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ABSTRACT: In this work, we explore the potential of a rigid
Cu®* spin-labeling technique, the double histidine (dHis)
motif, along with Q-band electron paramagnetic resonance to
report on the relative orientations of the spin labels. We show
that the precision of the dHis motif, coupled with the
sensitivity and resolution of Q-band frequencies, may allow
for the straightforward determination of the relative
orientation of the dHis-Cu*" labels using double electron—
electron resonance (DEER). We performed Q-band DEER
measurements at different magnetic fields on a protein
containing two dHis Cu** sites. These measurements

exhibited orientational selectivity such that each discrete magnetic field yielded a unique DEER signal. We determined the
relative orientation of the two metal centers by simulating the orientationally selective DEER data. These relative orientations
were validated by visual analysis of the protein crystal structure modified with dHis sites. The simple visual analysis was shown
to agree well with the angular values determined via simulation of the experimental data. The combination of the dHis-Cu®*
motif along with the advantages of the Q-band can aid in the accurate measurement of protein structural and conformational

dynamics.

H INTRODUCTION

Distance measurements by pulsed electron paramagnetic
resonance (EPR) have become important techniques for the
determination of macromolecular structure and dynamics."”
These pulsed EPR techniques isolate the weak dipolar coupling
between two unpaired electrons in a macromolecule and
extract a distance in the range of 2—16 nm.'~" Such long-
range distance constraints are useful to characterize the
structure and flexibility of the macromolecule. Specifically,
one exciting application of these EPR distance measurements is
the elucidation of induced conformational changes in
biomolecules."”'*~** Such EPR techniques are particularly
advantageous for biomolecules that are difficult to crystallize or
too large for NMR structural determination.Therefore, pulsed
EPR can provide unprecedented insight into the structure and
conformations of important biomolecules that would be
inaccessible by other means, leading to a greater understanding
of the mechanisms of biological processes.

The scope of pulsed EPR methodology has been greatly
enhanced by site-directed spin labeling, which typically uses
nitroxide-based spin labels.”' ~** Common nitroxide spin labels
are versatile”' ~”° but can be limited in practice by the long,
flexible side chain required to attach the paramagnetic head
group to the macromolecular backbone.”””® This inherent
flexibility translates to broad distance distributions, which can
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lead to uncertainty in the interpretation of the EPR data in
terms of protein structure. Efforts to solve this problem by
employing rigid nitroxide labels have met with some success,
although these labels are often bulky and far-removed from the
protein backbone.****~*

The demand for alternative spin labels has led to the
development of paramagnetic metal-based distance methods
and spin-labeling approaches.>™*° Cu?* specifically has
emerged as a simple, site-specific paramagnetic probe that
can be incorporated into proteins and DNA to provide precise,
accurate distance measurements indicative of the protein or
DNA backbone.””***"=* One such Cu®" labeling technique
which has shown great promise is the double histidine (dHis)
motif.** The dHis motif involves strategic placement of two
histidine residues within a protein. For a-helical sites, an i and i
+ 4 arrangement of two histidine residues allows for
simultaneous cis-coordination of Cu®*, whereas in fS-sheets,
an i and i + 2 arrangement is necessary to place the two
histidine residues on the same face of the sheet for metal
binding. This motif rigidly binds Cu®>" complexed with ligands
and can provide distance distributions up to five times
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narrower than common nitroxide spin labels."> This drastic
increase in precision is invaluable as initial results suggest that
the dHis motif produces data dominated by backbone
fluctuation rather than side chain mobility. The benefits of
the dHis motif were evidenced recently when both nitroxide
and dHis-Cu®** distance measurements were applied to the
glutathione S-transferase system in order to characterize its
conformational equilibrium.>® The dHis motif provided
significantly enhanced resolution over the nitroxide spin labels
in this system.*’

