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docking, protein-DNA interactions, substrate binding and metal coordination sites. Here, we use EPR to locate a native
paramagnetic metal binding site in a protein with less than 2 A resolution. We employ a rigid Cu?* binding motif, the double

histidine (dHis) motif, in conjunction with double electron electron resonance (DEER) spectroscopy. Specifically, we utilize a

multilateration approach to elucidate the native Cu?* binding site in the immunoglobulin binding domain of protein G.

Notably, multilateration performed with the dHis motif required only the minimum number of four distance constraints,

whereas comparable studies using flexible nitroxide-based spin labels require many more for similar precision. This

methodology demonstrates a significant increase in the efficiency of structural determinations via EPR distance

measurements uisng the dHis motif.

Introduction

Electron paramagnetic (EPR) spectroscopy in
combination with site-directed spin labeling has emerged as a
powerful methodology for the determination biomolecular
structure.! The development of spin labeling techniques has
enabled EPR spectroscopy to solve two broad classes of
biophysical problems. In the first class, spin labeling is applied
to a single biomolecular entity to determine structural features
such as solvent accessibility, mobility, and secondary structure.?
The second class of problems involves spin labeling two or more
biomolecular bodies or subunits to determine relative subunit
protein-protein protein-
nucleic acid interactions,?1-24 substrate binding,2°2¢ and metal

resonance

conformation,3-14 interactions,15-20
coordination sites.2%-31

In order to extract such rich information from doubly spin
labeled molecules, pulsed EPR distance measurements are
often used.32%0 The most common of these methodologies,
double electron electron resonance (DEER) is capable of
accurately determining the distance between two
paramagnetic centers in a protein within the range of 2-16
nm.38 4041 Typijcally, nitroxide based labels are used when
performing DEER. These labels are commonly attached to the
protein backbone by a flexible tether containing five rotatable
bonds.*2 This flexibility introduces significant uncertainty in the
interpretation of the EPR distance constraints.*344 To overcome
this limitation, alternative spin labels, such as Cu?* ions, have
been developed.®>*° Here, we employ a rigid Cu?* labeling
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technique, the double histidine (dHis) motif, which has been
shown to drastically increase the precision of DEER-based
distance measurements.>® Herein, we utilize the dHis motif to
determine the location of a native paramagnetic metal binding
site within a protein using a multilateration technique.
Multilateration methods in three-dimensional space require a
minimum of four distance constraints. However, such attempts
using nitroxide spin labels have required five-fifteen distance
constraints for adequate determination.2% 2330 Similar nitroxide
based methodologies using only four constraints have yielded
general information regarding ligand binding locations3! or
subunit conformational changes.’3%* Using the dHis motif, we
show that a highly precise determination can be performed
using this minimum four distance constraints.

Experimental methods

GB1 mutants were mutated, expressed and purified according
to previously published protocols.>® Samples were prepared in
50 mM NEM buffer at pH 7.4 with 20% v/v glycerol as a
cryoprotectant. For EPR experiments 120 pL of protein samples
were placed in quartz tubes of I1.D. 3 mm, O.D. 4 mm and flash
frozen at 80 K for EPR experiments.

All EPR experiments were performed on either a Bruker ElexSys
E580 X-band CW/FT Spectrometer with an ER 4118X-MD5
resonator or a Bruker ElexSys E680 X-band CW/FT Spectrometer
with an ER 4118X-MD4 resonator. CW experiments were
carried out at 80 K with a modulation amplitude of 4 G, a
modulation frequency of 100 kHz, a conversion time of 20.48
ms, and a time constant of 10.24 ms. The center field was set at
3100 G with a sweep width of 2000 G over a total of 1024
datapoints. Simulations of the CW spectra were performed with
EasySpin.>t
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The four-pulse DEER experiment?*® was carried out at 20 K using
the pulse sequence (1/2) a—T— (1) ua—T+T— (1) ua—T2-T— (1) a—To—
echo. A frequency offset of 150 MHz was used between w, and
wg, With w, set to the point of highest echo intensity in the Cu?*
spectrum, unless otherwise noted. /2 and 1t pulses at w, were
16 ns and 32 ns respectively. The m pulse at wg was 16 ns. The
step size was set between 8-16 ns and incremented over 128
points. Raw DEER data was analyzed using DeerAnalysis2016°2.
The distance distributions obtained from DeerAnalysis2016
were then corrected for the proper g-factor.>3

Circular dichroism was performed using an Olis DSM17 Circular
Dichroism Spectrometer. Samples were prepared with 40 uM
protein in 20 mM sodium phosphate buffer at pH 7.0.
Measurements were performed in 2 mm quartz cells at a
temperature of 25 °C from 200 nm to 260 nm with 1 nm
increments and a 2 nm bandwidth. Spectra were background
corrected with buffer. Melts were collected at 220 nm from 4 °C
to 98 °Cin 2 °C increments with a 0.5 °C dead band and 2 min
equilibration time at each temperature.

