Structure and dynamics of a conformationally
constrained nitroxide side chain and
applications in EPR spectroscopy

Mark R. Fleissner®, Michael D. Bridges®, Evan K. Brooks?, Duilio Cascio®, Tamas Kalai‘,

Kalman Hideg‘, and Wayne L. Hubbell*’

2Jules Stein Eye Institute and Department of Chemistry and Biochemistry, University of California, Los Angeles, CA 90095-7008; *University of California,
Los Angeles-Department of Energy Institute for Genomics and Proteomics, University of California, Los Angeles, CA 90095-1570; and “Institute of Organic
and Medicinal Chemistry, University of Pécs, H-7624 Pécs, Szigeti Strasse 12, Hungary

Contributed by Wayne L. Hubbell, July 29, 2011 (sent for review June 28, 2011)

A disulfide-linked nitroxide side chain (R1) is the most widely used
spin label for determining protein topology, mapping structural
changes, and characterizing nanosecond backbone motions by
site-directed spin labeling. Although the internal motion of R1 and
the number of preferred rotamers are limited, translating interspin
distance measurements and spatial orientation information into
structural constraints is challenging. Here, we introduce a highly
constrained nitroxide side chain designated RX as an alternative
to R1 for these applications. RX is formed by a facile cross-linking
reaction of a bifunctional methanethiosulfonate reagent with
pairs of cysteine residues atiand i + 3 or i and i + 4 in an a-helix,
at i and i +2 in a g-strand, or with cysteine residues in adjacent
strands in a B-sheet. Analysis of EPR spectra, a crystal structure
of RX in T4 lysozyme, and pulsed electron-electron double reso-
nance (ELDOR) spectroscopy on an immobilized protein containing
RX all reveal a highly constrained internal motion of the side chain.
Consistent with the constrained geometry, interspin distance dis-
tributions between pairs of RX side chains are narrower than those
from analogous R1 pairs. As an important consequence of the
constrained internal motion of RX, spectral diffusion detected with
ELDOR reveals microsecond internal motions of the protein. Collec-
tively, the data suggest that the RX side chain will be useful for
distance mapping by EPR spectroscopy, determining spatial orien-
tation of helical segments in oriented specimens, and measuring
structural fluctuations on the microsecond time scale.

pulsed EPR | protein dynamics

Site-directed spin labeling (SDSL) is a general method for
characterizing protein topography, local and global structure,
and dynamics by electron paramagnetic resonance (EPR) spec-
troscopy (1-5). SDSL can be applied to both soluble and mem-
brane proteins of arbitrary molecular weight under physiological
conditions. In traditional SDSL, a unique cysteine residue is
introduced into a recombinant protein via site-directed mutagen-
esis, and subsequently reacted with a sulfhydryl-specific nitroxide
reagent to generate a paramagnetic side chain. In addition, an
SDSL strategy based on a genetically encoded unnatural amino
acid was recently reported, a method that allows labeling in the
presence of native thiols (6).

The most widely used spin label for SDSL studies is a disulfide-
linked side chain designated R1, in part because its inherent
flexibility allows for introduction at virtually any site within a pro-
tein—even buried ones—typically with no more energetic cost
than a natural amino acid substitution at that site (7, 8). Indeed,
R1 has proven useful for determining protein topology (2, 9),
characterizing nanosecond backbone motions (4,10,11), mapping
structural changes (3, 12-14), and predicting protein structure
de novo (15). Although the amplitude of nanosecond internal
motion and the number of preferred rotamers of R1 are limited
(16), these features nevertheless make it problematic to translate
interspin distances measured by EPR into structural constraints,
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to interpret orientation information (17), or to directly measure
slow (i.e., micro- to millisecond) protein dynamics. For these
applications, a spin label with more restricted internal motions
and fewer rotamers than R1 (i.e., more rigid) would be a useful
alternative.

