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ABSTRACT: Magnetic dipolar interactions between pairs of solvent-exposed nitroxide side chains separated
by approximately one to four turns along anR-helix in T4 lysozyme are investigated. The interactions are
analyzed both in frozen solution (rigid lattice conditions) and at room temperature as a function of solvent
viscosity. At room temperature, a novel side chain with hindered internal motion is used, along with a
more commonly employed nitroxide side chain. The results suggest that methods developed for rigid
lattice conditions can be used to analyze dipolar interactions between nitroxides even in the presence of
motion of the individual spins, provided the rotational correlation time of the interspin vector is sufficiently
long. The distribution of distances observed for the various spin pairs is consistent with rotameric equilibria
in the nitroxide side chain, as observed in crystal structures. The existence of such distance distributions
places important constraints on the interpretation of internitroxide distances in terms of protein structure
and structural changes.

Site-directed spin labeling (SDSL)1 has been established
as an important tool for the determination of structure and
dynamics in both soluble and membrane proteins of arbitrary
molecular weight (see refs1-5 for reviews). In the most
common implementation of SDSL, site-directed cysteine
mutants are reacted with a methanethiosulfonate nitroxide
reagent to produce the side chain designated R1 (Figure 1).
Primary quantities determined from the EPR of a single R1
in a protein include the solvent accessibility and mobility of
the side chain. The sequence dependence of these quantities
serves to identify regular secondary structure and its orienta-
tion within the protein.

If two R1 side chains are introduced into a protein, mag-
netic dipolar interactions between them can be analyzed in
terms of interspin distance. Such distance measurements are
important in SDSL because they provide global structural

constraints which, when taken together with secondary struc-
ture, are often sufficient to model a protein at the level of
the backbone fold (6-10). In addition, changes in dipolar
interactions can produce large spectral changes, making it
particularly straightforward to monitor conformational changes
(11-15).

Quantitative distance measurements between pairs of
nitroxides can be made under two limiting conditions where
theoretical treatments are available for analysis of the data.
These are the so-called rigid lattice condition, where the spins
are immobile, and the rapid tumbling limit, where the
interspin vector tumbles sufficiently rapidly in the laboratory
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FIGURE 1: Structures of the spin-label reagents and the correspond-
ing side chains produced by reaction with cysteine.
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frame to average the dipolar interaction and to induceT2

relaxation effects.
For the rigid lattice case, there is a large amount of

literature beginning with the early work of Likhtenstein and
co-workers (reviewed in ref16). Current work in the field
has been recently reviewed (17, 18). A notable advance that
promises to extend the range of the measured distance is
the double-quantum coherence method introduced by Freed
and co-workers (19). Of particular relevance to the results
presented here are studies of spin-spin interactions in spin
labeled insulin crystals (20) and synthetic helical peptides
in frozen solutions (21). In these studies, it was assumed
that (1) the orientation of the interspin vector between the
nitroxide groups was randomly distributed in the laboratory
reference frame and (2) the orientation of one nitroxide ring
relative to the other was randomly distributed. This latter
assumption is supported by the disorder of the nitroxide ring
in T4L at solvent-exposed sites in high-resolution crystal
structures (22). In situations where these assumptions are
valid, the EPR spectrum can be treated as a convolution of
the sum of the spectra of R1 at the individual sites with an
appropriate broadening function to represent the dipolar
interaction. Alternatively, the spectrum of interacting pairs
can be deconvoluted with the sum of the individual spectra
to yield the apparent broadening function, from which the
interspin distance can be determined (21).

If the two nitroxides have a fixed relative orientation, the
orientation dependence of the dipolar interaction strength is
directly coupled to the spectral anisotropy and the dipolar
broadening will thus be a function of magnetic field. Because
convolution methods assume a uniform broadening function
across the entire spectrum, they cannot be used in such a
situation. Hustedt et al. (23) have shown that it is possible
to simultaneously obtain distance and orientation in such a
system by using detailed simulations of spectra taken at
different microwave frequencies.

The disadvantage of the rigid lattice analysis is that it
requires either a solid at ambient temperature or a frozen
solution. Because most protein systems of interest are not
in the solid state, frozen solutions are the rule for application
of rigid lattice theory. This makes it impossible for real-
time detection of distance changes during function.

At the other extreme, the rapid tumbling limit, Redfield
relaxation theory has been used to derive interspin distances
in spin labeled T4L (24). The advantage of this approach is
that it can be employed at room temperature, but the
disadvantage is that it is limited to proteins with an isotropic
correlation time of a few nanoseconds or shorter.

Although interspin distances can be estimated in the rigid
lattice and fast tumbling limits by existing methods, neither
of these limiting conditions is generally fulfilled at physi-
ological temperatures. A common example is a high-molec-
ular weight soluble or membrane-bound protein where the
rotational correlation time (τR) is slow on the EPR time scale.
For a pair of spins rigidly attached to such a protein, the
correlation time of the interspin vector (τv) is equal toτR.
As long asτR g (r3h)/(3πg2â2), the motion of the interspin
vector is sufficiently slow not to average the major dipolar
anisotropy, that is, to be approximately in the rigid lattice
condition (r is the interspin distance,h is Planck’s constant,
g is the g factor, andâ is the Bohr magneton). However,
each individual nitroxide generally has motion relative to

the protein at physiological temperature, and the rigid lattice
condition does not rigorously apply. There is no published
theory to account for the dipolar interaction together with
the dynamical effects of the spin motion on the EPR
spectrum, and the magnitude of dynamical effects on the
estimated distance is unknown.

