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ABSTRACT: The electron transfer mediating properties of type I
copper proteins stem from the intricate ligand coordination sphere of
the Cu ion in their active site. These redox properties are in part due to
unusual cysteine thiol coordination, which forms a highly covalent
copper—sulfur (Cu—S) bond. The structure and electronic properties
of type I copper have been the subject of many experimental and | e,
theoretical studies. The measurement of spin delocalization of the '
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Cu(Il) unpaired electron to neighboring ligands provides an elegant
experimental way to probe the fine details of the electronic structure of

type I copper. To date, the crucial parameter of electron delocalization to the sulfur atom of the cysteine ligand has not been
directly determined experimentally. We have prepared *3S-enriched azurin and carried out W-band (95 GHz) electron
paramagnetic resonance (EPR) and electron—electron double resonance detected NMR (EDNMR) measurements and, for the
first time, recorded the **S nuclear frequencies, from which the hyperfine coupling and the spin population on the sulfur of the
thiolate ligand were derived. The overlapping **S and '*N EDNMR signals were resolved using a recently introduced two-
dimensional correlation technique, 2D-EDNMR. The **S hyperfine tensor was determined by simulations of the EDNMR
spectra using **S hyperfine and quadrupolar tensors predicted by QM/MM DFT calculations as starting points for a manual
spectral fit procedure. To reach a reasonable agreement with the experimental spectra, the **S hyperfine principal value, A,, and
one of the corresponding Euler angles had to be modified. The final values obtained gave an experimentally determined sulfur
spin population of 29.8 + 0.7%, significantly improving the wide range of 29—62% reported in the literature. Our direct,
experimentally derived value now provides an important constraint for further theoretical work aimed at unravelling the unique

electronic properties of this site.

B INTRODUCTION

Type I copper proteins are well-known for their involvement in
electron transfer (ET) during redox reactions in biological
systems. They have a unique Cu(II) site referred to as type I
copper, which has been subjected to thorough structural,
spectroscopic, and kinetics studies.'~” These unique properties
are determined by specific coordination shells of the copper
ion, which usually exhibit a coordination geometry ranging
from trigonal bipyramidal to pseudotetrahedral.”®’ The
signature feature of type I copper is its characteristic ligand
arrangement around the copper ion, which consists of two
histidine nitrogen atoms, a cysteine thiolate ligand (Figure 1),
and weaker axial ancillary ligands such as a methionine
thioether or a glutamine amide on one side (top) or a glycine
backbone carbonyl on the other side (bottom). In addition, it
was shown that an outer-sphere hydrogen-bonding network
between backbone amides and the cysteine sulfur is largely
responsible for the low ET reorganization energies that
characterize these proteins.”” The well-known blue color of
type I copper proteins results from an intense absorption band
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near 16000 cm™' owing to a ligand-to-metal charge transfer
(LMCT) transition.”'® The orbitals involved in the transition
are m-bonding and 7-antibonding combinations of sulfur 3p and
Cu 3d,>_p The z-antibonding combination is singly occupied
in the electronic ground state, and 7 covalency is extensive,
owing to an overlap between the energetically well matched
thiolate and copper d orbitals." ">

It has been reported that the large variation in the redox
potential among type I copper sites in different proteins with
equivalent first coordination spheres is a consequence of
second-sphere interactions that can be tuned by the protein
structure.'”'* These interactions comprise covalent and
nonlocal electrostatic components, the former affecting the
degree of covalency of the Cu—S bond'” and, consequently, the
electron delocalization on the sulfur. Therefore, the exper-

imental determination of the Cu and S electron delocalization is
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Figure 1. Trigonal-bipyramidal structure of the Cu(Il) site of azurin
(PDB ID: 4AZU).>

important, since it is closely related to the site’s electronic
structure and function.

A direct experimental way to probe subtle details of
electronic structure is by measuring the hyperfine interaction
of the unpaired electron to the copper nucleus and the
neighboring ligand’s nuclei. For example, the exceptionally
strong electronic coupling between the protein and the metal
center” in type I copper results in characteristic as well as a
remarkably small “**Cu hyperfine coupling (60 < A, < 285
MHz),'"'*'¢ ascribed to extensive spin delocalization over the
ligands, particularly the thiolate sulfur. The hyperfine
interaction with the thiolate sulfur has never been measured
directly, but it was inferred from indirect measurements of the
hyperfine coupling of the cysteine f3 protons by EPR'” or
paramagnetic NMR'*'® and by S K-edge X-ray absorption
spectroscopy.”' ~'*"? In addition, quantum chemical calcu-
lations, which were independent or were coupled to the above
experimental work, were used to calculate the spin density over
the sulfur, mainly in azurin.®'>'#'729722" All of these
calculations yielded sulfur spin populations in the range of
29—62% for azurin.

The absence of direct experimental data on the sulfur
hyperfine interaction stems from the difficulty in preparing **S-
enriched samples and because **S, as a low-y quadrupolar
nucleus, is not a “friendly” nucleus for hyperfine spectroscopic
measurements. Nonetheless, there have been a few 33S electron
spin echo envelope modulation (ESEEM) and electron—
electron double resonance (ENDOR) reports on biological
systems.”* ">’ Recently, it been shown that electron—electron
double resonance (ELDOR) detected NMR (EDNMR)*® is a
particularly effective method, when it is applied at a high
frequency such as the W band (95 GHz), for measuring nuclear
frequencies of quadrupolar low-y nuclei. It has been applied to
measure N, 29734 170 35739 61\ 40 sy #1 51y 42 o 4 35373
nuclear frequencies, and recent reports have shown that it can
also be highly useful for I = 1/2 nuclei such as 3'P.**

The objective of the present work was to experimentally
determine the electron spin population on the thiolate ligand of
type 1 copper in azurin via direct measurement of the **S
hyperfine interaction using W-band EDNMR. To date,
quantum chemical calculations have reported very large ranges
of *S spin populations and were found to strongly depend on
the method and functional used.'®'*#*®*! Therefore, such an

experimental result should provide an additional important

constraint for calculating the electronic structure of type I
copper, which is essential for understanding its unique function
as an electron-transfer mediator in proteins.

