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ABSTRACT: The lactose permease, encoded by thelacYgene ofEscherichia coli, is an integral membrane
protein that functions as a proton and lactose symporter. In this study, we have characterized a novel
monodisperse, purified preparation of lactose permease, as well as functionally reconstituted lactose
permease, using spectroscopic techniques. The purification of monodisperse lactose permease has been
aided by the development of alacYgene product containing an amino-terminal six histidine affinity tag.
In the novel purification method described here, lactose permease is purified fromâ-dodecyl maltoside-
solubilized membrane vesicles using three sequential column steps: hydroxyapatite, nickel-nitriloacetic
acid (Ni-NTA) affinity, and cation-exchange chromatography. The hydroxyapatite step was shown to
be essential in reducing aggregation of the final purified protein. Amino acid composition analysis and
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis support the conclusion
that the protein has been purified to greater than 90% homogeneity. The protein has been successfully
reconstituted and has been shown to be active for lactose transport. Fourier transform infrared (FT-IR)
spectroscopy has been performed on monodisperse lactose permease and on proteoliposomes containing
functional lactose permease. FT-IR spectroscopy supports the conclusion that the monodisperse lactose
permease preparation is 80%R-helical and stably folded at 20°C; thermal denaturation is first detected
at 70°C. Because the purified protein is also readily susceptible to2H exchange, these results suggest
that the protein is conformationally flexible and that2H exchange is facilitated as the result of conformational
fluctuations from the folded state.

The uptake of solutes, including necessary metabolites, is
a crucial requirement for the proliferation of cells. To date,
a wide variety of proteins that play a role in the process of
solute uptake have been characterized (for review see ref

1). Many of these proteins belong to the major facilitator
superfamily (MFS)1 (2-4). The lactose permease ofEs-
cherichia colibelongs to the MFS and has been studied as
a model for transport phenomena (5). The lactose permease
functions as aâ-galactoside and proton symporter. This
protein translocates lactose and protons across the cell
membrane with a 1:1 stoichiometry (6). The protein
catalyzes the accumulation of lactose against a concentration
gradient using the free energy contained within a proton
electrochemical gradient as the driving force (7).

The lacY gene encodes the lactose permease. The gene
has been cloned into recombinant plasmids and sequenced
(8). ThelacYgene product consists of 417 amino acids and
has a predicted molecular mass of 46.5 kDa (8, 9). On the
basis of hydropathy analysis, the protein is predicted to
contain 12 transmembrane spanningR-helical domains (10).
This prediction has been supported by circular dichroism,
limited proteolysis, chemical modification, and analysis of
a series of lactose permease-alkaline phosphatase fusion
proteins (10-13). Antibody binding studies show that the
amino- and carboxyl-terminal segments are located in the
cytoplasm (14-16). An extensive set of lactose permease
mutants has been generated and characterized (17-24).
Mutations at certain key amino acids are known to perturb
the function (for review, see ref24).
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We have proposed a tertiary structural model for the
lactose permease (see ref25). This model postulates
rotational symmetry between the two conserved halves of
the protein. However, there is no atomic-level structure of
the protein. More recently, a variety of biophysical tech-
niques have been used to obtain structural information. Spin
labels have been engineered within loops and helices of the
lactose permease, and EPR studies have been performed to
determine distance relationships between spin labels (26, 27).
Intermolecular metal binding sites have been designed for
EPR study of distance relationships between specific amino
acid residues (28-30). Fluorescence labeling assays have
been performed to determine helical arrangement within the
membrane (31, 32). These methods have provided valuable
information about the secondary and tertiary structure of the
protein.

Fourier transform infrared spectroscopy (FT-IR) is another
important technique in the analysis of protein structure and
structural changes (for review see refs33 and 34). This
technique can provide information regarding protein second-
ary structure and ionization of functional groups within a
protein and can be used to probe structural changes of a
conformationally active protein. In this study, we report a
purification method that yields a monodisperse, highly
purified preparation of the lactose permease that is primarily
in the monomeric form. We report the first, detailed FT-
IR-derived structural characterization of the monodisperse,
monomeric protein in detergent micelles. FT-IR spectra were
also obtained on proteoliposomes containing reconstituted,
functional lactose permease.

EXPERIMENTAL PROCEDURES

Materials

E. coli growth medium was obtained from Bio-101 Inc.
(Vista, CA). IPTG, ampicillin, PMSF, DNase I (EC 3.1.21.1,
type IV), ultrapure glycine, BSA, MES, and lactose were
obtained from Sigma (St. Louis, MO). The lactose was
recrystallized to remove impurities prior to use (35). â-Dode-
cyl maltoside and sodium cholate were purchased from
Anatrace (Maumee, OH). Imidazole was from Boehinger-
Mannheim (Indianapolis, IN), Acetone/ether-washedE. coli
total lipids, PE, and PG were from Avanti Polar Lipids
(Alabaster, AL). TES was from Fisher Biotech (Pittsburgh,
PA) and ultrapure glycerol was obtained from Gibco-BRL
(Gaitherburg, MD). Pepstatin and TPCK were from Cal-
biochem (La Jolla, CA). Ni-NTA agarose beads were from
Qiagen (Valencia, CA), and Bio-Gel HT hydroxyapatite was
from Bio-Rad (Hercules, CA). [14C]Lactose (300µCi/mmol)
was purchased from Amersham (Arlington Heights, IL).
Dialysis tubing (6-8 and 12-14 kDa MWCO) was pur-
chased from Spectrum (Houston, TX) and was treated to
remove proteases by boiling three times in 5 mM EDTA.
Deuterium oxide (2H, 99.9%) and sodium deuterioxide (2H,
99.5%) were purchased from Cambridge Isotope Laboratories
(Andover, MD). All other materials were analytical grade
and were obtained from commercial sources.

Methods

Bacterial Strains and Cell Growth.By use of the QIA
express system (Qiagen, Valencia, CA), alacYfusion protein

was engineered to produce a lactose permease containing a
6× histidine affinity tag at the amino terminus. To make
the fusion protein, aBamHI site was introduced nine base
pairs upstream of the start codon in thelacY gene via site-
directed mutagenesis. TheBamHI fragment, containing the
entirelacYcoding sequence, was then cloned into a plasmid,
pQE30 (obtained from Qiagen express system), thus adding
13 amino acid residues (including the six histidines) to the
amino terminus of the lactose permease (Figure 1). The
methionine residue at position 14 is the normal start
methionine present in the wild-type permease. The upstream
promoter in pQE30 is highly active, so this construct leads
to effective IPTG-inducible expression of the fusion protein.
Also, the promoter in pQE30 is tightly controlled by two
tandemlac operator sites, so that uninduced levels of the
fusion protein are very low. The plasmid encoding thelacY
fusion protein was designated pQE30-lacY.

pQE30-lacY was transformed into T184 (36), a lacY-
negative strain ofE. coli. The cells containing thelacY
fusion protein were stored at-80 °C in glycerol cultures.
Single colonies isolated on YT-amp plates, containing 10 g
of tryptone, 5 g of yeast extract, 5 g of NaCl, 10 g of agar,
and 0.1 mg/mL ampicillin per liter, were used to inoculate
YT-amp 50 mL starter cultures, which were then used to
inoculate 1-5 L cultures. For larger cultures (5-20 L), 1%
glycerol was added to supplement the growth medium.
Cells, induced with 2 mM IPTG or 30 mM lactose at late
log phase, were grown for 1-2 h and were harvested with
centrifugation at 10000g for 10 min. Cells were frozen at
-80 °C after harvesting.