The purpose of this study is to empirically evaluate the
use of rigid lattice theory to estimate distances at physi-
ological temperatures where the correlation time of the
interspin vector meets the above condition, and where the
individual nitroxide side chains have rapid internal motions
(nanosecond correlation time) relative to the protein. Two
different nitroxide side chains are evaluated, the commonly
employed R1 and the 4-Br derivative designated R7 (Figure
1). In the pyrroline series of nitroxides, position 4 substit-
uents, such as the Br of R7, restrict the amplitude of internal
bond rotations in the side chain, leading to a higher degree
of order compared to that of R1 (25, 26). Thus, R7 should
more closely approach rigid lattice conditions at physiological
temperatures, although some orientation effects may be
introduced.

T4 lysozyme was chosen as a host for introduction of the
spin labels. Pairs of nitroxide side chains were placed along
the interdomain helix at solvent-exposed sites with the second
residue spaced ati + 4 (pairs of residues 61+ 65, 65+
69), i + 7 (pairs of residues 61 and 68, and 65 and 72),i +
11 (pair of residues 65 and 76), andi + 15 (pair of residues
61 and 76) (Figure 2). EPR spectra of the double mutants
were recorded in a 40% sucrose solution, where the cor-
relation time of T4L (∼30 ns) is just long enough to prevent
averaging of the main dipolar anisotropy even for the longer
distances measured (∼20 Å).

Because the sites of introduction of the nitroxide side chain
are all solvent-exposed, little perturbation of the protein
structure is expected. This expectation is supported by the
relatively small effect of the R1 mutation on both enzymatic
activity and thermal stability of the protein at such sites (25).
In addition, the crystal structures of T4L bearing the R1
residue at solvent-exposed helical sites are virtually identical
with the wild-type structure (22).

The strategy employed in these experiments is to use rigid
lattice conditions (frozen solutions) to estimate interspin
distances and distance distributions using a deconvolution
method. The results are used as references, and are compared
to those obtained using the same analysis applied to ambient
temperature data, as a function of viscosity, for both R7 and
R1. The results indicate that, within the uncertainty of the
determination, the effect of internal motions in the nitroxide
side chains on the estimated distance is small, although the
spectra of R7 are somewhat better fit by rigid lattice theory.

FIGURE 2: Ribbon model of T4 lysozyme showing the location of
sites used in the various spin pairs that were investigated. The
spheres mark theR-carbon atom of the residues, which are located
at every turn of the helix from position 61 to 76.
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Thus, it is concluded that rigid lattice theory may be used to
estimate interspin distances and distributions at physiological
temperatures.

The distance distributions suggested by this analysis are
in accord with rotamers of the R1 side chain on helix surface
sites in T4L deduced from crystal structures (22). In general,
the rather broad distributions place practical limitations on
the interpretation of interspin distances between R1 residues
in terms of protein structure, i.e., in terms of the correspond-
ing inter-CR distance. It is concluded that structure mapping
should involve multiple distance determinations, and that
recognizable patterns in distance geometry are the most
reliable means for deducing features of a protein fold. In
principle, a suitable rotamer library for the R1 side chain
can be used in data refinement to improve the accuracy of
estimation of inter-CR distances.

EXPERIMENTAL PROCEDURES

Preparation of Mutants, Spin Labeling, and EPR Spec-
troscopy. The cysteine-less pseudo-wild-type T4L gene
containing the substitutions C54T and C97A (27) was kindly
provided by F. W. Dahlquist (University of Oregon, Eugene,
OR). All the single- or double-cysteine substitutions were
introduced into the pseudo-wild-type T4L gene by the
overlap extension method (28), as previously described (25).
The nucleotide sequence was verified by sequencing the
entire gene.

All mutants of T4L were expressed inEscherichia coli
K38 cells as previously described (29) with some modifica-
tions. Briefly, K38 cells containing mutant plasmids were
cultured overnight in LB medium containing 100µg/mL
ampicillin. LB medium (0.5 L) containing 100µg/mL
ampicillin was inoculated with 15 mL of the overnight
culture. The cells were grown at 37°C until the optical
density at 580 nm reached∼1.0-1.2. Protein expression was
induced by adding isopropylD-thiogalactoside (1 mM). After
1 h, the cells were harvested by centrifugation, and the cell
pellets were stored at 20°C. For protein purification, cell
pellets were thawed and resuspended in a buffer containing
20 mM Tris, 1 mM EDTA, 0.02% (w/v) NaN3, and 10 mM
DTT (pH 7.6). The bacterial cell walls were disrupted by
sonication on ice, and the cell debris was removed by
centrifugation. The supernatant was then loaded onto a
Pharmacia Resource S column equilibrated with the buffer
containing 0.5 mM DTT. The protein was eluted with a linear
gradient of 0 to 1 M NaCl. The T4L fraction was collected;
DTT was added to a final concentration of 5-10 mM, and
the sample was frozen for storage at-80 °C.

