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The double histidine, or dHis, motif has emerged as a powerful spin labeling tool to determine the
conformations and dynamics, subunit orientation, native metal binding site location, and other physical
characteristics of proteins by Cu?*-based electron paramagnetic resonance. Here, we investigate the
efficacy of this technique in five common buffer systems, and show that buffer choice can impact the
loading of Cu?*-NTA into dHis sites, and more generally, the sensitivity of the overall technique. We also
present a standardized and optimized examination of labeling of the dHis motif with Cu?*-NTA for EPR

Iég;wordg based distance measurements. We provide optimal loading procedures, using representative EPR and
Spin labeling UV/Vis data for each step in the process. From this data, we find that maximal dHis loading can be

Buffer effects achieved in under 30 min with low temperature sample incubation. Using only these optimal procedures,
DEER we see up to a 28% increase in fully labeled proteins compared to previously published results in
ESEEM N-ethylmorpholine. Using both this optimized procedure as well as a more optimal buffer, we can
achieve up to 80% fully loaded proteins, which corresponds to a 64% increase compared to the prior data.
These results provide insight and deeper understanding of the dHis Cu?*-NTA system, the variables
that impact its efficacy, and present a method by which these issues may be mitigated for the most

efficient labeling.

© 2020 Elsevier Inc. All rights reserved.

1. Introduction

Over the past several decades, electron paramagnetic resonance
(EPR) has garnered significant attention as a powerful technique
for the measurement of structure and dynamics of biomolecules
[1]. A vital component behind the success of EPR is the advent of
site-directed spin labeling (SDSL), which enables the positioning
of an EPR-active moiety in a desired position within a biomolecule
[2]. Single spin labels placed in a macromolecule enable the
EPR measurement of site-specific dynamics, solvent accessibility,
and secondary structure [3]. By placing two or more labels
within a macromolecule, EPR may be used to measure point-
to-point distances between the labels, typically within the range
of 2-8 nm, although distances up to 16 nm have been measured
with full protein deuteration [4,5]. Such distance constraints are
used to monitor induced conformational changes [6-17], deter-
mine quaternary structural assembly in protein-protein [18-23]
and protein-nucleic acid complexes [24-28], probe substrate bind-
ing [29-31], and identify native metal coordination sites [32-34].
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For proteins, SDSL EPR has most commonly employed nitroxide
based spin labels that are attached to the macromolecule via disul-
fide bonding with free cysteine residues [35]. One significant draw-
back of these spin labels is that a highly flexible sidechain is often
needed in order to tether the EPR-active probe to the macromolec-
ular backbone. Consequently, the inherent fluctuations of the side
chain obfuscate the measurement of biologically relevant proper-
ties, such as structural constraints and conformational fluctuations
of the protein [36,37]. Significant strides have been made to
develop bifunctional labels [38-41] that provide more rigidity,
but such methods remain reliant on complex synthetic schemes,
post-expression synthetic modification, or cysteine attachment,
which prevents implementation in protein systems with functional
cysteine residues.

In response to these limitations, we have developed a rigid
Cu?*-based spin label, the double histidine (dHis) motif [42-44].
This labeling scheme relies on the specific placement of two his-
tidine residues located at positions i to i + 2 for B-sheets, and i to
i + 4 for a-helices within a protein. The dHis motif is then used
to specifically and rigidly coordinate a Cu?* complex.

The dHis label has produced EPR distance distributions
significantly narrower than common spin labels, enabling the
efficient deduction of relevant biophysical information, such as
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distinguishing between protein conformations [45] monitoring
conformational changes [16], assessing three-dimensional protein
arrangement, which has implications for protein-protein and
protein-DNA interactions, quaternary structural arrangement,
and native metal binding site location [46], as well as determining
the relative orientation of protein subunits [47]. In addition, line-
shape analysis of the room temperature continuous wave EPR
spectrum of the Cu®*-labeled protein provides a new way to
directly measure site-specific backbone dynamics at both o-
helical and B-sheet sites [48].

However, Cu?* forms complexes easily with many ligands, and
therefore there are additional considerations in the implementa-
tion of the dHis motif that are not present with nitroxide label-
ing. First, Cu>" may experience interactions with certain amino
acid sidechains [49], leading to non-specific coordination. This
complication is mitigated by labeling with Cu?* complexed to
nitrilotriacetic acid (NTA) rather than a Cu?" salt [44]. The ligand,
NTA, occupies four of the six coordination sites of Cu?*, leaving
two sites open for cis-coordination to two histidine sidechains,
and has been shown to effectively prevent nonspecific binding
of Cu?" elsewhere in the protein. However, besides the protein,
the solvent presents an additional source of competition for
Cu?*-NTA binding to a dHis site [50]. Many buffers commonly
used with protein systems have the potential to interact with
Cu?* complexes, which can hinder the efficient labeling of the
dHis mutated protein.

These considerations may make adoption of the dHis motif non-
intuitive. To ameliorate these issues, we present herein two contri-
butions to aid in the widespread use of dHis based labeling. We
present a systematic investigation of Cu?*-NTA labeling of dHis
modified proteins in five commonly used buffer systems. We use
EPR and UV/Vis assays to determine the efficiency of labeling in
each buffer environment to highlight the considerations one must
make when applying this technique to any protein. Second, we
offer a step-by-step protocol of the preparation of the Cu?*-NTA
complex and the labeling of dHis mutated proteins, along with rep-
resentative EPR and UV/Vis experimental controls to provide the
expected results and ensure proper labeling. The work presented
herein will enable the easier adoption of this technique and pro-
mote its widespread use throughout the broader scientific
community.

