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ABSTRACT:. The magnetic dipolar interaction between site-directed maiitloxide pairs can be exploited

to measure distances within proteins [Voss, J., Salwinski, L., Kaback, H. R., and Hubbell, W. L. (1995)
Proc. Natl. Acad. Sci. U.S.A. 922295-12299; Voss, J., Hubbell, W. L., and Kaback, H. R. (1995)
Proc. Natl. Acad. Sci. U.S.A. 922306-12303], and the approach is utilized here to measure helix
proximities in the lactose permeaseKscherichia coli A high-affinity divalent metal binding site was
created by replacing Arg302 (helix IX) and Glu325 (helix X) with His residues in permease mutants
containing single Cys residues in helices Il, V, or VIl and a biotin acceptor domain to facilitate purification.
Mutant proteins were purified by avidin affinity chromatography, labeled specifically with a nitroxide free
radical and investigated by electron paramagnetic resonance spectroscopy in the absence or presence of
Cu(ll). Spectral broadening due to bound Cu(ll) was used to estimate distances between the metal center
and the spin-labeled side chains. For each of the transmembrane domains probed, the variation in interspin
distance with sequence position is consistent wittoigmelical structure. The measured distances were

also used to construct a model that is in good agreement with packing data obtained from other approaches.

The lactose permease (lac permeaséEscherichia coli 302 (helix IX) and 325 (helix X), or 237 (helix VII) and
is a paradigm for secondary transport proteins that couple 358 (helix XI) binds Mn(ll) with a stoichiometry of unity, a
free energy stored in an electrochemical ion gradient into a Kp in the micromolar range, and an appareHt, pf about
solute concentration gradiert-5). This polytopic mem- 6.3 (13, 16, 17). Site-directed chemical cleavage confirms
brane transport protein which catalyzes the coupled stoichio-the positioning of helix X next to helices VII and XI and
metric translocation gf-galactosides and H(i.e., symport indicates further that helix V is close to helices VIl and VIII
or cotransport) has been solubilized, purified, reconstituted, (18). The relationship between helices V, VII, and VIII has
and shown to be solely responsible fisgalactoside transport  been confirmed by site-directed spin-labeling and thiol cross-
[reviewed in Viitanen et al.§)] as a monomer [see Sahin- linking experiments X9). Site-directed cross-linking also
Toth et al. (7)]. All available evidence indicates that the demonstrates that helix | is close to helix VII, helix Il is
permease is composed of 12 transmembrane helices conelose to helices VII and XI1Z0) and helix VI is close to
nected by hydrophilic loops with the N- and C-termini on helix V (J. Wu and H. R. Kaback, unpublished observations).
the cytoplasmic face (Figure 1). Finally, monoclonal antibody 4B11 binds to an epitope

With regard to helix packing, there are two pairs of comprised of the last two cytoplasmic loops in the permease
interacting Asp and Lys residues that place helix VII close (21), thereby providing independent support for the close
to helices X and XI 8—14). In addition, site-directed  proximity between helices VIHXI.

excimer fluorescence shows that helix VIII is close to helix  sjte-directed spin-labeling (SDSL) is a valuable technique
X, helix IX is close to helix X, and helix X is in an-helical  for jnvestigating membrane protein structure and dynamics
conformation 15). Many of the spatial relationships have [reviewed in Hubbell and Altenbaci22, 23)]. The method
been confirmed by engineering divalent metal-binding sites jyyolves introduction of a single Cys residue into a protein
(bis-His residues) within the permease. Permease with bis-deyoid of native Cys residues, followed by labeling with a
His residues at positions 269 (helix VIII) and 322 (helix X),  thiol-specific reagent containing a nitroxide spin-label.
Studies of secondary structure and dynamics of membrane
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Ficure 1: Secondary-structure model of Cys-less lac permease showing the Cys-substituted positions (circles) which were spin-lal
and the His-substituted residues (squares) comprising the Cu(ll) binding site. Rectangles represent transmembrane helices. The loce
restriction sites used for restriction fragment replacement and the site of the biotin acceptor domain (BAD) insertion are indicated
arrows.

