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ABSTRACT: A comparative study ofthe 'H and 4N hyperfme
interactions between the CUA site in an engineered CUA center in
azurin (WT-CUAAZ) and its Hisl20Gly variant (H120G-CUAAZ)
using the two-dimensional ESEEM technique, E1YSCORE, is re-
ported. The EIYSCORE spectroscopy has clarified conflicting re-
sults in previous EPR and ENDOR studies and found clear differ-
ences between the two CUA azurins. Specifically, a hyperfme cou-
pling Aivi =15.3 MHz was determined for the first time from the
frequencies of double quantum transitions of 14N histidine nitro-
gens coordinated to CUA in the WT-CUAAZ. In contrast, such cou-
pling was not observed in the spectra of H120G-CUAAZ, indicating
at least a several MHz increase ofthe Am value for the coordinated
nitrogen in this variant. In addition, 14N HYSCORE spectra of'the
WT-CUAAZ shows interaction with only one type of weakly cou-
pled nitrogen assigned to the remote NE of coordinated imidazole
residues based on the quadmpole coupling constant (erOg/4h) of-
0.4 MHz. The spectrum of H120G-CUAAZ resolves additional fea-
tures typical for backbone peptide nitrogens with larger e20g/4h of
~0.7 MHz. Hyperfme couplings with these nitrogens vary between
- 0.4-0.7 MHz. In addition, the two resolved cross-peaks from Cp
protons in H120G-CUAAzZ displays only -1 MHz shifts relative to
the corresponding peaks in WT-CUAAZ. These new findings have
provided the first experimental evidence for the previous DFT anal-
ysis that predicted changes ofthe delocalized electron spin popula-
tion 0f-0.02-0.03 (i.e. -10%) on copper and sulfur atoms of the
CuA center in H120 variants relative to the WT-CUAAZ and re-
solved contradicting results between EPR and ENDOR studies of
valence distribution in CUAAZ and its variants.

» INTRODUCTION

The Cua is a binuclear copper center bridged by two cysteine lig-
ands to form a Ci112S2 “diamond-core” structure, which has been
found naturally in redox enzymes cytochrome ¢ oxidase (COX)!
and nitrous oxide reductase (N2OR)-3 and studied in detail by dif-
ferent spectroscopic techniques.4'0 The important feature ofthe Cua
center is that the two copper ions form a direct metal-metal bond
and the unpaired electron is delocalized between two copper ions,
and the resting state ofthe Cua center is a Cu(+1.5)-Cu(+1.5) state
rather than a Cu(+2)-Cu(+]) state. In addition to the bridging cys-
teine ligands, the copper ions are coordinated by a histidine from
the equatorial position to form a trigonal NS2 geometry. There is

also a weak distal axial ligand on each copper ion, a methionine at
one copper and a backbone carbonyl at the other.

The unique structure of'the Cua site inspired many to design
protein models for additional study.7'l0Hay etal. constructed a Cua
protein from a recombinant T1 copper protein, Pseudomonas (Ps.)
aemginosa azurin, by replacing the loop containing the three lig-
ands to the blue copper center with the corresponding loop ofthe
Cua site in COX from Pa. denttificans.|l The binuclear Cua site
engineered into Ps. aeruginosa azurin, called WT-CUAAz hereaf-
ter, displayed UV-vis and EPR spectra that were remarkably simi-
lar to those ofnative Cua sites in COX from Pa. denttificans. The
X-ray crystal structure of WT-CuaAz showed a very similar
CuSSCu core, with a Cu-Cu distance that was even slightly shorter
than the native Cua center in COX, confirming the presence of a
Cu-Cu bond.1}

While many studies have focused on elucidating the roles of
conserved Cys in the diamond core and the axial ligands!3"l( in fine-
tuning tlie electronic structure and redox properties offile Cua cen-
ter, file role of'file equatorial histidine coordinated to each copper
ion has not been as well defined. To address this issue, mutations
ofthe equatorial His 120 in CuaAz (Scheme 1) to Asn(N) and
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Scheme 1. WT-CUA-AZ active site (PDB ID: lcc3)

Gly(G) were made to understand file histidine-related modulation
of'the valence delocalization over the CuSSCu core.1748 Surpris-
ingly, multifrequency (X-, C-, and S-band) electron paramagnetic
resonance (EPR) and Q-band electron nuclear double resonance
(ENDOR) studies have provided markedly different views of the
mutation-induced changes in these two proteins.l9 Multifrequency
EPR indicated that file HI20N and H120G mutations had changed
file hyperfme structure from a 7-line to a 4-line pattern (Figure SI),
consistent with trapped-valence, Type | mononuclear copper, i.e.