2. Experimental
2.1. Preparation of Cu®* and NTA stock solutions

The preparation for the Cu?*-NTA stock was adapted from prior
literature [51], and is included here for ease of referencing. To
begin, we first adjusted the pH of an aliquot of standard deionized
water to pH 12. Throughout this work, all pH adjustment was
achieved by the addition of NaOH to increase pH or HCI to decrease
pH. We then dissolved our crystalline NTA (99%, Acros Organics)
into the pH 12 deionized water to achieve a concentration of
100 mM NTA. As the solvation of the NTA alters the pH of the
solution, continued monitoring and adjustment of the pH may be
necessary to ensure the NTA completely dissolves. Next, we
prepared a separate buffer solution of 0.1 M MOPS and 0.1 M NacCl
in deionized water. This buffer solution was pH adjusted to pH 7.0.
We then took an aliquot of the 100 mM NTA solution and diluted it
to 3 mM in the MOPS buffer solution. This solution is referred to as
our NTA stock solution. We then prepared a Cu?* solution. We first
took a new aliquot of deionized water and adjusted its pH to 2.0.
We then dissolved CuSO4-5H,0 in that deionized water to a
concentration of 3 mM CuSO4. This solution is referred to as our
Cu?* stock solution.
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2.2. EPR measurements

All experiments were performed on a protein containing two
dHis sites as would be usual for distance measurements. Plasmid
mutagenesis, and protein expression and purification for all pro-
tein mutants were performed using standard procedures
[42,52,53]. Protein samples were stored in 150 mM NaCl and
50 mM sodium phosphate buffer at pH 6.5 at 4 °C for up to a week
or flash frozen with 20% v/v glycerol and stored indefinitely at
—80 °C. The frozen protein was passed through five HiTrap 5 mL
desalting columns into the above buffer before labeling to remove
the glycerol.

EPR samples were prepared in 50 mM of the respective buffer,
with 100 uM protein and 200 uM Cu?*-NTA. 20% v/v glycerol was
added as a cryoprotectant. Samples were placed in 3 mm LD.
quartz tubes and refrigerated at 4 °C for 35 min, then transferred
on ice to be immediately flash frozen in liquid MAPP gas.

Continuous wave (CW) EPR measurements were performed on
a Bruker Elexsys E680 CW/FT X-band spectrometer using a Bruker
ER4118X-MD5 resonator at 80 K. All CW EPR experiments were
run with a center field of 3100 G and a sweep width of 2000 G, a
modulation amplitude of 4 G and a modulation frequency of
100 kHz for 1024 data points using a conversion time of
20.48 ms. CW EPR simulations were performed with EasySpin [54].

Three-pulse electron-spin echo envelope modulation (ESEEM)
experiments [55] were performed on a Bruker Elexsys E680 CW/
FT X-band spectrometer using a Bruker ER4118X-MD4 resonator
at 20 K except where noted. A /2 -t- /2 - T - /2 - echo pulse
sequence was used. The /2 pulse length was 16 ns. The first time
delay, t, was set to 140 ns and the second time delay, T, was set to
280 ns and was incremented by a step size of 16 ns. All experi-
ments were performed at the magnetic field corresponding to the
greatest intensity on the echo-detected field swept spectrum. A
four-step phase cycling was employed to filter out unwanted
echoes [56]. Data was averaged over three scans. The resultant sig-
nal was phase corrected, baseline subtracted and Fourier-
transformed using the Bruker Xepr software. The magnitude of
the Fourier transformed spectrum is presented.

Four-pulse double electron electron resonance (DEER) measure-
ments [57,58] were performed on a Bruker Elexsys E680 CW/FT X-
band spectrometer using a Bruker EN4118X-MD4 resonator at
20 K. Temperature was controlled by an Oxford ITC503 tempera-
ture controller and an Oxford CF935 dynamic continuous flow
cryostat connected to an Oxford LLT 650 low-loss transfer tube.
The pulse sequence used was (71/2)y1-T1-(T)y1-T1 + t-(T)y-To-t-
(m)y1-T2-echo. The observer (7/2),; and (7)y; pulses were 16 ns
and 32 ns respectively. The pump (7),, pulse was 14 ns. t was
increased by a step size of 10 ns over 128 points. The time domain
data was analyzed by Tikhonov regularization. Data acquisition
lasted approximately 5-8 h. DEER data was processed using DeerA-
nalysis2018 [59].

2.3. UV/Vis measurements

UV/Vis experiments at 8° C were performed on a Varian Cary 50
Bio spectrophotometer using a self-masking quartz spectropho-
tometer cuvette with a 10 mm path length from Starna Cells. UV/
Vis spectra were measured from 220 to 600 nm except where
noted. All measurements were baseline corrected using a blank
of the respective buffer, and were performed in single beam mode.
Data was collected with the Cary WinUV software. UV/Vis samples
used 1.2 uM protein with 20% v/v glycerol. Data points in the titra-
tions with protein were collected 15 min after adding an aliquot of
Cu?*-NTA. Each reported absorbance was corrected for dilution. For
the kinetic time scan, each data point was averaged for 5 s, with
10 s in between each collection.
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Supplemental UV/Vis titrations were performed at 4 °C on a
Thermo Scientific Nanodrop 2000 and analyzed using the Nan-
odrop 2000 software package. UV/Vis spectra were monitored at
340 nm. Samples contained 3 uM protein and were blanked with
their respective buffer.

