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Abstract

Transporter ProP of Escherichia coli, a member of the major facilitator superfamily, mediates osmoprotective proline or
glycine betaine accumulation by bacteria exposed to high osmolality environments. Morpholinopropane sulfonic acid, a
common constituent of microbiological media, accumulates in osmoadapting E. coli cells but it is not osmoprotective and it
did not influence proP transcription or ProP activity. The apparent Km for proline uptake via ProP increased with decreasing
pH in the range 7.5^4. ProP-dependent proline uptake by de-energized bacteria was associated with alkalinization of the
external medium. Thus ProP mediates cotransport of H� and zwitterionic proline and a transporter functional group with a
pKa of 5^6 is implicated in catalysis. Exogenous proline or glycine betaine elicits K� release from osmoadapting E. coli cells
and ProP activity is stimulated by exogenous K�. However, uptake of proline or glycine betaine stimulated K� efflux from
K�-loaded bacteria which expressed either ProP or alternative, osmoregulatory transporter ProU. This indicated that ProP
was unlikely to mediate K� efflux. Zwitterions ectoine, pipecolate, proline betaine, N,N-dimethylglycine, carnitine and 1-
carboxymethylpyridinium were identified as alternative ProP substrates. Choline, a cation and a structural analogue of
glycine betaine, was a low affinity inhibitor but not a substrate of ProP. ß 1999 Published by Elsevier Science B.V. All
rights reserved.
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1. Introduction

When extracellular osmolality is increasing or con-
tinuously high, cells remain hydrated by accumulat-
ing certain solutes to high cytoplasmic levels. In bac-
teria these osmoregulatory solutes include K�, amino

acids (e.g. glutamate, proline), other zwitterionic or-
ganic solutes (e.g. glycine betaine, choline-O-sulfate,
ectoine) and polyols (e.g. trehalose) [1^4]. Compat-
ible solutes are organic solutes that accumulate to
high levels, without compromising metabolic func-
tions, in cells exposed to hypertonic conditions. Os-
moregulatory solute pro¢les are species- and environ-
ment-speci¢c, depending upon factors such as
nutrient availability, compatible solute availability,
growth phase and the magnitude and duration of
the imposed osmotic stress.

Accumulation of K� and glutamate is the primary
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response to an osmotic upshift for Escherichia coli K-
12 cells in minimal salts media. If available, however,
proline or glycine betaine can attenuate K� accumu-
lation. Addition of proline or glycine betaine to K�-
loaded cells elicits K� e¥ux and glutamate depletion.
Both cellular rehydration and restoration of growth
are more complete if these compatible solutes are
available exogenously (summarized in [3]). The reg-
ulatory mechanisms that implement the preference
for compatible solutes over K� and its counterions
are not fully understood, however.

Compatible solute accumulation by E. coli K-12 is
mediated by secondary transporters ProP and BetT
and by ABC transporter ProU [3]. Transporters
ProP and ProU have overlapping substrate speci¢c-
ities, their organic substrates including proline and
glycine betaine. Gene proP is expressed by bacteria
cultivated in standard, low osmolality laboratory me-
dia (e.g. LB [5], MOPS medium [6]). Transcription of
proP is also induced during bacterial growth in hy-
pertonic media and during the transition from loga-
rithmic to stationary growth phase. Bacteria grown
in low osmolality media do not express proU, but
proU transcription is dramatically induced by an os-
motic upshift. BetT is a choline transporter encoded
in operon betTIBA. Enzymes BetB and BetA cata-
lyze the cytoplasmic oxidation of choline to glycine
betaine. Transcription of betT responds positively to
increased osmolality, choline and O2. ProP is thus
more likely than ProU or BetT to catalyze immediate
compatible solute uptake in response to an osmotic
shift.

ProP has been classed as a compatible solute/H�

co-transporter ([7] as cited in [8]) and as a compatible
solute/Na� co-transporter [9]. Although the ion cou-
pling mechanism of ProP has not been analyzed in
detail, ProP does mediate active, uncoupler-sensitive
solute uptake in cells and cytoplasmic membrane
vesicles [10,11] and it is most closely related in se-
quence to H� co-transporters [12]. K� dependence
distinguishes the ProP system of Salmonella typhimu-
rium from other bacterial organic solute transporters,
however [8]. The research reported here further de-
¢nes the ion coupling speci¢city of ProP and the role
of ProP in the K� e¥ux observed when bacteria
loaded with K� at high osmolality are o¡ered proline
or glycine betaine.

Accumulating evidence suggests that the organic
substrate speci¢city of transporter ProP is broad.
To demonstrate that a compound is a ProP substrate
using intact bacteria, the compound must be shown
to accumulate, unmodi¢ed, in the cytoplasm of cells
which retain (and not in those which do not retain)
ProP. According to this criterion, only L-proline, gly-
cine betaine and taurine are clearly ProP substrates.
ProP was also reported to mediate accumulation of
ectoine and pipecolic acid, but participation of re-
lated transporter PutP in the observed uptake was
not ruled out [13,14]. Since L-azetidine-2-carboxylate
and 3,4-dehydro-D,L-proline exert ProP-dependent
cytotoxic e¡ects at targets internal to E. coli they
are also believed to be ProP substrates [15]. This
paper reports further de¢nition of the substrate spe-
ci¢city of ProP obtained through direct measure-
ments of transporter activity and of its inhibition
by substrate analogues.

The results reported below demonstrate that in E.
coli (1) ProP is a compatible solute/H� symporter,
(2) ProP activity is K� dependent whereas the activ-
ities of other transporters are not, (3) the K� e¥ux
associated with proline or glycine betaine accumula-
tion by osmoregulating E. coli cells is not speci¢cally
ProP-dependent, (4) structurally diverse, zwitterionic
organic compounds serve as substrates and/or com-
petitive inhibitors of ProP and (5) choline acts as a
low a¤nity inhibitor (though not a substrate) for
ProP.

2. Materials and methods

2.1. Bacterial strains and culture media

The E. coli strains and plasmids used in this study
are listed in Table 1. Strain WG621 was isolated by
streaking strain RM2 onto Lactose-MacConkey in-
dicator plates and incubating at 37³C for 48 h. A
single red colony, which indicated a lac� revertant
of strain RM2, was selected and restreaked twice
more on the same medium to obtain a pure culture.
Strain WG693 (v(putPA)101 v(proU)600 srl�) was
prepared by bacteriophage P1-mediated transduction
of E. coli strain WG443 (v(putPA)101 v(proU)600
srl-300 : :Tn10) from E. coli K-12 as described by
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Miller [5] with selection for growth on sorbitol (2 mg/
ml) as sole carbon source.