EPR data suggest that the electron spin had become localized on
one copper by the His120 mutation. On the other hand, the qualita-
tive (visual) comparison ofthe Q-band ENDOR spectra led to the
conclusion that hyperfme interactions with cysteine Cp protons,
weakly dipolar-coupled protons, and the remaining Ehs46 nitrogen
ligand were essentially unperturbed by the mutation at Hisl20 im-
plying that the Cua core electronic structure was unchanged after
the mutation. Orientation selective W-band (95 GElz) ENDOR of
cysteine Cp protons in WT-CUAAZz was also examined in compari-
son with the several other proteins.20 Elowever, despite ENDOR
studies!9-0 the individual hyperfie couplings of the coordinated
histidine nitrogens and cysteine Cp protons in CUAAZ remains un-
known.

To resolve these issues, we report herein our study of WT-
CUAAZ and its Elis120Gly variant (E1120G-CUAAZ) using the two-
dimensional ESEEM technique, called EIYSCORE.J2! Similar to
ENDOR, E1YSCORE provides information about hyperfme inter-
actions with magnetic nuclei IH and 14N, which are unresolved in
CW EPR spectra. Application of EIYSCORE spectroscopy has sup-
plemented the data obtained in the ENDOR studies!920 and has
found clear differences between 14N and IET hyperfme interactions
in wild-type and Elis120Gly CUAAZ

m EXPERIMENTAL SECTION

Samples. Tire WT-CUAAZ and H120G-CUAAZ were expressed, pre-
pared, and characterized as described elsewhere.11'l7 Tire concen-
tration ofthese samples was | mM, and they were dissolved in 50%
glycerol, 0.1 M phosphate buffer, pH 5.2. EPR spectra of these
samples were previously reported.19

HYSCORE experiments. Pulsed EPR experiments were carried out
at 20 K using an X-band Bruker ELEXSYS E580 spectrometer
equipped with an Oxford CF 935 cryostat. Two-dimensional, four-
pulse hyperfme sublevel correlation spectroscopy (HYSCORE,
7t/2-T-Tt/2-ti-7t-t2-Ji/2-T-echo))l was employed with appropriate
phase-cycling schemes to eliminate unwanted features from the ex-
perimental echo envelopes. The intensity of the echo after the
fourth pulse was measured with ts and ti varied and constant T. Tire
length of'a 1/2 pulse was nominally 16 ns and a K pulse 32 ns.
HYSCORE data were collected in the form of2D time-domain pat-
terns containing 256x256 points with steps of 16 ns. Spectral pro-
cessing of ESEEM patterns, including subtraction ofthe relaxation
decay (fitting by polynomials of 3-4 degree), apodization (Ham-
ming window), zero tilling, and fast Fourier transformation (FT),
was performed using the Bruker WIN-EPR software.

m RESULTS

Previous CW EPR studies of the samples examined in this work
reported that the mixed-valent state of the Cua centers in WT-
CuaAz and H120G-CuaAz are characterized by axial g tensors
with principal values g+=2.018, gn=2.17 and g+= 2.007, g|=2.22,
respectively (Figure SI).19 The two-pulse, echo-detected EPR spec-
tra of WT-CuaAz and H120G-CUAAZ in frozen solutions are shown
in Figure S2. The width and location of g+ and gn features in these
spectra are consistent with the reported g-tensors.

Strongly coupled nitrogens. The complete presentation of the
*H,4N HY SCORE spectrum of WT-CUAAZ recorded at the g+ area
ofthe EPR signal are shown in Figure 1. The spectrum consists of
two quadrants containing cross-peaks from strongly and weakly
coupled nitrogens and several protons. The pair of cross-peaks IN
parallel to the antidiagonal line in the (+-) quadrant (Figure lag)

with coordinates of'a maximum at (17.0; -12.7) MHz, can be as-
signed to (dg+; dq.) correlations of strongly coupled 14N, based on
their frequency differences being close to 4vmN, their contour line-
shape, and their intensities (dq+ - double-quantum transitions of 4N
nuclear spin 7=1 in two opposite ms manifolds of the electron
spin).2223 Tire calculated 14N hyperfme coupling corresponding to
these cross-peaks gives the same coupling A/vz=15.3+0.2 MHZ us-
ing the second-order expression for Vdg: (Eq. 1)24
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Figure 1. (++) and (+-) quadrants ofthe 'H and 14N HYSCORE spectrum
of WT-CUAAZ (a) showing location of 14N cross-peaks IN and 2N from
strongly and weakly coupled nitrogen nuclei, respectively, and *H cross-
ridges. Cross-peaks 2N at enhanced resolution are shown in (b). Stacked
presentation ofcross-peaks IN and 2N is shown in (¢) and (d), respectively.
Intensity of peaks 2N is about 6 times larger than intensity of peaksIN.
Microwave frequency 9.6734 GHz, magnetic field 339 ml, time r =136
ns.



Table 1. Hyperfine couplings and quadrupole coupling constants for weakly coupled nitrogens
in the environment nearest the CUA center estimated from HYSCORE spectra.