Molecular modeling of GB1 and dHis mutants was done using
Pymol. Trilateration was performed using MMM?>*>3> and
mtsslSuite.>®

Results and discussion

DEER-based multilateration of a native paramagnetic metal
binding site was performed on the immunoglobulin binding
domain of protein G (GB1). GB1 is a stable globular protein®’
and NMR paramagnetic relaxation enhancement studies have
indicated the presence of natively bound Cu?* in GB1.%8
Furthermore, GB1 served as the template on which the dHis
motif was developed as a spin labelling method.>% 5°-¢0 |n the
original work, the native Cu?* binding was corroborated by EPR
data.®% Additionally, CD data and temperature melts show that
the addition of Cu?* to wild type (WT) GB1 does not perturb the
protein folding and has a minimal effect on the thermal stability
of the protein (Figure S1). These factors make GB1 an excellent
system for our applications.

We prepared a series of mutants containing single dHis sites at
various locations within GB1. As shown previously,
incorporation of the dHis motif does not perturb the folding of
GB1.°50 3960 Dye to the minimum requirement of four
constraints for multilateration, four dHis sites were chosen; an
a-helical site, 28H/32H, and three B-sheet sites, 6H/8H,
15H/17H, and 42H/44H. These locations distribute the dHis
sites across the solvent exposed face of GB1 to provide variety
of constraints for multilateration. Figure 1A shows the relative
locations of the dHis sites within the crystal structure of WT GB1
(PDB: 2LGl).6

We again confirmed the presence of a native Cu?* binding site
within the GB1 protein by performing continuous wave (CW)
EPR experiments on WT GB1. Figure 1B shows a CW EPR
spectrum of WT GB1 in the presence of 10 equivalents of Cu?*
(top most spectrum). In these measurements, N-
ethylmorpholine (NEM) buffer was used to silence the EPR

signal of any Cu?* not bound to the protein.6? Therefore, the
observation of the EPR spectrum seen for WT GB1 in Figure 1B
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Figure 1. A) The crystal structure of GB1 (PDB: 2LGI)®! with dHis mutation sites
depicted as colored residues. Four sites were chosen, 6H/8H (orange), 15H/17H
(blue), 28H/32H (red), and 42H/44H (green). B) CW spectra of WT GB1, four dHis
GB1 mutants, and component spectra. All spectra were collected at 80 Kin 50 mM
NEM buffer at pH 7.4 with 10 eq of Cu?. The dHis GB1 mutants show two
components, one corresponding to the native binding site shown in WT GB1 and
the other attributed to dHis-bound Cu?*. The A splittings of each component are

traced vertically for reference.

can be attributed to Cu?* bound to the protein and confirms the
presence of a native binding site. The experimental spectrum
was simulated using g = 2.227, g, = 2.058, A| =127 G,and A, =
10 G, and is shown as the red line. These parameters are
characteristic of Cu?* in an octahedrally coordination
environment.%3

We performed CW EPR experiments on each double mutant to
confirm that each dHis site does not perturb metal binding at
the native site. Ten equivalents of Cu?* were added to each
mutant to ensure that both the dHis site as well as the native
binding site are populated. The CW EPR spectra are shown in
Figure 1B. In each sample, two distinct components were
observed. The first component corresponded with the gjand A
parameters of the WT GB1 signal. These A splittings are shown
in Figure 1B by the solid red vertical lines that trace the
absorbances for each GB1 mutant. The second component is
consistent with Cu?* bound to the dHis motif.>° A simulation of
this component is shown as the dashed blue spectrum in Figure
1B. The Aj splittings of this second component are traced
vertically through each GB1 spectrum by a dashed blue line.
Therefore, the CW EPR results indicate that the dHis mutations
do not perturb native binding and that the added Cu?* ions
populate both the native binding site as well as the dHis sites.

