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Abstract

The D-galactose-H� symport protein (GalP) of Escherichia coli is a homologue of the human glucose transport protein,
GLUT1. After amplified expression of the GalP transporter in E. coli, other membrane proteins were prereacted with
N-ethylmaleimide in the presence of excess D-galactose to protect GalP. Inner membranes were then specifically spin labelled
on Cys374 of GalP with 4-maleimide-2,2,6,6-tetramethylpiperidine-1-oxyl. The electron paramagnetic resonance (EPR)
spectra are characteristic of a single labelling site in which the mobility of the spin label is very highly constrained. This is
confirmed with other nitroxyl spin labels, which are derivatives of iodoacetamide and indanedione. Saturation transfer EPR
spectra indicate that the overall rotation of the GalP protein in the membrane is slow at low temperatures (approx. 2³C), but
considerably more rapid and highly anisotropic at physiological temperatures. The rate of rotation about the membrane
normal at 37³C is consistent with predictions for a 12-transmembrane helix assembly that is less than closely packed. ß 2001
Elsevier Science B.V. All rights reserved.
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1. Introduction

The D-galactose-H� membrane transport protein
(GalP) is the hexose-speci¢c member of a family of
sugar-H� symporters that are responsible for active
uptake of sugars by Escherichia coli [1^3]. These bac-
terial transporters are homologous to the GLUT
family of mammalian passive facilitated glucose
transporters [4]. In particular, GalP possesses a sugar
speci¢city very similar to that of the GLUT1 trans-
porter, and is similarly inhibited by the antibiotics
forskolin and cytochalasin B. Although three-dimen-
sional crystal structures are not available, both
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Abbreviations: 6-MSL, 4-maleimido-2,2,6,6-tetramethylpiperi-
dine-1-oxyl; IASL, 4-(iodoacetamido)-2,2,6,6-tetramethylpiperi-
dine-1-oxyl; 5-InVSL, 2-[(1-oxyl-2,2,5,5-tetramethyl-3-pyrrolin-3-
yl)methenyl]indane-1,3-dione; NEM, N-ethylmaleimide; EPR,
electron paramagnetic resonance; ST-EPR, saturation transfer
EPR; V1 display, ¢rst harmonic, absorption EPR spectrum re-
corded in-phase with respect to the magnetic ¢eld modulation;
V2P display, second harmonic, absorption ST-EPR spectrum re-
corded 90³ out-of-phase with respect to the magnetic ¢eld mod-
ulation
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families are predicted to possess a transmembrane
topology that is characterised by 12 membrane-span-
ning K-helices (see Fig. 1) [3].

Biophysical studies on the bacterial sugar sympor-
ters have been made possible by overexpression in E.
coli. Using a plasmid containing the galP gene under
control of its own promoter, the level of GalP can be
ampli¢ed such that it constitutes 50^55%, or more,
of the total cytoplasmic membrane protein [5,6]. Spe-
ci¢c labelling of the GalP protein can then be
achieved in native membranes, after prereacting
with a sulphydryl alkylating agent in the presence
of excess substrate [7]. Alkylation by N-ethylmalei-
mide, in the absence of substrate, rapidly inactivates
the E. coli sugar symporters [1]; for GalP, this inac-
tivation is protected to a great extent by 20 mM D-
galactose. Site-directed mutagenesis studies have
identi¢ed the cysteine residue responsible for block-
ing activity on labelling as the conserved Cys374 in
the tenth putative transmembrane helix [7]. These
studies also showed that, of the three cysteine resi-
dues in GalP (see Fig. 1), Cys374 is the only one in
the folded protein that is modi¢ed by NEM.

In the present work, we have conducted EPR
studies on GalP overexpressed in plasma membrane
vesicles by spin labelling the cysteine residue that
blocks activity on chemical modi¢cation. Three
di¡erent spin-labelled alkylating agents are used
to assess the local mobility near the active site, and

non-linear (saturation transfer) EPR methods are
used to determine the overall rotational di¡usion
rate of the labelled protein in its native environ-
ment.

2. Materials and methods

2.1. Materials

Glucose-free D-galactose and NEM were from Sig-
ma (St. Louis, MO, USA). Of the various spin-label-
ling reagents, 6-MSL (4-maleimido-2,2,6,6-tetra-
methylpiperidine-1-oxyl) was from Institut Josef
Stefan (Ljubljana, Slovenia), 5-InVSL (2-[(1-oxyl-
2,2,5,5-tetramethyl-3-pyrrolin-3-yl)methenyl]indane-
1,3-dione) was prepared by Prof. K. Hideg (Uni-
versity of Pëcs, Hungary) [8], and IASL (4-(iodo-
acetamido)-2,2,6,6-tetramethylpiperidine-1-oxyl) was
from Syva (Palo Alto, CA, USA).

