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ProP, an osmoprotectant symporter from the major facilitator superfamily was expressed, purified and
reconstituted into proteoliposomes that are amenable to structural characterization using infrared
spectroscopy. Infrared spectra recorded in both 'H,0 and 2H,0 buffers reveal amide I band shapes that
are characteristic of a predominantly o-helical protein, and that are similar to those recorded from the well-
characterized homolog, lactose permease (LacY). Curve-fit analysis shows that ProP and LacY both exhibit a
high «-helical content. Both proteins undergo extensive peptide hydrogen-deuterium exchange after
exposure to 2H,0, but are surprisingly thermally stable with denaturation temperatures greater than 60 °C.
25-30% of the peptide hydrogens in both ProP and LacY are resistant to exchange after 72 h in 2H,0 at 4 °C.
Fourier-transform infrared spectroscopy Surprisingly, these exchange resistant peptide hydrogens exchange completely for deuterium at
Major facilitator superfamily temperatures below those that lead to denaturation. Our results show that ProP adopts a highly a-helical
ProP fold similar to that of LacY, and that both transmembrane folds exhibit unusually high temperature-sensitive
Lac permease solvent accessibility. The results provide direct evidence that ProP adopts a structure consistent with other
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major facilitator superfamily members.
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1. Introduction

Membrane transport proteins underlie the cell's ability to maintain
homeostasis while adapting to changing environments. The major
facilitator superfamily is the largest known family of secondary
active transporters, and prototypically consists of a single peptide
folded into 12 a-helical transmembrane segments (TM) comprised
of two repeated primordial 6-TM peptide motifs [1]. The major
facilitator superfamily transporters are found in nearly all organisms,
both eukaryotic and prokaryotic. They perform diverse functions
ranging from the maintenance of electrochemical gradients to drug
resistance [1].

Three members of the major facilitator superfamily have been
crystallized, including the lactose permease (LacY) [2,3] from E. coli, the
oxalate/formate antiporter (OxIT) from O. formigenes [4], and the
glycerol-3-phosphate transporter (GIpT) from E. coli [5]. The detailed
structural data now available has given rise to homology models of
other major facilitator superfamily transporters, and this has spurred
investigation into many transporters that share sequence homology
with the aforementioned three proteins. The currently prevailing
theory regarding the mechanism of transport centers on an alternating-
access model [6]. This model proposes that each protein exists in two
conformations that are each “open” to one side of the membrane, and
closed to the opposite side. Once substrate binds to the open
configuration of the transporter on one side of the bilayer, the
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transporter then undergoes a conformational change, opening to the
opposite side of the bilayer and releasing the substrate. This mechanism
necessitates that the core of the protein be exposed to aqueous solvent.
The protein must also exhibit large-scale conformational flexibility.

The major facilitator superfamily transporter ProP from E. coli is an
osmoprotectant symporter that responds to upshifts in external
osmolality by transporting H* and a broad variety of substrates
including ectoine, betaine glycine, and proline into the cell [7], with
energy for this process supplied by the proton motive force [8]. A
structural model for ProP has been proposed based upon sequence
alignments with other major facilitator superfamily members,
integrating experimental findings for ProP as well as the structural
information provided by the existing crystal structures for LacY and
GIpT [9,10]. Direct insight into the structure of ProP and the
mechanisms by which it acts as an “osmosensor” are still the subject
of speculation and investigation.

Osmosensors have been divided into two categories, which protect
the cell from either a hypo-osmolar environment (downshift), or froma
hyper-osmolar environment (upshift). The former category is domi-
nated by mechanosensitive channels, which are thought to respond to
changes in lateral pressure at the protein-bilayer interface [8]. For the
latter category, mechanisms have been tentatively proposed for two
proteins besides ProP: the ATP-binding cassette (ABC) transporter,
OpuA, and the betaine-carnitine-choline transporter, BetP, neither of
which belongs to the major facilitator superfamily. The proposed
mechanisms for these two proteins rely on phenomena - such as
molecular crowding and changes in ionic strength - that favour or
disfavour interactions between a soluble domain of the protein and
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charged lipid head-groups [8]. In ProP, such a mechanism could
potentially involve the C-terminus, which is extended in comparison to
ProP paralogues from E. coli [9], and which has been shown to mediate
in vivo homodimerization of ProP through the formation of an anti-
parallel coiled-coil [11]. Although ProP mutants with a C-terminal 26-
residue deletion are rendered inactive [12] implicating the C-terminus
in osmosensing, recent studies suggest that the coiled-coil modulates,
but does not generate the osmoregulatory response [13,14].