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. Baseline corrected DEER signal (left) and corresponding distance
distributions obtained using Tikhonov regularization (right) for each of the four
dHis GB1 mutants. The gray shading on the distance distributions represents the
uncertainty of the distance distribution.

We next performed DEER measurements on each dHis double
mutant with excess Cu?*. Figure 2 shows the background
subtracted time domain DEER signals obtained at g, for each
mutant and their corresponding distance distributions as
determined via Tikhonov regularization (raw data shown in
Figure S2). The most probable distances and standard
deviations (s.d.) were found to be 1.97+0.05 nm (meanzs.d.) for
28H/32H, 1.96+0.15 nm for 6H/8H, 2.31+0.10 nm for 15H/17H,
and 2.25+0.08 nm for 42H/44H. Because of the low affinity of
Cu?* for the WT site, poor modulation depths and signals were
obtained for DEER at g|. 28H/32H GB1 provided a signal to noise
ratio adequate for a general analysis, and showed dipolar
modulations as well as a resultant distance distribution that
agrees with the most probable distance found at g, within 0.1
nm (Figure S3). Additionally, past work with Cu?*-based DEER*®
and with rigid dHis motifs in this system5% 64 and others®> shows
that orientational effects are not typically observed under the
experimental conditions used herein. Therefore, we do not
expect any orientational effects in this data.

The standard deviations of the distributions are within a range
of 0.05-0.15 nm. These standard deviations are notably smaller
than those of comparable studies using nitroxide spin labels. For
nitroxide-based measurements performed to determine the
CuZ* binding center of azurin, standard deviations ranged
between 0.1-0.32 nm.3° Likewise, in using nitroxides to
determine the Cu?* binding in EcoRI, DEER distributions
reported standard deviations between 0.2-0.3 nm.?° The
standard deviations are system dependent, taking into account

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. A) Multilateration results using experimental DEER constraints with
MMM. The GB1 crystal structure is shown in gray, with the dark blue spheres
representing the Cu?* bound to the dHis sites. The circled insets show the local
coordination environment of the target of the multilateration. B) Double
integrated intensity of WT GB1 (black), E56A GB1 (pink), D40A GB1 (blue) with 10
equivalents Cu?*. The inset shows the first derivative CW EPR spectra. The
intensities were normalized to the maximum intensity of the WT sample. C)
ESEEM spectra for the series of GB1 samples. All samples were in 50 mM NEM
buffer.

the site of mutation, flexibility of the backbone, and the spin
label employed. However, as we have shown previously, the
dHis motif is capable of greatly decreasing the standard
deviation of DEER distance distributions within the same system

at equivalent sites compared to a common nitroxide label.>% 6>
66

The distance distributions derived from DEER were then used as
constraints to establish the location of the native metal binding
site. This was achieved using the Multiscale Modeling of
Macromolecules (MMM).>* MMM is capable of introducing the
dHis Cu?* motif to a given crystal structure in silico.>> Using the
WT GB1 crystal structure (PDB: 2LGl), we added the four dHis-
bound Cu?* ions in MMM, as shown as dark blue spheres in
Figure 3A. The mean distances and standard deviations
determined by DEER were input for each corresponding dHis
site. With the appropriate constraints, MMM is able to perform
a multilateration to locate the native metal binding site by
calculating constraint overlap. The results of this multilateration
are shown in Figure 3A. The calculated location of the natively
bound Cu?* is shown as a red ellipsoid, with the center of this
area indicated as a grey sphere. Notably, these results were
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validated by performing the multilateration using
mtssiTrilaterate®® as shown in Figure S4. The mtssITrilaterate
results place the native Cu?* in the same vicinity as that found
via MMM.

The results of this multilateration are noteworthy, as an
unambiguous target location was achieved using only the
minimum four distance constraints. The multilateration yielded
a target ellipsoid with dimensions approximately 1.4 A x 1.8 A x
1 A. In general, four-fifteen distance constraints have been
used to ascertain the general location of a substrate or metal
ion in literature.13-14 26, 2831 Although a trilateration on GB1
using nitroxide labels would provide the most direct reference,
it is useful to compare this work to multilateration results that
report errors. For previous work using nitroxide labels, six
measurements were necessary to achieve an error in the
measurement of 2.6 &, and an error of 4.4 A when using the
minimum of four constraints.3° The precision of our results are
more comparable with the location of a lipid within the
lipoxygenase active site, which yielded a target ellipsoid of
dimensions 1.2 A x 2.3 A x 3.0 A using fifteen distance
constraints.?® Using the rigid dHis motif, we showed improved
precision with an approximately fourfold decrease in the
number of measurements.