For spin labeling, DTT was removed by gel filtration on
a Superdex 75 column (Amersham-Pharmacia), eluting with
a buffer containing 20 mM Tris, 150 mM NaCl, and 1 mM
EDTA (pH 7.6). The T4L mutants were immediately reacted
with an approximately 20-fold excess of either reagent I,
reagent VII, or a mixture of I and I) (1:3 molar ratio) at
room temperature (Figure 1). The reaction was allowed to
continue overnight, and excess reagent was then removed
by gel filtration on the Superdex 75 column (Amersham-
Pharmacia), eluting with the same buffer used for spin
labeling. Labeled proteins were concentrated using a cen-
trifugal concentrator with a cutoff of 10 kDa (Microsep,
Filtron Technology Corp., Northborough, MA). The labeling

reagents I (30, 31), I) (7), and VII (32) were synthesized
as reported.

EPR spectra were recorded on a Varian 109 spectrometer
fitted with a loop gap resonator (33). Samples were contained
in quartz capillaries at room temperature (22( 2 °C) or
-180 °C for spectra in frozen solutions. The incident
microwave power level was 2 mW for room-temperature
samples and 200µW for frozen solutions.

Determination of Distance Distributions from the Interact-
ing and Noninteracting Line Shapes by an InteractiVe
ConVolution-DeconVolution Procedure. (1) ConVolution-
DeconVolution Procedures. It is assumed that the EPR
spectrum of a mutant containing an interacting nitroxide pair
(D) can be represented as the convolution of the spectrum
in the absence of the interaction (S) with a broadening
function (B) that depends on the interspin distancer (21).
Thus, D ) F-1{F(S) × F(B)}, whereF and F-1 are the
forward and inverse Fourier transform operators, respectively.
As in previous work (21), the broadening function is taken
to be the Pake function (35) for randomly oriented spin pairs
at a fixed distancer, and in the absence of motion. For a
distribution of interspin distances, the broadening function
is then a weighted sum of Pake functions corresponding to
the distances that are represented. Similarly,B can be
experimentally determined by deconvolution ofD with S.
Thus,B ) F-1{F(D)/F(S)}. Because deconvolution of a pair
of first-derivative spectra yields the same broadening function
as the deconvolution of the corresponding absorption spectra,
it is convenient to do these operations directly on the first-
derivative spectra obtained experimentally. The deconvolu-
tion makes no assumptions about the type of interaction.
However, ifB can be represented as a weighted sum of Pake
functions, it is possible to interpret the dipolar interaction in
terms of an underlying distance distribution using the known
distance dependence of the Pake function (35). Deconvolu-
tion is an inherently unstable algorithm because it involves
division of two Fourier transforms. For example, if a
spectrum is relatively noise-free, most of the higher-fre-
quency components are near zero. If the Fourier transform
of this spectrum is in the denominator, the division results
in large high-frequency components that will obscure the
form of the deconvoluted line shapeB. It has been found
that adding a slight bias (<0.01%) to all AC components of
the transform ofScan, in most cases, provide a nearly noise-
free broadening functionB. Alternatively, simple low-pass
filtering can also be used.

(2) Spectra for the Noninteracting Spin Pairs.The
deconvolution analysis requires the spectrum of each double
mutant in the absence of dipolar interaction (S). Two
approaches were used to obtain the noninteracting reference
spectra. In the first, EPR spectra were recorded for two T4
mutants, each containing a single nitroxide corresponding
to one of the sites in the double mutant. These, as for all
raw EPR spectra, were interactively processed to remove
simple baseline artifacts (slope, offset) and phase error and
were normalized for unit area and 200 G scan range (for
data recorded under other scan widths). The underlying line
shape of the double mutant in the absence of dipolar
interaction was assumed to be the average of the two
respective single spectra.

Alternatively, the noninteracting spectra were obtained by
reacting the double mutant with a mixture containing a 1:3
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molar ratio of spin-label (I) and the diamagnetic analogue
(I′) (Figure 1). If equal reactivity and 100% labeling are
assumed, this will give a statistical distribution of product
where15/16 of the protein molecules will have one or fewer
R1 distributed randomly between the two sites. Thus, the
spectrum is predominantly that of the noninteracting line
shape (the sum of the spectra of the individual sites, without
the effect of the magnetic interaction). The remaining1/16

interacting component that contains two R1 side chains can
be cleanly subtracted using the spectrum obtained from the
protein labeled with pure reagent (I).

(3) Fitting and Determination of Distance Distributions.
The interactive fitting to find a set of Pake functions
representing the experimentalB function determined by
deconvolution was done using a program written in Lab-
VIEW (National Instruments). Any parameter or input
change triggers a full recalculation and display of all results.
This takes only fractions of a second, and the overall impact
can be immediately observed. A simplified flowchart of the
program is shown in Figure 3. As a first step, the program
reads the first-derivative spectraS and D, deconvolutesD
with S, and displaysB. The following parameters are then
adjusted for optimization ofB: (1) bias of the Fourier
transform of S (see above) and low-pass filtering the
deconvolutionB and (2) horizontal shift ofD to center the
deconvolution in caseS andD were not perfectly aligned.
Once the deconvolution is centered, it can optionally be
averaged with its mirror image to force symmetry and
improve the signal-to-noise ratio. (3) In rare cases, it was
also necessary to remove spurious baseline oscillations with
selectable narrowband filters. As a consistency check, the
filtered and processed broadening function is convoluted with
Sto regenerate a first-derivative spectrumR. If RandD were

similar, the filtering and symmetry operations did not
introduce excessive artifacts.

