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ABSTRACT: By exploiting substrate protection of Cys148 in lactose permease, a methanethiosulfonate
nitroxide spin-label was directed specifically to one of two Cys residues in a double-Cys mutant, followed
by labeling of Cys148 with a thiol-reactive chelator that binds Gd(III) quantitatively. Distances between
bound Gd(III) and the nitroxide spin-label were then studied by electron paramagnetic resonance. The
results demonstrate that the Gd(III)-induced relaxation effects on nitroxides at positions 228, 226 (helix
VII), and 275 (helix VIII) agree qualitatively with results obtained by studying spin-spin interactions
[Wu, J., Voss, J., et al. (1996)Proc. Natl. Acad. Sci. U.S.A. 93, 10123-10127]. Thus, a nitroxide attached
to position 228 (helix VII) is closest to the lanthanide at position 148 (helix V), a nitroxide at position
275 (helix VIII) is further away, and the distance between positions 226 (helix VII) and 148 is too long
to measure. However, the Gd(III)-spin-label distances are significantly longer than those estimated from
nitroxide-nitroxide interactions between the same pairs due to the nature of the chelator. Although the
results provide strong confirmation for the contention that helix V lies close to both helices VII and VIII
in the tertiary structure of lactose permease, other methods for binding rare earth metals are discussed
which do not involve the use of bulky chelators with long linkers.

Double-labeling techniques are useful for spectroscopic
studies of protein structure and dynamics (1, 2). However, a
major limitation of the approach is the difficulty inherent in
directing probes to specific sites in a given protein. However,
development of site-specific mutagenesis has largely allowed
this problem to be overcome (see3, 4).

Substrate protection of Cys148 against alkylation is a well-
characterized property of lactose permease (lac permease)1

(5-8). In the presence of saturating concentrations ofâ,D-
galactopyranosyl 1-thio-â,D-galactopyranoside (TDG), the
reactivity of Cys148 with various alkylating agents is
completely blocked. Therefore, it is possible to exploit this
property of the permease by constructing mutants containing

two Cys residues, one native Cys at position 148 that can
be protected in the presence of TDG and another at a
different position that is labeled covalently with a given
alkylating agent in the presence of the analogue. Subse-
quently, after removal of TDG, Cys148 can be labeled with
a different alkylating agent. By using this approach and
alkylating agents with appropriate spectroscopic properties,
distances between position 148 and other positions in the
protein can be measured.

Site-directed spin-labeling (SDSL)1 is a powerful spec-
troscopic approach for structure/function studies (9). By this
means, a spin-labeled side chain is introduced at specific
sites by Cys-substitution mutagenesis (10), and electron
paramagnetic resonance (EPR) spectra are analyzed in terms
of side chain dynamics, solvent accessibility, polarity, and
electrostatic potential. Information of this type from a set of
spin-labeled mutants can be used to determine protein
topography (11-16), secondary structure (14, 16-18), and
certain features of tertiary organization (18, 19).

SDSL also provides a method to measure distance when
a second paramagnetic center is present. Introduction of two
nitroxides into a protein and analysis of static dipolar
interaction is one approach that has been exploited (2, 20-
23). In this case, rotational diffusion of the spin pair may
complicate interpretation of the interaction, a restriction that
often requires freezing of the sample. In addition to the
problem of possible structural changes, freezing eliminates
the possibility of studying dynamics. Here we utilize another
approach based on the magnetic interaction between a spin-
label and a paramagnetic metal ion which is applicable under
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physiological conditions.
Previously (24-26), the distance-dependent relaxation

effect of Cu(II) on a nitroxide was analyzed according to
the paradigm of Leigh (27). In this communication, the effect
of Gd(III) sequestered by a chelator bound covalently to
Cys148 on spin-labeled side chains at positions 226, 228,
or 275 is investigated. Gd(III) has a larger magnetic moment
than Cu(II), for example, and is ideally suited for Leigh
analysis, since longer interspin distances can be probed. The
results obtained are in good qualitative agreement with
previous studies utilizing site-directed chemical cleavage
(28), spin-spin interactions, and chemical cross-linking (21).
On the other hand, distances estimated from Gd(III)-spin-
label measurements are significantly overestimated relative
to those derived from either spin-spin interaction or thiol
cross-linking (21, 29) due to use of a bulky chelator with a
long linker. Alternative approaches are discussed.

