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Metal sites in biology often exhibit unique spectroscopic features that reflect novel
geometric and electronic structures imposed by the protein that are key to reactivity.
The blue copper active site involved in long range, rapid biological electron transfer is
a classic example. This review presents an overview of both traditional and synchrotron
based spectroscopic methods and their coupling to electronic structure calculations to
understand the unique features of the blue copper active site, their contributions to
function and the role of the protein in determining the geometric and electronic
structure of the active site (called the "entatic state”). The relation of this active site to
other biological electron transfer sites is further developed. In particular, ultrafast XFEL
spectroscopy is used to evaluate the methionine-S—Fe bond in cytochrome ¢, and its
entatic control by the protein in determining function (electron transfer vs. apoptosis).

In Bioinorganic Chemistry, we mostly focus on a small region of the large
biomolecule that is the metal and its ligands, as this is the active site for catalysis
(Fig. 1)." The wide range of spectroscopic methods of physical-inorganic chem-
istry that are used to probe these active sites are summarized below.”

1. Spectroscopy and electronic structure
calculations

The left side of Fig. 2 shows the complete electronic structure diagram for square
planar D4p,-[CuCl,]*>~ (d°) that will be a useful reference in this presentation.* All
energy levels are occupied up to the highest energy half-occupied d,>_,> orbital
that is the GS. On the right in Fig. 2 are the main spectroscopic methods of
physical inorganic chemistry ordered by increasing energy. At low resolution, the
GS is studied by magnetic susceptibility and, for >’Fe, Mdssbauer spectroscopy.
These mostly give the redox and spin states of the metal site. At higher resolution,
the GS is studied by electron paramagnetic resonance (EPR) spectroscopy, which

“Department of Chemistry, Stanford University, Stanford, CA 94305, USA. E-mail: solomone@stanford.edu
*Stanford Synchrotron Radiation Lightsource, SLAC National Accelerator Laboratory, Stanford University,
Menlo Park, CA 94025, USA


http://orcid.org/0000-0003-0291-3199
http://orcid.org/0000-0002-4924-7886
https://doi.org/10.1039/d2fd00001f
https://pubs.rsc.org/en/journals/journal/FD

Fig.1 The protein as a whole with its active site and ground state (GS) wave function in the
expanded scale. Reprinted with permission from ref. 3. Copyright (2006) American
Chemical Society.

gives the g; values that define the nature of the half-occupied orbital (i.e. whether
the electron is in the d,=_,» or d. orbital) and the hyperfine couplings of the
electron spin with the metal and the ligand nuclear spins that define its delo-
calization. This delocalization is probed at a still higher resolution using double
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Fig. 2 Electronic structure diagram of D,-[CuCly]®~ (left) and spectroscopic and elec-
tronic structure methods used in Bioinorganic Chemistry (right). Reprinted with permis-

sion from ref. 3. Copyright (2006) American Chemical Society.
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resonance and pulsed EPR methods. These GS studies are generally done in
a magnetic field using a microwave source at an energy in the order of 1 cm™".

Going up into the near-infrared (near-IR)/visible (Vis) energy range, electrons
from the filled d orbitals in Fig. 2 (left) are excited into the half-occupied d,=_,
orbital, producing ligand field (LF) transitions. These d — d transitions are parity
forbidden and, hence, weak in absorption, but can be studied by circular
dichroism (CD) (in an optically active site as is generally the case in metal-
loproteins) and in magnetic CD (MCD) in a longitudinal magnetic field at low
temperatures, as their different selection rules enhance the LF transition inten-
sities. It is important to note that the energy splittings of the LF states are
sensitive to the ligand environment of the metal active site and, thus, probe
geometry and bonding.

At higher energies [Vis/ultra-violet (UV)], the photon can excite electrons from
the filled ligand-based valence molecular orbitals into the hole in the d,_,
orbital, shown in the left hand side of Fig. 2 . These are the ligand to metal charge
transfer (LMCT) transitions and, since they involve transfer of the electron from
a formally ligand-centered molecular orbital to a formally metal-centered
molecular orbital, they are electric dipole allowed, hence intense in the absorp-
tion spectrum (and relatively weak in CD and MCD) and polarized along the L-M
bond. These highly intense transitions enable tuning a laser into the absorption
band to resonance enhance the Raman vibrational modes of the active site
specific to the CT state in resonance. These CT transitions directly probe the o-
and m-bonding interactions of the specific ligand with the metal center.

Proceeding to still higher energies, now using a synchrotron for intense,
polarized, continuous X-ray photons, electrons are excited from filled metal and
ligand core levels into the half-occupied d orbital. For D,,[CuCl,]>”, these are the
Cu K-edge at 8979 eV, the Cu L-edge at 930 eV and the Cl K-edge at 2820 eV. As will
be presented below, these directly define the GS wave function of a metal active
site.

These methods define the electronic structure experimentally. It is important
then to correlate these results to electronic structure calculations. These are
generally of two types. Ligand field theory (LFT) focuses on the ground and low-
lying LF excited states. It is quite powerful if the metal site is not very covalent.
For more covalent sites and to correlate to the complete energy level diagram in
Fig. 2, molecular orbital theory is required, and this mostly means density
functional theory (DFT). However, there are a range of different functionals and
hybrids and these calculations can give significantly different electronic structure
descriptions. Thus, it is important to correlate calculations to experiments and,
when supported by spectroscopy, these can provide detailed insight into frontier
molecular orbitals (FMO) and reaction coordinates in catalysis.

