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ABSTRACT A single-cysteine mutant of the lactose transport protein LacS(C320A/W399C) from Streptococcus thermophi-
lus was selectively labeled with a nitroxide spin label, and its mobility in lipid membranes was studied as a function of its
concentration in the membrane by saturation-transfer electron spin resonance. Bovine rhodopsin was also selectively
spin-labeled and studied to aid the interpretation of the measurements. Observations of spin-labeled proteins in macroscop-
ically aligned bilayers indicated that the spin label tends to orient so as to reflect the transmembrane orientation of the protein.
Rotational correlation times of 1-2 us for purified spin-labeled bovine rhodopsin in lipid membranes led to viscosities of 2.2
poise for bilayers of dimyristoylphosphatidylcholine (28°C) and 3.0 poise for the specific mixture of lipids used to reconstitute
LacS (30°C). The rotational correlation time for LacS did not vary significantly over the range of low concentrations in lipid
bilayers, where optimal activity was seen to decrease sharply and was determined to be 9 = 1 us (mean = SD) for these
samples. This mobility was interpreted as being too low for a monomer but could correspond to a dimer if the protein
self-associates into an elongated configuration within the membrane. Rather than changing its oligomeric state, LacS
appeared to become less ordered at the concentrations in aligned membranes exceeding 1:100 (w/w) with respect to the lipid.

INTRODUCTION

The lactose symport protein LacS 8treptococcus ther- unknown. The purpose of the current study was to deter-
mophilusbelongs to the large class of secondary transporinine the oligomeric state for LacS, functionally reconsti-
systems that comprises of several dozen families (Nikaidouted at low protein concentration into a defined lipid mem-
and Saier, 1992; Poolman and Konings, 1993). As withbrane, and further to determine whether this varies as the
many of these transport proteins, LacsS is predicted to foldpecific activity decreases at the higher protein concentrations.
into 12 transmembrane helices but is unusual in that it Mutants have been engineered to replace the native cys-
carries a large (19.5 kDa) hydrophilic C-terminal extensionteine in LacS (C320A) and to substitute a single cysteine
that serves a regulatory function (Poolman et al., 1989nto the transmembrane helix XI or the interhelix loop
1995). 10-11, regions predicted to be close to the substrate binding
LacS has been overexpressed and purified from nativgjte in the protein (Poolman et al., 1996; Spooner et al.,
membranes to investigate conditions required for optimah 9gg). Mutants not defective in transport are K373C (inter-
reconstitution of this and other transport systems into lipidhelix loop 10-11) and W399C (transmembrane helix XI).
membranes (Knol et al., 1996). Optimal reconstitution ofpegpite its predicted location at the midpoint of helix X,
detergent-solubilized LacS occurred in lipid bilayers thatcysagg was accessible to maleimide reagents and is con-
were destabilized with nonsolubilizing amounts ofdetergen[:(_:,iv‘.my located within a translocation channel in the pro-
(Knol et al., 1996, 1998). However, as illustrated in theioin The LacS(C320A/W399C) mutant was therefore se-
current study, functionally competent reconstitution WaS|octed as the most likely one to provide an environment

only achieved at very low protein concentration; lipid/pro- where the d - : ;
. ) . . ynamics of the spin label will reflect solely the
tein ratios (L/P) greater than 100—-200 by weight, with overall rotational motion of the protein.

S?oet(;if: ciﬁcl:\gtr:frsatirc?r?ﬁ?sg ir?cr:lraerarliicitcjtolog\r/oher:/;i/;so the The saturation transfer electron spin resonance (ST-ESR)
P . : : method (Thomas et al., 1974) provides access to a motional
(w/w). A detailed account of these observations will be . : : ; .
: . time scale appropriate for observing the rotational mobility
reported elsewhere. As with practically all other transport L 3
. : . .of proteins in membranes (16 to 10 2 s). The method
systems, the oligomeric state of LacS in the membrane is : N . . .
usually involves an empirical interpretation of line shapes in
terms of rates of isotropic motion, the relationship of which
to the actual uniaxial mobility in membranes is not straight-
Received for publication 17 December 1999 and in final form 27 April forward. The strict interpretation in terms of rotation about
2000. the membrane normal requires that the spin label adopt a
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derive detailed information not readily accessible from nor- For protein reconstitution, liposomes of acetone/ether-wagtsathe-
mal dispersion samples. For the current study, conventionadichia coli lipids and egg yolk phosphatidylcholine (Avanti Polar Lipids) in

- - he ratio 3:1 (w/w) were made by freeze-thawing a aqueous dispersion of
ESR observations were made of the reconstituted rnerr[he lipid mixture (20 mg/ml) in 50 mM phosphate buffer (pH 7.0), con-

branes that were macroscopically aligned to obtain Imcor'taining 2 mM MgSQ, followed by extrusion through polycarbonate filters
mation on the orientation of spin label in the protein. Thewith a 400-nm pore size (Mayer et al., 1986). Extruded liposomes at 4
results indicate that the short-chain spin label used camg/ml of lipid were titrated with the DDM until saturated with surfactant,
adopt a preferred orientation within the reconstituted probefore the onset of solubilization (Knol et al., 1998), and then incubated

tein, and this leads to a less ambiguous determination 0(130 min at 20°C) with solubilized protein at the required ratios Wlth_gentle
. . - . agitation. To remove the detergent, polystyrene beads (SM2 Biobeads,
rotational motion within the membrane. Knowledge of spm'Biorad) were added at a wet weight of 80 mg/ml, and the sample was

label orientation also allows access to other physical paramncubated for a furthe2 h atroom temperature. Fresh Biobeads were then
eters that are important for interpreting protein mobilitiesadded twice and equilibrated at 4°C with the samples, firs8fo and then

such as the effective membrane Viscosity and could providgvernight. The proteoliposomes were collected by centrifugation, washed

