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Site-Directed Spin Labeling Demonstrates That Transmembrane Domain Xll in the
Lactose Permease &fscherichia colils ano-Helix?
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ABSTRACT. Functional lactose permease mutants containing single-Cys residues at positiet#0387

[He, M. M., Sun, J., & Kaback, H. R. (1998iochemistry 3512909-12914] and a biotin acceptor
domain in the middle cytoplasmic loop were solubilizechidodecyls-p-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 influencenoth®
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 accessibilityfa€3pectively. The data show a periodic
dependence of both mobility and accessibility on sequence position consistent wiihedisal structure.

These results provide direct support for the contention that transmembrane domain XII is-imetinal
conformation and on the periphery of the 12-helix bundle that comprises the lactose permease molecule.

Site-directed spin labeling (SDSLhas proven to be a EXPERIMENTAL PROCEDURES
particularly valuable technique for investigating membrane )
protein structure and dynamics [reviewed by Hubbell and Materials
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

(1-Oxyl-2,2,5,5-tetramethylpyrroline-3-methyl) methane-
thiosulfonate (methanethiosulfonate spin-label) was a gift
from Kaman Hideg and is available from Reanal (Budapest,

ﬁggga'gngts dn't;ﬁ)é'dseeig':c'iI;‘rbegtrﬁgﬁl‘eo;ﬁ;%er'r(]js Egrsnﬁ;engungary). Deoxyoligonucleotides were synthesized on an
y y y Applied Biosystems 391 DNA synthesizer. All restriction

bacteriorhodopsin (Altenbach et al., 1989, 1990, 1994; endonucleases, ,TONA ligase, and Venf™ DNA poly-

Greenhalgh et al., 1991) and visual rhodopsin (Farahbakhshmerase were from New England Biolabs, Beverly, MA.

etal., 1993, 1995; Resek et al., 1993), to measure .d'Stance§equenase was from United States Biochemical, Cleveland,
between two paramagnetic centers (Anthony-Cahill et al., OH. All other materials were reagent grade and obtained
1992; Rabenstein & Shin, 1995; Voss et al., 1995a,b), to frorﬁ commercial sources

provide the electrostatic potential at specific sites (Shin &
Hubbell, 1992), and to identify sites of tertiary interaction \;athods
(Hubbell & Altenbach, 1994a; Mchaourab et al., 1996).

In the preceding paper (He et al, 1996), Cys-scanning Construction, Expression, and Purification of Mutant Lac
mutagenesis of transmembrane domain XIlI in the lactose Permeaseslin order to facilitate avidin affinity purification,
(lac) permease demonstrates that none of the residues ishe biotin acceptor domain from lalebsiella pneumoniae
essential for activity. Moreover, none of the single-Cys- oxaloacetate decarboxylase was inserted into the middle
replacement mutants in this domain is inactivated by alky- cytoplasmic loop of single-Cys mutants at positions -387
lation with N-ethylmaleimide. In this communication, SDSL 402 (Consler et al., 1993); the single-Cys mutant at position
is used to study single-Cys replacement mutants in trans-400 was not included because L4GQg&rmease is poorly
membrane domain XlI. On the basis of the periodicity of expressed (He et al., 1996). After the desired mutations were
side chain mobility and accessibility to moleculas, @ is confirmed by dideoxynucleotide sequence analysis (Sanger
concluded that the residues in this domain are arranged alonget al., 1977; Hattori & Sakaki, 1986scherichia coliT184
ana-helix with one face in contact with the protein and the (lacZY~) was transformed with plasmid encoding a given
other in contact with the hydrocarbon chains of the bilayer. mutant. Cells were grown aerobically at 3Z in LB broth
with streptomycin (1Q«g/mL) and ampicillin (10Q:g/mL).

* The research reported here was supported in part by NIH Grant Dense cultures were diluted 10-fold in a 12 L fermentor and
Y To Whom correspondence and reprint requests shold b6 addreseedour | o o ey for 2 I al 3TC before induction with &

. TS mM isopropyl 1-thiog-p-galactopyranoside. After growth
icsi Departments of Physiology and Microbiology & Molecular Genet- for another 2 h at 37C, cells were harvested and disrupted

§ Jules Stein Eye Institute and Department of Chemistry & Bio- by passage through a French pressure cell. A membrane
chemistry.

® Abstract published il\dvance ACS AbstractSeptember 1, 1996.

1 Abbreviations: SDSL, site-directed spin labeling; lac, lactose; EPR, 2 Site-directed mutants are designated by the one-letter amino acid
electron paramagnetic resonance; DPPH, 2,2-diphenyl-1-picrylhydrazyl; abbreviation for the targeted residue, followed by the sequence position
KP;, potassium phosphate; PCR, polymerase chain reaction; DM, of the residue in the wild-type lac permease, followed by a second
n-dodecylf-p-maltopyranoside. letter indicating the amino acid replacement.
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Ficure 1: Structure of nitroxide side chain R1.

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 10QuM (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 SpectroscopyEPR measurements on given spin-
labeled lac permease mutants contained in TPX capillaries XII

were _pe_!rforme_d_ ar22C. Fiveto ten_ microliters of §amp|e FIGURe 2: Secondary structure model of transmembrane domain

containing purified permease at a final concentration of ca. y i |ac permease. The one-letter amino acid code is used, and

50—80 uM in 10 mM MES (pH 7.5)/0.02% DM was used the residues in domain Xl studied by SDSL are shaded.