Following these initial operations, program inputs allow
the generation of a functionP consisting of a normalized
sum of up to 50 weighted Pake functions, representing
different interspin distances. At the same time, a properly
weighted histogram is generated to display the corresponding
distance distribution. The composition ofP is modified to
obtain a fit ofP to B. Simultaneously,P is also convoluted
with S to generatePS, which represents a simulation of the
interacting spectrumD. Minor adjustments toP are now used
to further improve the fit betweenD andPS. The presence
of a noninteracting component, for example, caused by
incomplete labeling, is easily modeled by adjusting the
amount of a degenerate zero-width component inP (infinite
distance). Because all spectra are normalized for the same
number of spins,B has unit area. SinceP is also normalized
for unit area,D and PS are also normalized. All spectral
amplitudes are internally consistent and not independently
adjustable.

RESULTS

EPR Spectra of R1 and R7 Single Mutants.The EPR
spectra of R1 at each of the individual sites except for
position 68 have been previously published (24, 25, 32) and
are reproduced in Figure 4a for reference, along with that
of 68R1. Residues 68R1, 72R1, and 76R1 have spectra
reflecting anisotropic motion typical of noninteracting,
solvent-exposed, helix surface sites (25, 26). Residue 61R1
is at the N-terminus of the helix, and has two spectral
components, presumably reflecting two side chain popula-
tions with different mobilities, typical of such sites (25).
Residues 65R1 and 69R1 may also have multiple dynamic
components reflecting some degree of tertiary interaction.
The EPR spectra for R7 at each of the sites are shown in
Figure 4b. As can be seen, the spectra are much broader,
reflecting a higher degree of order (less mobility) for R7 at
each site compared to the corresponding R1 derivative.

Dipolar Interactions of R1 in Frozen Solution.Figure 5
shows the experimental data and analysis for each of the
double mutants of R1 investigated in the frozen state. Panel
a for each mutant shows the spectrum of the double mutant
(D, dark trace) compared with the algebraic sum of the
spectra of the corresponding single mutants (S, light trace),
each normalized to the same number of spins. The sharply
reduced spectral amplitude ofD for double mutants
61R1+65R1, 65R1+69R1, and 61R1+68R1 relative to that
of S attests to the strength of the dipolar interaction that
broadens the spectrum. The slight reduction in the amplitude
of D relative to that ofS for 65R1+76R1 and 61R1+76R1
indicates a weak interaction with slight broadening that would
be difficult to detect without a very good signal-to-noise ratio.
These represent the limit of detection for nitroxide-nitroxide
dipolar interactions by the methods described here.

Panel b shows the broadening functionB obtained by
deconvolution ofD with S (light trace). For the strongly
interacting pair (61R1+65R1), the result has the form of a
sum of Pake functions representing a narrow distribution of
interspin distances. For 65R1+69R1 and 61R1+68R1, the
broadening functions have in addition a relatively sharp
central feature. In 65R1+69R1, this feature is sufficiently

FIGURE 3: Flowchart of the interactive fitting procedure (see the
text for details). Symbols representing various mathematical opera-
tions are defined in the upper right corner. The spectrum of the
double mutant (D), and the corresponding noninteracting line shape
(sum of singles,S), are shown in the top left corner. TheSandD
spectra are deconvoluted and filtered to obtain the broadening
function (B). A user-selectable algebraic sum of theoretical Pake
functions (P) is constructed to simulateB. At the same time, this
provides a corresponding distribution of distances. For validation,
regenerated and simulated spectra are compared with the original
experimental double spectrum (bottom right corner). The regener-
ated spectrum, the convolutionSB, is a measure of artifacts
introduced by filtering ofB. The simulated spectrum, the convolu-
tion SP, shows how wellP represents the broadening function.
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broad to represent a population of spins with a large interspin
distance and an unresolved splitting. This population is
recognizable in the EPR spectrum of the double mutant as
the sharp components superposed on a broader background
(panel c, dark trace). In 61R1+68R1, the central feature is
narrow, and likely represents a small percentage of singly
labeled protein with noninteracting spins (21), although one
cannot exclude the possibility of a small population of spins
at a large distance. For 65R1+76R1 and 61R1+76R1,B is
a relatively narrow line with no resolved structure, as
expected for a large (>20 Å) interspin distance. For both of
these double mutants, the breadth of themI ) 0 resonance
line is measurably larger than that for the sum of the single
mutants and the deconvolution shows a broadened peak.
Thus, although the effects are small, it is likely that the width
of the broadening function does in fact arise from a weak
dipolar interaction. However, distances determined from this
function are intrinsically less reliable than those from more
strongly interacting pairs (see below). The dark trace in panel
b is a sum of Pake functions (P), representing a distribution
of distances that simultaneously provides a fit toB and a fit
of the simulated EPR spectrum to that of the double mutant.

Panel c compares the experimental spectra for the double
mutant D (dark trace) and the spectrum simulated by
convolution of P with S (light trace). In each case, the

simulated and experimental spectra are in reasonable agree-
ment. For 61R1+65R1, the general features are well fit and
some, but not all, of the detailed features are reproduced.
This double represents the most difficult situation for
simulation, that is, a closely spaced pair of spins where the
assumption of random relative orientations is critically tested.
Rather small net orientations could account for the imperfec-
tions in the fit, and very slight changes in distance and/or
distance distribution cause drastic changes in the simulated
spectrum that seriously degrade the quality of the fit.