Sample Frequencies 4, MHz K=elOq/4h ,MHz Assignment Reference
WT-CuAAZ (3.1,2.0) 0.68 0.35-0.40" Remote Ns This work
H46, H120
H120G-CuaAz (2.9,2.2) 0.43 0.37-0.43"0.61-0.71"  Remote This work
(3.5,3.0) 0.39 NsH46
Amide N
COX,M160T9" (2.8,1.9) 0.51 0.35 07=0.9)* Remote N, Im 29
(4.1,3.3) 0.80 0.77 (,7=0.88)* Amide N
COX,M160QTO0"* (2.7;2.0) 0.46 0.37-0.43" Remote N, Im 29
(2.6;2.2) 0.39 0.36-0.42"
(4.3,3.1) 1.14 0.77 (,7=0.76)* Amide N
COX M160ETO pH 4.2 (2.8;2.0) 0.36 0.38 07=0.9)* Remote N, Im 29
(2.8;2.2) 0.46 0.33 07=0.97
COX M160ET0 pH 7.0 (2.7,2.0) 0.32 0.37 (1=0.9 Remote N, Im 29
(2.7,2.2) 0.42 0.32 07=0.9)*
N20R (2.9,1.9) 0.60 0.36 07=0.7)* Remote N, Im 30
(3.4,2.5) 0.65 0.58 07=0.76)* Amide N

"estimated using Eq. 2; "estimated by spectral simulations,;/ is an asymmetry parameter ofthe nuclear quadrupole tensor;
"our estimate using Eq. 2; tM160TO is the original soluble fragment construct of cyt bas that encodes 135 amino acids of subunit II;

vi, ivinz.
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Figure 2. (++) and (+-) quadrants ofthe 'H and 4N HYSCORE spec-
trum of H120G-CUAAZ showing (a) absence of cross-peaks IN and lo-
cation of cross-peaks 2N and 3N from weakly coupled nitrogens, and
'H cross-ridges. Cross-peaks 2N and 3N at enhanced resolution are
shown in (b). Microwave frequency 9.7018 GHz, magnetic field 339
mT, time r =136 ns.

and expression for maximum value ofVvdg: (Eq. 2)2
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where vN is the nuclear Zeeman frequency, ,4N is tire predominantly
isotropic hyperfine coupling, K=e2qO/4h is the quadrupole cou-
pling constant, and 77 is the asymmetry parameter. In contrast, the
similar HY SCORE spectrum for H120G-CUAAZ does not show any
cross-peaks in (+-) quadrant, which suggests the absence ofthe ni-
trogens with similar coupling ofthe order ~15 MHz and less (Fig-
ure 2a).

We attempted simulation of the IN cross-peaks from coordi-
nated histidine nitrogen shown in Figures la,c. This simulation
matches the analysis performed quite well. Example ofthe simula-
tions is shown in Figure S4 and additional details are described
therein.

Weakly coupled nitrogens. In addition to cross-peaks IN from the
strongly coupled nitrogens, there are one pair ofnon-extended (el-
lipsoid shape) intensive cross-peaks 2N at (3.1, 1.98) MHz (-0.03
MHz) in the (++) quadrant ofthe WT-CuaAz HYSCORE spectrum
located closely to the diagonal line, due to small difference in the
correlated frequencies (Figure 1b,d). We interpret these cross-
peaks as correlating to Vdg+ and Vdg- transitions from opposite man-
ifolds of weakly coupled 14N nuclei. In this case an application of
Eq. S2 for the iaqt frequencies gives an estimate of the hyperfine
coupling ,4N=0.68 MHZz and the quadrupole coupling constant K =
0.35-04 MHz (for the asymmetry parameter varying within
0<r]<\). Tire value of K = e2qO/4h - 0.35-0.4 MHz is typical for
protonated imidazole nitrogens,2420 which allows us to assign
peaks 2N to the remote Ns imidazole nitrogen in His ligands of'the
CUA center. This assignment is also confirmed by the ratio of'the
estimated hyperfine coupling for this nitrogen 0.68 MHz to the hy-
perfine coupling ofthe coordinated nitrogen 15.3 MHz. This ratio
is close to —20, which is a typical value for coordinated and remote
nitrogens of the imidazole rings ligated to metals (e.g., Cu(Il),
VO(II), Fe(Il)) in previously reported complexes and clusters.26"28
This similarity probably reflects analogous spin density distribu-
tion over the imidazole ring, which is controlled by the protonation
state ofthe remote atom.

Tire HYSCORE spectrum ofthe CUA center in H120G-CUAAZ
(Figure 2) shows two pairs of cross-peaks 2N and 3N at (2.93,2.23)
MHz and (3.5, 3.0) MHz from weakly coupled nitrogens in the (++)



quadrant with substantially different K values (Table 1). One of
them is close to the K characteristic of the protonated imidazole
nitrogen, but the other larger K value is more consistent with K re-
ported for peptide nitrogens (Table 1).2930 Both estimated hyper-
tine couplings for these nitrogens are smaller than the couplings
assigned to imidazole Ns in WT-CUAAZ and have an order ~0.4
MHz.