One strategy to restrict internal motion and limit the number
of allowed rotamers of R1 is to introduce a bulky substituent
on the nitroxide ring (18). Indeed, the utility of such derivatives
has been explored (19, 20), and structures in proteins have been
determined [Protein Data Bank (PDB) ID codes 1ZUR, 1ZWN,
and 2A4T]. An alternative approach is to generate a second cova-
lent bond between the nitroxide ring and the protein (i.e., cross-
link), and a series of bifunctional nitroxide reagents capable of
cross-linking have been reported (21) and used for EPR studies
(22-24). In this study, we used the bifunctional nitroxide reagent
HO-1944 to selectively introduce a cross-linked side chain desig-
nated RX (Fig. 14) into both a-helical (T4 Lysozyme, T4L) and
p-sheet (rat intestinal fatty acid-binding protein, iFABP) proteins.
EPR spectra of all RX mutants indicate that the internal motion
within the side chain is highly restricted in both topologies.
A crystal structure of T4L containing the RX side chain in an
a-helix reveals a single, well-ordered, and energetically relaxed
rotamer, indicating the RX may be advantageous for distance
mapping. Indeed, interresidue distance measurements between
pairs of RX side chains demonstrate that the nitroxide is more
localized than R1.

Because of its highly restricted internal motion, RX monitors
motion of the backbone to which it is attached without complica-
tions arising from the internal modes of the side chain. This
feature enables an elegant pulsed ELDOR experiment (25) to
measure microsecond fluctuations in protein structure based on
spectral diffusion rates. Collectively, the results indicate that RX
will be a useful alternative to R1 for de novo structure prediction
and for detecting structural changes via distance mapping, and
for characterizing protein dynamics in a time domain that is
challenging for other methods.

Results

In contrast to traditional SDSL, in which a single cysteine is used
to introduce a spin label, two cysteines are used to incorporate
RX into a protein. Based on molecular modeling, the RX side
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Fig. 1. The RX side chain, sites of introduction in T4 Lysozyme (T4L) and
intestinal fatty acid-binding protein (iFABP), and the corresponding EPR
spectra. (A) Reaction of a protein containing two cysteines with the homo-
bifunctional, reagent (HO-1944) results in the cross-linked side chain desig-
nated “RX.” (B and C) Ribbon models of wild-type TA4L [B, PDB ID code 1L63
(26)] and iFABP [C, PDB ID code 2IFB (27)] highlighting representative solvent-
exposed sites used in this study with spheres at their a-carbons. (D and E)
Normalized EPR spectra of representative RX mutants of T4L (D) and iFABP
(E) attached to CNBr-activated Sepharose in buffer. Overlaid on the Sephar-
ose-bound spectrum for TAL 5-9RX is nonlinear least-squares fit to a MOMD
model (red-dashed trace). A vertical scaling factor (Left) was applied to the
spectrum of 5-9RX for display purposes. The magnetic field scan width is
100 G. The effective hyperfine splitting (2A;,) and the parallel (A) and per-
pendicular (A,) components of the axially symmetric hyperfine tensor for the
5-9RX spectrum are shown.

chain can adopt an energetically relaxed conformation when the
second cysteine is located at the i + 3 or i +4 position of an
a-helix, at the i + 2 position of a p-strand, or at the nearest
neighboring site of an adjacent p-strand. Accordingly, RX was
introduced, one at a time, into eight helices of T4L and both
B-sheets of iFABP (three intra- and two interstrand). The loca-
tions of representative cysteine pairs at solvent-exposed sites in
T4L and iFABP used for introduction of RX are shown in Fig. 1 B
and C, respectively. The complete set of sites investigated is
shown in Fig. S1. Each double cysteine mutant was labeled with
a tenfold molar excess of HO-1944. For comparison, a single
cysteine mutant of T4L (T4L 131C) was also labeled with HO-
1944. RX mutants are designated as, for example, 5-9RX, indi-
cating that the spin label is covalently linked to cysteines at
positions 5 and 9. All RX mutants were found to be predomi-
nantly monomeric by nonreducing SDS-PAGE and contain less
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than 2% free thiols (Table S1). These results indicate that two
intramolecular disulfide bonds are formed within a single mono-
meric protein for all of the spin-labeled mutants tested.

