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Abstract: 55Cu central-transition NMR spectroscopy of the blue copper protein azurin in the reduced Cu(l)
state, conducted at 18.8 T and 10 K, gave a strongly second order quadrupole perturbed spectrum, which
yielded a %°Cu quadrupole coupling constant of £71.2 & 1 MHz, corresponding to an electric field gradient
of +1.49 atomic units at the copper site, and an asymmetry parameter of approximately 0.2. Quantum
chemical calculations employing second order Mgller—Plesset perturbation theory and large basis sets
successfully reproduced these experimental results. Sensitivity and relaxation times were quite favorable,
suggesting that NMR may be a useful probe of the electronic state of copper sites in proteins.

Copper is a ubiquitous component of living systems. It fulfills
a vital role in many enzymes, particularly redox enzymes. As
might be anticipated from the chemistry of the element, the
primary redox couple involved in biological redox processes is
Cu'/Cu". However, multinuclear copper centers' and mixed
metal centers® give it the ability to participate in multielectron
processes. Among its most important redox roles are in
cytochrome c oxidase, which was proved to be a copper enzyme
by nutritional, enzymological and spectroscopic studies,” and
which contains three coppers per molecule,’ two in a dinuclear
center. Cytochrome ¢ oxidase acts as the terminal enzyme in
the respiratory chain, reducing molecular oxygen in a four-
electron process to water. Other copper-containing redox
enzymes are tyrosinase® and various other oxidases.” The copper,
zinc superoxide dismutase of mammalian erythrocytes performs
the rather different role of eliminating superoxide in an
alternating sequence of single-electron oxidation and reduction
steps.® Some organisms use copper hemocyanins, which contain
a binuclear copper site,” as oxygen transporters. In addition to
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these metabolic functions, organisms use copper chaperones'®
to transport the toxic metal. In terms of generalities, it has been
noted'! that copper is usually associated with the metabolism
of O, or oxides of nitrogen, and copper proteins often also
contain organic radicals.

Copper sites in proteins have been classified into several
types: type-1,'* type-2,'* and type-3' copper, as well as the
dinuclear CuA center."* Among the best-studied are the type-1
sites, characterized by a strong absorption in the orange region
of the visible spectrum. The blue copper proteins, a class of
relatively small, one-electron transfer proteins found in bacteria
and plants, notably employ type-1 copper sites.

The classical type-1 copper site has three primary ligands:
two histidines and a cysteine, arrayed in a more-or-less distorted
trigonal geometry. A fourth ligand, which is often methionine,
but is glutamine in stellacyanin,'’ and leucine in laccase' and
some of the ceruloplasmin copper sites,'® is more weakly
coordinated to the copper; a proposed fifth ligand in azurin, the
main-chain carbonyl of Gly-45,'” shows no substantial covalent
interaction in electronic structure calculations,'® but may alter
the redox potential by electrostatic effects. The reduction
potential of type-1 sites extends from 184 mV in
stellacyanin'®—very similar to that of free Cu>" in aqueous
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solution (150 mV)—upward to around 670 mV for rusticyanin.*
The role of the protein in ‘tuning’ this potential is a matter of
considerable interest; particularly since blue copper sites with
redox potentials on the extreme part of the range, such as
rusticyanin, have largely unremarkable ligand geometries.?'

The Cu?" state of blue copper proteins has been extensively
studied by crystallography, NMR, X-ray spectroscopy, and EPR/
ENDOR; much of the experimental backing for quantum
calculations in fact comes from measured hyperfine tensors. In
contrast, the Cu™ state is largely “spectroscopically silent”; it
is colorless, and being diamagnetic, EPR and related techniques
are inapplicable.

The most precise measurements of the inner sphere probably
come from X-ray absorption fine structure (EXAFS). Early
measurements on P. aeruginosa azurin®? indicated rcyy = 195
4 3 pm, rcys = 223 + 3 pm for the oxidized Cu(Il) form; and
distinctly different rcyn values of 189 and 205 pm for the
reduced form. Another study on reduced azurin® gave anoma-
lous results for the first coordination sphere, with “1—1.5”
nitrogens or oxygens and “1.5—2" sulfurs or chlorines. More
recent data analyzed by more sophisticated methods gave rcyn
= 195, rcus = 214 pm for oxidized azurin.** The structurally
similar but more easily reduced blue copper protein rusticyanin
gave25 reon = (186 pm, 205 pm), rcys = 215 pm, while two
distinct stellacyanins'® gave rcyy = 195—196 pm, reys =
217—218 pm. Finally, the similar but not identical A. xylosoxi-
dans azurin II yielded EXAFS distances>® of reyn = (186 pm,
194 pm), rcys = 216 pm in the oxidized form and (191 pm,
201 pm), rcys = 219 pm in the reduced form. The consensus of
these results is that the first coordination sphere distances for
blue copper proteins all fall within a narrow range and are not
substantially correlated with reduction potentials, and that
reduction has minor effects, probably making the histidines
slightly less equivalent in terms of their proximity to the copper
and slightly lengthening all the copper-ligand distances. How-
ever, the preponderance of the evidence is that the reduction of
the copper charge by one unit does not affect the ligands in
any major way. The more distant methionine ligand is close
enough in rusticyanin (260 pm) to have discernible effects on
the copper X-ray absorption fine structure, but at over 300 pm,
does not discernibly affect in stellacyanin or azurin.

