100 was not detected after 4
days of incubation in hyperosmotic M63 medium without an
osmoprotectant (Fig. 1) or in stressed suspensions that con-
tained only 10~ M GB, 10> M DMSA, or 10~'* M DMSP
(data not shown). However, substantial growth occurred dur-
ing the first day in stressed cultures that contained one of the
three osmoprotectants at a concentration of 1 mM. At this
stage, the cell densities of the three cultures had already in-
creased ca. 2 orders of magnitude (Fig. 1). This indicates that
six to seven generations of MC4100 cells grew during the first
day of incubation with 1 mM GB, 1 mM DMSA, or 1 mM
DMSP. Ultimately, an osmoprotectant concentration of 1 mM
resulted in an approximately 7-log increase in the final number
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FIG. 1. Effects of a wide range of GB (a), DMSA (b), and DMSP (c) con-
centrations on the growth of E. coli wild-type strain MC4100 in hyperosmotic
M63 medium. The bacterium was inoculated at a low cell density (300 = 100
CFU ml™") into M63 medium containing 0.8 M NaCl without osmoprotectant
(solid bars) or into M63 medium containing osmoprotectant at a concentration
of 1 mM (open bars), 1 uM (left-to-right cross-hatched bars), or 1 nM (right-
to-left cross-hatched bars). Growth was measured by counting colonies. The
unstressed control culture grown in M63 medium without NaCl and with or
without one of the three osmoprotectants reached a maximal cell density of ca.
10° CFU ml ! after 1 day of incubation. d, day.

of culturable E. coli MC4100 cells after 2 days of growth in
hyperosmotic M63 medium (Fig. 1).

Very strong stimulation of bacterial growth at high salinity
also occurred after 2 days of culture of MC4100 with either 1
pM GB or 1 pM DMSA (Fig. 1a and b) and after 3 days of
culture with either 1 pM DMSP (Fig. 1c) or as little as 1 nM
GB or 1 nM DMSA (Fig. 1la and b). Ultimately, the total
number of culturable MC4100 cells increased ca. 5 orders of
magnitude after 3 to 4 days of growth in hyperosmotic M63
medium containing either 1 uM GB or 1 uM DMSA (Fig. la
and b). Meanwhile, the final cell densities of the stressed cul-
tures grown with either 1 uM DMSP (Fig. 1c) or 1 nM GB
(Fig. 1a) increased ca. 3 log factors. Finally, the increase in the
number of culturable MC4100 cells observed with 1 nM
DMSA was about 2 log factors after 4 days of growth (Fig. 1b),
but no growth stimulation was detected in the presence of 1
nM DMSP (Fig. 1c). Thus, DMSP was significantly less osmo-
protective than DMSA for parental strain MC4100, and
DMSA was less osmoprotective than GB.

Growth stimulation by nanomolar concentrations of osmo-
protectants requires the presence of a functional ProU trans-
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FIG. 2. Effects of osmoprotectants on the final ODs,, of cultures of E. coli
strains expressing both ProP and ProU (strain MC4100) (a), neither ProP nor
ProU (strain MKH13) (b), only ProP (strain GM50) (c), or only ProU (strain
BK32) (d). Cultures were inoculated at an initial ODs,, of 0.1, and the final
ODys,, were determined after 24 h of incubation in M63 medium containing no
NaCl with or without 1 mM osmoprotectant (GB, DMSA, or DMSP) (bars 1),
0.8 M NaCl and no osmoprotectant (bars 2), 0.8 M NaCl plus 1 mM GB (bars 3),
0.8 M NaCl plus 1 mM DMSA (bars 4), or 0.8 M NaCl plus 1 mM DMSP (bars
5).