Determination of Protein Concentration.The amount of
protein obtained from various steps of the purification
protocol was determined by the Bradford method (37). For
measurements on protein-detergent micelles, a protein
standard curve was generated from BSA and DM in the
appropriate buffer. For measurements on reconstituted
protein samples, phospholipids were also included in the
standard curve. Protein concentration was determined by
monitoring the absorption at 595 nm through the use of a
Hitachi U-3000 spectrophotometer and correction with a
buffer blank.

Isolation of Membrane Vesicles.For isolation of mem-
brane vesicles, cells were resuspended in French press buffer
(50 mM TES-NaOH, pH 8.0, 100 mM NaCl, and 5 mM
â-mercaptoethanol) to a final cell concentration of 0.2 g of
cell wet weight/mL. The following protease inhibitors were
added: TPCK (0.1 mg/mL), pepstatin (0.7µg/mL), and
PMSF (25µg/mL). A stock solution of PMSF was made
up in 95% ethanol and stored at-20 °C. DNase I (10µg/
mL) was added to digest plasmid DNA. Cells were broken
at 4 °C by a French press at 20000 psi. Cell debris was
pelleted with three low-speed spins of 20000g for 10 min.
The membrane vesicles were collected by ultracentrifugation
at 180000g for 45 min, were washed once with French press
buffer, and were centrifuged a second time at 180000g for
45 min. The final membrane vesicle pellet was resuspended

FIGURE 1: Amino acid sequence at the NH2 end of the 6-His-
lactose permease fusion protein.
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in hydroxyapatite start buffer (HAS buffer: 50 mM TES-
NaOH, pH 8.0, 100 mM NaCl, 20% glycerol, 5 mM
â-mercaptoethanol, and 1 mM lactose). The protein was
diluted to a concentration of approximately 10 mg/mL and
was stored at-80 °C prior to solubilization.

Solubilization of Membrane Vesicles.Membranes were
diluted with HAS buffer to achieve a final protein concentra-
tion of 1.0 mg/mL after solubilization. Solubilization was
carried out in HAS buffer on ice with continuous mixing. A
stock solution of 5% DM was added dropwise to the
membranes to a final concentration of 1%. The membranes
were solubilized on ice with shaking for 1 h after the addition
of DM. Nonsolubilized material was removed by ultracen-
trifugation at 180000g for 45 min at 4°C. The solubilized
material in the supernatant was loaded directly onto a
hydroxyapatite column following the centrifugation step.

Column Buffers and Conditions.The hydroxyapatite
column was equilibrated with two column volumes of HAS
buffer, followed by two column volumes of hydroxyapatite
elution buffer (HAE buffer: 50 mM TES-NaOH, pH 8.0,
1 M NaCl, 350 mM K2H2PO4, 20% glycerol, 5 mM
â-mercaptoethanol, and 1 mM lactose). Finally, the column
was equilibrated with two column volumes of HAS buffer.
Two milliliters of bead slurry was employed for every 5 mg
of protein. The flow rate was maintained at less than 1.0
mL/min. Approximately 75-85% of the solubilized protein
was found to bind to the column. The column eluate was
monitored with a Pharmacia UV monitor at 280 nm with a
0.2 mm path length flow cell. After protein loading, the
column was washed with HAS buffer containing 0.05% DM
until the A280 stabilized near zero absorbance. The bound
protein was eluted through the application of HAE buffer
containing 0.05% DM. The eluted protein was collected and
pooled for Ni-NTA batch binding.

Ni-NTA agarose affinity beads were equilibrated with
two column volumes of Ni-NTA start buffer (NiS buffer:
50 mM TES-NaOH, pH 8.0, 100 mM NaCl, 15 mM
imidazole, 20% glycerol, 5 mMâ-mercaptoethanol, 1 mM
lactose, and 0.05% DM). The beads were then equilibrated
with two column volumes of Ni-NTA elution buffer (NiE
buffer: 50 mM TES-NaOH, pH 8.0, 100 mM NaCl, 250
mM imidazole, 20% glycerol, 5 mMâ-mercaptoethanol, 1
mM lactose, and 0.05% DM). Finally, the beads were
equilibrated with two column volumes of NiS buffer.

Ni-NTA beads were added to the pooled protein mixture
from the hydroxyapatite column. The ratio of Ni-NTA
agarose beads to protein was 2 mL of bead slurry/10 mg of
protein. The protein, which had eluted from the hydroxy-
apatite column, was incubated with Ni-NTA agarose beads
on ice with shaking for 1 h. After batch binding, the beads
were poured into a column, which was run at a flow rate of
less than 0.25 mL/min. The column was washed with NiS
buffer and monitored at 280 nm as previously described.
When a stable baseline was reached, the bound protein was
eluted by the addition of NiE buffer. A sharp peak of protein
elution was observed at approximately 50-75 mM imida-
zole. To remove imidazole and salts, the eluted protein was
pooled and dialyzed in 6-8 kDa MWCO dialysis tubing
overnight in dialysis buffer, containing 50 mM TES-NaOH,
pH 8.0, 100 mM NaCl, 20% glycerol, and 5 mMâ-mer-
captoethanol. A buffer volume 100 times the sample volume
was used (100:1 v/v).

A 1/1 Mono S cation-exchange FPLC column was
equilibrated with two column volumes of Mono S elution
buffer (MSE buffer: 50 mM TES-NaOH, pH 8.0, 2 M
NaCl, 20% glycerol, 5 mMâ-mercaptoethanol, 1 mM
lactose, and 0.05% DM), followed by 5 column volumes of
Mono S start buffer (MSS buffer: 50 mM TES-NaOH, pH
8.0, 100 mM NaCl, 20% glycerol, 5 mMâ-mercaptoethanol,
1 mM lactose, and 0.05% DM) at a flow rate of 0.5 mL/
min. The sample was loaded with a 1.5 mL loop or a 50
mL superloop (Pharmacia, Uppsala Sweden). After the
protein was loaded, the column was washed with MSS buffer.
The lactose permease fraction did not bind to the column
and was collected in the flow-through fractions and pooled.
The lactose permease fraction was stored at-20 °C.