2.2. Preparation of GalP membranes

E. coli strain JM1100 (pPER3), which overex-
presses GalP, was grown on minimal medium as de-
scribed [5,6]. Inside-out plasma membrane vesicles
were prepared by explosive decompression of intact
cells in a French press [9], and puri¢ed on a sucrose
density gradient [10].

Fig. 1. Transmembrane topography of GalP predicted from the amino acid sequence. The protein contains three cysteine residues.
Only Cys374 on the tenth predicted transmembrane helix (TM10) is labelled by N-ethylmaleimide, in the membranous form.
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2.3. Spin labelling

Spin label alkylation of cysteine residues, with or
without prereaction with NEM, was carried out es-
sentially as described [1]. Membranes (approx. 1 mg
protein) were suspended in 0.5 ml of 50 mM potas-
sium phosphate, 10 mM magnesium sulphate, pH
6.6. For prereaction of other cysteine residues with
sulphydryl reagent, the membrane suspension was
preincubated with 20 mM D-galactose for 5 min at
25³C, and then incubated with 1 mM NEM for
15 min at 25³C. After incubation on ice for 0.5 min,
the membrane suspension was centrifuged for 5 min
at full speed in an Eppendorf centrifuge at 4³C.
Membranes were then washed three times in 0.5 ml
of the same bu¡er. Prereacted or non-prereacted
membranes were incubated with 1 mM spin label
reagent, added in 25 Wl concentrated ethanol solu-
tion, for 15^20 min (30 min for IASL) at 25³C.
The membranes were then centrifuged and washed
as above. The ¢nal membrane pellet was resuspended
in a minimal volume of bu¡er and transferred to a
1 mm ID glass capillary for EPR measurements. The
sample was packed in the capillary by centrifugation
on a bench-top centrifuge, excess supernatant re-
moved, and the capillary sealed.

2.4. Electron paramagnetic resonance spectroscopy

EPR spectra were recorded on a Varian Century
Line 9 GHz spectrometer equipped with gas £ow
temperature regulation. The sample capillaries were
accommodated in a standard 4 mm quartz EPR tube
that contained light silicone oil for thermal stability.
Temperature was measured with a ¢ne wire thermo-
couple located in the silicone oil at the top of the
microwave cavity. Conventional EPR spectra were
recorded in the standard in-phase, ¢rst harmonic,
absorption V1 mode. Saturation transfer (ST) EPR
spectra were recorded in the 90³ out-of-phase, second
harmonic, absorption V2P mode, with a microwave
magnetic ¢eld at the sample of GH2

1f
1=2 = 0.25 G. A

standardised recording protocol and sample geome-
try were used for ST-EPR measurements [11,12].
Normalised ST-EPR intensities were calculated as
de¢ned in [13]. ST-EPR spectral calibrations of iso-
tropic rotational correlation times were taken from
the same reference (see also [14]).

3. Results

3.1. Conventional EPR spectra

The conventional ¢rst harmonic, in-phase, absorp-
tion V1 EPR spectra of GalP membranes spin la-
belled with 6-MSL, after prereacting with NEM in
the presence of 20 mM D-galactose, are shown in
Fig. 2. The spectra correspond to a single, homoge-
neous population of spin labels that are strongly im-
mobilised on the nanosecond time scale, which cor-
responds to the region of motional sensitivity of
conventional spin label EPR. This is consistent
with labelling at a speci¢c site that is protected

Fig. 2. Conventional EPR spectra (V1 display) of GalP mem-
branes spin labelled with 6-MSL, after prereacting with NEM
in the presence of 20 mM D-galactose. The temperatures at
which the spectra were recorded are indicated in the ¢gure.
Bu¡er: 50 mM potassium phosphate, 10 mM magnesium sul-
phate, pH 6.6. The outer hyper¢ne splitting, 2Amax, is indicated
in the ¢gure. Total scan width = 10 mT.
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from labelling by the presence of excess D-galactose,
and blocks sugar transport activity on chemical mod-
i¢cation (see [1]). The spectral line shapes at low
temperature (2³C) are approaching those of the rigid
limit for conventional nitroxide EPR spectroscopy,
as is also seen from the fact that they change rela-
tively little with increasing temperature. The speci¢c
site of spin labelling therefore represents a rather
constrained environment.