There are two general goals of spectroscopy in Bioinorganic Chemistry: (1) to
determine the active site geometric and electronic structure and understand how
structure leads to function and (2) to define the reaction mechanism on
a molecular level. The latter involves using the different spectroscopic methods of
Fig. 2 to define the reaction intermediates and calculations supported by these
spectroscopic data to evaluate the reaction coordinates. These general goals have
led to important spectroscopic goals. One has been the development of new
spectroscopic methods to address important problems in Bioinorganic Chemistry
that were not accessible through existing methods. The second has been to
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understand the unique spectroscopic features observed for many major classes of
active sites in biology (relative to small molecule inorganic complexes of the same
metal ion). These reflect novel geometric and electronic structures that are
imposed on the metal site by the protein (as in Fig. 1) that activate the metal site
for function. This presentation will emphasize these goals, where a range of
spectroscopies (including new spectroscopic methods) coupled with electronic
structure calculations are used to understand the unique spectral features of the
blue Cu proteins that function in rapid, long range electron transfer (ET) in
biology. Since the focus of this presentation is on unique spectroscopic features,
we first summarize the “normal” structural and spectral features of Cu(n)
complexes using D,,-[CuCL]>” as a reference.

2. Geometric and electronic structure of
“normal” Cu(i) complexes

From Fig. 3A, placing a Cu(u) ion in an octahedral field splits the five d-orbitals
into an e, set above the t,, set by 10 Dq (Fig. 3B left). Cu() has 9 d-electrons,
resulting in an electron hole in the e, set, giving a ’E, ground state. This is
orbitally degenerate and, thus, undergoes a Jahn-Teller distortion of the site that
splits the orbital degeneracy and lowers the energy of the system. Cu(u) complexes
generally show a tetragonal elongation along the z-axis and contraction in the
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Fig. 3 Normal Cu(il) complexes. (A) Cupric geometric structure in O, symmetry and upon
Jahn-Teller distortion to Dgp,; the highest energy half-occupied d,>_,2 orbital is highlighted
in red, (B) Energy levels of Cu(i) d-orbitals in Oy, and D4y, and the Zeeman splitting of the
GS in a magnetic field (Ho), (C) Dan-ICUCly]2~ HOMO (from methods in Fig. 2) and (D) EPR
spectrum without (top) and with (bottom) metal hyperfine coupling. Reprinted with
permission from ref. 3. Copyright (2006) American Chemical Society.
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equatorial plane and, in the limit of a large Jahn-Teller effect, this results in the
square planar D,-[CuCl,]*” reference complex. As shown in the middle panel of
Fig. 3B, the energy splitting of the d orbitals is sensitive to the ligand environment
and this is very different for the square planar [CuCl,]*~ complex, where the
highest energy d orbital is d,=_,» because its lobes are oriented along the metal-
ligand bonds and, thus, have the largest antibonding interaction with the ligands
(shown in red in the bottom of Fig. 3A). This d orbital is ¢ antibonding with its
four CI ligands and, as shown in Fig. 3C, based on the spectroscopic methods in
Fig. 2 covering ten orders of magnitude in photon energy, it has 61% d,>_,»
character with the rest of the wave function equally delocalized over the four Cl” o-
antibonding orbitals.” The d,-_, orbital is half-occupied and this *B;, ground
state will Zeeman split in a magnetic field (Fig. 3B right, §: Bohr magneton) by an
amount defined by its g; values. As shown in the top of Fig. 3D, D,,-[CuCl,]*~ has
a g of 2.221 (Zeeman splitting with the magnetic field (H) along the z-axis of Dp-
[CuCl,]*~, bottom of Fig. 3A) and a g, of 2.040 (corresponds to the magnetic field
along x- and y-axes in the bottom of Fig. 3A).° Cu also has a nuclear spin of I = 3/2
that hyperfine couples to the electron spin and splits each g; value into 21 +1 =4
lines. From the EPR spectrum of Dy,-[CuCl,]>” at the bottom of Fig. 3D the
hyperfine splitting of the g region, |4|, is large and much larger than that in the
g, region. This EPR signal is observed at a microwave energy corresponding to
0.3 cm .

Proceeding up in energy into the near-IR/Vis region, the photon excites elec-
trons from the filled d orbitals in Fig. 3B into the half-occupied d,-_,> orbital.
These d-d transitions are parity forbidden and weak in the absorption spectrum
of Dy CuCL]*” (Fig. 4B red). These are the bands between 10000 and
17 000 cm™ ' with e ~40 M~ " cm ™. Proceeding up in energy are the intense LMCT
transitions (blue) with e values of > 2000 M~ " cm ™' that reflect the bonding
interactions of the Cl” ligands with the Cu(u). From Fig. 4C, Cl” has three valence
3p orbitals (note a second pm is perpendicular to the plane) that are split in
energy, with the ¢ (along the Cl-Cu bonds) more stabilized in energy than the =
due to better overlap. This leads to the Cl 7 and o energy order in Fig. 4A. This
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Fig. 4 Valence excited state spectral features of Dn-ICuClJ%~. (A) Energy level diagram
and (B) electronic absorption spectrum, d-orbitals and LF transitions in red; ligand bonding
orbitals and CT transitions in blue. (C) Metal-ligand bonding interactions; inset: relation of
CT intensity (/) to donor (y)—acceptor (WCu,dxz,yz) orbital overlaps.” Reprinted with
permission from ref. 3. Copyright (2006) American Chemical Society.
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bonding also controls the intensity of the CT transition (see inset in Fig. 4C),
which is proportional to the overlap of the donor and acceptor orbitals involved in
the LMCT transition. From Fig. 4C the pc has a significant overlap with the d,»_,»
orbital and produces an intense CT transition at higher energy than the @ CT
(which has no overlap with d,-_,» but gains some intensity due to their configu-
ration interaction).® Thus, the Vis/UV absorption spectrum of Dy, [CuCl,J*~
shown in Fig. 4B (blue) has low energy weak 7 and high energy intense ¢ CT
transitions. The EPR spectrum, shown in the bottom of Fig. 3D, and the
absorption spectrum in Fig. 4B are characteristic of “normal” tetragonal Cu(u)
complexes and serve as reference spectra for the unique spectral features of the
blue Cu active sites and their relation to its ET function.