is usually achieved by freezing. In addition to concerns re- Kdlman Hideg and is available from Reanal (Budapest,
garding possible structural perturbations, freezing eliminatesHungary) and Toronto Research Chemicals (Toronto, On-
the possibility of studying dynamics. In this paper, an ap- tario, Canada). Deoxyoligonucleotides were synthesized on
proach is used7, 28) that is based on the magnetic dipolar an Applied Biosystems 391 DNA synthesizer. All restriction
interaction between a spin-label and a paramagnetic metalendonucleases and DNA ligase were from New England
ion. The method can be used under physiological conditions Biolabs, Beverly, MA. Sequenase was from United States
(i.e., at room temperature) and has been shown to provideBiochemical, Cleveland, OH. All other materials were
reliable distances in T4 lysozyme, as well as lac permease.reagent grade and obtained from commercial sources.
Designed metal sites have provided confirmation of \1athods
predicted spatial relationships among selected membrane-
spanning domains of the lactose permeds® {6, 17) as
well as in G-protein-coupled receptor32( 33). With this
strategy, predicted proximities are probed by measuring meta
binding in a mutant with site-directed His substitutions. With
lac permease, mutant R302H/E3Z5ihich contains three
His residues in close approximatial3j binds divalent metal
with a stoichiometry of 1:1 andlés of about 1QuM. Using
this engineered metal binding mutant in a Cys-less permeas

background, the metakpin-label approach was used to Klebsiell . | tate d boxvl th
estimate the distance and orientation of three helices with |- c->€11a Pheéumoniaexaloacetate decarboxylase was then

respect to the metal center. Individual Cys residues atmserted into the C-terminus of each single Cys mut_aﬁ)‘.(
positions 55-58 (helix II), 148 and 150 (helix V), and 233 After the desired mutations were confirmed by dideoxy-
235 (helix VII) were spin-labeled to generate nitroxide side nuclt(.aoudegseéquerl].c_? lagr;falysf;?_XYQrecedetd byfalkah ddeq:;]\—
chains, and EPR spectra were obtained in the absence ofuration @8), E. coll (ac ) was transformed wi

: . plasmid encoding a given mutant. Cells were grown
presence of Cu(ll). The results confirm and extend helix P . . . _
imitv relationshi ; h _ aerobically at 37°C in LB broth with streptomycin (1@g/
proximity relationships obtained by other means mL) and ampicillin (100xg/mL). Dense cultures were

Construction, Expressigrand Purification of Lac Per-
mease MutantsA lac permease mutant containing a metal-
Ibinding site (3) was constructed by two-stage polymerase
chain reaction (PCR) to introduce the R302H and E325H
mutations into Cys-less permea&d)( Using this gene as

a template, each single Cys mutant was engineered by restric.
tion fragment replacemen8%), making use of the restric-
etion sites shown in Figure 1. In order to facilitate avidin
affinity purification, the biotin acceptor domain from a

EXPERIMENTAL PROCEDURES diluted 10-fold in a 12 L fermentor and allowed to grow for
2 h at 37°C before induction with 0.5 mM iso-propy! 1-thio-
Materials pB-D-galactopyranoside. After growth for anothizh at 37

°C, cells were harvested and disrupted by passage througt
a French pressure cell. A membrane fraction was isolated
by centrifugation and extracted with 3% DM, and permease
was purified by affinity chromatography on immobilized

2 Site-directed mutants are designated by the single-letter amino acidmonomeriC avidin as describe@9). Each purified mutant
abbreviation for the targeted residue, followed by the sequence position .

of the residue in the wild-type lac permease and then by a second letterProtein was then in_CUbated with 10/ (1_'0XY'2,21515'te'[ra'
indicating the amino acid replacement. methyl)methanethiosulfonate for 60 min at@ to generate

(1-Oxy-2,2,5,5-tetramethylpyrrolinyl-3-methyl) methaneth-
iosulfonate (methanethiosulfonate spin-label) was a gift from
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the nitroxide side chain R1 (Figure 2), concentrated, and di-
alyzed using a Micro-ProDiCon membrane (Spectrusg).(
EPR SpectroscopyEPR measurements were performed

Biochemistry, Vol. 37, No. 1, 199813

55

b svur

PR AR

ke b
NIRRT

|
| Ay

at 22°C with given spin-labeled lac permease mutants in - ___

quartz capillaries. Samples (1) of purified permease at

a final concentration of ca. @M in 10 mM MES (pH 7.5)/
0.02% DM containing either 600M diamagnetic Zn(ll) or
paramagnetic Cu(ll) were used for each measurement.
Spectra were obtained using a Varian E-109 X-band spec-
trometer fitted with a loop-gap resonatof0( 41) at a
microwave power of 2 mW and a modulation amplitude
optimized to the natural line width of the individual spectrum
and recorded under field-frequency lock at X-band with a

100 G sweep at 30 s per scan. Spectra shown are composites

from two separately prepared samples that were individually
signal averaged over four scans.