EPR spectra of all RX spin-labeled mutants studied here in
30% wt/wt sucrose reflect strong immobilization of the nitroxide
(Fig. S1), as expected from previous studies (23). In 30% sucrose,
the correlation time for proteins the size of T4L and iFABP is on
the order of 7 =~ 30 ns (28). For a strongly immobilized RX, even
this slow rotational diffusion influences the lineshape. To effec-
tively restrict protein tumbling and directly observe the internal
motions of RX, each labeled mutant was covalently attached to
CNBr-activated Sepharose, a method previously shown to restrict
protein tumbling on the X-band EPR time scale (29).

EPR spectra of representative proteins attached to Sepharose
with RX in a-helices and p-sheets are given in Fig. 1 D and E,
respectively; the spectra of additional T4L RX mutants on
Sepharose along with spectra recorded in 30% wt/wt sucrose are
given in Fig. S1. In each case, the spectrum is indicative of a
highly ordered nitroxide motion, as evidenced by well-resolved
parallel (4))) and perpendicular (4,) components of the (axially
symmetric) hyperfine tensor and a large effective hyperfine split-
ting, 24,,’, which serves as a measure of nitroxide mobility, larger
values corresponding to lower mobility (30). Individual values of
2A4,, are given in Table S2.

There is no evidence of spin-spin interactions in the EPR spec-
tra that would indicate the presence of two bifunctional spin
labels attached to a single protein except in the case of T4L
131-135RX, in which extreme spectral broadening is observed;
the broadening is essentially eliminated by labeling with a 1:1
rather than a 10:1 ratio of HO-1944 to protein (Fig. S1). When
only one of the two reactive functional groups of HO-1944 has
reacted with the protein, as in the case of reaction with T4L
131C, the nitroxide has increased mobility (as evidenced by
the smaller 24,,") compared to the analogous cross-linked case
[ie., TAL 127-131RX (Fig. S1)].

For the RX mutants attached to Sepharose in frozen solution
(i.e., at —=50°C), where both rotary diffusion of the protein and
any internal modes of the side chain are frozen out, the average
effective hyperfine splitting, (24,,"), is 74.9 + 0.4 G, correspond-
ing to a completely rigid nitroxide. For the Sepharose-attached
proteins at room temperature, (24,,') = 70.0 £ 0.6 G. The smal-
ler value compared to the frozen solution apparently reflects
the internal motion of the RX side chain, although contributions
from protein fluctuations cannot be ruled out. For the same pro-
teins in 30% sucrose solution, (24,,') is 66.6 + 1.1 G; the smaller
(24,,") in solution is due to protein rotational diffusion.

As an independent means to isolate the contribution from RX
internal motion, 24,,” for T4L 5-9RX was plotted as a function
of solution viscosity. Extrapolation to infinite viscosity according
to the analysis of Timofeev gives the 24,,’ value corresponding to
the pure internal motion of RX in the protein (31). The extra-
polated value of 24,, is 70.8 G (Fig. S2), close to that for
T4L 5-9RX attached to Sepharose (70.7 G; Table S2), supporting
the contentions that (i) the protein is completely immobilized
on the support on the EPR timescale, and (ii) the reduction in
2A4,," at ambient temperature relative to —50 °C is due to internal
motions within RX.

The amplitude and rate of RX internal motion can be assessed
by spectral simulations using the macroscopic order with micro-
scopic disorder (MOMD) model (32). The dashed red trace in
Fig. 1D shows a best-fit to the spectrum of T4L 5-9RX attached
to Sepharose for a simple anisotropic motion of the nitroxide in
a cone; the order parameter and correlation time for the fit are
S =0.9 and 7g =2 ns. Thus, the internal motion is reasonably
well approximated by a fast, highly restricted motion in a cone
with angular amplitude of approximately 15°. Indeed, the spec-
trum can also be well-fit with a time-independent Hamiltonian
model wherein the internal motion is sufficiently fast to effec-
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tively average the magnetic anisotropies over the spatial
extent of the motion (SI Materials and Methods and Fig. S3).