We found that, while the X-band echo-detected EPR
spectrum of the **S labeled azurin showed clear broadening
in comparison to the spectrum of the natural abundance azurin,
this broadening did not allow the detailed determination of the
33S hyperfine tensor. Moreover, the **S signals, though detected
in W-band 1D EDNMR spectra, were not sufficiently resolved
due to a severe overlap with the "N signals of the histidine
ligands even at 3.3 T. Accordingly, a recently introduced two-
dimensional correlation technique (2D EDNMR™) was
employed and allowed us to resolve the **S signal from the
"N signals. In the analysis of the 1D and 2D EDNMR spectra
we adapted an approach we used earlier, where we relied on
spin Hamiltonian parameters obtained from quantum chemical
calculations.***” " Specifically, we used recent QM/MM
(quantum mechanics/molecular mechanics) DFT (density
functional theory) results, which were carried out on azurin'*
and reported very good agreement with the experimental
histidine '*N and cysteine f-proton hyperfine couplings. While
the authors did calculate the **S spin Hamiltonian parameters,
they did not report them in the pubication but kindly made
them available to us. These parameters were used as starting
values in the spectral simulations and were then adjusted to
satisfactorily reproduce the experimental spectra. The adjusted
3S hyperfine tensor gave a 29.8 + 0.7 **S spin population, in
comparison with 36.3% predicted by the QM/MM DFT
calculations."*

B MATERIALS AND METHODS

Sample Preparation. 3*S-Na,SO,. Elemental sulfur-**S (99.8%,
100 mg scale, Eurisotop) was deposited in a side arm of a modified
Schlenk tube. An equivalent amount of metallic sodium was bulb-tube-
distilled under high vacuum into a second side arm. Excess (10 mL)
liquid ammonia was condensed (at —80 °C) into the sodium-
containing side arm and S mL into the sulfur-containing side arm,
while the Schlenk tube was still connected to the vacuum manifold.
The distilled sodium dissolved while the mixture was stirred by a
magnetic bar (sealed in a glass tube), resulting in a deep blue sodium—
ammonia solution; it finally reacted with the sulfur—ammonia mixture
by turning around the side arm. While the reaction mixture was
warmed (1-2 h), the ammonia slowly evaporated and a white
precipitate was deposited. Na,S-*>S was collected and dried under
vacuum at 150 °C.

The sodium sulfide was dissolved in a tiny amount of water while a
1/1 2 N NaOH/H,0, (50%) mixture (6 mL) was added dropwise.
After the exothermic reaction stopped, the stirred mixture was gently
heated until the evolution of oxygen ceased. The solution was
evaporated to dryness, and the crystalline solid Na,SO,-**S-10H,0 was
collected (a yield of 230 mg) and characterized by X-ray diffraction.

3S-Labeled Azurin. The BL21-DE3 cells were transformed by a
plasmid using a conventional heat-shock protocol. A 0.2 M solution of
Na,*SO, was prepared by dissolving the salt in syringe-filtered
sterilized water. Minimal M9 media was prepared as follows: the base
was prepared by adding a 1/10 dilution of 10X M9 salts (567 mM
NaH,PO,, 220 mM KH,PO,, 86 mM NaCl, 187 mM NH,C], adjusted
to pH 7.4) and a 1/1000 dilution of the labeled salt in water and finally
autoclaving them. The media preparation was then completed by
addition of a 1/66 volume ratio of a filtered 20% glucose solution, a 1/
1000 dilution of filtered 2 M MgCl,, 76 mM CaCl, and a 10 mg/mL
biotin and thiamine solution. The starter culture was prepared by
overnight growth of the transformed cells in LB media and was used to
inoculate a 50 mL culture of M9 media for 8 h, 210 rpm, and 18 °C.
The cells were then harvested by centrifuging the culture and were
later resuspended in M9 media. The resuspended cells were used to
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inoculate 360 mL of M9 media. The cells were grown overnight at 18
°C at 210 rpm. The culture was induced by addition of 0.25 mg/mL of
dioxane-free IPTG at 18 °C, and growth continued overnight. Cells
were then harvested and purification continued as previously
reported.”® Cu titration experiments were performed by stepwise
addition from a 25 mM stock solution of ®*CuSO, (0.5, 0.6, 0.7, 0.8,
0.9, 1.0, and 1.1 equiv). The holo-protein was then applied to a Q
column for further purification and removal of extra Cu as described
before.” The R/Z ratio of the 280 to 625 nm peak was 1.8 after
purification. The pH of the final protein sample was 5.2. The control
sample was made using the same protocol but with unlabeled salt.
Denaturation—renaturation experiments were performed by dissolving
the protein to a final concentration of 0.25 mM in S M guanidine
hydrochloride, 1.3 mM DTT, and 1.2 mM ZnCl, in 50 mM
ammonium acetate buffer pH S.1. The protein was incubated at 37 °C
for 1S min to denature. The denatured protein was then loaded into a
syringe and was dripped with a rate of 1 mL/h into a stirred solution
of 50 mM ammonium acetate buffer at pH 5.1 with 1.3 mM DTT and
1.2 mM ZnCl, to refold. The volume of the renaturation solution was
set to keep the final concentration of guanidine hydrochloride below 1
M. The protein was then exchanged into 50 mM ammonium acetate
buffer pH S.1 by either dialysis or exchange using Centricon.

EPR Spectroscopy. X-band echo-detected EPR spectra were
recorded on a Bruker ELEXSYS ES80 spectrometer. All W-band (94.9
GHz) measurements were carried out using a home-built spectrom-
eter.’>>" Echo-detected EPR spectra were measured at 10 K using the
two-pulse echo sequence (n/2—7—z—7—echo), where the echo
intensity was registered as a function of the magnetic field. The 7/2
and 7 pulse lengths were 30 and 60 ns, and 7 = 0.3 ps.