Proton HYSCORE. Besides the nitrogens, HY SCORE spectra pro-
vide information about protons interacting with the electron spin of
the CUA cluster (Figures 1-3 and S3). The *H spectrum for WT-
CUAAZ contains four pairs ofresolved cross-features located sym-
metrically relative to the diagonal line with the hyperfme splittings
-2, 6, 11, and 19 MHz. They are designated In, 2H, 3H, and 4H,
respectively. Tire cross-features are well separated and show
clearly pronounced maxima. This type of'the spectrum can be ex-
plained by the lineshape properties for the cross-correlations from
nuclei with spin 7=1/2. The narrowness ofthe cross-ridges extend-
ing along the antidiagonal line suggests that axial anisotropic hy-
perfime tensors may apply for the interacting protons. The ideal
cross-peak shape in this case is an arc-type ridge between the points
(Voi, vp£) and (val, vpu) located on the |[va = vp| = 2vm lines (where
viH is the proton Zeeman frequency at the applied magnetic field).
However, HYSCORE intensity at points (voi, vp+) and (val, vpy),
corresponding to orientations ofthe magnetic field along the Hi and
A\l principal directions ofthe hyperfme tensor, is equal to zero and
is significantly suppressed at orientations around the principal di-
rections.}! Therefore, in HYSCORE spectra, only the central part
of'the cross-ridge , which corresponds to orientations ofthe mag-
netic field substantially different from the principal directions, will
possess observable intensity. In contrast, the maximum intensity is
detected around we+ and vp+ frequencies ofeach contributing proton
in ENDOR spectra.

In addition, the peak intensity in HY SCORE varies with x as
sin(7CVaT) sin(7cvpx), producing different attenuation and suppres-
sion ofpeaks as x is changed. Previous W-band *H ENDOR study20
reported the average anisotropic parameter 7 for Cp-H protons in
different CUA centers within-1.4-1.7 MHz. The length ofthe cross-
ridge can be accurately described in the current case by [voip)| -Voip)
i|=37/2 or 2-2.5 MHz. This interval is also effectively decreased
by the suppression of'the intensity near Vaippi and vaip) + for each
ridge. Therefore, the proton ridges observed in the spectra in Figure
3 have a length close to the predicted and are not split in several
parts due to r influence. This is confirmed by the linear regression
analysis as well (see below). A spectrum measured with the se-
lected i=136 ns allows us to demonstrate observable cross-peaks
from all protons simultaneously despite the differences in the rela-
tive intensity.

The contour lineshape of the cross-ridge from nuclear spin
§=1/2 is described by equation (Eq. 3)3?

vil=O0vil+ G (Eq. 3)

where O =(7+2a-4viH)/(7+2a+4viH) and G =[2VIH(4VIH) — al +2T2
- «NJ/(T+2«+4VIH), a and 7 are isotropic and anisotropic compo-
nents ofthe axial hyperfme tensor (a-7, a-T, a+2T), respectively.

Eq.3 defines a straight line segment in vil vs. 72 coordinates.})
This property allows us to test the identity ofthe features 1H-4H via
the linear regression oftheir ridges in vil vs. v# coordinates. Linear
regressions ofthe cross-ridges 1H-4H are shown in Figure S3. One
can note that the points of all ridges are fitted along different and
not coincident straight lines, indicating that they belong to the dif-
ferent protons.

Coefficients ofthe O and G determined by the linear regres-
sions define the isotropic and anisotropic components ofthe hyper-
fme tensors under an axial approximation for four different sources

ofprotons (Table SI). Only three pairs ofthe cross-ridges with the
splittings -2, 12, and 20 MHz are observed in the *H HYSCORE
spectrum of H120G-CUAAzZ From the corresponding tensors
shown in Table S2, one can see that the anisotropic couplings (7)
for all protons are very close with the average value -2.1+£0.2 MHz.
In contrast, the isotropic couplings (@) vary in a broad interval -15
MHz.

v,, MHz v, MHz
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Figure 3. Contour presentation of H HY SCORE spectra of CUAAZ (a) and
H120G CUAAZ (b). Instrumental parameters are the same as in Figures |
and 2. Hyperfine splittings reported in the text for both proteins are deter-
mined in first order as a difference A=|vi-v2|, where Vi and v2 are coordi-
nates ofthe point with the maximum intensity for cross-peaks 1H-4H