As a first step towards understanding the mechanisms of ProP
function, we have developed a new procedure for reconstituting ProP
into proteoliposomes with lipid-protein ratios that are amenable to
structural studies using infrared spectroscopy. Here, we compare the
structural and biophysical properties of ProP to those of the well
characterized homolog, LacY. Our data show that ProP and LacY both
adopt predominantly «-helical secondary structures. Both proteins
undergo more extensive peptide hydrogen-deuterium exchange than
expected for transmembrane proteins, although 25-30% of the peptide
hydrogens are resistant to exchange even after prolonged exposure to
2H,0 at 4 °C. Relatively high temperatures are required to denature
both ProP and LacY. Surprisingly, elevated temperatures below those
required to denature both proteins lead to complete peptide
hydrogen-deuterium exchange. Our results show that ProP and LacY
share a similar transmembrane «-helical fold and exhibit similar
biophysical properties including an unusually high temperature-
sensitive solvent accessibility.

2. Materials and methods
2.1. Materials

The protease inhibitors leupeptin, aprotinin, soybean trypsin
inhibitor, benzamidine and tris(2-carboxyethyl)phosphine were
from Calbiochem (La Jolla, CA). Cholate, ampicillin, phenylmethane-
sulphonylfluoride, arabinose, lysozyme, 3-mercaptoethanol, soybean
trypsin inhibitor, and soybean asolectin lipids were from Sigma
(Oakville, ON, Canada). DNase was from Roche (Mississauga, ON).
Isopropyl 3-p-1-thiogalactopyranoside (IPTG) was supplied by MBI
Fermentas (Burlington, ON, Canada) and n-Dodecyl R-p-maltoside
(DDM) from Anatrace (Maumee, OH). The TALON® Superflow cobalt
affinity resin was from Clontech (Mountain View, CA) and the
Superdex® gel filtration resin was from GE Healthcare-Biosciences
(Piscataway, NJ). E. coli polar lipids were purchased from Avanti Polar
Lipids (Alabaster, AL). The protein BCA and phospholipids C assay kits
were from Pierce Chemicals (Rockford, IL) and Wako Chemicals
(Richmond VA), respectively. The phospholipids assay is specific for
the choline headgroup.

2.2. Cell growth and protein expression

E. coli strain WG710 was a generous gift of Dr. .M. Wood (University
of Guelph, ON). WG710 corresponds to strain WG350 [F-trp lacZ rpsL thi
A(putPA)101 A(proU)600 A(proP-melAB)212] containing the plasmid
pDC80, which was created by inserting the gene encoding ProP-Hisg (C-
terminal) behind the arabinose-inducible Pgap promoter of plasmid
pBAD24 [12,15,16]. Vector pT7-5/WT-LacY/C(His)io [17] was a
generous gift of Dr. H.R. Kaback (UCLA, Los Angeles, CA) and was
transformed into E. coli C41, a strain that is recommended for the
production of membrane proteins [18]. In both cases, single colonies
plated on Luria Bertani (LB) Agar, Lennox (5 g/L Tryptone, 5 g/L yeast
extract, 5 g/L NaCl, and 15 g/L agar) (BioShop; Burlington, ON, Canada)
with 100 pg/mL ampicillin were selected and sub-cultured into 50 mL of
LB-Broth, Lennox (5 g/L Tryptone, 5 g/L yeast extract, and 5 g/L NaCl)
(BioShop; Burlington, ON, Canada) with 100 pg/mL ampicillin. After
overnight growth at 37 °C, the cultures were diluted into 16 L of fresh
broth and incubated further at 37 °C. Induction of ProP expression was
initiated at an ODggg of 0.9 with 0.2% arabinose for 2 h. LacY expression

was induced at an ODggg of 0.9 with 1 mM IPTG overnight at 26 °C. In
both cases, cells were harvested and resuspended in 100 mL of lysis
buffer (50 mM NaH,PO,4, 300 mM Nacl, pH 8.0) and frozen at — 80 °C.

The thawed harvested cells were incubated for 2 h in the presence
of 100 pg/mL lysozyme, 30 pg/mL, DNase, 10 mM B-mercaptoethanol,
and the following protease inhibitors; 0.5 mM phenylmethane-
sulphonylfluoride, 2 mM tris(2-carboxyethyl)phosphine, 1 pg/mL
leupeptin, 1 pg/mL aprotinin, 100 pg/mL soybean trypsin inhibitor,
and 1 mM benzamidine. The cells were lysed with three passes
through an Emulsiflex C-3 homogenizer (Avestin, Ottawa, ON,
Canada) at 18,000 psi. After centrifugation (7000 xg for 20 min) to
remove unbroken cells, the supernatant was incubated for a further
2 h at 4 °C in the presence of the protease inhibitors. The membranes
were then centrifuged at 135,000 xg for 1 h at 4 °C and the
membrane pellets resuspended, homogenized with a Wheaton 55 mL
Teflon-glass hand homogenizer (Millville, NJ) in 50 mM NaH,PO,4 and
300 mM NacCl