EDNMR is a hyperfine double resonance technique (see Figure 2a)
in which a high-turning angle (HTA) pulse of frequency v, is applied
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Figure 2. Pulse sequences for (a) 1D EDNMR and (b) 2D EDNMR
experiments.

to a forbidden EPR transition (Amg = +1, Am; = +1) while the
electron spin—echo intensity of an associated allowed transition (Amg
= +1, Am; = 0) with frequency v, is observed.”® The HTA pulse
transfers the population across the forbidden transition, which reduces
the population difference of the allowed transition and, therefore, the
echo intensity is reduced. The EDNMR spectrum is acquired by
measuring the echo intensity while sweeping the frequency, v,, of the
HTA pulse. When v, is on resonance with a forbidden transition, the
frequency difference Av = v; — v, matches a nuclear frequency and a
decrease in the echo intensity is observed, resulting in a negative peak
in the EDNMR spectrum. When v,= v,, both frequencies are tuned
with the allowed EPR transition, yielding a strong negative signal at Av
= 0. The EDNMR signal intensity depends on the transition
probability of the forbidden EPR transitions®® and is, therefore,
particularly efficient when significant nuclear state mixing exists. This
occurs when the hyperfine interaction is on the order of the nuclear
Larmor frequency and/or when a significant quadrupolar interaction is
present (for nuclei with I > 1/2). The presence of the intense Av = 0

in the EDNMR experiment prevented its widespread application at
conventional X-band (~0.34 T, ~9.5 GHz) frequencies, where the
nuclear Larmor frequencies are low and often overlap with this signal.
However, EDNMR becomes much more useful at higher microwave
frequencies, where nuclear Larmor frequencies are better separated
from the Av = 0 signal.z%s_37 Recently a two-dimensional (2D)
EDNMR experiment has been designed (see Figure 2b) to resolve
overlapping signals in the standard, one-dimensional spectrum.*” In
the 2D maps the data are displayed as a function of Av, = v, — v, and
Av, = v, — vs.

1D EDNMR measurements were performed at 10 K with the pulse
sequence shown in Figure 2a. In all of the experiments the observed
frequency was set to 94.9 GHz and the experimental parameters are
given in Table 1. Measurements were carried out at several magnetic
fields, as described in the Results and Discussion.

Table 1. 1D EDNMR Experimental Parameters

turar MS ty/ DS t, ns 7, ns Tap HS repetition time, ms

10 150 300 500 6 3

2D EDNMR experiments were performed using the pulse sequence
shown in Figure 2b at 10 K. Because 2D EDNMR is a triple resonance
technique in which the observed frequency is kept constant while two
HTA pulses are swept, the configuration of our MW bridge was
modified, as described in detail earlier (see the corresponding
Supporting Information).* The experimental parameters for the 2D
EDNMR experiments are given in Table 2.

The 2D spectrum was generated as described earlier.*® The
theoretical background for the simulations of the 1D and 2D EDNMR
spectra are given in the Supporting Information. The 2D EDNMR
simulations were performed using the experimental parameters given
in Table 2 and the following parameters: electron spin spin—lattice
and spin—spin relaxation times T, = 1 ms and T,, = 1 us, respectively,
nuclear spin spin—lattice and spin—spin relaxation times T}y = 10 ms
and Tyy = S or 50 ps, respectively, for all nuclei, and @, = 3.5 MHz. In
these simulations we took into account the orientation selectivity,
which depends on both the pulse excitation bandwidth as well as the g
and the ®%Cu(Il) hyperfine strains. Because the 2D EDNMR
calculations are very lengthy, for each field we selected the minimal
selected orientation (6,¢) pairs needed, 108 orientations for B, = 3048
mT and 214 for B, = 3322 mT. These were chosen by setting a
threshold and selecting the most probable values while checking for
convergence of the simulated spectra.

B RESULTS AND DISCUSSION

Echo-Detected EPR Spectra. The derivatives of X-band
echo-detected EPR (EDEPR) spectra of natural abundance
(%3%5Cu) azurin, referred to as azurin, and ®Cu,*S-enriched
azurin, referred to as 33S-azurin, are shown in Figure 3a (the
original spectrum, in absorption mode, is shown in Figure S1 in
the Supporting Information). The spectra were recorded with a
small 7 value to minimize the effects of the echo decay and
nuclear modulation on the EPR line shape. Both spectra resolve
the typical small copper A, value of type I Cu(Il). A clear
broadening is observed in the **S-azurin spectrum, particularly
at the g, g, region, which is attributed to the S hyperfine
splitting. The anisotropic broadening suggests that the **S
hyperfine interaction is highly anisotropic. To verify that this is
indeed the case, we carried out simulations of the two EDEPR
spectra. The azurin spectrum was simulated using $Cu
hyperfine couplings,”” and the N hyperfine coulings were
not taken into account explicitly but rather were taken as
broadening (see Figure S2a in the Supporting Information).
The **S-azurin was simulated using the same parameters with
the addition of the **S hyperfine interaction using the QM/
MM DFT derived **$ hyperfine coupling [Ax,Ay,AZ] = [—26.96,
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Table 2. Experimental Parameters of the 2D EDNMR Measurements

sample B, mT tyTary, S ty/5 DS
azurin 3048 10 150
338-azurin 3048 5 200
3 azurin 3322 5 200

t, ns 7, n§ Ta1, MS repetition time, ms
300 500 2 1
400 500 S 1
400 500 S 1

(a)

A

(b)

azurin
—— %3-azurin
T T T T T
280 300 320 340 360
Magnetic field / mT

T T T T T T T 1
3000 3050 3100 3150 3200 3250 3300 3350
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Figure 3. (a) Derivatives of the X-band EDEPR spectra of azurin (9.644 GHz) and **S-azurin (9.674 GHz), recorded at 10 K, with pulses of 16 and
32 ns and a 7 interval of 120 ns. Spectra were slightly shifted vertically to allow easy comparison. The arrows indicate the resolved ****Cu hyperfine
splittings. The original spectra are shown in Figure S1 in the Supporting Information. (b) W-band echo-detected EPR spectra of azurin (black) and
338 azurin (red). The arrows indicate positions where EDNMR spectra were recorded.
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Figure 4. Energy level diagrams for S=1/2 and I =1 (a) and for S = 1/2 and I = 3/2 (b). Lowest energy allowed EPR transitions are highlighted in
green and associated forbidden transitions in red. The NMR transitions associated with the marked allowed and forbidden transitions are shown in

solid blue and all the others in dash blue.