Crystal Structure of T4L 115-119RX. To determine the structural
origin of the highly ordered motion and the rotamers of RX
attached to an o-helix, the X-ray crystal structure of T4L 115-
119RX at 100 K was solved to 1.8 A and refined to an R factor
of 18.7% (Table S3). The 2F,—F, electron density map reveals a
single conformation of the side chain, with nearly all non-hydro-
gen atoms resolved (Fig. 2). The nitroxide magnetic z axis makes
an angle with the helical axis of approximately 80°. Like those
of other nitroxide side chains, the dihedral angles of the RX side
chain are generally consistent with an energetically relaxed con-
formation (16, 33); the only strained dihedral appears to be X, at
122° (see Fig. 14 for definition of the dihedrals and Fig. 2 legend
for values). Interestingly, the orientations of both disulfide bonds
of the RX side chain are the same as that of the most commonly
observed {X.X,} conformer of the R1 side chain: {-60°, — 60°}
(16). There is little difference in the backbone dihedral angles of
helix G between the T4L 115-119RX and wild-type structures
(Fig. S4), showing that the RX spin label does not distort the
helical geometry; the greatest difference observed was for residue
115 (Ay = 15°).

Comparison of RX to R1 for Distance Mapping by Pulsed EPR Spectro-
scopy. The spectroscopic methods double electron—electron reso-
nance (DEER) spectroscopy (34-36) [also known as pulsed
electron double resonance (PELDOR)] and double quantum
coherence (DQC) (37) have revolutionized interspin distance
measurement by extending the distance range of detectable di-
pole—dipole interactions to appr0x1mate1y 70 A, making them
suitable strategies for structure mapping in large proteins and
complexes. An important feature of DEER and DQC is that they
provide not only most probable distances, but also distance dis-
tributions. The primary data obtained in DEER spectroscopy are
background-corrected dipolar evolution functions, from which
the distance distributions are derived (35, 36). For spin-labeled
proteins using R1, the distance probability distribution is the
result of nitroxide delocalization, partly arising from multiple
rotamers of R1. On the other hand, the crystal structure of
115-119RX reveals a single rotamer. If this proves general, then
the RX label will be an important alternative to R1 for distance
mapping by EPR.
To explore the utility of the RX side chain for distance map-
ping, mutants of T4L and iFABP containing pairs of RX labels
were studied with DEER. For comparison, analogous mutants

M120

Fig. 2. Crystal structure of T4L 115-119RX. Electron density for T4L 115-
119RX calculated as an unweighted 2F, — F. composite omit map (blue mesh)
and contoured at 1.0 o. For clarity, only a stick model and electron density
for RX side chain and selected nearby residues are shown with the protein
backbone displayed as a ribbon model. Dihedral angles of the RX side
chain from 115: {X; = -94°,X; = —61°,X3 = —-81°,X4 = —160°, X5 = 105°}
from 119 : {X; = =70°X, = —-56° X3 = 106°,X; = 122°,X5 = —90°} using the
convention in Fig. 1A.
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Fig. 3. DEER data of T4L mutants bearing either two RX side chains
(black traces) or two R1 side chains (red traces). Background-subtracted
dipolar evolutions of the indicated mutants (Left) and their corresponding
area-normalized distance probability distributions from Tikhonov regulariza-
tion (Right) for (A) T4L 109R1/131R1 and T4L 109-113RX/127-131RX and (B)
iFABP 48R1/116R1 and iFABP 48-50RX/114-116RX. The width of the interspin
distance distribution (between 16 and 84% probability) is 6.5 A for T4L
109R1/131R1, 2.8 A for T4L 109-113RX/127-131RX, 4.7 A for iFABP 48R1/
116R1, and 2.0 A for iFABP 48-50RX/114-116RX.

containing a pair of R1 spin labels at approximately the same
locations were studied. Fig. 3 shows the dipolar evolution func-
tion (Left) and the interspin distance distribution (Right) for these
mutants. The most probable interspin distance for the T4L
mutant 109-113RX/127-131RX at 80 K is 29.4 A, which is in
excellent agreement with the 31 A predicted from modeling the
crystallographically determined rotamer onto the corresponding
sites in the wild-type structure. Remarkably, both RX mutants
exhibit narrower distance distributions than the analogous R1
mutants, showing that the nitroxide is more localized within RX
than R1.