2.3. Protein purification and reconstitution

Membrane fractions were solubilized at 4 °C for 1 h with 1% DDM in
50 mM NaH,PO, with 300 mM NaCl, 0.5 mM phenylmethane-
sulfonylfluoride, and 5 mM B-mercaptoethanol. After centrifugation
at 100,000 xg for 30 min to remove the unsolubilized material, the
supernatant was incubated for 60 min at 4 °C with 10 mL TALON
Superflow® metal-affinity resin. The resin was packed into a glass
column and washed with 10 mM imidazole in a 50 mM NaH,PO,4 buffer
containing 300 mM NaCl and 0.075% DDM. The His-tagged protein was
eluted with 200 mM imidazole and the pooled protein fraction
concentrated to 1.1 mL in a Millipore Amicon 30,000 MW-cutoff
concentrator (Burlington, MA) and applied to a 50 mL Superdex-200
resin column. The column was eluted with 50 mM NaH,PO,,
300 mM Nadl, 0.075% DDM, 10 mM (3-mercaptoethanol, and 2 mM
tris(2-carboxyethyl)phosphine.

The purified solubilized protein was reconstituted into membranes
composed of either soybean asolectin or E. coli polar lipids by diluting
2.5 mg of the purified protein 20-fold with a similar solution
containing either 30 mg of soybean asolectin or 15 mg of E. coli
polar lipids solubilized with 1% cholate. Remaining detergent was
then removed by dialysis (12-14 kDa cutoff) against 50 mM NaH,PO,4
buffer containing 300 mM NaCl over 4 days with daily buffer changes.
Pelleted proteoliposomes (2 h at 119,000 xg) were resuspended in
5 mM Tris buffer at pH 7.5. Membrane incorporation was assessed
using sucrose density gradients with steps of 2 mL each of 40% (w/v),
20% (w/v), 10% (w/v) and 3 mL of 0% (w/v) sucrose. In each case,
150 pg of reconstituted protein was deposited on the 0% (w/v) sucrose
layer before the tubes were centrifuged for 20 h at 100,000 xg.
Fractions were assayed for both protein and lipid content.

2.4. FTIR spectroscopy

FTIR spectra were recorded on either an FTS 575 or an FTS 7000
spectrometer (Varian; Mississauga, ON) both equipped with a
deuterated triglycine sulphate detector, as described elsewhere [19].
Except where noted, all protein samples were first exchanged into
2 mM 2H,0 phosphate buffer, pH 7.4, by repeated centrifugation-
resuspension cycles and stored under N, gas. After precisely 72 h at
4 °C, aliquots containing 250 pg of protein were deposited onto a CaF,
window under a gentle stream of N, gas and then rehydrated with 8 puL
of the same phosphate buffer. Samples sandwiched between two CaF,
windows were placed in a thermostatically controlled transmission
cell. For the secondary structure analysis, 4000-scan spectra were
acquired at 2 cm™ ! resolution. For the thermal denaturations, 128-
scan spectra were recorded at 2 cm™ ! resolution at 2 °C temperature
increments over the range from 35 °C to 95 °C, with 20 min
equilibration at each temperature.
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All spectra were processed using Grams/Al v.7.01 (Galactic) and
plotted using GraphPad Prism v4.03 (GraphPad Software, Inc.; La Jolla
CA). Spectral deconvolution was performed between 1900 and
1500 cm~ ' with y=8.0 and a Bessel smoothing of 80%, unless
otherwise specified. In all cases, any traces of water vapour were
removed from the spectra prior to deconvolution as described in Reid
et al. [20].

3. Results
3.1. Purification and reconstitution of ProP into lipid membranes

Our first goal was to develop a protocol that would allow us to
efficiently express, purify, and reconstitute ProP into proteoliposomes
that are amenable to structural characterization using infrared
spectroscopy. A new protocol was required because the commonly
used reconstitution protocol for ProP typically yields proteoliposomes
with lipid:protein ratios greater than 7000:1 on a mol:mol basis
(calculated from [16]). While these high lipid-protein ratio proteo-
liposomes are ideal for transport assays (they have an internal
diameter of 150 nm and only ~20 ProP molecules per vesicle), the
resulting infrared spectra are dominated by intense lipid vibrations
that overlap and thus distort the adjacent structurally sensitive
protein amide I and II vibrations (Baenziger and Wood, unpublished
observations). A reconstitution protocol yielding lower lipid-protein
ratio proteoliposomes was thus required. Lower lipid-protein ratio
vesicles are also optimal for recording infrared spectra using the
attenuated total reflectance technique — a technique that can probe
the subtle structural changes associated with protein conformational
change [21,22]. With lower lipid-protein ratios, increasing amounts of
protein are found within the volume sampled by the evanescent wave
of the infrared light, thus increasing the magnitude of the absorption
arising from the protein [23,24].