Bacteria were cultivated in LB [5], MOPS (3-[N-
morpholino]propanesulfonic acid) medium [6] or K5
medium [16] as indicated. All media were supple-
mented with ampicillin (100 Wg/ml) as required to
maintain plasmid pDC44 or pMTC15. MOPS me-
dium was supplemented with 9.5 mM NH4Cl as ni-
trogen source and 43.5 mM glycerol as carbon
source with 25 mM proline (strain WG389 and its
derivatives only), 245 WM L-tryptophan and 1 Wg/ml
thiamine hydrochloride (strain RM2 and its deriva-
tives only) to meet auxotrophic requirements. Where
appropriate, nutritional stress was imposed by pro-
viding L-tryptophan at a growth rate limiting concen-
tration (24.5 WM) during the ¢nal subculture. K5
medium was supplemented with 8 mM (NH4)SO4

as nitrogen source and 43.5 mM glycerol as carbon
source. High osmolality media were those supple-
mented with 0.3 M NaCl. Unless otherwise stated,
bacteria were initially grown in LB medium over-
night at 37³C in a rotary shaker at 200 rpm, subcul-
tured into appropriately supplemented minimal me-
dium and again incubated overnight at 37³C in a
rotary shaker at 200 rpm. Subsequent subcultures
were prepared as speci¢ed below.

2.2. Transport assays

Bacteria were cultivated in MOPS medium and
initial rates of proline uptake by whole cells were
measured with a ¢ltration assay essentially as de-
scribed by Grothe et al. [15] and Milner et al. [11].
Bacteria were harvested, washed twice and resus-
pended with unsupplemented MOPS minimal me-
dium (MOPS medium (pH 7.4) without carbon
source, nitrogen source or other organic supple-
ments). In a typical assay, the cells (25 Wl) were
added to an assay mixture which consisted of unsup-
plemented MOPS minimal medium (450 Wl) plus 20%
(w/v) glucose (5 Wl) as energy source and incubated
at 25³C for 3 min. Transport was initiated by adding
a radiolabeled substrate (20 Wl) to the indicated ¢nal
concentration and speci¢c radioactivity: L-
[14C]proline, 200 WM, 5 Ci/mol, L-[14C]serine, L-
[14C]glutamine, 20 WM, 25 Ci/mol or [14C]choline,
50 mM, 0.16 Ci/mol (Dupont-New England Nuclear,
Mississauga, ON). Samples of the assay mixture (150
Wl) were applied to ¢lters after 20, 40, and 60 s and
immediately washed with 5 ml of unsupplemented
MOPS minimal medium. The densities of the cell
suspensions and the speci¢c radioactivities of the
substrates were adjusted to ensure that ¢ltration

Table 1
E. coli strains and plasmids

Strain/plasmid Genotype Source or Ref.

CSH4 F3 trp lacZ rpsL thi Cold Spring Harbor Laboratory
EF046 MC4100 v(putPA)101 v(proU)600 [48]
EF047 MC4100 v(putPA)101 proP v(proU)600 [48]
K-12 Wild type E. coli Genetic Stock Center
MC4100 F3 araD139 v(argF-lac)U169 rpsH150 relA1 deoC1 ptsF25 rbsR £bB5301 [49]
RM2 F3 trp lacZ rpsL thi v(putPA)101 [50]
WG389 RM2 lac� v(brnQ phoA proC) v(proU)600 v(proP-melAB)212 [12]
WG439 K-12 v(putPA)101 v(proU)600 srl-300 : :Tn10 v(proP-melAB)212 [51]
WG441 K-12 v(proP-melAB)212 v(putPA)101 v(proU)600 [51]
WG443 K-12 v(putPA)101 v(proU)600 srl-300 : :Tn10 [51]
WG445 K-12 v(putPA)101 v(proP-melAB)212 srl-300 : :Tn10 [51]
WG527 WG389 pDC44 [31]
WG528 WG389 pMTC15 [31]
WG621 RM2 lac� This work
WG662 WG439 pDC44 This work
WG663 WG439 pMTC15 This work
WG693 K-12 v(putPA)101 v(proU)600 This work
pMTC15 pBR322 containing the galP gene [31]
pDC44 proP insert replacing gene galP in pMTC15 [31]
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was su¤ciently rapid to quench uptake e¡ectively, no
more than 10% of the available substrate was taken
up during any assay period and quantities of radio-
activity incorporated were su¤cient to yield statisti-
cally reliable uptake estimates.

Measurements of the ion dependence of proline
uptake via ProP were performed as described by
Chen et al. [17] using cells grown under nutritional
stress. The pH dependence of proline transport by
ProP in cells grown under osmotic stress was deter-
mined as described by van der Rest et al. [18] using
the indicated bu¡ers, supplemented with NaCl (0.3
M), in place of the standard transport assay medium.
Initial rates of proline uptake were measured at pro-
line concentrations of 25, 100, 200, and 400 WM and
data were analyzed with Eadie-Hofstee plots to de-
termine Km and Vmax.

For other measurements of proline uptake kinetics
and inhibition, bacteria were preincubated for 3 min
(25³C) in a 1.25U concentrated assay bu¡er (compo-
sition described above). To initiate uptake, preincu-
bated cells (400 Wl) were added to a tube containing
14C-proline or 14C-choline in 100 Wl of water. To
determine the Km for proline, it was provided at 29
WM (35 Ci/mol), 54 WM (19 Ci/mol), 79 WM (13 Ci/
mol), 104 WM (10 Ci/mol), 129 WM (8 Ci/mol), 204
WM (5 Ci/mol), 304 WM (2.5 Ci/mol) and 404 WM (2
Ci/mol). For inhibition assays, the proline concentra-
tion was held constant (204 WM, 5 Ci/mol) and the
putative inhibitor concentration was titrated up-
wards to 200 mM. For Ki determinations both pro-
line and inhibitor concentrations were varied as de-
scribed (see Section 3). Data were ¢t to the mixed,
competitive, non-competitive and uncompetitive in-
hibition models and estimates of Ki were obtained
for each model using SigmaPlot (Jandel Scienti¢c).
The most appropriate model was selected by evalu-
ating the error associated with the ¢tted estimates.

2.3. Analysis of intracellular solute accumulation

Bacteria were grown overnight in MOPS medium
and subcultured into the same medium without or
with 0.2 mM proline or 100 mM choline. NaCl
was added to impose osmotic stress (0.3 M NaCl
when no other additive or proline (0.2 mM) was
present, 0.2 M NaCl when choline (100 mM) was
present). Bacteria were harvested by centrifugation

and lyophilized. Samples to be analyzed by HPLC
or HPLC-MS were extracted as described by Kunte
et al. [19]. The extracts were lyophilized and resus-
pended in distilled water. For NMR analyses, solutes
were extracted as described by Smith and Smith [20]
and resuspended in phosphate bu¡ered 2H2O (50
mM, pH 7.4).