The V1 EPR spectra of GalP membranes spin la-
belled with 6-MSL, 5-InVSL or IASL, without pre-
reaction with NEM, are shown in Fig. 3. Spectra are
presented for a low (approx. 2³C) and a high (ap-
prox. 37³C) temperature for each spin label. The
spectra of 6-MSL contain a small sharp component
that is indicated by the arrows labelled `m' in Fig. 3.
This corresponds to labelling at a small fraction of
mobile sites and is absent from the spectra of mem-
branes prereacted with NEM (cf. Fig. 2). Otherwise,
the major part of the spectra resembles rather closely
that of NEM-prereacted membranes that are specif-
ically labelled with 6-MSL, although there are small
quantitative di¡erences, as will be seen later. The
intensity of spin labelling is greater in the absence
of prereaction with NEM. Speci¢c labelling of the
protected site corresponds to approx. 30^40% of
the total labelling intensity without protection, and
is consistent with a single cysteine (Cys374) on GalP
being the primary site of labelling in GalP mem-
branes [7] but the protection by D-galactose being
only partial [1].

The spectra of 5-InVSL contain three very sharp
lines (labelled `f' in Fig. 3) that can be attributed to
free spin label in solution, because labelling with this

class of modi¢cation reagents can be partially revers-
ible (cf. [8]). The majority of the spectral intensity of
5-InVSL (i.e., the broad component of large spectral
extent) corresponds to spin labels that are strongly
immobilised, as can be expected from the short and
rather rigid link of this vinyl ketone class of reagents,
and the steric bulk of the remainder of the molecule
[15,16]. There is, however, evidence of an additional,

C

Fig. 3. Conventional V1 EPR spectra of GalP membranes spin
labelled with 6-MSL (top pair), 5-InVSL (middle pair), or
IASL (bottom pair). Spectra were recorded at the temperatures
indicated. Arrows labelled `m' indicate a small mobile compo-
nent in the spectra of 6-MSL and IASL. The sharp component
labelled `f' is 5-InVSL spin label free in solution. The spectral
shoulders indicated by dashed lines correspond to bound
5-InVSL in a state of intermediate immobilisation. For all three
spin labels, the major species is strongly immobilised and gives
rise to the outermost peaks with hyper¢ne splitting 2Amax that
is de¢ned in Fig. 2. Bu¡er: 50 mM potassium phosphate,
10 mM magnesium sulphate, pH 6.6. Total scan width = 10 mT.
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more minor, spectral component (the shoulders indi-
cated by dashed lines in Fig. 3) that displays some-
what higher mobility and a larger temperature de-
pendence. This indicates some heterogeneity in the
labelling of unprotected membranes with 5-InVSL.

The spectra of IASL in Fig. 3 indicate somewhat
higher mobility than for the other two labels, for the
following reasons. In addition to a small proportion
of highly mobile groups (labelled `m' in Fig. 3), the
major part of the IASL spectrum does not approach
so closely to the rigid limit. The outer hyper¢ne
splittings of the major component are smaller and
line widths of the outer peaks are larger for IASL
than for the other two labels. This is indicative
of a limited mobility in the slow motion regime of
conventional nitroxide EPR spectroscopy (see, e.g.,
[17]), consistent with a rather more £exible link of
the spin label to the point of covalent attachment
that is characteristic of the iodoacetamide deriva-
tive.

Di¡erences in mobility between the di¡erent labels
can be seen more clearly from the temperature de-
pendence. Fig. 4 shows the maximum outer hyper¢ne
splittings, 2Amax, of the three covalent labels as a
function of increasing temperature. Not only are
the values of 2Amax smaller for the iodoacetamide
IASL spin label, but also the decrease in 2Amax

with increasing temperature is much larger for this
label. This clearly indicates a somewhat higher mo-
bility for the IASL spin label that has the more £ex-
ible covalent attachment to the protein. The spectra
of IASL still remain in the slow motion regime, how-
ever, at the higher temperatures (see Fig. 3). The
value of 2Amax at 40³C is 6.2 mT, as compared
with a value of approx. 3.4 mT for the very mobile
spectral component. Small di¡erences are seen be-
tween the 6-MSL and 5-InVSL spin labels in the
values of 2Amax. The temperature dependence for
6-MSL is slight, but that for 5-InVSL is even smaller,
indicating a yet greater degree of immobilisation for
the latter label. The main component of the spectra
of 6-MSL in membranes without NEM prereaction
has slightly smaller values of 2Amax than those from
membranes prereacted with NEM, but a similar tem-
perature dependence. The quantitative di¡erences
may point to spin labelling of a smaller proportion
of groups with slightly higher mobility in the non-
prereacted samples.