—17.39, 89.03] MHz and the corresponding orientation of the
principal axis system with respect to the g-tensor principal
frame (see the Supporting Information for details). This
simulation (see Figure S2b) indeed confirms that the
broadening is due to the *3S hyperfine interaction and that
this interaction is expected to be more pronounced along g,, g,,
because the principal direction of the hyperfine interaction is
approximately perpendicular to that of g, (see the Supporting
Information). Nevertheless, as the splittings are not resolved, it
does not provide an experimental confirmation for the QM/
MM DFT calculated values and therefore we turned to W-band
hyperfine spectroscopy methods to resolve the **S hyperfine
couplings.

W-band EDEPR spectra of azurin and *3S-azurin, shown in
Figure 3b, do not resolve any hyperfine splitting, not even that
of the **%Cu nucleus, because of the extensive g strain. The
spectrum of **S-azurin is somewhat more “smeared” at the g,
region. The presence of **S cannot account for this additional
broadening, considering that its hyperfine coupling should be

much smaller than that of the ®*®*Cu and that the broadening is
expected in the g, region, as indicated by the X-band spectra.
To account for this difference, we turned to simulations. Again,
as for the X-band spectra, we first carried out simulations of the
spectrum of the natural-abundance sample (see Figure S3a in
the Supporting Information). To reproduce it, we had to add a
rather large strain. Simulations of the 38-azurin spectrum,
particularly the broadening at the g, region, required increasing
the strain significantly (see Figure S3b). We do not know the
origin of this broadening, and we do exclude the presence of
some minor impurity. To further confirm that the type I Cu(II)
center in the enriched sample center has not been modified by
the isotope enrichment procedure, we compared the W-band
'H spectra of **S-azurin and azurin. The spectra of the two
samples are identical (Figure S4 in the Supporting
Information), and the large hyperfine couplings of the cysteine
S protons, which are signatures of type I Cu(Il), are clear in
both.
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In an attempt to resolve the **S hyperfine couplings, we
carried out W-band ENDOR and X-band and W-band
HYSCORE (hyperfine sublevel correlation spectroscopy)
measurements on the enriched and natura-abundance samples
but did not detect any differences between the two that could
be attributed to the **S signals. All spectra were dominated by
signals of the direct and remote "*N nuclei of the histidine
ligands and the cysteine § protons. We also did not detect the
methionine **S, but this is not surprising, because it is expected
to have a very small hyperfine coupling, as the QM/MM DFT
predicts ([A,A4,A, ] = [-0.55-0.91,—0.99] MHz), and a
comparable size quadrupolar interaction (see the Supporting
Information). In striking contrast, we were able to detect the
S signals by W-band EDNMR measurements, and these are
described next.

1D EDNMR. In EDNMR spectra of natural-abundance
azurin we expect to see signals due to the coordinated "N (I =
1) of the histidines. Figure 4 shows the energy level diagram for
an S = 1/2, I = 1 spin system. The six energy levels are labeled
as la,+1), la,0) and la,—1) for the upper electron manifold and
Ip,+1), 15,0}, and |f,—1) for the lower electron manifold. In
total there are four nuclear single quantum transitions (sqg ,,
$qp1,2) and two nuclear double quantum transitions (dgq, and
dqp) that can be observed in the EDNMR spectrum. When the
"N hyperfine couplings are small and are not resolved in the
EPR spectrum due to excessive inhomogeneous broadening,
the observed pulses are not selective with respect to the "N
hyperfine coupling. Accordingly, the various allowed transitions
cannot be distinguished and all contribute to the EDNMR
spectrum, through different spin packets. This results in the
symmetrical appearance of the EDNMR spectrum with respect
to Av = 0.

EDNMR spectra of azurin, shown in Figure S, were
measured at seven different magnetic field positions along the
EPR powder pattern, as shown with arrows in Figure 3. The
spectra are symmetrical around Av = 0, and we therefore
present only half of each (the complete, as-recorded spectra are
presented in Figure SS in the Supporting Information). The
EDNMR spectra of azurin are dominated by the signals of the
directly coordinated "*N of His117 and His46. The hygerﬁne
couplings of these N nuclei are around 20 MHz,* and
therefore they fulfill the “cancellation condition™* (v; = A/2,
where A is the hyperfine coupling and v; is the nuclear Larmor
frequency, at W-band vy & 10 MHz). Under this condition,
the mixing of the nuclear spin states is maximized, thus leading
to an increase in the transition probability of the forbidden EPR
transitions which involve, in addition to the electron spin flip,
also a nuclear spin flip and consequently leading to strong
peaks in the EDNMR spectra. The signals corresponding to the
manifold in cancellation are usually narrow also in orientation-
ally disordered samples because of their very weak magnetic
field dependence, which practically abolishes their orientation
dependence. Furthermore, they have very low frequencies and
therefore in our case they overlap with the central hole.**™>°
The "N signals of the other spin manifold owing to single
quantum (sq) transitions appear around 20 MHz, and weaker
signals owing to the double quantum (dq) transition appear
around 40 MHz. In the spectrum recorded close to the g,
position (3048 mT), the signals of the two histidines can be
resolved (denoted by arrows). On the basis of earlier reports of
the hyperfine coupling of these N nuclei,” sq signals for "N
of His46 are expected at around 19 MHz and dq signals at
around 38 MHz. Frequencies associated with directly

3048 mT *
g||

3074 mT
3101 mT

3141 mT

3221 m

(W

3302 mT,

|

3324 mT
9

-70 60 -50 -40 -30 -20 -10
Av [ MHz

Figure 5. W-band EDNMR of azurin (black) and **S-azurin (red)
recorded at different magnetic field positions along the EPR powder
pattern, as indicated in Figure 3b. The intensities, originally negative,
are displayed as positive. The central holes are not displayed. The
signals denoted by arrows indicate those corresponding to the "N of
the two histidines, and the asterisks denote **S signals.

coordinated "*N of His117 are expected to be around 22—23
MHz"’ for sq transitions and at ~44—46 MHz for the dq
transitions. The two lines at ~22 and 44 MHz are observed as
shoulders on the more intense His46 signals at ~19 and 38
MHz, respectively. This lower signal intensity is expected, since
the hyperfine coupling of this '*N is farther away from the
cancellation condition.

