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ABSTRACT. The lactose permease, encoded byl#te’ gene ofEscherichia coliis 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 oflacY gene product containing an amino-terminal six histidine affinity tag.

In the novel purification method described here, lactose permease is purifieg@fdmdecyl maltoside-
solubilized membrane vesicles using three sequential column steps: hydroxyapatite; mickeacetic

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 sulfatepolyacrylamide gel electrophoresis (SBBAGE) 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%helical and stably folded at 2UC; thermal denaturation is first detected

at 70°C. Because the purified protein is also readily susceptibRHtexchange, these results suggest

that the protein is conformationally flexible and tRetexchange is facilitated as the result of conformational
fluctuations from the folded state.

The uptake of solutes, including necessary metabolites, is1). Many of these proteins belong to the major facilitator
a crucial requirement for the proliferation of cells. To date, superfamily (MFS) (2—4). The lactose permease &f-
a wide variety of proteins that play a role in the process of cherichia colibelongs to the MFS and has been studied as
solute uptake have been characterized (for review see refa model for transport phenomer&).( The lactose permease
functions as g3-galactoside and proton symporter. This

. i rotein translocates lactose and protons across the cell
T This work was supported from Grant GM53259 from the National P P

Institutes of Health. J.S.P. was partially supported by training grant membrane with a 1:1. stoichiometrya)(. The protein )
GMO08347-09 from the National Institutes of Health. catalyzes the accumulation of lactose against a concentration
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ment of Biochemistry, 140 Gortner Laboratory, 1479 Gortner Ave., The lacY gene encodes the lactose permease. The gene
St. Paul, MN 55108; email barry@biosci.chs.umn.edu. has been cloned into recombinant plasmids and sequenced
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s Biological Process Technology Institute. (8). ThelacY gene product consists of 417 amino acids and

1 Abbreviations: BCIP/NBT, 5-bromo-4-chloro-3-indolyl phosphate/  has a predicted molecular mass of 46.5 kBa9j. On the
nitroblue tetrazolium; BSA, bovine serum albumin; CCCP, carbonyl pasis of hydropathy analysis, the protein is predicted to

cyanidem-chlorophenyl hydrazone; cmc, critical micelle concentration; ; ningeli i
DM, p-dodecyl maltoside; EDTA, ethylenediaminetetraacetic acid; EPR, contain 12 transmembrane span elical domains10).

electron paramagnetic resonance spectroscopy; FT-IR, Fourier transforml his prediction has been supported by circular dichroism,
infrared spectroscopy; HEPES\-(2-hydroxyethyl)piperazind¥-2- limited proteolysis, chemical modification, and analysis of
ethanesulfonic acid; IPTG, isoprop§ip-thiogalactoside; MES, 2N- a series of lactose permeasalkaline phosphatase fusion

morpholino)ethanesulfonic acid; MFS, multiple facilitator superfamily; . . S .
MWCO, molecular weight cutoff; NitNTA, nickel—nitriloacetic acid; proteins 0-0_13)' Am'bOdy blndlng studies show that the

PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PMSF, phe- amino- and carboxyl-terminal segments are located in the
nylmethane sulfonyl fluoride; RMS, root-mean-square; SPAGE, cytoplasm {4—16). An extensive set of lactose permease

sodium dodecy! sulfatepolyacrylamide gel electrophoresis; TDG, mutants has been generated and characterit@e 24)
p-galactopyranosyp-p-thiogalactopyranoside; TE\-tris(hydroxy- Mutati ¢ tain k . id K ¢ .t b
methyl)methyl-2-aminoethanesulfonic acid; TPQ¥tosyl-+-phenyl- utations at certain Key amino acids are known to pertur

alanine chloromethyl ketone; YT, yeast tryptone. the function (for review, see refd).
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We have proposed a tertiary structural model for the M-R-G-S-H-H-H-H-H-H-G-S-I-M-Y-Y-L-K-N-T-N-
lactose permease (see rgb). This model postulates
rotational symmetry between the two conserved halves of _ : _
the protein. However, there is no atomic-level structure of IF'GURE 1: Amino ?C'C.' sequence at the hiend of the 6-His-
the protein. More recently, a variety of biophysical tech- actose permease fusion protein.

niques have been used to obtain structural information. Spin . .
. o : was engineered to produce a lactose permease containing a
labels have been engineered within loops and helices of the S - X .
6x histidine affinity tag at the amino terminus. To make

lactose permease, and EPR studies have been performed tfh fusi in Bamdl si introduced nine b
determine distance relationships between spin laBéls(?) e fusion protein, @antl site was introduced nine base

S . N pairs upstream of the start codon in theY gene via site-
Intermolecular metal binding sites have been designed for

EPR study of distance relationships between specific aminodirected mutagenesis. TlanHI fragment, containing the
. ay P en sp entirelacY coding sequence, was then cloned into a plasmid,
acid residues28—30). Fluorescence labeling assays have

been performed to determine helical arrangement within the PQES0 (obtained from Qiagen express system), thus adding

membrane31, 32. These methods have provided valuable 13 amino acid residues (including the six histidines) to the

information about the secondary and tertiary structure of the aming terminus of the lactose permease (Figure 1). The
protein y y methionine residue at position 14 is the normal start

, . . methionine present in the wild-type permease. The upstream
Fourier transform infrared spectroscopy (FT-IR) is another promoter in pQE30 is highly active, so this construct leads

important technique in the analysis of protein structure and ¢ effective IPTG-inducible expression of the fusion protein.
structural changes (for review see re¥8 and 34). This Also, the promoter in pQE30 is tightly controlled by two
technique can provide information regarding protein second- gndemlac operator sites, so that uninduced levels of the

ary structure and ionization of functional groups within a f,sion protein are very low. The plasmid encoding léoeY
protein and can be used to probe structural changes of & sion protein was designated pQE3JacY.

conformationally active protein. In this study, we report a .
purification method that yields a monodisperse, highly pQESO—IacY was transformed Into T18Z.‘3.6)’ a lacy-

o : L 2o negative strain ofE. coli. The cells containing théacY
purified preparation of the lactose permease that is primarily fusion protein were stored at80 °C in alvcerol cultures
in the monomeric form. We report the first, detailed FT- Sinale Eolonies isolated on YT-am Ia?tgs containin 1'0
IR-derived structural characterization of the monodisperse,of t? tone 5 g of veast extracts gfﬁ)\laCI ’10 of a gar 9
monomeric protein in detergent micelles. FT-IR spectra were andyopl rr?g/rr?L ar¥1pici|lin perclitegr were u’sed ?0 inogculéte
also obtained on proteoliposomes containing reconstltuted,YT_amp 50 mL starter cultures, which were then used to

functional lactose permease. inoculate 15 L cultures. For larger cultures{20 L), 1%

F-W-First Transmembrane Domain---

EXPERIMENTAL PROCEDURES glycerol was added to supplement the growth medium.
Cells, induced with 2 mM IPTG or 30 mM lactose at late
Materials log phase, were grown for-12 h and were harvested with

centrifugation at 100apfor 10 min. Cells were frozen at
E. coli growth medium was obtained from Bio-101 Inc. —80 °C after harvesting.