3.2. Saturation transfer EPR spectroscopy

The conventional V1 EPR spectra of the speci¢-
cally labelled GalP membranes demonstrate that
there is very little independent segmental motion of
the 6-MSL spin label relative to the whole protein
(see Figs. 2 and 4). This a¡ords a near-ideal situation
in which to study the overall rotational motion of the
entire protein assembly by saturation transfer EPR
spectroscopy. The V2P ST-EPR spectra of GalP
membranes that were prereacted with NEM in the
presence of 20 mM D-galactose and then post-la-
belled on the protected groups by 6-MSL, are shown
in Fig. 5. Unlike the conventional V1 EPR spectra,
the V2P ST-EPR spectra (which are sensitive to much
slower motions) show a very pronounced change in
line shape with increasing temperature (cf. Fig. 2). At

Fig. 4. Temperature dependence of the outer hyper¢ne splitting,
2Amax, of the V1 EPR spectra of GalP membranes spin labelled
with 6-MSL (F, E), IASL (a), or 5-InVSL (O). Solid symbols
are with, and open symbols without, prereaction with NEM in
the presence of 20 mM D-galactose.
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low temperatures (2.5³C), the spectra are indicative
of rather low mobility on the microsecond timescale,
with high relative intensities in the intermediate diag-
nostic regions at low, central and high ¢eld, and
relatively high overall intensity (see e.g. [13,18]).
With increasing temperature, the relative intensities
in the diagnostic regions decrease, as does the overall
intensity. This corresponds to a very marked increase
in the overall rotational mobility of the protein on
the microsecond time scale.

The normalised integrated intensity, IST, of the ST-
EPR spectra in Fig. 5 is given as a function of tem-
perature in Fig. 6 (solid squares). The normalised
intensities drop rather rapidly with increasing tem-
perature from 2.5³C, to a considerably lower value
at 25^36³C. This is a clear demonstration of the in-
creased rate of overall rotation of the protein at these
higher temperatures. Returning to 3.5³C yields a val-
ue similar to that obtained initially at 2.5³C. Also

shown in Fig. 6 are measurements from a sample
that was not subjected to prereaction with NEM
(open squares). In the main, the data are similar in
magnitude and trend to those for the speci¢cally la-
belled sample, except that an irreversible increase in
intensity is observed on incubation at higher temper-
atures (37³C). On returning to low temperature
(1³C), the intensity is higher than that predicted by
extrapolation of the data obtained initially at low
temperature. A similar phenomenon was observed
previously with maleimide spin-labelled (Na+K)-
ATPase [19] and is discussed in this latter reference.

The diagnostic line height ratios (LQ/L, CP/C and
HQ/H in the low, central and high ¢eld regions, re-
spectively [18]) and the overall integrated intensity
(IST, [13]) of the ST-EPR spectra were used to deter-
mine e¡ective rotational correlation times for the
spin-labelled protein. This was done by comparison
with standard calibration V2P ST-EPR spectra of
haemoglobin spin labelled with 6-MSL, in isotropic
solutions of known viscosity [13]. The calibration
parameters were taken from [14], and the results
are given in Table 1. Because the spin-labelled inte-
gral protein rotates with axial anisotropy in the
membrane, the rotational correlation times obtained
from isotropic calibrations are only e¡ective values
and will depend on the orientation, a, of the spin
label principal z-axis to the axis of rotation, i.e. to
the membrane normal [17,20]. This is seen directly
from a comparison of the e¡ective correlation times
deduced from the central (CP/C), and low and high
¢eld (LQ/L and HQ/H) diagnostic line height ratios.

Table 1
E¡ective rotational correlation times deduced from diagnostic
line height ratios (dL, dC, dH for low ¢eld, central and high ¢eld
regions, respectively) and normalised integral intensity, dI, in
the ST-EPR spectra of GalP membranes speci¢cally spin la-
belled with 6-MSL after NEM prereaction in the presence of
excess D-galactosea

T (³C) dL (Ws) dC (Ws) dH (Ws) dI (Ws)

2.5 240 24 150 260
3.5 150 12 130 240

14.5 81 9 98 53
25.5 44 6 61 28
36 34 5 56 27
aDeduced from calibrations of the diagnostic spectral parame-
ters for haemoglobin spin labelled with 6-MSL in isotropic
glycerol-water solutions of known viscosity [13,14].