Analysis of MOPS accumulation by HPLC was
performed with the following variation of the tech-
nique reported by Frings et al. [21]. Samples were
mixed 1:2 with the HPLC mobile phase (acetonitrile,
50 mM sodium acetate, 80:20 v/v) and separated
with a reverse phase isocratic system (GROM-Sil
amino PR 3 WM column) at a £ow rate of 1 ml/
min. The refractive index of the eluate was moni-
tored. MOPS and trehalose were identi¢ed by com-
parison with the retention times of standards and
solutes were quanti¢ed using a standard curve.

When samples were analyzed by HPLC-MS, the
extracted solutes were mixed (1:3) with the HPLC
mobile phase (acetonitrile:water, 1:1) supplemented
with 0.2% formic acid and separated by HPLC using
a Prodigy 5 ODS-2 column (150U3.2 mm ID with
5 Wm particle size) at a £ow rate of 0.1 ml/min. (Ace-
tonitrile was Lichrosolv from Merck (Darmstadt,
Germany).) Eluate was introduced into a VG Quat-
tro II mass spectrometer (Fision, UK) by an electro-
spray ion source operating in positive ion mode (ion
source temperature, 95³C, capillary needle and cone
voltage 41 kV and 21 V, respectively). Species with
the mass to charge (m/z) ratio of the desired proto-
nated molecular ion (choline 104; proline 116) were
transmitted through a second quadrupole containing
ultrapure argon gas (2U104 mbar pressure) and frag-
ment ions were monitored (choline 45; proline 70) by
simultaneous multiple reaction monitoring.

For samples analyzed by NMR, extracts were
passed through a Chelex-100 resin (Sigma, St. Louis,
MO), lyophilized, and the solutes were resuspended
in 0.5 ml of phosphate-bu¡ered 2H2O (50 mM, pH
7.4). When necessary, the pH of samples or chemical
standards was re-adjusted to 7.4 with NaOH or HCl.
Carbon spectra were obtained at 100.62 MHz on a
Bruker Avance 400 MHz NMR spectrometer,
equipped with a 5 mm dual broadband probe head.
Data points (64 000) were collected with broadband
proton decoupling at a sweep width of 21 645 Hz
using a pulse width of 4 Ws. A recycle delay of 1 s
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was used, and spectra were processed with a line
broadening of 3 Hz. Chemical shifts were recorded
relative to that of 3-(trimethylsilyl)tetradeuterosodi-
um propionate (TSP). Compounds were identi¢ed in
cytoplasmic extracts by comparing the chemical
shifts in the cytoplasmic extract spectra with those
of trehalose, glutamic acid, MOPS, choline and pro-
line standards (20 mg ml31 in phosphate-bu¡ered
2H2O, pH 7.4).

2.4. K+ estimation using £uorescent dye CD222

The intensity of the £uorescence of coumarin diac-
id cryptand [2.2.2] (CD222, Molecular Probes, Eu-
gene, OR) was recently shown to depend on K� con-
centration in the sub-millimolar range [22]. A K�

assay based on CD222 £uorescence was therefore
devised to facilitate K� e¥ux experiments (see Sec-
tion 2.5). CD222 was prepared as a stock solution in
DMSO. The concentration of this solution was de-
termined by absorption spectroscopy (360 nm) after
dilution in the e¥ux assay bu¡er (0.1 M Tris-MES,
pH 7.2, containing 0.60 M. sucrose, see Section 2.5)
and assuming an extinction coe¤cient of 31 000 dm3

mol31 cm31 [22]. K� standards were prepared in the
e¥ux assay bu¡er and the stock solution was added
to achieve a ¢nal CD222 concentration of 1 WM. The
intensity of the £uorescence emitted by each sample
was measured with a Hitachi Model F2000 £uorim-
eter (Mississauga, ON) (excitation wavelength 364
nm; emission wavelength 465 nm; bandpass 10 nm
(excitation and emission) and photomultiplier volt-
age, 700 V). A standard curve was obtained by ¢tting
the data to the empirical equation:

F � bC � ��a3b�KdC�=��K�� � Kd�
where F was the observed £uorescence intensity, C
was the total CD222 concentration, Kd was the dis-
sociation constant for the CD222/K� complex and
[K�] was the potassium concentration. The equation
was based on the assumption that, at 1 WM CD222
and within the limited K� concentration range
tested, the intensities of the £uorescence emitted by
free and K�-bound dye were direct functions of dye
concentration with proportionality constants a and
b, respectively. The ¢t yielded the regression line il-
lustrated in Fig. 1A and parameter estimates of: Kd,
0.4432 mM; a, 1037 mM31 ; b, 5045 mM31.

2.5. K+ e¥ux experiments

Bacterial cultures were cultivated for K� e¥ux ex-
periments essentially as described by Dinnbier et al.
[16]. Bacteria were initially grown in LB medium
overnight at 37³C in a rotary shaker at 200 rpm,
then subcultured (0.5 ml of LB culture in 100 ml of
K5 medium in a 250 ml £ask) and again incubated
overnight at 37³C with rotary shaking at 200 rpm.
This culture was used to inoculate 1 l of K5 medium
in a 4 l Fernbach £ask to an optical density (600 nm)
of 0.1 and incubated until the culture reached an
optical density of 0.5. Chloramphenicol was added
to a ¢nal concentration of 0.1 mg/ml. After a further

Fig. 1. Estimation of K� concentration with £uorescent dye
CD222. (A) Standard curve for K� estimation. Standard assay
mixtures contained CD222 (1.0 WM) and K� at the indicated
concentrations in Tris-MES bu¡er (0.1 M, pH 7.2) containing
0.60 M sucrose. Fluorescence intensities were measured and
data were ¢t by non-linear regression analysis to yield the illus-
trated regression line (see Section 2.4). (B) Comparison of K�

concentration estimated by £uorescence and atomic absorption
spectroscopies. Representative K� e¥ux assay samples (see Sec-
tion 2.5) were prepared and analyzed by both £uorescence and
atomic absorption spectroscopy (see Section 2.4). Each data
point corresponds to an individual sample. Linear regression
analysis of these data yielded a slope of 0.93, an intercept of
6.7 mg/l and a correlation coe¤cient of 0.89.
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5 min incubation, solid sucrose was added to bring
the sucrose concentration to 0.65 M and the culture
was incubated for 30 min before the cells were har-
vested by centrifugation in a Sorvall GSA rotor (20
min, 9000 rpm, room temperature). The supernatant
was discarded after reserving a sample for osmolality
measurement, adhering medium was removed from
the interior of the tube and the cells were resus-
pended in 3 ml of K�-free, isotonic bu¡er (0.1 M
Tris-MES, pH 7.2, containing 0.60 M sucrose).
(Tris-MES is bu¡ered by tris(hydroxymethyl)amino-
methane (Tris) and 2-[N-morpholino]ethanesulfonic
acid (MES).) Aliquots (75 Wl) of this cell suspension
were diluted 20-fold, in 13U100 mm test tubes, in
the same bu¡er supplemented with proline (10 mM),
glycine betaine (10 mM), galactose (10 mM) or SDS
(0.001%, w/v) and chloroform (1%, v/v) or no addi-
tion. The resulting suspensions were incubated hori-
zontally, with shaking for 30 min at 200 rpm in a
37³C incubator. The K� e¥ux period was terminated
by transferring each suspension to a 1.5 ml micro-
centrifuge tube and sedimenting the bacteria by cen-
trifugation for 5 min in a Fisher Scienti¢c Model
235C microcentrifuge. A control sample was treated
in the same manner with no addition and no 30 min
incubation. Each treatment was performed in tripli-
cate with bacteria cultivated on two occasions.
Supernatants were stored frozen (340³C) before ap-
propriate dilution with the same bu¡er in the pres-
ence and absence of CD222 (1 WM). The intensity of
the £uorescence emitted by each sample was meas-
ured as described above (see Section 2.4). The K�

content of each reaction mixture was determined
from its CD222-dependent £uorescence intensity us-
ing the standard curve of £uorescence intensity ver-
sus K� concentration (Fig. 1A) and corrected for the
K� content of the control sample.

For selected samples, the K� content was also de-
termined by £ame atomic absorption spectroscopy
(766.5 nm) in the presence of LaCl3W7H2O (0.1%,
w/v) using standard solutions prepared in the e¥ux
assay bu¡er (measurements performed with a Model
5100ZL Atomic Absorption Spectrometer (Perkin El-
mer, Norwalk, CT) at the Laboratory Services Divi-
sion, University of Guelph). The two analytical
methods yielded similar estimates of K� content
(Fig. 1B) and showed similar precision (data not
shown).

For the e¥ux experiments illustrated in Fig. 4B,
the conditions were modi¢ed to allow expression of
transporter ProU. To increase their osmolalities, su-
crose was present in all K5 media at a concentration
of 0.3 M. When the cells reached an optical density
of 0.5 (600 nm), solid sucrose was added to increase
its concentration to 0.65 M. Following this osmotic
upshock, the cells were incubated for 55 min at 37³C
with rotary shaking at 200 rpm. Solid chlorampheni-
col was added to a ¢nal concentration of 0.1 mg/ml
and allowed to incubate for an additional 5 min at
37³C with shaking at 200 rpm. The cells were har-
vested, resuspended, treated and assayed for potassi-
um as described above. The intensity of the £uores-
cence emitted by each sample was measured with a
Spex 1681 0.22 M spectrometer (excitation wave-
length, 370 nm; emission wavelength, 470 nm; band-
pass, 10.8 nm (excitation and emission) and photo-
multiplier voltage 900 V).

2.6. H+ uptake measurements

H� uptake was measured as described [23,24] with
some modi¢cations. E. coli strains WG527 and
WG528 were cultivated in MOPS medium as de-
scribed by Grothe et al. [15] and the harvested bac-
teria were de-energized as described by Henderson
and MacPherson [23]. Bacteria were harvested,
washed, resuspended in anoxic solution A (sodium
chloride (150 mM), glycylglycine (2 mM), sodium
thiocyanate (20 mM), sodium iodoacetate (1 mM),
pH 7.8) and diluted to the desired density in solution
A within an anoxic reaction vessel maintained at
25³C. The pH of the resulting suspension was ad-
justed to 7.3. Five to 10 min prior to initiation of
H� uptake either an osmotic upshift was imposed by
adding NaCl in solution A (to achieve 0.3 M NaCl)
or the same volume of solution A, alone, was added
and the pH was re-adjusted as necessary. H� uptake
was initiated by adding proline (5 mM in solution B),
galactose (3 mM in solution B) or solution B alone
(solution B included NaCl (150 mM) and glycylgly-
cine (2 mM) at pH 7.2). The pH of the resulting cell
suspension was monitored with a pH electrode (Fish-
er Model 13-620-92) interfaced to a pH meter (Ra-
diometer, Model PMH92) and the data were cap-
tured on a chart recorder (Sargent Welch, Model
57220-21). The magnitude of the resulting £ux was
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determined by titrating the cell suspension back to
the baseline pH with dilute standardized HCl.

2.7. Osmoprotection assays

Bacteria were inoculated into 2 ml LB medium
and grown overnight (shaking) at 37³C. Serial dilu-
tions of the overnight culture were prepared and 100
Wl aliquots containing approx. 100 viable cells were
spread on low and high osmolality minimal medium
plates with glucose as carbon source. K5 medium-
based plates were used to assess osmoprotection by
MOPS bu¡er while MOPS medium-based minimal
plates were used for all other osmoprotection assays.
The high osmolality plates were used without and
with putative osmoprotectants at the speci¢ed con-
centrations. The sizes and numbers of colonies
formed over 72 h were monitored. All strains grew
well on low osmolality media and did not grow on
high osmolality media in the absence of osmoprotec-
tant.

2.8. Other analytical techniques

Solution osmolalities were measured using a Wes-
cor vapor pressure elevation osmometer (Mandel Sci-
enti¢c, Guelph, ON) according to the manufacturer's
instructions. The protein content of cell and mem-
brane suspensions was determined in microtiter
plates using the BCA kit from Pierce (Rockford,
IL) with dilutions of BSA as standards [25,26].

3. Results

3.1. The experimental system

Neidhardt et al. selected MOPS (3-[N-morpholi-
no]propanesulfonic acid) as a metabolically inert
bu¡er species for incorporation in MOPS medium
[6]. MOPS accumulated in the cytoplasm when E.
coli K-12 was cultivated in hypertonic MOPS me-
dium, however [27,28]. Although MOPS did not
stimulate bacterial growth in hypertonic media (it
was not an osmoprotectant), MOPS accumulation
was suppressed when glycine betaine or proline ac-
cumulated as a compatible solute. This interaction
raised the possibility that MOPS accumulation might

alter the expression or activity of osmoregulatory
transporter ProP.