(Vista, CA). IPTG, ampicillin, PMSF, DNase | (EC 3.1.21.1,
type V), ultrapure glycine, BSA, MES, and lactose were
obtained from Sigma (St. Louis, MO). The lactose was
recrystallized to remove impurities prior to ugs), -Dode-

cyl maltoside and sodium cholate were purchased from
Anatrace (Maumee, OH). Imidazole was from Boehinger-
Mannheim (Indianapolis, IN), Acetone/ether-wasliedoli
total lipids, PE, and PG were from Avanti Polar Lipids

Determination of Protein ConcentratioriThe amount of
protein obtained from various steps of the purification
protocol was determined by the Bradford meth8d)( For
measurements on protetdetergent 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

Alabaster. AL). TES was from Fisher Biotech (Pittsburah standard curve. Protein concentration was determined by
(Alabaster, AL). om Fisher Biotech (Pittsburgh, - ,onitoring the absorption at 595 nm through the use of a

PA) and ultrapure glycerol was obtained from Gibco-BRL jachi y-3000 spectrophotometer and correction with a
(Gaitherburg, MD). Pepstatin and TPCK were from Cal- buffer blank.

biochem (La Jolla, CA). NiNTA agarose beads were from

Qiagen (Valencia, CA), and Bio-Gel HT hydroxyapatite was . .
. ; brane vesicles, cells were resuspended in French press buffer

from Bio-Rad (Hercules, CA). {C]Lactose (30@:Ci/mmol) ’

was purchased from Amersham (Arlington Heights, IL). (50 mM TES-NaOH, pH .8'0' 100 mM NaCI_, and 5 mM

Dialysis tubing (6-8 and 12-14 kDa MWCO) was pur- B-mercaptoethanol) to a final cell concentration of 0.2 g of

Il wet weight/mL. The following protease inhibitors were
chased from Spectrum (Houston, TX) and was treated to ce i )
remove proteases by boiling three times in 5 mM EDTA. added: TPCK (0.1 mg/mL), pepstatin (0ug/mL), and

Deuterium oxide3H, 99.9%) and sodium deuterioxidg-| PM.SFgéZO/SM%mL).I A;totck Zoluéiggcof SMSF vlvals m?de
99.5%) were purchased from Cambridge Isotope LabOI’atOI’ieSUme °§d 310 (‘;".n stolre a’d DNA C alllse ( Qég K
(Andover, MD). All other materials were analytical grade mL) was added to digest plasmi - €IS were broken

; - at 4 °C by a French press at 20000 psi. Cell debris was
and were obtained from commercial sources. pelleted with three low-speed spins of 20Qd0r 10 min.

Methods The membrane vesicles were collected by ultracentrifugation
at 180004@ for 45 min, were washed once with French press
Bacterial Strains and Cell GrowthBy use of the QIA buffer, and were centrifuged a second time at 18@0@0
express system (Qiagen, Valencia, CAlgaY fusion protein 45 min. The final membrane vesicle pellet was resuspended

Isolation of Membrane Vesicled-or isolation of mem-
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in hydroxyapatite start buffer (HAS buffer: 50 mM TES
NaOH, pH 8.0, 100 mM NaCl, 20% glycerol, 5 mM

Biochemistry, Vol. 37, No. 44, 19985365

A 1/1 Mono S cation-exchange FPLC column was
equilibrated with two column volumes of Mono S elution

B-mercaptoethanol, and 1 mM lactose). The protein was buffer (MSE buffer: 50 mM TESNaOH, pH 8.0, 2 M

diluted to a concentration of approximately 10 mg/mL and
was stored at-80 °C prior to solubilization.

Solubilization of Membrane VesicledMembranes 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

NaCl, 20% glycerol, 5 mMg-mercaptoethanol, 1 mM
lactose, and 0.05% DM), followed by 5 column volumes of
Mono S start buffer (MSS buffer: 50 mM TESNaOH, pH
8.0, 100 mM NaCl, 20% glycerol, 5 mi#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

membranes to a final concentration of 1%. The membranesprotein was loaded, the column was washed with MSS buffer.

were solubilized on ice with shakingrf@ h after the addition
of DM. Nonsolubilized material was removed by ultracen-
trifugation at 180000 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 ConditionsThe hydroxyapatite
column was equilibrated with two column volumes of HAS
buffer, followed by two column volumes of hydroxyapatite
elution buffer (HAE buffer: 50 mM TESNaOH, pH 8.0,
1 M NaCl, 350 mM KH,PO, 20% glycerol, 5 mM
B-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 Asgg 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 N=NTA batch binding.

Ni—NTA agarose affinity beads were equilibrated with
two column volumes of NiNTA start buffer (NiS buffer:
50 mM TES-NaOH, pH 8.0, 100 mM NaCl, 15 mM
imidazole, 20% glycerol, 5 mN8-mercaptoethanol, 1 mM

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 storeet-20 °C.

SDS-PAGE, Siber Staining, and Western Analysi¥he
purity of the lactose permease was determined by -SDS
PAGE containing 12% acrylamide:0.3% bisacrylamig@) (
Protein samples were solubilized in buffer containing 2%
SDS, 10 mMp-mercaptoethanol, 20% glycerol, and bro-
mophenol blue for 30 min at room temperature. Gels were
silver-stained by an ammonia-based meth@®).( 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, MO3Q).