3. Results and discussion
3.1. UV)Vis determines optimal Cu?* to NTA ratio

For optimal spin labeling of a protein, maximum chelation of
Cu?* by the NTA is desired to ensure removal of free Cu** which
can potentially bind non-specifically. To determine the ideal ratio
of NTA to Cu?*, we performed a UV/Vis titration of our NTA stock
solution into our Cu?* stock solution, shown in Fig. 1. The Cu?*
and NTA stock solutions were prepared as described in the Exper-
imental section. This titration was monitored at two wavelengths,
300 nm and 800 nm, which are representative of NTA coordinating
to Cu?* [60]. The titration curve for 300 nm, shown in Fig. 1A, pla-
teaus at 1 equivalent of NTA:Cu?*, and the 800 nm curve, shown in
Fig. 1B, plateaus around 1.25 equivalents. This plateauing of the
UV/Vis signal indicates a maximal chelation of NTA onto the Cu?*
at approximately stoichiometric ratios. Therefore, to prepare our
Cu?*-NTA stock solution, we mixed equal volumes of the Cu®* stock
with the NTA stock. This final solution was pH adjusted to the
desired pH. For our experiments, this value is the physiological
pH, 7.4.

We then characterized this Cu?*-NTA stock solution by EPR as
shown in Fig. 2. These EPR experimental results serve as controls
to verify the proper preparation of the Cu?*-NTA stock solution.
First, we performed continuous wave (CW) EPR on the stock solu-
tion of Cu?*-NTA with 20% v/v glycerol as a cryoprotectant. The CW
EPR spectrum in shown in Fig. 2A. The spectrum was simulated to
determine the characteristic EPR parameters, g; and A, which can
serve as indicators of the Cu?* coordination environment. Notably,
the CW EPR spectrum shows no component that can be attributed
to free Cu?*, as shown in Fig. 2A, which indicates that all the Cu®*
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Fig. 2. A) X-Band CW EPR spectrum of the Cu?*-NTA stock. Experimental spectrum
of the Cu?*-NTA stock is shown in gray at the top with total simulation shown as a
black dashed line. Individual simulation component spectra are shown below in
dashed lines with g, and A, parameters noted. The corresponding chemical
structures of the proposed coordination modes are shown to the right of the
respective spectra. The bottom spectrum shows that of free CuCl, (in water) for
comparison. B) ESEEM signal of the Cu?*-NTA stock performed at 80 K. This data
indicates full complexation of Cu?*-NTA, and gives a simple visual assay for proper
stock preparation.
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Fig. 1. UV/Vis titration of stock NTA solution into stock CuSO4 solution. This titration was monitored at two separate wavelengths, A) 300 nm and B) 800 nm. The left plots
show the experimental UV/Vis spectrum in the particular range that was monitored. The right plots show the change in absorbance on increasing the amount of NTA in the
sample. This UV/Vis data indicates that stoichiometric amounts of Cu?* and NTA should be added for optimum chelation.
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has indeed coordinated with NTA. The Cu?*-NTA spectrum was fit
best with two components, with their g; and A; values noted in
Fig. 2A.

The Cu?"-NTA complexes have several possible coordination
modes, which may explain the two observed components in the
Cu?*-NTA spectrum [61]. The first component, with g,=2.3082
and Aj=144 G, is consistent with a coordination of one nitrogen
and three oxygens in the equatorial plane [62]. This component
comprises approximately 80% of the total spectrum. The second
component displayed a higher g, and a lower A; (g,=2.3321 and
A=135 G), a trend that is consistent with increasing oxygen coor-
dination [62]. This coordination environment is possible with the
nitrogen of the NTA ligand coordinating axially to the Cu?*, with
four equatorial oxygens. These proposed coordination modes are
illustrated next to their respective EPR spectra in Fig. 2A.

It is well established that Cu?* has high affinity for NTA, with a
sub-picomolar apparent dissociation constant, K4 [63]. This high
affinity is evident from our CW spectra in Fig. 2A, which showed
complete complexation of the Cu?>* with the NTA ligand. Note that
the interaction of Cu®* with two imidazole ligands is likewise well
studied, with a K4 of 270 uM [64]. This affinity suggests a relatively
weak binding of free Cu®* to two histidines. However, the Cu?>*-NTA
complex with two histidine residues shows a K4 of 100 uM, a factor
of approximately 3 better than Cu®" alone [65]. This data supports
the implementation of NTA with the dHis motif.

We next performed electron spin echo envelope modulation
(ESEEM) on the Cu?*-NTA stock. ESEEM is sensitive to nuclear spins
within 3-8 A of the Cu®* electron spin, which are identified by
modulations in the time domain signal. This signal is shown in
Fig. 2B. Notably, there are no visible nuclear modulations. This
result is expected, as the Cu?*-NTA should only have directly coor-
dinated nitrogen atoms, which are not detected due to the finite
bandwidth of the pulses in the experiment. Note that we per-
formed this and all following ESEEM experiments in such a manner
to filter out nuclear modulations arising from interactions with
hydrogen in the solvent [66].

3.2. UV)Vis assesses optimal ratio of Cu?*-NTA to protein for distance
measurements

The dHis motif, as shown in Fig. 3A, requires the incorporation
of two histidine residues placed in strategic locations within the
protein. The dHis motif has been successfully used in both a-
helices and B-sheets. For B-sheets, as shown in Fig. 3B, the histidine
residues are placed in an i, i + 2 arrangement. This allows both his-
tidine residues to face the same plane of the B-sheet in order to
coordinate the Cu?'-NTA. For o-helices, the histidine residues
should be positioned in i, i + 4 positions. In this arrangement, the
two histidine residues point the same direction from the helix
for Cu?*-NTA coordination. In principle, the dHis motif can make
use of native histidine residues, which can simplify the mutation
process. As with other spin-labeling methods, it is advantageous
to position the dHis site in a solvent exposed region of the protein
to enable efficient loading of the Cu?*-NTA into the site. Addition-
ally, Cu?*-NTA shows a higher affinity for o-helical dHis sites
[44,67].