port system. The following two GB-proline transporters oper-
ate in wild-type strains of E. coli and S. typhimurium: (i) ProP,
a low-affinity transport system; and (ii) ProU, a high-affinity,
binding protein-dependent transport system (2, 4, 5, 10, 34). In
E. coli, ProP and ProU also mediate the uptake of several
other osmoprotectants, including betaines, pipecolic acid, and
ectoine (19, 21, 22, 47), and are thought to be involved in
DMSA and DMSP uptake. The fact that DMSP was less os-
moprotective than GB and DMSA (Fig. 1) suggested that
DMSP was transported less efficiently or that it exhibited less
functionality than its two analogs. Alternatively, DMSP might
not be transported via the same routes as GB and DMSA. The
individual contributions of ProP and ProU to osmoprotection
of E. coli by GB, DMSA, and DMSP were evaluated by using
a set of strains that differ from each other by mutations that
affect either ProU or ProP or both ProU and ProP. The bac-
teria were inoculated at a high cell density (ca. 107 CFU/ml)
into M63 medium with or without 0.8 M NaCl. The osmopro-
tectants were supplied at a concentration of 1 mM to ensure
that all possible uptake routes for these compounds would
operate at saturation capacity. Maximal growth yields were
measured spectrophotometrically after 24 h of culture. Unlike
parental strain MC4100, E. coli MKH13 (which lacks both GB
porters [21]) could not grow in hyperosmotic M63 medium
with or without GB, DMSA, or DMSP (Fig. 2). However, as
observed in MC4100, DMSA and DMSP, like GB, were highly
osmoprotective for E. coli GM50 (Fig. 2¢) and BK32 (Fig. 2d),
which express only the ProU and ProP porters, respectively
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FIG. 3. Comparative osmoprotective activities of a wide range of GB (a),
DMSA (b), and DMSP (c) concentrations in the proP proU™ strain E. coli BK32.
The experimental conditions were the same as those described in the legend to
Fig. 1. d, day.

(21, 37). Thus, the osmoprotective activity of DMSA and
DMSP for E. coli was clearly dependent on the presence of
functional ProP and ProU porters, and this activity did not
appear to rely on other transport systems.

Strains GMS50 and BK32 were also inoculated at low cell
densities (200 to 400 CFU/ml) into M63 medium supple-
mented with 0.8 M NaCl and very low concentrations (1 nM to
1 uM) of GB, DMSA, or DMSP. The culturable cells were
counted over a 7-day period. No growth was detected when
salt-stressed strain GM50 (proP* proU) was cultured for 7 days
in the presence of any of the three osmoprotectants at a con-
centration of 1 wM or 1 nM (data not shown). In other words,
ProP did not contribute to osmoprotection of E. coli when the
concentrations of GB, DMSA, and DMSP were 1 uM or lower.
In sharp contrast, growth of salt-stressed strain BK32 (proP
proU™) was strongly stimulated by micromolar and even nano-
molar concentrations of GB, DMSA, and DMSP. Indeed, after
4 days of growth, the total number of viable BK32 cells had
increased as follows: (i) more than 5 orders of magnitude in the
cultures supplemented with either 1 mM GB (Fig. 3a) or 1 mM
DMSA (Fig. 3b); (ii) about 4 log factors in the cultures grown
with either 1 uM GB or 1 pM DMSA; and (iii) about 2 log
factors in the suspensions supplemented with either 1 mM
DMSP (Fig. 3c) or as little as 1 nM GB (Fig. 3a). After this, no
further increase in the number of BK32 culturable cells was
observed with any of the three concentrations of GB (1 mM, 1
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TABLE 1. Kinetic parameters (K, and V,,,,) of the ProU and
ProP transporters of E. coli for GB, DMSA, and DMSP*

Strain GM50 ProP Strain BK32 ProU

Osmopro-

Vinax (nmol « Vinax (nmol -
tectant K,, (pM) min~' - mg of K,, (uM) min~' - mg of
protein~ 1) protein~ ')
GB 50 8 5.5 2
DMSA 55 9 9.5 1.5
DMSP 1,130 8.5 32 12

“ Transport assays were performed with dense suspensions (ODs, 1) in M63
medium containing 0.3 M NaCl and 10 mM glucose. K,,, and V,,, values were
determined from double-reciprocal plots.

uM, or 1 nM) (Fig. 3a) or with either 1 mM or 1 uM DMSA
(Fig. 3b). However, BK32 cells grown with either 1 nM DMSA
(Fig. 3b) or 1 nM to 1 mM DMSP (Fig. 3¢) continued to grow
until the seventh day. Collectively, these growth data indicate
that DMSP was about as effective as DMSA and GB were in
increasing the final cell yields in stressed cultures of E. coli
BK32; however, the maximal response of this proP proU”*
strain to DMSP (Fig. 3c) was delayed about 3 days compared
to the response to either GB or DMSA (Fig. 3a and b). These
data suggested that DMSP was transported at lower rates than
GB and DMSA were transported.