EXPERIMENTAL PROCEDURES

Materials. (1-Oxyl-2,2,5,5-tetramethylpyrroline-3-methyl)-
methanethiosulfonate (methanethiosulfonate spin-label) was
a gift from Kálmán Hideg, and is available from Reanal
(Budapest, Hungary). 6-[p-(Bromoacetamido)benzyl]-1,4,7,10-
tetraazacyclododecane-N,N′,N′,N′′′-tetraacetic acid com-
plexed with a Gd(III) ion [Gd(III)-BAD] was synthesized
as described previously (30, 31).

Construction, Expression, and Purification of Mutant
Permeases.Permease mutants containing given Cys replace-
ments in the Cys-less background and a biotin acceptor
domain in the middle cytoplasmic loop were prepared and
purified by avidin affinity chromatography as described (21).

Labeling. n-Dodecyl-â,D-maltopyranoside (DDM)-solu-
bilized permease containing native Cys148, another Cys
residue at a given position, and the biotin acceptor domain
in the middle cytoplasmic loop was bound to an immobilized
monomeric avidin column (21) and equilibrated with 100
mL of column buffer [50 mM potassium phosphate (KPi;
pH 7.5)/100 mM KCl/0.02% DDM] containing 20 mM TDG
in order to protect Cys148. The permease was then labeled
with the methanethiosulfonate spin-label (100µM, final
concentration) at position 226, 228, or 275 (Figure 1A).
Following 30 min incubation with the spin-label, the sample
was washed with 400 mL of column buffer containing 20
mM TDG to remove unreacted methanethiosulfonate spin-
label. TDG was then removed by an additional wash of 300
mL of column buffer. Following elution of the permease in
6 mL of column buffer containing 10 mM biotin, the mutant

permease was concentrated to 100 mL using a Pro-Dicon
concentrator (Spectrum) as described previously (14) and
separated into two equal fractions. In one fraction [+Gd(III)],
Cys148 was labeled with 0.5 mM Gd(III)-BAD (Figure 1B)
for 2 h; in the control fraction, Cys148 was labeled with 0.5
mM N-iodoacetyltyrosine for 2 h (6). Finally, unreacted
Gd(III)-BAD or N-iodoacetyltyrosine was removed from
the sample by dialysis against column buffer using a
Microdialysis Cell (Rainin Instrument Co.). It is noteworthy
that theKD of the chelator for Gd(III) approximates 10-24

M (32). Thus, it is unlikely that significant amounts of Gd(III)
dissociate from covalently bound Gd(III)-BAD during the
course of the experiments.

Protein Determinations.Protein was determined using the
Micro BCA protein assay kit (Pierce Chemicals).

EPR Spectroscopy. EPR measurements on given spin-
labeled permease mutants were performed in a quartz
capillary at 22°C. Ten microliters of sample containing
purified permease at a final concentration of ca. 100µM in
10 mM MES (pH 7.5)/0.02% DDM was used in each
measurement. Spectra were signal-averaged over 10 scans
using a Varian E-104 X-band spectrometer fitted with a
loop-gap resonator (33, 34) at a microwave power of 2 mW
and a modulation amplitude of 2 G. The spectral intensity
(I) was obtained from the peak-to-peak height of the center
(mI ) 0) line and the low-field (mI ) +1) line of the
spectrum.

