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CONSPECTUS

he use of pulsed electron spin resonance (ESR) to measure interspin distance

distributions has advanced biophysical research. The three major techniques
that use pulsed ESR are relaxation rate based distance measurements, double
quantum coherence (DQC), and double electron electron resonance (DEER). Among
these methods, the DEER technique has become particularly popular largely because
it is easy to implement on commerdial instruments and because programs are
available to analyze experimental data.

Researchers have widely used DEER to measure the structure and conformational
dynamics of molecules labeled with the methanethiosulfonate spin label (MTSSL).
Recently, researchers have exploited endogenously bound paramagnetic metal ions as
spin probes as a way to determine structural constraints in metalloproteins. In this
context Cu?" has served as a useful paramagnetic metal probe at X-band for DEER
based distance measurements. Sample preparation is simple, and a coordinated-Cu®*
ion offers limited spatial flexibility, making it an attractive probe for DEER experiments.
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On the other hand, Cu** has a broad absorption ESR spectrum at low temperature, which leads to two potential complications. First, the
Cu*"-based DEER time domain data has lower signal to noise ratio compared with MTSSL. Second, accurate distance distribution
analysis often requires high-quality experimental data at different external magnetic fields or with different frequency offsets.

In this Account, we summarize characteristics of Cu?>*-based DEER distance distribution measurements and data analysis
methods. We highlight a novel application of such measurements in a protein—DNA complex to identify the metal ion binding site
and to elucidate its chemical mechanism of function. We also survey the progress of research on other metal ions in high frequency

DEER experiments.

1. Introduction

Advances in measurement of interspin distance distributions
using pulsed electron spin resonance (ESR) have added an
important new tool in biophysical research. There are three
major pulsed ESR techniques for the distance distribution
measurements with long-range distance accessibility: re-
laxation rate based distance distribution measurements,’
double quantum coherence (DQQ),>3 and double electron
electron resonance (DEER) also known as pulsed electron
double resonance (PELDOR).*~® Among these methods, the
DEER/PELDOR technique has become the most widely
used approach. The prevalence of DEER is largely due to
the ease of implementation on commercial instruments,
as well as due to the availability of programs that can ana-
lyze experimental data to obtain distance distributions.>'°
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However, microwave pulses at two different frequencies
are required in DEER experiments.* 8

Most DEER distance distribution measurements are
based on the site-directed spin-labeling technique wherein
a cysteine residue is chemically modified with the nitroxide
methanethiosulfonate spin label (MTSSL)."' The applica-
tion of site-directed spin-labeling and DEER in biophysics
and materials research has been extensively reviewed
recently.'?~ 1>

Figure 1 shows the R1 side chain generated by the
reaction between cysteine(s) and MTSSL. The conformation
of the side chain is defined by the dihedral angles of the
five rotatable bonds between the protein backbone and
the nitroxide ring (Figure 1), denoted as x; through ys. One
limitation of MTSSL is that the distance distributions are
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often dominated by the conformational preferences of
the R1 side chain. Numerous attempts have been made to
account for the spatial distribution of R1 in experimental
distance distributions.'®~23

As an alternative, researchers have begun to employ
endogenously bound paramagnetic metal ions as spin
probes for ESR distance distribution measurements. Metal
ions are involved in a variety of important biological pro-
cesses, including photosynthetic electron transfer,**? cata-
lysis and gene regulation,>®?’ metabolism of carbon,
nitrogen, and sulfur,?® hydrolysis of amides and esters,>—3'
and disease mechanisms.?>~3¢ More than 30% of proteins
require metal ions for function.3” Utilizing these endoge-
nously bound paramagnetic metal ions as probes for ESR
detection only causes minimal functional perturbation to
molecules. Distance distributions based on such endoge-
nously bound metal ions may potentially be related to back-
bone conformations with greater ease than MTSSL, which
may simplify the interpretation of protein structure.

