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ABSTRACT: Transporter ProP ofEscherichia coliis an osmosensor and an osmoprotectant transporter.
Previous results suggest that medium osmolality determines the proportions of ProP in active and inactive
conformations. A cysteine-less (Cys-less) variant was created and characterized as a basis for structural
and functional analyses based on site-directed Cys substitution and chemical labeling of ProP. Parameters
describing the osmosensory and osmoprotectant transport activities of Cys-less ProP-(His)6 variants were
examined, including the threshold for osmotic activation and the absolute transporter activity at high
osmolality (in both cells and proteoliposomes), the dependence ofKM and Vmax for proline uptake on
osmolality, and the rate constant for transporter activation in response to an osmotic upshift (in cells
only). Variant ProP-(His)6-C112A-C133A-C264V-C367A (designated ProP*) retained similar activities
to ProP-(His)6 in both cells and proteoliposomes. The bulky Val residue was favored over Ala or Ser at
position 264, whereas Val strongly impaired function when placed at position 367, highlighting the
importance of residues at those positions for osmosensing. In the ProP* background, variants with a
single Cys residue at positions 112, 133, 241, 264, 293, or 367 retained full function. The native Cys at
positions 112, 133, 264, and 367, predicted to be within transmembrane segments of ProP, were poorly
reactive with membrane-impermeant thiol reagents. The reactivities of Cys at positions 241 and 293 were
consistent with exposure of those residues on the cytoplasmic and periplasmic surfaces of the cytoplasmic
membrane, respectively. These observations are consistent with the topology and orientation of ProP
predicted by hydropathy analysis.

Living cells respond to changes in extracellular osmolality
by accumulating and releasing organic osmolytes (e.g.,
polyols, betaines) (1-6). Osmoprotectant transporters and
mechanosensitive channels mediate the uptake and release
of exogenous compounds (osmoprotectants) by bacteria that
are subjected to osmotic shifts (1, 2, 7-9). Our goal is to
understand how cells sense changes in extracellular osmo-
lality and respond by modulating the activities of osmoregu-
latory transporters. Recently, three osmoregulatory trans-
porters have been purified and reconstituted in artificial
membrane systems: secondary transporter ProP fromEs-
cherichia coli (10-12), secondary transporter BetP from

Corynebacterium glutamicum(13-15), and ABC transporter
OpuA from Lactococcus lactis(16, 17). Each of these
systems mediates compatible solute uptake at a rate deter-
mined by medium osmolality both in vivo and in vitro,
facilitating further analyses of osmosensory and osmoregu-
latory mechanisms (7-9).

TheproPsequence predicts a 500 amino acid protein that
is a member of the major facilitator superfamily (18). ProP
is a secondary transporter that mediates the accumulation of
several structurally related organic solutes (e.g., proline,
glycine betaine, ectoine) in response to increasing extracel-
lular osmolality (19, 20). It is a proton-solute symporter
whose activity requires a membrane potential (∆Ψ)1 and is
further stimulated by a proton gradient (∆pH) (10, 12, 20).
Our data are consistent with a model in which osmolality
determines the populations of ProP molecules in at least two
states, inactive (ProPI) and active (ProPA) (12). ProP is
predicted to include 11 or 12 transmembrane helices and a
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cytoplasmic C-terminus (Figure 1). A peptide replica of the
carboxyl terminal domain of ProP forms a homodimeric
R-helical coiled-coil in vitro (11). To date, the proportions
of ProPI and ProPA have been inferred from changes in the
catalytic activity of ProP-(His)6 (10, 12, 21). While this
indirect approach has yielded useful information, it is now
essential to test the structural model of ProP (Figure 1) and
directly monitor any conformational changes that are as-
sociated with osmosensing.

Secondary transporters are refractory to crystallization and
structure determination via NMR spectroscopy. Alternative
techniques have therefore been developed for structure-
function analysis of these integral membrane proteins (22).
The creation of functional cysteine-less (Cys-less) variants
followed by site-directed Cys replacement has proven
particularly fruitful. Introduced Cys residues provide sites
for directed labeling, paving the way for experiments that
can reveal membrane topology and orientation in cells and
proteoliposomes as well as structural and dynamic changes
(23, 24).

This paper describes the creation of a cysteine-less ProP-
(His)6 variant, ProP*, that is fully functional as an osmo-
sensor and a secondary transporter both in vivo and in vitro.
Characterization of multiple transporter variants en route to
the creation of ProP* revealed that the amino acids at
positions 264 and 367 are important to osmosensing by ProP-
(His)6. ProP* now serves as a platform for the introduction
of cysteine residues at new locations within the protein. We
report here that the native Cys at positions 112, 133, 264,
and 367 are poorly reactive with membrane-impermeant thiol

reagents, consistent with their putative location in trans-
membrane domains. The reactivities of Cys introduced at
positions 241 and 293 are consistent with cytoplasmic and
periplasmic localizations of those residues, respectively.
These observations support predictions based on hydropathy
analysis of the ProP sequence (Figure 1).