Fig. 5. Second harmonic, 90³ out-of-phase, absorption ST-EPR
spectra (V2P display) of GalP membranes spin labelled with 6-
MSL, after prereaction with NEM in the presence of 20 mM D-
galactose. The temperatures at which the spectra were recorded
are indicated in the ¢gure. Bu¡er: 50 mM potassium phos-
phate, 10 mM magnesium sulphate, pH 6.6. Total scan
width = 10 mT. For display, spectra are normalised to the same
positive line height.
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Whereas the latter yield similarly long e¡ective cor-
relation times, those deduced from the central region
of the spectrum are much shorter (Table 1). This is
because the central line height ratio is sensitive only
to rotation around the z-axis of the nitroxide [21,22].
On the other hand, the low and high ¢eld ratios are
sensitive primarily to o¡-axis rotations about the
membrane normal, if the nitroxide z-axis is preferen-
tially parallel to the latter [20,22]. It will be noted
that the central region of the ST-EPR spectrum is
often obscured by overlapping spectral components
from spin labels with higher mobility, and therefore
cannot be used to determine the anisotropy of the
overall protein rotation. In the present case, the spec-
trum of GalP membranes prereacted with NEM con-
sists of a single immobilised spectral component,
without any contamination from more mobile com-
ponents, and therefore may be used reliably for this
purpose (cf. [21]).

4. Discussion

4.1. Spin label binding site

The labelling site on GalP that is protected by
excess D-galactose leads to complete inhibition of
sugar transport when reacted with standard sul-
phydryl labelling reagents [1]. Mutagenesis studies,
in which cysteine residues were replaced systemati-
cally by serine, have identi¢ed this protectable site
of sulphydryl labelling as Cys374 (see Fig. 1), and
NEM and eosin-maleimide labelling of cysteine re-
placement mutants has also demonstrated that
Cys374 on GalP is the only major labelling site of
inner membranes containing GalP [7]. Spin labelling
without NEM prereaction in the presence of D-galac-
tose gives rise to EPR spectra of 6-MSL that consist
mainly of a component strongly resembling the single
component obtained on speci¢cally labelling the pro-
tected site (compare Figs. 2 and 3). This is consistent
with Cys374 on GalP being the major site of spin
labelling in inner membranes with overexpressed
GalP. The results obtained with 5-InVSL (see Fig.
3, dashed lines) suggest, however, that some of the
non-speci¢c spin-labelled sites may have spectra

Fig. 6. Temperature dependence of the normalised integrated intensities, IST, of the V2P ST-EPR spectra of GalP membranes spin
labelled with 6-MSL after prereaction with NEM (F) and without prereaction with NEM (E) in the presence of 20 mM D-galactose.
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rather similar to those of spin-labelled Cys374 on
GalP.

Selective spin labelling with 6-MSL at the unique
protectable site yields EPR spectra that are charac-
teristic of a homogeneous and highly constrained
environment. Spin labelling with other sulphydryl
reagents also reveals that the major site of labelling
is highly constrained. Even for the iodoacetamide
spin label, which can yield spectra indicative of a
rather mobile environment, e.g. with the Ca-ATPase
[23], the conventional EPR spectra indicate rather
strong immobilisation. The environment of the crit-
ical sulphydryl group on GalP is therefore rather
restricted in nature. This situation is not, of course,
wholly unique. Generally, non-speci¢c spin labelling
of membrane-bound proteins with maleimide deriva-
tives gives rise to spectral components from immobi-
lised groups, as well as from mobile groups. How-
ever, the proportion of the latter is frequently greater
than is found here with non-speci¢c labelling of GalP
membranes. Strong immobilisation might be a char-
acteristic of transmembrane segments. More speci¢-
cally though, strong immobilisation is a consequence
of high local packing density within the protein.
Comparison with a recent site-directed spin-labelling
study on the single transmembrane segment of the
M13 phage coat protein [24] reveals that an intra-
membranous environment per se is insu¤cient to
generate the degree of immobilisation obtained with
speci¢cally labelled GalP. Only for a spin-labelled
residue trapped within the interhelical hinge region
of the bitopic M13 coat protein was the local pack-
ing density su¤ciently high to immobilise the spin
label to the extent found here for GalP (see also
[25]).