. - jth 50 mM potassium phosphate (pH 7.0), and stored in liquid nitrogen or
a sensitive measure of whether the protein adopts a regulé’[' —70°C. Samples prepared at the L/P used in this work showed no

orientation in its reconstituted state. differences in gross morphology, according to freeze-fracture electron
microscopy. Samples for analysis were thawed rapidly at 37°C and sedi-
mented by ultracentrifugation (200,000 g, 10 min) or aligned on glass

plates as described below for reconstituted rhodopsin.
MATERIALS AND METHODS Lactose counterflow activity was determined for proteoliposomes that
LacS(C320A/W399C) been extruded through 400-nm polycarbonate filters after thawing. These

samples were equilibrated in 50 mM phosphate buffer (pH 7.0) with 2 mM

S. thermophilusST11(AlacS carrying plasmid pGKHis was grown semi- MgSO, and 10 mM lactose, fa2 h atroom temperature. After the sample
anaerobically at 42°C in Elliker broth supplemented with 0.5% (w/v) beefwas concentrated by centrifugationul-aliquots of the proteoliposome
extract, 20 mM lactose, and mg/ml erythromycin. Using a polymerase suspension were diluted into 2Q0 of the phosphate buffer, containing 2
chain reaction approach (Knol et al., 1996), ¥fhwas replaced with mM MgSQ, and 9uM [*“C]lactose, making a final lactose concentration
cysteine, using theacS(C320Apgene in pPGKH(C320A) as the parent. The of 59 uM. The assay was stopped at various time intervals by diluting the
oligonucleotide used to construlcS(C320A/W399C)vas BCA.AAC. mixture with 2 ml of ice-cold 0.1 M LIiCl, and the proteoliposomes were
TGT.CTT.GTG.TCG.ACA.TTT (mutations are underlined). In addition to collected on 0.45:m cellulose nitrate filters. The filters were washed with
the TGG (Trp) to TGT (Cys) change, BsEll site was created 3 bp 2 mlof 0.1 M LiCl, and the retention of radiolabeled lactose was measured
downstream from the TGT codon. The fragment containing the mutanby liquid scintillation counting.
sequence was checked by nucleotide sequencing, and the resulting plasmid
was named pGKH(C320A/W399C).

All protein purification steps were performed at 4°C. The protein was Boyine rhodopsin
purified essentially as described (Knol et al., 1996), with the following
modifications. Membranes &. thermophilusvere isolated and solubilized  All preparative and analytical procedures involving bovine rhodopsin were
in 15 mM imidazole (pH 8.0), 10% (v/v) glycerol, 100 mM NaCl, plus carried out in dim red light. Rod outer segments were isolated from fresh
0.5% (w/v) dodecyl maltoside (DDM). After 10—20 min of incubation, bovine retinas (Papermaster, 1982), and these were washed with hypotonic
insoluble material was removed by centrifugation (280,800, 15 min). buffer (2.5 mM Tris-HCI buffer at pH 7.4 with 1 mM Mgg) to release the
The solubilized membrane proteins were mixed and incubated for 30 mirdisc membranes. The intact disc membranes containing the rhodopsin were
with Ni-NTA resin (Qiagen;~4 mg of LacS/ml of resin) that had been collected by centrifugation (180,000 g, 20 min) and rinsed with 15 mM
equilibrated with buffer A (15 mM imidazole (pH 8.0), 10% (v/v) glycerol, HEPES buffer (pH 7.0, containing 120 mM NaCl and 1 mM EDTA). Discs
100 mM NacCl, plus 0.05% DDM). The column material was loaded into awere resuspended in the HEPES buffer to give a rhodopsin concentration
Bio-Spin column (Bio-Rad Laboratories) and washed with 10 columnof ~2 mg mi~%, according to the absorbance measured at 500 em (
volumes of buffer A containing 25 mM imidazole. The protein was eluted 40 X 10° M~* cm™?Y) for aliquots diluted into a 1% (w/v) solution of
with 200 mM imidazole (pH 7.0) containing 0.05% DDM. Subsequently, hexadecyltrimethylammonium bromide.
the protein was diluted 10-fold with buffer B (5 mM HEPES (pH 7.0) Spin labeling of rhodopsin in the disc membranes was carried out after
containing 0.05% DDM). The diluted protein sample was applied to amore accessible cysteines were blocked Wththyl maleimide. A proce-
Bio-Spin column containing Q-Sepharose fast flow resin (Pharmacia Bio-dure similar to that described here (Kusumi et al., 1980) was shown to
tech; 10 mg of LacS/ml of resin) that had been equilibrated with buffer B.restrict the reaction with maleimide spin label to a single cysteine within
After washing with 10 column volumes of buffer B plus 25 mM NaCl, the the protein. Disc membranes were first pretreated with 1 mM NEM at 4°C
protein was eluted with buffer B containing 100 mM NacCl. Peak fractionsfor 1 h and centrifuged, and the membrane pellet was then rinsed in the
usually contained 0.6—0.8 mg/ml of LacS. The LacS protein was concenHEPES buffer four times. The rhodopsin in the disc membranes was then
trated using Microcon-100 filters (Amicon), which avoided concentrating incubated for 16 h at 4°C with a fourfold molar excess of the 3-maleimido-
the surfactant that was not associated with the protein. The LacS concemproxyl spin label (Sigma), rinsed twice with the HEPES buffer, and then
tration was determined from th,g, usinge = 76,320 M * cm™* (Pace solubilized in 50 mM Tris-HCI buffer (pH 7.0) containing 50 mM sodium
et al., 1995) after the appropriate corrections for light scattering (Leach andcetate, 1 mM CaGl 2 mM MnCl,, using 1% (w/v) octylglucoside as the
Scheraga, 1960). surfactant (Alexis Corp., San Diego, CA). The protein was purified by