EXPERIMENTAL PROCEDURES

Materials and Culture Media. E. coliphospholipids (polar
lipid extract, acetone/ether washed) were purchased from
Avanti Polar Lipids, Inc. (Alabaster, AL). Dodecylâ-D-
maltoside and Triton X-100 were purchased from Anatrace
(Maumee, OH).N-Octyl-1-â-D-glucoside was purchased
from Calbiochem (San Diego, CA). Oregon green 488
maleimide carboxylic acid (OGM) was purchased from
Molecular Probes Inc. (Eugene, OR), and methanethiosul-
fonate ethyltrimethylammonium (MTSET) was purchased
from Toronto Research Chemicals Inc. (Toronto, ON). OGM
and MTSET were prepared as stock solutions inN,N-
dimethylformamide (Fisher Scientific Inc., Nepean, ON) and
stored at-20 °C, protected from light, prior to use. Egg
white lysozyme (UltraPure grade) was obtained from Cale-
don Laboratories (Georgetown, ON). Bovine pancreatic
DNase I (type II) was from Boehringer-Mannheim (Laval,
PQ). Ampicillin, imidazole,L-arabinose, andâ-mercaptoet-
hanol were from Sigma Chemical Co. (St. Louis, MO). Other
reagents were of the highest grade available. Buffers were
prepared as described by Racher et al. (12), and solution
osmolalities were measured with a Wescor vapor pressure
osmometer (Wescor, Logan, UT). Bacteria were cultivated

FIGURE 1: Predicted membrane topology and orientation of ProP. The membrane topology and orientation of ProP were analyzed using the
algorithms discussed by Drew et al. (35) (TMHMM2, HMMTOP2 MEMSAT2 TOPPRED2.0, and PHD) and that described by Jayasinghe
et al. (MPEx) (36). All algorithms predicted similar locations for putative transmembrane helices VI-XII and a cytoplasmic C-terminus.
The positions of helices I-V were less obvious. TOPPRED predicted a structure that lacked transmembrane segment I and had a periplasmic
N-terminus. A peptide corresponding to the C-terminal domain of ProP forms a homodimericR-helical coiled-coil (11). This structure was
predicted to form (18) with coiled-coil heptada positions at I470, I477, L484, L491, and I498. Black, filled circles in the putative
transmembrane segments are native Cys residues 112 (TMIII), 133 (TM IV), 264 (TMVII), and 367 (TMX). Other filled circles represent
G241 and S293, each of which was replaced with a Cys.
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in LB (25) or in NaCl-free MOPS medium, a variant of the
MOPS medium described by Neidhardt et al. (26) from
which all NaCl had been omitted. This base medium was
supplemented with NH4Cl (9.5 mM) as a nitrogen source
and glycerol (0.4% (v/v)) as a carbon source.L-Tryptophan
(245 µM) and thiamine hydrocholoride (1µg/mL) were
added to meet auxotrophic requirements to create a complete
growth medium with an osmolality of 0.12 mol/kg. Ampi-
cillin (50 µg/mL) was added as required to maintain plasmids
based on vector pBAD24.

Bacteria, Plasmids, and Molecular Biological Manipula-
tions. Both proP expression and ProP activity are osmo-
regulated (27). To focus on the osmoregulation of transporter
activity in vivo, genes encoding ProP variants (ProP-(His)6

and its variants) were expressed in an osmolality-independent
manner from the AraC-controlled PBAD promoter (11). The
same system allowed us to overexpress and purify ProP-
(His)6 for reconstitution with theE. coli lipid, forming
proteoliposomes (10, 12). ProP-(His)6 and its variants were
expressed by plasmid-bearing derivatives ofE. coli WG350
(F- trp lacZ rpsL thi ∆(putPA)101 ∆(proU)600 ∆(proP-
melAB)212) (18). Each strain contained plasmid pDC80 (a
derivative of vector pBAD24 (28) in which expression of
proP-(His)6 is controlled by the arabinose-inducible PBAD

promoter (11)) or a derivative of that plasmid encoding the
specified ProP-(His)6 variant.

Plasmids encoding ProP-(His)6 variants were created by
site-directed mutagenesis essentially according to the Strat-
agene QuikChange Site-Directed Mutagenesis procedure with
PwoDNA polymerase from Boehringer Mannheim (Laval,
PQ) andDpnI restriction endonuclease from New England
Biolabs (Mississauga, ON). No mineral oil overlay was used,
and amplified DNA was transformed into DH5R competent
cells (F- φ80 dlacZ∆M15 ∆(lacZYA-argF)U169 recA1
endA1 hsdR17(rk

- mk
+) supE44λ- thi-1 gyrA relA1) (29).

Oligonucleotide primers were designed to both introduce the
desired amino acid change and to create an additional
restriction endonuclease recognition site, thereby facilitating
both screening of putative mutants and routine testing of
bacterial cultures. Transformants were selected on LB plates
supplemented with ampicillin (100µg/mL), and extracted
DNA was screened for the appropriate REN site alterations.
The sequence of the entireproP gene in each mutant was
determined by the Laboratory Services Division, University
of Guelph, and appropriate plasmids were introduced toE.
coli WG350 for subsequent experimentation.