Amino Acid Composition Analysis and N-Terminal Protein
Sequencing.For amino acid composition analysis, purified
protein was subjected to a modified hydrolysis meth&d].(
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

lactose, and 0.05% DM). The beads were then equilibratedsamples were run on a Beckman 6300 amino acid analyzer

with two column volumes of NiNTA elution buffer (NiE
buffer: 50 mM TES-NaOH, pH 8.0, 100 mM NacCl, 250
mM imidazole, 20% glycerol, 5 mN§-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 NNTA

with a 50uL 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.

agarose beads to protein was 2 mL of bead slurry/10 mg of Experimentally determined amino acid composition was

protein. The protein, which had eluted from the hydroxy-
apatite column, was incubated with-NNTA 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

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

less than 0.25 mL/min. The column was washed with NiS sequenced on an Applied Biosystems Incorporated 470 gas-
buffer and monitored at 280 nm as previously described. phase peptide sequencer with on-line phenylthiohydantoin
When a stable baseline was reached, the bound protein wagPTH) amino acid analysis. Samples were run with the

eluted by the addition of NiE buffer. A sharp peak of protein normal sequencing cycles and were backed with a precycled

elution was observed at approximately-506 mM imida-

polybrene-coated filter. Data were acquired and analyzed

zole. Toremove imidazole and salts, the eluted protein wason a Beckman System Gold Data system.

pooled and dialyzed in-68 kDa MWCO dialysis tubing
overnight in dialysis buffer, containing 50 mM TESIaOH,
pH 8.0, 100 mM NaCl, 20% glycerol, and 5 mjgtmer-

Reconstitution of Lactose Permease into Liposomes. E.
coli acetone/ether-washed total lipids were solubilized with
2% sodium cholate in 75 mM HEPEXKOH (pH 7.4). To

captoethanol. A buffer volume 100 times the sample volume aid solubilization, the solution was sonicated for 1 min (or

was used (100:1 v/v).

until clear) with a point sonicator with a microtip (Biosonik
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sonicator, Bronwill Scientific, Rochester, NY). Lipids were UV—Vis Spectroscopy.Spectra of lactose permease in
maintained under argon to avoid oxidation. Nonsolubilized detergent micelles were acquired through the use of a Hitachi
lipids and titanium particles were removed by ultracentrifu- U-3000 spectrophotometer. Spectral conditions were as
gation at 18000¢ for 30 min at 4°C. Purified lactose  follows: 60 nm/min scan rate and 2.0 nm slit width. The
permease, in DM micelles, was incubated with 2% sodium spectra of lactose permease were buffer-subtracted.
cholate fo 1 h prior to reconstitution. Lactose permease  FT-|[R Spectroscopy.Spectra of lactose permease in
was then mixed with solubilized lipids at a 1:20 or 1:50 detergent micelles and proteoliposomes, containing lactose
weight ratio and placed into 214 kDa MWCO dialysis  permease, were acquired through the use of a Magna I
tubing. The protein and lipid mixture was first dialyzed in  Nicolet spectrometer equipped with a liquid nitrogen-cooled
buffer containing 75 mM HEPESKOH, pH 7.4, 14 mM  MCT-A detector and a KBr beam splitter. The mirror
KCI, and 0.1% cholate for 6 h. A buffer volume 100 times velocity was 2.53 cm'%, the spectral resolution was 2 cin

the sample volume was employed (100:1 v/v). The secondand 2000 mirror scans were coadded for each double-sided
dialysis was in 75 mM HEPESKOH, pH 7.4, and 14 mM  interferogram. A HappGenzel apodization function and
KCI for 6 h (100:1 v/v). The third dialysis was in 50 MM  one additional level of zero-filling were used. Peak positions
HEPES-KOH, pH 7.4, 25 mM KClI, and 15 mM sucrose or  are known tat1 cnit. The monodisperse protein samples
lactose for 12 h (100:1 v/v). The final dialysis was in 10 had a concentration of #80 mg/mL and were suspended
mM HEPES-KOH, pH 7.4, 45 mM KCI, and 45 mM in 2H,0 buffers. Six microliters of sample was placed
sucrose or lactose for 12 h (500:1 v/v). Proteoliposomes between two 19 mm CaFwindows (Harrick Scientific,
were collected by ultracentrifugation at 180@@0r 30 min Ossining, NY) with a 6um spacer. Proteoliposomes,
at 4 °C. Proteoliposomes were resuspended in 50 mM liposomes derived from totdE. coli lipids, or liposomes
phosphate buffer (pH 6.0) with or without 20 mM lactose derived from PE:PG (3:1 ratio) were prepared for FT-IR
(loaded or unloaded vesicles) and stored &4 Liposomes  spectroscopy by drying 2040 uL of sample onto a CaF
derived from totalE. coli lipids or from PE:PG (3:1) were  window under a constant stream of nitrogen. Protein
prepared by the methods described above, omitting thereconstitution was performed as described above at a 1:15
protein addition step. protein-to-lipid ratio. Proteoliposomes contained3mg/

Sugar Transport Assay (Counterflow Assa@ounterflow ML protein as determined by Bradford assays.
assays were performed on lactose-loaded or unloaded pro- For FT-IR experiments, the sample holders and temper-
teoliposomes made on the same day or after storagé at 4 ature control units have been previously descrils). (For
C. For each assay, 14 (0.5 mg/mL) of proteoliposome  studies of monodisperse lactose permease, a spectrum of the
vesicles was resuspended in 52450f 100 mM phosphate  appropriate buffer alone was recorded at both 20 antC90
buffer, pH 6.0, containing 2 mM MgSQ1.0uCi of [*4C]- This spectrum was subtracted from the protein spectrum on
lactose, and 1 mM lactose. For assays with TDG (50 mM a noninteractive 1:1 basis; these data were recorded on the
fresh stock made in phosphate buffer) or CCCP (10 mM same day. For the temperature study, spectra of the same
fresh stock prepared in ethano§ 1 mM or 10uM final protein sample were taken sequentially at 20, 30, 50, 70,
concentration was added to the assay buffer, respectively.90, and 20°C. Fourier deconvolution, second-derivative
Assays were performed at 2&. A 100uL sample of the analysis, and nonlinear regression analysis were performed
reaction volume was collected at various time points and with Nicolet Omnic and Grams software, as describ&g).(
was aliquoted onto a 0.48n nitrocellulose filter disk. The  Fourier deconvolution requires the choice of line width
disk was washed several times with 100 mM phosphate parameter, resolution enhancement paramekg; and
buffer, pH 6.0. The filter disks were placed into 2 mL of apodization function. The enhancement paraméter 2)
scintillation fluid and the amount of{C]lactose exchange was chosen in accord with signal-to-noise criteria previously
into the vesicles was determined by scintillation counting. described 44). The line width parameter (40 crf) was
Protein concentrations were estimated by Bradford assayschosen on the basis of spectra previously derii&l (Our
(see above). 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 HappGenzel function was employed
for apodization. All spectra were analyzed under the same
performed at 6°C and typically required 56 h. Once _conditions. Second_—derivative analysis er_nployed a _Sav-
exchanged, samples were aliquoted and frozen& °C. itsky—Golay smoothing procedure, as previously described