Data Analysis Spectral broadening due to dipolar interac-
tion between a paramagnetic metal ion and a nitroxide was
quantitated as described previousB7,(28) by using a
computer algorithm42). Briefly, distance-dependent loss
in nitroxide spectral intensitylY due to the broadening
influence of bound Cu(ll) is observed. The amplitude of

the broadened spectrum normalized to the unbroadened

spectrum K/lg) is used to obtairC, the dipolar broadening
coefficient as described in the equation

2

c=%uz M
hr

whereg is the electroniq factor of the nitroxideg is the
Bohr magnetory is the magnetic moment of the metal, and
r is the interspin distance. This treatment assumesttisat
equal toT.,2 the electronic relaxation time of the metal.
Computer simulations of both isotropic and anisotropic line
broadening were used to generate a pldflgiversusC/oH,,
where dH, is the line width in the absence of broadening
induced by the metal(). From the plot, the experimental
I/l value is used to obtain a value f@; and the interspin
distance is calculated from eq 1.

RESULTS
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Ficure 3: First-derivative EPR spectra of mutants F55R1, S56R1,
L57R1, and L58R1 in helix Il of the lac permease in the presence
of either 600uM Zn(ll) (dark line) or 600uM Cu(ll) (light line).

The magnetic field scan width is 98 G.

significant population of highly mobile spins. The observa-
tions are consistent with previous findin@9(44) indicating
that positions 56 and 57 are located on a face of helix Il
that is in close proximity to helices VIl and IX and with the
suggestion that F55R1 is directed away from the interior of
the protein.

Cu(ll) binding to a designed site in the same nitroxide-
labeled protein results in distance-dependent broadening
which can be quantitated from the reduction in amplitude
of the center resonance liney(= 0) and used to calculate
interspin distances2{, 28). With permease mutants con-
taining a tris-His divalent metal-binding site between helices

Helix II. Although F55R1, S56R1, L57R1, and L58R1 VIII, IX, and X (13) and a given nitroxide-labeled side chain,
are ordered sequentially in the primary sequence of the per-Cu(ll)-induced broadening of the center line is substantial
mease, the line shapes of nitroxides at these positions differat positions 57 and 58, but negligible at positions 55 and
(Figure 3). The spectra of S56R1, L57R1, and L58R1 56, demonstrating that positions 57 and 58 are closer to the
permeases have a dominant broad component reflecting &Cu(ll) site at the interface between helices VIX. The
motionally restricted spin population that arises most likely measurements are consistent with previous wadk 44)
from tertiary interactions with other domains in the protein documenting the proximity and orientation of helix 1l with
(43). On the other hand, the spectrum of F55R1 contains arespect to helices V#XI by thiol cross-linking. In addition,
the calculated interspin distances between R1 on helix Il and
the metal center (Table 1) vary with sequence position in a
manner consistent with that of anhelix.

3 Tieis the spin-lattice relaxation timeTze is the transverse relaxation
time.
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Table 1: Spectral Parameters and Calculated Distances from
Broadened R1 Spectra due to Cu(ll) Binding to the R302H/E325H
Site in Lac Permea3e

mutant 1o OHo (G) C r(A)
Helix Il 233
F55R1 0.97+0.05 4.2+£03 0.142+£04 >21° . § e
S56R1  0.96+£0.05 53+03 0191+04 >21 NI N
L57R1 0.62+0.04 4.7£03 2.64+0.6 14+1
L58R1 0.72£0.03 5.0£0.2 161£04 15+1
Helix IV
Cl48R1  0.74£0.03 6.0£0.2 2.04+:04 14+1
G150R1  0.94+0.04 4.1+£03 0.260 20:1
Helix VII
S233R1 059+ 0.04 52+03 3.81+£0.7 12+1
C234R1  0.75£0.03 4.14+02 13004 15+1
T23R1 0.96+0.04 4703 017004 =>21 234
2Thel/lo amplitudes represent the peak-to-peak magnitude of the .~
center (n = 0) line normalized to the magnitude of the Zn(ll) control. ) fisAiit

OHo represents the unbroadened center line width of the R1 spectra in
the presence of Zn(lI)C is the dipolar interaction coefficient and was
obtained from simulated broadening of anisotropic spectra as described
in Voss et al. 7). r is the interspin distance, rounded to the nearest
angstrom, calculated fror@ as given by eq 1 in Methods. Errors in

I/lo anddH, are estimated from the signal-to-noise ratio of the collected
spectra and were propagated into the derived quan@tasdr. ® Where

the Cu(Il}—nitroxyl interaction is weak, distances greater than 21 A
cannot be accurately determine2¥y.

et

FiIcurRe 5: First-derivative EPR spectra of mutants S233R1,
C234R1, and T235R1 in helix VIl of the lac permease in the
presence of either 600M Zn(ll) (dark line) or 600uM Cu(ll)
(light line). The magnetic field scan width is 98 G.