Characteristics of GB, DMSA, and DMSP uptake via ProP
and ProU. The kinetic parameters of ["*C]GB, ["*C]DMSA,
and [**C]DMSP uptake via the ProP and ProU transport sys-
tems were first studied by using dense cell suspensions (ODs,
1) of strains GMS50 and BK32, respectively. Double-reciprocal
(Lineweaver-Burk) plots of transport rates versus substrate
concentrations always yielded straight lines, indicating that up-
take of the three osmoprotectants via ProU and ProP followed
typical Michaelis-Menten kinetics (data not shown). Table 1
shows that ProP exhibited similar affinities for GB and DMSA
(K,,,» 50 and 55 M, respectively) but exhibited a much lower
affinity for DMSP (K,,, 1.13 mM). However, ProP transported
the three osmoprotectants at similar rates (Vy,, 8 to 9 nmol -
min~ ' - mg of protein~'). The ProU transporter in strain BK32
also exhibited similar affinities and maximal transport rates for
GB and DMSA (Table 1). However, the affinity of ProU for
DMSP (K,,,, 32 pM) was significantly lower (5.8 times lower)
than the affinity of ProU for GB (K,,,, 5.5 wM). Moreover, the
max1mal initial rate of DMSP uptake Vla ProU (Va0 12 nmol -
min~ ' - mg of protein') was almost six times higher than the
maximal rate of GB uptake via this transport system (V.0 2
nmol - min~! - mg of protein™1).

'“C-labeled osmoprotectant uptake was also assayed in di-
lute suspensions of strains GM50 and BK32 in order to deter-
mine whether ProP and ProU could operate with nanomolar
concentrations of osmoprotectants. Low-density cell suspen-
sions were obtained by diluting dense suspensions (ODs, 1)
1:1,000 with transport medium before a radiolabeled osmopro-
tectant was added (final cell density, ca. 2 X 10° CFU/ml).
DMSP uptake was not determined under these experimental
conditions, because the specific radioactivity of ['*C]DMSP
was too low for the assays to be performed. Uptake of ['*C]|GB
and [**C]DMSA via ProP in strain GM50 could not be de-
tected at substrate concentrations of 200 nM or less. This
observation is consistent with the fact that nanomolar concen-
trations of GB and DMSA were not osmoprotective for dilute
suspensions of E. coli GM50. In contrast to the situation ob-
served with ProP, the uptake of ['*C]GB and the uptake of
[**C]DMSA via ProU were still appreciable at concentrations
as low as 1 nM (100 to 200 fmol/min/10° CFU). Moreover, we
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TABLE 2. Effects of unlabeled analogs on uptake of ['*C]GB, ['"*C]DMSA, and ['*C]DMSP via the ProU and ProP transporters of E. coli®

% Inhibition of '*C-labeled osmoprotectant uptake at two competitor/substrate ratios”

['*C]GB uptake with:

['“C]DMSA uptake with: ['*C]DMSP uptake with:

Strai Transport
train
system DMSA DMSP GB DMSP GB DMSA
1:1 1:10 1:1 1:10 1:10 1:1 1:10 1:1 1:10 1:1 1:10
BK32 ProU 1 10 6 31 97 10 58 92 96 93 98
GM50 ProP 60 94 5 22 96 1 33 82 99 70 96

“ Uptake assays were performed in M63 medium supplemented with 0.3 M NaCl and 10 mM glucose.

