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We have used site-directed spin labeling and pulsed electron
paramagnetic resonance to resolve a controversy concerning the
structure of the utrophin-actin complex, with implications for the
pathophysiology of muscular dystrophy. Utrophin is a homolog of
dystrophin, the defective protein in Duchenne and Becker muscular
dystrophies, and therapeutic utrophin derivatives are currently
being developed. Both proteins have a pair of N-terminal calponin
homology (CH) domains that are important for actin binding.
Although there is a crystal structure of the utrophin actin-binding
domain, electron microscopy of the actin-bound complexes has
produced two very different structural models, in which the CH do-
mains are in open or closed conformations. We engineered a pair
of labeling sites in the CH domains of utrophin and used dipolar
electron—electron resonance to determine the distribution of inter-
domain distances with high resolution. We found that the two
domains are flexibly connected in solution, indicating a dynamic
equilibrium between two distinct open structures. Upon actin bind-
ing, the two domains become dramatically separated and ordered,
indicating a transition to a single open and extended conforma-
tion. There is no trace of this open conformation of utrophin in
the absence of actin, providing strong support for an induced-fit
model of actin binding.
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trophin is a homolog protein of dystrophin that has shown

high therapeutic promise for the treatment of muscular
dystrophy (1). It is endogenously found in fetal or regenerating
muscle but is replaced by dystrophin, the defective protein in
Duchenne and Becker muscular dystrophies, as the muscle ma-
tures (2). Up-regulation of utrophin in mdx mice, which lack dys-
trophin, has been shown to rescue its dystrophic phenotype,
improving muscle morphology and function (1, 3). The full-length
protein is not required to improve dystrophic pathology in mdx
mice; i.e., substantial internal truncations in utrophin can be tol-
erated (4). These internally truncated constructs for muscular
dystrophy therapeutics support the importance of actin binding
by the N-terminal portions of either dystrophin or utrophin (5).
Utrophin (395 kD) and dystrophin (427 kD) both contain highly
homologous N-terminal actin-binding domains (ABD1), consist-
ing of a pair of calponin homology (CH) domains. Despite addi-
tional actin-binding regions identified in the central spectrin-type
repeats (6), microutrophin constructs with high potential for
clinical applications rely almost exclusively on the N-terminal
CH domains for actin interaction (7, 8). Therefore, understand-
ing the structural interaction between utrophin CH domains and
actin has become crucial for the rational development of thera-
peutic constructs.

More generally, there is an urgent need for a structural
blueprint of CH domain-actin complexes for the entire spectrin
superfamily of actin-binding proteins (e.g., fimbrin and «-acti-
nin), of which dystrophin and utrophin are members. The diver-
sity of crystal structures for these domains, despite high sequence
homology, suggests a high degree of dynamics and flexibility and
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has prevented the development of a reliable structural model for
any of these complexes. A major unresolved question concerns
the relative disposition of the tandem CH domains (CH1 and
CH2) (9, 10). Crystal structures of the tandem CH domains
showed a closed conformation for fimbrin (11) and a-actinin (12),
but an open conformation for both utrophin (Utr261) (Fig. 14)
and dystrophin (Dys246) (16). The crystal structure of Utr261
suggests that the central helical region connecting CH1 and CH2
is highly flexible. Even for a-actinin, which has a closed crystal
structure, computational analysis suggests the potential for a high
degree of dynamic flexibility that facilitates actin binding (17). A
method is needed that allows high-resolution detection of multi-
ple structural states in the presence of flexibility and disorder,
both free and bound to actin. The present study achieves this goal
with site-directed spin labeling and dipolar electron—electron re-
sonance (DEER) to resolve the structures of both the actin-
bound and unbound states of the utrophin CH domains (Utr261).