However, even with the added precision that the dHis-Cu®*
motif provides, there may be multiple possible conformational
states that satisfy a given distance constraint. Therefore,
additional structural information may be useful for full
elucidation of a given conformation. Orientationally selective
double electron—electron resonance (DEER) is one such
technique that provides complementary data on the relative
orientation of the two spin labels. Orientational selectivity can
occur because pulse lengths typically applied in pulsed EPR
can only excite a small portion of the total spectrum. In
systems containing large g-anisotropies and resolved hyperfine
anisotropy, excitation of a small portion of the total spectrum
can select only a small subset of all possible molecular
orientations. At X-band frequencies (9.5 GHz), the nitroxide
and Cu*" EPR spectra have large hyperfine splittings relative to
the features due to g-anisotropy. In this case, the large
hyperfine contribution will overlap and mix different features
of the spectra, allowing the excitation of multiple orientations
within a small spectral region. Orientational selectivity can be
further mitigated by using flexible spin labels such that the
excited orientations are effectively randomized. This effect is
facilitated in nitroxides by their flexible tether to the molecule.
In Cu’-based systems, orientational flexibility of the Cu®"
coordination environment achieves the same effect.’’ There-
fore, orientational selectivity is uncommon in nitroxide- and
Cu’*-based systems at the X-band.

Despite these factors, certain systems exhibit orientational
selectivity at the X-band. DEER has been performed on several
of these specific nitroxide radical pairs®>™>° and Cu®*—
nitroxide systems®”>® to determine the relative orientations
of the spin labels. Such an analysis was also applied to two
Cu®* centers within a protein in endogenous binding sites.”
These methods benefit from higher frequency EPR spec-
trometers, such as Q-band (35 GHz) and W-band (95 GHz),
becoming more accessible. Their increased resolution can
enhance orientational selectivity and leads to easier disen-
tanglement of spin-label orientations.”””®" Recently, Q-band
EPR has been used to assess the general orientations of Cu*
centers in DNA G-quadruplexes.”® Additionally, rigid spin
labels have been employed for similar studies.”*® Despite all
these efforts, the current state of orientational selectivity
analysis using rigid Cu®" labels at the Q-band is limited, and it
is therefore of interest to refine this method and demonstrate
its applicability to a wider variety of biomolecules.

Herein, we show that Q-band orientationally selective DEER
using the dHis motif provides a simple, reliable method of
determining Cu’* label orientation within a macromolecule.
We demonstrate that Q-band DEER is sensitive to the relative
orientations of Cu®* within the dHis motif. Additionally, we
show that the relative orientations can be determined through
simulation of the orientationally selective DEER data. Last, we
show that the relative orientations determined via simulation

agree with an intuitive visual analysis of the protein crystal
structure.

B EXPERIMENTAL SECTION

For our experiments, we used a 6H/8H/28H/32H mutant of
the immunoglobulin-binding domain of protein G, called GBI.
The protein expression and purification of the GBI
tetramutant were performed as described elsewhere.*”** Cu®*
was complexed with nitrilotriacetic acid (NTA) prior to its
introduction to the protein. All EPR samples were prepared in
50 mM N-ethylmorpholine buffer at pH 7.4 with 20% glycerol
as a cryoprotectant with a ratio of GB1—Cu**~NTA of
1:1.5:1.5.

DEER data were acquired with a Bruker E680 spectrometer
equipped with a 150 W amplifier and an ER5106 QT2
resonator. The sample temperature of 20 K was maintained
using a Bruker B8692690 cryogen free cryostat. The resonator
was overcoupled to a bandwidth of 250 MHz. The pump
microwave frequency was set to the center of the resonator dip
to optimize modulation depth, and the observer frequency was
set 100 MHz higher in frequency. 7 pulse lengths of 28 and 50
ns were attained for pump and observer frequencies,
respectively. To increase the modulation depth, an 80 ns
chirp pulse with the frequency range of —150 to —50 MHz
relative to the observer frequency was used. A four pulse DEER
with a 16-step phase cycle was performed with the sequence
(ﬁ/z)wA_T_(ﬂ)a)A_T + T_(”)wB_TZ - T_(ﬂ)wA_TZ_eCho'70
7 was set to 200 ns and data were collected over a time interval
of 1.3 ps with a step size of 10 ns, resulting in a 128-point data
set. The shot repetition was 61.2 us. Including the 16-step
phase cycle, 409 600 averages were acquired. In order to
acquire the orientation selection data, a pulse program was
written to acquire DEER spectra from 11 020 to 11774 G at
17 magnetic field values. To determine the distance
distribution, these signals were summed and analyzed using
the DeerAnalysis software package.”"