> The concentrations of radiolabeled substrates used were 10 and 50 uM ['"*C]GB or 10 and 50 pM [**C]DMSA for ProU and ProP, respectively and 100 p.M
[**C]DMSP for both ProU and ProP. The results are expressed as percentages of reduction of the uninhibited transport rates (measured in the absence of a competitor).
The uninhibited uptake rates were as follows: 1.2, 0.65, and 9.6 nmol - min~ ! - mg of protein ™! for GB, DMSA, and DMSP, respectively, in the proP proU™ strain BK32;
and 4.7, 4.60, and 6.5 nmol - min~! - mg of protein’1 for GB, DMSA, and DMSP, respectively, in the proP™ proU strain GM50. Values are means based on triplicate

determinations, and the standard deviations were less than 6%.

observed that the calculated affinity constants (K, values) of
ProU for GB and DMSA in dilute suspensions of strain BK32
were ca. 1 wM; thus, these values were comparable to the K,
values determined in dense cell suspensions of this strain.
Together, these transport data indicated that ProU was oper-
ational at substrate (exogenous osmoprotectant) concentra-
tions ranging from nanomolar to millimolar.

We also performed crossed competition uptake assays to
evaluate the substrate specificities of ProP and ProU for
DMSA, DMSP, and GB. DMSA was a very weak competitor of
["*C]GB uptake via ProU in strain BK32. Indeed, a 10-fold
excess of unlabeled DMSA over ['*C]GB resulted in only 10%
inhibition of GB uptake through ProU, whereas unlabeled GB
inhibited virtually all uptake of ['*C[DMSA via the high-affin-
ity porter, even when the two compounds were supplied at the
same concentration (10 wM) in the competition assay (Table
2). Thus, ProU apparently exhibited a much higher specificity
for GB than for DMSA, although it exhibited similar K,,, values
for these two substrates (Table 1). The probable basis for these
apparently antagonistic biochemical features is discussed be-
low. In contrast to the situation observed with ProU, unlabeled
DMSA was an effective competitor of [**C]GB uptake via ProP
(which was inhibited 60% by an equimolar amount of DMSA).
Reciprocally, GB was also a potent competitor of [**C][DMSA
uptake through ProP. Interestingly, the percentages of inhibi-
tion of ["*C]DMSA uptake by GB via ProP were similar to the
percentages of inhibition of [**C]GB uptake by DMSA via the
same transporter (Table 2). These data were in complete
agreement with the kinetic data which indicated that ProP
exhibited similar affinities for DMSA and GB and took up
these two osmoprotectants at similar rates (Table 1).

Uptake of radiolabeled GB and DMSA via ProU and ProP
was not significantly inhibited by unlabeled DMSP (level of
inhibition, less than 10%) when this compound was supplied at
the same concentration as either ['*C]GB or ["*C]DMSA (Ta-
ble 2). However, significant inhibition of GB and DMSA up-
take via both transporters (levels of inhibition, 22 to 58%) was
observed when a 10-fold excess of unlabeled DMSP over either
[**C]GB or [**C]DMSA was used. By comparison, uptake of
['*C]DMSP via ProU was virtually abolished by an equimolar
concentration of unlabeled GB or DMSA. Meanwhile, trans-
port of [**C]DMSP via ProP was also strongly inhibited by an
equimolar concentration of GB or DMSA (levels of inhibition,
82 and 70%, respectively), but a 10-fold excess of these two
osmoprotectants was necessary to fully inhibit DMSP uptake
through ProP (Table 2). Collectively, these competition data
are also consistent with the kinetic data (Table 1), which indi-
cated that ProU and ProP exhibited higher affinities for GB
and DMSA than for DMSP.

Fate of DMSA and DMSP. Glucose, the carbon and energy
source in M63 medium, was replaced by either DMSA (10
mM) or DMSP (10 mM) in order to determine if E. coli
MC4100 could use these sulfonium compounds as growth sub-
strates. No increases in culturable counts and turbidity were
observed after 2 days of incubation (data not shown). Thus, E.
coli could not grow at the expense of DMSA or DMSP. Also,
no '“CO, evolved from unstressed and stressed cultures of
MC4100 that were grown overnight in M63 medium supple-
mented with 10 mM glucose plus either [methyl-'*C|DMSA or
[1-'"*C]DMSP. Moreover, a chromatographic and electro-
phoretic analysis of ethanolic extracts of these cultures (17, 41)
showed that the radioactivity supplied to the cells was always
quantitatively recovered in the cytoplasm in the form of either
[**C]DMSA or [**C]DMSP (data not shown). Thus, E. coli was
not able to catabolize DMSA and DMSP, just as this bacterium
is not able to catabolize GB and many other betaines (8, 41,
47).