Structural analysis of utrophin—actin complexes has been dif-
ficult, because filamentous actin does not cocrystallize with its
binding partners. Cryoelectron microscopy has been performed
on the Utr261-actin complex, but resolution has not been suffi-
cient to distinguish closed and open conformations of the tandem
CH domains (9, 10). Sutherland-Smith et al. proposed that the
CH domains (CH1 and CH2) are organized in a compact and
closed conformation when bound to actin (14) (Fig. 1B). How-
ever, based on similar EM data, Galkin et al. proposed an open
conformation (15) (Fig. 1C), although they could not distinguish
between two possible open conformations—a “half-decorated
model” (open 1) in which every Utr261 contacts two actin pro-
tomer and a “singly decorated model” (open 2) in which every
Utr261 contacts one actin protomer (Fig. 1C). Thus it is clear that
cryo-EM does not provide sufficient resolution to distinguish
between three very different structural models for the actin—utro-
phin complex. In the present study, we have resolved this contro-
versy using site-directed spin labeling and high-resolution pulsed
EPR spectroscopy (DEER) to measure distances between the
CH domains, both free in solution and bound to actin.

Results

Site-Directed Labeling in the CH Domains of Utrophin. A series of
DEER simulations was performed, assuming that spin labels
were attached to different pairs of labeling sites on utrophin, to
select an optimal pair of labeling sites (Cys mutations) in the en-
dogenously cysteine-free Utr261. The goal was to distinguish the
crystal structure (Fig. 14) and the proposed EM-based atomic

Author contributions: A.Y.L., E.P,, and D.D.T. designed research; A.Y.L. performed research;
B.S. contributed new reagents/analytic tools; A.Y.L., Z.M.J., and D.D.T. analyzed data; and
A.Y.L, E.P, and D.D.T. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.
"To whom correspondence should be addressed. E-mail: ddt@umn.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/
doi:10.1073/pnas.1106453108/-/DCSupplemental.

PNAS | August 2, 2011 | vol. 108 | no. 31 | 12729-12733

>
]
S
25
< @

-
=
52
> 9
=
o <
e5
| Ao
=
S
O



http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106453108/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106453108/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106453108/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106453108/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106453108/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106453108/-/DCSupplemental

Bane

/

D\

D DEER simulations from models

b: Closed

DEER Echo Amplitude

E DEER data and fits

F Structural conclusions
Free in solution Bound to actin

¢: Open2 Free in solution B 3.3 4.8nm
c: Opent Bound to actin . nm
a: Xtal nm

Distribution

o DEER Echo Amplitude

Evolution time (ps)

0 05 10 15 20 25 00 05 10 15 20 25 20 30 40 50 60
Evolution time (ps)

Interprobe distance, R (nm)

Fig. 1. DEER data revealing the structural dynamics of utrophin CH domains and a closed-to-open transition upon actin binding. (A) Utr261 crystal structure
1QAG (13), (B) EM-based closed model (14), (C) EM-based open models (15). C,-C, distances between labeling sites (residues 136 and 222) are indicated.
(D) Simulations of DEER data based on the C,-C, distances show that the four models can be clearly distinguished. (E) Observed DEER waveforms (black)
of Utr261 free in solution and bound to actin (4 moles actin per mole Utr261). Colored curves show best fits for Gaussian distance distributions, which
are shown in F. When free in solution, Utr261 shows two distinct oscillation frequencies in the DEER waveform (E, red), implying a bimodal structural dis-
tribution in which two conformations are clearly resolved (F, red curve). When bound to actin, a single slower oscillation is observed (E, green), implying a single
structural population (F, green) that is completely resolved from that free in solution, demonstrating a dramatic opening in conformation upon binding. The
bound structure appears to be in excellent agreement with the open 2 conformation (15), and actin binding clearly occurs through an induced-fit mechanism.

models of the closed (Fig. 1B) and open (Fig. 1C) conformations.
The simulations show that the pair V136 and 1222 is ideal for this
study, because the predicted DEER waveforms are clearly distin-
guishable for all four models (Fig. 1D). Therefore, we engineered
a double-cysteine mutant (V136C/L222C) and attached a pair of
thio-reactive spin labels to the Utr261 construct. As shown by
DEER simulations, a 1.8-nm distance between residues V136C
and L222C, as predicted by the closed model for the actin-bound
complex (Fig. 1B) should generate an extremely rapid oscillation
in the DEER waveform (Fig. 1D, magenta), compared with the
slower oscillation (Fig. 1D, red) predicted by the more open crys-
tal structure (Fig. 14, 3.5 nm). In contrast, the open models for
the actin-bound complex (Fig. 1C, 4.3 or 5.1 nm) should produce
a much slower oscillation (Fig. 1D, blue and green). Neither the
presence of the double-cysteine mutations nor the spin labeling
significantly perturbed the a-helical secondary structure, as deter-
mined by circular dichroism (Fig. S1); or actin affinity, as deter-
mined from cosedimentation assays (Fig. S2).