m DISCUSSION

Computational analysis ofthe valence delocalization in Cu4 cen-
ter. In order to clarify the difference in the interpretations of'the
valence-delocalization by ERR and ENDOR described above, Xie
et cd. applied a series of spectroscopic techniques, including ERR,
UV-vis, MCD, resonance Raman, and XAS to WT-CUaAz at high
and low pH and Hisl20Ala-CuAAz and correlated the results with
DFT calculations.33 ERR spectra at high and low pH display differ-
ences similar to those between WT-CuaAz and its H120 variants.34
Two models ofthe Cua site associated with the protonation of one
histidine ligand were used in DFT calculations. Tire first model is
based on the highly symmetric C112S2 core with two His ligands. In
the second model, Hisl20 is protonated and replaced by a nearby
H20 ligand. DFT calculation shows that in both models, the Cua
center is valence delocalized. The changes ofthe electron spin den-
sity at Cu and S atoms do not exceed 0.03.33 However, an important
difference between the two models is that the distorted ligand field
produces —0.01 4s mixing at Cu(H20) into the ground-state wave
function of'the binuclear site. This mixing decreases the isotropic
contribution to the hyperfme tensor for one copper in the binuclear
Cu center significantly (-3 times) and causes the collapse to a four-
line hyperfme splitting pattern in the ERR spectra ofthe Cua center
at low pH and in its Hisl20 variants. The ability of Cua in azurin
to remain valence-delocalized, even with the loss of a His ligand,
is explained by the strong and direct Cu-Cu bond in the diamond
core of Cua Despite the DFT results3} explaining the transfor-
mation of ERR spectra in Cua proteins, the conclusion about essen-
tially identical ENDOR spectra for the WT-CuaAz and its vari-
antsl) has required experimental evidence to quantitatively verify
the DFT predicted, minor redistributions of'the spin density in the
Cua site. Below we discuss the support ofour HY SCORE data for
this previous computational analysis.

Strongly couplednitrogens. The coupling A+ =15.3 MHz derived
from tire HY SCORE spectrum of WT-CUAAZ is in good agreement
with file AM values 13.6 MHz for CUA in N2OR 35 and 15.8 MHz,
15.5 MHz, 14.1 MHz in bovine heart cyt am and cyt caa3 and ba3
from Thenmis thermophilus, respectively,l0 obtained from
ENDOR experiments. The interval of couplings -14-16 MHz is



about two times smaller than the Any reported for different com-
plexes of Cu?* with nitrogen ligation (see, Table 2 in ref. 35). Based
on these considerations, Ax1=15.3 MHz coupling can be assigned
to the Ns of the histidine ligands coordinated to the mixed valent
Cu(+1.5)...Cu(+1.5) cluster. One can note that there are no indica-
tions of even poorly resolved splitting of cross-peaks In from
strongly coupled nitrogens in the HY SCORE spectrum (Figure 1c¢),
suggesting highly symmetrical distribution of the unpaired electron
over the cluster, in line with a 7-component hyperfime structure
from two coppers in the EPR spectrum.

The conclusion about similarity of Cua nitrogen couplings in
the CuaAz and its H120N and H120G variants reported in the pre-
vious Q-band ENDOR study!® was based on the observation of a
common feature near 11 MHz assigned to a single-quantum transi-
tion of coordinated “N (Figure S7). It leads to an estimate of the
four possible hyperfine couplings 14.1, 14.5, 15.1, and 16.7 MHz
for An1. The value of 15.1 MHz is very close to Ay1 obtained from
HYSCORE spectrum of the WT-CusAz. However, our HY SCORE
spectrum for H120G-CuaAz does not show any cross-peaks in the
(+-) quadrant, which indicates an absence of nitrogens with similar
coupling of the order ~15 MHz or smaller value (Figure 2). There
is only one more example where the coupling of ~15 MHz was re-
solved in an X-band HYSCORE spectrum.?® In that work, the re-
ported HYSCORE spectra of the mixed-valent [Fe(Il), Fe(IlT)] state
of the binuclear cluster in methemerythrin, coordinated by five His
ligands, shows (dqg+; dgq.) cross-peaks from four nitrogen couplings
with Ay1=5.0,6.3, 9.4, and 15.3 MHz. The intensities of the cross-
features consecutively decreased with the increase in Ayi. The ob-
servation of larger couplings was not reported in the literature to
the best of our knowledge. These results suggest that even a slight
increase of hyperfine coupling above ~15 MHz makes the dg-dq
lines from coordinated nitrogens invisible in the X-band
HYSCORE spectra. DFT calculations® for the two models de-
scribed above predict an increase of spin density population, up to
0.04, on the coordinated nitrogen of His46 in H120 variants of Cu-
AAzZ in comparison with the 0.03 in WT-CuaAz. The total increase
of the spin population on copper and nitrogen is ~16%.%3* One can
suggest that this increase in the spin density on the Cu-N(His46)
fragment of H120G-CusAz will elevate the hyperfine coupling Anx
up to several MHz above 15 MHz causing it to be experimentally
unobservable due to a decrease of the ESEEM intensity coefficient.
The 1n cross-peaks would therefore vanish from the H120G-Cu-
aAz’s spectrum, as has been observed in other Cua systems.?®