We purified ProP solubilized with the relatively mild detergent,
DDM, using a two step protocol involving both a cobalt affinity and a
gel-filtration column, and then assessed different reconstitution
protocols for the generation of lower lipid-protein ratio proteo-
liposomes. We initially reconstituted the detergent-solubilized ProP
into detergent-destabilized liposomes, as has been done previously
[16], but using lower concentrations of lipids. We also reconstituted
ProP by first mixing DDM-solubilized ProP with DDM-solubilized
lipids, and then eliminating the detergent using Bio-Beads (BioRad
Laboratories Ltd.; Hercules, CA) to form proteoliposomes. In our
hands, these lower lipid:protein ratio reconstitution procedures met
with less than optimal yields of reconstituted ProP (data not shown).

Finally, we adapted a protocol that was used previously by Patzlaff
et al. to reconstitute functional LacY [25]. Affinity and gel-filtration
purified DDM-solubilized ProP was slowly diluted 20-fold into a
solution containing 1% cholate-solubilized lipid (either soybean
asolectin or E. coli polar lipids) to bring the final DDM concentration
below its critical micellar concentration, and the two detergents were
then dialyzed away with several buffer changes. The dialysis protocol
decreased the detergent to undetectable levels, as monitored by FTIR
spectroscopy [26]. Sucrose density gradients showed that dialysis of
the detergent led to the incorporation of ProP into the newly formed
proteoliposomes (Fig. 1).

With five separate reconstitutions, this protocol led to consistent
yields of incorporated ProP. SDS-PAGE shows that the protocol leads to
a highly purified protein with calculated molecular weights in the 45-
48 kDa range (Fig. 1), which is lower than the expected molecular
weight of ProP-Hisg (54.8 kDa), but consistent with molecular weights
calculated previously by SDS-PAGE for reconstituted ProP [16]. The
lipid-protein ratios of the soybean asolectin proteoliposomes were
estimated enzymatically (see Materials and methods) to be in the
150:1 to 300:1 mol:mol range, although the assay is specific for
choline. As phosphatidylcholine represents only 14% to 24% of the
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Fig. 1. (A) SDS-PAGE at different stages during purification of ProP. Lane 1: Molecular
weight standard. Lane 2: ProP after elution from the cobalt-affinity column. Lane 3: ProP
after elution from the Superdex gel filtration column. (B) Sucrose density gradient
ultracentrifugation assay results for ProP reconstituted into asolectin lipids (the lipid
enzymatic assay is specific for choline). Superposition of lipid (grey lines, open circles)
and protein (black lines, filled circles) peaks suggests successful incorporation of ProP
into the proteoliposome.

total asolectin lipids, the measured lipid-protein ratios could
correspond to lipid-protein ratios in the broad 625:1 to 2100:1 mol:
mol range. Conversely, FTIR analysis of the lipid-protein ratios [26]
showed that both the E. coli and asolectin lipid reconstitutions had
comparable lipid-to-protein ratios typically in the 300-1000 mol:mol
range. Although the resulting more densely-packed ProP proteo-
liposomes are likely not ideal for transport assays, infrared spectra of
the lower lipid:protein ratio vesicles do not suffer from overlap of
adjacent protein and lipid vibrations (see below). Significantly, the
five separate purifications/reconstitutions each led to essentially
identical infrared amide I band shapes indicative of a folded, highly o-
helical conformation (see below).

3.2. Characterization of secondary structure

We examined whether ProP contains the secondary structural
features expected of a member of the major facilitator family of
membrane transporters. FTIR spectra of the reconstituted ProP exhibit
relatively intense vibrations characteristic of lipid, centered near
1730 cm™ ! and 1450 cm™ !, and protein, between 1700 cm™! and
1600 cm~ ', and centered near 1545 cm™ ! (in '"H,0) or 1450 cm™ ! (in
2H,0) (Fig. 2A). The secondary structure-sensitive amide 1 band
located between 1600 and 1700 cm~! is due primarily to the C=0
stretching vibrations of the polypeptide backbone coupled to both C-N
stretching and N-H bending modes [27]. This band is relatively sharp
and symmetric with a maximum centered near 1656 cm™~ ! in spectra
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Fig. 2. FTIR spectra of reconstituted (A) ProP and (B) LacY, in 'H,0 (solid lines) and after
72 h in 2H,0 at 4 °C (dashed lines). Insets for ProP are reconstituted into soybean
asolectin (top) and E. coli lipids (middle and bottom). The insets for LacY are all for
reconstitutions into E. coli lipids. Typical amide I band intensities were in the 0.3 to
0.6 a.u. range.

dried from 'H,0. In 2H,0, the symmetric band undergoes a 4 cm ™!