Spin labeling of LacS(C320A/W399C) was carried out in 200 mM affinity chromatography (De Grip, 1982) on concanavalin A-Sepharose
imidazole (pH 7.0) containing 10% glycerol and 0.05% (w/v) DDM at a (Sigma). Once adsorbed onto a small column of concanavalin A-Sepharose
LacS concentration of 0.34 mg/ml (i.e., 4u8V). Protein was incubated (<5 ml), the material was exhaustively washed with the octylglucoside
with a fivefold molar excess of 3-maleimido-proxyl spin-label (Fluka) for Tris-HCI buffer (at least 50 bed volumes) before the protein was eluted
1 h at room temperature. The reaction mixture was then diluted ninefoldwith the detergent buffer containing 200 mM methyl mannoside. The
and unreacted label was removed by column chromatography on Qrinsing procedure described here was found to be crucial to ensuring that
Sepharose, as described above. the purified protein was free from other spin-labeled membrane compo-
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nents. The eluted protein solution was diluted fivefold and concentratedata treatment
twice with detergent buffer alone, using PM30 ultrafiltration membranes,
and then finally concentrated to1 mg/ml of protein for reconstitution. The experimental strategy followed here was designed to incorporate all of
The solubilized spin-labeled protein was mixed with either e  the information required to properly interpret ST-ESR measurements in
coli-egg phosphatidylcholine (PC) reconstitution lipid mixture or dimyris- terms of the anisotropic rotational mobility of membrane-reconstituted
toylphosphatidylcholine (DMPC), both of which had been solubilized by LacS and then to estimate the effective size of this protein within the
adding a minimal volume of sodium cholate solution (5% w/v) to their membranes. The first stage of the analysis involves the empirical treatment
hydrated suspensions. The L/P used was 3.4 (w/w) for the mixed recoref experimental ST-ESR spectra by comparing their diagnostic peak height
stitution lipids or 3.5 (w/w) for DMPC, both of which correspond+@00 ratios, as described (Thomas et al., 1974), with those measured from
lipids per rhodopsin, based on an average molecular weight fdE toeli standard samples of spin-labeled hemoglobin, the isotropic rotational cor-
and egg PC lipid mixture of 700. The protein-lipid-surfactant mixtures relation time of which is obtained from the Debye relation
were dialyzed at 4°C again$ L of 5 mM HEPES reconstitution buffer (pH iso 3
7.5 with 50 mM NaCl, 0.5 mM EDTA, and 0.1 mM sodium azide) that was TR = Amnri/3KT (1)
han fr ntl r ri f 14 ith the final f ) . . Lo . . S
changed frequently oye a period o . days, Wlt. the fina staggs O.A comparison with this calibration of isotropic mobility yields an apparent
detergent removal assisted by the addition of SM2 Biobeads to the dialysis . S )
b . . . _rotational correlation time for the experimental systeffit, that takes no
uffer. The reconstituted protein could then be sedimented by ultracentrif- ) . : . : )
: ; o . account of the particular anisotropic features of its motion. The theoretical
ugation (200,000< g, 10 min) for loading into the capillary tubes used for . A ) ) .
. ) . treatment of ST-ESR line shapes under anisotropic motion (Robinson and
the ESR measurements. Alternatively, samples of the proteins reconstitut: : ) . . P
. - . alton, 1980) provides some basis for interpreting the apparent mobilities
into lipid membranes were aligned on glass plates §.8.8 cm) by the

method of isopotential spin-dry ultracentrifugation (Clarke et al., 1980;'t:]|i:]er,?foog (sjilrf:ulsel Oar)](iasroptjsn?e[f:”(;)r(r)]tiitelznarz\iggS?er(rl)zesr;?;ur:ag%l V;I_ggn for
Grobner et al., 1997). Typically, each plate was loaded with a thin film 9 9 : 9 P y " ’

composed of 0.3 mg of lipid with up te-2 nmol of protein in the case of highly anisotropic rotation§ >> D, ) and within a range of correlation

thodopsin. This level of loading typically gave films with a uniform times of interest here, the apparent correlation time has the following

appearance and alignment when examined at low magnification with ézomponents.

microscope with crossed polarizing filters. Occasionally, membrane films 8PP — l/{3[D Sit @+ D (l + cod 0)]} (2)
appeared to be nonuniform to the naked eye and these were not used in the R I +
analysis. Samples of aligned membranes were equilibrated at room temyhereg is the angle between the nitroxideaxis and the axis of rotation.

perature in a chamber at 92% relative humidity for 4 h, before four to eightas jllustrated in Fig. 1, in the molecular fixed principal axis system,zhe
of the plates were stacked together and wrapped in polytetrafluoroethylene

tape to prevent drying.