3. Electron transfer sites in Bioinorganic
Chemistry

There are three classes of metal sites in biology that function in ET (Fig. 5). For
copper proteins, there is the blue Cu site that is mononuclear with thiolate and
thioether ligands, and Cu, that is binuclear, also having thiolate (bridging) and
thioether ligation. In iron-sulfur chemistry, there are the rubredoxins, ferrodox-
ins and HiPIP (high potential iron protein) that have different nuclearities but all
with tetrahedral sulfur ligand fields that are weak and function as high spin sites
in both redox states. In heme chemistry, there are the cytochromes (cyt), all
having strong equatorial porphyrin ligation and two axial ligands: cyt ¢ has thi-
oether and histidine as axial ligands. The cytochromes are low spin in both redox
states.

There are quite a variety of structures and they cover almost a 2 V potential
range, but there are two common features among all the sites in Fig. 5 enabling
their efficient ET: (1) there is minimal geometry change with redox (i.e. a low
reorganization energy (1) in Marcus theory of ET)? and (2) there is efficient elec-
tronic coupling between the electron donor and acceptor (Hp,), often over long
distances through the protein. This presentation mostly focuses on how the
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Fig. 5 Electron transfer sites in Bioinorganic Chemistry. Reprinted with permission from
ref. 3. Copyright (2006) American Chemical Society.
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unique spectral features of the blue Cu site reflect a geometric and electronic
structure imposed by the protein that enables this ET function. These concepts
are then extended to cyt ¢ in the later part of this presentation.

4. The unique geometric and electronic
structure of the blue copper active site

The first crystal structure of a blue Cu protein was that of plastocyanin, solved by
Hans Freeman in 1978." As shown in Fig. 6A the Cu(u) site had a tetrahedral
structure, not the tetragonal structure generally observed for normal Cu(m)
complexes. This led to the idea that the protein must oppose the Jahn-Teller
distortion of the oxidized site, thus activating it for rapid ET. This concept of the
protein constraining the ligand environment of a metal site activating it for
function is known as the “entatic state” in Bioinorganic Chemistry.*>*> The entatic
nature of the blue Cu site will be elucidated later in this presentation. As
mentioned above, the blue Cu site has two special ligands: a short cysteine (Cys)
thiolate S-Cu(i) bond at 2.1 A and a long methionine (Met) thioether S-Cu(n)
bond at 2.9 A. The remaining ligands are His N's with fairly normal bond lengths.

Associated with the unique tetrahedral structure and Cys/Met ligation are the
unique spectral features of the blue Cu proteins. Instead of weak LF transitions
with e ~40 M~" em™" in the 16 000 cm ™" region, the blue Cu site has an intense
absorption band (¢ ~5000 M~ * cm ™ ') in this region (in Fig. 6B) and the magnitude
of the parallel hyperfine splitting of the blue Cu site in Fig. 6C is reduced by more
than a factor of two relative to that of normal Cu(u). It will now be elucidated that
these unique spectral features reflect a novel GS wave function that is the redox
active molecular orbital (RAMO) key to its biological function of long range rapid
ET.

From Fig. 6C, the EPR spectrum of the blue Cu site in plastocyanin has g > g,
>2.00. From the LF spectroscopy in section 2, this requires that the half-occupied
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Fig. 6 Oxidized blue Cu site: (A) schematic of the X-ray structure of the blue Cu site in
plastocyanin, (B) absorption and (C) EPR spectra of normal Cu(n) (black) and blue Cu (blue)
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orbital is d,>_,» and this had to be correlated with the distorted tetrahedral
geometric structure of the blue Cu site in Fig. 6A. This was accomplished by single
crystal EPR spectroscopic studies of plastocyanin.*

Plastocyanin crystallizes in an orthorhombic space group with four symmetry
related molecules in the unit cell. An expanded view of the active sites of these
proteins is shown in Fig. 7A. Rotating the crystal around the a-axis with the field
along different orientations in the b/c-plane produced the single crystal EPR
spectra shown in the left hand side of Fig. 7B. It can be seen that the g spectrum
with the four observable hyperfine lines is present when the field is along the c-
axis, while rotation by ~90° leads to a g, EPR signal (Fig. 7B left bottom). Thus, g
is approximately along the c-axis of the unit cell which, from the expanded view in
Fig. 7A, is the approximate orientation of the long Met thioether S-Cu bond.
Three single crystal rotations were performed and simulated with the four
molecules in the unit cell (Fig. 7B right), which locked in the g at an angle of just
5° off the long (2.9 A) Cu(u)-Swmet bond. Thus, the d,, orbital, which is
perpendicular to this direction, is in the plane of the strong Cu(u)-Scys and two
Cu()-Nyis bonds. This changed how the active site is visualized relative to the
crystallography (Fig. 6A) and the focus is now on this x* — y* plane.