The *S spin system (I = 3/2) is more complex, and it
contains eight energy levels with four allowed EPR transitions,
each corresponding to a different **S nuclear state. Figure 4b
highlights a particular allowed transition with its associated
forbidden transitions. In principle, in such a spin system the
nuclear transitions that can be observed in the EDNMR
spectrum are six single quantum transitions, three in each
electron manifold (sqg,3 and sqg,3), two double quantum
transitions in each manifold (dq,;, and dqg, ,), and one triple
quantum transition per manifold (tq, and tqg). This makes a
total of 12 transitions, 6 per manifold, generating congested
EDNMR spectra. EDNMR spectra of *3S-azurin are shown in
Figure S as red traces. S signals at 30, 45, and 60 MHz are
resolved only in the low-field spectra, particularly at 3048 mT
(denoted by asterisks in Figure S), and as the magnetic field
position is increased toward g, they broaden. Nevertheless,
signal intensities attributed to unresolved *S signals are present
throughout the spectra measured at all magnetic field positions.

We attempted to isolate the **S signals by subtracting the
EDNMR spectra of the azurin spectra from the spectra of *3S-
azurin, but because of uncertainties in the normalization of the
spectra, the results were ambiguous. Therefore, we turned to
spectral simulations of the spectra for data analysis, taking both
the '*N and **S signals into account. The approach we used is
as follows: the first step was to simulate the spectra of the
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Table 3. ®*Cu, '*N Hyperfine, and Quadrupole Principal Values and Euler Angles Taken from the Literature (Row a) along with
the Modified "*N Hyperfine Values that Gave the Best Fit of the Simulated Spectra for the 1D Experimental Spectra (Row b)

nucleus [A,A,A,], MHz
BCy*? (a) [30,18,172.2]
(b) [-30,18,178] + 1
N (His46)> (a) [19.1,18.0,17.2]
(b) [24,21,17.8] + 0.8

N (His 117)% (a) [27.8,24.0,23.6]

(b) [32.825.024.5] + LS

[P t® yrp z]r MHz
[—2.83,—0.83,3.66]

Euler angle (a,f7), A to g deg”
[60,10,10]
[=0.36,—1.09,1.45] [78.3,23.4,80.2]

[-0.25,—1.0,—0.5] [141.5,140.6,—94.6]

“The Euler angles that relate the hyperfine and quadrupole principal axis systems (taken as coinciding) relative to the principal axis system of g.

Table 4. **S Hyperfine and Quadrupole Principal Values and Euler Angles of **S Obtained from QM/MM DFT Calculations
(see the Supporting Information) (Row a),'* those Determined from the 1D Spectra Simulations (Row b) and Those Obtained

from the 2D EDNMR Simulations (Row c)*

[4,4,4.]," MHz
(a) [—26.96,—17.39, 89.03]
(b) [~17.0,~15.4, 89.0] + 0.6
(c) [<27.0 + 1,-154 + 1,67.5 + 2.5]

(P,P,P.]," MHz
[2.97,0.26,~3.24]
[2.97,0.26,~3.24]
[2.97,0.26,—3.24]

Euler angle A to M, deg
[112.5,82.7,—139.2]
[112.5,82.7,~139.2]
[113,63 + 2,—139]

Euler angle P to M, deg
[5.4,65.2,133.8]
[5.4,65.2,133.8]
[5.4,65.2,133.8]

Euler angle g to M, deg
[108.3,77.9,—57.5]
[108.3,77.9,~57.5]
[108.3,77.9,—57.5]

“M represents the molecular axis system used in the QM/MM DFT'* calculations. “In order to extract the Euler angles from the direction cosine
matrices given in the SI we needed to exchange the x and y axes to get a positive determinant.

azurin sample using the spin Hamiltonian parameters of the
"N of His46 and His117 derived from single-crystal measure-
ments> and account for possible ****Cu signals also using the
reported hyperfine values.”> To reproduce the signal
frequencies in the EDNMR spectra, we had to introduce
minor changes in the reported '*N parameters. This confirmed
and assisted in the identification of the **S signals. Next, we
simulated the spectra of **S-azurin, which includes contribu-
tions from "N and ®*Cu as well as from **S. In the simulations
we used the N and ®Cu parameters derived from the
simulations of the natural-abundance azurin and for the **S
hyperfine and quadrupolar parameters we employed values
derived from QM/MM DFT calculations'* as starting values.
The orientations of the g, 33 hyperfine, and quadrupole
interaction principal axes given by these calculations, with
respect to the Cu(Il) coordination bonds, are given in Figure
S6A—C in the Supporting Information. The g, direction forms
a 14.4° angle with the Cu—S(Met121) direction, in excellent
agreement with the 15° reported by a single-crystal EPR
study.”” The angle between the *3S hyperfine A, direction and
Cu—S(Cys112) bond is 86°, and the quadrupole Q, makes a
130° angle with the same bond.

When evaluating the agreement between the experimental
and simulated spectra, we mostly focused on matching the
frequencies and not their relative intensities, because in the
simulations we did not account for all factors affecting the
experimental spectra, such as cavity bandwidth and variation of
the effective ®; (amplitude of the applied microwave
irradiation) over the various transitions and its orientation
dependence, since the spectra were recorded with a constant
HTA pulse.

The spin Hamiltonian parameters used for the EDNMR
simulation are summarized in Tables 3 and 4, and experimental
parameters relevant to simulations are presented in Table S1 in
the Supporting Information.

The calculated '*N and *Cu EDNMR spectra of azurin using
the literature parameters that are given in Table 3, in
comparison with the experimental spectra (Figure S7b in the
Supporting Information), revealed a small mismatch in some of
the frequencies of the '*N signals. To improve the fit, we varied

only the principal values of the '*N hyperfine interaction until a
satisfactory fit of the peak frequencies was obtained. The
resulting spectra are shown in Figure S7a and the adjusted
values are given in Table 3 (row b). We attribute this change to
subtle differences in the structures in solution and in the crystal.
For ®*Cu(1l), the sign of A, was changed to obtain a better fit
and we attribute this to the uncertainty of simulations of the
EPR spectra due to the limited resolution of the EPR spectrum
in the g, region and the relatively small associated hyperfine
coupling. For simplicity, we did not consider the smaller
contribution of **Cu (natural abundance 30.8%).