Utr261 Has Two Resolved Conformations When Free in Solution. In-
spection of the DEER waveform of Utr261 free in solution shows
clearly the presence of two oscillations with distinct frequencies
(Fig. 1E, red), unambiguously indicating two distinct interspin
distances; i.e., two coexisting structural (conformational) states.
The slower of the two oscillations, corresponding to the longer
distance, is in excellent agreement with the data predicted
(Fig. 1D, red) for the crystal structure (Fig. 14, 3.5 nm). Quanti-
tative analysis (Fig. 1F), based on least-squares minimization
(Fig. S3), yielded a bimodal distribution with mean distances
of 2.7 nm and 3.3 nm, corresponding to mole fractions of 0.4
and 0.6, respectively. Thus the actin-binding domain of utrophin
is in dynamic equilibrium between two structural states of nearly
equal free energy, an open one (corresponding to the 3.3-nm
distance) that is trapped in the crystal structure (Fig. 14), and
another that is substantially more closed.
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Utr261 Binds to Actin in an Open Conformation Through an Induced-Fit
Mechanism. Upon actin binding, the DEER waveform of Utr261
(Fig. 1E, green) undergoes a dramatic change, showing a much
slower oscillation, thus indicating a substantial increase in the
interdomain distance. Indeed, the observed waveform is in excel-
lent agreement with that predicted (Fig. 1D, green) by an extre-
mely open conformation of Utr261 in the actin-bound complex
(Fig. 1C). Quantitative analysis showed clearly that the interp-
robe distance increased to a well-defined 4.8 nm with a narrow
distribution (Fig. 1F, green), which is consistently obtained with
different actin content (Fig. 2). As we titrated actin into the la-
beled Utr261 sample, we detected a distinct shift of population
from the bimodal population free in solution (2.7 and 3.3 nm)
(Fig. 24) to the single actin-bound conformation (4.8 nm)
(Fig. 2 C and D). Under subsaturating conditions, where the mo-
lar ratio of actin to Utr261 is less than 1, we found a mixture of
the free and actin-bound populations (Fig. 2B). When we satu-
rated the sample with actin, only a single long distance of 4.8 nm
was observed; no conformations with distances less than 4.0 nm
were populated (Fig. 2 C and D). Indeed, dipolar continuous
wave (CW)-EPR shows that no distances less than 2.5 nm are
detected, in either the presence or absence of actin (Fig. 3), in-
dicating that the closed conformation depicted in Fig. 1B is not
populated in the presence or absence of actin. Thus it is clear that
the CH domains of Utr261 move apart substantially upon actin
binding, corresponding very well to the open conformation
proposed from some previous EM studies (Fig. 1C), but not to
the closed conformation proposed from other EM studies
(Fig. 1B). The detected distance of 4.8 nm was in best agreement
with the singly decorated open conformation model (15) (Fig. 1C,
“open 27).

With considerable precision, there is no overlap between the
distance distributions determined for free and actin-bound
Utr261 (Fig. 1F). This is shown even more rigorously by model-
independent analysis using Tikhonov regularization (TR, Fig. 4).
Because TR does not insist on a particular functional form, such
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but when actin is substoichiometric (B), both populations are observed.

as Gaussian, for the distance distribution, it is more likely to re-
solve a small population that deviates from the major component.
The TR results agree remarkably well with those determined
from Gaussian fits, speaking further to the integrity of the data
and fitting analysis (Fig. 1F and Fig. 4 B and D). We conclude that
(i) when Utr261 is free in solution, there is no trace (less than 1%)
of the open actin-bound conformation (Fig. 4 A and B) and (ii)
when Utr261 is bound to actin, there is no trace of the closed
conformation (Fig. 4 C and D). These results clearly demonstrate
that the structural change in Utr261 is driven by induced fit, not
by conformational selection among preexisting conformers (18).