Cu(l)-induced broadening is substantial at position 148,
but negligible at position 150 (Figure 4, Table 1), demon-
strating that position 148 is closer to the Cu(ll) site. Again,
the observations are consistent with earlier work in which
the proximity and orientation of helix V with respect to

150 helices VI-XI were studied by other meang§ 19). In
A Ve e S addition, the large difference in broadening between positions
s 148 and 150 in the presence of Cu(ll) is consistent with these

residues being oriented in opposite directions, thereby
providing further evidence that transmembrane domain V is
in an a-helical conformation.

FiGure 4: First-derivative EPR spectra of mutants C148R1 and Helix VII. Sp.ec.”? of permease with SZ33R1'.C234_R1’
G150R1 in helix V of the lac permease in the presence of either ©F T235R1 exhibit line shapes that reflect relatively im-
600 uM Zn(ll) (dark line) or 600«M Cu(ll) (light line). The mobilized side chains (Figure 5), a finding that supports other
magnetic field scan width is 98 G. data indicating that helix VII neighbors other transmembrane
domains 45). Moreover, Cu(ll)-induced broadening is

Helix V. EPR spectra of spin-labeled side chains C148R1 substantial at positions 233 and 234, but insignificant at

and G150R1 demonstrate dramatic differences in line shapeP0Sition 235 (Figure 5, Table 1), indicating that T235R1 is
(Figure 4). The spectrum of C148R1 reflects a side chain oriented away from the Cu(ll) site at the interface of helices
that is highly restricted, most likely due to a tight packing VIl —X. The observations are consistent with an orientation

of the tertiary structure in this domain. However, the Of helix VIl with Asp237 directed towards helix XI and

G150R1 line shape reflects much higher mobility, consistent ASP240 directed toward helix X46).

with positioning on the exposed surface of a helig)( The

observations are consistent with previous findint8-(20, DISCUSSION

44) indicating that the face of helix V with Cys148 is oriented By using a battery of site-directed techniques which in-
toward the interior of the protein. clude site-directed mutagenesis and chemical modification,
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Therefore, while the axis of helix VII occupies the space
between helix Il and the metal center, positions 57 and 58
are sufficiently close to the Cu(ll) that the signals from the
nitroxide side chains are altered.

The distances given in Table 1 and illustrated in Figure 6
are consistent with information obtained from a variety of
other approachesl$, 18—21, 44, 45). Of particular note
are recent cross-linking studies by Wu and Kab&tfk 44)
which probe distances between Cys residues on helix 1l and
Cys residues on helices VIl or Xl. In the packing model
presented here, the relative orientation of helix Il is rotated
approximately 90 clockwise relative to the bound Cu(ll)
when compared to other packing representations [see Kaback
et al. @5)]. However, by incorporating the tilt of helix VII
(47), the model presented here is remarkably consistent with
interhelical distances determined by chemical cross-linking.
Thus, a Cys residue at position 245 (helix VII) cross-links
with a Cys residue at either position 52 or position 53 (helix
II), but not with a Cys residue at position 520, and
position 245 is approximately equidistance from positions

FIGURE 6. Molecular model of helix packing in the lactose perme- 52 gnd 53 44). The observation that position 242 (helix
ase with distances obtained from Cufthitroxide measurements. : : o . .
Helices are represented as solid gray rods. Shown is the engineere II) cross-links with position 53 (helix I1), but not position

metal binding site (R302H/E325H/His322)3) in combination with 2, is also consistent with the model. Similarly, the distance
nitroxide side chains at F55C, S56C, L57C, and L58C (helix 11); between position 245 and position 52 or 53 is less than the

148C and G150C (helix V); and S233C, 234C, and T235C (helix distance between positions 242 and 53, which cross-link more
VII). Each spin-labeled mutant was studied individually in a Cys- weakly, and positions 52 and 53 are closer to position 245

less background. The helix packing model is derived from the S . Lo
measurements obtained here and from previously published da’[athan position 361 as judged both by cross-linkiag, (44)