E. coli strain RM2 (proP� proU�), cultivated with
amino acid limitation to enhance ProP activity, was
selected for these experiments because it lacks proline
transporter PutP (it is v(putPA)101) and it shows
negligible ProU activity under these conditions [15].
E. coli RM2 grew at the same rates (0.077 þ 0.003
and 0.074 þ 0.002 generations/h, respectively) and to
similar optical densities in MOPS medium and in
phosphate-bu¡ered K5 medium at high osmolality.
MOPS was not detectable in extracts of cells grown
in K5 medium (high or low osmolality) or in MOPS
medium at low osmolality, but it was detected if
bacteria were grown in high osmolality MOPS me-
dium (58 þ 15 nmol MOPS/mg dry weight). The ac-
cumulation of MOPS did not in£uence the accumu-
lation of endogenous compatible solute trehalose.
Trehalose accumulated in bacteria grown in high
but not low osmolality media, reaching levels of
97 þ 5 and 84 þ 8 nmol trehalose/mg dry weight for
high osmolality K5 and MOPS medium, respectively.
Thus MOPS accumulation is not osmoregulatory.

Since MOPS accumulated under conditions that
also elicit proP induction and ProP activation it
was necessary to further analyze the e¡ects of
MOPS on those responses. The ProP activity of E.
coli RM2 was similar after growth in high osmolality
MOPS and K5 media (proline uptake rates of 46 þ 3
and 41 þ 3 nmol/min/mg protein, respectively).
MOPS did not a¡ect proline uptake via ProP in cells
of E. coli WG693 (proP� proU3 putPA3) cultivated
(in the absence of MOPS) in high osmolality K5
medium (Fig. 2). Thus MOPS did not in£uence
ProP activity at a biochemical or a genetic level. In
light of these results, the use of MOPS minimal me-
dium during past and future research on ProP is
justi¢ed.

3.2. pH dependence of ProP activity

The apparent Km values of most amino acid trans-
porters in E. coli for their organic substrates are less
than 10 WM [29]. The relatively high apparent Km of
ProP for its organic substrates (more than 100 WM,
see further discussion below) could, in principle, arise
from utilization of minor ionic species as the true
transporter substrates (cf. [18]). The kinetics of pro-
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line uptake were measured using whole cells washed
and suspended in media at a number of pH values.
Uptake was negligible and hence no kinetic parame-
ters could be determined at pH 3. The Vmax for pro-
line uptake via ProP showed no strong, systematic
dependence on pH over the range 7.5^4 (Fig. 3, in-
set). The apparent Km for proline increased steadily
in this range (Fig. 3). The pH dependence of Vmax/
Km was therefore dominated by that of Km (data not
shown). If doubly protonated (cationic) proline were
the true ProP substrate and the e¡ect of pH on the
Km for proline were manifest only via the substrate
ionization state, the apparent Km would be expected
to decrease as the medium pH decreased towards the
pKa of the proline carboxyl, which is 2. Thus the
predominant, zwitterionic species of proline is most
likely to be the true ProP substrate, the systematic
dependence of apparent Km (but not Vmax) on pH
implicated an enzyme functional group (or groups)
with an apparent pKa of 5^6 in catalysis and pH 7.4
is appropriate for measurements of ProP activity.
Since transporter function requires respiratory en-
ergy in vivo, further analysis of the puri¢ed trans-

porter [30] will be required to demonstrate that the
critical functional groups reside in the transporter,
not required respiratory enzymes.

3.3. Ion coupling speci¢city of ProP

Koo et al. showed that exogenous K� stimulated
glycine betaine uptake via transporter ProP in S.
typhimurium [8]. By measuring proline uptake in
the presence of di¡erent cations in E. coli RM2,
this ion dependence was con¢rmed and its speci¢city
was tested (Table 2). An increase in the proline up-
take rate in the presence of K�, as compared to Na�,
Li� or choline�, was observed as expected. To deter-
mine whether this K� dependence was ProP-speci¢c,
proline, serine and glutamine transport rates were
estimated in the presence of Na� or K� (Table 2).
Only proline uptake via ProP was stimulated by K�.

Dinnbier et al. demonstrated that the uptake of
proline or glycine betaine attenuated K� uptake or
caused release of previously accumulated K� by os-
moadapting cells of E. coli [16]. The dependence of
that phenomenon on ProP was tested. Bacteria

Fig. 3. pH dependence of proline uptake via ProP. E. coli RM2
was grown in MOPS minimal medium under osmotic stress,
and washed twice in 60 mM potassium citrate, 0.3 M NaCl (b)
or 20 mM potassium PIPES (piperazine-N,NP-bis[2-ethanesulfo-
nate]), 20 mM potassium MES, 20 mM potassium phosphate,
0.3 M NaCl (R), at the indicated pH. The proline uptake ac-
tivity of the cells was determined using the same bu¡er as de-
scribed in Section 2. Vmax and apparent Km values were ob-
tained by linear regression analysis using Eadie-Hofstee plots.

Fig. 2. In£uence of MOPS on proline uptake via ProP. E. coli
strain WG693 (proP� proU3 putPA3) was grown and initial
rates of proline (204 WM) uptake were measured in high osmo-
lality K5 medium in the presence of MOPS (3-[N-morpholino]-
propanesulfonic acid) at the indicated concentrations. Uptake is
expressed relative to the uninhibited proline uptake rate, which
was 44 þ 2 nmol min31 (mg protein)31. The horizontal line indi-
cates the predicted relative proline uptake rate for a compound
that has no e¡ect on ProP. Data shown are means þ S.E. for
three replicate assays during one of two experiments which
yielded similar results.
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loaded with K� by osmotic upshock as described by
Dinnbier et al. [16] were o¡ered no addition, proline,
glycine betaine or galactose. K� released by the cells
was estimated by atomic absorption spectroscopy
and/or with K� dependent £uorescent dye CD222.
These analytical techniques yielded similar estimates
of K� e¥ux (Fig. 1), validating the use of this newly
described £uorescent dye [22] for K� estimation.

Proline and glycine betaine elicited K� e¥ux from
E. coli strain WG662 (proPO, over-expressing com-
patible solute transporter ProP) and from E. coli
strain WG443 (proP�, expressing a single, chromo-
somal copy of proP) but not from E. coli strain
WG663 (which over-expresses H�/galactose symport-
er GalP and is ProP de¢cient) (Fig. 4A). Galactose
did not elicit K� e¥ux, regardless of the GalP level.
The proportion of cellular K� released by these bac-
teria was comparable to that observed by Dinnbier et
al. [16] and consistent with the proportion of K�

releasable by cold hypo-osmotic shock [30]. These
data demonstrated that ProP activity could elicit
K� release from osmoadapting cells, but they did
not fully de¢ne the K� e¥ux pathway.