Transport Assays: Intact Bacteria and Proteoliposomes.
Bacteria were cultivated in NaCl-free MOPS medium (21),
ProP-(His)6 was purified, proteoliposomes were prepared
(10), proline uptake rates were measured and analyzed (21),
and the expression levels of ProP-(His)6 and its variants in
intact bacteria were determined (11) as previously described,
except that an anti-His-HRP conjugate (Qiagen Inc., Mis-
sissauga, ON) was used to detect expression of ProP-(His)6

and its variants. To determine the rate of activation of ProP-
(His)6 and ProP-(His)6-AAVA in response to an osmotic
upshift, bacteria expressing those transporters were cultivated,
washed, and resuspended in NaCl-free MOPS medium
supplemented with 50 mM NaCl (0.24 mol/kg). The initial
rate of proline uptake was determined at a series of times
after the bacteria were introduced to an assay medium based
on NaCl-free MOPS medium supplemented with 0.2 M

NaCl, and the resulting data were analyzed as described by
Milner et al. (30).

Site-Directed Fluorescence Labeling.AppropriateE. coli
strains were grown as 5 mL overnight precultures in LB broth
at 37 °C. The preculture was used to inoculate a 50 mL
volume of LB (1%, v/v). Following 1 h incubation at 37°C
with aeration, the culture was induced by the addition of
L-arabinose to a final concentration of 0.2%, and the culture
was further incubated for 2-3 h. Three 12-mL aliquots of
cells were harvested by centrifugation (12 000 rpm, 2 min)
in microcentrifuge tubes.

Washing and labeling were carried out as described by
Ye et al. (31), with minor modifications. Briefly, all three
aliquots were washed with buffer A (100 mM K sulfate, 50
mM K phosphate, pH 8.0). Aliquot one was labeled only on
the cell surface. It was resuspended in 4 mL of buffer A
plus OGM (40µM), incubated for 15 min at room temper-
ature, and quenched withâ-mercaptoethanol (2 mM). In
aliquot two, residues on the cell surface were blocked with
MTSET. This sample was resuspended in buffer A plus
MTSET (2 mM) and incubated for 10 min at room temper-
ature. Both of the above aliquots were then washed, pelleted
by centrifugation, and resuspended three times using buffer
B (100 mM K sulfate, 50 mM MOPS-K, pH 7.0). All three
aliquots of cells were then resuspended in a lysis solution
consisting of egg white lysozyme (300µg/mL), DNase I (40
µg/mL), EDTA (5 mM), and Tris-HCl (10 mM, pH 7.5) and
incubated at room temperature for 15 min. Lysis was
completed by diluting 2 mL of each aliquot into 18 mL of
distilled water in a 30-mL Corex centrifuge tube on ice.
Aliquots were centrifuged for 10 min in a JA20 rotor
(Beckman) at 7000 rpm, and the pellet was washed with ice
cold water, centrifuged, and resuspended another two times
to prepare the membrane fraction. The membranes recovered
from the second and third aliquots were resuspended in buffer
C (20 mM K phosphate, 40µM OGM, pH 8.0). These
aliquots were incubated for 15 min at room temperature and
frozen (dry ice/ethanol bath) and thawed three times. The
reactions were quenched with mercaptoethanol as above. In
this way, either the previously inaccessible cytoplasmic face
(for the second aliquot) or both cytoplasmic and periplasmic
faces (for the third aliquot) of the cell membranes could be
labeled by OGM. The membranes were washed with ice cold
water three times as described previously. All three aliquots
were resuspended by extensive vortex mixing in 3 mL of a
solubilization buffer described previously (10, 32). Following
resuspension, 200µL of a Ni2+-nitrilotriacetic acid resin
(Ni-NTA Superflow, Qiagen Inc., Santa Clarita, CA) was
added to each tube, the tubes were incubated overnight at 4
°C on a rotator, the resulting mixtures were poured into spin
minicolumns (MicroBioSpin, Bio-Rad Inc., Hercules, CA),
and they were spun for 10 min in a microcentrifuge to
remove the resuspension buffer. The resin matrix was then
washed three times with 0.5-mL aliquots of wash buffer
(solubilization buffer supplemented with 200 mM NaF and
50 mM imidazole) (10-15 min, 12 000 rpm). Each ProP*
variant was then eluted with 100µL of 50 mM Tris/HCl,
2% SDS, 10% glycerol, 0.5 M imidazole, pH 7.0. Eluted
samples were immediately analyzed by denaturing SDS-
PAGE by loading 20-µL aliquots in triplicate onto 12 or 14%
gels. Each gel was repeated. Following electrophoresis, band
fluorescence was determined by exposure to UV light using
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a UVP gel documentation platform (DiaMed Laboratory
Supplies Inc., Mississauga, ON) with a CCD camera attach-
ment and a Macintosh based data capture and analysis

program (UVP Grab-It). Each gel was also stained for protein
using Coomassie Brilliant Blue and imaged using a white
light source. Band intensities on the gels were determined
by densitometry using the image analysis routines supplied
with the UVP Grab-It program. The density values for the
triplicate lanes were averaged and used to calculate the ratio
of UV fluorescence to protein recovered. The ratios from
two different gels were averaged to give the mean( range
reported in Figure 7. Each experiment was repeated once
using a second set of membranes. Similar results were
obtained in both experiments.