After determining the **N and ®*Cu hyperfine couplings from
the EDNMR spectra of azurin, we proceeded to simulate the
33S-azurin spectra using the **S spin Hamiltonian parameters
predicted from the QM/MM DEFT calculations. This involved a
total of 11 parameters: S for the nuclear quadrupole interaction
and 6 for the hyperfine interaction. The simulations using this
set of parameters are shown in Figure S8 in the Supporting
Information. The main criteria we used for evaluating the fit of
the S peaks focused on the resolved peaks denoted by
asterisks in Figure 5 in the spectrum recorded at 3048 mT.
These peaks are also clear at 3074 mT. At higher fields the
copper signals become more intense and it became harder to
resolve the **S peaks. The fit obtained with the QM/MM DFT
3G parameters was improved by varying only the principal
hyperfine values by manual trial and error; the values obtained
are given in Table 4 (row b), showing that a variation of 10
MHz for S A, and 2 MHz for A, was required. Figure 6 shows
the best-fit simulated spectra including all nuclei involved with
the parameters given in Tables 3 and 4 (row b).

Because of the considerable overlap between the **S and "N
signals in the 1D-EDNMR spectra, we turned to 2D EDNMR,
hoping to better resolve the **S signals and substantiate the
determination of the **S hyperfine parameters from the 1D
EDNMR simulations. The measured 2D EDNMR spectra were
reported earlier as an example when the 2D EDNMR technique
was first reported,” but without any data analysis. Here we
present the spectra again with analysis and simulations.

2D EDNMR. We first discuss the 2D EDNMR of azurin,
where only N contributes. The 2D EDNMR spectrum of
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Figure 6. **S-Azurin EDNMR spectra as a function of the observer
field positions: (a) black traces giving experimental spectra, red traces
giving simulated spectra of azurin (**N and %Cu), and blue traces
giving simulated spectra of **S only, calculated using the modified
hyperfine values given in Table 4, row b; (b) black traces giving
experimental spectra and red traces giving simulated EDNMR spectra
of *3S-azurin after summing the simulated EDNMR spectra in (a).

azurin, measured around the g, region (B, = 3048 mT), is
presented in Figure 7a. The spectrum shows a set of negative
cross peaks (blue) at (19,~0) and (38,~0) MHz, as expected
from the 1D EDNMR measurements. These negative
correlation peaks arise from cross peaks between NMR
frequencies in different electron submanifolds.” They appear
very close to the axis because of the low frequencies of the
nuclear transitions within the electron spin manifold for which
the cancelation condition holds. The position of the His117
signal is indicated by an arrow in Figure 7a. It also shows a
positive peak on the diagonal at (19,19) MHz. Whereas the 1D
simulations did not require taking into account the off-
resonance effects of the HTA pulse and electron and nuclear
relaxation, the 2D simulations did. Using the theory described
in the Supporting Information,” the 2D EDNMR spectrum of
azurin was simulated with the '*N spin Hamiltonian parameters

determined from the 1D EDNMR simulations (Table 3). The
result of the simulations for the sum (1:1) of the spectra of
His46 and His117 is presented in Figure 7b. The simulation
reproduces most of the peaks in the experimental spectra. The
positive peaks on the diagonal at 20—23.0 MHz correspond to
the overlap of correlations within the electron spin manifold:
$qq12 (23.40 and 23.05 MHz) of His117 and sq,,, (22.10 and
19.7 MHz) of His46. The simulations are in very good
agreement with the experiment.

The 2D EDNMR spectra of *3S-azurin, recorded at 3048 mT
(~g,) and 3322 mT (~g,), are displayed in Figure 8. If we
consider **S alone, negative cross peaks are expected between
frequencies belonging to different electron spin manifolds, and
for the nonselective case (in terms of the **S hyperfine coupling
in the EPR spectrum) a maximum of 36 cross peaks can appear:
9 X (squ5qp), 6 X (sq4dq,), 6 X (sqedqp), 3 X (tqesqs), 3 X
(Sqm tqﬁ)) 4 X (dqm dqﬁ)) 2 X (tqq dq/})) 2X (dqm tqﬁ)) and 1
X (tqy tqﬁ). However, cross peaks involving double (dq) and
triple quantum (tq) transitions are expected to have lower
transition probabilities. Therefore, with positive signals on the
diagonal and positive cross peaks owin§ to off-resonance
excitation effects for an intense HTA pulse,” " the spectrum is
expected to be highly congested. Indeed, the spectra shown in
Figure 8 are quite congested, particularly in the (+,+) quadrant,
and a comparison with the spectrum of azurin indicates that the
signals come primarily from **S, particularly for the 3048 mT
spectrum, which is recorded at a field position where the ®*Cu
lines appear above 100 MHz. In the (+,+) quadrant, the signals
are positive and reveal two ridges running parallel to the
diagonal with a frequency separation of 44 MHz for the g, and
~50 MHz for the g, spectrum. Within the ridges of the g,
spectrum (Figure 8a), which is expected to be more resolved,
some peaks at frequencies similar to those detected in the 1D
EDNMR spectra can be identified at about (60,38), (30,38),
and (28,45) MHz along with their more or less symmetric
counterparts. The negative signals in the (—,+) quadrant, which
are however weaker, are better resolved.