Direct Measurement of Microsecond Dynamics with RX and ELDOR.
Functionally important protein conformational fluctuations oc-
cur on the micro- to millisecond time scale (38-40), but the
number of techniques capable of detecting and characterizing
microsecond protein motions is limited (41, 42). Robinson and
coworkers (25) described an elegant EPR double resonance
method to measure microsecond rotational diffusion of nitrox-
ides in media of high viscosity. Here, we show that RX is suffi-
ciently immobilized on an o-helix to employ this method for
monitoring microsecond fluctuations in protein structure and
measuring protein rotational diffusion.

The principle is discussed qualitatively with reference to
Fig. 44, which shows the absorption lineshape for a nitroxide
in the slow motional limit (i.e., with correlation time, 7z, >
~100 ns); the reader is referred to Haas et al. (25) for a detailed
quantitative analysis. In the slow motional limit, the lineshape
is insensitive to nitroxide motion and the magnetic field axis also
corresponds to the orientation of the nitroxide 2p orbital with
respect to the laboratory frame. In the experiments described
here, a short saturating pulse of microwave radiation (the
“pump” pulse) is applied near 0° in the low-field '*N hyperfine
manifold (M; = 1), which corresponds to nitroxides with their
2p orbitals aligned with the external field. Complete saturation
results in zero signal amplitude at the pump position. At the
end of the pulse, saturation effectively “diffuses” throughout the
manifold via rotational motion of the nitroxide with correlation
time zg, and diffuses to other hyperfine manifolds via nuclear
relaxation with characteristic time 7',,. In addition to these spec-
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tral diffusion processes, saturation is transferred to the surround-
ings via spin lattice relaxation with time constant 7',. The arrival
and dissipation of saturation can be monitored as the time depen-
dence of the signal amplitude with a weak continuous-wave (CW)
microwave source of frequency corresponding to resonance at
any desired position in the spectrum (the “observe” source). The
above description assumes a pump pulse that is short compared
to Ty, Ty, and 7. If the pump and observe frequencies are the
same, the experiment is called saturation recovery (SR); if these
frequencies differ, the experiment is electron—electron double
resonance (ELDOR). Robinson and coworkers have shown that
all three time constants can be determined by global fitting of
both SR and ELDOR data (25).

If the pump and observe frequencies in an ELDOR experi-
ment correspond to resonance at different angles (positions)
within the same hyperfine manifold, say at 0 and 90°, respectively
(pump and observe 1 in Fig. 44), the only mechanism by which
saturation can arrive at the observe frequency is by rotational
diffusion of the nitroxide, so this is a powerful means of directly
observing spatial reorientation. Spectral diffusion and spin lattice
relaxation occur simultaneously, so the longest value of 7 that
can be measured is limited to approximately 50 ps by 7', which
is typically 8-10 ps for an immobilized nitroxide (23).

Fig. 4B Upper shows ELDOR data for Sepharose-attached
T4L 5-9RX that illustrate the main points to be made. The
red trace shows the signal detected by an observer at 90° (observe
1) following a pump pulse at 0° within the same hyperfine mani-
fold; the lack of change in signal amplitude means that saturation
has not spread from the pump to the observe position. Similar

A Observe 2

T4L 5-9RX
sepharose

T4L 5-9RX
sepharose attached

O

T4L 5-9RX
in buffer

)

T4L 44-48RX/T26E
sepharose attached

T4L 5-9RX
in 80% (w/w) glycerol

e

i
// ’