Simulations of the individual time-domain DEER signal were
performed using the methodology developed previously by the
group, as detailed elsewhere.”'

Briefly, the DEER signal can be expressed as®"’*>”*

Vi) =1 - / P(r)(/l -1 cos[%(l — 3 cos’ H)tD

£(0) dadr (1)

where P(r) is the distance distribution, 0 is the angle between
the interspin vector and the applied magnetic field, k is a
constant containing the product of two spins’ g values, r is the
distance between the two spins, and 4 is the modulation depth.

£(0) is the geometrical factor, given by*"7”?
1
0) = —
£(9) 5
D (kK sing, (1= cos g, )(1 = cos @y,)
W k k.2 sin @, (1 = cos @, )(1 — cos (p3u))(/),§w1'5w2
)

where m; is the nuclear quantum number of spin I, @,, is the

flip angle of the first spin by the ith pulse, ¢y, is the flip angle of
the second spin by the ith pulse, dw, is the inhomogeneous
broadening of the observer or pump pulses, k,, is the ratio of
the resonance frequency of the spins excited by the observer
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pulses to the observer frequency, and k,, is the ratio of the
resonance frequency of the spins excited by the pump pulse to
the pump frequency.

The geometrical factor depends implicitly on the relative
orientations of two principle axis systems of the g-tensors of
the two Cu®* spins. The relative orientations are described by
the angles y, 7, and 77°" (cf. Figure 1A). y is the angle between

Conformation B
r=255A,dr=05A
x=0°y=0° n~0° ¢~10°
X-Band

Conformation A
r=255A,dr=05A
X=90° y=0° n=0° 0=10°

Q-Band

02 04 06 08 1
t [us]

12

0 02 04 06 08 1 0
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Figure 1. An overview of orientational selectivity and its applications
in determining the protein structure and conformation. (A) Brief
definition of the angles used to relate two coupled spins in a
macromolecule. (B) Two conformations of the same protein, with
two dHis mutations. The distances and distributions remain identical,
but the orientation of the spin labels is changed. (C) Curves indicate
the probability of exciting certain € in the DEER experiment. This
curve and simulations were performed with a sufficient orientational
distribution such that orientation effects are washed out at the X-
band, consistent with many dHis-based distances observed so far (see
text). The curves are indicative of an excitation at gj. The black line
shows the equal excitation of all orientations. Dashed lines indicate
conformation A, and dotted lines indicate conformation B at the Q-
band and X-band from left to right. (D) Simulated DEER signals
obtained at each frequency for conformations A and B. The dashed
line represents A and the dotted represents B.

spin A’s g axis and the interspin vector, r. y is the angle
between the g axes of spin A and B. 77 is the angle between the
g axes of spin A and B. Each of these angles has an associated
standard deviation, 6. To limit the number of variables, a single
o was used for all three angles. All other variables were set in
accordance with the above experimental parameters.

Simulated DEER signals were normalized and adjusted to
match the modulation depth of the experimental signal.
Molecular modeling was done using Pymol. Visualization of
the Cu*" spin label was achieved using multiscale modeling of
macromolecules (MMM).”*”*

B RESULTS AND DISCUSSION

In this work, we examine the potential of Q-band EPR to
resolve the relative orientation between two units on a protein.
We have shown previously that, in theory, orientational
selectivity for Cu**—Cu?* DEER measurements is a possibility;
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however, in 7practice, it is not commonly observed at the X-
band.'***”%”” Orientational selectivity can be reduced in
Cu**—DEER because of a distribution in relative orientations
of the g-tensor'>*"’® and in cases due to the specific relative
orientations of the g—tensors.77’78 Similarly, at the X-band,
orientational effects on dHis-based distances have not been
observed within signal to noise considerations so far.*»*"*%%