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 7 395

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 adimosphere

and in the presence of ;On equilibrium with air and

analyzed in terms of the parameRy¥,, which is proportional

to 1/T1eToé (Altenbach et al., 1989) P, is the microwave

power which saturates the signal amplitudé/tathe value

it would have reached in the absence of saturation. Spin

exchange with a fast-relaxing paramagnetic species such as

O, results in an increase in the relaxation rateT{d/in

proportion to the collision frequency (Altenbach et al., 1989). 2 4%

The change itfP1, due to the presence ob\P,, = P1(02)

— P12(Ny), is a direct measure of the collision frequency of

the nitroxide with Q. To account for the effect of,. and

variations in spectrometer performangd3;;; is normalized

to give the “accessibility parameter], defined as
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P1(DPPH) AH Ficure 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 resonanaeH) is indicated

on the spectrum of residue 387.

whereP,,(DPPH) isPy, for a 2,2-diphenyl-1-picrylhydrazyl
(DPPH) crystal AH(DPPH) is the peak-to-peak line width
of the DPPH resonance, aH is the corresponding line

width of the nitroxide centralny = 0) resonance (Farah- ¢ hermease are shown in Figure 3. The inverse of the line
bakhsh et al., 1992). width of the central resonance, A, is an increasing
RESULTS funqtion of the motional freedohof the nitroxide in its local
environment (Mchaourab et al., 1996). A plot ofAH

EPR of Spin-Labeled Single-Cys PermeadeBR spectra  versus the position of the R1 side chains in transmembrane
of the R1 nitroxide side chain at positions 38402 domain Xl demonstrates that nitroxides at positions 388,
(excluding position 400) in transmembrane domain XII of

4The term motional freedom is used in a general sense, and a change
3 Tieis the spin-lattice relaxation timeT e is the transverse relaxation  in motional freedom can arise from a change in either the rate or
time. amplitude of motion, or both.



EPR Spectroscopy of Helix XII in Lactose Permease
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Ficure 4: TI(Op) (solid line) and 1AH (broken line) versus
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domain XIl of the permease. The data display a profile
virtually identical to that observed for nitroxide mobility (i.e.
1/AH), with the same periodicity. Clearly, these findings
are also consistent with the contention that transmembrane
domain XII is a-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 transmembrareelix 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

sequence position for the nitroxide-labeled single-Cys residues atthe residues are more mobile because they are exposed to

positions 387402 in lac permease. The dotted curve is that for a
function of period 3.6, and comparison with thKO,) and 1AH
functions confirms that the data are consistent withoahnelical
structure.

Ficure 5: Saturation behavior for spin-labeled lac permease at
position 390 (L390R1) in a Natmosphere (dotted line) and in the
presence of @(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 l@ads to larger amplitudes
due to the decreasele

the lipid hydrocarbon chains. In this case, a periodicity of
approximately 3.6 is expected. In contrast, wit|3-aheet
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

392, 395, and 399 are h|gh|y constrained by this measuretWO environments, partlally buried or SOlvent-eXposed, is

(Figure 4, open symbols). Clearly, there is a periodicity in
the mobility of the residues in this domain that likely reflects

classified as surface-accessible according &Hlanalysis.
The 1AH parameter is therefore very useful in characterizing

tertiary contacts of the nitroxide side chains at these positionsside chains that lack a highly mobile population, and the

with other parts of the permease. Moreover, the periodicity
observed is consistent with anhelix in which the residues

variations in 1AH are attributed to periodic changes in
tertiary contacts that arise from a helical structure which

on one face are more immobilized than those on the other_interacts anisotropically with the remainder of the protein.

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 MethodSP;; is determined from
the saturation behavior of the central resonamoe= 0)

The data of Figure 4 clearly reveal periodic changes in
T1(O,) that are in phase with those ofAl, although the
relative amplitudes of the oscillations I(O,) are different.
There is a divergence in theAlll to I1(O,) correlation at
residues 396 and 397. In particular, thAR/ parameter at

line in the absence and presence of a paramagnetic relaxingosition 397 is not in phase with the periodicity function

agent such as £ As an example of the data, Figure 5 shows
a series of magnetic field scans of ttlme= 0 resonance for
increasing microwave power levels in a Mtmosphere
(dotted line) or in the presence of moleculari®@equilibrium
with air (solid line). Relaxation due to the presence of
paramagnetic @is evident in the larger signal amplitudes
at higher microwave powers.

The accessibility parametdr is derived from APy,
normalized to the intrinsic line width of R1 and the saturation
behavior of a DPPH standard. Figure 4 (filled symbols)
showsI1(O,) as a function of R1 position in transmembrane

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 ;O
accessibility from the other direction remains unhindered.
As defined, the “accessibility” of a nitroxide to,QOs a
function of both local steric constraints imposed by the
protein structure and the product of the local diffusion
constant and concentratioB[O,] (Altenbach et al., 1989).

It is not possible to predidD[O] in the micellar interior,
and variations in this product may contribute to variations
in the amplitude of the maxima ifA[(O,).
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addition qf th(_a nitroxide side chain must mdu_cg at least some Kaback, H. R., Jung, K., Jung, H., Wu, J., Pri@ G., & Zen, K.
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