Finally, panel d is the distribution of distances correspond-
ing to the simulated Pake function of panel b. The bimodal
distribution for 65R1+69R1 may represent two rotameric
states of either 65R1 or 69R1 in the frozen state. The
distribution for 61R1+68R1 may also be bimodal.

Dipolar Interactions at Ambient Temperature. (1) Effect
of Viscosity.At physiological temperatures, T4L undergoes
rotary motion that results in partial or complete averaging
of dipolar interactions (24). The correlation time needed to
average the interaction depends on the strength of the
interaction, and hence on the interspin distance. For each
pair of interacting spins that was investigated, the spectra
were recorded as a function of solution viscosity by changing
the concentration of sucrose in the range of 0-55% (w/w).
At 22 °C, this corresponds to an increase in viscosity from
approximately 1 to 40 cP, and a corresponding increase in
τR of T4L from approximately 6 to 240 ns, assuming Stokes-
Einstein behavior. For the individual single mutants labeled
with either R1 or R7, the spectra were relatively unchanged
by increasing sucrose concentrations from∼30 to 55% (data
not shown), indicating that the sucrose in that range did not
directly alter the dynamics or conformation of the nitroxide
side chain.

As an example of the effect of the correlation time on the
dipolar interaction, Figure 6 illustrates the effect of sucrose
concentration on the EPR spectra, on the deconvolutions,
and on the simulated spectra and distance distributions for
the double mutant 65R7+69R7. The organization of panels
in Figure 6 is the same as that for Figure 5. As the sucrose
concentration is increased from 0 to 40%, corresponding to
a viscosity change from∼1 to 5.7 cP, the overall spectral
breadth of the double mutant changes little (panel c, dark
trace).

As shown in panel b, the deconvolution functionB
obtained at 22°C has the shape of a broadened Pake function,
like that in frozen solution, at all sucrose concentrations. Both
B and the distance distribution (panel d) are relatively
insensitive to viscosity, although the contribution from a
longer distance component, seen in the central region of the
B function at 40% sucrose (arrow), is not resolved at lower
viscosities. In addition, the apparent splitting of the Pake-
like B function increases slightly with increasing viscosity.
That theB function is affected relatively little by correlation
time is expected for short interspin distances, because the
breadth is dominated by the strongest dipolar interaction that
is not averaged. The effects of sucrose on the other strongly
interacting pairs are similar for both R1 and R7.

As shown in panel c, the simulated spectrum (dark trace)
is a rather poor fit to the data for the 0% sucrose case (light
trace). This can be attributed to the onset of some averaging
of the dipolar interaction for the rapid tumbling. The
simulated dipolar-coupled spectra are relatively good for 20-

FIGURE 4: EPR spectra for the spin-labeled side chains at the
indicated sites in T4L in a 40% sucrose solution at room
temperature: (a) R1 and (b) R7. The scan width is 100 G.
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FIGURE 5: Analysis of spectra of interacting R1 spin pairs in T4L in frozen solution. For each spin pair, panel a compares the experimental
spectrum of the double mutant (D, dark trace) with the sum of the spectra of the corresponding single mutants, normalized to the same
number of spins (S, light trace). Panel b compares the deconvolution ofD with S (B, light trace) and the sum of Pake functions (P, dark
trace) that represents a fit toB. Panel c comparesD (dark trace) with the simulated spectrum (Sconvoluted withP, light trace; see the text).
Panel d is the distance distribution corresponding to the sum of Pake functions in angstroms (P).
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40% sucrose. It is important to note that even the poorer fits
at low viscosities provide similar distances.

(2) Dipolar Interactions between R7 Residues. Interactions
between R7 residues will be considered first, because the
more constrained motion of this side chain at room temper-
ature is most similar to rigid lattice conditions in frozen
solution. In this series, an additional pair, 65R7+72R7 (i +
7), has been investigated.

For each interacting pair of R7 residues that was inves-
tigated, the spectra obtained at 40% sucrose were analyzed
to determine the broadening function, to simulate the spectra
of the double mutants, and to obtain the interspin distance
distribution. Figure 7, organized in the same way as Figures
5 and 6, gives the results. As expected, the pairs 61R7+65R7,
65R7+69R7, 61R7+68R7, and 65R7+72R7 all show strong
to moderate interaction judging by the reduction in the
amplitude of the spectrum for the double mutant compared
to that for the sum of the single mutants, and the shape of
the broadening function. Although the spectra are quite
different in detail from those of the R1 doubles in frozen

solution, the derived distance distributions are very similar.
The distance distributions of 65R7+69R7 and 61R7+68R7
are bimodal, just as for the corresponding R1 derivatives in
frozen solution. For 65R7+69R7, the mode of the dominant
population at short distance lies at∼7-8 Å, the same as for
the corresponding R1 derivative in frozen solutions. The
minor population is relatively broad, with the mode at a
distance slightly shorter than that of the R1 derivative. For
61R7+68R7, the mode for the population corresponding to
the closer distance is at∼7-8 Å, again the same as that for
the R1 derivative in frozen solutions. The population at
longer distances is more significant for R7, as can be readily
appreciated from the distinct contributions to the broadening
function, with the mode at slightly longer distances than for
the R1 derivative in frozen solutions. The distance distribu-
tion for 65R7+72R7 is bimodal, with one mode at∼12 Å
and the other at∼16 Å.