ESR spectroscopy

Conventional and ST-ESR measurements were made with a Bruker ESP
300 spectrometer operating at 9 GHz (X-band). Dispersion (nonaligned) ,~ .~ .7 /
samples of membranes were loaded in capillary tubes as line samples, not/: < {: {
exceeding 5 mm, and were maintained at 28°C or 30°C for the measure- \\ AN
ments. Quartz glassware was used in the standagg, iticrowave cavity I ;o7
to optimize measuring sensitivity. Plates containing aligned membranes )/! /‘
were secured in a quartz tube that replaced the standard Dewar assembly in {_ ¢ (Y
the cavity. The aligned samples were consequently analyzed only at am-
bient temperature (2& 1°C) without instrumental temperature control. E
The plates were supported with their faces parallel to the sides of the tube, - g
and the tube was rotated in the cavity to change the angle of the plates with
respect to the direction of the magnetic field. Procedures used for the
ST-ESR measurements broadly correspond to those described previously /
(Thomas et al., 1974). Microwave power levels were adjusted to 0.25G to
record ST-ESR spectra, after calibration with a deoxygenated, 0.9 mM
solution of peroxylamine disulfonate (Aldrich) in 10 mM potassium car-
bonate, with a sample configuration similar to that used for dispersion
samples. Calibration of the isotropic rotational correlation times for this :
method was accomplished using spin-labeled hemoglobin solution as a 1
standard for isotropic mobility. Hemoglobin (human, double recrystallized; 1
Sigma) was spin-labeled as a solution of 100 mg/ml in 200 mM phosphate X I

buffer at pH 6.8, with two equivalents of 3-maleimido-proxyl spin-label for \_:A

1h. After extensive dialysis, the solution was centrifuged (200,0Qf) to t

remove any aggregated protein and concentrate2DQ mg/ml) by ultra- D

filtration (Centricon, Amicon). The viscosity of the protein solution was /!

adjusted by preparing mixtures with glycerol (Ultrapure; BRL Life Tech-

nologies, Gaithersburg, MD), according to standard viscosity tables (Shed=IGURE 1 Schematic diagram of a spin label attached to a transmem-
ley, 1932), and using empirical temperature relationships (Slie et al., 1966hrane segment of a membrane protein, showing the orientation of the
to provide an appropriate range of isotropic correlation times predictechitroxide z axis in the pyrrolinyl ring, corresponding to the major compo-
from the Debye relation (Eq. 1). General details of the ST-ESR measurenent of the hyperfine interaction tensor, with respect to the axis around
ments were as described previously (Thomas et al., 1974). which the protein rotates in the membrane a).
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axis of the hyperfine interaction tensor is selected to lie along the 2p

orbital for the unpaired spin, perpendicular to both the plane of the
pyrolidinyl ring and thex axis, located along the N—O bond. The apparent
correlation time is most sensitive to the anisotropic rotation of the spin
label when the axis is oriented perpendicular to the rotation axis=(90°)

as shown (Fig. 1), whereupon Eq. 2 reduces to

&
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and because E 10
_ @
DH - 1/6TRH (3) E 100 +
then the corresponding actual correlation time for this motion will assume £ 50
its upper limit of 3 o
S L
— 3PP 0 1 N 1 1 A 1 .
TRI= TR 12 (4) 0 100 200 300 400 500
As the nitroxidez axis tends toward the axis of rotation, the observed Lipid / Protein (wiw)

correlation time becomes progressively less sensitive to the anisotropic

motion until it fails to detect the motion when these axes are coinciden{-|GURE 2 Dependence of LacS counterflow activity on the protein-to-

(6 =0). lipid ratio in proteoliposome vesicles. Purified LacS was concentrated to 4
Anisotropic (uniaxial) rotational diffusion can be related to the effective mg/ml and reconstituted at the L/P (w/w) as indicated. Specific conditions

dimensions of the protein within the membrane by selecting a suitablg;sed for reconstitution are given in Materials and Methods. The transport

hydrodynamic model, the simplest being that for anisotropic rotationalactivity was the initial rate of lactose counterflow.

diffusion of a cylinder with circular cross section about its long axis

(Saffmann and Delbruck, 1975):

D, = kT/4nV, (5) is confined to extremely low protein concentrations (E4P
50-400 by wt).
whereV, is the effective volume of the cylinder within the membrane. In
the current work, bovine rhodopsin is used as a standard of known
dimensions that can be selectively spin-labeled to estimate the viscosity dConventional ESR on nonaligned samples
the mixed lipid bilayers used for reconstituting the LacS protein. Measure-
ments are also obtained for bovine rhodopsin reconstituted into DMPC tdonventional ESR spectra recorded from the nonaligned
compare with the previous measurement of viscosity for membranes of thi@dispersion) samples of reconstituted spin-labeled proteins
lipid. However, as outlined above, the proper interpretation of anisotropicgre shown in Fig. 3, and each is indicative of a single

mobility requires some knowledge of the orientation of spin label within . - . . . .
both of these proteins. An assessment of the orientational uniformity of thémpu'atlon of motionally restricted nitroxide spin label. The

nitroxide in these proteins was therefore accomplished from observation@Uter SPECtr‘al splitting, arjsing frpm the largest component
of reconstituted protein that was macroscopically aligned on glass plate®f the nitroxide hyperfine interaction tense@x,(), was close
with a view to determining the orientation)(of the major component of to 60 G for LacS (Fig. 3A) in the E. coli-egg PC lipid
the A tensor(z axis) with respect to the diffusional axis in the membrane mixture and 65 G for rhodopsin in either the lipid mixture or