Huber and coauthors presented the very first work in
detecting the distance distribution between two Cu®" cen-
ters in the dimer azurin structure.>® Subsequently, other
groups have used Cu?* as a spin probe to detect the con-
formation of linked porphyrins, polypeptides, and pro-
teins.39~** Iron—sulfur clusters have also been introduced
as spin probes for structural detection.**~*” To achieve
high sensitivity, Gd*>" as well as Mn** have been used as

FIGURE 1. Structure of the R1 side chain. Five dihedral angles, y; —ys are
needed to describe the orientation of the side chain.
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spin probes for high-frequency DEER experiments.*®~>8 The
Gd*"-based DEER distance method has been reviewed
recently.>®

2. Challenges of Using Cu®*" in DEER
Experiments

2.1. Sensitivity. The pulses in DEER experiments on Cu®"
excite fewer spins compared with MTSSL, which leads to a
reduction in sensitivity of the DEER signal. Figure 2a shows
the ESR absorption spectra of Cu®* (red dotted line) and
MTSSL (green solid line) at low temperature. Because of the
larger anisotropic values of g and hyperfine tensors, the ESR
absorption spectrum of Cu®" is ~10 times broader than that
of MTSSL at X-band (~9.5 GHz), as is shown in Figure 2a. The
blue dashed line in Figure 2a shows the typical coverage
of a 36 ns microwave pulse, which is typically used in
DEER experiments. With the same pulse length, significantly
fewer spins can be excited in Cu®* spectrum compared with
MTSSL.

The DEER time domain signal can be expressed as

Vit) = 1 —//P(r) (/1 — ) cos [rﬁi“ (1-3 cosza)t} ) &(0) do dr
(1)

where P(n) is the distance distribution and 6 is the angle
between the interspin vector and the external magnetic
field, as shown in Figure 3a. k is a constant that is
proportional to the product of the g values of two spin
centers, and ris the distance between two spins.Ineq 1, 1
is the modulation depth and &(6) is the geometrical factor.
The broad Cu®" ESR absorption spectrum at low tem-
perature leads to a low modulation depth in DEER, as well
as possible complications from limited excitation of spins.
These are discussed in the following sections.

2.2. Modulation Depth. The modulation depth, 4, is the
fraction of spins excited by the pump pulse, which are also
coupled to the spins that are excited by the observer pulse.®?
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FIGURE 2. (a) ESR absorption spectra of Cu>* (red dotted line) and MTSSL (green solid line). The coverage of a 36 ns microwave pulse is shown in blue
dashed line; (b) Cu®*—Cu?* (red dotted line)** and R131R1—R131R1 DEER (green solid line)®° signals after baseline subtraction in the EcoRI-DNA

complex with 44 and 48 ns pump pulse, respectively.
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FIGURE 3. (a) The diagram shows the orientation, 6, of a vector
connecting two interacting spins, R, with respect to the external magnetic
field Bo. The relative orientation of the two spin centersis defined by three
anglesy, y, and . PAS1 and PAS2 denote the principle axis systems of the
g-tensors of the first and second spin, respectively. (b) Ideal geometrical
factor, &(6). (0 Representative calculations of the geometrical factor £(6) at
three magnetic fields (B; =3342 G, B, =3290 G, and B; = 3060G) shown
in the inset. The simulations assume a small orientational distribution
(standard deviation of 2°) between two Cu®* centers. The pump pulse
frequency is 92 MHz lower than the observer pulse frequency in these
simulations. (d) Simulated DEER signals at three magnetic fields with the
geometrical factors as shown in panel c. (e) The geometrical factor £(6) at
three magnetic fields as shown in Figure 3c inset (B; =3342 G, B, =
3290 G, and B; = 3060G) with a larger orientational distribution (standard
deviation of 10°). (f) Simulated DEER signals at three magnetic fields with
the geometrical factors shown in panel e.

The modulation depth depends on the pump pulse length
as well as the shape of the ESR absorption spectrum.*®3 A
small modulation depth causes a low signal-to-noise ratio in
the time domain data.?*®> Also it is disadvantageous in
the discrimination of nuclear modulations. Figure 2b shows
the Cu*"—Cu** (red dotted line) and R131R1-R131R1 DEER
time domain data (green solid line) in the specific EcoR-
I-DNA complex. The Cu®*"—Cu®" DEER data with a shorter
pump pulse (44 ns) has a much smaller modulation depth
(~2%) compared with the ~13% modulation depth of
R131R1-R131R1 with a longer pump pulse (48 ns).**%°
By use of a commercially available microwave pulse form-
ing unit to provide shorter pump pulses (e.g., 16 ns) and by
choice of a proper frequency offset to minimize nuclear
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modulation, data with modulation depth of ~12% can be
obtained on Cu?* at X-band (~9.5 GHz).%°

Interestingly, the six-pulse double quantum coherence
(DQQ)-based distance distribution measurements have a
small background signal,®® which allows for an easier ex-
traction of the dipolar interaction. On the other hand, the
DQC signal has substantial contributions from electron—
nuclear interactions between the electron spin and neigh-
boring '*N, as well as 'H, nuclear spins that are present in the
amino acid coordination environment. These nuclear mod-
ulation effects may swamp the modulation due to the
electron—electron dipolar interactions and make it difficult
to measure the interspin distance distribution.