downshift in frequency to 1652 cm™ !, with relatively little change in
band shape. The amide I shape and frequency maxima in both 'H,0
and 2H,0 are highly characteristic of a predominantly o-helical
protein. The lack of substantive changes in band shape upon exposure
to 2H,0 suggests relatively little random coil or loop structures [28]. In
fact, the amide I band shapes in 'H,0 and 2H,0 are very similar to the
amide I band shapes that have been observed in spectra recorded
under similar conditions from highly o-helical proteins, such as
myoglobin and haemoglobin. In contrast, the ProP amide I band shapes
differ substantially from those obtained from predominantly 3-sheet
or mixed o-helix/p-sheet proteins [27-29]. In our opinion, such
comparisons of amide I band shapes provide the most accurate
assessment of secondary structure content. These comparisons show
that ProP is a predominantly «-helical transmembrane protein,
consistent with its membership in the major facilitator superfamily
of proteins. Our data are also consistent with the homology model of
ProP presented by Wood et al. [9], which exhibits exclusively
transmembrane o-helical secondary structures, interconnecting
loops, and a C-terminal coiled extension. Note the reproducibility of
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Fig. 3. Curve-fitting (A, B) of the amide I region in spectra recorded from ProP (A, C) and
LacY (B, D). Experimental spectra (grey solid lines) are shown with curve-fit resultant
(long-dashed lines) and putative component bands (short-dashed lines). Resolution
enhancement (C, D) of the experimental (solid lines) and resultant curve-fit (dashed
lines) spectra for ProP and LacY was performed to ascertain the accuracy of the curve
fits. The spectra are offset to enhance the comparison. Deconvolution performed with
= 8.0, smoothing = 70% (Bessel function) from 1800-1500 cm™ .

the amide I band shapes from different affinity purification/recon-
stitutions into either soybean asolectin or E. coli lipids (inset of Fig. 2A).

Resolution enhancement reveals the underlying component bands
that contribute to the overall amide I contour (Fig. 3A). Peaks
identified from the deconvolved spectrum were used as input to curve
fit the amide I band and thus estimate the secondary structure content
of ProP, as shown in Fig. 3A. Although curve fit results are somewhat
subject and depend on the choice of input parameters, the validity of
the curve fit was assessed by comparing the resolution enhanced

Table 1

Comparison of the secondary structure estimates for ProP and LacY as determined by
FTIR to those obtained from the homology model of ProP and the crystal structure of
LacY

Band

Band frequency

% secondary

% secondary

(em™1)? assignment® structure structure
(curve fit)© (other authors)?
ProP Lacy ProP Lacy
1669-1676 B-turn/anti- 7 3 - -
parallel 3-sheet
1653-1656 a-helix 61 51 69 77
1641-1646 Unordered 2 24 25 23
1629-1633 {3-sheet® 29 21 6 -
1600-1700 Other <1 <1 - -

2 Obtained from resolution-enhanced amide I band, see Fig. 3.

" Band assignments from Tamm and Tatulian [27].

¢ Obtained by curve fitting the amide I band. The accuracy of the curve-fit was
assessed using the procedure of Méthot et al. [40].

4" Calculated for ProP from the model of Wood et al. [9], and for LacY from the crystal
structure of Guan et al. [3] (Protein Data Bank entry 2v8n).

€ Note that a-helical proteins, such as myoglobin, exhibit weak bands in the region of
infrared spectra that are characteristic of 3-sheet (see text).
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curve fit spectrum with the experimental resolution-enhanced data
(Fig. 3C). Numerical estimates of the contributions of each secondary
structure element to the two proteins are summarized in Table 1,
suggesting further that ProP is a predominantly o-helical protein.
Although deconvolution reveals the presence of weak underlying
component bands that vibrate at frequencies typically attributed to 3-
sheet, even proteins such as myoglobin, with no [3-sheet secondary
structure, exhibit weak bands in these spectral regions [29,30,39]. The
main amide I peak frequencies and thus overall amide I band shape
unequivocally show that ProP is a predominantly a-helical protein.
The interpretation of weak component bands in terms of the existence
of specific secondary structural elements is, however, less reliable (see
Discussion).

The infrared spectra of ProP do not contain any spectral features
suggestive of the presence of denatured protein (spectra of denatured
ProP are presented in Figs. 4A and 5A). Furthermore, the reconstituted
ProP is thermally stable and shows no sign of denaturation until
incubated at temperatures greater than 60 °C (see below and Fig. 5).
The reconstituted ProP thus adopts a highly stable and predominantly
a-helical fold, consistent with other members of the major-facilitator
superfamily. The high thermal stability and high o-helical character
both suggest that ProP adopts a native fold in our reconstituted
membranes.
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Fig. 4. Degree of hydrogen/deuterium exchange for (A) ProP and (B) LacY. Spectra of
samples incubated in 'H,0 buffer (solid lines), in 2H,0 for 72 h at 4 °C (short-dashed
lines), or boiled in 2H,0 for 1 h (long-dashed lines). The labelled areas were calculated
by integration under the amide II region, with the spectrum from the boiled sample as
the baseline. See text. Note that the spectra recorded in 'H,0 and after 3 days in 2H,0
were scaled based on amide I band intensity. The spectra recorded in ?H,0 were scaled
to each other based on the lipid C=0 stretching band intensities.
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Fig. 5. Stacked plots of FTIR spectra at 2 °C intervals from the thermal denaturations of
(A) ProP and (B) LacY. Spectra have been incrementally offset up and rightwards for
display.