/ i

A

Fig. 4. ELDOR studies of TAL mutants. (A) EPR absorption lineshape for an
immobilized nitroxide showing the fields (and nitroxide 2p-orbital orienta-
tions, 0) at which the saturating pulse was applied (pump) and at which the
arrival and recovery of saturation were observed (observe 1 or observe 2); (B)
Intra- (red) and intermanifold (blue) ELDOR curves and global fits to the spec-
tra using both SR and ELDOR data (gray; S/ Materials and Methods) for 5-9RX
(Upper) and 44-48RX/T26E (Lower) attached to Sepharose in buffer. (C) Intra-
(red) and intermanifold (blue) ELDOR curves and global fits to the spectra
(gray) of the T4L 5-9RX mutant in buffer (Upper) and in 80% glycerol (Lower)
at 298 K. The time constants yielded by the fits in B and C are as follows (T,
T1n, TR, respectively, in ps): 5-9RX on Sepharose; 7.79 + 0.02, 0.91 £ 0.02, not
applicable (N/A); 44-48RX/T26E on Sepharose; 7.90 4+ 0.04, 0.56 + 0.09,
6.2 +0.3; 5-9RX in buffer; 7.12 +0.01, N/A, N/A; 5-9RX in 80% glycerol;
11.1+0.1, 0.22 £ 0.07, 1.2 £ 0.6. Each curve spans 40 ps.
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results were obtained for the Sepharose-attached 68-72RX and
109-113RX mutants (Fig. SSB). These results permit the conclu-
sions that: (i) the protein is immobilized with respect to the
solid support, and (i) that RX is immobilized with respect to
the protein, both with reference to an approximately 50-ps time
scale and rotations on the order of 90°. If the pump and observe
are both at 0°, but are in different nuclear manifolds (observe 2),
arrival of saturation by nuclear relaxation (the rapid initial de-
crease in signal) and subsequent recovery by T, are clearly seen
(Fig. 4B Upper, blue trace).

Analogous experiments were carried out for T4L 5-9RX in
buffer where the protein undergoes rotary diffusion. In this case,
both 7z and T, are short, estimated to be approximately 12 ns
(28) and 30 ns (25), respectively. With the 100-ns pump pulse
used in all experiments, spectral diffusion due to nuclear relaxa-
tion and rotational motion are nearly complete within the pulse
time and are suppressed in the recovery (43). Thus, 7', relaxation
is observed as a single exponential recovery, independent of the
observer position (Fig. 4C, Upper). When the rotational diffusion
is slowed in approximately 80% glycerol, arrival of saturation
and subsequent relaxation to the lattice is clearly resolved at both
observe positions (Fig. 4C Lower). Values for the relevant time
constants from global fits to SR and ELDOR data according to
Haas et al. (25) are given in the legend to Fig. 4. For the 80%
glycerol case, 7z = 1.2 ps, close to the value of 0.7 ps estimated
from the Stokes—Einstein equation.

Unlike the case for T4L 5-9RX, ELDOR data for Sepharose-
attached T4L 44-48RX reveal intramanifold spectral diffusion
from the pump at 0° to the observe position at 90° (Fig. 4B Lower,
red trace). Global fits of SR and ELDOR data give 7z ~ 6 ps
for the motion responsible for spectral diffusion. The mutant
employed for this experiment was T4L 44-48RX/T26E. Upon
reaction with substrate, the T26E mutant becomes covalently
bound to a substrate adduct (44) that predominantly favors the
closed state (45), thereby eliminating the hinge bending mode of
T4L as a contributor to the observed motion; an identical result
is obtained for 44-48RX in the WT* background (Fig. S5C).
Assuming that the structure and dynamics of RX are similar
to those in T4L 5-9RX, as suggested by the CW spectra, the origin
of this motion is not internal motion of RX itself. A possible
origin of the motion is discussed below.

Discussion

In this study, we investigated the incorporation, structure, in-
ternal motion, and utility of a cross-linked nitroxide side chain
(RX, Fig. 14) for distance mapping and for measuring microse-
cond protein motions by pulsed EPR spectroscopy. In contrast
to previously developed, heterobifunctional spin labels that are
photo-cross-linked to the protein—and therefore only useful
for measuring protein rotational motions (46, 47)—the homobi-
functional reagent used in this study can be used to site-specifi-
cally introduce a cross-linked spin label within a secondary
structural element.

Three lines of experimental evidence indicate that the RX
side chain is readily formed in all of the double cysteine mutants
studied here, whether in an a-helix or p-structure. First, an assay
for free thiol indicates that <2% is present after spin labeling.
This observation cannot be explained by two labels attached to
a single protein, because there is no evidence in the EPR spectra
of broadening due to spin-spin interactions that would occur
in the doubly labeled protein; the single exception is discussed
below. Second, the EPR spectra of the product of HO-1944
reaction with single and double cysteine mutants are distinct, the
latter being more immobilized, as expected. Finally, the X-ray
crystal structure of an RX mutant (Fig. 2) is entirely consistent
with the chemical structure of RX shown in Fig. 14.