To compare OGM labeling of ProP* variants in mem-
branes with that in SDS solution, two aliquots of cells were
processed as follows. For OGM labeling of ProP* variants
in membranes, one aliquot was treated as described above
(cell aliquot three). For OGM labeling in SDS solution, a
second aliquot was treated by the same procedure to and
including the lysis step. Recovered membrane ghosts were
immediately solubilized, and ProP* variants were purified
and eluted from Micro-BioSpin columns in SDS-containing
elution buffer as described above. OGM labeling was then
carried out by adding 1µL of stock OGM solution to 10µL
of recovered ProP protein in elution buffer as described (33)
(OGM concentration approximately 1 mM, less than 10%
final DMF concentration). Samples were mixed directly in
the pipet tips and allowed to incubate for 10 min at room
temperature. OneµL of 1.4 M â-mercaptoethanol was added
to the samples to quench the labeling reaction, all samples
were immediately subjected to SDS-PAGE, and the result-
ing gels were analyzed to determine fluorescence and protein
content as described previously. Because of variations in
fluorescence from one experiment to another, all samples
for which fluorescence/protein ratios were compared were
labeled and analyzed at the same time.

RESULTS
Characterization of ProP-(His)6 ActiVity: Criteria for

Retention of Full Function by Cysteine-Less ProP-(His)6. The
osmoprotectant uptake activity of transporter ProP-(His)6 is
a sigmoid function of assay medium osmolality that can be

FIGURE 2: Impact of assay medium osmolality on proline uptake
via ProP-(His)6 and its cysteine-less variants in intact bacteria (A)
and proteoliposomes (B). Proline uptake via ProP-(His)6 and its
variants was measured as described in Experimental Procedures
using NaCl to adjust the osmolalities of the transport assay media.
Circles, ProP-(His)6; squares, ProP-(His)6-AAVA; diamonds, ProP-
(His)6-AAVS; triangles, ProP-(His)6-AASA. Inset to panel A: ratio
of the proline uptake activity of each ProP-(His)6 variant measured
in assay medium with 0.05 M NaCl (0.24 mol/kg) to that measured
in assay medium with 0.17 M NaCl (0.49 mol/kg) (aL/aH).

Table 1: Osmolality Responses of ProP-(His)6 Variants

osmolality response parameterd

varianta osmolyteb materialc Amax Π1/2/RT B

ProP-(His)6 NaCl Cells 45.4( 1.1 0.214( 0.004 0.039( 0.004
NaCl PRLs 2.00( 0.08 0.380( 0.005 0.030( 0.005
glucose PRLs 1.77( 0.12 0.399( 0.009 0.022( 0.006

ProP-(His)6-AAVA NaCl Cells 54.5( 1.3 0.230( 0.006 0.046( 0.005
NaCl PRLs 1.71( 0.21 0.395( 0.018 0.043( 0.015
glucose PRLs 1.05( 0.14 0.436( 0.017 0.029( 0.011

ProP-(His)6-AAVS NaCl Cells 45.4( 1.3 0.206( 0.007 0.044( 0.007
NaCl PRLs 1.00( 0.07 0.372( 0.012 0.047( 0.011
glucose PRLs 0.94( 0.15 0.406( 0.025 0.055( 0.018

ProP-(His)6-AASA NaCl Cells 30.6( 0.8 0.269( 0.004 0.024( 0.004
NaCl PRLs 0.40( 0.02 0.487( 0.014 0.026( 0.010

a ProP-(His)6 variants are described using the nomenclature ProP-(His)6-XXXX, where the Xs represent the amino acid replacements at the
positions occupied by Cys in the native protein (positions 112, 133, 264, and 367).b Proline uptake was measured as described in Experimental
Procedures using 200µM proline as substrate with NaCl orD-glucose (as indicated) to adjust the osmolality of the assay medium.c Bacteria were
cultivated in NaCl-free MOPS medium (0.12 mol/kg) and prepared for the transport assay as described. Two or more replicate experiments were
performed, and representative data are shown. Proteoliposomes (PRLs) were prepared using the indicated ProP-(His)6 variant as described in
Experimental Procedures. Data are representative of three PRL preparations for ProP-(His)6, two for ProP-(His)6-AAVA, one for ProP-(His)6-
AAVS, and three for ProP-(His)6-AASA. d The osmolality response parameters (and errors in those parameters) were computed by fitting the initial
rate of proline uptake (a0) and the osmolality of the transport assay medium (Π/RT) to eq 1 using nonlinear regression as previously described (21).
Units of the osmolality response parameters areAmax, nmol/min/mg of cell protein for cells andµmol/min/mg of ProP for proteoliposomes;Π1/2/RT,
mol/kg; andB, mol/kg.
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characterized by the following empirical relationship:

where Π is the osmotic pressure of the transport assay
medium,a0 is the initial rate of proline uptake measured with
medium of osmolalityΠ/RT, Amax is the uptake rate that
would be observed at infinite medium osmolality (nmol/min/
mg of cell protein for cells andµmol/min/mg of ProP for
proteoliposomes),R is the gas constant,T is the temperature,
Π1/2/RT is the medium osmolality yielding half-maximal
ProP-(His)6 activity (mol/kg), andB is a constant inversely
related to the slope of the response curve (mol/kg) (this
relationship is illustrated for ProP-(His)6 in Figure 2 (black
circles)). For reasons discussed by Culham et al. (21),
qualitatively similar relationships betweena0 andΠ/RTare
observed with intact bacteria and proteoliposomes, but the
absolute values of parametersAmax, Π1/2/RT, andB in vivo
and in vitro are different (compare Figure 2, panels A and
B; Table 1).