3.3. Structural comparison with LacY

To provide further insight into the structure of the reconstituted
ProP and as a further test of the native fold, we compared the spectra
obtained from ProP to those recorded under identical conditions from
the identically purified and reconstituted homolog, LacY. The spectra
of LacY presented in Fig. 2B are similar to those of ProP, in that the
amide I bands are sharp and symmetric with a maximum in 'H,O near
1657 cm~ ! that shifts down in frequency by only 4 cm™' upon
exposure to 2H,0. Deconvolution and secondary structure estimates for
LacY reveal a similar content of a-helical secondary structures, as well
as weak vibrations that occur in frequency regions typically attributed
to P-sheet. Even the biophysical properties of the protein discussed
below (i.e. the thermal stability and hydrogen-deuterium exchange
characteristics) are remarkably similar. The comparison between ProP
and LacY provides strong evidence that ProP adopts a structure
consistent with other a-helical major facilitator superfamily members.

LacY is an a-helical major facilitator superfamily member whose
crystal structure has been solved [2,3]. The structural interpretation of
our infrared data recorded from reconstituted LacY is consistent with
the solved structure of LacY. The infrared spectra recorded here for
LacY are also very close (although of greater fidelity due to the lower
lipid-protein ratios and higher signal-to-noise ratios) to those that
have been recorded previously from membrane reconstituted and
functional LacY [33]. The close correlation between the structural data
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obtained here and the data obtained elsewhere for LacY serves as a
control to show that our reconstitution protocol leads to proteo-
liposomes containing LacY, which adopts a native fold. The close
correlation between the infrared data obtained for ProP and LacY (see
above and below) strongly suggests that the structural and biophy-
sical data obtained here for ProP also corresponds to a native fold of
ProP in our reconstituted membranes.

3.4. Extent of solvent exchange upon exposure to 2H,0

We next measured the extent to which the peptide hydrogens in
ProP and LacY exchange for deuterium after exposure to 2H,0. The
extent of peptide hydrogen/deuterium exchange was of interest
because the transmembrane segments in many a-helical membrane
proteins are shielded from aqueous solution and thus resistant to
exchange. The percentage of transmembrane peptide hydrogens that
remain protiated after prolonged exposure to 2H,O often correlates
with the percentage of peptides that reside within the lipid bilayer
[30-32]. In contrast, most of the transmembrane peptide hydrogens in
LacY readily exchange with protons/deuterium atoms in the solvent
[33], possibly due to the high solvent accessibility of the transmem-
brane domain. The high aqueous solvent exposure is thought to
underlie transport of solutes across the membrane [34]. Given that
ProP is a member of the same major facilitator super-family of proteins
and is thought to exhibit a similar transport mechanism [35], it was of
interest to ascertain whether the transmembrane peptide hydrogens
in ProP undergo relatively extensive hydrogen/deuterium exchange.

We examined the extent of peptide hydrogen-deuterium
exchange after 72 h exposure to 2H,0 at 4 °C by measuring the
residual area of the amide Il vibration (primarily peptide N-'H
bending coupled to C-N stretching) centered near 1545 cm™ . Upon
peptide hydrogen/deuterium exchange, the amide II vibration shifts
down in frequency to near 1450 cm™ . The residual amide Il band area
is thus proportional to the number of peptides that remain in the
protiated state. Comparison of the residual amide II band area of ProP
after 72 h exposure to 2H,0 at 4 °C to the residual amide Il band areas
in spectra recorded in 'H,0 (100% peptide N-'H) and in ?H,0 after
boiling for 1 h (0% peptide N-2H) shows that roughly 70% of the
peptide hydrogens in ProP undergo exchange after the 72 hour time
period. Given that roughly 30% of the peptide hydrogens in ProP [9] are
thought to exist outside of transmembrane segments, it can be
concluded that the transmembrane o-helices of ProP do undergo
relatively extensive peptide hydrogen/deuterium exchange, consis-
tent with previous findings for LacY.

We estimate, however, that 26%+1% (n=3) of ProP peptide
hydrogens are resistant to hydrogen/deuterium exchange after 72 hin
2H,0 at 4 °C. We find that under identical conditions, roughly 29% 4
2% (n=3) of LacY peptide hydrogens are also resistant to exchange
(Fig. 4B). Although the transmembrane domains of both ProP and LacY
undergo more extensive hydrogen/deuterium exchange than the
transmembrane domains of other transmembrane a-helical proteins,
there is a proportion of exchange-resistant transmembrane «-helical
peptide hydrogens in both proteins. The subtle differences between
our findings and previously published data likely reflect a combination
of experimental and technical factors (see Discussion).