The GB1 crystal structure (PDB: 2LGl) then provides insight into
the context of the native binding site. In the circled insets in
Figure 3A, we have shown the stick representation of the amino
acid residues in the general proximity of the multilateration
target. Notably, within this region are the aspartic and glutamic
acid residues D40 and E56, respectively. These specific amino
acids contain a negatively charged carboxylate group at
physiological pH which is known to participate in metal ion
coordination  in metalloproteins.®?”  NMR  relaxation
enhancement studies on GB1 have indicated D40 as one of the
residues involved in native binding sites.>® Additionally, E56 is
the terminal residue of GB1 and thus the carboxylate group of
the C-terminus may play a role in the native binding. Based on
their proximity to the multilateration target and the
corroboration of NMR data, it is likely that these residues are
involved in the native Cu?* binding site in GB1.

The involvement of these residues was confirmed performing
D40A and E56A mutations. Alanine was chosen as it does not
contain groups that coordinate with Cu?*. Cu?* was added to
each mutant and CW spectra were collected and doubly
integrated in order to compare the amount of bound Cu?*
relative to WT GB1 (shown in Figure 3B). These experiments
were again performed in NEM buffer to silence free Cu?*. The
single mutants E56A and D40A showed reduction of natively
bound Cu?* by 55% and 65%, respectively. Circular dichroism
(CD) spectra of the alanine mutants are qualitatively similar to
that of WT GB1 (Figure S5). Given that the Cu?* binding site
involves the C-terminal residue, the remaining presence of Cu?*
may be due to a continuing coordination to the C-terminus
carboxylate, which will be present regardless of the amino acid
residue. Note that C-terminal binding can be removed by the
use of a Cu?* chelator such as iminodiacetic acid or
nitrilotriacetic acid.>® 3%-60

4| J. Name., 2012, 00, 1-3

Finally, we performed electron spin echo envelope modulation
(ESEEM) on WT, D40A, and E56A GB1, as shown in Figure 3C.
ESEEM is a pulsed EPR technique that is sensitive to nuclear
spins within 3-10 A of the unpaired electron. The ESEEM
spectrum for Cu?* bound to WT GB1 exhibits a signal
characteristic of the amide nitrogen of the peptide backbone,®%
83 which is consistent with coordination of Cu?* to the functional
group of an amino acid. These features are noticeably absent
from the GB1 alanine mutants. This absence indicates that the
alanine mutations are in fact perturbing the coordination
environment of the Cu?* ions within the protein. The peak
around 14 MHz, which is consistent for all samples, is due to
surrounding hydrogens. The ESEEM and CW data taken
together support the results of our multilateration and the
supposition that residues D40 and E56 are involved in the native
binding of Cu?*.

Conclusions

In summary, in this work we demonstrate the use of the dHis
Cu?* binding motif for the multilateration of a native
paramagnetic metal binding site within a protein. Using this
rigid spin labelling technique, precise multilateration results
were obtained using the minimum number of distance
constraints necessary for a three-dimensional system. The
calculated multilateration results were confirmed by mutating
the residues D40 and E56 to alanines, effectively removing their
ability to coordinate Cu?* ions. These mutants showed a
significant decrease in Cu?* binding. This work shows a distinct
advantage of the dHis Cu?* motif for structural assessment over
nitroxide-based spin labels. This methodology is of interest to a
wide class of metalloproteins. In these proteins the metal ions
can act as agonists to control protein structural and
conformational shifts, regulate the catalysis of enzymes, and
facilitate their movement throughout a living body via transport
proteins. Therefore, the precise determination of the location
of these metal binding sites is important for our understanding
of the protein’s mechanism and function. Such dHis based
approaches expand its current purview®4% into a class of
problems relating to protein-protein docking, protein-nucleic
acid interactions, and substrate binding.
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Efficient Localization of a Native Metal lon Within a Protein by Cu?*-Based

EPR Distance Measurements
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A native paramagnetic metal binding site in a protein is located with less than 2 A resolution by a
combination of double histidine (dHis) based Cu?* labeling and long range distance measurements by

EPR.
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