To illustrate the key results of this study, we simulated models
using our measured distances as constraints (Fig. 5). We started
from the crystal structure of Utr261 (PDB ID code 1QAG) and
performed rigid-body rotations of the two heads (CH1 and CH2)
relative to one another around a pivot point set at the peptide
bond between residues 149 and 150. In the case of the actin-
bound state, a total of 21 models with no steric clashes that

A

-V

Fig.3. Dipolar CW-EPR spectra of spin-labeled Utr261. The spectrum of dou-
bly labeled V136C/L222C (red) is overlaid on the spectrum of singly labeled
L222C-Utr261 (black). (Top) No actin. (Bottom) Two moles actin per mole
Utr261. In each case, there is no difference between red and black spectra
(i.e., no dipolar broadening), implying that there is no significant population
having an interprobe distance less than 2.5 nm.
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Fig. 2. DEER waveform (Top) and distance distribution (Bottom) between the two CH domains of Utr261, as a function of the molar ratio of actin to Utr261
(spin labeled at C136 and C222). When actin is absent (A), there is a bimodal distribution of short distances that is not observed when actin is in excess (C and D),

satisfied our distance constraints were generated, based on both
the 4.8-nm distance measured between labeled residues 136 and
222, and the 5.3-nm distance measured between residues 75 and
222 (Figs. S4 and S5). The structural model from our 21 simu-
lated results that fitted best to prior EM data (Fig. S5) was se-
lected to represent the actin-bound state in Fig. 5B, which
strongly resembled that of the open 2 EM model (Fig. 1C). The
results clearly demonstrate an induced-fit mechanism, where
Utr261 is structurally dynamic in solution (Fig. 54) and opens
dramatically upon actin binding (Fig. 5B). Future DEER mea-

® : . B

= Free in solution 3.3

= g[ 2.7 nm <2 NM
£ =

< 3

s 7

w a

14

w

w

[=]

00 05 10 15 20 25 20 30 40 50 6.0

Evolution time (ps) Interprobe distance, R (nm)

C D

Bound to actin
4.8 nm

Distribution

o DEER Echo Amplitude

0 05 10 15 20 25 20 30 40 50 6.0
Evolution time (ps) Interprobe distance, R (nm)

Fig. 4. Model-independent (Tikhonov) fit to DEER waveform of Utr261,
labeled at C136 and C222. (A and B) Utr261 free in solution. (C and D)
Utr261 bound to actin. The distance distributions from Tikhonov fits (red
and green, B and D) are also nearly identical to those from Gaussian fits (gray,
from Fig. 1E). 42 values (defining the quality of the fit) were virtually identical
for Tikhonov and Gaussian fits (Fig. S3). Both methods of analysis show that
the distance distribution from the actin-free sample is clearly bimodal (B),
and there is no overlap of the two distance distributions in B and D. These
results clearly support the induced-fit mechanism.
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Fig. 5. Utrophin binds to actin by an induced-fit mechanism. Model of
Utr261 free in solution (A) and bound to actin (B), based on DEER data
(see text). In the absence of actin, the Utr261 is in equilibrium between two
distinct conformations, corresponding to the 2.7 nm (red) and 3.3 nm (green)
distances observed by DEER (Figs. 1F and 4). Upon binding to actin, Utr261
dramatically opens up, corresponding to the 4.8-nm distance observed by
DEER (Fig. 1F).

surements of distances between other pairs of labeling sites in
Utr261, as well as measurements between specific sites on actin
and Utr261, will be needed to obtain a detailed atomic model for
the utrophin—-actin complex.

Discussion

Utr261 Binds to Actin in an Open Conformation by an Induced-Fit Me-
chanism. We have used pulsed dipolar EPR (DEER) to show that
the two CH domains of utrophin’s N-terminal actin-binding
domain (Utr261) open dramatically upon actin binding, resolving
a controversy regarding EM-based models (Fig. 1). When free in
solution, Utr 261 is in equilibrium between two distinct structural
states, one consistent with the crystal structure, and one that is
more closed, but neither of these conformations is found in the
actin-bound structure. Thus, this binding event occurs by an in-
duced-fit mechanism, not by selection of a preexisting conforma-
tion (Fig. 5). Both the bimodal distance distribution of free Utr
261 and the large-scale structural change upon actin binding
demonstrate the high flexibility of the tandem CH domains.