Incorporation of non-native histidines was achieved through
standard mutagenesis, protein expression and purification proce-
dures [42,52,53]. In this work, all results were obtained on a tetra-
mutant of the immunoglobulin binding domain of protein G (GB1)
with dHis sites at a B-sheet, 15H/17H, and an o-helical site,
28H/32H. This protein system is well characterized and has been
used for much of the development of the dHis motif [42-44,46,47].

We next used UV/Vis titrations to determine the optimal
amount of the Cu?*-NTA for labeling proteins. Such considerations
are important because excess Cu?*-NTA contributes to the back-

Journal of Magnetic Resonance 320 (2020) 106848

Protein

Fig. 3. A) Chemical structure of the dHis Cu?*-NTA labeling motif. B) Molecular
model (PDB: 4WH4) of a model protein including a p-sheet site and an o-helical site
showing the full histidine side chains for illustration.

ground signal in pulsed dipolar spectroscopy which leads to a loss
of sensitivity towards the intramolecular dipolar interaction. Cu?*-
NTA stock was titrated into a sample containing 1.2 uM GB1 in a
buffer of 50 mM sodium phosphate buffer at pH 7.4 (Fig. 4A),
and a sample in 50 mM N-ethylmorpholine (NEM) at pH 7.4
(Fig. 4B). Both samples contained 20% v/v glycerol to examine
binding under conditions typically used for low-temperature EPR.
Sodium phosphate was chosen as a simple representative buffer
because previous work has determined the K, of Cu?*-NTA to dHis
in this buffer system [67]. NEM was used as it has been the default
buffer employed in most work involving the dHis motif thus far.
Additionally, the temperature was maintained at 8 °C for the dura-
tion of these titrations. Note that the binding of Cu?*-NTA to dHis is
exothermic and lower temperatures ensure higher binding [67].
The UV/Vis titrations were monitored at 340 nm, which corre-
sponds to a metal-to-ligand charge transfer band [68]. The exper-
imental changes in absorption, corrected for dilution, are plotted
as black circles.

We then fit the data using a 1:1 (dHis:Cu?*-NTA) binding model,
detailed in Equation (1). [69,70] This model assumes that both o-
helix and B-sheet sites experience identical binding affinities to
the Cu?*-NTA. While we know this is not the case [44,67], such
an assumption simplifies our model, and still provides an ‘average’
apparent dissociation constant, K, of the two sites with reasonable
accuracy, as is discussed below.
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Fig. 4. UV/Vis titrations of Cu?*-NTA stock into tetramutant 15H/17H/28H/32H GB1
at 8 °C. The titrations were monitored at 340 nm. A) Titration performed in 50 mM
sodium phosphate buffer, pH 7.4. Black circles show experimental AAbsorbance
values. The fit to the experimental data using a 1:1 (dHis:Cu?*-NTA) binding model
is shown as the solid black line. A fit to the data using a 1:2 (GB1:Cu?*-NTA) with
the a-helix and p-sheet K4 values previously determined by ITC is shown as the gray
dashed line. B) Titration performed in 50 mM NEM buffer, pH 7.4, with a 1:1
binding model fit as above. This data shows slight effects of buffer on the apparent
dissociation constant of Cu?>*-NTA to dHis.

_ Absnc

AAbs [Ho] + [Go] +Kq — \/([Ho] +[Go] +Ka)” + 4[Hol[Go]

(1)

In Equation (1), [H,] is the initial concentration of dHis sites, [G,]
is the initial concentration of Cu?*-NTA, Ky is the ‘average’ apparent
dissociation constant, and Absyyc is the contribution to the UV/Vis
absorbance resulting from the coordination of Cu?*-NTA to dHis. In
this equation, K4 and Absyc are unknowns. The equation was fit to
the data by minimizing the RMSD between the experimental AAbs
and the calculated AAbs by changing the K; and Absayc. Multiple
starting seed values for K; and Absauc were used to avoid the RMSD
minimization getting stuck in local minima. By this method, we
calculate that K; =12 =5 pM in NEM and K; = 6 = 2 uM in sodium
phosphate buffer. The uncertainty in these measurements was
estimated from the error in the individual data points.

Previous work determined the Ky values of both a-helix and B-
sheet dHis sites in GB1 at room temperature in 50 mM phosphate
buffer by isothermal titration calorimetry (ITC) [67]. This work
determined the a-helix K; = 5 pM and the B-sheet K; = 42 uM at
room temperature (25 °C), as well as their respective AH values.
Using the Van't Hoff equation (Equation (2)), we can extrapolate
these K, values at 8 °C as used in our titrations, under the assump-
tion that the AH does not change significantly in the range of
temperatures used:
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This equation results in an o-helix K; = 2 uM and a B-sheet
Ky = 16 uM at 8 °C. For the simplest and most direct comparison,
we have averaged these two values to K q,g =9 uM. This Ky 4,gvalue
is similar to our experimentally calculated value (Ky = 6 £ 2 pM).
However, for a more accurate comparison, we then used the two
separate o-helix and B-sheet K, values to plot a curve following
a 1:2 (GB1:Cu?*-NTA) binding model. Such a model takes into
account differences in affinity of each of the two distinct dHis sites
within a single protein, and is described as:[69]

_ AbSAHGl [Ho]K;{ [G] —+ AbSAHGZ [Ho]KyK/; [G]z

AAbs 3
1+ K, [G] + Ky K;[G]

3)

Where Absauciis the contribution to the UV/Vis absorbance
resulting from the coordination of Cu?>*-NTA to and o-helix dHis
site, Abs,pc; is the contribution to the UV/Vis absorbance resulting
from the coordination of Cu?>*-NTA to and B-sheet dHis site, K, and
K are the K4 values for the a-helix and p-sheet sites respectively,
and [G] is the concentration of free Cu?*-NTA. [G] is calculated as a
function of knowns by:[69]

0 = [G]* (K,K;) + [G* (K (2K[Ho] — K4[Go] + 1))
+ [G](Ks([Ho] — [Go]) + 1) — [Go] (4)

The Absarciand Absanc; were determined with RMSD minimiza-
tion as above, and the 1:2 binding fit is plotted as the gray dashed
line in Fig. 4A. This more complete model is slightly deviated from
our experimental values, but still provides a close fit to the data.
The similarity between this fit and our experimental fit using an
‘average’ K, suggests that our data is in agreement with the previ-
ous ITC data, and the treatment of this system as a 1:1 (dHis:Cu?*-
NTA) binding model is sufficient to qualitatively analyze binding
for our purposes.

