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ABSTRACT: Functional lactose permease mutants containing single-Cys residues at positions 387-402
[He, M. M., Sun, J., & Kaback, H. R. (1996)Biochemistry 35, 12909-12914] and a biotin acceptor
domain in the middle cytoplasmic loop were solubilized inn-dodecyl-â-D-maltopyranoside and purified
by avidin affinity chromatography. Each mutant protein was derivatized with a thiol-selective nitroxide
reagent and examined by conventional and power saturation electron paramagnetic resonance spectroscopy.
Analysis of the electron paramagnetic resonance spectral line shapes and the influence of O2 on the
saturation behavior of the spin-labeled proteins were measured in order to obtain information on the
mobility of the spin-labeled side chains and their accessibility to O2, respectively. The data show a periodic
dependence of both mobility and accessibility on sequence position consistent with anR-helical structure.
These results provide direct support for the contention that transmembrane domain XII is in anR-helical
conformation and on the periphery of the 12-helix bundle that comprises the lactose permease molecule.

Site-directed spin labeling (SDSL)1 has proven to be a
particularly valuable technique for investigating membrane
protein structure and dynamics [reviewed by Hubbell and
Altenbach (1994a,b)]. The method involves introduction of
a single-Cys residue into a protein by site-directed mutagen-
esis, followed by labeling with a thiol-specific reagent
containing a nitroxide spin-label. SDSL of proteins has been
used to study the secondary structure and/or dynamics of
bacteriorhodopsin (Altenbach et al., 1989, 1990, 1994;
Greenhalgh et al., 1991) and visual rhodopsin (Farahbakhsh
et al., 1993, 1995; Resek et al., 1993), to measure distances
between two paramagnetic centers (Anthony-Cahill et al.,
1992; Rabenstein & Shin, 1995; Voss et al., 1995a,b), to
provide the electrostatic potential at specific sites (Shin &
Hubbell, 1992), and to identify sites of tertiary interaction
(Hubbell & Altenbach, 1994a; Mchaourab et al., 1996).
In the preceding paper (He et al, 1996), Cys-scanning

mutagenesis of transmembrane domain XII in the lactose
(lac) permease demonstrates that none of the residues is
essential for activity. Moreover, none of the single-Cys-
replacement mutants in this domain is inactivated by alky-
lation with N-ethylmaleimide. In this communication, SDSL
is used to study single-Cys replacement mutants in trans-
membrane domain XII. On the basis of the periodicity of
side chain mobility and accessibility to molecular O2, it is
concluded that the residues in this domain are arranged along
anR-helix with one face in contact with the protein and the
other in contact with the hydrocarbon chains of the bilayer.

EXPERIMENTAL PROCEDURES

Materials

(1-Oxyl-2,2,5,5-tetramethylpyrroline-3-methyl) methane-
thiosulfonate (methanethiosulfonate spin-label) was a gift
from Kálmán Hideg and is available from Reanal (Budapest,
Hungary). Deoxyoligonucleotides were synthesized on an
Applied Biosystems 391 DNA synthesizer. All restriction
endonucleases, T4 DNA ligase, and VentRTM DNA poly-
merase were from New England Biolabs, Beverly, MA.
Sequenase was from United States Biochemical, Cleveland,
OH. All other materials were reagent grade and obtained
from commercial sources.

Methods

Construction, Expression, and Purification of Mutant Lac
Permeases.In order to facilitate avidin affinity purification,
the biotin acceptor domain from aKlebsiella pneumoniae
oxaloacetate decarboxylase was inserted into the middle
cytoplasmic loop of single-Cys mutants at positions 387-
402 (Consler et al., 1993); the single-Cys mutant at position
400 was not included because L400C2 permease is poorly
expressed (He et al., 1996). After the desired mutations were
confirmed by dideoxynucleotide sequence analysis (Sanger
et al., 1977; Hattori & Sakaki, 1986),Escherichia coliT184
(lacZ-Y-) was transformed with plasmid encoding a given
mutant. Cells were grown aerobically at 37°C in LB broth
with streptomycin (10µg/mL) and ampicillin (100µg/mL).
Dense cultures were diluted 10-fold in a 12 L fermentor and
allowed to grow for 2 h at 37°C before induction with 1
mM isopropyl 1-thio-â-D-galactopyranoside. After growth
for another 2 h at 37°C, cells were harvested and disrupted
by passage through a French pressure cell. A membrane
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fraction was isolated by centrifugation and extracted with
3% DM, and permease was purified by affinity chromatog-
raphy on immobilized monomeric avidin as described (Wu
et al., 1994). Each purified mutant protein was then
incubated with 100µM (1-oxyl-2,2,5,5-tetramethyl) meth-
anethiosulfonate for 30 min at room temperature to generate
the nitroxide side chain R1 (Figure 1), concentrated, and
dialyzed using a Micro-ProDiCon membrane (Spectrum)
(Voss et al., 1995b).
EPR Spectroscopy. EPR measurements on given spin-