We recently presented a simple way to minimize these
low-frequency nuclear peaks in the DQC spectrum and
resolve the dipolar interaction between two Cu®" centers
with high sensitivity, by dividing two DQC signals with
different pulse lengths.®® This simple DQC method has a
signal-to-noise ratio twice as high as DEER per shot. Further
improvements in Cu®" based DQC can be made by the use of
narrower pulse lengths and by manipulating the pulse
sequence to avoid acquisition of two DQC time domain
signals. However, because of the narrower pulse lengths in
the experiments, the power of the microwave pulse required
in DQC is much higher than that in the DEER experiment.
Additionally, the 256-step phase cycling in the experiment
leads to a much longer data collection time. These factors
limit the application of DQC on commercial instruments.

2.3. Orientational Selectivity Effect. In Cu®*-based DEER,
because of the broad absorption ESR spectrum, a typical
microwave pulse of ~36 ns can only excite a small portion of
the 0 angles. Both the electron—electron dipolar frequency
[wee = k/r3(1 — 3 cos? 6)], as well as the geometrical factor,
&(6), depend on the position of the microwave pulse.
Hence, the DEER signals at different external magnetic field
positions might have different modulation periods and
modulation depths. This phenomenon is known as the
“orientational selectivity” effect,39414367.68

In MTSSL-based DEER, the interplay of the anisotropies of
g and hyperfine tensors and the flexibility of the R1 side
chain typically randomize the relative orientation between
the spin labels. When a pump pulse (e.g., 36 ns) is applied
at the maximum of the MTSSL absorption spectrum, an
ideal 0 excitation profile [i.e., geometrical factor, £(6)] can
be achieved as shown in Figure 3b.*' =3 In this case, the
model-free Tikhonov regularization method has been de-
veloped to analyze the time domain data and obtain accu-
rate distance distributions.”'°



In Cu**-based DEER, the signal may potentially depend
on the relative orientation between the two metal ions. For
the case of Cu®", the relative orientation between the
two metal ions can be defined by three angles y, y, and »
with certain orientational distribution, as shown in Figure 3a.
Simulations with a pump pulse of 36 ns, shown in Figure 3c,
yield three different geometrical factors at three different
magneticfields (B;=3342 G, B,=3290 G, and B;=3060 G).
For these simulations, y, y, and » angles are 60°, 60° and 0°,
respectively. Each angle is assumed to be Gaussian distrib-
uted with a standard deviation of 2°.

The simulated DEER time domain data shown in
Figure 3d with geometrical factors from Figure 3c shows that
even with the same distance distribution, this partial selectivity
can potentially lead to different DEER signals324! ~436768 at
different external magnetic field positions. Figure 3e shows
that with the increase of the orientational distribution be-
tween two Cu”* centers, the geometrical factors become
broader and more 6 angles are excited.*®> Accordingly, the
time domain orientational selectivity effect is largely re-
duced as shown in Figure 3f.