The goal of this research was to construct a cysteine-less
(Cys-less) derivative of ProP-(His)6 for which these param-
eters matched those of the parent transporter as closely as
possible, both in vivo and in vitro. Transporter mutants were
created and screened in vivo to assess whether their
thresholds for osmotic activation (expressed above asΠ1/2/
RT) and their absolute activities (expressed above asAmax)
were comparable to those of ProP-(His)6. Bacteria expressing
the transporter variants were cultivated in NaCl-free MOPS
medium (osmolality 0.12 mol/kg), and their proline uptake
activities were measured in assay media supplemented with
50 or 170 mM NaCl (osmolalities 0.24 and 0.49 mol/kg,
respectively). The ratio of these proline uptake activities (aL/
aH) is exquisitely sensitive to changes in the magnitude of
Π1/2/RT, increases and decreases inΠ1/2/RT being manifest
as dramatic decreases and increases inaL/aH, respectively
(see inset to Figure 2A). The absolute value of the uptake
rate in the latter medium (aH) is a good indicator of the
maximum activity attainable (unless, of course, there is also
a dramatic increase in the osmolality required to activate the
transporter). Transporters that met the criteria of minimal
perturbation to these parameters were then characterized in
greater detail using both intact bacteria and proteoliposomes.

Impact of Cysteine Replacements on ProP-(His)6 ActiVity
in Bacteria. Transporter ProP has Cys residues at positions
112, 133, 264, and 367. Transporter variants are described
using the nomenclature ProP-(His)6-XXXX, where the Xs
represent the single letter codes for the amino acids occupy-
ing those four positions. For example, ProP-(His)6-AAVA
is ProP-(His)6-C112A-C133A-C264V-C367A. Replacement
of C112 or C133 with Ala had little impact on transporter
activity (as indicated byaH, Figure 3A) or osmolality
response (aL/aH, Figure 3B), whereas replacement of C264
or C367 with Ala, Ser, or Val was more perturbing. In an
effort to create a fully functional, Cys-less ProP-(His)6

variant, residues 264 and 367 were replaced with Ala, Ser,
or Val in a variety of combinations with Ala in positions
112 and 133. Each of the constructed Cys-less variants was
expressed at a level indistinguishable from that of ProP-(His)6

(data not shown). As anticipated, transporter activity (aH,
Figure 4A) and osmolality response (aL/aH, Figure 4B) were
again particularly sensitive to replacements at positions 264

and 367. The bulky Val residue was deleterious to transporter
activity in position 367 and favorable to transporter activity
in position 264. Variants ProP-(His)6-AAVA and ProP-
(His)6-AAVS were selected as most similar in transporter
activity and osmolality response to the parent, ProP-(His)6.
They were analyzed further with variant ProP-(His)6-AASA,
for which bothaH andaL/aH were lower than those of ProP-
(His)6, as a comparator.

Detailed Examination of Cys-Less ProP-(His)6 Variants.
The activities of the candidate Cys-less ProP-(His)6 deriva-
tives were characterized in greater detail. In intact bacteria,
each yielded an osmotic activation profile and parameters
similar to those of ProP-(His)6 (see Figure 2A, squares and
diamonds for ProP-(His)6-AAVA and ProP-(His)6-AAVS,
respectively, and Table 1). In contrast, the threshold for
osmotic activation of Cys-less variant ProP-(His)6-AASA

a0 ) Amax[1 + exp- (Π - Π1/2)/RTB]-1 (1)

FIGURE 3: Proline uptake activities of ProP-(His)6 derivatives in
which individual Cys residues are replaced. Bacteria were cultivated
in NaCl-free MOPS medium without or with 0.12 M NaCl. NaCl
supplementation of the growth medium in this range does not alter
the proline uptake activity due to ProP-(His)6 in these media (21).
Transport assays were conducted as described in Experimental
Procedures using assay media supplemented with 0.05 and 0.17 M
NaCl. (A) The proline uptake activity of the transporter variant in
a transport assay medium supplemented with 0.17 M NaCl (aH)
relative to that of ProP-(His)6 measured in the same way during
the same experiment. (B) The ratio of the proline uptake activity
of each ProP-(His)6 variant measured in assay medium with 0.05
M NaCl to that measured in assay medium with 0.17 M NaCl (aL/
aH). For the nine replicate cultures of bacteria expressing ProP-
His6 that were used to obtain data represented by Figures 3, 4, and
6 of this paper, the proline uptake activities measured at low and
high osmolality (aL andaH) were 35( 8 and 54( 12 nmol/min/
mg of protein, respectively.
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was dramatically elevated, and the activity attained was
dramatically reduced, again emphasizing the sensitivity of
both the activity and the osmolality response of the
transporter to amino acid changes at positions 264 and 367