Q-band orientationally selective DEER can be a powerful
probe of spin-label orientation and molecular conformation.
The relative orientations of two coupled spins are shown in
Figure 1A, along with the angles used to relate the orientations
as described previously. Figure 1B shows two conformations of
the same macromolecule, with a dHis Cu**—NTA site on each
subunit. We assume that both conformations have the same
distance between Cu®" centers, r, and standard deviation, &r.
However, the relative orientations of the Cu®* centers are
different, where g is perpendicular to the interspin vector, r,
for conformation A and g is parallel to r for conformation B.
At the magnetic field corresponding to g, different 6 will be
probed, where 0 is the angle between r and the applied
magnetic field, By, as shown in Figure 1B. Excitation
probability at this magnetic field for both X and Q-bands is
shown in Figure 1C. These probabilities were calculated as the
geometrical factor, £(6)°"7* (cf. eq 2). Difference in 6 excited
can be shown by the probability curves in Figure 1C. These
curves depict the probability distribution of 6, Py, that is
excited by a typical pump pulse used in DEER. The black lines
in Figure 1C show the probability curve when all molecular
orientations are excited or the ideal case for DEER. The left
and right frames show the probability curves at the Q-band and
X-band, respectively, for conformations A and B. For the
parameters given, y = 90°, y = 0°, 7 = 0°, and ¢ = 10° for
conformation A and y = 0% y = 0°%7 = 0° and ¢ = 10° for
conformation B. With ¢ = 10°, orientational effects are washed
out at the X-band.”" The &£(0) is different at Q-band versus X-
band. At the Q-band, we can see that the 6 probed varies
greatly between conformations A and B, despite the orienta-
tional distribution, whereas at the X-band, orientational
selectivity is washed out and the difference between the two
excitations is negligible. Figure 1D shows the DEER signals
that result from each excitation. Again, the DEER signals
produced at the Q-band are distinctly different from each
other, whereas the X-band data show identical modulations.
Under such conditions of a large orientational flexibility (i.e., o
10°) at the X-band, the two conformations cannot be
distinguished by DEER. However, using the Q-band, orienta-
tional selectivity is easily manifested in DEER, allowing the
relative orientations of the spin labels to be determined.
Therefore, determination of spin-label orientation may enable
new avenues of structural and conformational characterization
of proteins and macromolecules. It should be noted that Figure
1 presents the simplest case, with colinear g, axes. The
principles shown in Figure 1 are also applicable to systems with
orthogonal g-tensors (Figure S1), and both modulation
frequency and modulation depth may be indicators of
orientational selectivity.

To explore this potential, we chose the B1 immunoglobulin-
binding domain of protein G (GB1) modified with two dHis
motifs at sites 6H/8H and 28H/32H for our orientational
selectivity analysis.”> GBI is a simple model system that is
thermally stable,””*" has been extensively characterized by
EPR and other methods®' ~*” and has served as the template
on which the dHis motif was designed,“"w’48 making it ideal
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for our purposes. The rigidity of the dHis motif provides well-
defined, unambiguous dipolar modulations in the DEER
experiment® that aids in clarifying the orientational effects.
Cu®" used in this work is chelated with the NTA ligand, which
has been shown to prevent nonspecific binding of Cu®** and
increases binding affinity to a-helical sites compared to similar
ligands. "

The orientation of such Cu?* in the dHis motif is defined by
the coordinating ligands. Cu®>* most commonly exhibits
octahedral coordination geometry, with four equatorial ligands
defining its g, plane and two axial ligands defining the g; axis.
For Cu**—NTA in the dHis motif, the coordination geometry
is shown in Figure 2A. The imidazole nitrogens of the histidine

A Jio
A

PROTEIN
N

é z
ng:
/:

g[I,B

Figure 2. (A) Proposed coordination environment of Cu** chelated
with NTA within the dHis motif. The imidazole nitrogens are
expected to bind in two equatorial positions, allowing for simple
determination of the Cu®* orientation based on the dHis position. (B)
Molecular model used in the DEER simulations. The principal axis
systems for the g-tensors of spin A (orange) and B (blue) are shown
overlaid on the crystal structure of 6H/8H/28H/32H GB1 (PDB:
4WH4). The relative orientations of these principal axis systems are
defined relative to each other based on three angles: y, y, and 7.