We now consider one of the unique spectral features of the blue Cu active site,
the origin of the small metal parallel hyperfine splitting (4; in the top panel of
Fig. 6C). As presented in Fig. 8, there are three contributions to the hyperfine
coupling of the nuclear spin I of the Cu to the electron in the Cu d,._,» orbital.
These are: (1) the Fermi contact interaction of the electron spin with the nuclear
spin at the nucleus, which is indirect and occurs through the spin polarization of
core s-electrons; (2) the spin dipolar coupling of the electron spin averaged over
the d,._,» orbital with the nuclear spin on the Cu and (3) the orbital dipolar
coupling of the electron with the nuclear spin that has the same origin as the g;
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Fig. 8 The three contributions to the metal A in the Cu(i) EPR spectrum and the initial
model for the origin of the small |A|; of the blue Cu site (inset). Reprinted with permission
from ref. 3. Copyright (2006) American Chemical Society.

values deviating from 2.00 (vide infra) and can be estimated from these. As shown
in Fig. 8, all three contributions are comparable in magnitude but have different
signs and sum to the large negative A; of —164 x 10~ " cm™" observed for Dyu-
[CuCl,]*” in Fig. 3D. For the blue Cu site in plastocyanin, the magnitude of 4 is
greatly reduced to —63 x 10~* cm ™. Initially, this decreased magnitude of 4 was
assumed to derive from the distorted tetrahedral structure of the blue Cu site in
Fig. 6A." This was reasonably thought to mix Cu 4p, character into the d,-_
orbital (dashed orbital in the inset of Fig. 8). Electron spin in this p, orbital has
the opposite sign for spin dipolar coupling with the nuclear spin on the Cu and
~12% 4p, mixing would reduce the magnitude of 4 to the experimental value for
plastocyanin.

While this possibility was reasonable, it was important to evaluate it experi-
mentally. This was accomplished by going up by 10'° in photon energy, from the
10~* em ™" region of hyperfine coupling to the ~9000 eV region of X-ray absorp-
tion spectroscopy at the Cu K-edge.".

As shown in Fig. 9A the Cu K-pre-edge 1s — 3d transition occurs at 8979 eV. A
pure 1s — 3d transition is electric dipole forbidden and, thus, is very weak.
However, the distorted T4 geometry of the blue Cu site enables 4p mixing into this
RAMO and the 1s — 4p transition is electric dipole allowed, so even a low percent
mixing («” in Fig. 9A) would give rise to dominant pre-edge intensity. As shown in
Fig. 9B (arrow), the pre-edge intensity of the blue Cu XAS spectrum at 8979 eV is
indeed much higher than that of D,,-[CuCl,]*~, where 4p mixing is forbidden by
group theory. The important experiment here was to determine the nature of the
4p mixing in plastocyanin. This was accomplished by the analysis of its polarized
single crystal XAS data. The single crystal EPR studies in Fig. 7 showed that the
electronic z-axis was approximately along the Cu-Sy.. bond, so the polarized
single crystal spectra obtained with the E vector of the synchrotron oriented along
this bond would reveal the Cu 4p, character. From the dashed E||z spectrum in
Fig. 9C, there is no pre-edge intensity, thus no Cu 4p, mixing. Alternatively, when
the E of the synchrotron is oriented in the (x,y) plane (the solid spectrum in
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Fig.9 X-ray absorption spectroscopy to evaluate the Cu 4p mixing into the 3d,2_, orbital
in plastocyanin. (A) Cu K-pre-edge 1s — 3d transition at 8979 eV, (B) orientation averaged
XAS spectra of Dun-[CuClLI?>~ and plastocyanin and (C) Polarized single crystal XAS
spectrum of plastocyanin with E||z and E||(x.y) (z-axis defined by the single crystal EPR in
Fig. 7). Reprinted with permission from ref. 16. Copyright (2004) American Chemical
Society.

Fig. 9C), dominant pre-edge intensity is observed. This Cu 4p,, mixing in plas-
tocyanin demonstrated by these polarized XAS data would increase, not decrease
the magnitude of the parallel hyperfine splitting. This eliminated the generally
accepted explanation for the small A of blue Cu sites and focused our attention
on the alternative possibility for the small A of blue Cu sites: a highly covalent GS
which shifts the electron spin onto the ligand(s) and reduces its interaction with
the nuclear spin on the Cu.

This possibility of a highly covalent blue Cu active site was initially addressed
through a quantitative consideration of its g; values.”” The table at the top of
Fig. 10, left column, gives the experimental g; values of plastocyanin. Moving from
left to right in this table, for an unpaired electron in a pure d,»_,» orbital, thus
having only spin angular momentum, the g; values would be isotropic and equal
to the spin only value of 2.0023. This is similar to what is observed in organic
radicals where spin-orbit coupling (SOC) is small. However, transition metal sites
have large values of their SOC parameter (A[Cu(i)] = —830 cm ') and this mixes
excited LF states into the GS, giving them an orbital angular momentum contri-
bution to their g; values. A complete LFT calculation of the blue Cu site in plas-
tocyanin including SOC gives the g; values in the third column of the table in
Fig. 10, with g, > g, > 2.00. However, these deviate too much from the experi-
mental values in the first column. Thus, there is too much orbital angular
momentum mixed into the GS. This is due to the nature of LFT that treats the
orbitals as having pure metal d character. Covalency delocalizes the electron onto
the ligand(s) and this decreases the orbital angular momentum in the GS. The
fourth column in the table uses one of the earliest DFT methods (SCF-Xa scattered
wave) with SOC included to calculate the effects of covalency on the GS g; values.
Comparison to the third column demonstrates that covalency does indeed
decrease the deviation from 2.00 relative to LFT, however comparison to the first
column shows that these are decreased by too much, indicating that this “state of
the art” calculation at the time (1985) overestimated the covalency of the blue Cu
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Fig. 10 Evaluation of the GS wave function of the blue Cu site in plastocyanin. The top
table gives the g; values observed experimentally (from Q-band EPR) and the corre-
sponding values predicted by various electronic structure methods. The panel below
shows the experimentally adjusted GS wave function in the (x,y) plane with % character on
Cu and Scys and two Nyis. Reprinted with permission from ref. 3. Copyright (2006)
American Chemical Society.

site. Thus, parameters in this DFT calculation were adjusted to calculate a GS
wave function that agrees with the experimental g; values. This is shown below the
table [in the (x,y) plane]. This was a major insight into the electronic structure of
the blue Cu sites, as it showed a highly covalent GS which has 42% d,>_,> char-
acter, and this character is anisotropically delocalized into the thiolate ligand
having 38% character and this delocalization involved the Sy -, not c-orbital, of
the thiolate.