Implications for Utrophin’s Role in Therapy for Muscular Dystrophy.
Utrophin constructs that include the N-terminal actin-binding
domain are under intensive study for possible use in therapeutic
replacement of dystrophin for treatment of muscular dystrophy
(8), and its localization to the subsarcolemma suggests its essen-
tial role in replacing dystrophin’s interactions with cytoskeletal
(nonsarcomeric) actin. A previous study showed that utrophin re-
stricts the amplitude of actin’s microsecond torsional flexibility
with high cooperativity, while increasing the rate of these flexing
motions, and that utrophin is even more effective than dystrophin
in this regulation of actin’s dynamic mechanical properties (19).
It was proposed that this regulation of flexibility in cytoskeletal
actin is crucial for the functions of both utrophin and dystrophin
as mechanical stabilizers to diffuse lateral force at the surface of
the muscle cell. Our results suggest a mechanism for these effects.
The extensive opening of Utr261 upon actin binding (Fig. 5)
would bring the two CH domains in contact with adjacent actin
protomers, providing a plausible structural explanation for the
decreased amplitude of actin’s torsional flexibility. This open
conformation probably extends and partially unwinds the central
linker between the two CH domains, facilitating the observed in-
crease in the rate of the restricted flexibility that remains in the
actin—utrophin complex (19). ABD1’s ability to regulate actin’s
torsional flexibility is of great potential interest, because current
promising gene therapy constructs have large deletions in the
central domain of either utrophin or dystrophin, and thus rely
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solely on the N-terminal ABD1 for actin interaction (5). Future
structural studies with the N-terminal ABD1 of dystrophin, ana-
logous to the present study on utrophin, and additional distance
measurements between these actin-binding domains to actin,
will provide insight needed to continue this protein engineering
project.

Structural Implications for Other Tandem CH Domains. Based on crys-
tal structures showing a variable linkage between CH domains, it
has been proposed that tandem CH domains are highly dynamic
in both structure and function (13, 17, 18). Our study provides
high-resolution structural information on one of these tandem
CH domains in solution, showing that it is in equilibrium between
two distinct conformations. Thus we have obtained direct infor-
mation in solution supporting the hypothesis that the linker be-
tween the CH domains is highly flexible (13), establishing the
capacity for the versatile structural transitions required for other
similar actin-binding proteins such as a-actinin (20) and fim-
brin (21).

Structures of actin-bound CH domains have long been elusive.
There are no crystal structures containing both actin and tandem
CH domains. EM studies have generated controversy, with com-
peting closed (compact) and open (extended) models proposed
for Utr261 (Fig. 1), a-actinin (17, 20, 22), and fimbrin (21, 23).
The present study provides direct high-resolution measurements
on the relative disposition of tandem CH domains bound to actin,
clearly resolving the controversy for utrophin and establishing
powerful methodology that should be applicable to the other
important members of the spectrin superfamily of actin-binding
proteins. The extensively open conformation of the CH domains
in actin-bound utrophin is a structure not found in crystal or
solution, demonstrating dramatically the plasticity of this actin-
binding interaction (Fig. 5).

Conclusions

We report a previously undescribed approach, involving site-di-
rected spin labeling and pulsed electron paramagnetic resonance
(DEER), for defining the structural dynamics of actin-binding
CH domains. DEER provides high-resolution distance measure-
ments, showing clearly that the N-terminal actin-binding domain
of utrophin is quite flexible. Its tandem CH domains are arranged
in two resolved conformations in the absence of actin, one of
which agrees with the crystal structure, and a single distinct con-
formation when bound to actin, corresponding to a much more
open state that has not previously been observed (Fig. 5), clearly
indicating an induced-fit mechanism of binding. This approach
will be powerful in future studies of utrophin and other actin-
binding proteins, with important implications for the molecular
pathology and therapy of muscular dystrophy (1).