3.5. Thermal stability

Given the high levels of transmembrane peptide/hydrogen
exchange, we were interested in determining the thermal stability of
ProP in the reconstituted membranes. FTIR spectra recorded as a
function of temperature (Fig. 5) show that both ProP and LacY undergo a
temperature-dependent loss of intensity between 1650 and 1655 cm™ ',
with a concomitant increase in intensity at roughly 1680 cm™' and
1624 cm™ ! (see Fig. 6). In both cases, these spectral changes have been

attributed to denaturation and subsequent formation of intermolecular
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Fig. 6. Relative intensity changes versus temperature plots for the denaturation
experiments depicted in Fig. 5 for (A) ProP and (B) LacY. The intensities were plotted at
1624 cm ™' from spectra deconvolved with y= 8.0, smoothing = 80% (Bessel function)
from 1900-1300 cm™ . The plotted intensity versus temperature plots have been fit
with a curve composed of a linear and a Boltzmann sigmoidal function. The T, for ProP
given by the midpoint of the rapid phase of the Boltzmann function, marked here by a
dashed vertical line. See text.

hydrogen bonds [36,37]. Spectral changes suggestive of denaturation
begin to appear at temperatures close to 60 °C and continue beyond the
temperature capabilities of our FTIR sample accessory.

With ProP, the spectral changes were fit with a Boltzmann
sigmoidal curve yielding a thermal denaturation temperature (50%
denaturation) of 84 4 1.3 °C (n = 3). The denaturation curves for LacY
are reproducibly more complex (Fig. 6B) and do not follow a typical
sigmoidal pattern, suggesting that denaturation is not a simple two-
step reaction between fully folded and fully unfolded states.
Regardless, the spectral changes indicative of denaturation for LacY
begin at a temperature roughly 10 °C below the onset temperature for
denaturation of ProP. ProP has also not advanced to the same
denatured state as LacY at the highest studied temperatures (95 °C).
Although we cannot assess whether ProP exhibits similar complex
denaturation characteristics (due to the greater thermal stability of
ProP), it is clear that ProP is more thermally stable than LacY.

It is intriguing to note that increasing temperature leads to loss of
amide II band intensity and thus exchange of the exchange-resistant
peptide hydrogens in both ProP and LacY, but complete exchange occurs
in temperatures below those at which signs of denaturation appear. In
contrast, we have found with other membrane proteins that complete
peptide hydrogen/deuterium exchange typically occurs upon thermal
denaturation [19,38]. As noted, the relatively extensive exchange of
peptide hydrogens in both ProP and LacY is likely due to the high solvent
accessibility of these solute transport proteins. It seems plausible that
the enhanced exchange in both proteins with increasing temperature
may result from a temperature-dependent increase in the rate of inter-
conversion between conformational states, and thus an even greater
exposure of transmembrane peptide hydrogens to aqueous solvent.

4. Discussion

Much of the current work focused on elucidating the mechanisms
of ProP function assumes, based on sequence homology, that ProP
exhibits structural homology to other members of the major facilitator
super-family of integral membrane proteins, but there is little direct
structural data supporting this contention. The biophysical data
presented here offers the first direct physical insight into ProP
structure and provides compelling evidence that ProP adopts a
structure consistent with other members of the major facilitator
super-family members. Our data are also consistent with ProP
adopting a transmembrane «-helical structure similar to that
proposed in the homology model of Wood et al. [9]. These conclusions
are based on the following observations.
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First, our spectral analysis shows unequivocally that ProP is a
highly a-helical membrane protein. The amide I band shapes in 'H,0
and 2H,0 are both sharp and symmetric with frequency maxima
between 1650 and 1655 cm™ !, all of which are characteristic of
predominantly a-helical proteins. Although our secondary structural
predictions suggest an ai-helical content for ProP that is slightly lower
than expected, this may be because ProP exhibits weak amide I
vibrations that occur in regions typically attributed to 3-sheet. One
possible explanation is that some of the transmembrane helices in
ProP are distorted from the canonical o-helical structure (i.e. 3.6
residues per turn) leading to vibrations that occur in non a-helical
regions of the infrared spectrum. Distorted transmembrane helical
structures were proposed in the homology model of Wood et al. [9].
Significantly, the amide I band shapes of ProP are similar to those
obtained for the major facilitator super-family member, LacY.
Furthermore the spectra of both ProP and LacY are similar to those
that have been obtained for other highly a-helical proteins including
myoglobin and haemoglobin. The latter also exhibit weak vibrations in
these same “B-sheet” spectral regions [29,30,39]. Our spectral data
thus provide conclusive biophysical evidence that ProP adopts a
predominantly transmembrane «-helical fold, consistent with other
members of the major facilitator superfamily of proteins.