While this experimentally adjusted DFT calculation was performed >35 years
ago using a relatively simple code, modern DFT calculations give parallel results.
From the model on the top half of the left hand side of Fig. 11 and the first two
rows in the table on the right, both a pure functional (BP86) and a hybrid func-
tional (B3LYP) containing 20% Hartree-Fock exchange gave equivalent GS
wavefunctions, a d,=_,» orbital highly delocalized into the S pr-orbital of the Cys
sulfur ligand, but again too covalent with 30% Cu and 60% Scys compared to
experiment (blue row, vide infra) with ~40% character on each.

However, the calculations using the model on the top left of Fig. 11 only
included the first coordination sphere of the active site. Inclusion of the extended
protein environment (modelled by QM/MM or using a large QM region, combined
with a hybrid DFT method) now gives reasonable agreement with experiment,
with ~43% of the wave function on the Cu and the Scys.>'**° Thus, the environ-
ment decreases the covalent delocalization onto the thiolate, and this reflects the
combined effects of an H-bond of the backbone to the thiolate and nearby
carbonyl dipoles. This change in the covalency of the Cu-Scys bond provides
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Fig. 11 GS wave function of the blue Cu active site by modern DFT. The RAMO contours
for a small model (33 atoms) and a larger model (217 atoms) are shown on the left. The
molecular orbital characters obtained using various functionals for both models, along
with those obtained experimentally (from XAS in blue), are given in the table on the right.
Reprinted with permission from ref. 3. Copyright (2006) American Chemical Society.

‘.’ Model Functional Atomic Spin

RS 33 atoms Density
Cu Scys

l 33-atom QM BP86 0.27 0.61
B3LYP 0.33 0.57
/k\‘ Experiment (XAS) 041d | 0.38p
217-atom QM B3LYP 0.43 0.43

» | (includes protein dipoles and H-
ﬁ\ bond to S¢.,.)

/KJ“ QM/MM, all protein B3LYP 0.44 0.42

a second sphere mechanism for the protein to tune the redox potential of the
active site over a range of ~200 mV for its ET function.*

We now focus on the experimental results in the middle row (blue) in Fig. 11
and the thiolate S w-orbital contribution in the RAMO contour of the blue Cu site
(on the left), which were derived from new spectroscopic methods that we
developed over the years to quantify covalency and define the nature of the metal-
ligand bonding.

5. New spectroscopic methods in Bioinorganic
Chemistry

Cu L-edge XAS enabled us to experimentally determine the amount of metal
d character in the RAMO in Fig. 11. For Cu, the L-edge absorption is at ~930 eV
and involves the Cu 2p transition to this RAMO (Fig. 12 right).> The 2p is localized
on the Cu and 2p — 3d is electric dipole allowed, thus the intensity of this
transition quantifies the amount of 3d character in the GS wave function of the
blue Cu site [\/(1 — ) in the right hand side of Fig. 12]. From the left hand side of
Fig. 12, the L-edge absorption peak of the blue Cu site in plastocyanin (specifically
the Ls-edge) is significantly lower in intensity than that of Ds,-[CuCl,]*", indi-
cating that it has less d character and, thus, is more covalent. Since from the wide
range of spectroscopies summarized in section 1, Dy, [CuCl,]>~ has 61 + 2%
d,=_,> character in its GS (Fig. 3C), the intensity ratio in the left hand side of Fig. 12
quantifies the blue Cu site as having 41% d,=_,» character, a very covalent active
site, but with its covalency tuned by the second sphere effects of the protein, as
shown in the bottom of Fig. 11.

The ligand responsible for this highly covalent blue Cu active site was defined
by S K-edge XAS."”> We developed ligand K-edge XAS as a direct experimental
method to quantify ligand character in GS wavefunctions.”® The S K-edge is at
~2470 eV and, as shown in the right hand side of Fig. 13, it involves a transition
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Fig. 12 Cu L-edge spectroscopy. Lz-edge XAS spectrum of Dun-[CuClu]?~ (dashed) and
plastocyanin (solid) showing %Cu 3d character in RAMO on the left and the 2p — 3d
transition on the right. Reprinted with permission from ref. 16. Copyright (2004) American
Chemical Society.

from the S 1s orbital into the RAMO of the blue Cu center. Since the 1s orbital is
localized on the sulfur and s — p is electric dipole allowed, the intensity of this S
K-pre-edge transition directly reflects the Cys S;, character in the GS of the blue Cu
site (¢ in the right hand side of Fig. 13). From the left hand side of Fig. 13, the S K-
pre-edge intensity of plastocyanin is 2.5 times as that of the tet b thiolate-Cu(u)
model complex* that has 14% S, character in its GS wave function. This quan-
tified the blue Cu site in plastocyanin as having 38% Cys S, character'® that will be
proven in the next section to be key to its function in long range, rapid ET.

The third spectroscopic method that provided a key insight was the develop-
ment of low temperature MCD to assign the unique absorption features of the
blue Cu site (Fig. 6B) and from this determine the - vs. g-bonding interaction of
the Sy with the Cu site.*® From Fig. 14A (top two panels), at low temperature the
absorption bands of the blue Cu absorption spectrum sharpen and, by correlating
low temperature absorption with the low temperature CD (not shown) and low
temperature MCD (Fig. 14A bottom), each method having a different selection

plastocyanin

= ’ 2
o =38% Wramo =V 1-0¢ Cu dx2_y2

- a S(Cys) 3p

Normalized Intensity
~2470 eV

-q-L— Sulfur 1s

T
2468 2469 2470 2471
Energy (eV)