residues coordinate to Cu’* in two equatorial positions.
Therefore, we can estimate that the g, plane contains Cu** and
the coordinating nitrogens. g is along the axially coordinated
oxygen atoms from the NTA chelator and points perpendicular
to the g, plane. In this way, we can define the orientations of
the Cu®" spin labels within the overall molecular frame. By
determining the orientation of both spin labels with respect to
each other, we can gain insight on the overall structure and
conformation of the molecule.

Figure 2B shows a crystal structure of 6H/8H/28H/32H
GB1 (PDB: 4WH4).* This crystal structure was determined
without Cu®'; therefore, Cu** ions were placed in the structure
in silico according to previous methods.”” Using the definitions
above, we have superimposed the proposed g and g, axes over
each Cu®" ion. To reiterate, we can then define a set of angles
to relate the two axis systems: y, y, and n>" y is the angle

between spin A’s g axis and the interspin vector, r. y is the
angle between the g axes of spin A and B. # is the angle
between the g, axes of spin A and B. Another angle, 0, is the
angle between the applied magnetic field vector and the
interspin vector, r. € is not necessary to define the relative
orientations of the spin labels but describes the overall
molecular orientation. With the molecular model defined,
pulsed EPR can then be used to extract the relative
orientations of the Cu*" labels.

To this end, we first collected DEER data at multiple
magnetic fields between g; and g, at Q-band frequencies to
probe the extent of orientational selectivity in the system.
Figure 3A shows the field-swept spectrum and the magnetic
fields at which DEER was performed as indicated on the
spectrum. A total of 17 DEER signals were collected, ranging
from 11774 to 11 020 G to obtain a sufficiently robust set of
data. The corresponding DEER signals are shown in Figure 3B.
Interestingly, the modulation frequency decreases as the
magnetic field decreases, clearly demonstrating the orienta-
tional selectivity effect at the Q-band. The modulation depth of
the DEER signal decreases at lower magnetic fields. This effect
is due in part to the intensity of the absorption spectrum
decreasing along with the magnetic field and also due to
orientational selectivity.

We then summed the raw Q-band DEER signals to compare
with previously collected X-band data. In previously published
work, the system did not exhibit orientational selectivity at the
X-band and therefore one DEER signal collected at the g, field
position sufficed.*”** This supposition was confirmed exper-
imentally, in which DEER was performed on the sample at the
X-band at g, and g; which produced identical distance
distributions (Figure S2). Figure 3C shows DEER signals
collected at the X-band and the summed Q-band. Clearly, the
modulation frequency is similar between the two runs. The
resultant distance distributions as analyzed by Tikhonov
regularization” are shown in Figure 3D. The most probable
distances of each distribution are 2.44 nm for the X-band and
240 nm for the Q-band, which agree well within the
uncertainty of the measurement as shown by the validation
in Figure 3D. Furthermore, the distance distributions inform us
of the distance and the standard deviation to be used for
simulation.

Next, we simulated the data in order to determine the angle
parameters using the methodology previously developed by
our group.” Figure 4 shows the results of these simulations,
where the black lines show the experimental DEER signals and
the colored lines show the simulated DEER signals for the
respective magnetic fields. This methodology simulates a
DEER signal based on user provided experimental parameters.
These parameters include the three angles, y, 7, and 7, with
associated standard deviations, 6,, ¢,, and o,, for a given
Gaussian distance distribution with distance r and standard
deviation dr. Thus, by specifying the magnetic field used in
each DEER trace and holding all other variables constant, we
can generate a series of simulated DEER signals to compare
with the experimental results.