The early 2.7 A structure of azurin'’” has ligand copper
distances that are implausible and conflict with EXAFS data.
The later unpublished but deposited structures of reduced P.
aeruginosa azurin®’ at pH 5.5 and 9.0 have distances re,w =
(205 pm, 219 pm), rcys = 228 pm and reyy = (232 pm, 239
pm), rcys = 263 pm, respectively, much longer than the EXAFS
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data indicate. A more recent structure®® of reduced azurin II, at
amuch higher resolution of 1.13 A gives much more compatible
distances rcyy = (201 pm, 202 pm), rcys = 221 pm; these are,
nonetheless, still significantly longer than the EXAFS results,
and, given the difficulty of accurately fitting EXAFS data with
two identical ligands with closely similar distances, still leave
the precise ligand geometry in some doubt. A QM/MM study
published in the same paper, carried out at a relatively low basis
set level with a hybrid functional, gave comparatively poor
values of ligand-copper distances for the reduced form of azurin
I, but better values for the oxidized form. The study also did
a poor job in reproducing reduction potentials.

Quantum chemical calculations by the group of Solomon®
and others®® suggest that type-1 copper sites have low-symmetry
ligand fields, with distinct energies for the five d orbitals. The
highest occupied molecular orbital is actually an antibonding
o orbital formed by mixing the Cu d.,» with a sulfur p, orbital.
This has the effect of reducing the copper hyperfine splitting
of the EPR spectrum to about half its normal value.*' An early
ENDOR result*” gave a value of 8 MHz for the copper electric
quadrupolar coupling constant Co = eQV../h for the Cu(Il) form.
Cq is a result of the interaction of the quadrupole moment of
the nucleus eQ with the local electric field gradient (EFG) tensor,
and is therefore a sensitive probe of the electron density,
particularly that close to the nucleus.

At natural abundance, copper has two spin %/, isotopes, %Cu
(69.2%) and ®Cu (30.8%). They have relatively high gyromag-
netic ratios (y), but large quadrupole moments.**> Notwithstand-
ing the relatively small Cg, of the paramagnetic form, these large
moments lead one to expect a large Cq for reduced azurin, which
makes high-field NMR problematic, even when the first-order
contribution of C to the spectrum is eliminated by observing
the central +!/, — —!/, transition. However, although it sets
substantial experimental challenges, the nuclear quadrupole
interaction is an exquisitely sensitive measure of the electron
density around the nuclear site, and in tandem with quantum
chemical calculations, constitutes a stringent test of our under-
standing of the electronic structure and environment. The bulk
of the nuclear magnetic resonance experiments performed on
Cu(I) to date has been at zero field, by nuclear quadrupole
resonance (NQR), mostly on Cut complexes, except for the
reduced form of the enzyme superoxide dismutase.** However,
with the advent of high magnetic fields, NMR of Cu™ complexes
has become feasible;>> the recent successful observation of other
quadrupolar, diamagnetic metals sites such as Mg and 'Zn
in proteins,*® made the prospect of observing the more receptive
but also more spectrally dispersed *Cu/**Cu nuclei a possibility.
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We have therefore set out to characterize the ®*Cu NMR
spectrum and ancillary properties of azurin, as a canonical blue
copper protein, and investigate methods to compute, ab initio,
accurate electric field gradients at the copper site in systems of
this sort.

Experimental Section

As a representative blue copper protein, we chose azurin from
Pseudomonas aeruginosa, which has been cloned, can be periplas-
mically expressed at high levels, is easily isolated from E. coli,
can be reduced under comparatively mild conditions, and has been
exhaustively characterized.'”-'82272426-28 We gselected for our
observation the less-abundant ®*Cu nucleus, because it has a higher
v, slightly smaller quadrupole moment, and a resonance frequency
that prevents accidental overlap with potential 2Na resonances. High
magnetic fields (18.8 T) are critical to maximize the sensitivity and
reduce the second-order line width of the central transition as much
as possible. Likewise, we employed cross-polarization (CP) meth-
ods,?” to achieve selective observation of protein-bound copper in
the presence of large background signals from the potential copper
alloys that are ubiquitous in electronic components.