SDS-PAGE, SilVer Staining, and Western Analysis.The
purity of the lactose permease was determined by SDS-
PAGE containing 12% acrylamide:0.3% bisacrylamide (38).
Protein samples were solubilized in buffer containing 2%
SDS, 10 mMâ-mercaptoethanol, 20% glycerol, and bro-
mophenol blue for 30 min at room temperature. Gels were
silver-stained by an ammonia-based method (39). For
Western blot analysis, protein samples were transferred to
nitrocellulose with a Semi-Phor semidry electroblotting
apparatus (Hoefer, San Francisco, CA) for 30 min at 100
mA. The transferred proteins were probed with an antibody
that recognizes the carboxyl terminus of the lactose permease
(kindly provided by T. H. Wilson, Harvard University). The
primary antibody was detected with a secondary goat anti-
rabbit IgG-alkaline phosphatase conjugate antibody (Sigma
Immuno Chemicals, St. Louis, MO). Blots were visualized
by developing the alkaline phosphatase with Sigma Fast
BCIP/NBT tablets (Sigma, St. Louis, MO) (40).

Amino Acid Composition Analysis and N-Terminal Protein
Sequencing.For amino acid composition analysis, purified
protein was subjected to a modified hydrolysis method (41).
The protein was bound to a nitrocellulose support and the
nitrocellulose was washed to remove glycerol, which inter-
feres with amino acid composition analysis. Hydrolyzed
samples were run on a Beckman 6300 amino acid analyzer
with a 50µL injection loop and a 12 cm sodium hydrolysate
ion exchange column using postcolumn derivitization with
ninhydrin. Data were acquired and analyzed on a Beckman
System Gold Data system using software version 8.1
(Beckman, Fullerton, CA). Area under peaks of a set of
amino acid standards was used to determine concentrations
of individual amino acid residues in the protein sample.
Experimentally determined amino acid composition was
compared to the predicted composition of lactose permease
including the additional 13 amino acids comprising the
affinity tail.

For N-terminal amino acid sequencing, samples were
sequenced on an Applied Biosystems Incorporated 470 gas-
phase peptide sequencer with on-line phenylthiohydantoin
(PTH) amino acid analysis. Samples were run with the
normal sequencing cycles and were backed with a precycled
polybrene-coated filter. Data were acquired and analyzed
on a Beckman System Gold Data system.

Reconstitution of Lactose Permease into Liposomes. E.
coli acetone/ether-washed total lipids were solubilized with
2% sodium cholate in 75 mM HEPES-KOH (pH 7.4). To
aid solubilization, the solution was sonicated for 1 min (or
until clear) with a point sonicator with a microtip (Biosonik
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sonicator, Bronwill Scientific, Rochester, NY). Lipids were
maintained under argon to avoid oxidation. Nonsolubilized
lipids and titanium particles were removed by ultracentrifu-
gation at 180000g for 30 min at 4 °C. Purified lactose
permease, in DM micelles, was incubated with 2% sodium
cholate for 1 h prior to reconstitution. Lactose permease
was then mixed with solubilized lipids at a 1:20 or 1:50
weight ratio and placed into 12-14 kDa MWCO dialysis
tubing. The protein and lipid mixture was first dialyzed in
buffer containing 75 mM HEPES-KOH, pH 7.4, 14 mM
KCl, and 0.1% cholate for 6 h. A buffer volume 100 times
the sample volume was employed (100:1 v/v). The second
dialysis was in 75 mM HEPES-KOH, pH 7.4, and 14 mM
KCl for 6 h (100:1 v/v). The third dialysis was in 50 mM
HEPES-KOH, pH 7.4, 25 mM KCl, and 15 mM sucrose or
lactose for 12 h (100:1 v/v). The final dialysis was in 10
mM HEPES-KOH, pH 7.4, 45 mM KCl, and 45 mM
sucrose or lactose for 12 h (500:1 v/v). Proteoliposomes
were collected by ultracentrifugation at 180000g for 30 min
at 4 °C. Proteoliposomes were resuspended in 50 mM
phosphate buffer (pH 6.0) with or without 20 mM lactose
(loaded or unloaded vesicles) and stored at 4°C. Liposomes
derived from totalE. coli lipids or from PE:PG (3:1) were
prepared by the methods described above, omitting the
protein addition step.

Sugar Transport Assay (Counterflow Assay).Counterflow
assays were performed on lactose-loaded or unloaded pro-
teoliposomes made on the same day or after storage at 4°
C. For each assay, 15µL (0.5 mg/mL) of proteoliposome
vesicles was resuspended in 525µL of 100 mM phosphate
buffer, pH 6.0, containing 2 mM MgSO4, 1.0 µCi of [14C]-
lactose, and 1 mM lactose. For assays with TDG (50 mM
fresh stock made in phosphate buffer) or CCCP (10 mM
fresh stock prepared in ethanol), a 1 mM or 10µM final
concentration was added to the assay buffer, respectively.
Assays were performed at 25° C. A 100µL sample of the
reaction volume was collected at various time points and
was aliquoted onto a 0.45µm nitrocellulose filter disk. The
disk was washed several times with 100 mM phosphate
buffer, pH 6.0. The filter disks were placed into 2 mL of
scintillation fluid and the amount of [14C]lactose exchange
into the vesicles was determined by scintillation counting.
Protein concentrations were estimated by Bradford assays
(see above).

Deuterium Exchange.The lactose permease in detergent
micelles was2H-exchanged by repeated dilution and con-
centration in a2H2O buffer with Centricon 30 concentrating
units (Amicon, Beverly, MA). This exchange procedure was
performed at 6°C and typically required 5-6 h. Once
exchanged, samples were aliquoted and frozen at-80 °C.
Buffers containing either 5 mM MES-NaO2H and 0.03%
DM, p2H 5.5, or 5 mM TES-NaO2H and 0.03% DM, p2H
8.0, were used; the p2H is reported as the uncorrected meter
reading (42).

Proteoliposomes were deuterium-exchanged by a series
of ultracentrifugation steps in2H buffers. Proteoliposomes
were pelleted at 180000g for 45 min. The pellet was
resuspended in2H buffer and incubated for 4-6 h. Proteo-
liposomes were repelleted as above. The final pellet was
resuspended in a small volume of2H buffer and stored at 4
°C.

UV-Vis Spectroscopy.Spectra of lactose permease in
detergent micelles were acquired through the use of a Hitachi
U-3000 spectrophotometer. Spectral conditions were as
follows: 60 nm/min scan rate and 2.0 nm slit width. The
spectra of lactose permease were buffer-subtracted.