Buffers containing either 5 mM MESNaC’H and 0.03% (46).
DM, p?H 5.5, or 5 mM TES-NaC’H and 0.03% DM, pH RESULTS
8.0, were used; the’d is reported as the uncorrected meter

reading ¢2). Purification of the Lactose Permeasé method for the
Proteoliposomes were deuterium-exchanged by a seriespurification of lactose permease from solubilized membrane
of ultracentrifugation steps ifH buffers. Proteoliposomes vesicles has been developed. The primary purification step
were pelleted at 1800@0for 45 min. The pellet was  involves the use of an affinity tag engineered onto the amino-
resuspended itH buffer and incubated for-46 h. Proteo- terminal end of lactose permease. This six-histidine tag
liposomes were repelleted as above. The final pellet was causes the protein to bind to a nickel chelate affinity support.
resuspended in a small volume?f buffer and stored at 4  The use of nickel chelate affinity chromatography has been
°C. described for the successful purification of a number of

Deuterium ExchangeThe lactose permease in detergent
micelles was’H-exchanged by repeated dilution and con-
centration in &H,0 buffer with Centricon 30 concentrating
units (Amicon, Beverly, MA). This exchange procedure was
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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 (1@); and lane 3, purified
lactose permease sample prepared with the inclusion of hydroxy-
apatite chromatography (10y). Both samples were subjected to
Ni—NTA and cation-exchange chromatography.

Ficure 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 (1ug); lane 3, DM-solubilized membrane vesicles();

lane 4, samples obtained after hydroxyapatite chromatography (2Table 1: Yields of Protein during the Purification of the Lactose
uQ); lane 5, samples obtained after-NNTA chromatography (5 Permease

ug), and lane 6, samples obtained after cation-exchange chroma- purification step total protein (mg)

tography (10ug).

DM-solubilized membranes 300
soluble and membrane-bound proteit#-{52). Our method Eﬁgxg%ﬁﬁgtﬁocﬁmg‘” 2‘7‘05
for_op_tammg monodlgperse lactose permease also includes cation-exchange column 15
an initial hydroxyapatite column and a final cation-exchange
column.

In Figure 2, we present a silver-stained gel, derived from at the various steps in the purification procedure; the overall

SDS-PAGE, of protein fractions obtained from each step Yi€ld is 1.5% on a total protein basis.
of the purification. Lanes 2 and 3 show the electrophoretic ~ Our initial attempts at purification of lactose permease
pattern obtained from membrane vesicles and solubilized showed that the nickel affinity method would not be
vesicles, respectively, which contain a complex mixture of Sufficient for optimal purification. Moreover, when purifying
proteins. Lanes 4, 5, and 6 show the pattern obtained afterProteins from bacterial sources, aggregation can be a
hydroxyapatite, Ni-NTA, and cation-exchange chromatog- Significant problem$4). Such aggregation makes it difficult
raphy, respectively. The inclusion of an hydroxyapatite t0 remove protein contaminants, interferes with biophysical
column does not afford significant purification on a protein Measurements and crystallization, and can interfere with the
basis (Figure 2, lane 4) but does serve to reduce aggregatioieconstitution of the protein into liposomes.
(shown below). Since the hydroxyapatite column employed  Previously, it was determined that the inclusion of hy-
buffer conditions compatible with the nickel affinity step, droxyapatite chromatography significantly reduced aggrega-
the eluted fractions from the hydroxyapatite column were tion in preparations of a bacterial cytochromexidase $4).
bound directly to the NiNTA agarose beads. This proce- In Figure 3, we show data demonstrating that the inclusion
dure eliminated time-consuming buffer exchanges by dialysis of an initial hydroxyapatite column treatment in our lactose
or desalting procedures. The samples obtained after the Ni permease purification (Figure 3, lane 3) significantly reduced
NTA chromatography show significant enrichment for the amount of protein aggregation in the final product when
lactose permease (Figure 2, lane 5). compared to an identical purification procedure that did not
To further reduce protein contamination, a third chroma- include the hydroxyapatite column (Figure 3, lane 2).
tography step involving a Mono S cation-exchange column Comparison of lanes 2 and 3 shows that use of the
was employed (Figure 2, lane 6). This column binds hydroxyapatite chromatography results in a decrease in the
contaminating proteins, whereas the lactose permease doegamount of dimerized and trimerized lactose permease.
not bind and is eluted in the flowthrough volume. After The degree of protein aggregation in samples of lactose
completion of the purification, one major silver-stained band permease, purified without hydroxyapatite chromatography,
is observed (Figure 2, lane 6). This protein is identified as was also determined by measuring the amount of sedimenting
the lactose permease by Western blot analysis (Figure 3, laneprotein. The sample was subjected to a short (45 min), high-
3). The apparent molecular mass of the lactose permeasespeed (1800Q§) ultracentrifugation. Protein concentrations
monomer band is 30.3 kDa. An anomalously low molecular before and after this step were determined by use of a
mass is common among membrane proteins analyzed byBradford assay and by measuring the protein absorbance at
SDS-PAGE and has been previously observed for the 280 nm. The results showed that sedimentation occurred
lactose permeas8d). Table 1 summarizes the protein yields for a substantial amount of the purified protein (5398%).
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Table 2: Amino Acid Composition of Purified>6 His-Tagged
Lactose Permease 25 + lactose
amino amino =

acid determined expected acid determined expected ‘S

Asx 28 22 Met 16 15 v 2

Thr 21 19 lle 30 34 S o

Ser 26 31 Leu 48 54 ==

Glx 30 22 Tyr 11 14 =8 15

Pro 13 12 Phe 37 56 22

Gly 36 38 His 12 10 28 + Gctosel

Ala 34 35 Lys 14 12 5 2 10

Cys 7 8 Arg 14 13 I . - + lactose/

Val 31 29 Trp ND 6 & & £ TDG

=

aNot determined. ~ 5 - + - lactose

This same procedure performed on hydroxyapatite-treated
o . 0 I ] | l [ ]

purified lactose permease resulted in only 6%8% loss of
protein due to sedimentation. These results indicate that o0 5 10 15 20 25 30 35
much of the lactose permease, purified without hydroxy- Time (minutes)
apatite chromatography, is in an aggregated state. FIGURE 4: Lactose counterflow in proteoliposomes containing