(see Fig. 1). DMPC alone (Fig. 3B andC). The splitting from nitroxide
in rhodopsin can be assumed to represent the rigid limit
RESULTS value ofA,, and therefore displays no significant motion for

this site in either reconstitution system on this time scale
(<108 s). The somewhat smaller splitting observed from
Specific transport activity was determined from the initial nitroxide in reconstituted LacS protein suggests that the spin
rates of lactose counterflow in extruded vesicles with redabel in this case experiences some local mobility on this
constituted LacS, and these measurements are shown in Figme scale. The motion represented here, however, is still
2 as a function of the lipid-to-protein ratio. Despite the largehighly constrained and is not assumed to interfere with the
excess of lipid present in these samples, optimal activitydetection of rotational motion occurring over the longer
was not observed until L/P was-400 (w/w). Specific time scales in the ST-ESR experiments. None of the spectra
transport activity dropped sharply when L/P was decreasetfom the spin-labeled proteins showed any free or more
below 200 (w/w) and leveled off at a low value around amobile nitroxide components that can seriously interfere
L/P = 50 (w/w). Reconstitutions prepared using alternativewith the analysis of line shapes obtained with ST-ESR.
surfactants (e.g., Triton X-100) show some differences in

overall proteln_agtlwty, but the erend_er_mles on L/P WereST-ESR of reconstituted LacS

broadly very similar. More detailed activity measurements

will be published elsewhere. The activity measurements foAfter ensuring the removal of nonspecifically attached or
the reconstituted system studied here (Fig. 2) define a rangmore mobile nitroxide components, the greatest challenge
of samples appropriate for the mobility measurements thai obtaining reliable mobility measurements from ST-ESR

Specific activity of reconstituted LacS
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FIGURE 3 Conventional ESR spectra fé) (itrox-
ide-labeled LacS(C320A/W399C) reconstituted iBto
coli-egg PC lipids at 30°C and nitroxide-labeled bo-
vine rhodopsin reconstituted int®) E. coli-egg PC
lipids at 30°C and €) DMPC at 28°C. The splitting
defines an experimentally determined value for the
major component of the hyperfine interaction tensor

(A%)-

~— 247,

T T T T T T T T
3320 3340 3360 3380 3400

GAUSS

1
3420

were the extremely low protein concentrations required ta8T-ESR of reconstituted bovine rhodopsin
observe either functional LacS (L/P as low as 400 by

weight) or the range of sharply decreasing specific activity 119h-quality ST-ESR spectra could be recorded from spin-
(down to L/P~ 50 by weight), as illustrated in Fig. 2. labeled bovine rhodopsin that was reconstituted at L/P of
Second-harmonic, 90° out-of-phase ST-ESR spectra re?00 (mol/mol), as shown in Fig. 8 andB. TheL'/L ratios
corded from spin-labeled LacS(C320A/W399C), membrand®f the protein were quite similar in the two types of
reconstituted at a L/P between 26 and 400 (w/w), are showffconstitution lipid (Table 1) and fell below the linear
in Fig. 4. Because of the low levels of spin-labeled protein Calioration range used for interpreting the transporter mo-
the absorption signal, especially from the weaker Samp|egl|lty, described above. Because this was the first time that

(higher L/P), show extraneous background interference ifUch rapid rotational motion had been recorded for rhodop-
the high-field region of the spectra. In comparison, theSin Y ST-ESR, considerable care was taken to obtain a

signal in the low-field region is quite well defined and reliable calibration for the low-field diagnostic peak height

appears to be free from spectral distortion. Features in thitio in the region of short correlation times. Calibration
low-field region exhibit high sensitivity to axial motion, data were obtained from the nitroxide-labeled hemoglobin

over a wider range of correlation times, than do the strongd" three different aqueous-glycerol mixtures measured over
features in the central region of the spectra (Fajer and lImited temperature range (20-30°C). The resulting log-
Marsh, 1983), and the former are relied upon solely for thdinéar calibration ofL’/L for shorter correlation times is
analysis reported here. The diagnostic low-field peak heighBhoWn in Fig. 5C to describe a part of the calibration that
ratio L'/L, used throughout, is obtained as illustrated in Fig.2PProaches and passes through a minimum, as reported
5 A for the spectrum from a rhodopsin sample. The data ar@€Viously (Thomas et al., 1974). Small errors in the com-
summarized in Table 1 for all concentrations of reconsti-PSition of these samples are probably the main source of
tuted LacS. These values for reconstituted LacS show nscatter in the calibration data, but these define the region of
systematic or significant change over the entire range of L/Bigher rotational mobility well enough for reliable predic-
used. tion of the short apparent correlation times for rhodopsin, as
The L'/L ratios from nitroxide-labeled hemoglobin in 9iven in Table 1 {z*).
aqueous-glycerol mixtures provided a good linear calibra-
tion over logarithmic values ofS°, the predicted (Eq. 1)
correlation time for isotropic rotation, between 6 and 100
us. The linear least-squares fitted expressionLOL = Conventional ESR measurements of samples of reconsti-
2.541 + 0.4310 log, 75° s (r > 0.999) was used to tuted protein, aligned on glass plates, as a function of the
calculate the apparent rotational correlation timg’in angle, s, between the direction of the magnetic field and the
Table 1) of ~18 us for LacS reconstituted into the lipid director or diffusional axis of protein (membrane normal)
mixture. are shown in Fig. 6. The director or membrane normal is