DEER experiments on peptides and proteins show that
the orientational selectivity effects are small but de-
tectable.**** The Cu*"—Cu*" DEER data in the EcoRI-DNA
complex are shown in Figure 4a. The modulation periods
changes by ~60 ns (~10% of the modulation period) at
different magnetic fields.** Nevertheless, the data analyzed
by using the model-free Tikhonov regularization method
gives distance distributions that have artifacts (shoulder
peaks) and most probable distances that differ by 1-3 A
(dashed lines shown in Figure 4b).*3 A difference in the width
of the distance distributions may also be observed.*? If only
the most probable distances are needed and when the
orientational selectivity effects are weak, the measured
most probable distances based on Tikhonov regularization
method are still acceptable within 1-3 A error range.***?
For a more accurate measurement, one needs to collect
data at different magnetic fields and frequency offsets and
include the effects of orientational selectivity to analyze all
the data.*® As shown in Figure 4, a single distance distribu-
tion can fit the data when orientional selectivity is included
in the analysis.** On smaller molecules, the data can also
be analyzed based on molecular dynamics simulations
and DFT calculations.*'#28 strong suppression of orien-
tational selectivity can also be achieved by summing
experimental traces collected at different external mag-
netic fields (field averaging)®®’® or with different fre-
quency offsets.”"
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FIGURE 4. (a) Cu*"—Cu?" DEER signal in the EcoRI-DNA complex at
different magnetic fields with the same frequency offset (100 MHz). The
positions of the observer pulse are highlighted on the absorption ESR
spectrum shown in the inset. The normalized signals are offset in the
y-axis in order to clearly indicate the modulation periods. The vertical
dashed line indicates the modulation period difference; the dashed line
shows the simulations using the procedure described in ref 43. (b) The
distance distribution functions (dashed lines) obtained at different
external magnetic fields (3342, 3290, and 3190 G) using the Tikhonov
regularization method; the Cu?*—Cu?* distance distribution (solid line)
obtained by accounting for orientational selectivity.

3. Applications of Metal lon-Based DEER

3.1. Elucidation of Protein—DNA Interaction by Cu®*-
Based DEER. We have recently focused on the use of ESR to
examine the relationship between DNA sequence recogni-
tion and catalytic specificity in a DNA-modifying enzyme.
The EcoRI endonudlease, a 62 kDa homodimer, recognizes
the DNA site 5-GAATTC-3' and cleaves both DNA strands in
the presence of the catalytic cofactor Mg>". Interestingly, the
DNA cleavage rates are as much as 10°-fold higher for the
GAATTC site than for sites with a different base pair se-
quence. Importantly, Cu*" by itself does not support DNA
cleavage by EcoRI.’> Therefore, it is appropriate as a spin
probe in this protein—DNA system. Cu®-based distance
measurements thus provide an exciting route to probe the
structural and electrostatic effects that determine site spe-
cific catalysis in this class of enzymes.

We utilized bound Cu®*" ions and site-directed spin-
labeling to shed light on the Cu?* interaction with EcoRI.
X-band pulsed techniques like electron spin echo envelope
modulation (ESEEM) spectroscopy and hyperfine sublevel
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FIGURE 5. (a) The H114 N.—H114 N, (red solid line), as well as intra- (green dotted line) and intermonomer (blue dashed line) S180 C,—H114 N,
distances from crystal structure of metal-free EcoRI-DNA complex (PDB ID 1CKQ).”® (b) The local structure of the EcoRI—DNA complex with only Mg+
(0 The local structure of the EcoRI-DNA complex with both Mg2+ and Cu*.

corelation (HYSCORE) spectroscopy results established that
Cu?* ions coordinate to a histidine in EcoRI. There are five
histidine residues in each EcoRlmonomer (H31,H114,H147,
H162, H225). We obtained Cu**—Cu>" (on wild-type EcoRl)
and Cu*"—S180R1 distances using DEER—ESR to identify the
Cu*"-coordinated histidine. Interestingly, more than one com-
plete modulation period was observed for the Cu*"—Cu**
DEER data (Figure 4a). This observation indicates that
the endogenously bound Cu?* in the EcoRI-DNA complex
provides a relatively fixed reference point for the distance
measurements. This may be an advantage when two close
distance distributions need to be resolved.

A single, most probable Cu?*—Cu?* distance distribution
of 35 A was observed with a standard deviation of 1 A.
Cu*"—S180R1 distance measurements yielded two most
probable distances at 22 and 42 A with standard deviations
of 2 and 3 A, respectively. These distances were similar to
the H114 N,—H114 N, distance (red solid line in Figure 5a),
as well as H114 N,—S180 C, intra- (green dotted line in
Fiure 5a) and intermonomer (blue dashed line in Figure 5a)
distances from the metal-free EcoRI-DNA crystal struc-
ture.”® The distance distributions from ESR experiments were
uniquely consistent with Cu®* binding to H114. This was
strongly supported by biochemical studies, which showed
that the mutant H114Y—DNA complex binds Cu®" with 1600-
fold lower affinity than the wild-type EcoRI-DNA complex.

Unexpectedly, we found that Cu?* is a powerful inhibitor
of EcoRl catalysis; 100 uM Cu?* completely inhibits cleavage
by wild-type EcoRI. On the other hand, even at 200 uM, Cu**
does not inhibit H114Y-catalyzed DNA cleavage in the
presence of Mg ". This data further supports our conclusion
that Cu®" binds to H114 rather than the negative charge
cluster (E111, D91, GpAATTC) that coordinates to Mg>".