Fig. 13 Sulfur K-edge XAS. Left: K-edge XAS spectrum of the thiolate—Cu(i) model
complex (dashed) and plastocyanin (solid), giving % S character in the GS. Right: 1s (S) —
RAMO transition. Reprinted with permission from ref. 16. Copyright (2004) American
Chemical Society.
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Fig. 14 Correlation of (A) room temperature, low temperature and single crystal polarized
absorption and low temperature MCD spectra of plastocyanin, (B) low temperature MCD
C-term mechanism and (C) charge transfer transitions in normal Cu (black) and blue Cu

(blue) sites. Reprinted with permission from ref. 3. Copyright (2006) American Chemical
Society.

rule, there are eight transitions required to fit the low temperature absorption
spectrum of the blue Cu site in plastocyanin. Band 4 in the second panel of
Fig. 14A is the characteristic intense absorption feature of the blue Cu site, while
the lower energy band 6 has ~20% of this intensity. From polarized single crystal
spectroscopy on plastocyanin (third panel of Fig. 14A), both bands have the same
polarization ratio and, from correlation to the crystal structure (Fig. 7A), these are
polarized along the Cu-Sc¢ys bond.

From section 2 and as illustrated in Fig. 14C, in “normal” Cu(u) complexes, the
lobes of the d,=_, orbital are oriented along the Cu-ligand bonds and the charge
transfer spectrum exhibits a low energy weak 7 and higher energy intense o
transition. However, this is not the correct assignment of bands 6 and 4 of the
blue Cu absorption spectrum, as revealed by the low temperature MCD spectrum
at the bottom of Fig. 14A. Bands 5-8 are the most intense in the low temperature
MCD spectrum relative to the absorption spectrum. As shown in Fig. 14B, MCD
intensity requires two perpendicular transition moments (M;), while in a low
symmetry protein active site, all energy levels are non-degenerate. Thus, the
electronic transitions are unidirectional. SOC is required to mix excited states
with different polarizations to induce MCD intensity. Since the SOC parameter of
Cu is large relative to that in the ligands, transitions that are intense in MCD
relative to absorption (the C/D ratio) are assigned as d — d transitions. This is the
case for bands 5-8. Alternatively, band 4, that is intense in absorption but weak in
MCD, is the lowest energy, hence Scys-0 CT, while a higher energy transition that
is weak in absorption (band 3) is the Sgys-0 to Cu d,2_> CT. Thus, the blue Cu site
has an inverted, lower energy intense 7 and higher energy weak ¢ CT and, since
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CT intensity results from orbital overlap (right hand side of Fig. 14C), the d,=_
orbital is rotated by 45° with its lobes bisected by the Cu-Scys bond. This orien-
tation reflects the strong m-antibonding interaction of the thiolate with the Cu
due to its short 2.1 A Cu-S bond length.

Importantly the unique spectral features of the blue Cu site reflect a highly covalent
thiolate S-Cu m-bond.

6. Electronic structure contributions to electron
transfer

We now consider how this highly covalent thiolate S-Cu m-bond enables the
function of the blue Cu site in long range, rapid ET. The focus is on Hp,, the
electronic coupling between the electron donor and acceptor through protein
pathways. A particularly interesting correlation is to the blue Cu site in multi-
copper oxidases, as the pathway for ET is well defined. As shown in Fig. 15A, the
blue Cu site is near the surface of the enzyme, with its Cys ligand flanked on either
side by His residues that are ligands of a buried trinuclear Cu cluster (TNC) site.>®
Electrons from the substrate are transferred to the blue Cu site and rapidly
transferred over 13 A through the Cis-His pathway to the TNC, where O, is
reduced to water. As qualitatively visualized in Fig. 15A (green and yellow
contours), the high covalency of the S¢y in the GS wave function activates the Cis-
His pathway for ET to the TNC. Quantitatively,” as presented in Fig. 15B, Hpa
increases linearly with the covalency of the Cu-Scys bond, with the rate of ET (kgr)
proportional to (Hp,)* (see the Marcus equation for non-adiabatic ET, the bottom
of Fig. 15A). From these calculations, there is one dominant superexchange
pathway between the blue Cu center and Cu of the TNC, and this requires the =
donation of the thiolate to the copper to activate a 7w electron-hole pathway
through the protein backbone to go through a 7 to ¢ crossover to the catalytic site
(Fig. 16C inset). Thus, the unique spectroscopic features of the blue Cu site reflect
an electronic structure that is maximized for its ET function. We now consider the
role of the protein in determining this electronic structure.

10
" 5 . T2/T3b Ci
A Multi-Cu Oxidase B C \
———~13A —J 09
5 -
0 LT3 Cu I .
His, Hy T}:\ Sos ~
Cys cu g 1
His I o7 q
T20u" T
Blue Cu—T1 cg\g’ 3
His TrinuclearCu  °° ’ ¢ SQ%YGS)
) Cluster (TNC, Tto-o
( ) 05— | | crossover P
10 T1Cu

os o8 o7 o5 oo
Py (AG“ 3 1)2 S(p) "H-Bond"/S(p)
= . 2 f—
ker = ferager (Hoal ex"( 22k, T

Fig. 15 (A) Active site of multicopper oxidases, showing blue Cu and TNC separated by
~13 A and connected by a Cis—His pathway. The RAMO of the blue Cu site is shown in
yellow and green contours. Given below is the Marcus equation for non-adiabatic ET;
reprinted with permission from ref. 3. Copyright (2006) American Chemical Society. (B)
Linear correlation between Cu-S covalency and Hpa and (C) molecular orbital involved in
the Cis—His superexchange pathway from the blue Cu site to TNC. The inset shows the 7
to o crossover. Reprinted with permission from ref. 18. Copyright (2014) American
Chemical Society.
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7. Role of the protein in determining the
geometric and electronic structure of the blue
copper site: the entatic state

Fig. 16A shows the absorption spectra of a series of blue Cu related proteins with
the same Cys, Met and two His ligand set that vary from the blue color of plas-
tocyanin to green in nitrite reductase (NiR). From Fig. 16A this color change
reflects the fact that the CT transitions go from the inverted low energy intense T,
high energy weak o pattern of the blue Cu site to the “normal” low energy weak 7
and higher energy intense o CT of the green site.”