The g and hf values have been determined for the dHis Cu®*
site previously, where r = 25.5 A, dr = 0.5 A, g, = 2.064, g =
2277, Ay = 25 G, and A = 175 G.*® Thus, we focused on
fitting the three main angles y, 7, and # and ¢, 6,, and 6,. In
order to reduce the number of variables, we set ¢, = 6, = ¢, =
o. From the analysis of g and g, field positions above, we set y
to 90° initially and varied y and # systematically from 0° to 90°
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Figure 3. (A) Field-swept Cu®* spectrum. The red lines indicate field positions at which DEER was performed. (B) Experimental DEER data as a
function of magnetic field to demonstrate the effects of orientational selectivity. (C) Summation of the Q-band DEER signals as compared with X-
band DEER, which serves as a validation of the Q-band data. (D) Distance distributions via Tikhonov regularization of the summed Q-band data
compared to the X-band data. The gray shading indicates the uncertainty in the distance analysis.

11774 G
11741 G

11478 G
= 11446 G
= 11413 G
= 11380G
11347 G
11315G
11282G
11249G
= 11216 G
11183 G
11151 G
11118 G
11085 G
11052 G
—== 11020G

V/V, (Offset for visualization)

0 0.2 04 0.6 0.8 1
t [us]
Black Solid - Experimental Red Dotted - Simulation

Figure 4. Experimental DEER signals (black) and their corresponding
simulations (red dashed) offset on the y-axis for ease of visualization.
The simulated DEER signals used the best set of angle parameters
withr=25.5A,6r=0.5 A, y=80°% y=75%°and = 22.5° and 6, = 5,
=0, = 10°.

at 10° intervals until a reasonable fit was reached. Each angle
was then varied about this reasonable set by smaller intervals
until the best fit was reached. This was found to be at y = 80°,
y =75°% and n = 22.5° and ¢, = 6, = 6, = 10°. Figure 4 shows
that the simulations provide a good fit to the experimental data
across the range of magnetic fields sampled.

Because the orientational term of the DEER signal is
dependent on cos*(6) (eq 1), one must consider the issue of
symmetric solutions.”” To understand this issue, we performed
additional simulations using the best fit parameters ascertained
above and incrementing each angle by 90° (Figures S3 and
S4). Based on these simulations, we found that the angles y
and y exhibited a 180° symmetry such that for either angle o,
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and o + 180° produced identical dipolar traces. To confirm
this point, we performed an identical analysis using a different
set of angles to remove any bias toward our results: y = 30°, y
= 60° and n = 90° (Figures SS and S6). This new set of
parameters matched the previous results in which we observed
a 180° symmetry for y and y. Because y and y are doubly
degenerate, there are 2* possible sets of angles that will
adequately satisfy the simulations (Figure S7). Because of the
axial symmetry of Cu®", the direction of the g axis cannot be
absolutely defined, and therefore, there is some ambiguity in
this set of solutions.>

Importantly, the angular results determined from simula-
tions are in agreement with a basic visual analysis of the 6H/
8H/28H/32H-modified GB1 crystal structure (PDB:
4WH4)."’ This tetramutant was crystallized in the absence
of Cu*". We placed Cu®" ions in the structure in silico and
positioned them with respect to the histidines based on the
structure of a Cu?* ion coordinated to two imidazole ligands”"
as was done previously.”’ Figure 5 shows this structure. To
perform a visual analysis, we superimposed the proposed g-
tensor axes on the crystal structure. Based on previous work, it
is assumed that the imidazole nitrogens coordinate to Cu®" in
the dHis motif along two of the equatorial sites.*”** Therefore,
from the crystal structure, we can estimate that the g, plane is
formed by the Cu®" ion and the two coordinating nitrogens. As
well, the g, axis can be estimated as perpendicular to the g,
plane. From these axes, the angles are easily calculated, as
shown. Figure 5 shows these axes from various perspectives
such that all three angles y, 7, and # can be easily visualized and
determined. Based on the above model shown in Figure 5, we
can measure the angles y, 7, and 5 directly from the given
crystal structure. From the crystal structure, y & 77—84°, y &
74°, and 5 =& 19°. These values agree well with the best-fit
simulation parameters: y = 80°, y = 75°, and 5 = 22.5°.