To determine whether the proline- and glycine be-
taine-dependent release of K� from osmoadapting E.
coli cells was ProP-dependent, the experiment de-
scribed above was replicated using bacteria that ex-
pressed ProP, ProU or neither transporter. The ex-
perimental protocol was modi¢ed to allow expression
of proU prior to K� loading (see Section 2). Proline
and glycine betaine were both e¡ective in stimulating
K� release from bacteria expressing either ProP or
ProU (Fig. 4B) but not from bacteria lacking both
transporters. Thus, although compatible solute up-
take (via either transporter) stimulated K� release,

Fig. 4. Compatible solute uptake stimulates K� release from os-
moadapting E. coli cells. K� e¥ux from osmoadapting E. coli
cells (see Section 2) was estimated by £uorescence spectroscopy
using CD222 (1 WM) (see Fig. 2). Data are derived from repre-
sentative experiments and error bars represent standard errors
(n = 3). K� release is expressed relative to the quantity of K�

extracted from the same cells with SDS/chloroform (see Section
2). Those quantities (in Wmol K�/mg cell protein) were: (A) E.
coli WG662 (proPO galP�), 0.98 þ 0.17; E. coli WG443 (proP�

galP�), 0.95 þ 0.04; E. coli WG663 (proP3 galPO), 1.01 þ 0.09.
(B) E. coli WG445 (proP3 proU�), 1.67 þ 0.22; E. coli WG443
(proP� proU3), 1.73 þ 0.17; E. coli WG439 (proP3 proU3),
1.97 þ 0.31.

Table 2
ProP is speci¢cally K� dependent

Cation (as chloride salt) Amino acid uptake rate (nmol/min/mg protein)

Proline Serine Glutamine

K� 4.6 þ 0.46 1.8 þ 0.13 1.5 þ 0.30
Na� 1.3 þ 0.05 1.8 þ 0.10 1.5 þ 0.07
Li� 0.28 þ 0.07 NT NT
Choline� 0.34 þ 0.12 NT NT

Strain RM2 (proP� proU� putPA3) was grown under nutritional stress in MOPS medium, the cells were washed with 250 mM Tris-
MES bu¡er, pH 6.0 and initial rates of amino acid uptake were measured in the presence of the indicated salts at a ¢nal concentra-
tion of 10 mM as described in Section 2. The potassium concentration in the 250 mM Tris-MES, pH 6.0 bu¡er was found by atomic
absorption spectrometry to be 0.96 WM. NT, not tested.
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that release was unlikely to be mediated by ProP or
ProU and may have occurred via one or more chan-
nels [3]. These results suggest that K� is not a ProP
substrate. Rather it in£uences ProP activity indirectly
(for example, through e¡ects on cellular energy me-
tabolism) or it interacts with a regulatory site on
transporter ProP.

The amino acid sequence-based prediction that
ProP is a compatible solute/H� symporter [12] was
con¢rmed by monitoring extracellular pH changes in
suspensions of bacteria overexpressing or not ex-
pressing ProP (proPO or proP3) (Fig. 5). The E.
coli strains retained the chromosomal galP locus
(galP�) but lacked a chromosomal proP locus
(vproP). Strain WG528 overexpressed transporter
GalP by expressing a plasmid-borne galP gene and
strain WG527 overexpressed transporter ProP by ex-
pressing a plasmid-borne proP gene. Cells expressing
galactose/H� symporter GalP at wild type or ampli-
¢ed levels (galP� or galPO) were used as controls.
Introduction of galactose to osmotically upshocked
cell suspensions of E. coli strain WG528 (galPO,
proP3) caused alkalinization of the external medium

while addition of solvent or proline produced a slight
acidi¢cation (Fig. 5A). Alkalinization of the extracel-
lular medium was observed when either galactose or
proline, but not the solvent alone, was introduced to
osmotically upshocked suspensions of strain WG527
(galP� proPO) (Fig. 5B). Galactose-dependent alka-
linization of the extracellular medium was observed
in strain WG527 regardless of an osmotic upshift,
while proline-induced alkalinization was osmotic up-
shift dependent (Fig. 5B and C). Subsequent addition
of galactose to proline supplemented suspensions of
E. coli strain WG527 (no upshift) resulted in medium
alkalinization in all cases (data not shown). These
results demonstrate that measurable ProP-dependent
alkalinization was contingent on imposition of an
osmotic upshock prior to ProP substrate addition
and indicate that ProP is a compatible solute/H�

symporter. This conclusion is consistent with the ob-
servations that a membrane potential, alone, is su¤-
cient to power proline uptake via puri¢ed ProP in
proteoliposomes and that an imposed pH gradient
further stimulates proline uptake in that system
[31].

3.4. Organic substrate speci¢city of ProP

In preparation for analyses of the organic sub-
strate speci¢city of ProP, the kinetics of proline up-
take were determined for cells of E. coli strains
WG443 and WG693 (both proP� vputP vproU)
which had been cultivated and resuspended in high
osmolality MOPS medium (pH 7.4). Transport activ-
ity was measured at the following proline concentra-
tions (WM): 29, 54, 79, 104, 129, 204, 304, 404 and
504. The resulting apparent Km values (119 þ 10 WM
and 111 þ 13 WM, respectively) were consistent with
those previously determined using bacteria sus-
pended in other media (Fig. 3).

Glycine betaine and its structural analogues inhib-
ited proline uptake in a manner that depended sys-
tematically on the degree of N-methylation and the
presence of the carboxyl function (Fig. 6A). Glycine
betaine and proline betaine were similarly powerful
inhibitors of proline uptake. The dependence of pro-
line uptake rate on proline and inhibitor concentra-
tion was determined (see, for example, representative
glycine betaine inhibition data illustrated in Fig. 7).
With the exception of glycine, which was not signi¢-

Fig. 5. Galactose/GalP- and proline/ProP-mediated proton up-
take by E. coli cells. Bacteria were cultivated and galactose- or
proline-dependent proton uptake was measured with a pH elec-
trode as described in Section 2. All reaction mixtures contained
15^20 mg cell protein/ml. For A and B, osmotic upshifts were
imposed by adding NaCl (to 0.3 M) 5 min before substrate ad-
dition. Arrows indicate the addition of proline (to 5 mM) (Pro-
line), galactose (to 3 mM) (Galactose) or unsupplemented solu-
tion B (see Section 2) (Control). Horizontal and vertical
markers indicate an elapsed time of 12 s and a 25 nmole pro-
ton £ux, respectively.
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cantly inhibitory, data obtained with each of these
compounds best ¢t the competitive inhibition model
(see Fig. 7 and apparent Ki values summarized in
Table 3). It is important to note that the kinetic
models which form the basis for distinctions among
competitive, non-competitive and mixed inhibition
do not encompass such special features of transport
mechanisms as exposure of transporter surfaces (and
hence active sites) to di¡erent solution environments.
These apparent Ki values are thus empirical descrip-
tors of relative inhibitory potency that cannot readily
be interpreted in terms of transport mechanism. With
the exception of choline, these compounds were all

predominantly zwitterionic under the assay condi-
tions.