Materials and Methods

Protein Purification and Spin Labeling. Utr261 was cloned from mouse utro-
phin ¢cDNA and ligated as a BamHI-Xhol fragment into pET23a vector.
Utr261 contains no native cysteines. Site-directed mutagenesis (Stratagene
QuikChange) was performed to engineer a pair of Cys residues into the
construct for thio-reactive spin label attachment at chosen sites (either
V136C and L222C, or G75C and L222C). The double-Cys mutant construct
was transformed into the Escherichia coli BL21 Al cell line and grown at
37 °Cin LB media to an absorbance of 0.6-0.8 at 600 nm. Cells were induced
with 1 mM IPTG and 0.2% L arabinose and allowed to grow for 3-5 h at 28 °C.
Cells were then harvested by centrifugation and lysed with lysozyme for 1 h
at 4°Cin 25% sucrose, 1 mM EDTA, 1 mM PMSF, 50 mM Tris (pH 8.0, 4°C),
followed by a freeze-thaw procedure in a dry ice/isopropanol bath. The
lysate was treated with 2 U/L DNase | and incubated with the addition of
10 mM MgCl, and 10 mM MnCl, for 1 h, then centrifuged at 40,000 x g
for 30 min. The supernatant was purified using an anion-exchange column
(HiTrap Q XL, GE) equilibrated in 1 mM EGTA, 1 mM DTT, 20 mM Tris (pH 8.0, 4
°C). Protein was eluted with a linear gradient of NaCl from 0 to 0.5 M. Frac-
tions containing the target protein were verified using SDS-PAGE and pooled
to run over a gel filtration column (Sephadex $200, GE) in 100 mM NacCl, 2 mM
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MgCl,, 1 mM DTT, 10 mM Tris (pH 8.0, 4 °C). Fractions containing the target
protein were again verified using SDS-PAGE and concentrated. DTT was re-
moved prior to labeling using Zeba desalting columns (Pierce). The protein
was labeled with N-(1-oxyl-2,2,6,6-tetramethyl-4-piperidinyl)maleimide (Tor-
onto Research Chemicals). Labeling efficiency was determined by spin count-
ing with using a Bruker E500 spectrometer at X band (9.5 GHz) with an SHQ
cavity at a microwave power where there was no saturation (0.03 mW). The
molar ratio of spin labels per labeling site was determined to be 0.82 + 0.02.

DEER and Dipolar CW-EPR. We performed DEER to measure distances from 2 to
6 nm, and dipolar CW-EPR for distances from 0.5 to 2.5 nm. DEER experiments
were performed and analyzed as described previously (24). The concentra-
tion of Utr261 was 100 pM. F-actin was prepared from rabbit skeletal muscle
(25). Both proteins were dialyzed into a buffer containing 100 mM Nacl,
2 mM MgCl,, 1 mM DTT, 10 mM Tris (pH 8.0, 4 °C). The final actin concentra-
tion was 400 to 500 pM. Actin was mixed with Utr261 at the desired molar
ratio (typically 2 mol actin per mole Utr261), such that the final Utr261 con-
centration was 60 to 75 pM. One hundred microliter samples containing 10%
glycerol (vol/vol) were flash-frozen in liquid nitrogen in a 5-mm OD quartz
NMR tube (Wilmad glass). Samples were stored at —80°C. Pulsed EPR experi-
ments were performed with an Elexsys E580 spectrometer (Bruker Biospin)
containing a dielectric resonator (MD-5; Bruker Biospin). Spectra were
acquired using a four-pulse sequence, with the pump frequency centered
on the central resonance of the nitroxide and the observed frequency set
at a low-field resonance >65 mHz away from the pump frequency. The
/2 pulse was 16 ns and the ELDOR pulse was 40 to 44 ns. Each waveform
was recorded at 65 K for 24 to 72 h. The resulting spectra and spin—spin
distances were analyzed using DeerAnalysis2008 software suite (26) and soft-
ware developed in-house (WACY, Edmund Howard). Background subtraction
of the DEER waveforms were done using singly labeled Utr261 (26). To ac-
count for protein flexibility, fits to the data were done assuming that each
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