Previously HYSCORE spectra were only reported for the Cua
center in a water soluble fragment of the cytochrome ba3 subunit IT
of Thermus thermophilus (COX) and its Metl60Gln and
Met160Glu variants where methionine, the axial ligand to one of
the coppers, was replaced by glutamic acid or glutamine.!>>* These
variants show changes in the gz-region of the EPR spectra giving
larger copper hyperfine splitting and better resolved 7-component
spectra.!l® The effects of mutations were further studied by
HYSCORE and ENDOR  spectroscopy.””  Experimental
HYSCORE spectra provided in the study exhibit (0 — 6.0, -6.0 —
6.0) MHz frequency intervals along two axes with cross-features
from weakly coupled nitrogens. The cross-peaks at high-frequen-
cies in the (+—) quadrant, similar to the 1~ features resolved in the
CusAz spectrum (Figure 1a,c), were not reported in that work. In
contrast, the lines assigned to strongly coupled nitrogens with an
estimated value of hyperfine coupling of ~13-17 MHz were ob-
served in X- and W-band ENDOR spectra.?® If the higher limit of
this estimate corresponds to the actual coupling, then they would
again be experimentally unobservable, thus explaining the absence
of high-frequency cross-peaks in the (+-) quadrant of the X-band
HYSCORE in this case.

Weakly coupled nitrogens. The HYSCORE spectrum of WT-
CusAz shows interactions with only one type of weakly coupled
nitrogen, assigned to the Ne of the His ligand based on the estimated
quadrupole coupling constant K~0.4 MHz. While the two WT-
CusAz histidines appear to have overlapping hyperfine coupling
constants of 15.3 MHz for the strongly coupled N5’s, it is interest-
ing to note that the weakly coupled Ne’s on the two histidines may
have inequivalent coupling constants, which is not clearly resolved,
but evident as a small shoulder oriented along the diagonal of fea-
tures 2n (Figures 1b,d). The location of these shoulders is consistent
with the peaks 2~ position in the spectrum of the H120G-CuaAz
variant. Feature 2~ in H120G-CuaAz (Figure 2b) lacks any shoul-
der due to the presence of only one His Ne. Indeed two types of
signals with minor differences between hyperfine couplings as-
signed to the Ne of histidine ligands were resolved in "N
HYSCORE spectra of COX samples at different pHs?® (Table 1).
In addition, NMR measurements report difference in the spin delo-
calization on the protons of the His ligands of the Cua center in
different proteins and particularly on the Ne-H.3” The reason for this
difference could arise from the fact that one of the Ne’s is more
solvent exposed® than the other, and also that the two histidine lig-
ands are tilted differently, with inequivalent bond angles, and bond
distances. It would be possible for the N&’s on two histidines to be
coupled similarly with the copper ion, while the N¢e’s are not.

The spectrum of H120G-CusAz exhibits the Ne interaction plus
an additional nitrogen with larger K~0.7 MHz typical for peptide
protein nitrogens. Resolution of this additional weak interaction
can be attributed tentatively to a redistribution of the spin density
between the cluster’s atom and/or to structural changes near the
cluster as a result of the mutation. Two types of weakly coupled
nitrogens around the Cua center, also assigned to the remote nitro-
gen of the coordinated imidazole residue(s) and to a backbone pep-
tide nitrogen, were found in the HYSCORE spectra of cytochrome
bas and methionine variants discussed above (Table 1).2% Also, sim-
ilar assignments of the weakly coupled nitrogens were performed
for the Cua center in NoOR¥ based on analysis of the three-pulse
ESEEM frequencies. Results from these studies collected in Table
1 show similar values of the quadrupole coupling constant for each
type of nitrogen, but the hyperfine couplings vary by two-fold, re-
flecting differences in the protein environment around the Cua site
in each protein.

In addition, two more pairs of cross-peaks at (0.7, ~4.2) and
(1.4, ~4.2) MHz were observed in the HYSCORE spectra of the
COX proteins.? These features are typical for the remote nitrogen
of the imidazole ligand bound to a localized Cu?", satisfying the
cancelation condition [vian — JA[/2|~0.2° They belong to the (vo.-, vaq)
and (v+, vdq) correlations of the remote imidazole nitrogen(s) of the
Type 2 copper center which is present in different amounts in all
studied samples.?® In addition, the appearance of similar features is
expected if the unpaired electron in the Cua center of the H120G-
CusAz would be completely localized on the copper with coordi-
nated His46. However, our spectra do not contain such cross-fea-
tures, again supporting the spin delocalized structure. In addition,
although the previous study with a Q-band rapid passage signal
showed evidence for a minority component of mononuclear Type
2 copper in the variant sample,'® our lack of cross-features (0.7,
~4.2) and (1.4, ~4.2) MHz indicates that our samples have only a
small amount of T2 copper impurities.

Protons. The previous Q-band ENDOR study of WT-CuaAz and
its H120N and H120G variants reported observation of lines with
the splittings of ~6 MHz and ~12-13 MHz, which were absent in
the corresponding spectra of the mononuclear copper complexes.!®



They are close to two intermediate couplings ~6 and ~1 1 MHz (Fig-
ure 3) observed in our HYSCORE spectrum of WT-CuaAz. In con-
trast, the spectrum of H120G-CuaAz does not show the peaks 2n
with 6 MHz splitting and the splitting of peaks 3n is slightly in-
creased to 12 MHz.