It was important to determine whether a contam-
inant was responsible for the observed inhibition of
proline uptake by high levels of choline. Glycine be-
taine was not detected when the choline used for
these experiments was analyzed by HPLC-MS/MS.
Glycine betaine was readily detected, however,
when it was added at a level su¤cient to cause the
observed inhibition, 0.2 mole% (data not shown).
Cytoplasmic extracts of proP� bacteria grown under
osmotic stress, with and without choline, were ana-
lyzed by NMR spectroscopy and the spectra were
compared. Except for resonances attributed to chol-

Fig. 7. Inhibition kinetics: glycine betaine as inhibitor of pro-
line uptake via ProP. Strain WG693 (proP� proU3 putPA3)
was grown and initial rates of proline uptake were measured in
high osmolality MOPS medium. The initial velocity of proline
uptake (v) was measured at 104 WM, 204 WM, 304 WM and 404
WM proline, without an inhibitor or with 100 WM, 200 WM or
300 WM glycine betaine as described in Section 2. Values shown
are for triplicate measurements performed during one of two
replicate experiments that gave similar results. Best ¢t lines
were obtained by linear regression of data obtained at each
proline concentration (A) or non-linear regression of all data
(B) using the competitive inhibition model (v = (Vmax s)/[Km(1+i/
Ki)+s]). For non-linear regression, the apparent Ki and Vmax

(but not the apparent Km, 114 WM) were allowed to vary (see
discussion in text).

Fig. 6. Inhibition of proline uptake via ProP. Strain WG693
(proP� proU3 putPA3) was grown and initial rates of proline
uptake were measured in high osmolality MOPS medium. Val-
ues shown are the mean þ S.E. for triplicate measurements per-
formed during one of two replicate experiments that gave simi-
lar results. (A) Proline was provided at 204 WM. The
uninhibited rates (in nmoles/min/mg protein) were: 74 þ 2 for
glycine betaine (R) ; 30 þ 2 for proline betaine (+); 36 þ 1 for
N,N-dimethylglycine (F) ; 20 þ 1 for N-methylglycine (8) ; 30 þ 1
for choline (b) ; 30 þ 1 for glycine (P) and 36 þ 1 for trimethyl-
amine oxide (a). (B) Proline was provided at 204 WM. The un-
inhibited proline uptake rates (in nmoles/min/mg protein) were:
36 þ 1 for 1-carboxymethylpyridinium (7) ; 20 þ 2 for carnitine
(F) ; 43 þ 6 for trigonelline (P) ; 23 þ 1 for alanine (b) ; and
18 þ 2 for O-acetylcarnitine (R).
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ine, all chemical shifts were identical in the two spec-
tra (data not shown). Thus choline was not contami-
nated with a physiologically signi¢cant level of a
high a¤nity ProP substrate, as ProP substrate accu-
mulation is readily detectable by NMR spectroscopy
([27,32] and this study, data not shown).

Lamark et al. reported that choline is a substrate
for transporter ProU, but not ProP [33]. However,
the choline concentration used by Lamark et al. (0.5
mM) was too low to support choline uptake via ProP
if it occurred with an apparent Km similar to the
measured apparent Ki (59 mM). No ProP-dependent
choline uptake activity was detected when E. coli
strains EF046 (betT3 proP�) and EF047 (betT3

proP3) were o¡ered radiolabeled choline at 50 mM

but the expected proline uptake was observed (pro-
line at 0.2 mM) (data not shown). These results dem-
onstrate that choline is a ProP inhibitor of very low
a¤nity, but it is not a ProP substrate.

The inhibition of proline uptake via ProP e¡ected
by alanine, carnitine, O-acetyl carnitine, 1-carboxy-
methylpyridinium and trigonelline was also explored
(Fig. 6B). These compounds all contain amino and
carboxylic acid groups, but di¡er in the extent of
amino-methylation, charge separation and the nature
of the carbon backbone (straight chain vs. ring). O-
Acetylcarnitine was not an inhibitor. The relative
potency of the other compounds was: 1-carboxyme-
thylpyridiniums alanineWtrigonellineWcarnitine.

Compounds that act as competitive inhibitors of

Table 4
ProP inhibition and ProP-dependent osmoprotection

Compound ProP inhibition (see text) Osmoprotectant concentration (mM) Osmoprotection

Alanine + 25 3
1-Carboxymethylpyridinium + 18 +
Carnitine + 50 +
Choline + 50 3
Ectoine NT 1 +
Glycine 3 50 3
Glycine betaine + 1 +
N-Methylglycine + 6 3
N,N-Dimethylglycine + 1.5 +
O-Acetylcarnitine 3 50 +
Pipecolic acid NT 1 +
Proline NT 1 +
Proline betaine + 0.8 +
Trigonelline + NT

ProP inhibition was detected (during this and other work) as discussed in the text. Osmoprotection was assessed using E. coli strains
EF046 (proP� proU3 putPA3 bet3) and EF047 (proP3 proU3 putPA3 bet3) (choline osmoprotection assay) or WG693 (proP� proU3

putPA3 bet�) and WG441 (proP3 proU3 putPA3 bet�) (osmoprotection by other compounds) as described in Section 2.

