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ABSTRACT: The electronic structure of oxyhemoglobin has been controversial since the discovery of the compound’s
diamagnetism in 1936. This study uses partial fluorescence yield Fe L-edge X-ray absorption spectroscopy (XAS) in the 3s—2p
fluorescence on oxyhemoglobin solutions, measured using a transition-edge sensor detector, to obtain a quantitative experimental

description of the electronic structure of the O,-bound iron site. The spectrum is very different from typical low-spin Fe"" and Fe

1T

heme spectra, and multiplet simulations indicate a mixed ground configuration with ~57% low-spin Fe'" and ~43% low-spin Fe''
character. This is also very different from the Fe' character found for the picket-fence porphyrin model complex. The
oxyhemoglobin L-edge XAS data further show that the O, ligand engages in a weak o- but strong #-bond with the iron ion, leading

to the overall strong Fe—O, bond required for O, transport.

H emoglobin is the oxygen carrier in numerous animals,’
and many hematologic diseases derive from hemoglobin
abnormalities.” Despite the prevalence of this protein, the
electronic structure of oxyhemoglobin (oxyHb) has been
debated” since Linus Pauling measured its diamagnetism.” The
proposed models are a low-spin Fe'' center (S = 0) bound to
singlet 0,"? (Pauling model), a low-spin Fe' site (S = 1/2)
antiferromagnetically coupled to an S = 1/2 superoxide’
(Weiss model), and an intermediate-spin Fe" ion (S = 1)
antiferromagnetically coupled to a triplet oxygen7_9 (ozone
model). The difficulty in the elucidation of the electronic
structure of oxyHb is that the highly chromophoric heme
ligand produces intense 7—z* transitions that dominate the
UV—visible region and obscure the Fe-centered electronic
transitions,'® while vibrational methods''™"® and Mossbauer
spectroscopy'* give ambiguous results. In the absence of
experimental insight, numerous computational studies have
been pursued,'”~* but they have provided method-dependent
results that lack experimental calibration.

Recently, an Fe K-edge X-ray absorption spectroscopy
(XAS) study suggested that oxyHb follows the Weiss model in
solution but the Pauling model in its crystal state.”” A
subsequent 1s2p resonant inelastic X-ray scattering (RIXS)
study indicated a ground state wave function mixed between
low-spin Fe' and Fe (with 50—77% Fe character).”*
However, the poor energy resolution of Fe K-edge XAS
combined with the dipole intensity in the pre-edge due to 4p-
mixing into the 3d orbitals limits the precise description of the
electronic structure using Fe K-edge XAS or 1s2p RIXS in this
previous study. X-ray emission spectroscopy (XES) studies
were not conclusive.””** Fe L-edge XAS is the method of the
choice to obtain a quantitative electronic structure,”*"** even
in highly chromophoric heme environments’”*° and in
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noncentrosymmetric sites since this excitation spectroscopic
method involves dipole-allowed 2p— 3d transitions that are not
biased by 4p-mixing.”' >* For solid samples, Fe L-edge XAS
measurements are performed using electron yield (EY)
detection. For solutions, L-edge XAS spectra have been
measured by total fluorescence yield,” which is known to
produce significant artifacts,”® by partial fluorescence yield
(PFY) in the 3d—2p fluorescence,”” > which was previously
shown to not reproduce the true X-ray absorption cross
section,”” or by transmission, which requires microfluidic
devices with high sample concentrations.””*”*"** The use of a
transition edge sensor (TES) detector™ allows the successful
collection of Fe L-edge XAS spectra of dilute solution
samples’* by detecting the 3s—2p PFY, which reflects the
true X-ray absorption cross section,***