FT-IR Spectroscopy.Spectra of lactose permease in
detergent micelles and proteoliposomes, containing lactose
permease, were acquired through the use of a Magna II
Nicolet spectrometer equipped with a liquid nitrogen-cooled
MCT-A detector and a KBr beam splitter. The mirror
velocity was 2.53 cm s-1, the spectral resolution was 2 cm-1,
and 2000 mirror scans were coadded for each double-sided
interferogram. A Happ-Genzel apodization function and
one additional level of zero-filling were used. Peak positions
are known to(1 cm-1. The monodisperse protein samples
had a concentration of 15-30 mg/mL and were suspended
in 2H2O buffers. Six microliters of sample was placed
between two 19 mm CaF2 windows (Harrick Scientific,
Ossining, NY) with a 6 µm spacer. Proteoliposomes,
liposomes derived from totalE. coli lipids, or liposomes
derived from PE:PG (3:1 ratio) were prepared for FT-IR
spectroscopy by drying 20-40 µL of sample onto a CaF2-
window under a constant stream of nitrogen. Protein
reconstitution was performed as described above at a 1:15
protein-to-lipid ratio. Proteoliposomes contained 1-3 mg/
mL protein as determined by Bradford assays.

For FT-IR experiments, the sample holders and temper-
ature control units have been previously described (43). For
studies of monodisperse lactose permease, a spectrum of the
appropriate buffer alone was recorded at both 20 and 90°C.
This spectrum was subtracted from the protein spectrum on
a noninteractive 1:1 basis; these data were recorded on the
same day. For the temperature study, spectra of the same
protein sample were taken sequentially at 20, 30, 50, 70,
90, and 20°C. Fourier deconvolution, second-derivative
analysis, and nonlinear regression analysis were performed
with Nicolet Omnic and Grams software, as described (43).
Fourier deconvolution requires the choice of line width
parameter, resolution enhancement parameter (K), and
apodization function. The enhancement parameter (K ) 2)
was chosen in accord with signal-to-noise criteria previously
described (44). The line width parameter (40 cm-1) was
chosen on the basis of spectra previously derived (45). Our
somewhat conservative choices for line width parameter and
enhancement parameter resulted in the derivation of the
minimum number of spectral components necessary to fit
the data. A modified Happ-Genzel function was employed
for apodization. All spectra were analyzed under the same
conditions. Second-derivative analysis employed a Sav-
itsky-Golay smoothing procedure, as previously described
(46).

RESULTS

Purification of the Lactose Permease.A method for the
purification of lactose permease from solubilized membrane
vesicles has been developed. The primary purification step
involves the use of an affinity tag engineered onto the amino-
terminal end of lactose permease. This six-histidine tag
causes the protein to bind to a nickel chelate affinity support.
The use of nickel chelate affinity chromatography has been
described for the successful purification of a number of
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soluble and membrane-bound proteins (47-52). Our method
for obtaining monodisperse lactose permease also includes
an initial hydroxyapatite column and a final cation-exchange
column.

In Figure 2, we present a silver-stained gel, derived from
SDS-PAGE, of protein fractions obtained from each step
of the purification. Lanes 2 and 3 show the electrophoretic
pattern obtained from membrane vesicles and solubilized
vesicles, respectively, which contain a complex mixture of
proteins. Lanes 4, 5, and 6 show the pattern obtained after
hydroxyapatite, Ni-NTA, and cation-exchange chromatog-
raphy, respectively. The inclusion of an hydroxyapatite
column does not afford significant purification on a protein
basis (Figure 2, lane 4) but does serve to reduce aggregation
(shown below). Since the hydroxyapatite column employed
buffer conditions compatible with the nickel affinity step,
the eluted fractions from the hydroxyapatite column were
bound directly to the Ni-NTA agarose beads. This proce-
dure eliminated time-consuming buffer exchanges by dialysis
or desalting procedures. The samples obtained after the Ni-
NTA chromatography show significant enrichment for
lactose permease (Figure 2, lane 5).

To further reduce protein contamination, a third chroma-
tography step involving a Mono S cation-exchange column
was employed (Figure 2, lane 6). This column binds
contaminating proteins, whereas the lactose permease does
not bind and is eluted in the flowthrough volume. After
completion of the purification, one major silver-stained band
is observed (Figure 2, lane 6). This protein is identified as
the lactose permease by Western blot analysis (Figure 3, lane
3). The apparent molecular mass of the lactose permease
monomer band is 30.3 kDa. An anomalously low molecular
mass is common among membrane proteins analyzed by
SDS-PAGE and has been previously observed for the
lactose permease (53). Table 1 summarizes the protein yields

at the various steps in the purification procedure; the overall
yield is 1.5% on a total protein basis.

Our initial attempts at purification of lactose permease
showed that the nickel affinity method would not be
sufficient for optimal purification. Moreover, when purifying
proteins from bacterial sources, aggregation can be a
significant problem (54). Such aggregation makes it difficult
to remove protein contaminants, interferes with biophysical
measurements and crystallization, and can interfere with the
reconstitution of the protein into liposomes.

Previously, it was determined that the inclusion of hy-
droxyapatite chromatography significantly reduced aggrega-
tion in preparations of a bacterial cytochromec oxidase (54).
In Figure 3, we show data demonstrating that the inclusion
of an initial hydroxyapatite column treatment in our lactose
permease purification (Figure 3, lane 3) significantly reduced
the amount of protein aggregation in the final product when
compared to an identical purification procedure that did not
include the hydroxyapatite column (Figure 3, lane 2).
Comparison of lanes 2 and 3 shows that use of the
hydroxyapatite chromatography results in a decrease in the
amount of dimerized and trimerized lactose permease.

The degree of protein aggregation in samples of lactose
permease, purified without hydroxyapatite chromatography,
was also determined by measuring the amount of sedimenting
protein. The sample was subjected to a short (45 min), high-
speed (180000g) ultracentrifugation. Protein concentrations
before and after this step were determined by use of a
Bradford assay and by measuring the protein absorbance at
280 nm. The results showed that sedimentation occurred
for a substantial amount of the purified protein (51%( 9%).

FIGURE 2: SDS-PAGE analysis of samples from various stages
of the lactose permease solubilization/purification procedure. Protein
samples were solubilized in buffer containing SDS and were
incubated at room temperature for 30 min. Proteins were resolved
on 12% acrylamide gels and were visualized by silver staining.
Lane 1, molecular mass markers (kilodaltons); lane 2, membrane
vesicles (1µg); lane 3, DM-solubilized membrane vesicles (1µg);
lane 4, samples obtained after hydroxyapatite chromatography (2
µg); lane 5, samples obtained after Ni-NTA chromatography (5
µg), and lane 6, samples obtained after cation-exchange chroma-
tography (10µg).

FIGURE 3: Western blot analysis of lactose permease samples
showing the effects of the hydroxyapatite column step on protein
aggregation. Lane 1, prestained molecular mass markers (kilodal-
tons); lane 2, purified lactose permease prepared without the use
of hydroxyapatite chromatography (10µg); and lane 3, purified
lactose permease sample prepared with the inclusion of hydroxy-
apatite chromatography (10µg). Both samples were subjected to
Ni-NTA and cation-exchange chromatography.