A synthetic gene coding for P. aeruginosa azurin, including the
18 amino acid natural leader peptide for periplasmic expression,
was cloned into Genscript’s pET expression plasmid to give plasmid
pGS-azurin. This plasmid was then transformed into E. coli BL21
(DE3) competent cells. E. coli transformants containing pGS-azurin
were initially grown on LB/Agar plates, and the colonies used to
inoculate small scale growths which were subsequently injected
into a 2 L New Brunswick Scientific Bio Flow 110 Fermenter for
large scale fermentation. The fermenter was set up to maintain a
temperature at 35 °C, pH 7, and dissolved O, at 30%. Induction
with Isopropyl-f-D-thiogalactopyranoside (IPTG) was performed
at 6 h, when the culture was measured at an optical density of
approximately 20; the temperature was lowered to 25 °C to increase
protein production. The culture remained at this state for 17 h, at
which point they were harvested for immediate protein isolation
and purification,”® which broadly followed the procedure of Karllson
et al.>® After the periplasmic protein was released by osmotic shock
and 0.5 M ammonium acetate added at pH 4.1 to precipitate
contaminating acidic proteins, highly (97%) enriched ®Cu in the
form of CuCl, was then added to the azurin solution resulting in a
large enhancement of the bright blue color — because the copper
content of the growth medium is relatively low, most of the
expressed protein is actually apo-azurin, facilitating isotope enrich-
ment. The sample was further purified by cation exchange liquid
chromatography through a 10 x 1.6 cm column with Poros 20 CM
weak cation exchange resin. The purified sample was then
concentrated, dialyzed against pure water, and freeze-dried. The
procedure resulted in protein that was homogeneous by polyacryl-
amide gel electrophoresis in a sodium dodecyl sulfate denaturing
buffer. Approximately 2 g of azurin was obtained per liter of
fermentor culture.

For NMR samples, 70 mg of azurin were mixed with 20 mg of
cobalt carbonic anhydrase as a paramagnetic dopant**-*® in 150
uL of 50 mM ascorbate and 30% glycerol. The ascorbate solution
had been previously sparged with N, gas for 20 min to eliminate
any dissolved O,. The final sample of ~0.2 mL faded from a dark
blue to a clear light purple solution, which was pipetted into a 5 x
20 mm NMR tube. All NMR experiments were carried out in the
Environmental Molecular Sciences Laboratory (EMSL) at Pacific
Northwest National Laboratory (PNNL), at a proton frequency of
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800 MHz, using a zinc metal cross-coil, where the inner Helmholtz
coil was tuned to 'H and the outer solenoid was tuned to %Cu. To
enhance the Boltzmann polarization, the NMR data were obtained
at a temperature of 10 K, except where otherwise stated; most of
the details associated with the data acquisition are summarized
elsewhere.*' The proton 77/2 pulse width used for cross-polarization
(CP) was 7 us with a 30 ms contact time and 30 s recycle delay.
The %Cu 7 pulses used in the quadrupole Carr-Purcell-Meiboom-
Gill (QCPMG) pulse train were 19 us with a 7 of 150 us and a
decoupling field of 44 kHz for 512 transients.

Most computations on the simpler models used the program
GAMESS,** but nonrelativistic calculations on diatomic CuCl used
Gaussian-03.** Quantum mechanics/molecular mechanics (QM/
MM) geometry optimizations and calculations of the electric field
gradient (EFG) tensors were performed using the QM/MM mod-
ule™ of the NWChem computational chemistry package developed
at PNNL.*>*¢ An X-ray geometry of reduced Azurin (1JZG)*’ from
the Research Collaboratory for Structural Biophysics served as a
starting point for geometry optimizations. For the quantum atoms
density functional theory (DFT) was used with the exchange-
correlation functional defined as the local spin density approxima-
tion (LSDA or LDA) utilizing Slater’s local spin density exchange*®
and the Vosko, Wilk, and Nusair (VWN) local spin density
correlation functional,*® with an Ahlrichs double-y basis set with
polarization (pAVDZ).>° The LDA functional was chosen for the
optimization as it has been shown to give a more reliable geometry
for zinc metalloproteins,®'-3% however, changes to the copper ligand
distances were also explored with optimizations utilizing HF or
the NWChem implementation of the Becke three-parameter
Lee—Yang—Parr functional®® (B3LYP) as well. The GAMESS and
GO03 calculations were performed on an Apple Xserve cluster at
UNL. NWChem calculations were carried out on a Beowulf cluster
at PNNL composed of 56 node Verari Bladerack (40- dual-socket,
dual-core Intel 5140 2.33 GHz Xeon and 16- dual quad Intel 5345
2.33 GHz Xeon) or Chinook, the 2310 node Hewlett-Packard
system (two quad-core, 2.2 GHz AMD Barcelona processors)
present in the EMSL.