In the present study, we use 3s2p-PFY Fe L-edge XAS to
quantitatively describe the electronic structure of oxyHb and
compare it to the well-defined [Fe™(TPP)(Im),*] and
[Fe"(TPP)(Im),] low-spin heme reference complexes (TPP
= tetraphenylporphyrin, Im = imdazole). This study confirms
that oxyHb has a low-spin mixed Fe'''/Fe'' ground
configuration with around 57% Fe™ character and provides
new insight into its unique Fe—O, bond. This electronic
structure of oxyHb differs significantly from its most studied
model complex [Fe(OZ)(pfp)(Im)]46 (pfp = picket-fence
porphyrin) based on their different Fe L-edge XAS spectra,
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demonstrating the role of the protein pocket in tuning the Fe—
O, bond. This study also shows that a TES detector can be
used to measure metal L-edge XAS to understand the
electronic structure of transition metal catalysts in solution.

The use of a TES detector*”** (emitted energy resolution of
1.5-2 eV) allows the simultaneous collection of the distinct
3s—2p and 3d—2p fluorescence despite the intense emission
from light elements present in the solvent molecules and
protein backbone (Figures S1 and S2). The PFY Fe L-edge
XAS spectrum is obtained by scanning the incident photon
energy over the Fe L-edge and using either the 3s—2p or 3d—
2p emission to detect the absorption.

The Fe L-edge XAS spectra of the two porphyrin complexes
[Fe"'(TPP)(Im),*] and [Fe(TPP)(Im),] in the 3s—2p
fluorescence are shown in Figure 1A and B (references for
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Figure 1. Background-subtracted 3s2p-PFY Fe L-edge XAS spectra of
(A) [Fe"™(TPP)(Im),*], (B) [Fe"(TPP)(Im),] and (C) oxyHb, and
(D) 3d2p-PFY Fe L-edge XAS spectrum of oxyHb.

low-spin Fe'" and Fe' heme respectively), along with the 3s2p-
PFY (Figure 1C) and 3d2p-PFY (Figure 1D) spectra of
oxyHb. The 3d2p-PFY spectra of [Fe"(TPP)(Im)2] and
[Fe™(TPP)(Im),*] are shown in Figure S3. The 3s2p-PFY
spectra of [Fe™(TPP)(Im),*] and [Fe"(TPP)(Im),] (Figure
1A and B) reproduce the 7previously reported electron-yield
spectra of these complexes®’ and present the typical features of
a low-spin Fe'" and Fe"" complex, respectively. The 3d2p-PFY
spectra of [Fe'(TPP)(Im),"] and [Fe"(TPP)(Im),] (Figure
S3A and B) present similar overall spectral shapes, but with
noticeable differences in the relative intensity of the spectral
features due to the strong final-state dependence of the 3d—2p
fluorescence, leading to deviations from the true X-ray
absorption cross section.’****%*’ However, the cross section
of the 3d—2p fluorescence is almost 10-fold higher than the
cross section of the 3s—2p fluorescence (Figure S1), leading
to a significantly improved signal-to-noise ratio.

The 3s2p-PFY spectrum of oxyHb (Figure 1C) is very
distinct from the spectra of the low-spin Fe' and Fe" heme
complexes (Figure 1A and B). Due to the significant noise in

the 3s2p-PFY spectrum for a dilute metalloprotein, the oxyHb
spectrum (Figure 1C) is best considered in parallel with the
3d2p-PFY spectrum (Figure 1D). A broad main peak is at
708.4 eV, with a low-energy shoulder at 706.6 eV, better
resolved in the 3d2p-PFY spectrum (Figure 1D). However,
while the 3d2p-PFY spectrum helps visualize features and their
energy, the 3s2p-PFY spectrum (Figure 1C) reflects the
accurate intensity of these features.