(Figure 2A, triangles, and Table 1).
The activities of ProP-(His)6, ProP-(His)6-AAVA, and

ProP-(His)6-AAVS in intact bacteria were similar functions
of osmolality when proline uptake activity was measured at
a single proline concentration (200µM, Figure 2A). Both
the KM of ProP-(His)6 for proline and the transporterVmax

increase as assay medium osmolality increases (21). KM and
Vmax were less osmolality dependent for ProP-(His)6-AAVA
and ProP-(His)6-AAVS (Figure 5, squares and diamonds,
respectively) than for ProP-(His)6 (Figure 5, black circles).
However, these differences were not deemed sufficiently
large to preclude further experimentation employing these
Cys-less variants. The half-time for the activation of ProP-
(His)6-AAVA in cells subjected to an osmotic upshift (0.24
to 0.53 mol/kg) was 1.3 min, a value similar to those
previously reported for the activation of ProP (approximately
1 min) (30, 34).

The activities of candidate Cys-less ProP-(His)6 derivatives
were also examined after purification and reconstitution in
proteoliposomes (Figure 2B). Once again, variants ProP-
(His)6-AAVA and ProP-(His)6-AAVS had similar osmotic
activation profiles (Figure 2B, squares and diamonds,
respectively) and parameters (Table 1) to ProP-(His)6. In
proteoliposomes, even more than in intact cells, the osmo-
lality threshold for the activation of ProP-(His)6-AASA was

FIGURE 4: Proline uptake activities of Cys-less ProP-(His)6 deriva-
tives. Bacteria were cultivated in NaCl-free MOPS medium without
or with 0.12 M NaCl, and transport assays were conducted as
described in Experimental Procedures using assay media supple-
mented with 0.05 and 0.17 M NaCl. NaCl supplementation of the
growth medium in this range does not alter the proline uptake
activity due to ProP-(His)6 in these media. (A) The proline uptake
activity of the transporter variant in a transport assay medium
supplemented with 0.17 M NaCl (aH) relative to that of ProP-(His)6
measured in the same way during the same experiment. (B) The
ratio of the proline uptake activity of each ProP-(His)6 variant
measured in assay medium with 0.05 M NaCl (0.24 mol/kg) to
that measured in assay medium with 0.17 M NaCl (0.49 mol/kg)
(aL/aH). For the nine replicate cultures of bacteria expressing ProP-
His6 that were used to obtain data represented by Figures 3, 4, and
6 of this paper, the proline uptake activities measured at low and
high osmolality (aL andaH) were 35( 8 and 54( 12 nmol/min/
mg protein, respectively. (C) Western blot illustrating the relative
expression levels of the Cys-less ProP-(His)6 variants in whole cell
extracts. The first lane contained an extract from vector control
bacteria (WG350 pBAD24) not expressing ProP. The other lanes
contained extracts from bacteria expressing the Cys-less ProP-(His)6
variants in the same order as for panels A and B. The heavy band
with an electrophoretic mobility corresponding to 45 kDa corre-
sponds to purified ProP-(His)6.

FIGURE 5: Kinetics of proline uptake via ProP-(His)6 and its Cys-
less variants. The appropriateE. coli strains were cultivated, washed,
and resuspended in NaCl-free MOPS minimal medium that has an
osmolality of 0.12 mol/kg. The initial rate of proline uptake was
measured as described in Experimental Procedures using assay
media adjusted with NaCl to the indicated osmolalities and
radiolabeled proline at an appropriate series of concentrations (11-
900 µM). KM for proline and Vmax were determined at each
osmolality by nonlinear regression using the Michaelis-Menten
equation as model. The data for ProP-(His)6 (circles) are derived
from Figure 4 of Culham et al. (21). The Cys-less variants included
ProP-(His)6-AAVA (squares) and ProP-(His)6-AAVS (diamonds).
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dramatically increased, and its maximal activity (Amax) was
significantly reduced, reinforcing the importance of the amino
acid residue at position 264 for osmosensing (Figure 2B,
triangles).

Characteristics of ProP DeriVatiVes Harboring Single Cys
Residues.ProP variants that harbored single Cys residues
were created in the backgrounds of ProP-(His)6-AAVA and
ProP-(His)6-AASA. They included transporters retaining one
of the Cys present in wild-type ProP (positions 112, 133,
264, and 367) and transporters with Cys replacing Gly241
or Ser293. The activities (aH) and osmolality responses (aL/
aH) of the variants prepared in the ProP-(His)6-AAVA
background were comparable to those of ProP-(His)6,
whereas the corresponding properties of mutants prepared
in the ProP-(His)6-AASA background were consistently low
(Figure 6). On the basis of these experiments, ProP-(His)6-
AAVA was selected as the Cys-less variant to be used as a
platform for further amino acid replacements, and it was
designated ProP* to simplify subsequent nomenclature.