Results

In Figure 1 we summarize the result of several frequency
shifted spikelet experiments obtained on a sample of azurin. In
acquiring the data we assumed the spectrum would be broad
and that we would be unable to acquire the full spectrum
continuously. We therefore surveyed the spectrum utilizing large
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Figure 1. Skyline projection of the various frequency offsets of the ®*Cu
NMR spectra of azurin at 18.8 T and 10 K, with a simulated line shape
calculated from the parameters listed in the text. Each individual experiment
required 4.2 h for a total time of approximately 3.5 weeks.
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Figure 2. (a) (Points) integrated echo signal intensity for ®Cu-azurin, as
a function of relaxation delay, in a QCPMG spikelet experiment at 8 K.
(Line) fit to a biexponential recovery. (b) Relaxation times from fits similar
to those in a, as a function of sample temperature.

offsets (100 kHz) with a finer step size to define key points
within the line shape.’®*' The extra intensity in the center of
the spectrum (near 0 kHz) appears to arise from a copper()
containing impurity (<2%) in the sample which is enhanced by
the CP more than the protein as it is not visible by direct
polarization methods (data not shown). The data can be fit to a
8Cu Cq of £ 71.2 £ 1 MHz and an asymmetry parameter, 7o,
of 0.2 £ 0.1. With a ratio of %Cu to “Cu quadrupole moments™*
of 1.08041 =+ 0.00009 and a *Cu Q* of —22.0 £ 1.5 fm? we
obtain for the most distinct principal value of the EFG, V,, =
+ 1.49 + 0.10 atomic units (a.u.) for Cu(I) azurin.

Spikelet experiments were also carried out using a 77/2 pulse
on the copper, rather than cross-polarization for excitation, and
the %Cu longitudinal spin relaxation of the central transition
probed by progressive saturation. The data shown in Figure 2
were collected at a frequency offset of +1.2 MHz from the
nominal %Cu Zeeman frequency. As expected, the relaxation
is biexponential,> and the recovery from saturation of the central
transition will occur with two equally weighted components,>®
corresponding to the central and satellite transition relaxation.
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(@

(b)

Figure 3. Spikelet echo train, observed at 1 MHz above the ®Cu Zeeman
frequency, (a) with and (b) without proton decoupling during the intervals
between 180° pulses.

A biexponential fit to two equally weighted functions is
shown for the 8 K data in Figure 2. Unexpectedly, relaxation
was efficient even at 8 K, with relaxation times of 2 and 21 s.
As expected, both T's decrease with increased temperature, the
slow 77 much more so.

The CPMG echo trains shown in Figure 3 were obtained at
a frequency offset of 1.2 MHz from the nominal Cu Zeeman
frequency by direct excitation of the resonance, followed by
an echo train either combined with, or without, 'H dipolar
decoupling during the delays. As can be seen, even the first
echo is nearly completely attenuated in the absence of dipolar
decoupling, showing the presence of nearby protons, thus
confirming that the signal is in fact from a metal site in the
protein, and not from metallic copper in the probe, inorganic
copper, or Cu™ ions in solution, which would have much longer
average Cu—H distances.

Theoretical Section

Basis Set Convergence and Electron Correlation in Cu(I)
Compounds. Although some attempts**>">® have been made
to compare experimental and computed copper electric field
gradients, these studies have generally been conducted with
rather small basis sets and with either Hartree—Fock or density
functional theory using standard functionals; the latter have
already been shown to be problematic®® for copper EFGs. Since
copper Co values have not been benchmarked nearly as
extensively, for example, as first row main group elements, we
undertook a comparison of basis sets and methods for a
diatomic, CuCl, whose structure and quadrupole constants have
been carefully examined by microwave spectroscopy.***® While
CuCl might seem to be a curious choice to begin a computa-
tional study of blue copper proteins, it is in terms of its electronic
structure surprisingly similar; the formally singly negatively
charged sulfur which is the strongest ligand to copper in azurin
is isoelectronic to chlorine, and the highest occupied molecular
orbitals are virtually identical.
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Table 1. Computed Electric Field Gradients V,,, in Atomic Units, at
the Nuclear Site for Copper and Chlorine in Diatomic CuCI?

HF MP2 CCSsD
Cu Cl Cu Cl Cu Cl

aug-cc-pVTZ(-NR) 0.7575 —0.9633 0.3557 —1.462 0.4094 —1.3333
aug-cc-pVTZ-DK  0.7911 —1.0992 0.3241 —1.6523
aug-cc-pVQZ(-NR) 0.7833 —0.9196 0.4047 —1.419 0.4555 —1.2783
aug-cc-pVSZ(-NR) 0.806 —0.9872 0.4297 —1.5182

“The CCSD results for aug-cc-pVQZ were computed without h basis
functions. Experimental EFGs are 0.313 £ 0.020 a.u. and —1.674 =+
0.017 a.u for copper and chlorine, respectively.