Formation of the RX side chain occurs stepwise; presumably,
the rate of the second disulfide bond formation is significantly
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faster than the first at the concentration of reagent employed
because, as mentioned, there is no evidence of doubly labeled
proteins in the spectra of the mutants studied except for the single
case of T4L 131-135RX, where spin—spin interactions are clearly
evident. It is likely that strain or a change in local structure in this
mutant must accompany the formation of the second disulfide
bond, slowing the reaction. In crystal structures of T4L (e.g.,
PDB ID code 11L63), residue 135 is not formally located in helix
H, but rather in the loop between helices H and I. Even though
the crystallographically determined RX conformer can be mod-
eled onto sites 131 and 135, it is likely that formation of the cross-
link in 131-135RX leads to strain in forming a proper helix
extending to 135. This result suggests the interesting possibility
that the cross-linking rate to form RX, readily assayed via
changes in lineshape, might be used to identify dynamically or
statically “frayed” helical or p-structures in proteins.

All data presented here suggest spatially restricted internal
motion of RX. For example, the spectrum of T4L 5-9RX attached
to Sepharose is well-fit by a simple anisotropic motion with
S = 0.9, g = 2 ns; the amplitude of angular motion correspond-
ing to this order is 6 = 15°, consistent with the restricted ampli-
tude of motion (<90°) shown by ELDOR (Fig. 4). In addition,
the value of 24,,” in the absence of protein rotation, obtained
by extrapolation of the viscosity dependence, is essentially iden-
tical to that for the Sepharose-bound protein, making it unlikely
that the restricted motion of RX is due to interactions with the
solid support. The very similar EPR spectra for all RX mutants
studied indicate that these conclusions are likely to be general.

The limited internal motion makes RX an ideal label for
investigating protein dynamic modes, for determining interresi-
due distances, and for determining the orientation of structural
elements to which it is attached. For these purposes, a number
of laboratories are exploring the use of an amino acid with a
6-membered nitroxide ring called TOAC (2,2,6,6-tetramethyl-
piperidine-1-oxy-4-amino-4-carboxylic acid), which can be incor-
porated into peptides during synthesis and is directly fused to the
peptide backbone (48-50). Unlike RX, however, TOAC cannot
be easily incorporated into selected sites of large proteins. Both
of these highly ordered labels have relatively low sensitivity to
small differences in nanosecond backbone dynamics in stable
structures compared to R1 (SI Materials and Methods and
Fig. S6). Thus, R1 or its 4-methyl analog may be the side chains
of choice for monitoring relative backbone dynamics on the
nanosecond time scale in folded proteins (10, 18).

On the other hand, RX promises to be an elegant sensor for
slow (microsecond) protein fluctuations by monitoring spectral
diffusion via ELDOR. For this application, protein rotational
diffusion of correlation times shorter than the characteristic time
of the structural fluctuation must be eliminated. In the present
experiments on small soluble proteins covalent attachment to
a Sepharose support was used, and this may be a generally applic-
able strategy; for larger soluble and membrane-bound proteins
this may not be necessary. The first application of the SR-
ELDOR method is the observation of slow (approximately 6 ps)
motions involving helix B of T4L as detected by 44-48RX. Be-
cause RX residues introduced into other helices detect no such
motion (e.g., the 5-9RX mutant on helix A), overall motion of the
protein is eliminated as the responsible mode. As mentioned
above, the covalent enzyme-substrate adduct form of this RX
mutant—in which hinge bending motions that open and close
the enzyme are restricted—gives a similar SR-ELDOR result
as 44-48RX without substrate; thus, the 6-ps mode likely repre-
sents motion of helix B relative to the rest of the protein. Indeed,
the crystallographic B factors in this helix are larger than average
(51), consistent with the relatively large solvent-exposed area of
this helix.

An alternative strategy for detecting fluctuations on the micro-
second time scale makes use of the R1 side chain and an SR-ex-
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change method for which rotational diffusion of the protein is not
an issue (23). However, this method requires that the fluctuations
move the spin label side chain between two distinct environments
with different T'.s. Together, the SR exchange and SR-ELDOR
spectral diffusion methods offer powerful new strategies for
investigation of conformational fluctuations on a functionally
important time scale.