Membrane Topology and Orientation of ProP*.The
experiments described previously validated the use of single
Cys strains based on ProP* to study ProP structure-function
relations. Site-directed fluorescence labeling, using the
fluorescent probe OGM coupled with the blocking agent
MTSET, was used to test our model for the orientation and
topology of ProP. Maloney and co-workers have used this
method to probe the topology and transmembrane domain
interfaces of various regions of the oxalate/formate trans-

porter ofOxalobacter formigenes(31, 33). Both OGM and
MTSET are membrane impermeant reagents that react with
cysteine thiols, but only OGM is fluorescent. OGM labels
periplasmic Cys residues in intact cells, but it should label
cytoplasmic Cys residues only after cell lysis. If intact cells
are treated with MTSET before membrane preparation by
cell lysis, subsequent treatment with OGM labels only
cytoplasmic Cys residues. In ProP*, the target Cys were
predicted to reside within transmembrane helices (C112,
C133, C264, and C367), in a cytoplasmic loop (G241C) or
in a periplasmic loop (S293C) (Figure 1).

No OGM fluorescence was associated with ProP* from
intact cells (Figure 7, uppermost panel, lane 1, left). However,
substantial background fluorescence was detected when the
probe was used on membranes obtained following lysis of
the cells, regardless of whether MTSET had been used to
block reactive residues on the external surface of the cells
(Figure 7, uppermost panel, lanes 2 and 3, left, respectively).
It is likely this was due to modification of lysine residues
on the cytoplasmic-facing surface of ProP*. Maleimides are
known to react with amines at pH values above 7.5 (the
labeling pH was 8), and lysine residues are predicted to occur
only in large loops or long N- or C-terminal domains (>30
residues) on the cytoplasmic surface of ProP (Figure 1). We
attempted to reduce this background by labeling at a pH of
7.4 or 7.0, but the resultant fluorescence recovered was not
significantly altered (results not shown). In the case of OxlT,
for which OGM labeling yields little or no background

FIGURE 6: Proline uptake activities of ProP-(His)6 derivatives retaining single Cys residues. Bacteria were cultivated, and transport assays
were conducted as described in Experimental Procedures and the legend for Figure 3. Panels A and B: proline uptake activity of the
transporter variant in a transport assay medium supplemented with 0.17 M NaCl (aH) relative to that of ProP-(His)6 measured in the same
way during the same experiment. Panel A: Cys-less variant ProP* (or AAVA) and its derivatives compared to ProP-His6 (CCCC). Panel
B: Cys-less variant AASA and its derivatives. Panels C and D: ratio of the proline uptake activity of each ProP-(His)6 variant measured
in an assay medium with 0.05 M NaCl (0.24 mol/kg) to that measured in an assay medium with 0.17 M NaCl (0.49 mol/kg) (aL/aH). Panel
C: Cys-less variant ProP* (or AAVA) and its derivatives as compared to ProP-His6 (CCCC). Panel D: Cys-less variant AASA and its
derivatives. For the nine replicate cultures of bacteria expressing ProP-His6 that were used to obtain data represented by Figures 3, 4, and
6 of this paper, the proline uptake activities measured at low and high osmolality (aL andaH) were 35( 8 and 54( 12 nmol/min/mg of
protein, respectively.
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fluorescence, there are six fewer lysine residues, and they
occur in loops that are generally much shorter than those
predicted for ProP.

OGM/MTSET labeling of variants Cys*-S293C and Cys*-
G241C yielded different results (Figure 7). ProP*-S293C was
labeled in intact cells by OGM (uppermost panel, lane 1,
center), while ProP*-G241C was not (uppermost panel, lane
1, right). The ratios of fluorescence to protein recovered
(bottom of Figure 7) indicate that external MTSET added
to intact cells reduced OGM labeling of protein in mem-
branes from cells expressing ProP*-C293 but not from those
expressing ProP*-G241C (compare External+ Internal
OGM with MTSET Block/Internal OGM). These results are
consistent with the exposure of Cys293 in the periplasm and
Cys 241 on the cytoplasmic side of the membrane. The
residual labeling not blocked by MTSET is probably due to
OGM labeling of lysines on the cytoplasmic side. OGM
labeling was also used to determine Cys accessibility in
ProP* variants harboring a single native Cys residue or all
four native Cys residues. This was done by comparing the
labeling of those residues in the membrane-associated and
the SDS-solubilized transporters. These ProP* variants were
labeled with much lower efficiencies than C241 or C293
(Table 2), as might be expected if the wild-type Cys are in
sterically restricted environments within the membrane. All
of these data are consistent with the proposed membrane
topology and orientation of ProP (Figure 1).

DISCUSSION

Transporter ProP ofE. coli is both an osmosensor and an
osmoregulatory transporter. Water flows out across the
phospholipid-based membrane when the osmolality of the

medium bathing cells or proteoliposomes is increased with
membrane-impermeant osmolytes. Experiments performed
with intact bacteria and with proteoliposomes containing
purified ProP-(His)6 indicate that ProP responds to osmoti-
cally induced changes in the composition of the cytoplasm
or proteoliposome lumen (10, 12, 21). The data are consistent
with a model in which the transporter can exist in inactive
and catalytically active conformations. Studies in progress
will define the solution properties that modulate transporter
conformation and the mechanism(s) by which they act.