Amino Acid Composition and N-Terminal Sequencing of reconstituted lactose permease. The assays shown here were
the Purified Lactose Permeas&able 2 gives the results of  performed on proteoliposomes at room temperature in the presence
amino acid composition analysis of the purified lactose EE; Ogr?é)sir?”tﬁeeﬂrgfsgcggsgfy :ggtgesgr:ﬁg”é%gf;agéojgsi?%ggG
per'mease. sample. Qomparlson qf the ngmber of moles Ofuncier Experimeﬁtal Procedures. Data presented are the average of
amino acids, experimentally derived, with the expected 3_g measurements.
values shows that the lactose permease98% homoge-
neous. Glycine, alanine, valine, leucine, and isoleucine wereblot analysis and were shown to contain lactose permease
used in this calculation because these amino acid side chaingdata not shown). We did not attempt reconstitution on non-
are stable under acidic hydrolysi5j. The somewhat low  hydroxyapatite-treated lactose permease because we found
values for the aromatic amino acids, when compared to the evidence for significant protein aggregation in these samples
predicted amino acid sequence, are expected in anaerobi¢see above and Figure 3).
hydrolysis £5). N-Terminal amino acid sequencing confirms Assays for lactose and proton transport can be performed
that the purified protein contains the first eight amino acids, on reconstituted lactose permease. In Figure 4, we present
which comprise the start of the histidine tag (Figure 1). a counterflow assay, which measures the ability of lactose

Reconstitution of Lactose Permease and Functional As- permease to rapidly exchange lactose from the inside to the
says. To verify the activity of the purified lactose permease, outside of the proteoliposome and also measures a slower,
the protein was reconstituted into artificial lipid vesicles. The unidirectional efflux phasesd, 65. When proteoliposomes
necessity for reconstitution makes it difficult to monitor were preloaded with lactose, we observed lactose exchange
specific activity changes as a function of the various stageswhen [“Cllactose was added to the outside of the vesicles
of purification. A number of methods exist for reconstitution (Figure 4, ). As expected, the control with unloaded
of membrane proteins (for review see ré§6—60 and proteoliposomes did not accumulate labeled lactose (Figure
references therein). These methods rely on lowering the4, €). Counterflow assays were also performed with the
concentration of detergent below the cmc so that the proteinexternal addition of TDG, which competes for the site of
is forced to associate with an alternative hydrophobic lactose binding. With TDG present we saw no accumulation
environment. Formation of proteoliposomes is spontaneousof labeled lactose, indicating that TDG was successfully
under these conditions. competing for the lactose binding site and preventing

The technique of reconstitution found to be the most exchange (Figure 4]). The initial rate of lactose uptake is
successful in the present application was a modified dialysis difficult to estimate because the earliest possible time point
method. This method has been described for the successfuls already near the saturation phase. Due to the time it
reconstitution of another membrane protein, cytochrome requires to process the samples, it is not possible to reliably
oxidase, after purification if-dodecyl maltoside54). DM obtain earlier time points through the use of this method.
has been successfully applied to the purification of many These results demonstrate that we have successfully recon-
membrane proteins in a monodisperse and functional form stituted the lactose permease in a functionally active form.
(61—63). However, this detergent has a low cmc, making  In whole cells or membrane vesicles containing lactose
reconstitution of membrane proteins potentially difficult. We permease {C]lactose accumulation rapidly reaches a maxi-
have found that the addition of sodium cholate to BM  mum followed by a slower efflux phas&X, 6§. This slow
lactose permease micelles resulted in an eventual, successfuiet loss of accumulated{C]lactose can be attributed to the
reconstitution by dialysissd). The concentration of sodium  process of efflux, which involves the symport of protons and
cholate is 40-fold greater when compared to dodecyl mal- lactose down a concentration gradient (inside to outside). In
toside; sodium cholate has a higher cmc. Four sequentialour preloaded proteoliposomes, the efflux process was not
dialysis steps were employed for the slow removal of observed (Figure 48). One possible explanation of this
detergent. The proteoliposomes obtained from this recon-result might be a decrease in the passivepdrmeability of
stitution method were analyzed by SBBAGE and Western  the proteoliposomes, when compared to that of cells or
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FIGURe 5: UV spectrum of purified, monodisperse lactose permease
in MSS buffer showing the 235325 nm region of the spectrum.
membranes. Normally, whole cells or membrane vesicles
show a low level of H permeability, which alleviates the
electrochemical gradient caused by the efflux of With
lactose. However, if proteoliposomes containing purified
enzyme are impermeant totHthe 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 assay6y). CCCP will dissipate any
electrochemical gradient formed in the proteoliposomes that
is due to the slower phase offHactose efflux. In the
presence of CCCP}{C]lactose efflux was observed as a
kinetically slower phase (Figure 4}). This result indicates 1 | | I 1
that our inability to detect efflux in the absence of CCCP 1800 1725 1650 1575 1500 1425 1350
was due to the formation of an'tyyradient (interior negative) cm”
upon net H/lactose efflux. Furthermore, these results Fcure 6: FT-IR spectra ofH-exchanged proteins ifi-dodecyl
suggest that our vesicle preparation is impermeable to themaltoside micelles. Spectra were obtained on lactose permease at
passive flux of H ions. p?H 5.5 (B) and BH 8.0 (C). In trace A, spectra were obtained on

Spectroscopic Characterization of the Purified Lactose Photosystem Il atf# 6.5 in DM micelles 71).