(3) Interactions between R1 Residues.As for the R7
residues, interactions between the more mobile R1 residues
were investigated in a 40% sucrose solution at 22°C. The

FIGURE 6: Analysis of spectra for 65R7+69R7 in T4L in solution as a function of sucrose concentration at 22°C. For each sucrose
concentration (w/w), panel a compares the experimental spectrum of the double mutant (D, dark trace) with the sum of the spectra of the
corresponding single mutants, normalized to the same number of spins (S, light trace). Panel b compares the deconvolution ofD with S
(B, light trace) and the sum of Pake functions (P) that represents a fit toB. Panel c comparesD (dark trace) with the simulated spec-
trum (S convoluted withP, light trace; see the text). Panel d is the distance distribution corresponding to the sum of Pake functions in
angstroms (P).
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FIGURE 7: Analysis of spectra of R7 spin pairs in T4L in a 40% sucrose solution at ambient temperature. For each spin pair, panel a
compares the experimental spectrum of the double mutant (D, dark trace) with the sum of the spectra of the corresponding single mutants,
normalized to the same number of spins (S, light trace). Panel b compares the deconvolution ofD with S (B, light trace) and the sum of
Pake functions (P, dark trace) that represents a fit toB. Panel c comparesD (dark trace) with the simulated spectrum (S convoluted with
P, light trace; see the text). Panel d is the distance distribution corresponding to the sum of Pake functions in angstroms (P).
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data and results of the analysis are shown in Figure 8, which
is again organized in the same fashion as Figures 5-7. The
analysis illustrates a new feature, namely, the use of the
diamagnetic analogue R1′ to obtain the spectra of the
noninteracting spins for the 61R1+65R1 and 65R1+69R1
pairs (see Experimental Procedures). For these cases, the
spectrum obtained from labeling the double cysteine mutant
with a dilute mixture of R1 in R1′ was virtually identical to
the corresponding sum of the single mutants. This suggests
that mutual steric interactions between the labels at these
closely spaced sites do not drastically alter their dynamic
modes.

For the sites that can be compared, the interspin distance
distributions for R1 residues in the frozen state (Figure 5)
and at room temperature (Figure 8) are very similar. The
comparison of distance distributions at room temperature for
R7 (Figure 7) and R1 (Figure 8) pairs also reveals an overall
good agreement, with 65R1+72R1 showing the only sig-
nificant difference. For both R1 and R7, the distribution of
65R1+72R1 is bimodal, but both modes are shifted to shorter
distances for R1 pairs (by∼3 Å). The distributions for R1
pairs are also greater in width than for R7 pairs.

Comparison of the Experimentally Determined Distances
with Predictions Based on Modeling.As shown above,
comparison of the distance distributions from R1 pairs in
frozen solution and R1 and R7 pairs at room temperature in
40% sucrose reveals an overall gratifying similarity (Figures
5-8). To compare these results with expectations from the
known structures of the protein and side chain, the R1 side
chains at the various sites were modeled in conformations
whereX1 ) X2 ) 300° andX3 ) 270° (designated the g+g+g+

rotamer) orX1 ) 180°, X2 ) 60°, andX3 ) 90° (the tg-g-

rotamer; see Figure 9a for numbering of the dihedral angles).
The g+g+ and tg- states forX1X2 were identified in crystal
structures of T4L for R1 at helix surface sites, and the
conformations forX3 were inferred from the location of
diffuse electron density and steric considerations (22). The
X4 andX5 dihedral angles for helix surface sites could not
be determined from the crystal structures because electron
density was not well resolved for the mobile nitroxide ring.
Of these two angles,X4 is the primary determinant of the
ring position. In both the g+g+g+ and tg-g- states, a wide
range of values ofX4 is allowed, and undoubtedly, distribu-
tions in this angle make major contributions to the distribu-
tion in distances observed experimentally. Rotation about
X4 moves the nitrogen atom of the nitroxide on a circle of
diameter≈6 Å (Figure 9a). Thus, in the absence of other
interactions, the interspin distance between an R1 nitroxide
pair could have a distribution width of 12 Å breadth at the
extremes, and some of the data show such breadth (Figure
8). Thus, the distribution widths are physically reasonable,
but their precise interpretation must remain tentative pending
further studies.

For illustrative purposes, Figure 9b shows models of the
R1 side chain at each site in the g+g+g+ conformation with
values ofX4 chosen to simultaneously achieve (1) an energy-
minimized conformation with respect to theX4 and X5

dihedrals and (2) agreement with distances measured ex-
perimentally at 22°C for R1 pairs. For the bimodal
distributions 65R1+69R1, 61R1+68R1, and 65R1+72R1,
the side chains are modeled to account for the populations
with the closest distances. The populations with the longer

distances in the bimodal distributions can be readily ac-
counted for either by a second state of 65R1 or 68R1 in the
tg-g- conformation or by a suitable choice ofX4 (models
not shown). The important point is that such global agree-
ment can be readily achieved with favorable side chain
conformations, a fact that can be appreciated by comparison
of the experimental distances given in Figures 5-8 with those
shown in Figure 9b.