Second, we find that 70-75% of the peptide hydrogens in ProP
exchange for deuterium after 72 h exposure to 2H,0 at 4 °C. Given that
the majority of the peptide hydrogens in ProP (~70%) are thought to
be located within the transmembrane helical segments, our finding
shows that the transmembrane peptides in ProP are unusually
exposed to aqueous solvent. In contrast, we have found that the
number of peptide hydrogens that remain unexchanged for deuterium
after prolonged exposure (72 h at 4 °C) in the nicotinic acetylcholine
receptor correlates with the number of peptide hydrogens found
within the membrane [30]. The transmembrane o-helices of many
other proteins are also highly resistant to peptide hydrogen/deuterium
exchange. In contrast, a high solvent accessibility of the transmembrane
peptides has been reported for LacY [25,33,34]. The fact that the
transmembrane domains of both ProP and LacY share similar exchange
characteristics suggests that the transmembrane domains of both
proteins are equally accessible to solvent and thus both adopt
transmembrane structures consistent with the alternating-access
model of solute transport.

We do find that 25-30% of the ProP peptide hydrogens are resistant
to exchange for deuterium after 72 h in ?H,0 at 4 °C. The number of
exchange resistant peptide hydrogens measured here for ProP is
slightly higher than reported previously for LacY, where it was
suggested that only 5% of the peptide hydrogens remain unexchanged
for deuterium after 24 h at 20 °C in 2H,0 [33]. The 25-30% exchange
resistant peptide hydrogens reported here for ProP, however, are
similar to the number of exchange resistant peptide hydrogens that
we measure for LacY under identical experimental conditions. The
minor differences between the levels of exchange resistant peptide
hydrogens estimated in this versus other studies are likely due to
several factors. Our exchange experiments were performed at 4 °C, as
opposed to 20 °C. Given that the rates of ProP and LacY peptide
hydrogen-deuterium exchange increase with increasing temperature
(Fig. 5), the lower temperature of our exchange experiments could
account for the reduced levels of peptide hydrogen-deuterium
exchange in our samples. The higher lipid:protein ratio of the
reconstituted LacY samples used by le Coutre et al. [33] leads to
spectral overlap between lipid and protein vibrations, making an
accurate assessment of the intensity corresponding to unexchanged
peptide hydrogens near 1540 cm™ ! more difficult. Finally, to facilitate
an accurate measurement of the number of exchange resistant peptide
hydrogens, we measured the amide II intensities near 1540 cm™!
corresponding to both 0% (100% N-'H) and 100% (100% N-2H)
exchange in spectra of both ProP and LacY. These extremes must be
calculated to accurately relate residual amide I band intensities to the

percentage of peptide hydrogens that remain after a given time of
exposure to 2H,0. The slightly different exchange conditions coupled
with the noted technical differences between the studies can easily
account for the minor variations in the reported percentages of
exchange-resistant peptide hydrogens.

Third, we show here for both ProP and LacY that the exchange-
resistant transmembrane peptide hydrogens can be exchanged
completely with deuterium with increasing temperature. Surprisingly,
this enhanced hydrogen/deuterium exchange in both proteins occurs
at temperatures below those that lead to denaturation. This contrasts
findings from other proteins where the exchange of typically
exchange-resistant transmembrane peptide hydrogens only occurs
at temperatures that coincide with protein denaturation [19,38]. The
similar temperature-dependencies of peptide hydrogen/deuterium
exchange for the two proteins provide additional support for
structural similarity between LacY and ProP in their transmembrane
regions.

We do, however, detect subtle differences in some of the structural
properties of the two proteins. The amide I band shapes for ProP
exhibit a slightly more a-helical character than LacY, which could be
due to the putative C-terminal coiled coil extension. ProP is more
thermally stable than LacY. Higher temperatures are also required to
stimulate the exchange of the peptide hydrogens in ProP. It is
interesting to speculate that a more thermally stable conformer of
ProP could result from homo-dimerization of the protein in the
bilayer, mediated by the C-terminal coiled-coil structure. The
increased stability of ProP may enhance its ability to respond to
osmotic stress when the bacterium is exposed to harsh environments.

Our data show conclusively that the transmembrane protein, ProP,
adopts a predominantly a-helical secondary structure with solvent
accessible transmembrane «-helices. Exchange of the peptide
hydrogens in ProP is greatly enhanced by increasing temperature,
despite the fact that ProP exhibits relatively high thermal stability. The
structure and solvent exchange characteristics are very similar to
those of the homolog LacY. We thus conclude that ProP adopts a
transmembrane a-helical structure with a highly accessible aqueous
binding site. Our results provide the first physical evidence that ProP
adopts a structure consistent with other members of the major
facilitator superfamily of membrane transporters. Further structural
studies using the protocol developed here should provide more
detailed insight into the structural features that are associated with
ProP conformational change and that underlie the lipid sensitivity of
this important osmoprotectant transporter.
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