Table 1: Yields of Protein during the Purification of the Lactose
Permease

purification step total protein (mg)

DM-solubilized membranes 300
hydroxyapatite column 240
nickel affinity column 7.5
cation-exchange column 4.5

FT-IR Analysis of Lactose Permease Biochemistry, Vol. 37, No. 44, 199815367



This same procedure performed on hydroxyapatite-treated
purified lactose permease resulted in only 6%( 3% loss of
protein due to sedimentation. These results indicate that
much of the lactose permease, purified without hydroxy-
apatite chromatography, is in an aggregated state.

Amino Acid Composition and N-Terminal Sequencing of
the Purified Lactose Permease.Table 2 gives the results of
amino acid composition analysis of the purified lactose
permease sample. Comparison of the number of moles of
amino acids, experimentally derived, with the expected
values shows that the lactose permease is∼93% homoge-
neous. Glycine, alanine, valine, leucine, and isoleucine were
used in this calculation because these amino acid side chains
are stable under acidic hydrolysis (55). The somewhat low
values for the aromatic amino acids, when compared to the
predicted amino acid sequence, are expected in anaerobic
hydrolysis (55). N-Terminal amino acid sequencing confirms
that the purified protein contains the first eight amino acids,
which comprise the start of the histidine tag (Figure 1).

Reconstitution of Lactose Permease and Functional As-
says. To verify the activity of the purified lactose permease,
the protein was reconstituted into artificial lipid vesicles. The
necessity for reconstitution makes it difficult to monitor
specific activity changes as a function of the various stages
of purification. A number of methods exist for reconstitution
of membrane proteins (for review see refs56-60 and
references therein). These methods rely on lowering the
concentration of detergent below the cmc so that the protein
is forced to associate with an alternative hydrophobic
environment. Formation of proteoliposomes is spontaneous
under these conditions.

The technique of reconstitution found to be the most
successful in the present application was a modified dialysis
method. This method has been described for the successful
reconstitution of another membrane protein, cytochrome
oxidase, after purification inâ-dodecyl maltoside (54). DM
has been successfully applied to the purification of many
membrane proteins in a monodisperse and functional form
(61-63). However, this detergent has a low cmc, making
reconstitution of membrane proteins potentially difficult. We
have found that the addition of sodium cholate to DM-
lactose permease micelles resulted in an eventual, successful
reconstitution by dialysis (54). The concentration of sodium
cholate is 40-fold greater when compared to dodecyl mal-
toside; sodium cholate has a higher cmc. Four sequential
dialysis steps were employed for the slow removal of
detergent. The proteoliposomes obtained from this recon-
stitution method were analyzed by SDS-PAGE and Western

blot analysis and were shown to contain lactose permease
(data not shown). We did not attempt reconstitution on non-
hydroxyapatite-treated lactose permease because we found
evidence for significant protein aggregation in these samples
(see above and Figure 3).

Assays for lactose and proton transport can be performed
on reconstituted lactose permease. In Figure 4, we present
a counterflow assay, which measures the ability of lactose
permease to rapidly exchange lactose from the inside to the
outside of the proteoliposome and also measures a slower,
unidirectional efflux phase (64, 65). When proteoliposomes
were preloaded with lactose, we observed lactose exchange
when [14C]lactose was added to the outside of the vesicles
(Figure 4, 9). As expected, the control with unloaded
proteoliposomes did not accumulate labeled lactose (Figure
4, [). Counterflow assays were also performed with the
external addition of TDG, which competes for the site of
lactose binding. With TDG present we saw no accumulation
of labeled lactose, indicating that TDG was successfully
competing for the lactose binding site and preventing
exchange (Figure 4,0). The initial rate of lactose uptake is
difficult to estimate because the earliest possible time point
is already near the saturation phase. Due to the time it
requires to process the samples, it is not possible to reliably
obtain earlier time points through the use of this method.
These results demonstrate that we have successfully recon-
stituted the lactose permease in a functionally active form.

In whole cells or membrane vesicles containing lactose
permease, [14C]lactose accumulation rapidly reaches a maxi-
mum followed by a slower efflux phase (21, 66). This slow
net loss of accumulated [14C]lactose can be attributed to the
process of efflux, which involves the symport of protons and
lactose down a concentration gradient (inside to outside). In
our preloaded proteoliposomes, the efflux process was not
observed (Figure 4,9). One possible explanation of this
result might be a decrease in the passive H+ permeability of
the proteoliposomes, when compared to that of cells or

Table 2: Amino Acid Composition of Purified 6× His-Tagged
Lactose Permease

amino
acid determined expected

amino
acid determined expected

Asx 28 22 Met 16 15
Thr 21 19 Ile 30 34
Ser 26 31 Leu 48 54
Glx 30 22 Tyr 11 14
Pro 13 12 Phe 37 56
Gly 36 38 His 12 10
Ala 34 35 Lys 14 12
Cys 7 8 Arg 14 13
Val 31 29 Trp NDa 6

a Not determined.

FIGURE 4: Lactose counterflow in proteoliposomes containing
reconstituted lactose permease. The assays shown here were
performed on proteoliposomes at room temperature in the presence
(9) or absence ([) of lactose, in the presence of lactose and TDG
(0), and in the presence of lactose and CCCP (]) as described
under Experimental Procedures. Data presented are the average of
3-6 measurements.
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membranes. Normally, whole cells or membrane vesicles
show a low level of H+ permeability, which alleviates the
electrochemical gradient caused by the efflux of H+ with
lactose. However, if proteoliposomes containing purified
enzyme are impermeant to H+, the net efflux of H+ and
lactose would yield an H+ gradient (inside negative) that
would quickly inhibit further efflux.

To test this hypothesis, an uncoupler, CCCP, was included
in the counterflow assay (67). CCCP will dissipate any
electrochemical gradient formed in the proteoliposomes that
is due to the slower phase of H+/lactose efflux. In the
presence of CCCP, [14C]lactose efflux was observed as a
kinetically slower phase (Figure 4,]). This result indicates
that our inability to detect efflux in the absence of CCCP
was due to the formation of an H+ gradient (interior negative)
upon net H+/lactose efflux. Furthermore, these results
suggest that our vesicle preparation is impermeable to the
passive flux of H+ ions.

Spectroscopic Characterization of the Purified Lactose
Permease in Detergent Micelles.In Figure 5, we present
the UV spectrum of the purified protein. Well-resolved
peaks from aromatic amino acids are observed at 280 and
291 nm with smaller contributions at 265 and 269 nm. This
spectrum is useful as a verification for successful purification.
The protein had no detectable absorption in the visible region
of the spectrum, consistent with the absence of bound
prosthetic groups (data not shown).