labeled lac permease mutants contained in TPX capillaries
were performed at 22°C. Five to ten microliters of sample
containing purified permease at a final concentration of ca.
50-80 µM in 10 mM MES (pH 7.5)/0.02% DM was used
in each measurement. Spectra were obtained using a Varian
E-109 X-band spectrometer fitted with a loop-gap resonator
(Froncisz & Hyde, 1982; Hubbell et al., 1987) at a
microwave power of 2 mW and a modulation amplitude of
4 G and recorded under field-frequency lock at X-band.
Signal-averaged spectra (eight scans) were obtained with a
100 G sweep at 30 s/scan using a Nicolet 1280 computer.
Power saturation measurements were carried out as previ-

ously described (Altenbach et al., 1989) in a N2 atmosphere
and in the presence of O2 in equilibrium with air and
analyzed in terms of the parameterP1/2, which is proportional
to 1/T1eT2e3 (Altenbach et al., 1989).P1/2 is the microwave
power which saturates the signal amplitude to1/2 the value
it would have reached in the absence of saturation. Spin
exchange with a fast-relaxing paramagnetic species such as
O2 results in an increase in the relaxation rate (1/T1e) in
proportion to the collision frequency (Altenbach et al., 1989).
The change inP1/2 due to the presence of O2,∆P1/2) P1/2(O2)
- P1/2(N2), is a direct measure of the collision frequency of
the nitroxide with O2. To account for the effect ofT2e and
variations in spectrometer performance,∆P1/2 is normalized
to give the “accessibility parameter”,Π, defined as

whereP1/2(DPPH) isP1/2 for a 2,2-diphenyl-1-picrylhydrazyl
(DPPH) crystal,∆H(DPPH) is the peak-to-peak line width
of the DPPH resonance, and∆H is the corresponding line
width of the nitroxide central (mI ) 0) resonance (Farah-
bakhsh et al., 1992).

RESULTS

EPR of Spin-Labeled Single-Cys Permeases.EPR spectra
of the R1 nitroxide side chain at positions 387-402
(excluding position 400) in transmembrane domain XII of

lac permease are shown in Figure 3. The inverse of the line
width of the central resonance, 1/∆H, is an increasing
function of the motional freedom4 of the nitroxide in its local
environment (Mchaourab et al., 1996). A plot of 1/∆H
versus the position of the R1 side chains in transmembrane
domain XII demonstrates that nitroxides at positions 388,

3 T1e is the spin-lattice relaxation time;T2e is the transverse relaxation
time.

4 The term motional freedom is used in a general sense, and a change
in motional freedom can arise from a change in either the rate or
amplitude of motion, or both.

FIGURE 1: Structure of nitroxide side chain R1.
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FIGURE 2: Secondary structure model of transmembrane domain
XII in lac permease. The one-letter amino acid code is used, and
the residues in domain XII studied by SDSL are shaded.

FIGURE 3: First-derivative EPR spectra of given nitroxide-labeled
single-Cys lac permease mutants. The spectra are scaled vertically
for convenience of presentation, and the magnetic field scan width
is 98 G. The line width of the central resonance (∆H) is indicated
on the spectrum of residue 387.
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392, 395, and 399 are highly constrained by this measure
(Figure 4, open symbols). Clearly, there is a periodicity in
the mobility of the residues in this domain that likely reflects
tertiary contacts of the nitroxide side chains at these positions
with other parts of the permease. Moreover, the periodicity
observed is consistent with anR-helix in which the residues
on one face are more immobilized than those on the other.
Accessibility Analysis. Another approach used in topo-

logical mapping is examination of the collision rate of R1
with diffusible paramagnetic species (Hubbell & Altenbach,
1994a). As described in Methods,∆P1/2 is determined from
the saturation behavior of the central resonance (mI ) 0)
line in the absence and presence of a paramagnetic relaxing
agent such as O2. As an example of the data, Figure 5 shows
a series of magnetic field scans of themI ) 0 resonance for
increasing microwave power levels in a N2 atmosphere
(dotted line) or in the presence of molecular O2 in equilibrium
with air (solid line). Relaxation due to the presence of
paramagnetic O2 is evident in the larger signal amplitudes
at higher microwave powers.
The accessibility parameterΠ is derived from∆P1/2

normalized to the intrinsic line width of R1 and the saturation
behavior of a DPPH standard. Figure 4 (filled symbols)
showsΠ(O2) as a function of R1 position in transmembrane

domain XII of the permease. The data display a profile
virtually identical to that observed for nitroxide mobility (i.e.
1/∆H), with the same periodicity. Clearly, these findings
are also consistent with the contention that transmembrane
domain XII isR-helical.