Permease in Detergent Micelledn Figure 5, we present ¢ hat is ch istic athelical . - and
the UV spectrum of the purified protein. Well-resolved fredueéncy thatis characteristic athelical proteins46; an

peaks from aromatic amino acids are observed at 280 and>¢€ d|scus§|on below), and anj\mldevibratlonal mode
291 nm with smaller contributions at 265 and 269 nm. This With @ maximum at 1452 1 cm ™ (Figure 6B,C). There
spectrum is useful as a verification for successful purification. 'S "° significant intensity in the 1550 cthregion, either at
The protein had no detectable absorption in the visible region P H5.5 (F|gure 6B) or FH 8.0 (Figure 6C). Th|§ Is unusual,

of the spectrum, consistent with the absence of bound S'"C€ q—hehcal portions of membrane proteins, Sl.JCh as
prosthetic groups (data not shown). bacteriorhodopsin, have been found to be highly resistant to

In Figure 6, panels B and C, we present FT-IR spectra of exchange 70). With _bacteriorhodopsin, even rigorou:_;
the lactose permease. The protein is in DM micelles and €Xchange protocols failed to exchange 70% of the peptide

2H-containing buffers at eitherdl 5.5 (Figure 6B) or fH backbone and gave only a 3Q% change ir_1 the amide Il band
8.0 (Figure 6C). There are three possible contributions in (/Q- The unexchanged portion was assigned to the trans-
the spectral region shown f8H-exchanged proteins8, membranea-helical portions of the protein7(Q). Such

69. The amide | band (approximately 1650 chn is resistance to exchange is also illustrated by Figure 6A, which
prir.narily the G=0 stretching vibration of the peptide shows the vibrational spectra of another membrane protein,
backbone. The amide Il band (approximately 1550 Ym photosystem ”’. in DM micelles, after 18 h & exchangg.

is a coupled &N stretch and N-H in-plane deformation A Previous estimate of the percefi exchange for this
mode. These vibrational modes are delocalized and involve Protéin was 20%13). By contrast, lactose permease shows

simultaneous atomic displacements of the peptide b@gjs (  COMPlete exchange in-45 h in 2H,0 buffers at either

In portions of the protein accessible to isotope exchange,5'5 or 8.0.

replacement of NH with N-2H results in a downshift and Analysis of the amide'lline shape of théH-exchanged
uncoupling of the €N and N-2H vibrations 68). The lactose permease was then performed (Figure 7). The amide
amide Il band then decreases in amplitude, and new intensityl" line shape can be viewed as a superposition of spectral
is observed at lower frequencies. In the spectral region components, each derived from a given type of secondary
shown here, new intensity would be observed at 1450'cm  Structural element in the protei@4, 46, 72, 78 To resolve

Absorbance

upon 2H exchange; this band is called the amide 1l these spectral components, second-derivative and Fourier
vibrational mode. The amidé band shows less dramatic ~deconvolution analysis can be employed (see, for example,
changes upoAH exchange46). refs 34, 43, 46, and72—76).

In ?H,0O buffers, the lactose permease exhibits an amide Application of these methods to spectra obtained at either
I" vibrational mode with a maximum at 1654 1 cm'?, a p’H 5.5 (Figure 7A) or pH 8.0 (Figure 7B) shows that the
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Ficure 7: Spectral fitting of the amidée band of lactose permease. In panels@, solid line, spectra were obtained on lactose permease

at pPH 5.5 (A), at pH 8.0 (B), and at §H 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. -+t peneciesults

of nonlinear regression analysis of the spectra in panel€ Arespectively, are presented. In panelsathe 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 'ofiAenBleabe
peak position (cmt)

peak 1 peak 2 peak 3 peak 5
[a-helix (%)] [turns (%)] [aggregated-strands (%)] peak 4 [denatured (%)]
MES, pH 5.5220°C 16514+ 2 (80+4) 1684+ 3 (20+ 4)
TES, pH 8.0° 20°C 1651+ 1 (78+3) 1682+ 2 (22+ 3)
TES, pH 8.0£90°C 1694+ 2 (6+3) 1649+ 1 (944 3)
no Hydroxyapatité 1657+ 1(48+3) 1682+ 2 (17+3) 1636+ 1 (33+ 3) 1699+ 2 (2+ 1)

(TES, gH 8.0, 20°C)
2 Reduced¢?® = 0.8126, RMS noise= 0.00012.° Reduced;? = 0.3703, RMS noise= 0.00017.c Reduced? = 25.775, RMS noise= 0.00012.
4 Reducedy? = 1.7805, RMS noise= 0.00003.

lactose permease line shape is dominated by one spectra{Table 3). In Table 3, the results of the nonlinear regression

component with a frequency of 1658 1 cnm!. Spectral analysis are summarized. These data can then be used to

components with this frequency are typically assigned to predict the secondary structure of the protein. This analysis

a-helix, although turns and loops can make a contribution predicts that 80%t 4% of lactose permease ishelical

in this region as well4, 46, 72-76). A minor component  and that 20%+ 4% is involved in turns. There is no

at 1683+ 2 cmit is also observed; this component can be significant spectral difference when samples, maintained at

assigned to turns of the protein backboB4,(46, 72, 77 p’H 8.0 and 5.5, are compared (Figure 7a,b).

80). These frequencies are used as starting points in Figure 7C shows the amidéband of lactose permease,

regression analysis. purified without the use of hydroxyapatite chromatography.
Fits of derived spectral components to the amidénke As shown in the Fourier self-deconvolution (FSD) and

shapes, as performed by nonlinear regression, are shown irsecond-derivative analysis (Figure 7C), additional amide |

Figure 7a,b. The fit is satisfactory, as judged by the spectral components are now observed. The spectral fit

negligible residual (Figure 7) and by the redugégarameter derived through the use of these spectral components is
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new, minor spectral component at 1595 ¢énis detected
(Figure 8e,f). We attribute this new spectral feature to
thermally induced protein aggregationg( 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 (Figure 9b) and at 90
°C (Figure 9c). Curve-fitting of the amidé line shape at
20 °C (Figure 9b) gives two main spectral components at

54

\ 1651 and at 1682 cm; these components are assigned to
\ ) o-helix and to turns. Curve-fitting of the amiddihe shape
649

\

16!

a. 20°C

at 90 °C (Figure 9c) provides evidence for a significant
change in secondary structure. The major spectral compo-
nent is downshifted to 1649 crh this frequency is assigned

to random secondary structural elements. Also, the peak
previously assigned to turns at 1682 ¢nis no longer
observed at 90C; a small contribution at 1694 crhis
obtained. These data are summarized in Table 3; the results
are consistent with a change m90% 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
I ' | : form at 20°C and is well below its denaturation temperature.

