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ABSTRACT: Pulsed electron spin resonance (ESR)
dipolar spectroscopy (PDS) in combination with site-
directed spin labeling is unique in providing nanometer-
range distances and distributions in biological systems. To
date, most of the pulsed ESR techniques require frozen
solutions at cryogenic temperatures to reduce the rapid
electron spin relaxation rate and to prevent averaging of
electron−electron dipolar interaction due to the rapid
molecular tumbling. To enable measurements in liquid
solution, we are exploring a triarylmethyl (TAM)-based
spin label with a relatively long relaxation time where the
protein is immobilized by attachment to a solid support. In
this preliminary study, TAM radicals were attached via
disulfide linkages to substituted cysteine residues at
positions 65 and 80 or 65 and 76 in T4 lysozyme
immobilized on Sepharose. Interspin distances determined
using double quantum coherence (DQC) in solution are
close to those expected from models, and the narrow
distance distribution in each case indicates that the TAM-
based spin label is relatively localized.

Pulsed electron spin resonance (ESR) dipolar spectroscopy
(PDS),1 which includes double electron−electron reso-

nance (DEER)2,3 and double quantum coherence (DQC),4−6 is
a rapidly expanding technology for measuring nanometer-scale
distances and distance distributions between paramagnetic
centers in biological systems via magnetic dipolar interactions.
In most cases, a pair of paramagnetic nitroxides is introduced
by site-directed spin labeling (SDSL) using cysteine sub-
stitution mutagenesis7 or genetically encoded unnatural amino
acids.8 Distance distributions between metal centers are also
measured using PDS.9−12 The PDS technique has been
especially useful in obtaining structural constraints in
membrane proteins13−20 and large protein complexes21−26

where crystallographic data is lacking.
Both DEER and DQC are based on detection of an electron

spin echo and successful application requires a phase memory

time (Tm) of the paramagnetic center on the order of, or longer

than, the dipolar evolution period.1 The strength of the

magnetic dipolar interaction is proportional to (3 cos2θ − 1)/r3

where θ is the angle between the static magnetic field and the
interspin vector, and r is the interspin distance. The angular
dependence of the interaction identifies the second require-
ment for application of PDS, namely, immobilization of the
protein so that the interaction is not averaged over angular
space by rotational diffusion.
In the usual implementation of PDS, these requirements are

met with the sample in frozen solution at 10−80 K where the
short Tm’s of nitroxide and metal ion spin labels are increased
and where rotational diffusion of the protein is prevented.
However, the freezing requirement brings with it potential
problems, including the use of a cryoprotectant that may
influence the distribution of conformational substates.27

Although slow freezing does not appear to alter the distance
between spin labeled side chains located in relatively rigid
regions of a protein, it does appear to affect the distance
distribution,28 and it may well influence the protein conforma-
tional equilibria. Motivated by these considerations, we are
currently exploring possible strategies for using PDS at ambient
temperature, and herein report a promising approach for
further development.
To meet the above requirements for using PDS at ambient

temperatures, a novel spin label based on a triarylmethyl
(TAM) radical with a long Tm was synthesized, and rotational
diffusion of the spin labeled protein was effectively eliminated
by attachment to a solid support.27 In this communication, we
demonstrate the potential of PDS for measuring distances in
liquid solution using T4 lysozyme (T4L) as a model protein,
followed by a discussion of possible improvements and
additional advantages of this new spin label.
The TAM spin labeling reagent is based on the radical CT-

03,29,30 which has been widely applied in ESR spectroscopy and
imaging due to its extremely narrow single resonance line. The
relaxation times of several TAM-based radicals have been
reported to be as long as 20 μs for T1 and up to 3 μs for Tm.

31,32

The synthesis of the TAM-based spin labeling reagent
(CT02-TP) is shown in Scheme 1. The TAM radical CT-03
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was conjugated with (+)-S-trityl-L-cysteine, followed by
deprotection of the cysteine using TFA and triethylsilane.
The resulting thiol reacted with 2, 2′-dithiodipyridine to afford
the TAM spin label which was characterized by high resolution
MS and ESR. Details of the synthesis are described in the
Supporting Information (SI).
The proteins selected for reaction with CT02-TP were two

double mutants of T4L, 65C/76C and 65C/80C. These sites
are located in the rigid C helix of T4L. The reaction of CT02-
TP with the cysteine residues in the protein forms a mixed
disulfide bond with the production of 2-thiopyridone (Figure
1A) whose UV absorbance can be used to monitor the