We next repeated the titration in 50 mM NEM buffer, shown in
Fig. 4B, and fit the experimental data. The NEM titration provided
an average K, of 12 £ 5 uM (compared to 6 + 2 uM for the phos-
phate buffer). This result is an indication of the impact of buffer
on the apparent K,. The data suggests a slightly greater loading
of Cu?*-NTA to dHis sites in the sodium phosphate as compared
to NEM buffer.

After determining the K;, we used the calculated values to esti-
mate the amount of dHis loading we could expect in our EPR sam-
ples to determine the optimal number of equivalents of Cu?>*-NTA
to use. Fig. 5A and B show plotted the percentage of dHis sites
loaded in a sample of 100 uM protein at added Cu®*-NTA equiva-
lents from O to 3 (as the dHis binding is effectively saturated past
this point) in phosphate buffer (5A) and NEM buffer (5B). The val-
ues plotted were calculated using:[69]

HG] = |IHol + 1Go] + Ko~ (IHol + [Gol + Ka)? + 4[Hol[Gol | (5)

Where [HG] is the concentration of dHis-bound Cu®*-NTA. The
K4 used for these calculations was as determined by our titrations,
with K, = 6 £ 2 uM for phosphate and K; = 12 + 5 uM for NEM. From
the plots in Fig. 5A and B, we see that greater than 80% of the dHis
sites are loaded at 1 equivalent and higher Cu?>*-NTA in both phos-
phate and NEM buffer. However, for EPR distance methods, the
presence of excess free Cu?*-NTA degrades the signal, and so the
amount of free Cu?* in the sample should be minimized. To this
end, Fig. 5C and D shows the component percentages of free
Cu?*-NTA and dHis-bound Cu?*-NTA for 0 to 3 equivalents of added
Cu?*-NTA for phosphate and NEM buffers using their calculated K4
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Fig. 5. (A) A plot of the expected percentage of loaded dHis sites for a 100 uM protein sample as estimated by our calculated K; = 6 + 2 uM in phosphate buffer for 0 to 3
equivalents of added Cu?*-NTA. (B) A plot of the expected percentage of loaded dHis sites for a 100 uM protein sample as estimated by our calculated K,; = 12 + 5 uM in NEM
buffer for 0 to 3 equivalents of added Cu?*-NTA. (C) A plot of the component percentages for a 100 uM protein sample as estimated by our calculated K; = 6 + 2 uM in
phosphate buffer for 0 to 3 equivalents of added Cu?*-NTA. (D) A plot of the component percentages for a 100 uM protein sample as estimated by our calculatedK, = 12 + 5 uM
in NEM buffer for 0 to 3 equivalents of added Cu?*-NTA. Free Cu?*-NTA is plotted as gray squares. dHis-Bound Cu?*-NTA is plotted as black triangles. These plots suggest
stoichiometric addition of Cu**-NTA to dHis lead to between 80% loading and less than 20% free Cu®*-NTA.

values. Again, the two buffers show little difference, with both
maintaining less than 20% free Cu?*-NTA below 1 equivalent of
added Cu®*-NTA.

We also performed similar measurements at 4 °C (Fig. S2). A
temperature of 4 °C was chosen for incubation as it is a common
temperature at which typical refrigerators are maintained and is
therefore easily accessible. These data are provided in Fig. S2 of
the Supporting Information. Taking all data together, we see that
stoichiometric loading, or 1 equivalent of Cu?*-NTA per dHis site
present in the protein, achieves a balance of achieving >80% load-
ing of the dHis sites, while keeping the total percentage of free
Cu?*-NTA in the sample below 20%.

We then performed a kinetic time scan to determine the details
of sample incubation for optimal Cu®*-NTA coordination. Two
equivalents of Cu?*-NTA were added to the protein sample, or 1
equivalent of Cu?*-NTA per dHis site, and we monitored the UV/
Vis absorbance of a protein sample at 340 nm. The data were
obtained at 8 °C. The sample was prepared in 50 mM NEM buffer,
and was prepared as it would be for distance measurements, with
20% v/v glycerol. The sample was stirred for 5 s before loading into
the cuvette and then into the spectrophotometer. The total dead
time from addition of the Cu?*-NTA into the protein sample to ini-
tial data collection was ~15 s. The results of this kinetic scan are
shown in Fig. 6. From this data, we determined that maximal load-
ing of the dHis sites occurs after ~25 min of low temperature sam-
ple incubation, and 50% labeling is achieved after approximately
12-minutes of incubation. These results show that for surface
accessible sites, incubation for 30-40 min should suffice to achieve
maximal loading even with the slight differences in binding

0.35
030] _  90%Loaded ...
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o
€ 0.20
Q 50% Loaded
g 0a5[ T 4
K
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Fig. 6. UV/Vis time scan at 340 nm to assess the amount of incubation necessary for
complete coordination of the Cu?*-NTA with the dHis modified protein. The system
was held at 8 °C for the duration. This curve shows that maximum dHis loading is
achieved in less than 30 min at low temperature.

between buffers. An additional buffer was used to verify this
assumption, and the data is shown in Fig. S1.