The maximal amounts of osmoprotectants accumulated by
dense cell suspensions of E. coli MC4100 (ca. 2 X 10® CFU/ml)
grown in hyperosmotic M63 medium supplemented with 1 mM
['*C]DMSA, 1 mM [*“C]DMSP, or 1 mM ['*C]GB were easily
determined by measuring the radioactivities of these com-
pounds in filtered cell suspensions. Quantification of osmolytes
was performed in the mid-exponential phase of growth. The
amount of cytosolic ["*C]DMSA in salt-stressed MC4100 in-
creased with the osmolarity of the growth medium, starting at
65 nmol - mg of protein~' in cells grown without NaCl and
reaching 390, 575, and 685 nmol - mg of protein~ ' in stressed
cells grown in M63 medium supplemented with 0.3, 0.6, and 0.8
M NaCl, respectively. Likewise, the levels of cytosolic DMSP
increased as the salinity of the growth medium increased and
were comparable to the DMSA and GB levels measured in
cells grown at the same salinities (Table 3). Thus, DMSA,
DMSP, and GB contributed equally to osmotic adjustment in
E. coli MC4100. The steady-state levels of accumulated GB
and DMSA were also measured in dilute suspensions of
MC4100 (10° CFU/ml) incubated in M63 medium containing
0.3 M NaCl and 150 nM [**C]GB or 150 nM ['"*C]DMSA. The
maximal levels of these two osmoprotectants were comparable
to the maximal levels found in dense cell suspensions incu-
bated in isoosmotic M63 medium supplemented with either
1 mM ["*C]GB or 1 mM ["*C]DMSA (Table 1).

Scavenging of nanomolar concentrations of osmopro-
tectants by confined cultures of E. coli exposed to seawater.
Natural populations of free-living marine bacteria can salvage
nanomolar levels of environmental GB and DMSP from sea-
water and can accumulate these compounds as cytosolic os-
molytes (28, 29, 52). However, it is not known if E. coli (which
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TABLE 3. Accumulation of osmoprotectants by
salt-stressed E. coli MC4100¢

Amt of osmoprotectant accumulated

Ne;gll\izgcn (nmol mg of protein~!)

medium (M) DMSA DMSP GB
0 65 85 40
0.3 390 435 250
0.6 575 580 525
0.8 685 700 630

¢ Cultures were grown to the mid-exponential phase in M63 medium supple-
mented with NaCl. The steady-state levels of accumulated osmoprotectants were
measured after dense cell suspensions (ODs5, 1) were incubated in the presence
of ["*C]GB, [*C]DMSA, or ["*C]DMSP at a concentration of 1 mM (about
100,000 dpm in 200 pl).

is a common indicator of contamination of estuarine and
coastal waters [17, 18]) can take up very low levels of osmo-
protectants under conditions that approach natural conditions.
Therefore, we designed an experiment to evaluate the ability of
E. coli to scavenge nanomolar concentrations of GB and its
two sulfonium analogs from seawater devoid of an exogenously
added source of energy. Specifically, osmoadapted cells were
maintained in a diffusion microchamber which was immersed
in autoclaved seawater containing either 1 nM ['*C]GB, 1 nM
["*C]DMSA, or 50 nM ['*C]DMSP. Uptake of the radiola-
beled osmoprotectants by the confined cells was determined at
1-h intervals over a 4-h period. The amounts of radioactivity
retained on Whatman GF/F filters after the external seawater
was filtered were always negligible (data not shown). This
indicated that the bacteria remained confined in the diffusion
chamber throughout the experiment. Figure 4 shows that up-
take of the three osmoprotectants by confined cells of wild-
type E. coli MC4100 was linear with time throughout the 4-h
uptake period. MC4100 cells scavenged ["*C]DMSP, ['*C]
DMSA, and [**C]GB from oligotrophic seawater at constant
rates of 2,500, 6,400, and 5,200 dpm h™' mg of protein™",
respectively. Similar uptake rates were obtained for the proP
proU™ strain BK32, but no uptake of radiolabeled osmopro-
tectants was detected with the proP™ proU strain GM50. Thus,

40
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FIG. 4. Uptake of nanomolar concentrations of osmoprotectants by confined
cultures of E. coli MC4100 exposed to natural seawater. Osmoadapted cultures
(ca. 10° CFU ml™') were pregrown in M63 medium supplemented with 0.3 M
NaCl and were incubated in the presence of 1 nM ['“C]|GB (@), 1 nM
[**C]DMSA (m), or 50 nM ["*C]DMSP (A). Uptake assays were performed as
described in Materials and Methods.
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ProU was apparently the sole transporter involved in uptake of
nanomolar concentrations of osmoprotectants from seawater.