The 2D EDNMR spectra were analyzed with the help of
simulations. Initially we used the spin Hamiltonian parameters
derived from the 1D simulations listed in Tables 3 and 4 and
using the g values reported from the single-crystal EPR data>>
(see Table S1 in the Supporting Information). For the B, =
3048 mT spectrum, the 60 and 38 MHz signal in the (—+)
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Figure 7. (a) 2D EDNMR of azurin measured at 3048 mT. (b) Right upper quadrant of simulated 2D EDNMR of His46 and His117. The
parameters used in the simulation are given in Table 3, row b. Other parameters are T}, = 1 ms, Ty, = 1 us, Ty = 10 ms, Ty = 5 ps, and @; = 3.5

MHz. The experimental spectrum was reproduced from ref 45.
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Figure 8. 2D EDNMR spectra of **S-azurin measured at (a) 3048 mT and (b) 3322 mT along with the range of B, orientations, relative to g,
selected at each particular field on the left. The scale refers to the relative probability for each orientation. The spectra were reproduced from ref 45.

quadrant could not be reproduced and even larger deviations
were observed for By = 3322 mT, as shown in Figure S9 in the
Supporting Information. The simulations also included T,
Tinvo T Tony and @, Among these, Ty, which is unknown,
was found to affect the intensities and the width of cross peaks
but not their positions; thus, by varying the Ty value we could
not improve the agreement. In addition, using the original
QM/MM DFT parameters did not produce satisfactory fits
(Figure S10 in the Supporting Information). Therefore,
focusing mainly on the peak positions in the (—,+) quadrant,
we proceeded by varying the **S principal hyperfine values and
the f Euler angle (see Table 4). The best fit was manually
achieved by reducing A, from the QM/MM DFT predicted
value of 89 MHz to 65—70 MHz and reducing f from 82.7° to
60—65°. In addition, we estimate the range of the A, and A,
values that can fit the data values to be +1 MHz. In Figure 9 we
present the simulated spectra, obtained with the parameters
listed in Table 4, row c, displayed on top of the experimental
spectra. Other simulated spectra obtained using parameters
within this range given above are given in Figure S11 in the
Supporting Information. The simulation reproduced the
congestion of the positive peaks in the (++) quadrant and
the negative peaks in the (—,+) quadrants. They also show that
most of the positive peaks (yellow color in the 2D spectra) do
not have symmetric counterparts, indicating that they originate
from the off-resonance excitation of allowed transitions.”
Although the simulations reasonably reproduced the position of
the peaks in the diagonal upper part of the (+,+) quadrant, the
part below the diagonal was not well reproduced. This was
independent of the parameters used. The spectra calculated
with the same parameters as those given in Figure 9, but with a
T value of 100 us, are quite similar to those calculated with
Tix = 10 ms (see Figure S12 in the Supporting Information).
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Figure 9. Simulated 2D EDNMR spectra calculated with the
parameters given in Table 4, row ¢, with A, = 70 MHz, = 61°,
Tie=1ms, Th, =1 ps, Ty = 10 ms, Ty = S ps, and 0, = 3.5 MHz:
(a) By = 3048 mT; (b) B, = 3322 mT. The experimental spectra are
presented as a gray background, whereas the simulations are shown in
color.
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Figure 10. Simulated 1D EDNMR spectra recorded at By = 3048 mT with the parameters given in Table 3, row b, and Table 4, row c (with A, = 70
MHz and f = 61°): (a) individual spectra of each of the nuclei as denoted in the figure (dashed lines mark peak positions in the experimental
spectrum for easy comparison) and (b) their sum (black trace) compared with the experimental spectrum (red trace). The spectra were calculated

with @, = 3.5 MHz and T,, = 10 us.

In these simulations one has to take into account the
orientation selectivity, which depends on both the pulse
excitation bandwidth and on g and the ****Cu(II) hyperfine
strains. The symmetry of the 1D spectra about Av = 0
indicated that there is no selectivity in terms of the observed
allowed transition. The strain was taken into account as an
increased “effective” excitation bandwidth used to determine
the range of orientation selected. It was adjusted such that the
calculated 1D spectrum also gave a spectrum with minimal
asymmetry. We note that simulations were done under the
assumption that S is the major contributor to the 2D
EDNMR spectra, thus neglecting the possibility of contribu-
tions from transitions involving two nuclei flips, '*N and **S.
These usually occur in the presence of strong signals of the
individual nuclei and are readily identified in the 1D EDNMR
spectrum.”” We do not know how strong they should be in the
2D EDNMR spectrum.

Now that we have a set of parameters which reasonably
reproduce the 2D-EDNMR spectra, we used them to
recalculate the 1D spectra using the same theoretical formalism
used to calculate 2D-EDNMR. In Figure 10 we present the
simulations of the spectrum recorded at 3048 mT in
comparison to the experimental spectrum. The line positions
are reproduced rather well; however, because of an overly
strong contribution of N of His117, the line at 19 MHz is
slightly shifted. The agreement between the experimental
spectra using this set of parameters (Table 3, row b, and Table
4, row c) and the set used to simulate the 1D spectra using a
simpler theoretical approach (Figure 6, Table 3, row b, and
Table 4, row b) is of the same quality. Accordingly, we
conclude that the set of hyperfine parameters derived from the
2D EDNMR spectral simulations is in better agreement with
the experimental data (Table 4, row c). Calculated 1D *S
EDNMR spectra showing the effect of w; and T, for spectra
recorded at 3048 mT are presented in Figure SI3 in the
Supporting Information.

The implications of the change in the f angle from 82.7° to
60—65° (see Table 4) in terms of the orientation of the
principal axis system of the **S hyperfine interaction with
respect to the structure of the type I site are given in Figure S4
in the Supporting Information. While the A, direction did not
change much and it makes an angle of 77° with respect to Cu—
S(Cys112), in comparison to 86° for QM/MM DFT values,
the A, and A, axes have rotated. The orientation of the A,
direction is expected, considering that the Cu—S(Cys112)

bonding involves 7-bonding and 7z-antibonding orbitals which
are combinations of Sulfur 3p and Cu 3d;_; and not the
corresponding ¢ components along the bond axis. The z-
antibonding combination is the singly occupied orbital, and
therefore the orientation of A, is expected to be approximately
perpendicular to the Cu—$ direction.’®

Finally, we recalculated the X-band EPR spectrum with the
new *S hyperfine tensor (principal component and orienta-
tion) and compared it with the experimental spectra (see
Figure 4c) and we observe a slight improvement in term of
intensities in the g, region.