DISCUSSION

Interspin Distances in Frozen Solutions.The deconvolu-
tion approach used in the studies described above was
previously employed to analyze dipole interactions between
R1 side chains on helical peptides in frozen solution (21).
In that work, the derived broadening functions were relatively
featureless, and were taken to be the sum of essentially a
continuum of Pake functions resulting from a broad range
of internitroxide distances. The broad distance ranges could
arise from both disorder in the peptide structure and disorder
within the R1 side chain itself. The data presented here
extend the work on peptides to include the analysis of R1
interacting pairs on a known and highly orderedR-helical
structure in a native protein in frozen solution. In contrast
to the peptide data, some of the broadening functions
determined by deconvolution have the recognizable shape
of a broadened Pake function. Spin pairs involving 61+65,
65+69, and 61+68 are examples (Figures 5-8). Apparently,
the interacting pairs are characterized by a distribution of
discrete distances, rather than a broad continuum. This is
expected for side chains that exist in discrete rotamers (22).

For both 61R1+65R1 and 65R1+69R1, the nitroxides are
separated by four residues (one turn) along the helix, and
the dominant population has an interspin distance of∼7-9
Å. In 65R1+69R1, the data suggest a second minor popula-
tion with an interspin distance of∼14 Å. As mentioned
above, this population can be readily accounted for by the
existence of a second rotamer of one of the side chains. The
room-temperature EPR spectra of 61R1, 65R1, and 69R1
each reveal evidence for multiple dynamic populations of
the side chain due to weak interactions. Such interactions
provide a rationale for site-dependent rotamer states.

For the double mutant 61R1+68R1, the nitroxides are
separated by seven residues (two turns) along the helix.
Surprisingly, analysis of the dipolar interaction of 61R1+68R1
in frozen solution indicates that the major population has an
interspin distance that is approximately the same as that for
R1 residues separated by a single turn. As shown in Figure
9b, this result is readily accommodated with the side chain
in the favored g+g+g+ conformation by adjustments ofX4

for both 68R1 and 61R1. The value ofX4 for residue 68R1
(∼90°) required to account for the experimentally determined
distance can be rationalized by the fact that unfavorable steric
interactions of the nitroxide ring occur with Phe 4 for values
of X4 that give larger interspin distances. Nevertheless, there
is another significant population with a larger interspin
distance centered at∼13 Å, close to that expected for two
turns of a helix.

For the longer distances in 65R1+76R1 and 61R1+76R1
(r ∼ 20-23 Å), the dipolar interaction is small and difficult
to detect under any condition (Figure 5), and the actual value
of the distance and the distribution is relatively uncertain.
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FIGURE 8: Analysis of spectra of R1 spin pairs in T4L in a 40% sucrose solution. For each spin pair, panel a compares the experimental
spectrum of the double mutant (D, dark trace) with the sum of the spectra of the corresponding single mutants, normalized to the same
number of spins (S, light trace). Panel b compares the deconvolution ofD with S (B, light trace) and the sum of Pake functions (P, dark
trace) that represents a fit toB. Panel c comparesD (dark trace) with the simulated spectrum (Sconvoluted withP, light trace; see the text).
Panel d is the distance distribution corresponding to the sum of Pake functions in angstroms (P).
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Within a distribution of distances, the longer distances
dominate the spectral intensity and essentially reduce the
effective range of distances where quantitative analysis is
possible. In such circumstances, a distance of 15-18 Å is
probably the practical limit for analysis. However, this is an
ideal distance range for mapping helix packing in helical
bundle proteins, because the maximum nitroxide R1 separa-
tion in adjacent helices is on that order.

The conclusion from the studies in frozen solution is that
the assumption of random relative orientations of the
nitroxides gives an adequate representation of the system,
at least for solvent-exposed helical surface sites. This is
concluded from the reasonably good fits of the simulated
spectra to the experimental data (Figures 5-8) and the
general agreement of the experimental distances with those
from modeling. Because rigid lattice theory is applicable to
the frozen solution state, the distances resulting from this
analysis will be taken as reference values for judging the
validity of distance measurement at room temperature, with
mobile spins, using rigid lattice theory.

Interspin Distances at Room Temperature.The quantitative
estimation of interspin distances from dipolar interactions
of nitroxides at physiological temperatures is an important
capability for exploring real-time conformational changes
associated with function in proteins, and for eliminating
possible conformational changes induced by freezing. The
data presented above in Figures 5-8 indicate that rigid lattice
analysis is suitable for determining interspin distances in the
presence of motions of the nitroxides when the correlation
time of the interspin vector,τv, is such thatτR g (r3h)/
(3πg2â2). This condition guarantees that the largest dipolar
anisotropy is not averaged. For nitroxides linked to rigid
protein structures, as is the case here,τV ) τR, whereτR is
the rotational correlation time of the protein. For spins
separated in the 7-10 Å range,τR > 1 ns, easily met for
T4L in 40% sucrose whereτR ≈ 30 ns. For T4L in buffer
alone, τR ≈ 6 ns. Under this condition, some dipolar
interaction is already averaged for 61R7+65R7, as shown

in Figure 6. For the longer distances of∼20 Å, the condition
for nonaveraging of the dipolar interaction is aτR of >20
ns, and 40% sucrose is just sufficient.

For distances of∼15 Å or greater, the dipolar interaction
is completely averaged for T4L in buffer alone at 22°C. In
this regime, modulation of the dipolar interaction by mo-
lecular tumbling inducesT2 relaxation, and Redfield relax-
ation theory has been employed to estimate nitroxide
interspin distances (24). In this case, the deconvolution of
the spectrum of the double mutant with that of the sum of
the singles yields a Lorentzian broadening function as
opposed to the Pake-like functions observed here. Forg50
kDa proteins, distances of up to 20 Å can be determined
from dipolar interactions without the use of viscosity-
modifying agents. For membrane-bound proteins, the cor-
relation times are very long due to the high effective viscosity
of the bilayer, and the direct application of the above analysis
should present no difficulty.