The structural changes associated with these spectral changes are given in
Fig. 16B and C. In going from the blue Cu site to the green site, the thioether Syt
comes in from 2.9 to 2.5 A, the thiolate goes out by 0.1 A and the S-Cu-S plane
rotates into the N-Cu-N plane, reflecting a Jahn-Teller distortion to a more
tetragonal structure.

Thus, the protein is tuning the geometric and electronic structure of the Cu site
and, from the correlation in Fig. 16B and C, this appeared to be controlled by the
thioether Cu-S bond. This was tested by mutating the strong thioether Cu-S bond
of the green site to a non-coordinating threonine.”® As shown in Fig. 17A, this
variant (M182T) expressed as a blue Cu site. Thus, the thioether ligation to the Cu is
controlled by the protein. Its contribution to the function of the blue Cu site was
revealed by additional studies on the green copper site in wild type NiR.* From
Fig. 17B, this green site is in a thermodynamic equilibrium with a blue Cu site. The
green Cu site is dominant at low temperatures, indicating that it is enthalpically
favored and, from resonance Raman (rR), it has the strong Cu-Syec bond (Fig. 16B).

A. LT Abs B.
——

5. | Plastocyanin AS@®

4.0
3.0
2.0 S(o) /i
1.0
"y
x103 =

Cucumber  g(z)

__ 50/ Basic *
T 4.0 S(o)

20000
Energy (cm-1)

Fig. 16 (A) Absorption spectra of a series of active sites of related blue Cu proteins and (B)
and (C) associated structural changes. Reprinted with permission from ref. 27. Copyright
(1998) American Chemical Society.
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Fig. 17 (A) Absorption spectra of wild type NiR (green) and its M182T variant (blue);
reprinted with permission from ref. 28. Copyright (2003) American Chemical Society. (B)
Temperature dependent equilibrium between green and blue Cu sites; reprinted with
permission from ref. 29. (C) Estimates of the Cu—Sue: bond enthalpies in blue Cu and Cua
sites; presumed Fe—Sye enthalpies in cyt c.

Increasing temperature results in its conversion to a blue Cu site which is,
therefore, entropically favored and, from rR, there is no longer a Cu-Sy¢ bond.
From a Van’t Hoff analysis of this blue/green equilibrium, the enthalpic strength
of the thioether Cu(n)-S bond is 5 kcal mol . This is reproduced by DFT calcu-
lations which further give the strength of the thioether Cu(r)-S bond of the
reduced site to be 1 keal mol " (Fig. 17C left). This study thus defined the entatic
state of the blue Cu active site in proteins like plastocyanin (Fig. 6A). The thio-
ether—Cu bond is weak, and the protein opposes the entropic contribution to the
Gibbs free energy in keeping the thioether bound at physiological temperature.
From the left hand side of Fig. 17C, this stabilizes the oxidized more than the
reduced state of blue Cu sites and provides a first coordination sphere mecha-
nism of lowering the reduction potential by ~200 mV. Parallel studies on the
binuclear Cu, site showed the same function of the thioether S-Cu bond, stabi-
lizing the oxidized over the reduced state and lowering the potential (middle of
Fig. 17C).*

Alternatively, in cyt ¢ (right hand side of Fig. 17C), it had been generally
thought that the thioether Fe-S bond stabilized the reduced state more than the
oxidized state and, thus, in contrast to the Cu protein ET active sites, the thioether
Fe-S bond would raise the potential of cyt ¢ by several hundred mV (relative to the
partially unfolded protein).**** This potential difference in thioether Fe-S vs. Cu—-
S bonding led us to the experimental evaluation of the covalency of this Fe-Sye¢
bond in ferric and ferrous cyt c.**

8. The Fe—=Spmet bond in cyt ¢: contributions to
function

A direct spectroscopic method to determine the covalency of the Fe-Sy;.¢ bond is
L-edge XAS. From Fig. 18C for iron, this can probe both the dm- and do-orbitals


https://doi.org/10.1039/d2fd00001f

A. 1s2p RIXS

{c o _ B
DOC ~ 3d A
i CIE cuts:
—y _$ _Vt 5 ¢> == Fe(llly
' Shy B == i bis-His
: — I E f I = Fe(lll) -
1 = L Met-His a
2p H: %: -hv ¢_ 2
, = @ | l>
1 | |
1 v
7112 7116 7112 7116 710 720
C. L-edge XAS Incident Energy (eV) Energy transfer (eV)
g B— — ® 1s2pRIXS:
DOC 3d D Fe(lll)-S(met) > Fe(ll)-S(met)
m th— .
Yoy —~ Fel-  Fel- AAH  Fel-  Fel- AAH  AAH
:__> S(Met) S(Met) S(Met) N(His) N(His) N(His) O(H,0)
1
2p HI 4\_ AH 26 5.5 29 7.2 14.7 7.5 7.3
kcal/mol

w o H

Fig. 18 (A) The photon absorption in the 1s — 3d transition and photon energy emission
in the subsequent 2p — 1s transition in 1s2p RIXS, (B) 1s2p RIXS planes for a low spin bis-
imidazole ferric compound (left), low spin ferric cyt ¢ (middle) and constant incident
energy cuts (L-edge like spectra) from RIXS planes (indicated by vertical lines in the RIXS
spectra; green = 1 and red = ¢ contribution). (C) The 2p — 3d transition in L-edge XAS. (D)
Table showing DFT calculated Fe—Spet, Fe—Npis and Fe—OH, enthalpic bond strengths for
ferrous and ferric cyt c. Reprinted with permission from ref. 35. Copyright (2014) American
Chemical Society.

and, thus, the differential orbital covalency (DOC) of cyt c.** However, there are
issues with directly experimentally measuring L-edges on frozen protein solu-
tions, so the K-edge was used to obtain the L-edge data though resonant inelastic
X-ray scattering (1s2p RIXS). As shown in Fig. 184, this involves measuring both
the 1s — 3d photon absorption (along the x-axis in Fig. 18B) and the photon
emitted by the 2p electron filling the 1s core hole (y-axis in Fig. 18B). From the
right side of Fig. 184, this RIXS process results in the same final states as in L-edge
XAS (Fig. 18C) but involves different selection rules.’”