Conventional ESR on aligned samples
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FIGURE 5 ST-ESR spectra from nitroxide-labeled bovine rhodopsin

reconstituted intoifiset A E. coli-egg PC at 30°C orifjset B DMPC at
200:1 28°C and C) calibration plot for the low-field peak height ratid.'(L)

against the log, correlation time for isotropic rotation of nitroxide-labeled

hemoglobin in aqueous glycerol mixtures with viscosities selected to
/ﬂ\ define the short correlation time region.
¥ W ! —pL

spectral anisotropy fragments into a complex arrangement
of components, reflecting this nonaveraged orientational
distribution in theA tensor. The advantage of the ultraslow

400:1 protein rotation in these systems is that the conventional
ESR line shapes can respond in a very sensitive way to a
M change in the orientation of th& tensor, especially the
s n ] major z component, rather than to the orientation of the
\] V director axis. This should, in principle, be favorable for

determining a unique orientation with respect to the direc-
3320 3340 3360 3380 34'00 'azo tpr. The d|sadvan_tage of this S|tuat|or_1 is that the resulting
GAUSS line shapes are highly complex and difficult to resolve and
properly interpret. In practice, it proved very difficult to
FIGURE 4 ST-ESR spectra recorded at 30°C from nitroxide-labeledobtaln a _Sat'SfaCtory fit to _the C(_)mplex featu_res in the
LacS(C320A/W399C) reconstituted into tie coliregg PC lipid mem-  SPectra with a routine for simulating slow-motional ESR
branes at the L/P (w/w) given.

TABLE 1 Rotational correlation times calculated from the

. ST-ESR measurements
taken to be perpendicular to the face of the glass plates

supporting the aligned membranes. The series of spectra in

Fig. 6, A—C, show a strong dependence on the macroscopic

sample orientation in the magnetic field. With a uniquelacS

orientation of nitroxide in the protein, theaxis will form a

single angle ¢) with the axis of ordering (director) that colregg PC 400:1 051 19

corresponds to the diffusion axis (see Fig. 1). The proteingovine rhodopsin E. col-egg PC ~ 3.5:1* 0.151 2.6 1.7

however, is not ordered in the plane of the membranes, anBovine rhodopsin  DMPC 3.4:1* 0146 24 12

so thez axis assumes all orientations around the director«gquivalent to molar ratios of lipid to rhodopsin of 200.

Because the rotational mobility of the protein is very slow "Low field diagnostic peak height ratios from ST-ESR spectra (see Fig. 5,

on the time scale of the conventional measurement, there i8s€). ) o

no significant averaging of this orientational distribution in Values of apparent rotational correlation times. ,

the plane of the membranes, and so spectra do not simp Ufleg(()l?lfrotatlonal correlgtlon times a_rognd the bilayer noormal, assuming
. o = or LacS and bovine rhodopsin in DMPC and 60° for rhodopsin

display the characteristic strong features of the three hypein g. coliegg PC lipids.

fine transitions. Instead, as shown in Fig. &-C, the  ™ean= SD for the range of LacS concentration.

LIP P oy
Protein Lipid (whiw) LT (us) (us)

E. coli-egg PC 26:1 0.48 16

E. colregg PC  100:1 0.53 21

E. coliegg PC  200:1  0.49 17 g 17
E.

E.
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Rh (mixture)

Rh (DMPC)

FIGURE 6 Conventional ESR
spectra recorded at 20°C from
aligned membranes at various orien-
tations, ¢y, between the membrane
normal and the direction of the mem-
brane field. Aligned reconstituted
membranes of nitroxide-labeled bo-
vine rhodopsin were reconstituted
into (A) E. coliegg PC lipids at o . . .
L/IP = 3.5 (wiw) (LIP ~ 200 mol/ LacS(lipid mix./P = 100) LacS(lipid mix./P = 10)
mol) or B) DMPC at L/P = 3.4 C

(wiw) (L/P = 200 mol/mol) and ni- o A Y 12/\ /\
troxide-labeled LacS(C320AW399c) 90— W T
was reconstituted int&. coli-egg PC I /\. \f

lipids at (C) L/P = 100 (w/w) or D) 60° ety ; \

L/P = 10 (wiw).

r M T T T T T M T T LI T T T T T
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line shapes (EPRLL simulation program; Schneider andhodopsin in thee. coli-egg PC lipid mixture and at0° for
Freed, 1989). Recent work, combining observations aboth rhodopsin in DMPC and LacS in tie coliegg PC
much higher fields (Barnes and Freed, 1998), has alstipid mixture, then based on the above argumentsztirds
emphasized the difficulties of analyzing spectral line shapesf spin label in each of these systems can be assumed to be
from aligned membrane samples recorded at the standadirected away from the field and close to being orthogonal
X-band frequencies. Instead, we rely on a more empiricato the director § = 90°). Consistent with an orthogonal
interpretation of the gross changes observed in the spect@ientation of thez axes is the observation that these would
that show a distinct broadening and collapse in the spectralppear to lie mostly along the magnetic field, giving max-
anisotropy with changes in sample orientation in the magimum spectral anisotropy, when the director is positioned
netic field, particularly in the low-field regions. These away from the field & = 90°).