While significantly different from the spectra of [Fe'(TPP)-
(Im),*] and [Fe"(TPP)(Im),], the PFY spectrum of oxyHb
can be described starting from the low-spin Fe'! complex limit
(Figure 2A). The broader main peak of oxyHb (involving

do g (rppy|| B do

/ — oxyHb

—Fe' (TPP)
— oxyHb

dnf>

" T T T T ; T T T T
704 706 708 710 712 704 706 708 710 712
Incident energy (eV) Incident energy (eV)

Figure 2. Comparison of the 3d2p-PFY Li-edge of oxyHb (red) with
(A) [Fe™(TPP)(Im),"] (green) and (B) [Fe''(TPP)(Im),] (blue).

transitions into the empty do orbitals) requires a shift of some
of the intensity from the intense sharp peak in [Fe(TPP)-
(Im),"] to lower energy, while the sharp absorption at 706.1
eV (transition into the empty dz orbital) has shifted 0.4 eV
higher in energy relative to the low-spin Fe' limit. The low-
energy peak would shift up in energy if the corresponding xz/
yz dm electron hole is shifted to higher energy, while the
broadening of the main feature would be due to a significant
splitting of the z* and x*-y* do orbitals.

A valence bond configuration interaction (VBCI) multiplet
model was used to simulate the L-edge XAS spectrum from the
Fe" limit. Various simulated spectra were obtained by ligand
field distortions of [Fe"™(TPP)(Im),"] but they do not
reproduce the experimental spectrum (Figure S4), indicating
that oxyHb is not simply a distorted low-spin Fe'" site and that
using a simple Fe'" limit is not sufficient.

Starting from an Fe' limit (Weiss model), we introduce an
Fe"' configuration and increase its weight by increasing the
mixing of this additional configuration into the ground state,
which produces a mixed wave function. In the VBCI model,
this is achieved by decreasing the energy of the ligand-to-metal
charge transfer (LMCT) configuration (details in the
Supporting Information).””*”° This approach was used here
to increase the superoxo—to—FeIH charge transfer mixing starting
from the Fe limit. Using the ligand field parameters of
[Fe"(TPP)(Im),*] and increasing the weight of the LMCT
configuration decreases the Fe'! contribution to the ground
state wave function while the Fe"' contribution increases. In
these simulations, the Fe L-edge XAS spectrum goes from the
spectral shape of a low-spin Fe'! site to a low-spin Fe' site at
the high LMCT limit (Figure SS). Combining ligand field
distortions with an increased superoxo-to-Fe'" charge transfer
mixing reached the best fit shown in Figure 3A. This was
obtained with the z* orbital 0.9 eV below the energy of the x*-
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Figure 3. Best VBCI fit (red) of the 3s2p-PFY Fe L-edge XAS
spectrum of oxyHb (black) starting from (A) a low-spin Fe™™ limit
with a large superoxo-to-Fe'" charge transfer and (B) a low-spin Fe'
limit with a large backbonding into the dioxygen ligand.
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Figure 4. Comparison of the Fe L;-edge of [Fe(O,)(pfp)(Im)] (light
blue, EY) with (A) oxyHb (red, 3d2p-PFY) and (B) [Fe"(TPP)-
(Im),] (dark blue, EY). Adapted from refs 47 andS0. Copyright 2013
and 2014 American Chemical Society.

y* (0.06 eV in [Fe™(TPP)(Im),"] which broadens the L,-
edge, and with the xz/yz orbitals 0.6 eV above the xy orbital
(0.48 eV in [Fe(TPP)(Im),"] to upshift the low-energy dz
feature according to the experimental spectrum. These indicate
strong superoxo-to-Fe'! z-donation. More fitting details are
given in Figure S6. Using the calculated weights of the Fe'" and
Fe' (i.e., LMCT) contributions to the wave function, (detailed
in the Supporting Information, “Quantification of the Fe'
character”), the resulting fit of the Fe L-edge XAS spectrum of
oxyHb has 61% (+9%) Fe' character.