The 1s2p RIXS spectrum of ferric cyt ¢ is shown in the middle of Fig. 18B and
vertical cuts through specific K-pre-edge features (on the x-axis) produced the L-
edge like spectra, enhancing the 7 (green in the right hand side of Fig. 18B)
and o (red in the right hand side of Fig. 18B) contributions to the L-edge.** By
modelling the L-edge like RIXS spectra of cyt ¢, it was experimentally determined
that the Fe(i)-Sye bond is in fact more covalent than the Fe(i)-Syc bond, as
determined above for Cu(u) vs. Cu(i) bonds. This was reproduced using DFT
calculations, which further gave the enthalpic strength of the Fe(u1)-Sy bond as
2.9 kcal mol ™" higher than that of Fe(n)-Sy¢ bond (Fig. 18D).

1s2p RIXS data were also obtained for a porphyrin model complex where the
axial Met is replaced with an imidazole ligand (left hand side of Fig. 18B). Parallel
studies on this complex show that the Fe(ur)-Ny;s bond is, in fact, even stronger
than that of Fe(u)-Ny;, bond with a AAH of 7.5 keal mol " (Fig. 18D), which from
calculations is also the case for an axial water ligand (Fig. 18D right). Thus, the Fe-
Smet bond does indeed increase the reduction potential, but this is relative to the
His or water ligand that replaces it in a partially unfolded protein solution. The
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results in Fig. 18D further showing that, as with the Cu active sites, the Fe-Sye¢
bond in cyt ¢ is also very weak, in an entatic state imposed by the protein. For
ferrous cyt c, this unconstrained Fe(u)-Sy bond strength is only 2.6 kcal mol .

The entatic nature of the cyt ¢ active site was evaluated and quantified by
ultrafast X-ray free electron laser (XFEL) experiments at the Linac Coherent Light
Source (LCLS) at the SLAC National Accelerator Laboratory.*® The experimental
design is given in Fig. 19A. A 100 p jet of ferrous cyt c is excited by a 50 fs 520 nm
optical laser pulse. This excites the B-band of the porphyrin and heats the heme by
~100 °C. It takes ~6 ps for this heat to dissipate through the protein, thus the X-
ray laser pulse was used to excite the Fe from 100 fs to ~20 ps. Two types of
spectroscopies were utilized. The KB X-ray emission (XES) spectra in Fig. 19B are
sensitive to the spin state of the Fe. The GS of ferrous cyt ¢ in blue is a singlet,
while the hot heme at 600 fs in red exhibits a lower energy multiplet feature at
7045 eV, showing that the heme is now in a quintet state. The K-edge XAS near
edge spectra shown in Fig. 19C are sensitive to the local structure of the Fe. In
going from the GS of ferrous cyt ¢ in blue to the hot heme at 600 fs in red, there are
shifts in the near edge features. These are shape resonances modelled using
multiple scattering to determine that the thioether S is no longer bound to Fe
when the heme is in the S = 2 state. Thus, the KB XES data could be used to
monitor the binding of the thioether S to the Fe(u) as the heat dissipated from the
heme (inset in Fig. 19D). This enabled an estimate of the strength of the thioether
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Fig. 19 (A) Ultrafast XFEL experimental setup and design at LCLS. (B) KB XES and (C) K-
edge XAS spectra of the GS of ferrous cyt ¢ (blue) and corresponding hot heme at 600 fs
(red). (D) Plot used to estimate the strength of the Fe(i)—Smet bond. In inset: populations of
singlet (blue) and quintet (red) species obtained from XES modelling. (E) Active site of cyt c,
showing an H-bond network to the Met in the protein pocket which stabilizes its Fe—S
bond. From ref. 38. Reprinted with permission from AAAS.
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Fe(u)-S bond in the protein as 6.8 kcal mol ™", Relative to the AH of the free thi-
oether Fe(u)-S bond in cyt ¢ (Fig. 18D), this shows that the protein entatic state
contribution stabilized this bond by ~4 keal mol~". As shown in Fig. 19E, this
stabilization derives from an H-bond network to the Met in the protein pocket.
This 4 keal mol ™" is in a “sweet spot”, enabling the two physiological functions of
cyt ¢. The presence of this bond enables its normal function of rapid ET to
cytochrome ¢ oxidase at the appropriate reduction potential to enable proton
pumping for ATP synthesis. However, the Fe-Sy; bond is weak enough that in the
membrane, this bond is ruptured by cardiolipin binding to cyt ¢, turning on its
peroxidase function that permeabilizes the membrane, triggering apoptotic cell
death.

9. Summary

This presentation emphasized three general themes of Bioinorganic
Spectroscopy:

1. The wide range of spectroscopic methods in Fig. 2 provide complementary
insights into the geometric and electronic structures of active sites, enabling
structure-function correlations.

2. The correlation of spectroscopic results to electronic structure calculations
provides deep insight into frontier molecular orbitals and reaction coordinates in
catalysis.

3. The unique spectroscopic features that have dominated many areas of
Bioinorganic Chemistry reflect novel geometric and electronic structures imposed
on the active site by protein constraints that activate the metal center for its
specific, efficient biological function.
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