3.3. Buffer choice affects loading of Cu?*-NTA to dHis

After determining the ideal ratio and incubation time for the
Cu?*-NTA dHis samples, we characterized the resulting samples
by CW EPR. The data are shown in Fig. 7. First, we performed CW
EPR on samples of 100 uM Cu?*-NTA stock in 50 mM of one of five
commonly used buffers: MOPS (3-N-morpholinopropanesulfonic
acid), Sodium Phosphate, HEPES (4-(2-hydroxyethyl)-1-piperazi
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Fig. 7. CW EPR spectra of free Cu?>*-NTA, and 15H/17H/28H/32H GB1 in each buffer, as labeled. The top spectrum in each frame is the free Cu?*-NTA, shown as a solid black
line. The middle spectrum is the GB1 sample, with the experimental spectrum in solid gray and a simulation in black dashed lines. Vertical lines are drawn tracing the A
splitting in both spectra to emphasize the spectral shifts on addition of protein. The bottom two spectra, shown in dashed gray lines, are the dHis bound and free Cu?*-NTA
spectra used in the simulation. This figure emphasizes the clear visual cue that indicates Cu?*-NTA to dHis binding in all but the Tris sample.

neethanesulfonic acid), NEM, and Tris (2-Amino-2-(hydroxyme
thyl)propane-1,3-diol), all pH 7.4. These free Cu?>*-NTA spectra
are shown as the top spectra in each frame in Fig. 7, as labeled.
We then prepared samples of 100 uM protein with 2 equivalents
of Cu?*-NTA (1 equivalent per dHis site) in 50 mM of each buffer.
Samples were incubated for 35 min at 4 °C before being frozen.

Fig. 7 shows the experimental CW-EPR spectra of Cu?*-NTA-
protein compared to the spectra of the free Cu?*-NTA in each buf-
fer. Immediately apparent from these results are clear spectral
shifts upon the addition of protein in all but the Tris sample, specif-
ically in the g, region of the spectra. The splitting due to A vary by
as much as 40-80 G between the free Cu?*-NTA sample and the
sample with protein in phosphate, MOPS, and NEM buffers, and
by up to 30 G in HEPES buffer. In the Tris samples however, equiv-
alent A splittings varied by only up to 10 G, making the spectral
shift difficult to ascertain in the broad Cu?* EPR spectrum. These
spectral shifts are often a clear visual indication of proper Cu?*-
NTA binding to dHis, and a key assay of the sample preparation.
Such spectral shifts result from cis-coordination for the two his-
tidine residues leading in an increase in the number of equatorially
coordinated nitrogen atoms [62].

On the other hand, the sample prepared in Tris buffer shows a
remarkable similarity between the spectrum without protein and
the spectrum with protein. This similarity between the dHis-
bound and free Cu?'-NTA signal in Tris is indicative of solvent
interaction with the Cu?*- NTA, in which two amino nitrogens from
the Tris buffer coordinate to the Cu?*-NTA. Such interaction would
produce a local coordination environment of the Cu?* that is very
similar to that of a Cu**-NTA coordinated to two histidine residues.
A comparison of the coordination environments from these two
cases is shown in the boxed region of Fig. 7, with the local Cu®*
coordination environment highlighted. This ambiguity makes it
difficult to accurately assess the extent of binding of Cu?*-NTA to
dHis in Tris buffer from CW EPR data alone.

To estimate the loading of the dHis sites, we performed simula-
tions of each CW EPR spectrum. Two components were required in
each case, as anticipated. The first component, labeled as dHis-
Bound in Fig. 7, represents Cu?*-NTA that has coordinated to the
dHis site. This component was simulated via EasySpin [54], with
variable g and A parameters, and component weight. The second
component, labeled Free Cu?*-NTA in Fig. 7, is representative of
Cu?*-NTA that has not coordinated with a dHis site. For this com-
ponent, we used the experimental spectrum of the free Cu?*-NTA
with a variable weight. The final simulation is a superposition of
each component in ratios defined by the component weights. By
fitting the g and A parameters of the dHis-Bound component,
and the weights of both components, we achieve an overall simu-
lation of the system, shown as the black dashed line overlaid on the
experimental protein spectra in each frame of Fig. 7. The results of
these simulations - the g and A parameters of the dHis bound com-
ponent and the percent weights of each component - are listed in
Table 1.

From the simulation data, we observe that the choice of buffer
does not have significant impact on the g and A parameters of
the dHis-bound EPR spectra. The g; and A, values are generally
consistent across every buffer, with only very slight fluctuations.
This result is expected as the dHis-Cu?*-NTA coordination is rela-
tively identical in all buffers. As visualized in Fig. 7, samples in
MOPS, phosphate, and NEM buffers show distinctly different g
and A, values from free Cu**-NTA in the same buffers. HEPES
showed slightly different parameters, although not as dramatic
as the above examples. And finally, the Tris sample showed nearly
indistinguishable parameters between the free Cu?*-NTA sample
and the sample with protein.

The component ratios show some variance of up to 10%, but
these differences are difficult to quantify from CW-EPR alone,
due to the large errors. Additionally, the sample in Tris buffer dis-
played the highest uncertainty in component percentage, as the
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Table 1
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¢ and A EPR parameters for dHis-bound components in each buffer, and the percent weights for both dHis-Bound and Free Cu?>*-NTA components. The parameters for free Cu?*-
NTA for comparison are: In MOPS, Phosphate, and NEM: g = 2.308 A| = 144 G. In HEPES: g = 2.282 A = 158 G. In Tris: g, = 2.268 A = 164 G.