Calculations on CuCl were done using the program Gaussian-
03, for a series of basis sets of increasing size, and at several
levels of correlation. The reported ground state rotational
constant B, gave, using standard values of atomic masses and
constants, a ry value of 205.411 pm; this is in effect the inverse
square root of the expectation value of =2 over the vibrational
ground state wave function. With our computing facilities, we
were able to compute Hartree—Fock (HF) and Mgller—Plesset
second order (MP2) quadrupole constants, at the bond distance
ro = 205.4 pm, up to the nonrelativistic valence quintuple zeta
level, using the aug-cc-pVnZ-NR basis sets for copper®' and
standard aug-cc-pVnZ bases for chlorine.®> We could get full
coupled-cluster single—double (CCSD) EFGs only up to the
VTZ level; however, we were able to compute VQZ-level
quadrupole constants for the molecule if the h orbitals were
removed. The results of these computations are compiled in
Table 1, and should be compared with experimental values of
the EFG obtained by using established values of the ®*Cu and
3C1 moments**%*—Q = 22.0 & 1.5 fm? and —8.165 & 0.080
fm? respectively—to convert the measured Cu**Cl Cq values
of 14.9635 + 0.0027 MHz (®*Cu) and —32.1247 + 0.0020 MHz
(*CD) to V,,, giving values of 0.313 £ 0.020 au and —1.674
4 0.017 au at the copper and chlorine sites respectively. The
uncertainty in the experimental values overwhelmingly lies in
the value of the quadrupole moment.

Quantum computations of course give only r.; a variational
solution to the 1D Schrodinger equation using potential energies
computed as a function of r at the aug-cc-pVTZ(-NR) level with
CCSD(T) energies, allowed estimates of the corrections for zero-
point vibration to be calculated. Because of the large reduced
mass (4 = 22.48 a.m.u.) and the relatively flat V_(r) curves,
the corrections are small (—0.002 au for copper, —0.003 au for
chlorine); these are much smaller than experimental uncertainties
and were therefore ignored.

The electron correlation energy computed at the CCSD level
is similar for the aug-cc-pVTZ and the truncated aug-cc-pVQZ
bases, and so it seems to be largely basis set independent at
this level of theory; we can therefore get an estimate of the
CCSD/aug-cc-pV5Z V... by applying the aug-cc-pVTZ electron
correlation contribution to the HF/aug-cc-pV5Z V... values,
giving us computed values of V_, of 0.456 and —1.360 au at
the copper and chlorine sites. These values are obviously not
close to experiment at the level of accuracy one would expect
for, say, first row main block elements. To try to identify the
cause of this discrepancy, relativistic calculations were under-
taken, using the aug-cc-pVTZ-DK basis set of Balabanov and
Petersen®’ for the copper, and the cc-pVTZ-DK set of de Jong

Table 2. Computed Electric Field Gradients, in Atomic Units, at
the Nuclear Site for Copper and Chlorine in Diatomic CuCl, at the
aug-cc-pVTZ Level, Using Three Different Density Functionals

Cu Cl
LSDA —0.5778 —2.0692
PBEPBE —0.5413 —1.9687
B3LYP —0.2439 —1.7841
et al.®* on the chlorine, augmented with a set of diffuse functions

from the nonrelativistic set; and a second-order Douglas-Kroll
correction® to the one-electron integrals. The computed EFGs
were substantially increased for the chlorine and reduced slightly
for the MP2 calculation, although not for the HF; the overall
agreement for the MP2/aug-cc-pVTZ-DK basis set is however
excellent, although the poorer agreement at the quadruple and
quintuple zeta levels may indicate this is partly a result of
cancellation of errors; it is likely incomplete accounting for
electron correlation partially negates the effect of incomplete
basis sets.

One final note. To evaluate the efficacy of density functional
theory (DFT) in this system, we computed V,, at the aug-cc-
pVTZ(-NR) level for three different functionals: simple local
spin-density approximation (LSDA) and the PBE/PBE and
B3LYP hybrid functionals. The results are given in Table 2,
and as can be seen, the functionals, while being reasonably
consistent with each other, perform very poorly in EFG
computations; all three get the sign of V,, at copper wrong!

These results are in excellent agreement with those of
Schwerdtfeder and co-workers,””°® who have shown in a series
of papers that standard functionals give very poor results when
applied to the EFGs of d-block elements, and need to be adjusted
to account for the different correlation properties of the d
orbitals. Schwerdtfeder and co-workers®® used a single basis
set very similar in size to aug-cc-pVTZ, and did not examine
basis set convergence. Their MP2 and CCSD results are very
similar to ours.