Other studies have indicated that mutation of the
neighbouring residue Trp371 strongly a¡ects the a¤n-
ity of GalP for sugar [26]. Together with the muta-
genesis studies on Cys374, the present spin-labelling
results therefore are consistent with close proximity
of these residues to a sugar binding site that is
blocked sterically by sulphydryl labelling and can
discriminate between D- and L-galactose in the un-
blocked state.

4.2. Overall protein rotational di¡usion

The ST-EPR spectra of the 6-MSL spin label spe-

ci¢cally attached at the GalP binding site, after pre-
reaction with NEM in the presence of excess D-ga-
lactose, clearly indicate the anisotropy of rotation of
the GalP protein in the membrane (Table 1). This
only arises if the principal spin label z-axis has a
¢xed orientation, a, relative to the membrane nor-
mal. Under these conditions, the correlation time,
dR==, for rotation of the whole protein around the
membrane normal is related to the e¡ective correla-
tion times dL, dH obtained from the low and high
¢eld line height ratios by [20]:

dR== � 1
2dL;H sin2 a �1�

where any o¡-axis wobble of the protein is assumed
to have an insigni¢cant e¡ect on the ST-EPR spec-
tra. An upper limit for the rotational correlation time
of the protein is therefore given by dR== � 1

2dL;H, cor-
responding to a= 90³ in Eq. 1. From Table 1, it is
clear that this corresponds to rather slow motion on
the microsecond timescale, even at 36³C. A more
direct estimate is given by the line height ratios de-
termined from the central region of the ST-EPR
spectrum, i.e., dR==WdC, because the latter is sensitive
only to rotation around the nitroxide z-axis (i.e., to
x-y axis interchange) [22]. Correlation times for over-
all protein rotation that are deduced from dL and dH

using Eq. 1, are relatively consistent with these dC

values when a ¢xed value of aW26³ that does not
vary appreciably with temperature is assumed for the
spin label orientation (cf. Table 1).

Fig. 7. Idealised symmetrical packing arrangements for 12
transmembrane K-helices. (A) Regular dodecagon with a large
internal pore (dR==W6.2 Ws). (B) Rectangle of square-packed
helices (dR==W3.5 Ws). (C) Close-packed trilayer helical sand-
wich with a single central vacancy (dR==W4.5 Ws).
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The rotational correlation time that is predicted
for an integral membrane protein from hydrodynam-
ic models is given by (see e.g. [17]):

dR== � ZRh�a2 � b2�=�3kT� �2�
where R (W5 P [27]) is the membrane viscosity, h
(W4.5 nm) is the height of the intramembranous
section of the protein, and a and b are the semi-
axes of its (assumed) elliptical cross-section. Other
symbols have their usual meaning. Assuming an ap-
proximately circular cross-section, the e¡ective diam-
eter of the GalP protein deduced from the dC data
given in Table 1 for 36³C is 2aW4.4 nm. For com-
parison, idealised symmetrical packing arrangements
for the intramembranous section of monomeric GalP
are shown schematically in Fig. 7. A regular poly-
gonal arrangement of 12 transmembrane helices (of
cross-sectional diameter 1.0 nm) would have an outer
diameter of approx. 4.9 nm (and an inner pore diam-
eter of approx. 2.9 nm). For this con¢guration, Eq. 2
predicts that dR==W6.2 Ws. A square-packed arrange-
ment of 12 transmembrane helices would have cross-
sectional dimensions in the region of aW2.0 nm,
bW1.5 nm, which corresponds to a rotational corre-
lation time deduced from Eq. 2 of dR==W3.5 Ws. A
symmetric trilayer sandwich structure of 12 helices
with a single central vacancy (pore diameter 1.0
nm), would have aW2.5 nm, bW1.4 nm, correspond-
ing to a rotational correlation time of dR==W4.5 Ws.
From these comparisons, it is clear that the rotation-
al correlation times deduced from dC at physiological
temperatures are reasonably consistent with an as-
sembly of 12 transmembrane helices that are less
tightly arranged than is predicted for close packing
of helices that are not tilted relative to the membrane
normal. Uncertainties are associated with the value
of 5 poise taken for the membrane viscosity, which
corresponds to the upper bound determined from
rotational di¡usion studies of bacteriorhodopsin in
a single component £uid bilayer membrane [27].
GalP constitutes approx. 50% of the total protein
in the E. coli plasma membranes used. Protein-pro-
tein interactions might be expected to contribute to
the e¡ective viscosity in E. coli membranes. Certainly
both protein-protein interactions and/or changes in
the e¡ective lipid viscosity must be invoked to ex-
plain the rather large decrease in rotational mobility
of GalP at low temperatures (approx. 2³C).
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