Data Analysis. Spectral broadening due to dipolar interac-
tion between a paramagnetic metal ion and a nitroxide as
described by Leigh (27) was examined previously (24, 25).
Briefly, the treatment applies Redfield theory to describe the
effect of the magnetic field (Hz), fluctuating with a correlation
time of τ, from one spin on the line width (δH) of a second
spin:

with

whereg is the electronicg factor of the nitroxide,â is the
Bohr magneton,µ is the magnetic moment of the metal, and
r is the interspin distance. The angular-dependent line width
of the relaxed spin is simplified to

whereC, the dipolar broadening coefficient, is

For theS ) 7/2 Gd(III) ion, a value of 8.0× â (35) was
used to calculateµ. Leigh treatment assumes thatτ is equal
to T1e, the electronic relaxation time of the metal (24). In
the present work, complexed Gd(III) with aT1e of 5.3 ×
10-10 s at room temperature is employed (36).

A convenient feature of the theory is that the relaxed spins
broaden to such an extent that they no longer contribute

FIGURE 1: (A) Structure of the spin-labeled side chain R1. (B)
Structure of thiol-reactive Gd(III)-BAD.
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significantly to the observed spectral amplitude. The number
of relaxed spins is distance-dependent, allowing for the
determination ofr by evaluating the loss in nitroxide spectral
intensity (I) due to the broadening influence of a second
paramagnetic center [in this case a Gd(III) ion].

The broadening is evaluated from a Lorentzian line shape
function:

Computer simulations of both isotropic and anisotropic lines
for values ofδH arising from different values ofC were
performed to generate a plot of the broadened amplitude to
the unbroadened amplitude,I/I0 vs C/δHo, whereδHo is the
line width in the absence of broadening induced by the metal
(24). From this plot, the experimentalI/I0 value is used to
obtain a value forC, and the interspin distance,r, is
calculated from eq 4. Figure 2 shows the simulated spectral
amplitude for values ofr calculated, using a Gd(III) relaxer,
for the natural line widths of the spectra examined in this
study.

RESULTS

Spectra of S226R1/Cys148, Y228R1/Cys148, or I275R1/
Cys148 Mutants with N-Iodoacetyltyrosine-Labeled Cys148.
Spectra of control samples in which a Cys residue at position
226, 228, or 275 was labeled with nitroxide spin-label and
Cys148 was labeled with iodoacetyltyrosine are shown in
Figure 3 (thick line). Each spectrum is typical of a spin-
labeled side chain within a stable transmembraneR-helix,
as indicated by a significant low-field immobilized compo-
nent (14, 18, 37). The peak-to-peak amplitude (I) of the
center (mI ) 0) spectral line is indicated. The samples display
a small highly mobile component (arrows), most likely
arising from the presence of unreacted spin-label partitioned

into the protein/micelle complex. To ensure that the intensity
measured arises solely from label covalently attached to
position 226, 228, or 275, the amplitude of the strongly
immobilized component which is fully resolved in the low-
field line (mI ) +1) was also measured (Figure 3; see below).

Effect of Bound Gd(III) on Spin-Labeled Permeases. EPR
spectra for the three mutants with nitroxide spin-label at
position 226, 228, or 275 and Gd(III)-BAD covalently
attached to Cys148 are also shown in Figure 3 (thin line).
The presence of Gd(III) reduces the spectral line height in
each of the three mutants as a result of broadening. Ignoring
the intrinsic line width dependency on the extent of broaden-
ing (see below), it is evident that Gd(III) reduces the spectral
amplitude of Y228R1 the most, the spectral amplitude of
S226R1 the least, and the spectral amplitude of I275R1 to
an intermediate degree. The residual amplitude (I/I0), the
amplitude of the Gd(III)-broadened spectrum normalized to
the amplitude of the control sample, is given in Table 1 for
each of the three mutants measured.

Calculation of the Distance between the Gd(III) Ion and
the Nitroxyl Moiety of the Labels at Position 226, 228, or
275. It was demonstrated previously (25) that the dipolar

FIGURE 2: Plot of the interspin distancer versus the spectral
amplitude (I/I0) for the line widths of the spectra investigated:
I275R1 (dashed line), Y228R1 (solid line), S226R1 (dotted line).
The curves were generated from simulated broadening of either
anisotropic (A) or isotopic (B) lines (see Experimental Procedures).