The crystal structure of RX in a helix reveals a single rotamer
with a well-localized nitroxide (Fig. 2). If this proves to be gen-
eral, RX will be an important alternative to R1 for de novo struc-
ture prediction by EPR. Interresidue distance measurements
between pairs of RX or R1 residues in helices confirm that the
nitroxide is more localized in the former (Fig. 34), and yield a
most probable distance that agrees with a model in which the
crystallographically determined rotamer of RX is attached to the
corresponding sites in the wild-type structure. A similar compar-
ison of R1 and RX in the p-sheets of iFABP also shows that the
nitroxide is more localized in the latter (Fig. 3B). When RX is
attached to unstable f-strands or a-helices that have large fluc-
tuations in backbone dihedral angles, or are in equilibrium be-
tween conformations, it is expected that the RX side chain itself
will modify the local structure and dynamics and hence influence
the distance distributions; whether or not this is an issue may be
revealed in the reaction kinetics of HO-1944 (see above). In any
event, distance distributions between RX pairs wider than those
found here likely result from structural heterogeneity in the
protein.

Taking advantage of the high order of RX at a helical site, it
was recently found that the orientation of the domain within
which a labeled helix resides could be determined in a macrosco-
pically oriented system by conventional EPR spectroscopy (52). It
should be also possible to characterize the relative orientation of
two RX-labeled helices with respect to one another by high-
frequency pulsed EPR methods (53, 54). To design such experi-
ments and interpret the data, the angle subtended by the mag-
netic tensor z axis of the nitroxide and the helical axis is
required, and this is shown by the crystal structure to be approxi-
mately 80°.

Materials and Methods

Construction, Purification, and Spin Labeling of Cysteine Mutants. Mutants
were generated by QuikChange site-directed mutagenesis of the pET11a-
TAL (6) or the pET11d-riFABP (rat iFABP) genetic construct (a generous gift
from Alan K. Kleinfeld, Torrey Pines Institute for Molecular Studies, San
Diego, CA) with primers designed according to ref. 54 and reactions carried
out according to manufacturer’s suggested protocol; mutations were verified
by DNA sequencing. All TAL cysteine mutants contain the pseudo-wild-type
mutations C54T and C97A (56). Cysteine mutants of T4L and riFABP were
expressed, purified, and then exchanged into a buffer suitable for spin label-
ing as previously described (6, 29). For spin labeling, a tenfold molar excess of
HO-1944 (21) was immediately added directly to the desalted mutant, and
the reaction was allowed to proceed at 4 °C overnight (HO-1944 is now avail-
able from Toronto Research Chemicals). Excess HO-1944 was removed by
desalting using a HiPrep 26/10 (GE Healthcare). RX mutants were covalently
attached to CNBr-activated Sepharose (Sigma) as previously described for R1
mutants (29). See additional information in S/ Materials and Methods.

EPR Spectroscopy. CW and DEER experiments were performed as previously
described (6). SR experiments were performed as described earlier (23). For
ELDOR experiments, the 1,500-mW, 100-ns pump pulse was set to the rising
edge of the low-field resonance (3 G downfield of the & = 0° orientation).
The 100-pW CW detection was set to a frequency corresponding to resonance
at a field corresponding to the 6 = 90° orientation in the same hyperfine
manifold, or to the 6 = 0° position in the M, = 0 manifold (Fig. 4A). Global
analysis of SR and ELDOR data was carried out as described by Robinson and
coworkers (25). Additional details are found in S/ Materials and Methods.
Spectral simulations were carried out with the MOMD model (32) using
software available at www.acert.cornell.edu.

X-Ray Crystallography. Diffraction quality crystals of T4L 115-119RX were
grown by the hanging drop method using phosphate as the precipitant
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(16). For the cryogenic diffraction study, a single crystal cryoprotected in
mineral oil was exposed to X-rays generated by an FRD generator, and
the reflections collected on an R-AXIS IV++ detector (Rigaku). Data proces-
sing were performed as previously described (16). A molecular replacement
solution was found using 1C6T (57) as a starting model, and refined using
COOT (58) and PHENIX (59).
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