For this reason, we have not used DFT in the present work
to compute field gradients, but merely in some cases to optimize
structures. We mention these computations to sound a cautionary
note that MP2 calculations may be more suited to EFG
calculations for copper. This is just the opposite of what we
observed for zinc EFG calculations.”"?

Bis(imidazole) Copper(I)methylsulfide. The compound bis-
(imidazole)copper(I)methylsulfide was chosen as a simple but
chemically reasonable theoretical model for the blue copper
protein binding site. The structure of the complex was optimized
using Mgller—Plesset second order perturbation theory (MP2)
with the symmetry constrained to C; and the Cu, S and methyl
C lying on the mirror plane. The basis sets used for the structure
optimization were aug-cc-pVTZ-NR for Cu and aug-cc-pVDZ
for the rest of the complex. The optimized structure is shown
in Figure 4 (coordinates are deposited as Supporting Information
in Table 5) The copper coordination is almost perfectly planar,
with ZSCuN = 106.18° and ZNCuN = 147.26°: the sum of
the three angles around the copper is 359.62°. The ligand copper
distances are rcys = 230.1 pm; royny = 190.6 pm. The imidazoles
are essentially coplanar with the copper trigonal plane; the
electronic structure is similar to that computed by us (see below)

(61) Balabanov, N. B.; Peterson, K. A. J. Chem. Phys. 2005, 123, 064107.

(62) Woon, D. E.; Dunning, T. H., Jr. J. Chem. Phys. 1993, 98, 1358—
1371.

(63) Sundholm, D.; Olsen, J. J. Chem. Phys. 1993, 98, 7152-7158.
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(64) de Jong, W. A.; Harrison, R. J.; Dixon, D. A. J. Chem. Phys. 2001,
114, 48-53.

(65) Jansen, G.; Hess, B. A. Phys. Rev. A 1989, 39, 6016-6017.
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Figure 4. Optimized structure of bis imidazole Cu(I) methylsulfide, one = 3
of the azurin models used for quantum chemical calculations. 3 0.1
Table 3. Computed Field Gradients and Asymmetry Parameters - 3
for Bisimidazole Cu(l) Methylsulfide, at Three Different Basis 0.1
Levels Described in the Text, Using Either Nonrelativistic or
Douglas-Kroll Single Electron Hamiltonians T S
-10 -5 0 5 10

nonrelativistic Hamiltonian Douglas-Kroll Hamiltonian

HF MP2 HF MP2

Vi a7 Vimal. 77 Vo, au. 7 Vim a7

Basis —1.864 0.276 —1.717 0.174 —1.997 0.250 —1.843 0.201
set [
Basis —1.865 0.269 —1.698 0.185 —1.997 0.242 —1.822 0.213

set 11

Basis —2.014 0.296 —1.860 0.135
set IIT

and by others for the blue-copper protein site. In particular, the
highest occupied molecular orbital (HOMO) is, as expected,
composed predominantly of the sulfur p, orbital, with a small
degree of antibonding interaction with the copper d,,. The copper
ligand distances are fairly close to those measured by EXAFS
for reduced A. xyloxidans azurin I1,>® which is probably the most
similar reduced azurin structure for which such data are
available; in particular, the Cu—N distances are exactly equal
to the average of the azurin-1I distances, while the optimized
CuS distance is 10 pm longer.

The method used for estimating electron correlation made a
profound difference to the computed equilibrium structure. A
HF optimized structure at the same basis level achieved similar
topology but had very different Cu—N bond distances: rcys =
234.2 pm; regn = 222.0 pm. The B3LYP density functional
shortened the Cu—S bond somewhat but retained a long Cu—N
bond (rcys = 228.3 pm; reyny = 205.5 pm).

Using this MP2-optimized structure as a base, we computed
EFG tensors. By symmetry, two of the tensor principal axes
must lie in the mirror plane with the third orthogonal to it. In
fact, in all of the MP2 calculations the intermediate of the three
principal values corresponds to the axis orthogonal to the mirror
plane, with the most distinct principal axis within the mirror
plane and approximately along the molecular trigonal axis, and
the third principal axis 2.9° from the Cu—S bond. The computed
V.. is —1.806 au, about 20% larger than the experimental value
for azurin; the computed 7 of 0.170 is well within experimental
error.