Calculations of the 33S Spin Population. Now that we
have determined the **S hyperfine coupling parameters, we can
proceed and derive from them the **S spin population. This
was achieved using the tables of Morton and Preston,”® which
give the calculated isotropic hyperfine value, Ay, and the
anisotropic hyperfine value, T, (average of T, and Ty), arising
from one unpaired electron in the 3s and 3p orbitals of **S.
Taking into account the angular factor for the p orbitals (x,y,z),
the principal components of T (=T ,,—T,2T ) for the **S 3p
orbitals become (—2/5,—2/5,4/5) X 251.3 MHz. For a unit
spin in the 3s orbital of **S the tables give an isotropic
hyperfine coupling of 3463 MHz. The range of the principal
values that gave reasonable agreement with the experimental
2D spectra were (—27.0 + 1,—15.4 + 1,67.5 + 2.5) MHz; these
yield A, = 6.9—9.9 MHz and 0.2—0.3% spin population in the
3s orbital. The anisotropic part gives T, = 29.1-30.4 MHz,
28.9—30.1% spin in the 3p orbital, and a total of 29.1-30.4%
spin population on the sulfur. Here we neglected the
thombicity of the hyperfine tensor. The QM/MM DFT
calculation predicted a total Lowdin spin density on S of
36.3% (see Table S2 in the Supporting Information), most of
which is in the 3p orbital and a negligible amount is on the 3s
orbital (0.4%)."" We tested the validity of our approach for
calculating the spin population by calculating the spin
population arising from the QM/MM DFT calculated values
(see Table 4) and obtained 0.4% spin population in the 3s
orbital and 37% on the p orbital. This yield a total spin
population of 37.4%, which compares favorably with the QM/
MM DFT value of 36.3%.

In Table 5 we compare the spin population we obtained from
the **S hyperfine coupling and other values derived from other
experimental parameters such as the f-proton hyperfine
couplings and S K-pre-edge XAS data. Our results are in
good agreement with those reported on the basis of *H

DOI: 10.1021/acs.inorgchem.7b00167
Inorg. Chem. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00167/suppl_file/ic7b00167_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00167/suppl_file/ic7b00167_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00167/suppl_file/ic7b00167_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.7b00167

Inorganic Chemistry

Table 5. Reported S Spin Density Values of Type I Azurin

method sulfur spin population, %
%3S hyperfine coupling 29.1-30.4
*H ENDOR"” 30

S K pre-edge XAS" 45 (on the p orbital)

DFT* 62, 41 depending on the functional
used (Mulliker?)

QM/MM?° 61

ab initio multireference 59.1

determinantal configuration
interaction (MRD-CI)
calculations™
DFT" 28.7, 32.5% (C-squared population
analysis, CSPA); 43.7, 36.9“
(Mulliken population analysis)

QM/MM DFT calculations'*

“The two numbers correspond to calculations carried on a large model
and a small model of azurin, which have been geometry optimized.

36.3 (Lowdin population)

ENDOR of the cysteine 8 protons;'’ however, they are lower
than the values derived from the XAS data."> The theoretical
studies that reported a 62% spin density on the Sulfur
atom”"*>** are highly overestimated in comparison with our
data. Here we note that the spin populations obtained by the
various analysis schemes, such as Mulliken and Lowdin
population analysis, can yield different results for the same
DFT calculations and therefore are best considered as
qualitative®® (see Table 5). They are useful for providing
trends in calculations, provided that the same functional, basis
set, and analysis scheme are used. This is in contrast to the
direct calculation of the hyperfine interaction, which is
unambiguous per a particular calculation.” Therefore, is better
to compare the calculated and experimental hyperfine couplings
(when available).

Considering that the total spin population should amount to
100% and that the spin population on the nitrogen ligand is
~10%'* and on the B protons is 3%,'” the 29—30.4% spin
population on the thiolate leaves about 55% spin population on
the Cu(II), which is higher than the reported value of 45%."” In
this work, which reported an S spin population similar to ours
and considering a somewhat overestimated spin population of
15% on the histidine nitrogens, the total spin population still
did not reach 100%. Increasing the spin population on the S
would mean increasing the A, of the **S hyperfine coupling. We
tried this, but it generated too large a discrepancy between the
calculated and experimental 2D EDNMR spectra.

B CONCLUSIONS

Using one- and two-dimensional EDNMR at W-band, we were
able to detect the **S signals of type I Cu(II) in azurin. Whereas
the orientation-selective 1D spectra showed a severe overlap
with the '*N signals of the coordinated nitrogens of His117 and
His46, the 2D EDNMR spectra were dominated by **S signals.
The *S hyperfine tensor was determined by simulations of the
EDNMR spectra using QM/MM DEFT predicted values as
starting values, and to reach a reasonable agreement with the
experimental spectra, the A, value and one of the Euler angles
had to be modified. This shows, once again, how important
quantum chemical calculations are in providing the initial spin
Hamiltonian values for data analysis in the absence of single
crystals. Fitting 11 parameters without good initial values would
be impossible. The final (Ax,Ay,AZ) = (=270 + 1,-154 +
1,67.5 + 2.5) MHz values gave a total S spin population of 29.8

+ 0.7%, in comparison with values in the range of 29—62%
reported in the literature, which were based on spectroscopic
parameters and theoretical predictions."”'*'”?**" Qur direct
experimental observation of the **S nuclear frequencies and the
derived hyperfine coupling now provide an important
constraint for further theoretical work in order to unravel the
unique electronic properties of this site. Furthermore, with the
new methodology we presented it will be possible to examine
type I sites in different proteins and see if and how the **S
hyperfine interaction and the associated spin population
correlate with the redox potential and understand how it is
tuned.

An interesting observation has been the small, but clearly
detectable, difference in the hyperfine coupling of the
coordinated "N of the histidine in a frozen solution and a
frozen single crystal. This indicates that crystal forces do lead to
some minor structural changes that affect the hyperfine
coupling.

This work also demonstrates the effectiveness of 1D
EDNMR and particularly 2D EDNMR for detecting nuclear
transitions of low-y quadrupolar nuclei. The new 2D EDNMR
experiment requires further investigation in terms of
optimization and resolution limitations. Finally, for the
particular case of overlapping "N and *3S signals, a higher
EPR frequency would help in resolving them, as well as the use
of *N-labeled protein.
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