Buffer g g A, (G) A (G) % dHis-Bound % free Cu*-NTA
MOPS 2.051 2.268 5 164 95+5 5+5
Phosphate 2.051 2.267 5 165 95+5 55

HEPES 2.051 2.268 5 164 90+8 10+8

NEM 2.051 2.268 5 164 89+5 115

Tris 2.051 2.272 5 165 85+ 15 15+15

similarity of the free Cu?>*-NTA and dHis-bound spectra in Tris
make this quantification difficult. These factors make further
assays of loading necessary. On the other hand, our CW EPR results
agree with our estimated loading calculated from the Kyvalues, in
which each 100 uM EPR sample experiences upwards of 80% load-
ing of the dHis sites.

We further assessed the binding of Cu?*-NTA to the dHis sites
and the impact of the buffer choice using ESEEM, shown in Fig. 8.
The ESEEM signals offer additional insight into the loading effi-
ciency of Cu?>*-NTA to dHis. ESEEM is sensitive to the imidazole
nitrogens found in histidine coordination (cf. Fig. 3), resulting in
the characteristic modulations exhibited in Fig. 8A. However, free
Cu?*-NTA lacks this imidazole coordination, and as such displays
no modulations, merely a featureless decay, as seen previously in
Fig. 2B. When both dHis-bound Cu?*-NTA and free Cu?*-NTA are
present in a sample, the resulting ESEEM signal is a superposition
of these modulating and featureless signals. With increasing free
Cu?*-NTA in a given sample, the featureless signal leads to a shal-
lower modulation in the overall ESEEM signal. The depth or shal-
lowness of the modulation can be quantified by the modulation
depth, k, and is shown in the inset in Fig. 8A [71]. Through this k
parameter, the extent of Cu?* coordination to the imidazole nitro-
gen of histidine can be monitored. [43,72,73]

Notably, all samples displayed modulations of near identical
frequency, but because the percentages of dHis-bound Cu?*-NTA
and free Cu?*-NTA differ across buffers, the ESEEM modulations
differ in the magnitude of these modulations. We calculated the
ESEEM modulation depths for each buffer using the first major
modulation that begins around 1000 ns, shown in Table 2. The
error was estimated from the noise level of the time domain
ESEEM signal. From this data, we see that using MOPS and phos-
phate buffers produce the deepest modulations, indicating the
most efficient loading of the dHis sites with Cu?*-NTA. NEM and

A

Table 2
Calculated ESEEM modulation depths for
the Cu?*-NTA with GB1 in various buffers.

Buffer Modulation Depth (k)
MOPS 27 £1%
Phosphate 26 £ 1%
HEPES 24 £ 1%
NEM 24 +£1%
Tris 20+ 1%

HEPES buffers produced comparable, if slightly lower, modulation
depths, while Tris buffer produced the lowest modulation depth.
These results correspond well with the calculated component
ratios from CW EPR, in which MOPS and phosphate buffers exhib-
ited the highest dHis loading, with HEPES and NEM only slightly
lower, and Tris buffer as the lowest.

Fig. 8B shows the ESEEM spectra. In all five buffer systems we
see a clear and characteristic spectrum of imidazole nitrogen coor-
dination, typified by a broad transition around 5 MHz, called the
double quantum (DQ) peak, and a set of 3 transitions below
3 MHz, called the nuclear quadrupole interactions (NQI) [72,73].
These transitions are all resolved in the Fourier transformed spec-
tra, and dashed lines in Fig. 8B trace each peak through every buf-
fer system. This ESEEM data clearly indicates that the Cu?*-NTA is
coordinating to the dHis sites in all buffer systems, albeit with dif-
ferent loading efficiencies.

We lastly performed DEER distance measurements on each
sample, as shown in Fig. 9. The DEER distance distribution provides
perhaps the most obviously useful structural data. From Fig. 9, we
see that regardless of buffer, each DEER produced a distance distri-
bution centered on 2.3 nm, with a FWHM of 0.2 nm. This distribu-
tion is consistent with previous work [44].
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Fig. 8. (A) Time domain ESEEM signals for 2:1 Cu**-NTA:GB1 in their respective buffers. Modulation depth calculations utilized the second major modulation around 1500 ns.
(B) Fourier Transformed ESEEM signals for each sample in its respective buffer. These data show characteristic imidazole nitrogen coordination, indicating proper

coordination of Cu?*-NTA to dHis.
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Fig. 9. DEER data for 100 uM 15H/17H/28H/32H GB1 with 2 equivalents of Cu?*-
NTA, incubated at 4 °C for 35 min in each of the five buffer systems. The left column
shows the background subtracted time domain signal in gray with Tikhonov
regularized fit in black dashed lines. The inset shows the raw time domain signal,
with the gray dashed line indicating the background. Modulation depth parameters,
A, are noted. The right column shows the distance distributions obtained using
Tikhonov regularization, with gray shading indicating the uncertainty of analysis.
The data clearly show the impact of buffer on the sensitivity of the DEER technique.