L ) δH

(H - Hm)2 + δH2
(5)

FIGURE 3: EPR spectra of S226R1, Y228R1, and I275R1 in
combination with Cys148 reacted with either iodoacetamidotyrosine
(thin line) or Gd(III)-BAD (thick line). The unbroadend spectral
intensity (I0) is indicated for the center (mI ) 0) line as well as for
the strongly immobilized component resolved in the low field (mI
) 0) (I0, SI).

Table 1: Spectral Parameters and Calculated Distances between
Nitroxide-Labeled Cys Residues and the Gd(III)-Chelate at Cys148

R1 position I/I0
a δH0

b Cc r-calcd (Å)d

226 0.90 4.1 0.43-0.29 22.2-23.7
228 0.59 4.4 3.28-2.53 15.8-16.5
275 0.84 4.8 0.87-0.65 19.7-20.7

a The center spectral (mI ) 0) above-baseline amplitudes normalized
to the metal-free control.b The natural line width,δH0 (G), was obtained
from the peak-to-peak width of the (mI ) 0). c The dipolar broadening
coefficient obtained from the values ofI/I0 andδH0 (see Experimental
Procedures).d Calculated interspin distance using eq 4 under Experi-
mental Procedures. The range of values reported for footnotesc andd
reflects aC value obtained from the predicted broadening of either an
anisotropic or an isotropic line (24, 25). The difference in the interspin
distance resulting from utilization of either an anisotropic or an isotropic
simulation of the dipolar broadening is illustrated in Figure 2.
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broadening induced by a paramagnetic metal on a nitroxide
attached to a protein can be analyzed as a function of distance
by using the paradigm of Leigh (27). The strength of the
dipolar broadening interaction is expressed in terms ofC,
the dipolar broadening coefficient. For a given unbroadened
line width (δH0), plotting C versusI/I0 shows the predicted
loss in peak height intensity (14) from which the distance
between the paramagnetic metal and the spin-label can be
approximated (Figure 2; Table 1). Consistent with the results
of Wu et al. (21), positions 228 and 275 are closer to position
148 than position 226, which is thought to be on the opposite
side of helix VII from position 228, and position 228 is closer
than position 275.

The I/I0 amplitudes listed in Table 1 are from the center
(mI ) 0) line of the spectra. As noted above, the spectra
exhibit a small but significant population of weakly im-
mobilized spins whose contribution to the center (mI ) 0)
line intensity is difficult to resolve. Therefore, the low-field
line (Figure 3;mI ) +1), where the strongly immobilized
signal representing covalently attached spin-label is clearly
resolved, was also used to measureI/I0 in each spectrum.
The amplitudes determined in this manner are effectively
identical to the center line (mI ) 0) amplitudes given in Table
1.

DISCUSSION

SDSL has recently been employed to investigate structure/
function relationships in lac permease (14-16, 21-23, 25,
26, 29). Here, we present SDSL of three residues in the
permease in combination with a Gd(III)-chelator attached
specifically to Cys148. The broadening of nitroxides at
positions 226, 228, and 275 due to a dipolar interaction with
Gd(III) is analyzed as described previously (24) in order to
obtain the interspin distance,r, separating the two paramag-
netic centers. The interspin distances (Table 1) confirm
previous findings (21, 28), although the distances estimated
by this means appear to be greater than those obtained from
either spin-spin interactions in the frozen state or thiol cross-
linking (see29). Figure 4 shows the proposed helix packing
arrangement of helices V, VII, and VIII which is consistent
with the data of Wu et al. (21, 28) and with the observations
presented here.