The differences in HYSCORE spectra of WT- and H120G-
CusAz are qualitatively consistent with the Q-band ENDOR spec-
tra from ref. 19. In these spectra (see Figure S5) the doublet with
splitting ~6 MHz is clearly observed and well-separated from other
lines in the spectrum of WT-CuaAz only. The intensity of this fea-
ture is significantly smaller in the spectra of H120G-CuaAz and
looks like a shoulder of the more intense lines from weakly coupled
protons. In agreement with these changes, we suggest that the 6
MHz splitting of peaks 2m is decreased and partially overlapped
with the peaks 1u in the HYSCORE spectrum of H120G-CuaAz.
The lineshapes of the doublets with the splitting ~12-13 MHz in Q-
band ENDOR spectra are also different in the WT- and H120G-
CusAz, especially in the high-frequency component. It is broader
in WT-CusAz. In HYSCORE spectra the corresponding differ-
ences between the two proteins are manifested in a slight increase
of 3u splitting.

The very weak lines 4u with the splitting ~19 MHz in
HYSCORE spectra of both samples can be tentatively assigned to
amononuclear Type 2 copper complex, despite the lack of nitrogen
cross-peaks (0.7, ~4.2) and (1.4, ~4.2) MHz expected for Cu>*-im-
idazole complexes stated above. A doublet with a similar splitting
~20 MHz was observed in Q- and W-band ENDOR spectra of mon-
onuclear complexes and not identified in Cua azurins.'*?° In addi-
tion, most recent NMR and ENDOR studies of the Cp protons in
the Cua proteins discussed below have not reported so large a cou-
pling. The relative intensity of the nitrogen and proton cross-peaks
in HYSCORE spectra of T2 copper is not known and needs more
detailed analysis.

Table 2. Reported isotropic hyperfine couplings (MHz) for Cp pro-
tons of cysteine ligands in Cua center of different proteins.

Protein ai az as as Ref.
N>OR 8.6 10.4 117 133 35
N>OR 9.1 11.0 122 13.8 20
COXe 6.8 10.0 122 154 20
COX? 8.1 10.3 11.6 133 20

CuaAz 9.0 12.5 20

CuaAz ~6 ~12.5 19

baz oxidase® | 4.33 | 8.9 9.53 10.5 37

M160Q 187 | 9.75 11.38 37

baz oxidase’

CusAz 52 108 This

|7.6¢ [12.8) work

H120G 11.9 This

CuaAz [13.9 | work

“The recombinant water-soluble fragment of subunit II of Thermus

thermophilus cytochrome ¢ oxidase (COX) baz (M160T9), *its
M160QTO variant, where the weak axial methionine ligand has
been replaced by a glutamine. “NMR study of the soluble subunit
11 of Thermus thermophilus basz oxidase “Linear fitting analysis of
the cross-ridges gives two possible solutions with opposite relative
signs of @ and T (see, Supporting Info Figure S3 and Tables S1 and
S2).

More details in the proton couplings were explored in a com-
parative study of Cua centers in N2OR, CuaAz, and COX bos and

its M160Q variant using X- and W-band "H ENDOR.? Two types
of proton resonances are present in all spectra. The first group is
attributed to the cysteine Cp protons and contributes to the broad
range of couplings 7-15 MHz. The second group includes the pro-
tons with weak couplings smaller than 3 MHz. Among all these
proteins, CusaAz possesses the simplest orientation-selective
ENDOR spectra from Cp protons, consisting of a doublet of lines
with the average splitting of ~10.8 MHz and width ~3 MHz. Using
these characteristics, the maximum and minimum values of the iso-
tropic coupling for Cp protons were estimated to be 12.5 and 9
MHz, respectively. Similar lines in the spectra of other proteins
studied in that work?® exhibit more complex lineshapes with addi-
tional features that were used to distinguish the different protons.
As aresult, isotropic and anisotropic components of hyperfine ten-
sors for all four Cp protons were derived from the simulations of
W-band spectra of N2OR and two COX proteins. Currently availa-
ble information about isotropic couplings with Cp protons in the
Cua proteins is summarized in Table 2.