To date, the rate of proline uptake via ProP has been used
as an indicator of the protein’s osmosensory response.
Although the impact of variables related to this catalytic
activity on measurements of osmosensing can be minimized
(12), it would be preferable to directly monitor protein
conformational changes associated with osmosensing. Here,
we report the construction and characterization of transporter
ProP* (ProP-(His)6-C112A-C133A-C264V-C367A), a His-
tagged, Cys-less ProP derivative that will serve as a platform
for site-directed labeling with chromophores that can report
changes in ProP conformation in response to osmotic
perturbations. Osmosensing and osmoregulatory proline
transport via ProP* have been characterized in terms of the
osmolality required for half-maximal transporter activity
(Π1/2/RT), the transporter activity that would be attained at
infinite medium osmolality (Amax), the osmolality-dependent
kinetics of proline uptake (KM andVmax), and the half-time
for the activation of the transporter in response to an osmotic
upshift in both cells and proteoliposomes (Figure 2, Table
1, Figure 5, and text). Since these parameters are very similar
for ProP* and ProP-(His)6, we can be confident that
information obtained through experimentation with ProP*
will faithfully represent the properties of the native protein.

In the course of these studies, we found that although the
four wild-type Cys were not required for activity, the nature
of the amino acids at positions 264 and 367 were critical
for osmosensing by ProP. In particular, the absolute trans-
porter activity was significantly reduced, and the osmolality
required to attain half-maximal transporter activity (Π1/2/RT)
was significantly elevated if Ala or Ser rather than Val

FIGURE 7: Cysteine 293 and 241 are on the periplasmic and
cytosolic membrane surfaces, respectively. OGM labeling, MTSET
blocking, recovery of labeled protein by Ni-NTA chromatography,
SDS-PAGE, and visualization of the resulting gels were conducted
as described in Experimental Procedures. The topmost panels
show fluorescence, and the middle panels show Coomassie Blue
staining of the same SDS-PAGE gels. Lane 1: intact cells were
labeled externally with OGM. Lane 2: cells were labeled externally
with MTSET, followed by lysis and labeling of freeze-thawed
membranes by OGM. Lane 3: cell membranes were labeled
with OGM with no prior MTSET blocking. The position of the 50
kDa protein standard is indicated by the arrow on the left side of
the figure. The table at the bottom of the figure gives the
fluorescence-to-protein ratios determined for a typical experiment
by densitometry as the mean( range for duplicate gels, each run
in triplicate.

Table 2: Labeling Efficiencies of Cys Residues in ProP* Variants

ProP varianta
labeling efficiency
(membranes/SDS)b

ProP-(His)6 0.45( 0.12
ProP*-G241C 1.01( 0.04
ProP*-S293C 0.91( 0.07
CAVA 0.58 ( 0.16
ACVA 0.54 ( 0.26
AACA 0.50 ( 0.14
AAVC 0.65 ( 0.12

a Terminology as used in Table 1 and Figures 1 and 7 and as
described in the text.b Ratio of Oregon green maleimide labeling of
ProP variants in membranes relative to that in the SDS-solubilized
protein. Labeling is determined as fluorescence per amount of protein
as analyzed by densitometry of UV fluorescence and Coomassie Blue
staining of the same gel, following SDS-PAGE. All samples were
analyzed in duplicate. Values are the means( standard deviation for
three or more culture samples. The same trend toward a greater labeling
efficiency of G241C and S293C relative to wild-type ProP-(His)6,
CAVA, ACVA, AACA, or AAVC was observed in all experiments
done for each variant. The labeling efficiency of ProP* was 1, indicating
a high accessibility of the lysines that also contributes significantly to
the labeling in all of these variants, as indicated in Figure 7.
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replaced Cys at position 264. Conversely, Ala was preferred
over Ser, which was preferred over Val as replacements for
the Cys at position 367, with Val at position 264 (Figures
2-6, Table 1).

Analysis of the ProP sequence using Internet-based topol-
ogy prediction algorithms (35, 36) suggests that ProP
includes 11 or 12 transmembraneR-helices and a cytoplasmic
C-terminus (Figure 1). C264 and C367 are both predicted
to be near the cytoplasm-membrane interface, within trans-
membrane segments. These results suggest that the packing
of amino acid side chains in this region of the protein is
important and that placement of probes in this region may
yield further insights regarding conformational changes
related to osmosensing.

We have exploited ProP* by testing the transporter
topology and orientation predicted by hydropathy analysis.
Replacement of Gly241 or Ser293 with Cys did not alter
ProP* activity (Figure 6, note that ProP* is labeled AAVA
in this figure). The patterns of labeling of ProP*-G241C and
ProP*-S293C with fluorescent maleimide OGM and blocking
by MTSET in intact cells and membrane fractions were
consistent with the predicted localization of these residues
in the cytoplasm and periplasm, respectively. The carboxyl
terminus of ProP is known to be cytoplasmic (37) (Culham
and Wood, unpublished data). Wild-type Cys112, Cys133,
Cys264, and Cys367 of ProP* in membranes were only
partially accessible to OGM, while Cys241 and Cys293 were
completely accessible. This is consistent with the location
of the former in transmembrane domains. These results
validate the C-terminal half of the predicted, 12 transmem-
brane helix model, but further experimentation will be
required to thoroughly test it, particularly to determine
whether ProP possesses 11 or 12 transmembrane helices and
whether its N-terminus is cytoplasmic or periplasmic.
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