An earlier model from Jen-Jacobson's group suggests that
sequence-dependent DNA distortion has a critical function
in EcoRI catalysis.”* As shown in Figure 5b, the Mg*"-bound
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water (W) that makes the nucleophilic attack on the scissile
phosphate is precisely positioned by H-bonding to another
water (named W(). The W water is held in turn by H-bonding
to both H114—Ne and a phosphoryl oxygen of the phos-
phate GApATTC, one step downstream from the scissile
phoshate. This water network is only possible when EcoRI-
induced DNA distortion creates a unique configuration,
which brings the two phosphates into an unusual spatial
relationship. Detailed MD simulations with explicit solvent
showed that H114 is ~4 A from its normal position in the
presence of Cu®* as shown in Figure 5c. Lacking interaction
with H114, the GApA phosphate moves to where it cannot
support the water network that is crucial for the DNA
cleavage. The overall picture is that the conformation es-
sential for catalysis no longer exists in the presence of Cu®".

3.2. Selective Measurement of Cu*"—Cu?" Distances in
a Multicopper Binding Protein. Recently, MacMillan and co-
workers applied a new DEER technique to selectively mea-
sure Cu*"—Cu?" distance distributions in nitrite reductase
from Achromobacter xylosoxidans (AXNIR).”® Each monomer
in this homotrimeric protein contains two different types of
Cu?" sites. The presence of six Cu®" in the protein leads to
overlapping distances that are not completely resolved in
the DEER experiment. The authors were able to selectively
measure distances between Cu®" ions in one of the two sites
by exploiting the differences in spin—Iattice relaxation times.
Inthis approach, an inversion recovery filter was used before
the DEER sequence to suppress the signal from one of the
two Cu?" sites at a time.”®

3.3. The Application of Other Metal lons in DEER
Experiments. High-quality DEER data using Gd>" as a spin
probe have been observed at high magnetic fields.*3 >’
Gd*" is a S = 7/2 ion with an isotropic g-factor. Several
characters of Gd*" make it a candidate for the DEER distance
distribution measurements at high fields.>® First, with the
increase of frequency, the central transition |—1/2) —|1/2)



narrows. Therefore, the sensitivity of Gd3" in ESR increases
with increasing of frequency. Second, because of the large
zero-field-splitting distribution, the central transition can be
considered effectively isotropic and Gd*' abolishes the
orientational selectivity effect at high magnetic fields. Thus,
Gd3*-based DEER allows the determination of precise dis-
tance distributions from DEER time domain traces by using
the model-free Tikhonov regularization. The collection of a
series of data at different external magnetic fields or with
different frequency offsets is therefore not needed.”® Further-
more, the use of cysteine-specific Gd*>" labels allows the
application of Gd*>"-based DEER to any protein.>® The Cu**-
based DEER method can be similarly generalized by the use of
EDTA—Cu?" labels that can be incorporated into proteins
through a disulfide linkage on cysteines.”” Similar to Gd**,
Mn?* also displays an intense and relatively narrow center
transition at high fields. On the other hand, the reduced
toxicity of Mn** compared with Gd** makes the Mn*"-based
distance distribution measurements even more attractive at
high fields.>® There are also reports of DEER distance distribu-
tion measurements by using iron—sulfur clusters.*> The elec-
tron spin delocalization over the cluster causes the point-
dipole approximation to break down, and the spin projection
factors need to be included to analyze data.*®*”

4. Summary and Outlook

In this Account, we presented the application of paramag-
netic metal ion Cu®" in DEER. Although small modulation
depth and orientational selectivity effects complicate the
data collection and analysis procedures, the simple sample
preparation process and limited spatial flexibility make
Cu?* an attractive probe for research. The application of
Cu**-based distance measurements in the restriction endo-
nuclease EcoRI-DNA complex illustrates the potential of
using Cu®" to probe structural and electrostatic effects that
determine site specific catalysis in this class of enzymes. The
development of methods that use other paramagnetic metal
ions, for example, Gd*>" and Mn>", as spin probes for high-
field DEER experiments may overcome the orientational
selectivity effect from Cu?"-based DEER and extend the reach
of pulsed ESR distance distribution measurements.*8>8
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