We also computed the quadrupolar parameters as a function
of level of theory, and of the ligand copper distance. Table 3
shows the computed HF and MP2 gradients for three basis set
levels. As well as the “standard” basis set used for optimization
(set I), we computed field gradients with the copper and the
directly bonded ligand atoms at the aug-cc-pVTZ level, more
distant atoms being at aug-cc-pVDZ (set II) and with the copper
at aug-cc-pVQZ-NR, directly bonded atoms at aug-cc-pVTZ,
and more distant atoms at aug-cc-pVDZ (set III). The MP2

Figure 5. Dependence of (a) V. and (b) 7, on the displacement of the
(red) nitrogen and (blue) sulfur ligands from their equilibrium positions.

calculations are very similar, and make a strong case that basis
set convergence is not a major issue for EFG calculations in
this system. The differences between HF and MP2 calculations
indicate that electron correlation is a moderate but not dominant
contribution in this system. One feature that is not evident in
the table is that at the two higher basis set levels, the x and y
axes (corresponding to the two smaller principal values in
absolute magnitude, lying within the molecular trigonal plane)
are switched between MP2 and HF, and so the EFG tensors are
more different than they appear (Figure 5).

We also examined the effect of second-order relativistic
Douglas-Kroll corrections of the EFGs, using the aug-cc-pVTZ-
DK basis set of Balabanov and Petersen®' on the copper, and
the cc-pVTZ-DK set of de Jong et al.** on the sulfur, augmented
with diffuse functions from the nonrelativistic set. All other
atoms were treated nonrelativistically. In contrast to CuCl, the
effects of the DK correction were to monotonically increase
the EFG at the copper by around 7—8%.

More interesting is the effect of bond distance on V_, and 7,
presented in Figure 5. It can be seen that as either the Cu—N
or the Cu—S distance shortens, the magnitude of V,, increases.
This is a straightforward reflection of the symmetry of the
system. Since all the ligand copper interactions are within
the trigonal plane, strengthening these interactions will increase
the difference between the in-plane and out of plane elements
of the field gradient, and the out of plane element corresponds
to the z direction of the field gradient tensor. In contrast,
reflects asymmetry within the trigonal plane, and so changes in
the Cu—N and the Cu—S distance have opposite effects.

Azurin Active Site Models. We have also examined several
models closer in chemistry to the azurin active site. Model 2
used the coordinates for reduced azurin from the RCSB
database,'® truncated to Gly45, His-46 (and the amide of Asn-
47; residues 112—114 (Cys-Thr-Phe), His-117, and Met-121.
Proton positions were optimized at the B3ALYP/6-31%*G(d) level.
Model 3 was a modified model with the ligands pulled in to
the EXAFS distances and the linking amino acids optimized.
The optimized EXAFS structure is shown as Figure 6. Follow-
ing the optimization, electric field gradients were computed with
the copper, imidazole and cysteine ligands at the aug-cc-pVTZ
level and the rest of the complex at the 3-21G level, using both
HF and MP2 methods.
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Figure 6. Optimized azurin active site model 3, used to compute electric
field gradient tensors.

Figure 7. Quantum region used for the QM/MM calculations.

Model 4, for QM/MM calculations, was constructed as
follows: starting with the X-ray structure (1JZG), the following
deletions were made; (2,2":6’,2'-tetrapyridine)-(1,10-phenan-
throline) ruthenium(II) and tetra(imidazole) diaqua cooper(I).
Along with the metal ion we include as quantum the direct
ligands; histidine 46 (as HIE), histidine 117 (HIE), cysteine 112
(CYM), methionine 121, and the carbonyl of glycine 45. The
hydrogen bonding partners to these residues are also included
in the model. There is a water hydrogen bonded to the NHe of
His117, the carbonyl of AsnlO for the NHe of His46, the
backbone NH’s of Asn47 and Phel14 are each hydrogen bonded
to the coordinating sulfur of Cys112, and the aromatic ring of
Phel14 is also included for its potential to interact with the
lone pair of the Glu45’s coordinating CO. This model of the
metal site, prior to optimization is shown in Figure 7. Geometry
optimizations were performed with the LDA functional utilizing
PAVDZ basis sets for all quantum atoms followed by electric
field gradient calculations utilizing aug-cc-VTZ-NR basis sets
for both Cu and S and Ahlrichs triple- basis set with
polarization (pAVTZ)®” for the remaining atoms. The structure
obtained (coordinates of the quantum region are included as
Table 6 of the Supporting Information) gives ligand distances
very close to EXAFS values reyn = (198 pm, 198 pm), rcys =
222 pm, reusoveny = 287 pm.

The computed EFGs are summarized in Table 4. As can be
seen, model 3, with EXAFS copper-ligand distances gives V.,
values in much better agreement with experiment than model

Table 4. Computed Field Gradients and Asymmetry Parameters
for an Azurin Active Site Model, Using X-ray and EXAFS Ligand
Geometries, at the Basis Set Level Described in the Text

HF MP2
V2 (au) 7 V2 (a.u.) 7
Model 2 (X-ray) —0.674 0.534 —0.676 0.534
Model 3 (EXAFS) —1.727 0.325 —1.643 0.297
Model 4 (QM-MM) —1.484 0.276 —1.516 0.153

2, but a high value of 7; the agreement with the HF computa-
tions is slightly worse that those with MP2. Model 4, obtained
with full QM/MM, performs even better, with the Cq and 7
both well within experimental error of the measured tensor.