More importantly, the modulation depth, A, of the DEER signal
provides information on the amount of dHis loading in the sample.
The modulation depth is the difference between the maximum sig-
nal intensity and the signal intensity at the baseline in a normal-
ized, background subtracted DEER signal. This definition is
illustrated in Fig. 9. The modulation depth is sensitive to the num-
ber of coupled spins in the species being measured — with a higher
proportion of doubly labeled proteins, the modulation depth will
increase, whereas with more incomplete loading or a higher
amount of free Cu?*-NTA, the modulation depth will decrease.
DEER modulation depth for a two-spin system is defined in sim-
plest terms as:[43,44]

A=1-[f,(1-py) +f1] (6)

where f, is the fraction of doubly labeled species, and f; is the
fraction of single Cu?* species, which is comprised of both singly
labeled GB1 and free Cu?*-NTA. p, is the probability of the pump
pulse exciting a B spin in DEER. p, is dependent on numerous
factors such as magnetic field, microwave frequency, pump pulse
shape and length, and the EPR spectrum itself, and can be calcu-
lated from the experimental echo detected field swept spectrum
of the system [74]. In our analysis we estimated the error in the
DEER modulation depth from the noise in the time domain sig-
nal. In order to determine the consistency and reproducibility
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of our modulation depth, we also performed DEER measurements
on new sample preparations in phosphate buffer and Tris buffer,
as representatives of most and least optimal buffers. These
results are shown in Figure S3. From this data, the modulation
depths are generally reproducible, although there are slight vari-
ations (e.g. 5.7 * 0.1% for Tris and 7.8 + 0.4% for phosphate
(average * s.d.)). These differences are likely due to inherent
uncertainty in the measurement of concentration and volume
during sample preparation.

From the DEER modulation depth and our calculated p,, we can
calculate f, and f;, as:

fr=1-f, (7)

Doing so for each buffer, we can holistically examine how buffer
choice affects dHis loading. The results of these calculation, along
with a summary of the quantitative results so far, are shown in
Fig. 10.

From all the compiled results in Fig. 10, we can see the consis-
tent results through each experiment to fully inform our under-
standing of the impacts of sample preparation and buffer choice
on the loading of the dHis sites. First, we can compare our DEER
results with those performed previously for the Cu?>*-NTA system
with GB1 in NEM, which reported an f, = 0.50 [44]. Our NEM sam-
ple, using optimized preparation conditions, achieved an f, = 0.64,
which corresponds to a 28% increase in f,. Such an increase in f,
can lead to significant improvements in DEER sensitivity [75].
Clearly, the optimized conditions of stoichiometric Cu?*-NTA addi-
tion and low temperature incubation have major impact on the
loading of the dHis sites.

Furthermore, our data indicates that buffer choice can play a
role in the overall loading efficiency. If we consider both opti-
mized preparation conditions and the optimal buffer system,
our maximum f, across all samples is 0.82. This value is a 64%
increase in loading efficiency compared to the previously pub-
lished result [44]. Additionally, our EPR data is consistent across
each individual experiment, and the cumulative CW EPR compo-
nent percentages, ESEEM modulation depths, and DEER species
fractions indicate that MOPS and phosphate buffer promote
maximal Cu?*-NTA binding, with Tris buffer degrading the
loading to the dHis site. It is also of note that relatively small
differences in overall dHis loading, as determined from CW
EPR, can have much larger impacts on the amount of doubly
labeled systems for DEER. While the Tris buffer sample shows
only 10% lower total dHis binding from CW EPR, this result
translates to a ~ 33% reduction in f, (from 0.82 in Phosphate
to 0.55 in Tris), and a ~ 35% reduction in modulation depth
(from 0.085 in Phosphate to 0.055 in Tris).

Finally, we measured data on a different GB1 mutant to explore
the generality of the observed effects of buffer. We prepared a dif-
ferent mutant of GB1, with dHis sites at the same o-helical site,
28H/32H, and a different B-sheet site, 6H/8H, and performed DEER
on samples in phosphate buffer and in Tris, to represent the most
and least optimal buffers, respectively. The DEER data is shown
in Fig. 11. The modulation depth was 5.4% in phosphate buffer
and 3.3% in Tris. These data support the result that phosphate buf-
fer promotes higher Cu?'-NTA binding, whereas Tris buffer
degrades it.

In general, our EPR results also align with known thermody-
namic properties of these buffers and their interactions with
Cu?*, as specific data regarding the affinities of the buffers with
Cu?*-NTA is not readily available. In broad terms, Tris buffer has
a higher affinity to interact with Cu?* ions [76], and likewise dis-
played the lowest extent of Cu?*-NTA to dHis loading, whereas
sodium phosphate buffer, which provided one of the greatest load-
ings of Cu?*-NTA to dHis also exhibits a notably lower affinity to
interact with Cu?* [77,78]. Our EPR results and the supporting ther-
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Fig. 10. Bar graph representing the major quantifiable values derived from our CW EPR, ESEEM and DEER experiments. The trends in these values provide a consistent picture
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Fig. 11. Protein Structure of 6H/8H/28H/32H GB1 with dHis sites labeled (PDB:
4WH4), Above. DEER data for 100 uM protein in 50 mM sodium phosphate and Tris
buffers prepared as described previously, Below.

10

modynamic trends suggest that the choice of buffer is an important
consideration to make when implementing the dHis motif in new
systems.

4. Conclusion

In this work, we have presented evidence that buffer condi-
tions can affect the loading of Cu?*-NTA into dHis sites for use
with EPR distance methods. Our results indicate that sodium
phosphate and MOPS buffers promote more efficient Cu?*-NTA
binding to the dHis sites, whereas Tris buffer degrades the load-
ing efficiency. We have provided experimental control data of
the expected results for each step in the labeling process used
to achieve these results, most notably with regard to the incu-
bation time and temperature of the protein and Cu?*-NTA. We
have demonstrated that maximal dHis loading can be achieved
in less than 30 min at low temperature, which is an important
consideration for protein research. Through this optimized
labeling procedure, we show a 28% increase in doubly labeled
protein compared to previously published results. When consid-
ering both the optimized loading protocol as well as ideal
buffer conditions, we have achieved a fraction of doubly labeled
proteins of up to ~80%. Our cumulative results provide new
insights into considerations to be made when implementing
the dHis Cu?*-NTA system, and general optimized conditions
for its use.
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