(see text). Approximate interspin distances were determined from @nd the model presented here.
nitroxide spectral broadening (Table 1). The model was constructed  The metat-spin-label technique provides further informa-
using Insight software from Biosym Inc. The distances given tion on the relative orientation of helical faces in the

represent an average distance separating a population of interactin ot P
metak-nitroxide dipoles 27). Obviously, distances may vary from %ermease, thereby facilitating determination of contacts

the average depending upon dynamics within the structure. The betwgen these faces. In addition, the QIStances ot')talned'ar(
spin-labeled side chains in helices V and VII are closer to the consistent with the placement of the spin-labeled side chains
cytoplasmic surface of the membrane, while the substituted positionsin o-helices, thereby providing further evidence that trans-
in helix Il aLe ag'?boﬁtggﬁt:?)milgg?rggi‘zzt?;irr?gtrzlniog girgdtiﬁg éiti membrane domains I, V, and VII are indeeddrhelical
1.e., near | . : [ : : :
Eegléc:;etnti stl?c)i/i:d by chemical cross-linkiag @4) %vhich are g Conforma.tlon' Dynamic Inf.orm‘.atlon Is also obtained from
located near the periplasmic ends of helices I, VII, and XI. spectral line shapes. Interior sites are expected to be more
immobilized, resulting in a broad signature EPR spectrum
excimer fluorescence, engineered divalent metal-binding (24, 43, 48). On the basis of this criterion, the results
sites, chemical cleavage, EPR, thiol cross-linking, and identi- obtained here are also consistent with the model. For
fication of discontinuous monoclonal antibody epitopes, a example, mutants G150R1 and F55R1 which are predicted
helix-packing model for lac permease has been formulatedto point away from the protein interior exhibit the most
[reviewed in Kaback et al.46)]. Using a portion of this mobile spectra. Although the model shown illustrates
scheme, a molecular model was generated according to thepacking for 7 of the 12 helices, recent cross-linking studies
calculated interspin distances obtained from the Cu(ll)- (20) place helix | near the interface between helices Il and
broadened nitroxide spectra with each spin-labeled permeas&/Il and helix XllI in close proximity to helices Il and Xl
mutant (Figure 6). To construct the 3-D molecular model, (49). Thus the face of helix Il containing S56R1, a position
the position and orientation of the helices, as well as the tilt with a moderately immobilized line shape, is probably facing
of helix VII (see below), were adjusted to satisfy proximities another part of the protein rather than the lipid bilayer.
obtained from both interspin distances and previous observa- A concern of site-directed spectroscopy is the effect of a
tions. given mutation and subsequent labeling on the native
The model presented in Figure 6 is a view of the helices structure. The objective of these studies is to resolve
from the cytoplasmic surface. While the lateral separation structure to the level of helix packing, and it is unlikely that
between sites is readily apparent, the vertical position of the changes resulting from introduction of the probe drastically
R1 side chains with respect to the Cu(ll) ion which is near change the backbone positions of the helices. The functional
the bilayer center is more difficult to discern. For instance, importance of all 417 residues in the permease has beer
since C148R1 is near the cytoplasmic end of helix V, the studied by site-directed and Cys-scanning mutagené§ijs (
actual distance to the bound Cu(ll) is greater than it appears50), and only six residues are irreplaceable with respect to
to be in the model. Positions 233, 234, and 235 in helix active lactose transport [Glu126 (helix 1V), Argl44 (helix
VIl are midway between the bilayer center and the cytoplasm V), Glu269 (helix VIII), Arg302 (helix IX), and His322 and
(47), while the spin-labeled positions in helix Il are predicted Glu325 (helix X)]. While the R302H/E325H metal-binding
to lie at about the same depth as the Cu(ll) binding site. mutant is inactive, several lines of evidence [reviewed in
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Kaback B, 46) and Kaback et al.45)] are consistent with 22.
the argument that Arg302 and Glu325 are in close proximity
in the native enzyme. Since binding of divalent metal (in
this case, either 2 or CL#") necessitates close proximity
between positions 302 and 325, the mutants examined here 24,
are likely to approximate the native conformation of this
domain. In addition, to further probe the tolerance of the 2
permease to side chain perturbation, the sensitivity of Cys 26
replacements to modification By-ethylmaleimide has been '
determined at each position in the protein, including the
positions spin-labeled her&1—53). Except for Cys148,
each Cys mutant used in this study retains significant activity
even after modification witiN-ethylmaleimide. Cys148, a
substrate-binding residu®&4, 55), has been modified by a
variety of spectroscopic probes, chemical cross-linkers, and
o-phenanthroline Ci?*, a chemical cutting reagent. The
results from these studies indicate that although permease
alkylated at Cys148 cannot bind substrate, it retains near-
native structure in other aspects.

23.

27.
28.
29.
30.
31
32.
33.
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