Analysis of the isotropic couplings for Cp protons in ref. 20
was performed using the expression an = g5 (Bsin? ¢ + C) describ-
ing their dependence on the H-C-S-S dihedral angle, ¢.3° In this
expression, B and C represent contribution from hyperconjugation
and polarization, respectively, ps and is the unpaired electron den-
sity on the Cys S atom. Previous studies®” and the available crys-
tallographic structures of the Cua centers indicate well conserved
H-C-S8-S dihedral angles. Minimum and maximum isotropic cou-
plings for each Cua were assigned to protons with ¢ around 0° and
90° that provided a direct estimate of psB and psC. Further, analy-
sis of these parameters has established the variation of the ps within
the range ~0.15 - 0.25 in studied proteins with the minimum value
in CuaAz.? However, this analysis was performed under the as-
sumption of equal spin density on both sulfur atoms. NMR studies
on native systems'* and DFT calculations®® for the models with two
and one His ligand in CuaAz show a substantial difference 0of 0.19
and 0.25 between spin density population on two sulfurs in the case
with two His ligands. The difference in spin populations decreases
(0.21 and 0.23) in the H120 variant Cua with one His.

If we assign peaks 1m to weakly coupled protons and 4u to
the mononuclear copper, then the remaining peaks 2n and 3u be-
longs to the Cp protons in HYSCORE spectra of CuaAz samples.
This analysis suggests that the lines from four Cp protons partially
overlap and produce only two resolved cross-peaks in X-band
HYSCORE spectra. The largest component of the anisotropic hy-
perfine tensor for Cp protons of Cua center in different proteins de-
termined from W-band ENDOR spectra varies within 2.8 - 3.4
MHz.2° The W-band ENDOR defines the average value of 7~1.4-
1.7 MHz that is smaller than 7~2.2+0.2 MHz obtained from our
analysis of the cross-peak lineshapes. The difference with ENDOR
data likely arises from the overlap of the lines produced by different
Cp protons with close isotropic couplings in HYSCORE spectra. It
increases the apparent length of the cross-ridges and leads to a
larger anisotropic component in the formal analysis.

m CONCLUSIONS

In this work, we have described a comparative study of the 'H and
N hyperfine interactions for the Cua center in WT- and H120G-
CusAz using the two-dimensional ESEEM technique, HYSCORE.
Application of HYSCORE has identified clear differences between
N and 'H hyperfine interactions in WT- and H120G-CuaAz. Spe-
cific findings include:

(1) The observation of the cross-peaks from histidine nitrogens di-
rectly coordinated to Cua with hyperfine coupling Axv. =15.3 MHz



in WT-CusAz. This is the first experimentally determined quanti-
tative information about hyperfine interaction with coordinated ni-
trogens in CuaAz. In contrast, similar peaks were not observed in
the spectra of H120G-CuaAz, which indicates an increased value
of An1. We suggest that the increase would not need to be more
than a few MHz, which is in line with the rise of the spin population
of ~16% at Cu-N fragment in the variant. It would be sufficient
enough for the cross-peaks to vanish in X-band HYSCORE.

(ii) The N HYSCORE spectrum of WT-CuaAz resolves interac-
tion with only one type of weakly coupled nitrogen, assigned to the
remote N of coordinated imidazole residues based on the quadru-
pole coupling constant K~0.4 MHz. The spectrum of H120G-Cu-
aAz demonstrates this plus an additional feature typical for back-
bone peptide nitrogens with larger K~0.7 MHz.

(iii) The 'H HYSCORE spectra exhibit an opposite shift of the
cross-ridges of only ~1 MHz from Cp protons, consistent with the
DFT predicted variation of the spin density ~0.02 (i.e. ~10%) on
sulfur atoms of the Cua cluster in H120 variants relative to the wild-
type protein.

These findings provide the first experimental support for the
previous DFT analysis that predicted changes of the spin popula-
tion ~0.02-0.03 on copper and sulfur atoms of the Cua center in
H120 variants relative to the WT-CuaAz, and contribute to resolv-
ing the contradicting conclusions between EPR and ENDOR stud-
ies of valence distribution in CusAz and its variants.'

We suggest that more detailed characterization of the spin
density distribution is needed for the construction of an experimen-
tally supported model of spin density distribution in Cua centers at
different pH and in different variants. DFT calculations®? discussed
above were mostly focused on the hyperfine couplings from two
coppers due to absence of any precisely characterized hyperfine
couplings of the other magnetic nuclei. One can propose that cop-
per couplings determined from the EPR spectra can be further sup-
ported by the hyperfine tensors of the coordinated nitrogens and of
the Cp carbons of the cysteine ligands. Those can be obtained from
N ENDOR and *C HYSCORE experiments in a similar manner
as that in refs. 35 and 39, respectively, for other systems. High-field
ENDOR and ELDOR detected NMR can also be useful for this
purpose.®® These additional data would provide a more detailed
view of the unpaired spin density distribution around the CuzS2 mo-
lecular core for more extended DFT modeling.
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The two-dimensional HY SCORE spectroscopy lias identified clear differences between 14N and 'H  hyperfine interactions
in an engineered Cua center in azurin and its Hisl20Gly variant. These findings provide the first experimental support for
the DFT predicted minor changes ofthe spin population ~0.02-0.03 (i.e. —10%) on copper and sulfur atoms ofthe Cua in
HI20 variants relative to the azurin and contribute in the development of quantitatively verified model of valence distribution
in these proteins.