Furthermore, the crystal structure analysis supports the Q-
band DEER data. Figure 6A shows a molecular orientation
found at g, based on our visual analysis. Figure 6B shows the
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Figure S. Visualization and basic analysis of the expected y, ¥, and 5
values determined from the crystal structure. Each pane shows an
estimate of the direction of an element of the Cu®* g-tensor overlaid
on the dHis-modified GB1 crystal structure (PDB: 4WH4). The three
angles can then be determined from simple graphical analysis. The
angles determined in this way agree well with those determined by
simulation.
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Figure 6. (A,C) Molecular orientations of GB1 corresponding to the
gy and g, regions, respectively. (B,D) Resulting DEER signals dictated
by the O orientations selected by the orientations in (A,C),
respectively.

Q-band DEER signal collected near g (red dashed) compared
to the orientationally averaged X-band signal (gray). From the
0 probability curves shown in Figure 1C, it is clear that the
orientation-averaged @y, is dominated by the 6 = 90°
orientation. The agreement between the Q-band and X-band
modulation frequencies in Figure 6B indicates that the
orientations selected at g are likewise dominated by 6 =
90°. In Figure 6A, the interspin vector is approximately
perpendicular to By, such that this condition is true. Likewise,
Figure 6C,D shows corresponding data at g,. From Figure 6C,
the 6 at g, selected is not close to 90°. Accordingly, Figure 6D
shows that the modulation frequency at g, (blue dashed) does
not agree with the X-band data (gray). This analysis further
illustrates the sensitivity of Q-band DEER to the relative
orientations of the Cu*" labels.

We further applied our simple visual analysis to the standard
deviations of y, y, and 7. MMM is a type of software that labels
a given protein with the dHis Cu**~NTA motif and calculates

a spatial distribution of the Cu®" location.”*”* The positions of
the Cu®" centers can then be visualized. Figure 7 shows the

-50 -40 -30 -20 -10 O 10 20 30 40 50
0

Figure 7. Visual analysis of the standard deviations of the angles
derived from simulation. Inset shows the GBI crystal structure with
Cu® positions shown in red and blue. The angular range of Cu®**
positions was estimated graphically as a total of 60°. A Gaussian
distribution with a standard deviation of 10° is shown, where the total
range is also approximately 60°.

dHis-modified GB1 crystal structure labeled with the Cu®*—
NTA complex via MMM. The locations of the Cu®* centers are
shown in red and blue. The 6H/8H Cu®" (blue) position is
largely globular which leads to an ambiguous visual analysis;
however, 28H/32H Cu*" (red) provides some insight into
appropriate 6. The histidine residues are shown in Figure 7.
We note that the 28H/32H Cu** positions fluctuate primarily
in an arc that rotates about C, of the His residues. The arc in
question was measured to span 60°. This angle can be easily
related to 7, as it is directly linked to flexibility in the g, plane
formed by Cu®* and the His nitrogens. However, because g is
perpendicular to this plane, it will also experience a 60°
variance. Therefore, this range is extended to y as well. If we
assume a Gaussian distribution about the mean position, a ¢ of
10° produces distribution with a total range of 60°. This
distribution is shown in Figure 7. Additionally, a ¢ of 10°
agrees with previous findings regarding the Cu®* g-tensor, in
which a 10° standard deviation washed out orientational
selectivity at the X-band,”" which is consistent for this system.

Bl CONCLUSIONS

In conclusion, we have shown the potential of Q-band
orientationally selective DEER in conjunction with the rigid
Cu’*-binding dHis motif to provide constraints on the relative
orientations of the Cu®* g-tensors. We have simulated a full set
of orientationally selective Q-band DEER to extract the relative
orientations of the Cu®* g-tensors. These results agreed well
with the relative orientations determined from a simple visual
analysis of the protein crystal structure. The agreement
demonstrates that Q-band orientationally selective DEER can
be used to determine physically meaningful spin-label
orientations. Likewise, the orientations of the Cu®" centers in
the dHis motif can be determined directly from the crystal
structure. Therefore, Q-band DEER using the dHis Cu*" motif
can easily provide additional insight into the protein structure
and conformational determination.
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