1750 1715 1680 1645 1610 1575 Figure 10, panels a and c show the FT-IR spectra obtained
-1 on partially dehydrated proteoliposomes containing recon-
FicURe 8: FT-IR spectra oPH-exchanged lactose permease in stituted, fu_nctional Iaf:tose permease. Spect_ra were obtained
detergent micelles as a function of increasing temperature. Data®n Proteoliposomes in 5 mM TES, pH 8.0 (Figure 10a), and
were collected as described in Experimental Procedures. Spectrdn 5 mM TES, gH 8.0 (Figure 10c). Deuterium exchange
were obtained sequentially on the same lactose perme#$& () occurred over 46 h. As controls, spectra were obtained
sample at 20, 30, 50, 70, 90 and 2D (traces &f, respectively). o liposomes, lacking the permease, under the same condi-

A buffer spectrum taken at 2@« was subtracted from all the protein . . . :
samples. The dotted spectrum shows the results of correction, using©nS (Figure 10b,d). Deuterium exchange of proteolipo-

a buffer spectrum taken at S (e). This type of correction has ~SOMes is observed to downshift the amide | frequency (1655
no impact on the peak position. Asterisks indicate a new spectral cm™1) to 1650 cntt and to downshift the amide Il frequency
feature at 1595 crit (traces e and f). (1544 cm?) (compare Figure 10, traces a and c¢). Spectral
- contributions, attributable to the lipids, at 1739 ¢nglipid
presented in Figure 7c, and the secondary structural elementg—q stretching vibrational mode) and 1467 cnimethylene
predicted from this analysis are presented in Table 3. Whengjssoring vibrational mode) were not effected by deuterium
hydroxyapatite chromatography is not included in the o change (compare Figure 10, traces b and d). A spectral
purification, regression analysis shows that the lactose foatre. centered at 1645 chnis observed in botfH,O
permease exhibits an additional major spectral component,,q 2H2’O liposome samples (Figure 10b,d). This lipid-
with a frequency of 163611 1 cmh A new minor  auipitable spectral feature is also observed in the proteo-
component at 1699 2 cm* is also observed. These |i5o5ome spectra. However, the observation of a significant
frequencies are typically assigned/estrands 46) but see  change in the overall shape and frequency of this band is a
dlscus_smn below. ) . clear indication that protein is present. Liposomes composed
_ InFigures 8 and 9, we present a FT-IR experiment, which ¢ 1, rifieq PE and PG (3:1 ratio) were also analyzed, and a
is designed to define the thermal denaturation of the gimijar spectral component, overlapping the amide | region,
hydroxyapatite-purified, monomeric protein. Because the \ 55 ohserved (data not shown). Efforts to subtract the
amide | line shape is sensitive to structural changes, the FT'Iiposome spectrum from the proteolipsome data were not

IR spectrum can be used to detect denaturation (for exampleg,ccessful, consistent with an effect of protein reconstitution
see refs76 and81—84). A downshift of the amide'lband on the lipid vibrational spectrum.

is expected upon the thermal unfolding ofehelical protein

(76, 81-84). In Figure 8, we present data obtained on pSCUSSION

lactose permease; these data exhil® cnt! downshift, to

1649 cm?, as a result of increasing temperature. This is  Here, we describe a detailed biochemical and biophysical
evident in the overlay of the spectra obtained atQ@Figure characterization of a monodisperse, monomeric lactose
9a, dashed line), 98C (Figure 9a, solid line), and returned permease preparation. The method of purification is novel
to 20°C (Figure 9a, dotted line). The downshift of the amide and gives a highly pure product, which is amenable to various
I peak is first detected at approximately 0 (Figure 8d). methods of characterization. The purification procedure
The spectral change is mainly reversible upon cooling to 20 involves three sequential chromatography steps. A hy-
°C; a shift of peak position back to 1654 chis observed droxyapatite chromatography step has been shown to be
(Figures 8f and 9a). At 90C and after cooling to 20C, a necessary to reduce the amount of aggregated protein (Figure

of data

Absorbance

q

cm



15372 Biochemistry, Vol. 37, No. 44, 1998 Patzlaff et al.

a 1654 1649
|

Absorbance

1735 1710 1685 1660 1635 1610 1585

1
cm

Absorbance
—
Absorbance

residual residual

| | | | ! i ] | | |

1745 1705 1665 1625 1585 1745 1705 1665 1625 1585
-1

-1
cm cm
FIGURE 9: FT-IR spectra ofH-exchanged lactose permease in detergent micelles at 20 &M@ &W after return to 20C (repeated from
Figure 8, traces a, e, and f). In panel a, the amidehd obtained at 20C (dashed line) is superimposed on the amideahd obtained
at 90°C (solid line), as well as the amideldand obtained after cooling to 2C (dotted line). Spectral curve fitting of the amideband
obtained at 20 and 98C is shown in panels b and c, respectively.

3). Likewise, this step also reduces aggregation in the approximately 70°C; the spectral change observed is
bacterial membrane protein cytochromexidase. There-  consistent with a conversion of a predominanihhelical
fore, it may be of general value in the purification of many protein to random coil 34, 46, 72-81). This thermal
membrane proteinss4). In our purification procedure, a  denaturation is shown to be largely reversible. The cooled,
nickel affinity chromatography step affords the bulk of renatured protein shows a small additional spectral compo-
permease purification and enrichment. A final cation- nent at 1595 cmt, which we attribute to a small amount of
exchange chromatography step was found to remove remain-heat-induced aggregatioB).
ing protein contamination. The conclusion that the purified permease in detergent
We have successfully reconstituted the purified lactose micelles is 80%a-helix is predicted by many previous
permease using a modified dialysis procedure. The recon-studies of the lactose permeadd®-{13) and is supported
stituted proteoliposomes were capable of lactose exchangeby previous circular dichroism and Raman measurements on
which was competitively inhibited by TDG, indicating that detergent-solubilized and membrane-associated lactose per-
the preparation was functionally active. The proteocliposomes mease 10, 85. However, our results with monodispersed
formed were impermeant to slow proton leakage as shownlactose permease are in contrast with those oBfefwho
by the effects observed upon addition of the proton uncoupler attributed infrared spectral components at 1633 cio
CCCP. Taken together, counterflow assays demonstrate thap-sheet structure. In this studg®), lactose permease had
the purified lactose permease is functionally active. not been purified through the use of hydroxyapatite chro-
The purified lactose permease in detergent micelles andmatography and had been reconstituted into proteoliposomes
proteoliposomes containing functional lactose permease weredy dilution from DM. In monodisperse preparations, we
shown to be suitable for spectroscopic characterization. FT-observe additional spectral components, with frequencies in
IR spectroscopy predicts a highlhelical structure for the  this same spectral region (1636 ¢ty only in aggregated
monomeric protein in micelles; there is no detectable lactose permease samples.
evidence for intermolecular hydrogen bonding/®sheet Spectral components at 1636 chare substantially higher
structure 84, 46, 72-81). A denaturation study shows that in frequency than those attributed to thermally aggregated
the first evidence of protein denaturation is obtained at protein samples81—84). For example, our thermal dena-
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spectra on proteoliposomes containing functional lactose
1740 permease are similar to those of @& Amide | and Il bands
1467 are observed at 1655 and 1544 ¢ 5 mM TES, pH 8.0.
The amide | band, exhibits an additional shoulder at 1635
cm™L. Upon deuterium exchange, the amiddand shifts
to 1650 cn1?, and the amide Il band decreases dramatically
in intensity. The shoulder at 1635 cis unaffected by
this treatment. Spectral features attributed to lipid vibrational
modes are also observed at 1739, 1645, and 146%.drhe
1645 cn1? feature overlaps the protein’s amide | band.