In Figure 6, panels B and C, we present FT-IR spectra of
the lactose permease. The protein is in DM micelles and
2H-containing buffers at either p2H 5.5 (Figure 6B) or p2H
8.0 (Figure 6C). There are three possible contributions in
the spectral region shown for2H-exchanged proteins (68,
69). The amide I band (approximately 1650 cm-1) is
primarily the CdO stretching vibration of the peptide
backbone. The amide II band (approximately 1550 cm-1)
is a coupled C-N stretch and N-H in-plane deformation
mode. These vibrational modes are delocalized and involve
simultaneous atomic displacements of the peptide bonds (68).
In portions of the protein accessible to isotope exchange,
replacement of N-1H with N-2H results in a downshift and
uncoupling of the C-N and N-2H vibrations (68). The
amide II band then decreases in amplitude, and new intensity
is observed at lower frequencies. In the spectral region
shown here, new intensity would be observed at 1450 cm-1

upon 2H exchange; this band is called the amide II′
vibrational mode. The amide I′ band shows less dramatic
changes upon2H exchange (46).

In 2H2O buffers, the lactose permease exhibits an amide
I′ vibrational mode with a maximum at 1654( 1 cm-1, a

frequency that is characteristic ofR-helical proteins (46; and
see discussion below), and an amide II′ vibrational mode
with a maximum at 1457( 1 cm-1 (Figure 6B,C). There
is no significant intensity in the 1550 cm-1 region, either at
p2H 5.5 (Figure 6B) or p2H 8.0 (Figure 6C). This is unusual,
since R-helical portions of membrane proteins, such as
bacteriorhodopsin, have been found to be highly resistant to
exchange (70). With bacteriorhodopsin, even rigorous
exchange protocols failed to exchange 70% of the peptide
backbone and gave only a 30% change in the amide II band
(70). The unexchanged portion was assigned to the trans-
membraneR-helical portions of the protein (70). Such
resistance to exchange is also illustrated by Figure 6A, which
shows the vibrational spectra of another membrane protein,
photosystem II, in DM micelles, after 18 h of2H exchange.
A previous estimate of the percent2H exchange for this
protein was 20% (71). By contrast, lactose permease shows
complete exchange in 4-6 h in 2H2O buffers at either p2H
5.5 or 8.0.

Analysis of the amide I′ line shape of the2H-exchanged
lactose permease was then performed (Figure 7). The amide
I′ line shape can be viewed as a superposition of spectral
components, each derived from a given type of secondary
structural element in the protein (34, 46, 72, 73). To resolve
these spectral components, second-derivative and Fourier
deconvolution analysis can be employed (see, for example,
refs 34, 43, 46, and72-76).

Application of these methods to spectra obtained at either
p2H 5.5 (Figure 7A) or p2H 8.0 (Figure 7B) shows that the

FIGURE 5: UV spectrum of purified, monodisperse lactose permease
in MSS buffer showing the 235-325 nm region of the spectrum.

FIGURE 6: FT-IR spectra of2H-exchanged proteins inâ-dodecyl
maltoside micelles. Spectra were obtained on lactose permease at
p2H 5.5 (B) and p2H 8.0 (C). In trace A, spectra were obtained on
photosystem II at p2H 6.5 in DM micelles (71).
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lactose permease line shape is dominated by one spectral
component with a frequency of 1653( 1 cm-1. Spectral
components with this frequency are typically assigned to
R-helix, although turns and loops can make a contribution
in this region as well (34, 46, 72-76). A minor component
at 1683( 2 cm-1 is also observed; this component can be
assigned to turns of the protein backbone (34, 46, 72, 77-
80). These frequencies are used as starting points in
regression analysis.

Fits of derived spectral components to the amide I′ line
shapes, as performed by nonlinear regression, are shown in
Figure 7a,b. The fit is satisfactory, as judged by the
negligible residual (Figure 7) and by the reducedø2 parameter

(Table 3). In Table 3, the results of the nonlinear regression
analysis are summarized. These data can then be used to
predict the secondary structure of the protein. This analysis
predicts that 80%( 4% of lactose permease isR-helical
and that 20%( 4% is involved in turns. There is no
significant spectral difference when samples, maintained at
p2H 8.0 and 5.5, are compared (Figure 7a,b).

Figure 7C shows the amide I′ band of lactose permease,
purified without the use of hydroxyapatite chromatography.
As shown in the Fourier self-deconvolution (FSD) and
second-derivative analysis (Figure 7C), additional amide I′
spectral components are now observed. The spectral fit
derived through the use of these spectral components is

FIGURE 7: Spectral fitting of the amide I′ band of lactose permease. In panels A-C, solid line, spectra were obtained on lactose permease
at p2H 5.5 (A), at p2H 8.0 (B), and at p2H 8.0 but without the use of hydroxyapatite chromatography (C). In each panel, the Fourier
self-deconvolution and the second derivative of the data are shown as the dotted and dashed lines, respectively. In panels a-c, the results
of nonlinear regression analysis of the spectra in panels A-C, respectively, are presented. In panels a-c, the data are shown as the dashed
line; the spectrum reconstructed after regression analysis is the dotted line. The spectral components employed in the reconstruction are
shown as the numbered Gaussians; the baseline and residual are also presented.

Table 3: Peak Positions and Predicted Secondary Structure of the Lactose Permease As Determined by Analysis of Amide I′ Line Shape

peak position (cm-1)

peak 1
[R-helix (%)]

peak 2
[turns (%)]

peak 3
[aggregated/â-strands (%)] peak 4

peak 5
[denatured (%)]

MES, p2H 5.5,a 20 °C 1651( 2 (80( 4) 1684( 3 (20( 4)
TES, p2H 8.0,b 20 °C 1651( 1 (78( 3) 1682( 2 (22( 3)
TES, p2H 8.0,c 90 °C 1694( 2 (6 ( 3) 1649( 1 (94( 3)
no Hydroxyapatited

(TES, p2H 8.0, 20°C)
1657( 1 (48( 3) 1682( 2 (17( 3) 1636( 1 (33( 3) 1699( 2 (2 ( 1)

a Reducedø2 ) 0.8126, RMS noise) 0.00012.b Reducedø2 ) 0.3703, RMS noise) 0.00017.c Reducedø2 ) 25.775, RMS noise) 0.00012.
d Reducedø2 ) 1.7805, RMS noise) 0.00003.
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presented in Figure 7c, and the secondary structural elements
predicted from this analysis are presented in Table 3. When
hydroxyapatite chromatography is not included in the
purification, regression analysis shows that the lactose
permease exhibits an additional major spectral component
with a frequency of 1636( 1 cm-1. A new minor
component at 1699( 2 cm-1 is also observed. These
frequencies are typically assigned toâ-strands (46) but see
discussion below.