Alternatively, a parallel approach was used to simulate the Fe
L-edge XAS spectrum of oxyHb starting from the Fe' limit
(Pauling model). From Figure 2B, this requires shifting
intensity from the sharp intense peak in the [Fe''(TPP)(Im),]
model to broaden the main peak at 708.4 eV due to the
splitting of the z* from the x’-y* orbital, while significant
MLCT character (i.e., backbonding of the xz/yz orbitals into
the dioxygen ligand) results in significant dz hole character
associated with the small sharp low-energy feature in oxyHb at
706.6 eV. A good fit using VBCI simulations starting from the
Fe' limit is shown in Figure 3B and similarly gives a z* orbital
0.9 eV lower in energy than the x*-y* orbital and xz/yz orbitals
0.75 eV higher in energy than the xy orbital (Table S1). These
indicate strong dz-backdonation starting from the Fe'-
dioxygen limit. The resulting wave function has 52% (+7%)
Fe'" character.

These two Fe'" and Fe" perturbation approaches converge
to a similar description, with an average estimate of 57%
(£12%) low-spin Fe'" and 43% low-spin Fe" character in the
oxyHb ground state, which is a very mixed electronic structure
between the Weiss and Pauling model limits. This result
contrasts with the Fe L-edge XAS spectrum of [Fe(O,)(pfp)-
(Im)],* generally considered as the most accurate model for
O,-bound hemoglobin, that is significantly different from
oxyHb (Figure 4A), but very similar to [Fe"(TPP)(Im),]*’
(Figure 4B), indicating that it has mostly low-spin Fe'
character.

These Fe L-edge XAS results are consistent with our
previous 1s2p RIXS study”* and the computational study by
Chen et al.”* The higher polarity of the environment, including
the H-bonding to the distal O atom of the dioxygen/
superoxide ligand, polarizes the Fe—O, center and significantly
increases the Fe'-superoxo character in the oxyHb site. This
multiconfigurational description of the ground state, away from
the ionic limit into a very mixed wave function, reflects the

high covalency of the Fe—O, n-bond induced by the protein
environment. Alternatively, the [Fe(O,)(pfp)(Im)] model has
a very hydrophobic environment around the dioxygen ligand
and is significantly less covalent.

In addition to the mixed wave function, the multiplet
simulations of the Fe L-edge XAS spectrum indicate that the z*
orbital is 0.9 eV lower in energy than the x-y* orbital,
significantly more stabilized than what would be expected for
the 0.1 A elongation of the axial Fe—Ny;;, bond observed in
oxyHb compared with [Fe™(TPP)(Im),"] (2.07 A vs 1.98 A,
Figure S$8). Thus, the Fe—O, o-bond is weak (Figure SA). The

A @/19

\N=—=<
\ )
S
NHis
Figure S. (A) Weak o- and (B) strong z-bonds for oxyHb.

multiplet analysis of the L-edge XAS spectrum of oxyHb also
requires that the xz/yz orbital is 0.6—0.75 eV above the xy
orbital, indicating a strong Fe—O, #-bond (Figure SB). This
strong O, 7-bond despite the weak O, o-bond explains the
relatively short, strong Fe—O, bond found in the oxyHb crystal
structure (1.82 A at 1.25 A resolution’') and required for O,
transport.

In conclusion, we present the Fe L-edge XAS spectrum of
oxyHb in solution, the first protein solution 3s2p-PFY
spectrum enabled by a TES detector. This spectrum, compared
to reference complexes and supported by multiplet simu-
lations, confirms the mixed Fe"/Fe!' character (around 57%
Fe'") of the ground state of oxyHb, which means a mixed
electronic structure between the Pauling and Weiss models.
The Fe'™ character reflects the strong covalency of the Fe—O,
7-bond which results from the polar environment in oxyHb
and contrasts with the mostly Fe" character of the hydro-
phobic [Fe(O,)(pfp)(Im)] model complex. Fe L-edge XAS
further allows an experimental understanding of the bonding of
oxyHb (Figure 5). The O, ligand is a poor o-donor to the iron
but forms a strong 7-bond that results overall in a strong Fe—
O, bond for O, transport. Finally, this study shows that the
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TES detector enables the measurement of soft X-ray spectra in
solution, providing experimental insight into the electronic
structure of a metal ion at the active site of a protein.
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