The present data can be interpreted qualitatively only. Due
to the many possible orientations the probes may assume
with respect to the backbone, it is difficult to predict the
direction and distance of the spin centers relative to the
labeled side chain. Thus, it is unlikely that the distances
reflect true distances separating the backbone attachment
positions of the labeled Cys residues investigated here. The
size of the Gd(III)-BAD compound and the length of the
linker used are especially problematic. In this regard,
distances estimated from Gd(III)-spin-label measurements
are significantly greater than those estimated from spin-
spin interactions between the same three pairs or from thiol
cross-linking between Cys residues at positions 148 and 228
with dibromobimane, a rigid homobifunctional reagent about
5 Å in length (21, 28). For example, analysis of the double-
nitroxide I275R1/C148R1 mutant from (21, 28) using a
broadening function synthesized as a sum of Pake functions
to represent a distance distribution (20) provides a good fit
for an interspin distance of 17 Å (not shown). This compares

to a distance between the nitroxide and the Gd(III) chelator
of 20 Å (Table 1), when the same sites are used. Thus, future
prospects for this type of measurement would be enhanced
with a more compact chelator, particularly one with a
shortened linker. Quantitative interpretation of distance
values should also be avoided due to uncertainty in the
calculation arising from the value ofT1e (24). Here,T1e )
5.3 × 10-10 is employed (36). However, since calculated
distances depend on the sixth root ofT1e, the results are not
critically dependent on an accurate value.

As shown previously (24), incorporation of a second
paramagnetic center at a specific site in a protein has many
advantages for the measurement of distances within proteins.
The primary purpose for pursuing a metal-nitroxide ap-
proach with the Gd(III) chelator is the large magnetic
moment of this ion (8µB). Thus, theory suggests that
detectable interaction with Gd(III) should extend about 10
Å beyond the range possible with Cu(II). Directing different
probes to different residues with high specificity remains a
challenge, and use of this approach with double-Cys mutants
in other proteins may not be practical in general. Obviously,
it is rare that the protein of interest contains a highly reactive
residue that can be completely blocked by a diffusable
reagent. The use of a single-Cys mutant combined with an
engineered (or intrinsic) metal binding site, as described
previously (24, 26), overcomes this problem. Furthermore,
lanthanides are known to bind with high affinity to intrinsic
Ca(II) binding sites (EF hand motifs) (38, 39). In addition,
Ca(II) binding sites have been engineered into proteins (40-
43), and such motifs would be particularly useful for
introducing Gd(III).

In summary, development of double labeling approaches
holds great promise for the study of protein structure and
dynamics (2). An advantage of the technique is that it allows
studies of a single engineered protein by both magnetic
resonance and optical spectroscopy. An in vitro translation
method using an amber supressor tRNA charged with an
unnatural amino acid has been developed for this purpose

FIGURE 4: Arrangement of helices V, VII, and VIII in lac permease
based on the data presented here and in Wu et al. (21). Helices are
represented as circles with Roman numerals, and pertinent side
chains are shown as shaded smaller circles. Cys148 (helix V)
labeled with Gd(III)-BAD is lightly shaded; Cys residues at
positions 275, 269 (helix VIII), or 228 (helix VII) are hatched and
labeled as R1 (nitroxide spin-label). Charge pairs Arg302 (helix
IX)/Glu325 (helix X), Glu269 (helix VIII)/His322 (helix X), and
Asp237 (helix VII)/Lys358 (helix XI) are stippled (see3, 4).
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(44). By using this approach, Cornish et al. (45) have
incorporated spectroscopic probes directly into T4 lysozyme.
Other possibilities for directing unique probes to two sites
include modifying an Arg-Cys pair (46) or specifically
directing one probe to the amino terminus and a second to
a single Cys residue. Finally, functional permease mutants
devoid of Cys (47) or Trp (48) have been constructed.
Insertion of an EF hand motif to bind rare earth metals into
mutants containing single-Cys residues that can be labeled
with nitroxides or fluorescent probes or single-Trp residues
should significantly extend double labeling approaches with
respect to SDSL, as well as fluorescence and luminescence
energy transfer.
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