In Figures 8 and 9, we present a FT-IR experiment, which
is designed to define the thermal denaturation of the
hydroxyapatite-purified, monomeric protein. Because the
amide I line shape is sensitive to structural changes, the FT-
IR spectrum can be used to detect denaturation (for example,
see refs76 and81-84). A downshift of the amide I′ band
is expected upon the thermal unfolding of anR-helical protein
(76, 81-84). In Figure 8, we present data obtained on
lactose permease; these data exhibit a 5 cm-1 downshift, to
1649 cm-1, as a result of increasing temperature. This is
evident in the overlay of the spectra obtained at 20°C (Figure
9a, dashed line), 90°C (Figure 9a, solid line), and returned
to 20°C (Figure 9a, dotted line). The downshift of the amide
I′ peak is first detected at approximately 70°C (Figure 8d).
The spectral change is mainly reversible upon cooling to 20
°C; a shift of peak position back to 1654 cm-1 is observed
(Figures 8f and 9a). At 90°C and after cooling to 20°C, a

new, minor spectral component at 1595 cm-1 is detected
(Figure 8e,f). We attribute this new spectral feature to
thermally induced protein aggregation (76, 81-84).

To quantitatively analyze the effect on secondary structure
as a result of increasing temperature, curve-fitting was
performed on data obtained at 20°C (Figure 9b) and at 90
°C (Figure 9c). Curve-fitting of the amide I′ line shape at
20 °C (Figure 9b) gives two main spectral components at
1651 and at 1682 cm-1; these components are assigned to
R-helix and to turns. Curve-fitting of the amide I′ line shape
at 90 °C (Figure 9c) provides evidence for a significant
change in secondary structure. The major spectral compo-
nent is downshifted to 1649 cm-1; this frequency is assigned
to random secondary structural elements. Also, the peak
previously assigned to turns at 1682 cm-1 is no longer
observed at 90°C; a small contribution at 1694 cm-1 is
obtained. These data are summarized in Table 3; the results
are consistent with a change in>90% of the protein’s
secondary structure upon increasing the temperature to 90°
C. These spectra are evidence for a reversible thermal
denaturation of the protein at temperatures above ap-
proximately 50 °C. These data also indicate that the
monomeric protein in detergent micelles is in a stable folded
form at 20°C and is well below its denaturation temperature.

Figure 10, panels a and c show the FT-IR spectra obtained
on partially dehydrated proteoliposomes containing recon-
stituted, functional lactose permease. Spectra were obtained
on proteoliposomes in 5 mM TES, pH 8.0 (Figure 10a), and
in 5 mM TES, p2H 8.0 (Figure 10c). Deuterium exchange
occurred over 4-6 h. As controls, spectra were obtained
on liposomes, lacking the permease, under the same condi-
tions (Figure 10b,d). Deuterium exchange of proteolipo-
somes is observed to downshift the amide I frequency (1655
cm-1) to 1650 cm-1 and to downshift the amide II frequency
(1544 cm-1) (compare Figure 10, traces a and c). Spectral
contributions, attributable to the lipids, at 1739 cm-1 (lipid
CdO stretching vibrational mode) and 1467 cm-1 (methylene
scissoring vibrational mode) were not effected by deuterium
exchange (compare Figure 10, traces b and d). A spectral
feature, centered at 1645 cm-1, is observed in both1H2O
and 2H2O liposome samples (Figure 10b,d). This lipid-
attributable spectral feature is also observed in the proteo-
liposome spectra. However, the observation of a significant
change in the overall shape and frequency of this band is a
clear indication that protein is present. Liposomes composed
of purified PE and PG (3:1 ratio) were also analyzed, and a
similar spectral component, overlapping the amide I region,
was observed (data not shown). Efforts to subtract the
liposome spectrum from the proteolipsome data were not
successful, consistent with an effect of protein reconstitution
on the lipid vibrational spectrum.

DISCUSSION

Here, we describe a detailed biochemical and biophysical
characterization of a monodisperse, monomeric lactose
permease preparation. The method of purification is novel
and gives a highly pure product, which is amenable to various
methods of characterization. The purification procedure
involves three sequential chromatography steps. A hy-
droxyapatite chromatography step has been shown to be
necessary to reduce the amount of aggregated protein (Figure

FIGURE 8: FT-IR spectra of2H-exchanged lactose permease in
detergent micelles as a function of increasing temperature. Data
were collected as described in Experimental Procedures. Spectra
were obtained sequentially on the same lactose permease (p2H 8.0)
sample at 20, 30, 50, 70, 90 and 20°C (traces a-f, respectively).
A buffer spectrum taken at 20°C was subtracted from all the protein
samples. The dotted spectrum shows the results of correction, using
a buffer spectrum taken at 90°C (e). This type of correction has
no impact on the peak position. Asterisks indicate a new spectral
feature at 1595 cm-1 (traces e and f).
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3). Likewise, this step also reduces aggregation in the
bacterial membrane protein cytochromec oxidase. There-
fore, it may be of general value in the purification of many
membrane proteins (54). In our purification procedure, a
nickel affinity chromatography step affords the bulk of
permease purification and enrichment. A final cation-
exchange chromatography step was found to remove remain-
ing protein contamination.

We have successfully reconstituted the purified lactose
permease using a modified dialysis procedure. The recon-
stituted proteoliposomes were capable of lactose exchange,
which was competitively inhibited by TDG, indicating that
the preparation was functionally active. The proteoliposomes
formed were impermeant to slow proton leakage as shown
by the effects observed upon addition of the proton uncoupler
CCCP. Taken together, counterflow assays demonstrate that
the purified lactose permease is functionally active.

The purified lactose permease in detergent micelles and
proteoliposomes containing functional lactose permease were
shown to be suitable for spectroscopic characterization. FT-
IR spectroscopy predicts a highlyR-helical structure for the
monomeric protein in micelles; there is no detectable
evidence for intermolecular hydrogen bonding orâ-sheet
structure (34, 46, 72-81). A denaturation study shows that
the first evidence of protein denaturation is obtained at

approximately 70°C; the spectral change observed is
consistent with a conversion of a predominantlyR-helical
protein to random coil (34, 46, 72-81). This thermal
denaturation is shown to be largely reversible. The cooled,
renatured protein shows a small additional spectral compo-
nent at 1595 cm-1, which we attribute to a small amount of
heat-induced aggregation (81).

The conclusion that the purified permease in detergent
micelles is 80%R-helix is predicted by many previous
studies of the lactose permease (10-13) and is supported
by previous circular dichroism and Raman measurements on
detergent-solubilized and membrane-associated lactose per-
mease (10, 85). However, our results with monodispersed
lactose permease are in contrast with those of ref86, who
attributed infrared spectral components at 1633 cm-1 to
â-sheet structure. In this study (86), lactose permease had
not been purified through the use of hydroxyapatite chro-
matography and had been reconstituted into proteoliposomes
by dilution from DM. In monodisperse preparations, we
observe additional spectral components, with frequencies in
this same spectral region (1636 cm-1), only in aggregated
lactose permease samples.