The data of Figures 5-8 show that narrow and discrete
distributions are obtained for R1 pairs in frozen solution,
but that broader, overlapping distributions are the case for
R1 at room temperature. The broader distributions may result
from a wider distribution of theX4 dihedral angle at room
temperature, or from dynamic effects not considered in this
analysis. It is interesting that for 61R1+68R1 at room
temperature, a distribution centered at∼14 Å is well-
populated, corresponding to the expected interspin distance
for a pair spaced by two helical turns. In frozen solution,
this state is minor. Apparently, freezing perturbs the relative
rotamer populations.

For analysis of the R1 spin pairs at room temperature,
dilute mixtures of R1 in R1′, the diamagnetic analogue of
R1, were employed at some sites. As outlined in Experi-
mental Procedures, such a mixture provides directly the
spectrum corresponding to the noninteracting spin pair
needed for deconvolution and convolution. The advantages
of this procedure are twofold. First, it is unnecessary to
prepare the individual single cysteine mutants to obtain the
corresponding noninteracting spectra. Second, steric interac-
tion between two labels at closely spaced sites may invalidate
the use of the sum of the single spectra to represent the
noninteracting state. In this case, the use of the R1/R1)
mixture is essential.

The position 4 substituent on the nitroxide ring of the R7
side chain strongly restricts rotations about theX5 dihedral
(26). Although modulation of this dihedral angle does not
significantly change the interspin distance (Figure 9a), it does
result in averaging of the major nitroxide magnetic anisotro-
pies. As a result, the R7 side chain has EPR spectra reflecting
a higher degree of order relative to R1 (compare panels a
and b of Figure 4). The fact that the distance distributions
obtained for R1 and R7 at room temperature are very similar
thus suggests that the internal bond rotations of the side chain
that modulate magnetic anisotropies have little effect on the
magnetic dipolar interaction. However, there is an apparent
shift in interspin distances between 65R1+72R1 and
65R7+72R7 at ambient temperature, although both show a
similar bimodal distribution. This difference could arise from
interactions of the 4-Br substituent in R7 with the environ-
ment that stabilizes a particularX4 rotamer.

Implications for Structure Mapping.The results of this
study reveal a distribution of interspin distances as anticipated

FIGURE 9: Models of the R1 side chain and the expected distances
between the various spin pairs. (a) The favored g+g+g+ rotamer of
the R1 side chain (22), identifying the dihedral angles. The cone
indicates the locus of points swept out by the nitroxide nitrogen
due to rotation aboutX4. (b) The R1 side chain at each of the sites
investigated, modeled in the g+g+g+ rotamer whereX1 ) 300°, X2
) 300°, andX3 ) 270°. Values ofX4 were selected as discussed in
the text. The distances shown are those between the nitrogen atoms
of the indicated nitroxides.
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from the existence of multiple rotamers of the R1 side chain
at helix surface sites (22). In general, such distributions make
it problematic to infer accurate distances betweenR-carbons
of the backbone from distance measurements between ni-
troxide groups without precise knowledge of the R1 con-
formations. Any molecular labeling technique that employs
probes with internal flexibility faces this problem. In the
absence of such information, interspin distance measurements
may be still be used to map features of protein tertiary folds,
but it is essential to determine distances between multiple
pairs and to rely on patterns of distances to deduce structural
information, as previously emphasized (24). With this
strategy, a biased distance due to an unusual side chain
conformation can be identified and possible false negatives
due to incomplete labeling ignored.

If the site of labeling is on a solvent-exposed surface of a
known secondary structure, and R1 makes only weak local
interactions, the problem is less severe because the secondary
structure-dependent preferred rotamers of R1 can be deter-
mined from crystallographic studies (22). To employ this
kind of information in data refinement will require additional
crystal structures of R1 on bothR-helical andâ structures
to provide the required rotamer library.

The interpretation ofchangesin interspin distance in terms
of conformational changes may also be subject to errors due
to side chain flexibility. In this case, repacking of the side
chain between different rotamers could result in interspin
distance changes, although the protein backbone may move
much less. Buried residues may also have a net orientation
with respect to the interspin vector, and a change in orien-
tation alone could give rise to changes in dipolar-coupled
EPR spectra. Fortunately, buried sites are readily recognized
in the EPR spectra and the results can be evaluated in this
context.

One of the most fruitful applications of SDSL distance
measurements will be to examine the solution structure and
conformational changes of proteins of known crystallographic
structure. In such cases, the secondary structure and key
features of the local environment of the nitroxide side chain
are known. Thus, it is in principle possible to select sites
where the preferred rotamer state of the side chain is known
from a suitable library. With such information, nitroxide-
nitroxide distance mapping may prove to be a relatively high-
resolution method for comparison of crystal and solution
structures. Many functionally related conformational changes
involve rigid-body motions of regular secondary structure
(4). To quantitatively map such changes in solution, the
crystal structure can be used to select sites within sequences
of interest that are located on exposed surfaces with no
tertiary interactions. Distance changes determined in this way
are expected to accurately reflect the relative rigid-body
displacement of the secondary structure elements because
the environment of the nitroxide side chain is conserved in
the motion.
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