DISCUSSION

We demonstrated in this study that osmoprotection of E. coli
by DMSA and DMSP depends on the functionality of the
ProU and ProP osmoporters. Moreover, we found that the
minimal concentration of GB, DMSA, and DMSP that is suf-
ficient to relieve osmotic inhibition of growth of E. coli cells
expressing the high-affinity ProU general osmoporter is 1 nM
(19, 21, 34). In contrast, ProP, the low-affinity GB-proline
porter (10), does not provide osmoprotection to E. coli at very
low concentrations (1 nM to 1 wM) of GB or its sulfonium
analogs. The 1 nM threshold concentration required by proU™*
strains is considerably lower than the minimal concentrations
of GB and DMSP previously shown to confer maximal osmo-
protection to E. coli and many other bacteria (usually 10 to 500
uM [11, 12, 31, 41, 42]). The striking differences between the
previously published values and our data are not contradictory.
They reflect (i) the fact that the cultures in this study were
inoculated at very low initial cell densities (300 = 100 CFU/ml)
and (ii) the fact that we monitored bacterial growth by a colony
enumeration technique instead of commonly used spectropho-
tometric methods, which require much higher initial cell den-
sities (ca. 5 X 107 CFU/ml) to measure bacterial growth. Pre-
viously, cultures with low initial cell densities and enumeration
techniques have rarely been used together to evaluate the
biological activity of bacterial osmoprotectants. Koo and
Booth (31) combined these experimental approaches and
showed that ProU can effect osmoprotection of S. typhimurium
by as little as 100 nM GB. This value is also consistent with our
data (which showed that osmoprotection of proU™ strains of E.
coli occurred with only 1 nM GB), because Koo and Booth (31)
enumerated viable Salmonella cells, which were inoculated at
densities that were about 100 times higher than the initial
densities of E. coli cells used in this study. Thus, the osmopro-
tective activity of GB (and its sulfonium analogs) for enteric
bacteria is primarily determined by the functionality of the
ProU high-affinity osmoporter, as well as the relative propor-
tions of molecules of osmoprotectants and bacterial cells,
rather than by the concentration of the osmoactive solutes in
the growth medium. This interpretation was validated by the
fact that similar steady-state levels of [**C]GB and [**C|DMSA
accumulated in dense MC4100 cell suspensions that were sup-
plemented with the osmoprotectants at a high concentration (1
mM) and in dilute suspensions that were supplemented with
the osmoprotectants at a low concentration (150 nM).

The fact that nanomolar levels of osmoprotectants confer a
considerable growth advantage (enhanced salinity tolerance)
to proU™ strains but not proP™ strains of E. coli (Fig. 1 and 3)
is completely consistent with the transport data presented in
this study. Indeed, we found that uptake of GB and DMSA via
ProP is undetectable at substrate concentrations of 200 nM or
less. Moreover, we demonstrated that ProU operates over a
broad spectrum of substrate concentrations that encompass
the nanomolar levels of GB and DMSP found in marine envi-
ronments (27, 30, 51) and the millimolar concentrations of
osmoprotectants commonly used in standard laboratory osmo-
protection bioassays (11, 41, 42). Thus, aside from MC4100,
other wild-type strains of E. coli and S. typhimurium, which
generally possess both ProU and ProP porters (4, 5, 7, 9, 47),
should also take advantage of a wide range of osmoprotectant
concentrations for osmoregulation purposes. Moreover, it is
noteworthy that the micromolar K,, values obtained for GB
and DMSA uptake via ProP and ProU in E. coli are compa-
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rable to the K,,, values reported for GB uptake via ProP and
ProU in S. typhimurium (4, 5), as well as for uptake of GB and
other osmoprotectants in numerous species of bacteria (1, 8,
22,23, 42, 45). Furthermore, the multiplicity of osmoporters is
a genetic feature common to many bacterial species (4, 5, 9, 23,
26). Future research should determine which of the carriers
previously characterized as high-affinity osmoporters can also
mediate the uptake of nanomolar concentrations of environ-
mental osmoprotectants.