reaction.33 Initially, CT02-TP was reacted with the T4L
derivatives in solution, but the doubly labeled proteins showed
limited solubility, forming precipitates during the reaction. To
overcome this, the protein was attached to a solid support prior
to reaction with CT02-TP. For this purpose, the free cysteines
were first protected by reaction with 1-oxyl-3-methanesulfo-
nylthiomethy-2,5-dihydro-2,2,5,5-tetramethyl-1H-pyrrole which
generated the R1 nitroxide side chain often used in spin
labeling.34 The R1 labeled T4L was then covalently
immobilized on a cyanogenbromide activated sepharose as
previously described (Figure 1B).27 The strong immobilization
of T4L in this manner does not lead to its structural
perturbation at the sites investigated.27 Unreacted cyanate
esters or imidocarbonate sites on the activated sepharose were
saturated with ethanolamine and DTT was added to cleave the
R1 and regenerate active thiols. After removing DTT, CT02-
TP was used to label the protein at a protein-to-label ratio of
1:3. Details of reactions and labeling efficiency are shown in the
SI Standard spin echo decay experiments showed that the TAM
radical attached to the proteins on the solid support had a Tm of
about 0.7 μs at ambient temperature, an order of magnitude
longer than that for a nitroxide under the same conditions.
The DQC method is ideal for a single narrow resonance

line,5 such as that of the TAM spin label. Samples with a
protein concentration of ∼500 μM (typically 10 μL volume)
were degassed and put into quartz tubes with both ends sealed

to prevent the relaxation enhancement caused by oxygen. All
DQC measurements were performed at 17.2 GHz using the
facilities at ACERT (Cornell University); details of DQC
experiments are in the SI. The background-corrected DQC data
and corresponding interspin distance distributions based on a
Gaussian model for T4L 65/76 TAM and 65/80 TAM at 4 °C
are shown in Figure 2; the mean distances are 1.8 and 2.1 nm,

respectively, close to the corresponding Cα−Cα distances in the
crystal structure of the protein (pdb 3lzm). We expect only a
small deviation from the point-dipole approximation for TAM
labels due to relatively small symmetric spin density
delocalization, compared to some nitroxides.35

Although the experiments in Figure 2 were carried out at 4
°C for technical reasons having to do with dielectric loss from
the sample, the Tm of the TAM radical changes little from 4 to
25 °C at both 9.5 and 17.2 GHz.31 Therefore, the use of this
new TAM spin label should enable DQC measurements in the
physiological temperature range.
In summary, the data presented here demonstrate that PDS

distance measurements can be made in liquid solution using a
TAM-based spin label on an immobilized protein. Compared to
a R1 nitroxide, the TAM spin label has additional advantages
including the apparently high spatial localization and the lower
power microwave pulses needed for DQC. A disadvantage
relative to R1 is the physical size and the general hydro-
phobicity. However, it is on the same order of mass as the
popular Alexa dyes used routinely in fluorescence spectroscopy,
and if sites are confined to surface sites, the size should not
present a major problem.
For general use, the TAM spin label needs further

development to improve the reactivity and stability, reduce
the hydrophobicity, and further increase Tm. For example,
titration of the reactive thiol content following the labeling
reaction revealed that only ∼65 % of the cysteines reacted with
CT02-TP (see SI). This could be due in part to steric
constraints imposed by the solid support; because the
attachment is via the abundant lysine residues distributed
over the surface, attachment at some sites may occlude
otherwise reactive cysteines. This potential problem can be
solved by using unnatural amino acid-technology to provide a
single specific site for attachment to the solid support.36 In

Scheme 1. Synthesis of CT02-TP.

Figure 1. (A) Reaction of CT02-TP with a protein SH; (B)
immobilization of a protein using CNBr sepharose.

Figure 2. (A) DQC evolution of TAM-labeled 65/76 (top panel) and
65/80 (lower panel) immobilized on Sepharose at 4 °C. The dashed
curve shows a simulated DQC signal using a Gaussian model to
represent the distance distribution. (B) Distance distribution functions
obtained from the corresponding DQC signals in (A).
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addition, the reactivity toward cysteine can be improved by
using a more reactive methanethiosulfonate derivative in place
of the mixed TAM−thiopyridine disulfide in CT02-TP.
Finally, it will be necessary to increase the Tm to allow

distance determination beyond 2.5 nm. The Tm of the free
CT03 radical in 30% glycerol is ∼2.5 μs at 4 °C.31 When
attached to the protein on the solid support, this value drops to
0.7 μs. The shorter Tm of the TAM spin label on the protein is
presumably due to a lower rotational diffusion rate of the label
which modulates a weak anisotropic hyperfine coupling to the
14N in the amide linker and the anisotropic g-factor of the TAM
spin. New TAM based labels are currently being synthesized to
address these problems.

■ ASSOCIATED CONTENT

*S Supporting Information
Details of synthesis of the CT02-TP, preparation of protein
samples, CW-ESR spectra and raw DQC data, as well as brief
descriptions of the DQC method and conformational
restriction and motion of the TAM label. This material is
available free of charge via the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION

Corresponding Author
hubbellw@jsei.ucla.edu; jay.zweier@osumc.edu; jhf3@cornell.
edu

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the National Institute of Health,
grants NIH/NIGMS P41GM103521 and NIH/NCRR P41RR
016292 (J.H.F.), HL38324, EB0890, and EB4900 (J.L.Z.),
NIH/NEI EY005216, NIH/NEI EY00331 and Jules Stein
Professorship Endowment (W.L.H.). We thank Dr. C. J. Loṕez,
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