To make an accurate secondary structure assignment by
analysis of the amide | 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 liptotein interactions
occurring in the bilayer. These effects prevented interpreta-
tion of the amide | line shape of lactose permease reconsti-
I I I tuted into proteoliposomes.

1800 1700 1600 1500 1400 Regardless of our inability to obtain detailed secondary
cm structure information from proteoliposomes, we do see
Ficure 10: FT-IR spectra of proteoliposomes containing lactose sjgnificant differences in the amide | line shape when these

h : A . .
permease and liposomes iH,0 or 2H,0 buffers. Samples were samples are compared to data obtained from monodisperse
prepared and data were collected as described in Experimenta

Procedures. Spectra were obtained on proteoliposomes (1:15actose permease samples. There are several possible
protein-to-lipid ratio) and liposomes in 5 mM TES, pH 8.0 (traces explanations for the difference in amide | line shape
a and b, respectively) and on proteoliposomes (1:15 protein-to- observed. We favor the explanation that all or a substantial
lipid ratio) and liposomes exchanged into 5 mM TESH[8.0 part of the change in amide | line shape is the result of lipid
(traces ¢ and d, respectively). 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 otfidrelical mem-
brane proteins, such as photosystem Il and bacteriorhodopsin
(43, 70, 7). This conclusion is supported by the observation
that deuterium-exchanged monomeric lactose permease
showed a prominent amid€e band at approximately 1457
cm ! and no detectable amide Il band at 1550 émThis
conclusion is also supported by the disappearance of the
; . L . amide Il band upon deuterium exchange of proteoliposomes.
iggeocg?? fe%?gr;bgiozzcan also be observed in the 660 This result was obtained on monomeric lactose permease at

T either pH 8.0 or 5.5, where the rate of base-catalyzed

The appearance of spectral frequencies that are typicallyexchange is expected to be over 3 orders of magnitude slower
assigned toj-strands could be due to an intramolecular (reviewed in ref87). The results of this 3 study indicate
protein in detergent micellesAg). However, given the  magnitude faster than the exchange time. By comparison,
increased aggregation observed in these samples, prepareghotosystem II, which was exchanged for longer periods of
without hydroxyapatite chromatography (Figure 3), we favor time and was in DM micelles a€H 6.5, showed significantly
the attribution of these spectral changes to the introduction more intensity in the amide Il region. Since the analysis of
of intermolecular hydrogen bond81). Thermally denatured  the amide | line shape for the lactose permease supports the
protein may be able to make stronger intermolecular conclusion that the protein has well-defined secondary
hydrogen bonds, resulting in spectral components at yet lowerstrycture in DM micelles, our results indicate that the
frequencies &1), because of increased exposure of hydro- _helical domains of the lactose permease are highly
phObiC regionS Of the protein in the thel’ma”y denatured state. Susceptible téH exchange' Such Susceptibi"ty has a|so been

We also performed FT-IR studies on proteoliposomes noted in a separate study of the reconstituted lactose
containing lactose permease. With these studies, we alsgpermease86). Moreover, a high degree éH exchange
addressed the differences between our FT-IR results onhas been observed in a pore/channel-forming membrane
monomeric lactose permease and the findings o86eDur protein, CHIP28, and a human erythrocyte glucose trans-

Absorbance

turation study shows that heat-induced aggregation results
in a new spectral component at 1595 ¢m Therefore, the
origin of these low-frequency amidedomponents in dimeric
and trimeric lactose permease is of interest. The observed
downshift in frequency from 1657 to 1636 chis generally
consistent with an increase in the number or strength of
hydrogen bonds. Spectral components in the 1636*cm
region are usually assigned fbstrands 84, 46, 72, 7+

80). Higher frequency components of lower intensity are
also assigned t8-strands 84, 78, 80; this may be the origin

of the new 1699 cm' spectral component (Figure 7c),
although this frequency is somewhat higher than bands
usually assigned tB8-sheet 84, 4. Turns and amino acid
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porter (75, 76.
There are two possible explanations of facile isotope

result of dynamic fluctuations of the folded state (for
discussion, see re83and87). To distinguish between these
two possibilities, the thermal stability of the monodisperse,

monomeric protein in detergent micelles was determined. 16.
In addition, estimates of the secondary structure were
obtained (see above). Observation of a high denaturation 17.

temperature and the high-helical content of the lactose

permease argues against the first possible explanation. Thus,18:

we

permease in detergent micelles is stably folded, and we favor 5q°
the hypothesis that isotope exchange occurs as the result of

conclude that, at 20C, the monodisperse lactose

dynamic fluctuations of the folded state.
This type of facile?H exchange is consistent with increased
conformational flexibility in lactose permease when com-

pared to photosystem Il and bacteriorhodopsin. Such flex- o3
ibility may be due to the presence of a relatively isoenergetic
set of available, static folded structures or to a time domain- 24.
based averaging over a variety of conformational states. This

flexibility may be mechanistically important. For example,

conformational flexibility has also been suggested to be 55
involved in the mechanism of glucose transport by the human
erythrocyte glucose transporter, which, like lactose permease, 26.

has been found to be highly susceptibl@tioexchange6).

Recent functional models of the lactose permease suggest
that large changes in tertiary structure occur during transport g
Thus, the spectroscopic data presented here are

consistent with our model for the structure and function of 29.

(23).

the

lactose permeasg3).
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