DISCUSSION

As demonstrated previously using spectral second mo-
ments (Hubbell & Altenbach, 1994a), the mobility of
nitroxide side chains in a scanned region of a protein may
exhibit a periodicity indicative of a specific secondary
structure. For example, a transmembraneR-helix may have
two faces, one on which the residues are relatively immobile
because they are sterically constrained by interactions with
other portions of the protein and the other face on which
the residues are more mobile because they are exposed to
the lipid hydrocarbon chains. In this case, a periodicity of
approximately 3.6 is expected. In contrast, with aâ-sheet
structure under the same conditions, a periodicity of 2 is
expected.
The dynamics reported by the attached nitroxide may

include contributions from the rotational diffusion of the
whole protein, the motion of the side chain relative to the
backbone, and the motion of the backbone relative to the
average structure. Since the rotational diffusion of the
permease in a DM micelle is too slow to affect the
conventional EPR line shape, motional narrowing arises from
the latter two types of motion. However, in a region of
continuous secondary structure, the variability in backbone
dynamics will be relatively small from one residue to the
next, while the variability in side chain dynamics may be
dramatic due to interactions with the milieu surrounding the
protein (Mchaourab et al., 1996). On the basis of the outer
splittings, which resolve individual dynamic components and
the amplitude of each component, most of the spectra appear
heterogeneous. In heterogeneous spectra, the center line
width is dominated by the motion of the most mobile
component. Thus, a spin-labeled side chain that samples
two environments, partially buried or solvent-exposed, is
classified as surface-accessible according to 1/∆H analysis.
The 1/∆H parameter is therefore very useful in characterizing
side chains that lack a highly mobile population, and the
variations in 1/∆H are attributed to periodic changes in
tertiary contacts that arise from a helical structure which
interacts anisotropically with the remainder of the protein.
The data of Figure 4 clearly reveal periodic changes in

Π(O2) that are in phase with those of 1/∆H, although the
relative amplitudes of the oscillations inΠ(O2) are different.
There is a divergence in the 1/∆H to Π(O2) correlation at
residues 396 and 397. In particular, the 1/∆H parameter at
position 397 is not in phase with the periodicity function
plotted in Figure 4 (dotted line). This divergence may be
due to a bulky neighboring side chain (L400 or L394) which
could limit the range of motion of 397R1, while O2
accessibility from the other direction remains unhindered.
As defined, the “accessibility” of a nitroxide to O2 is a
function of both local steric constraints imposed by the
protein structure and the product of the local diffusion
constant and concentration,D[O2] (Altenbach et al., 1989).
It is not possible to predictD[O2] in the micellar interior,
and variations in this product may contribute to variations
in the amplitude of the maxima inΠ(O2).

FIGURE 4: Π(O2) (solid line) and 1/∆H (broken line) versus
sequence position for the nitroxide-labeled single-Cys residues at
positions 387-402 in lac permease. The dotted curve is that for a
function of period 3.6, and comparison with theΠ(O2) and 1/∆H
functions confirms that the data are consistent with anR-helical
structure.

FIGURE 5: Saturation behavior for spin-labeled lac permease at
position 390 (L390R1) in a N2 atmosphere (dotted line) and in the
presence of O2 (solid line). Shown from left to right are 10 G scans
of the center line at 0.1, 0.25, 1, 4, 9, 16, 25, and 36 mW. At high
microwave powers, the presence of O2 leads to larger amplitudes
due to the decreasedT1e.
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An ideal helical wheel representation of the transmembrane
domain XII is shown in Figure 6. Residues corresponding
to minima in Figure 4 with respect to 1/∆H andΠ(O2) (low
mobility and accessibility) are indicated with solid circles.
It is apparent that the data are entirely consistent with a
helical structure for transmembrane domain XII in which
approximately 300° of the helix is solvated by the fluid
interior of the bilayer (open circles) and a surface of
approximately 60° interfaces with another transmembrane
domain(s) (solid circles).
It is particularly noteworthy that each of the 15 Cys-

replacement mutants studied displays normal transport activ-
ity, even after exposure toN-ethylmaleimide (He et al.,
1996). Therefore, it is likely that the mutants retain near
native structure even with the attached spin-label. Although
addition of the nitroxide side chain must induce at least some
perturbation in the backbone and the position of the side
chain, it is unlikely that the effects are of sufficient magnitude
to alter the overall interpretation that transmembrane domain
XII is an R-helix [see Hubbell and Altenbach (1994b) and
Mchaourab et al. (1996)]. It is also relevant that, in these
studies, the permease is embedded in DM micelles rather
than in a phospholipid bilayer. It should be emphasized,
however, that previous studies utilizing site-directed fluo-
rescence (Jung et al., 1994; Wu & Kaback, 1994), introduc-
tion of engineered metal binding sites (i.e. bis- or tris-His
residues; Jung et al., 1995; He et al., 1995a,b), and a
monoclonal antibody that binds to a conformational epitope
(Sun et al., 1996) indicate that the permease retains near
native structure under these conditions.
In conclusion, therefore, the studies presented here provide

strong evidence that transmembrane domain XII in the lac
permease is in anR-helical conformation.
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FIGURE 6: Helical wheel representation of transmembrane domain
XII of the lactose permease. Numbered residues were investigated
by site-directed spin labeling. Residues in contact with other protein
structure are highlighted by filled circles.
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