Spectral components at 1636 cm-1 are substantially higher
in frequency than those attributed to thermally aggregated
protein samples (81-84). For example, our thermal dena-

FIGURE 9: FT-IR spectra of2H-exchanged lactose permease in detergent micelles at 20 and 90°C and after return to 20°C (repeated from
Figure 8, traces a, e, and f). In panel a, the amide I′ band obtained at 20°C (dashed line) is superimposed on the amide I′ band obtained
at 90°C (solid line), as well as the amide I′ band obtained after cooling to 20°C (dotted line). Spectral curve fitting of the amide I′ band
obtained at 20 and 90°C is shown in panels b and c, respectively.
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turation study shows that heat-induced aggregation results
in a new spectral component at 1595 cm-1. Therefore, the
origin of these low-frequency amide I′ components in dimeric
and trimeric lactose permease is of interest. The observed
downshift in frequency from 1657 to 1636 cm-1 is generally
consistent with an increase in the number or strength of
hydrogen bonds. Spectral components in the 1636 cm-1

region are usually assigned toâ-strands (34, 46, 72, 77-
80). Higher frequency components of lower intensity are
also assigned toâ-strands (34, 78, 80); this may be the origin
of the new 1699 cm-1 spectral component (Figure 7c),
although this frequency is somewhat higher than bands
usually assigned toâ-sheet (34, 46). Turns and amino acid
side-chain contributions can also be observed in the 1660-
1690 cm-1 region (34, 46).

The appearance of spectral frequencies that are typically
assigned toâ-strands could be due to an intramolecular
conformational rearrangement of the dimerized or trimerized
protein in detergent micelles (43). However, given the
increased aggregation observed in these samples, prepared
without hydroxyapatite chromatography (Figure 3), we favor
the attribution of these spectral changes to the introduction
of intermolecular hydrogen bonds (81). Thermally denatured
protein may be able to make stronger intermolecular
hydrogen bonds, resulting in spectral components at yet lower
frequencies (81), because of increased exposure of hydro-
phobic regions of the protein in the thermally denatured state.

We also performed FT-IR studies on proteoliposomes
containing lactose permease. With these studies, we also
addressed the differences between our FT-IR results on
monomeric lactose permease and the findings of ref86. Our

spectra on proteoliposomes containing functional lactose
permease are similar to those of ref86. Amide I and II bands
are observed at 1655 and 1544 cm-1 in 5 mM TES, pH 8.0.
The amide I band, exhibits an additional shoulder at 1635
cm-1. Upon deuterium exchange, the amide I′ band shifts
to 1650 cm-1, and the amide II band decreases dramatically
in intensity. The shoulder at 1635 cm-1 is unaffected by
this treatment. Spectral features attributed to lipid vibrational
modes are also observed at 1739, 1645, and 1467 cm-1. The
1645 cm-1 feature overlaps the protein’s amide I band.

To make an accurate secondary structure assignment by
analysis of the amide I band, it is important that the lipid
contribution in this region be accurately and completely
subtracted from the proteoliposome spectrum. In our at-
tempts to carry out this subtraction, we found that the spectral
features assignable to lipids shift slightly in frequency and
line shape upon protein reconstitution into the liposomes.
These changes may be a result of lipid-protein interactions
occurring in the bilayer. These effects prevented interpreta-
tion of the amide I line shape of lactose permease reconsti-
tuted into proteoliposomes.

Regardless of our inability to obtain detailed secondary
structure information from proteoliposomes, we do see
significant differences in the amide I line shape when these
samples are compared to data obtained from monodisperse
lactose permease samples. There are several possible
explanations for the difference in amide I line shape
observed. We favor the explanation that all or a substantial
part of the change in amide I line shape is the result of lipid
contributions in this spectral region. However, we cannot
rule out the possibility that the change is induced by partial
dehydration of proteoliposome samples or by reconstitution
itself.

Our FT-IR studies also reveal that the purified, monodis-
perse lactose permease and functional lactose permease
reconstituted into proteoliposomes are highly susceptible to
isotope exchange when compared to otherR-helical mem-
brane proteins, such as photosystem II and bacteriorhodopsin
(43, 70, 71). This conclusion is supported by the observation
that deuterium-exchanged monomeric lactose permease
showed a prominent amide II′ band at approximately 1457
cm-1 and no detectable amide II band at 1550 cm-1. This
conclusion is also supported by the disappearance of the
amide II band upon deuterium exchange of proteoliposomes.
This result was obtained on monomeric lactose permease at
either p2H 8.0 or 5.5, where the rate of base-catalyzed
exchange is expected to be over 3 orders of magnitude slower
(reviewed in ref87). The results of this p2H study indicate
that the rate of exchange at high p2H is many orders of
magnitude faster than the exchange time. By comparison,
photosystem II, which was exchanged for longer periods of
time and was in DM micelles at p2H 6.5, showed significantly
more intensity in the amide II region. Since the analysis of
the amide I line shape for the lactose permease supports the
conclusion that the protein has well-defined secondary
structure in DM micelles, our results indicate that the
R-helical domains of the lactose permease are highly
susceptible to2H exchange. Such susceptibility has also been
noted in a separate study of the reconstituted lactose
permease (86). Moreover, a high degree of2H exchange
has been observed in a pore/channel-forming membrane
protein, CHIP28, and a human erythrocyte glucose trans-

FIGURE 10: FT-IR spectra of proteoliposomes containing lactose
permease and liposomes in1H2O or 2H2O buffers. Samples were
prepared and data were collected as described in Experimental
Procedures. Spectra were obtained on proteoliposomes (1:15
protein-to-lipid ratio) and liposomes in 5 mM TES, pH 8.0 (traces
a and b, respectively) and on proteoliposomes (1:15 protein-to-
lipid ratio) and liposomes exchanged into 5 mM TES, p2H 8.0
(traces c and d, respectively).
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porter (75, 76).
There are two possible explanations of facile isotope

exchange in proteins. Deuterium exchange can occur either
as a result of a cooperative unfolding of the protein or as a
result of dynamic fluctuations of the folded state (for
discussion, see refs83and87). To distinguish between these
two possibilities, the thermal stability of the monodisperse,
monomeric protein in detergent micelles was determined.
In addition, estimates of the secondary structure were
obtained (see above). Observation of a high denaturation
temperature and the highR-helical content of the lactose
permease argues against the first possible explanation. Thus,
we conclude that, at 20°C, the monodisperse lactose
permease in detergent micelles is stably folded, and we favor
the hypothesis that isotope exchange occurs as the result of
dynamic fluctuations of the folded state.

This type of facile2H exchange is consistent with increased
conformational flexibility in lactose permease when com-
pared to photosystem II and bacteriorhodopsin. Such flex-
ibility may be due to the presence of a relatively isoenergetic
set of available, static folded structures or to a time domain-
based averaging over a variety of conformational states. This
flexibility may be mechanistically important. For example,
conformational flexibility has also been suggested to be
involved in the mechanism of glucose transport by the human
erythrocyte glucose transporter, which, like lactose permease,
has been found to be highly susceptible to2H exchange (76).
Recent functional models of the lactose permease suggest
that large changes in tertiary structure occur during transport
(23). Thus, the spectroscopic data presented here are
consistent with our model for the structure and function of
the lactose permease (23).
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