Table 3
Competitive inhibitors of proline uptake via ProP

Inhibitor Vmax (nmol/min/mg protein) Ki (mM)

Glycine betaine 35 þ 1 0.091 þ 0.013
Proline betaine 30 þ 1 0.208 þ 0.017
N,N-Dimethylglycine 52 þ 3 1.4 þ 0.2
Methylglycine 55 þ 1 5.0 þ 0.5
Choline 28 þ 1 62 þ 12

E. coli WG693 (proP� vputPA vproU) was cultivated in high osmolality MOPS medium and initial rates of proline uptake were meas-
ured in reaction mixtures containing 14C-L-proline (at a series of four concentrations between 54 WM and 304 WM (N-methylglycine)
or 104 WM and 304 WM (other compounds)) and no inhibitor or unlabeled inhibitor (at a series of four concentrations appropriate
for the determination of each Ki). Data were ¢t to the competitive model for enzyme inhibition (see text and legend to Fig. 7). In
each case the cited value is mean þ S.E. for one of two representative experiments which yielded similar apparent Ki values.
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ProP are likely to bind at the transporter active site
and may be transporter substrates. Osmoprotection
assays were used to further assess whether these com-
pounds undergo ProP-dependent cytoplasmic accu-
mulation when o¡ered at a concentration approxi-
mating the apparent Ki for proline uptake via ProP
(inhibitors) or at 50 mM (compounds that did not
inhibit proline uptake via ProP) (Table 4). 1-Carboxy-
methylpyridinium, carnitine, N,N-dimethylglycine
and proline betaine, all inhibitors of proline uptake
via ProP, were also osmoprotectants. These results
provided further support for previous indications
that carnitine [34] and proline betaine [35] are ProP
substrates. The fact that O-acetylcarnitine was an
osmoprotectant but not a ProP inhibitor may indi-
cate that it is metabolized to carnitine extracellularly,
as in Bacillus subtilis [36]. Choline, alanine, trigonel-
line and N-methylglycine (sarcosine) were weak in-
hibitors of proline uptake via ProP (Fig. 6) but not
osmoprotectants (Table 4 and [37]). This behavior
may indicate that, like choline, these compounds
were not accumulated via ProP or that, as for tau-
rine, they did not a¡ord su¤cient cellular rehydra-
tion, without inhibiting cellular functions, to stimu-
late bacterial growth. Ectoine [14] and pipecolic acid
[13] were previously shown to be accumulated by
proP� putP� but not by proP3 putP3 bacteria. Since
these compounds also provided ProP-dependent os-
moprotection in putP3 bacteria, they are ProP sub-
strates.

4. Discussion

Data summarized above ([10,11], Fig. 6) and those
reported recently by Racher et al. [31] substantiate
claims that ProP catalyzes electrogenic co-transport
of protons with various zwitterionic organic sub-
strates [7,8,12]. ProP activity is stimulated by exoge-
nous K� in intact cells of S. typhimurium [8] and E.
coli (Table 2). In E. coli at least, that stimulation is
transporter-speci¢c (Table 2). Proline- or glycine be-
taine-stimulated release of K� from osmoadapting E.
coli cells was not ProP-speci¢c, however (Fig. 4). It is
therefore unlikely that K� is a ProP substrate and
likely that K� exerts regulatory e¡ects directly, by
interacting with ProP, or indirectly, through other
physiological e¡ects. Since ProP(His)6 has been pu-

ri¢ed and reconstituted in proteoliposomes [31], the
impact of K� on ProP activity can now be explored
in the absence of other cellular constituents.

This research has extended the list of organic com-
pounds that are ProP substrates (Fig. 8). The com-
pounds illustrated in Fig. 8 are ProP substrates ac-
cording to the following criteria: (1) they are
accumulated by proP� and not by otherwise isogenic
proP3 bacteria (proline, glycine betaine, taurine)
[11,38,39], (2) they are taken up by proP� putP�

and not by otherwise isogenic proP3 putP3 bacteria
and they provide osmoprotection to proP� but not
to otherwise isogenic proP3 bacteria (ectoine, pipe-
colic acid) ([13,14] and Table 4), (3) they competi-
tively inhibit proline uptake via ProP and they pro-
vide ProP-dependent osmoprotection (proline
betaine, N,N-dimethylglycine, carnitine, 1-carboxy-
methylpyridinium) (Tables 3 and 4, Figs. 6 and 7)
[13,35,40,52] or (4) they show ProP-dependent cyto-
toxicity at intracellular targets (3,4-dehydroproline,
L-azetidine-2-carboxylate) [10]. (Some of these com-
pounds are also known by alternate names: glycine
betaine (N,N,N-trimethylglycine); taurine (2-amino-
ethanesulfonate); carnitine (2-hydroxy-N,N,N-tri-
methyl-4-aminobutyrate); proline betaine (N,N-di-
methylproline or stachydrine); pipecolate (2-
piperidinecarboxylate or pipecolinate); ectoine
(1,4,5,6-tetrahydro-2-methyl-4-pyrimidine carboxyl-
ate).

All of the ProP substrates illustrated in Fig. 8 are
zwitterions, present fully or predominantly in forms
with no net charge at or near neutral pH. In addi-
tion, choline has been shown to act as an inhibitor
but not a substrate for ProP. Since choline is other-
wise similar in structure to compounds with much
lower Ki values (e.g. glycine betaine, proline betaine),
zwitterionic character appears to be an important

Fig. 8. ProP substrates.
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feature of ProP substrates. A variety of other struc-
turally related compounds are known to accumulate
to varying degrees in E. coli cells in hypertonic me-
dia. They include L-alanine betaine, arsenobetaine,
betonicine, butyrobetaine, K,K-dimethylglycine be-
taine, N,N-dimethylpipecolic acid, dimethylsulfonio-
propionate, dimethylthetin, hormane, N-methyl-L-
proline, L-phenylalanine betaine, K-(phenyl)glycine
betaine, N-(phenyl)glycine betaine, pipecolic betaine,
D-proline betaine, pyridinium, propionobetaine, L-se-
lena-L-proline, Q-selena-L-proline, L-serine betaine,
sulfobetaine, L-thia-L-proline, Q-thia-L-proline, thiola-
nium betaine, N,N,N-triethylglycine betaine and L-
valine betaine [13,37,40^44]. Since transporters
ProP, ProU, BetT and PutP of E. coli have overlap-
ping substrate speci¢cities, it is not yet evident which
of these compounds are ProP substrates.

Like E. coli, cells of the mammalian renal medulla
accumulate compatible solutes, including glycine be-
taine, in response to hypertonic media [45]. The lev-
els of glycine betaine and choline in urine are con-
trolled by homeostatic mechanisms. Glycine betaine,
choline and other urine constituents with dietary ori-
gins (e.g. proline betaine) stimulate growth of E. coli,
the primary causative agent of ascending urinary
tract infections, in hypertonic media [46]. Introduc-
tion of a proP defect to a pyelonephritis isolate of E.
coli impaired its ability to grow in hypertonic human
urine and to colonize the murine bladder [47]. On the
basis of these observations, bacterial betaine trans-
porters have been identi¢ed as potential targets for
new antibacterial agents [46]. The development of
agents which would directly impair or exploit osmo-
regulatory betaine uptake by bacteria requires iden-
ti¢cation of the bacterial and host betaine transport-
ers e¡ective in vivo and of di¡erences in substrate
speci¢city between them. The data reported and sum-
marized here further de¢ne the substrate speci¢city
of ProP, the transporter that is expected to respond
¢rst to increases in the osmolality of the bacterial
environment.
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