Crossed competition assays showed that ProU and ProP
exhibit higher specificities for GB than for DMSA and DMSP
(Table 2). Globally, the results of these competition assays are
consistent with the results of transport kinetic studies. How-
ever, the fact that ProU has a higher specificity for GB than for
DMSA apparently is not consistent with the observation that
ProU has similar kinetic parameters for GB and DMSA (Table
1). Nonetheless, the fact that DMSA is a poor competitor of
GB uptake via ProU is consistent with the observation that
DMSA does not compete with ["*C]GB for binding to the
periplasmic GB-binding protein (GBBP) encoded by ProU
(43). Moreover, in accordance with these observations,
["*C]DMSA does not bind to the GBBP of E. coli MC4100
under any of the well-established experimental conditions (2,
19, 21) that allow effective binding of ["*C]GB to this protein
(43). This indicates that the GBBP does not recognize DMSA
as a substrate, as it also fails to recognize other structural
analogs of GB (19, 21, 22). Therefore, the ProU-encoded
GBBP of E. coli is highly substrate specific. The very narrow
substrate specificity of the GBBP could explain why DMSA is
a weak competitor of GB uptake via ProU. However, it is not
clear how ProU can compensate for a lack of DMSA binding
activity (compared to a high-affinity GB binding activity [Kp,
1.4 pM] [43]) and still take up DMSA and GB at similar rates
with similar affinities.

Osmoprotection of proU" strains of E. coli by nanomolar
concentrations of GB and its sulfonium analogs is of prime
ecological interest. This ecological interest arises from the
presence of nanomolar concentrations of GB and DMSP in
marine ecosystems, such as shallow coastal waters (concentra-
tions, 1 to 10 nM) and estuarine sediments (DMSP concentra-
tions, up to 200 nM) (27, 30, 51), which are often colonized by
thick mats of GB- or DMSP-producing algae (24, 25, 48, 49).
Obviously, these levels of environmental osmoprotectants are
compatible with the operation of ProU but are not compatible
with the functioning of ProP. Furthermore, it has been shown
recently that natural populations of as-yet-unspecified marine
bacteria can also salvage nanomolar levels of GB, choline (a
natural precursor of GB), and DMSP from seawater and can
accumulate these compounds as cytosolic osmolytes (28, 29,
52). Here, we found that proU ™" strains of E. coli (MC4100 and
BK32) can take up nanomolar levels of GB and DMSA (1
nM), as well as DMSP (50 nM), from oligotrophic seawater.
This observation is consistent with the fact that proU::lacZ
gene fusions, but not proP::lacZ fusions, are expressed at ap-
preciable levels when E. coli MC4100 is incubated in seawater
(16). Collectively, these data indicate that ProU is apparently
the sole uptake route that is physiologically and ecologically
relevant for stressed E. coli cells in natural environments with
very low concentrations of osmoprotectants.

The presence of physiologically active concentrations of bac-
terial osmoprotectants in marine ecosystems may also have
sanitary implications. These implications stem from the ubig-
uity of the ProU osmoporter in E. coli strains, including clinical
isolates (9), and from the episodic occurrence of enterotoxi-
genic E. coli contaminants in seafood and recreational waters,
where these strains may pose a hazard to human health (17, 18,
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44). Finally, it has been reported previously that exogenously
added GB enhances the survival of E. coli MC4100 and other
members of the family Enterobacteriaceae in seawater and ma-
rine sediments (14, 15, 17). However, most of the survival
studies were performed with dense bacterial suspensions and
near-millimolar levels of GB, two factors that are not likely to
occur simultaneously under natural conditions. Therefore, it
will be interesting to determine whether nanomolar levels of
environmental GB and DMSP can also confer a selective ad-
vantage (i.e., enhance survival and growth in hyperosmotic
ecosystems) to populations of bacteria expressing high-affinity
osmoporters over species or strains lacking such transporters.
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