changes are traced by the broken lines in Figh-6C, which The intensity changes occurring in the low-field regions
are not manifested as smoothly shifting splittings but ratheof Fig. 6, A—C, appear to be largely complete, with little
as a redistribution of spectral intensity between outer andhonshifted signal, as far as can be determined at these
inner components, because of the lack of significant momeasuring sensitivities. This provides a reasonable assur-
tional averaging in this case. Such behavior should only bance that spin label does indeed tend to be homogeneously
possible for orientations of the nitroxidexis that are close oriented with respect to the director axis and that the mem-
to being colinear with or orthogonal to the director, becauséranes are well aligned with respect to this axis. There is a
it is only in these cases that the random distribution ofsuggestion in Fig. &€, however, that a small but significant
orientations within the plane of the membrane can be effecportion of the spin label in LacS reconstituted at a L/P of
tively coaligned with or away from the direction of the 100 (w/w) may not be uniformly oriented and remains
magnetic field. Because the collapse in spectral anisotropynshifted in the low-field region ap = 0°. This is poorly

in the low-field region occurs witky between 30° and 0° for defined at L/P= 100, but the proportion of nonshifted
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signal increases progressively as the protein concentration ipid membranes begins to decrease significantly at L/P
increased further, until at a L/P of 10 (w/w) the aligned below 150 (mol/mol), possibly because of some self-asso-
membranes only display features characteristic of dispereiation of the protein. This can account for the nominal
sion samples and show no significant change in line shapdifferences between the correlation times reported here for
betweeny = 0° and 90°, as shown in Fig.B. This would  rhodopsin mobility and those measured optically in photo-
appear to represent a complete loss of uniformity in spinreceptor membranes, but not for the much longer correlation
label orientation at the higher protein concentration. Thetimes obtained previously by ST-ESR. Insufficient purifi-
membrane films prepared at LAP 10 (w/w) appeared to be cation of spin-labeled rhodopsin for the current study
as uniform and well ordered as those prepared at higher L/Bhowed that trace amounts of more mobile spin-label im-
indicating that the protein itself was not well ordered in thepurity have a profound effect on the interpretation of ST-
membranes, at least in the environment of the attached splBSR spectra. Signal from these components adds to the
label. Because of the lack of any homogeneous alignment gdortion of the spectra between the low-field turning points
L/P = 10, no ST-ESR data were sought for this or any(aroundL’ in Fig. 5A), leading to anomalously high values
higher protein concentration in the lipid membranes. of L'/L and consequently larger values 4. It was con-
cluded that reliable use of ST-ESR for determining protein
mobilities in membranes cannot tolerate even low levels of
DISCUSSION such impurity, and that previously reported measurements,
The results obtained with bovine rhodopsin standard are ndaredicting significantly lower mobilities than reported here,
typical of the mobilities reported from ST-ESR for this are likely to have been affected by small amounts of more
protein and so warrant some discussion before being usegtobile spin-labeled components.
for interpreting the measurements of membrane-reconsti- The rhodopsin mobilities reported here can be applied
tuted LacS. The specific site of spin labeling in rhodopsinwith some confidence to characterize the lipid membranes
was not determined here but should correspond to a cysteinsed to reconstitute LacS. The crystallographic data cur-
that is located within the transmembrane portion of therently available for bovine rhodopsin (Krebs et al., 1998)
protein and is most accessible to the cytoplasmic surface afre good enough to allow the use of a hydrodynamic model
the protein. According to recent structural predictions on thehat takes account of the nonspherical cross section that the
transmembrane portion of bovine rhodopsin (Pogozheva dirotein presents to the membrane. The rotational diffusion
al., 1997), these requirements would be best satisfied bgf a protein with a symmetrical ellipsoidal cross section is
Cys??2 whereas other possible candidates within the transgiven by (Janig, 1986)
membrane segment, Cy$ and Cy3$®* appear to be more
deeply buried and closer to the intradiscal surface, based on kT 2(a/b)
this model (Pogozheva et al., 1997). In another spin-label Dy = 4mabh ' [1 + (alb)?] ©)
study on rhodopsin (Farahbakhsh et al., 1992) *&ywas
also identified as a likely site available for selective spinwherea andb are the semiaxes of the ellipso@ ¥ b), and
labeling, after cytoplasmic surface cysteines are blocked. h is the membrane thickness, taken to be 45 A. Using the
The apparent correlation times?) previously recorded values ofa = 18.4 A ancb = 12.4 A, taken from the current
from ST-ESR measurements of spin-labeled rhodopsinprojection map of bovine rhodopsin in the plane of the
based on the analysis in the low-field spectral region, havenembrane (Krebs et al., 1998), together with the rotational
been quite variable but typically fall around 26 (Baroin  mobility data reported here, we obtain values for the lipid
et al., 1977; Kusumi et al., 1978). These mobilities weremembrane viscosity of 3.0 poise for tkecoli-egg PC lipid
very different from that derived from recording the transientmixture at 30°C and 2.2 poise for DMPC at 28°C. This is
dichroism of rhodopsin in the frog photoreceptor mem-just below the range of 3.Z 1.3 poise predicted for DMPC
branes (Cone, 1972), which equates to a rotational correlaat 28°C from transient dichroism measurement of the rota-
tion time of just 3.3us. We report here the first ST-ESR tional mobility of bacteriorhodopsin (Cherry and Godfrey,
measurements of rhodopsin that are consistent with thesE981) and subsequently refined upward to 4.9..5 poise
optical measurements and are feasible for the size of thisy accounting for the noncircular cross section of this
protein in its monomeric state. The actual rotational correprotein (Dornmair et al., 1985). In this entirely fluid lipid
lation times measured here (Table 1), between 1 apd,2 membrane, the mobility of bacteriorhodopsin showed no
could be expected to be somewhat shorter than that detesignificant protein concentration effects between a molar
mined in the photoreceptor membranes because of thie/P of 136 and 212 (Cherry and Godfrey, 1981), despite an
higher lipid content in our reconstituted systems. These arearlier suggestion that these protein concentrations could
equivalent to a L/P mol ratio of 200, as opposed~i65—  exert large volume fraction effects on the lipid membrane
70:1 in the photoreceptor membranes (Daemen, 1973). PréCherry et al., 1978). The small (twofold) difference in
vious measurements (Kusumi et al., 1980) have indicatedhobility measured here for rhodopsin and that determined
that the rotational mobility of rhodopsin reconstituted into at the L/P= 65—70 (mol/mol) in photoreceptor membranes
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indicates that such volume fraction effects are also not a
significant factor in the current data obtained at I=#FR200
(mol/mol). The ST-ESR measurements of Kusumi et al.
(1980) also show little or no concentration effects for rho-
dopsin in DMPC at L/P below 153 (mol/mol). //