Discussion

This is the first measurement of a copper NMR signal of a
protein at high field; previous measurements were by NQR at
zero field. The measured value for Cy, is large but not unusually
s0; tris[dimethylthiourea]copper(I)chloride, for example, with
a distorted tetrahedral coordination of three sulfurs and a
chloride, has a ®*Cu quadrupole coupling®® of +77.6 MHz and
1 = 0 by symmetry (V,, = 1.50 £ 0.09 au). We have carefully
checked to make sure the signal could not arise from another
species; spectra taken with an empty sample tube show a weak
signal, probably due to distant brass components in the probe,
but this signal can only be observed by single-pulse methods;
it does not appear on cross-polarization. It is also less extensive
than the azurin signal. It is improbable that a copper ion in water
could be asymmetrically enough coordinated to have a quad-
rupole coupling of this magnitude. With a spectral width of
nearly 3.5 MHz, it is evident that these data would be difficult
to acquire at lower magnetic fields. Moreover, the determination
of Cq and 7 provides a stringent constraint on any model for
the structure and bonding at the Cu™ site in azurin.

Give the low temperatures employed, the spin—lattice re-
laxation times measured are quite short. Biexponential relaxation
is expected, because the populations of the 4!/, states can be
affected by relaxation either with the 4%/, states, connected by
a transition that is perturbed by the first order quadrupole
coupling; or with each other, connected only by a second-order-
perturbed transition. The short relaxation times make direct
excitation of the central transition quite competitive with cross-
polarization. Such excitation lacks the selectivity of cross-
polarization, but has the advantage of using less radiofrequency
power and not requiring paramagnetic doping of the sample to
reduce 'H relaxation times. The proximity of protons to the
copper is also obvious in Figure 3, where the spikelet echo train
is strongly truncated if dipolar decoupling during the echo delays
is eliminated. The rate at which these signals decay is consistent
with the copper-proton distance. Attempts to determine an
anisotropy for the dipolar coupling by comparing spikelets
obtained at different parts of the second order pattern were
unsuccessful, but in fact there are at least six protons between
3 and 3.5 A of the copper, both in the plane and near the z axis,
so it is unsurprising that the dipolar interactions are not
substantially anisotropic.

Most useful, of course, would be a successful computation
of the copper quadrupolar interaction, since this would give a
powerful probe of the environment of the otherwise spectro-
scopically silent diamagnetic Cu™ ion. Our computations, indeed,

(67) Schafer, A.; Huber, C.; Ahlrichs, R. J. Chem. Phys. 1994, 100, 5829—
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are moderately successful; the consistent tendency to overes-
timate the field gradient is seen even in the diatomic CuCl at a
very high level of theory. This overestimate could be a result
of imprecision in the measurement of the ®*Cu quadrupole
moment, but errors of a similar absolute magnitude in the
computation of the *CI quadrupole constant in CuCl—the 33CI
quadrupole moment is much more accurately known—would
suggest the problem lies in the electronic structure. There are
two major outstanding issues with EFG computations in the
first row transition metals. The first is the omission from standard
basis sets of functions that would permit core polarization, which
is a major contributor to the field gradient at the nucleus.® The
second are relativistic effects. While the Douglas-Kroll correc-
tions we have tested correct the one-electron Hamiltonian for
scalar relativistic effects, other relativistic contributions remain
unaccounted for and their magnitude is not easy to estimate.
That being said, however, the overall size and asymmetries of
the EFG tensors we obtain for our more sophisticated models
are promising. Of particular note are the opposite effects of
changes in the Cu—N and Cu—S distances on the quadrupole
coupling and asymmetry parameter. Given the observation that
including axial ligands and hydrogen bonding seem to bring
the computed EFGs much closer to experiment, there is
persuasive evidence that Cu/®Cu NMR should be a sensitive
probe of the ligand geometry in blue copper proteins.

Conclusions

The relatively facile measurement of a ®Cu NMR spectrum
from the blue copper protein azurin at cryogenic temperatures
opens up new vistas for the NMR of metalloenzymes. The high
sensitivity and short relaxation times we measured even at 8 K
indicate that the technique may be generally applicable to

(69) Sternheimer, R. M. Phys. Rev. 1950, 284, 244-253.

proteins of this size or even larger; the successful computation
of electric field gradients using basis sets of moderate size and
electron correlation corrections by MP2 methods suggest that
electronic structure theory combined with NMR experiments
should allow the electrostatic environment of copper nuclei in
metalloproteins to be probed in detail and with high precision.
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