The greatest degree of uncertainty in the measurements
made here lies in the estimation of orientations of the'l
spin-labelz axis. Arriving at somewhat lower viscosities for \
DMPC bilayers than reported by Cherry and Godfrey !
(1981) provides some confidence in the large or limiting
values off deduced from the spectra of aligned membranes
(60° in theE. coli-egg PC lipids and 90° in DMPC). This is
because smaller orientations than used here would infef
shorter correlation times for rhodopsin and even lower °
estimates of the membrane viscosity. Quite apart from th - 47A
absolute values of membrane viscosity, it is generally pre- ) o
ferred, wherever possible, to interpret results using thosg'GURE 7 ldealized arrangement of 12 transmembrane helices into a

. . . A Symmetrical ellipsoidal configuration with axial dimensions based on a
parameters obtained with the same technique. This is finallyy_a interhelix distance.
possible for interpreting the mobility of membrane recon-
stituted LacS, as described below.

The general conclusion from the observations of selecmodel (Eq. 6) predicts a rotational correlation time of 258
tively labeled protein in aligned membranes, that spin labefor a monomer having this configuration in the lipid mem-
prefers to orient with its nitroxide axes orthogonal to the brane of viscosity determined here. This greater than three-
membrane normal, corresponds to the case illustrated in Figold difference from the observed mobility is expected to be
1 and is the orientation that exhibits maximum sensitivity towell outside the experimental uncertainty in the methods.
the rotational motion. The main constraining feature for thisJudging by the mobilities measured for rhodopsin and the
alignment may well be that the pyrrolidinyl ring is made to resulting values for membrane viscosity, it is also unlikely
coalign with the diffusion axis, because of favorable van dethat the methods have greatly overestimated the correlation
Waals interactions with surfaces of the transmembrane heimes for protein rotation in the membranes. A dimer of the
lical segments in the protein. The N-O bond, on the othelidealized structure in Fig. 7 would have a correlation time of
hand, may be allowed all possible orientations withinttye 5.1 us if self-association extends along the shorter axes
plane of the principal axis system, shown in Fig. 1. With (side by side, givinga = 31.0 A andb = 23.5 A) or 8.4us
6 = 90° for the nitroxidez axis in spin-labeled LacS, the if dimerization were to extend along the longer axes (end to
uniaxial rotational correlation timerg) for LacS in theE.  end, fora = 47.0 A andb = 16.5 A). The experimentally
coli-egg PC lipid membranes is calculated to bec9 us  determined correlation time for LacS in the lipid bilayers
(mean= SD), by combining data over the entire range oftherefore fits quite well with a dimer, if we were to assume
protein concentrations studied by ST-ESR (Table 1). Usindhe most elongated configuration possible within the mem-
the simplest hydrodynamic model (Eq. 5) with the lipid brane. At the same time, we cannot rule out the possibility
viscosity determined here, this correlation time predicts arihat the oligomeric state of LacS is larger than that of a
effective volume),, for LacS of 1.9x 10° A%in the lipid  dimer. In contrast to the LacS protein®fthermophilusthe
membrane, which corresponds to an effective moleculalactose transport system LacY Bf coli was deduced to be
mass of 150 kDa, using a partial specific volume of 0.76monomeric in DMPC membranes based on phosphores-
cn/g. This is reasonably close to being twice the mono-cence anisotropy measurements (Dornmair et al., 1985).
meric molecular mass of LacS, which is 69.5 kDa, but 19This effective size was arrived at by the use of higher values
kDa of this resides in a C-terminal extension or hydrophilicof lipid membrane viscosity than determined here. It is
IIA domain that is not predicted to enter the bilayer. therefore more relevant to compare the rotational mobilities

The above calculation was based on the assumption of alone for the two transport systems. The rotational relax-
circular cross section for LacS in the membranes, which willation time (inverse rotational diffusion coefficient) reported
overestimate the effective volume of protein if the mobility for LacY was 24 us (Dornmair et al., 1985), which is
of the protein is actually hindered by its presenting a flat-equivalent to a correlation time of ds (from Eq. 3), close
tened cross section to the membrane. A compact symmete half that reported here for LacS. The differences in
rical ellipsoidal arrangement of the 12 transmembrane herotational correlation times measured between LacS and
lices predicted for LacS is illustrated in Fig. 7; it has LacY could therefore reflect real differences in the oligo-
semiaxesa = 23.5 A andb = 16.5 A, assuming an inter- meric states of these proteins. Although the 12 helix trans-
helical distance of 10 A. The appropriate hydrodynamicport proteins are often thought to have a monomeric struc-
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ture in the membrane (Poolman and Konings, 1993), thiprovide a valuable means of detecting structural perturba-
study, as well as work currently undertaken on the oligo-tions that affect protein function.
meric state of LacS in the detergent-solubilized state
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cates that this is not generally true.
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