
X‑ray Emission Spectroscopy of Single Protein Crystals Yields
Insights into Heme Enzyme Intermediates
Sahand Emamian, Kendra A. Ireland,⊥ Vatsal Purohit,⊥ Kirklin L. McWhorter, Olga Maximova,
Winter Allen, Scott Jensen, Diego M. Casa, Yulia Pushkar,* and Katherine M. Davis*

Cite This: J. Phys. Chem. Lett. 2023, 14, 41−48 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Enzyme reactivity is often enhanced by changes in oxidation state, spin state, and metal−ligand covalency of
associated metallocofactors. The development of spectroscopic methods for studying these processes coincidentally with structural
rearrangements is essential for elucidating metalloenzyme mechanisms. Herein, we demonstrate the feasibility of collecting X-ray
emission spectra of metalloenzyme crystals at a third-generation synchrotron source. In particular, we report the development of a
von Hamos spectrometer for the collection of Fe Kβ emission optimized for analysis of dilute biological samples. We further
showcase its application in crystals of the immunosuppressive heme-dependent enzyme indoleamine 2,3-dioxygenase. Spectra from
protein crystals in different states were compared with relevant reference compounds. Complementary density functional
calculations assessing covalency support our spectroscopic analysis and identify active site conformations that correlate to high- and
low-spin states. These experiments validate the suitability of an X-ray emission approach for determining spin states of previously
uncharacterized metalloenzyme reaction intermediates.

Metals are crucial to the biological processes of living
organisms, ranging from metabolism to transcriptional

regulation, and are incorporated into more than 40−50% of
the proteome.1 Enzymes, in particular, catalyze challenging
chemical reactions by utilizing transition metal ions whose
oxidation and spin states are coordinated with changes in
atomic structure. While crystallographic studies are useful in
determining the structural basis for enzyme reactivity, even
time-resolved diffraction is insufficient for the characterization
of metalloenzyme mechanisms as it provides little insight into
the concerted redox changes that accompany catalysis.
Complementary spectroscopic data is therefore essential.
Moreover, electronic structure of the metal center must also
be monitored in crystallo, as the kinetics may differ from those
in solution.2,3 Among spectroscopies compatible with
crystallography, inner-shell X-ray spectroscopies are unique
as they are directly sensitive to the local electronic structure of
the transition metal.4−6 This feature enables characterization of
mechanistic intermediates without any a priori knowledge. X-
ray emission spectroscopy (XES), in particular, is also

adaptable for downstream time-resolved studies as it can be
collected in an energy dispersive manner, meaning a statistical
representation of the full spectrum is obtained irrespective of
the collection time.7 Furthermore, unlike other techniques
implemented on-line, such as UV−vis and Raman spectros-
copies that are highly dependent on sample orientation, XES is
compatible with serial crystallography approaches in which
randomly oriented crystals are sequentially introduced to the
incident X-ray beam.
Promising preliminary studies combining the techniques

have been attempted at hard X-ray free electron laser (XFEL)
sources, but limited availability of these facilities combined
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with their ill-defined modes of radiation damage have
hampered broad application.8−10 To date, no transformative
results have emerged, and the ability to evade X-ray-induced
damage to sensitive metallocofactors is hotly debated.
Fransson et al. describe the radiation-induced spectral effects
on the Mn-containing metalloenzyme complex photosystem II
as minimal up to flux densities of ∼1011 photons/pulse with
the beam focused to ∼10 μm, conditions common to fs XFEL
pulses.11 However, Jensen et al. report more significant spectral
changes that would interfere with data analysis and defeat the
purpose of tandem spectroscopic measurements under similar
conditions.12 The source of these changes was ascribed to a
multiphoton absorption process at the metal ions that cannot
be avoided by sample dilution or alterations to the metal ion
environment. By contrast, other groups argue the prevalence of
an alternative mechanism where solvated electrons, generated
in the process of X-ray absorption by atoms surrounding the
metal ion, can be as impactful in causing changes to metal
electronic structure on an ultrafast time scale.13 It should be
noted that the magnitude of spectral shifts can vary wildly
depending on the element being probed and the average
change in spin state, making any observable radiation-induced
changes potentially problematic. To extend the application of
XES to the broader enzymology community, this approach
must become both more robust and more accessible.
Synchrotron sources provide an ideal opportunity to achieve
these goals as damage mechanisms are better characterized and
experimental time more readily available.14−17 Furthermore,
most metalloenzyme kinetics do not require femtosecond
resolution.18−20

Herein, we not only demonstrate the feasibility of collecting
relevant XE spectra of metalloenzyme crystals using third-
generation synchrotron sources but further obtain insights into
the heme-dependent human enzyme indoleamine 2,3-dioxyge-
nase (IDO). IDO is a crucial component to metabolism of the
amino acid L-tryptophan (L-Trp), catalyzing its conversion to
N-formylkynurenine (NFK, Figure 1A).21 Together, L-Trp
consumption and NFK production contribute to suppression
of the immune system through multiple biochemical pathways,
making IDO a key drug target in the treatment of disease, most
notably cancer.22−24 Despite its importance, a complete
understanding of the IDO mechanism remains elusive. The
subtleties of even some stable intermediates, such as the
reactant complex, have yet to be decoded. Particular ambiguity
surrounds intermediate spin states and their origin, as
mechanistic changes are characterized by a mixture of spin

states that can be difficult to elucidate with less sensitive spin
detection methods. Herein, we demonstrate that XES can be
added as an informative tool to analyze this particular Fe-
dependent enzymatic pathway, as well as other similar systems
relevant for human health.
To both demonstrate broad applicability of the approach

and observe electronic changes associated with the mechanistic
behavior of IDO, we fabricated a new, wavelength-dispersive
von Hamos spectrometer having an energy resolution of
approximately 0.2 eV (see the SI, Materials and Methods).
Customizable design principles described previously were
extended to develop the portable spectrometer in which
three finely diced lithium niobate (LiNbO3) analyzer crystals,
arranged along a cylindrical curve, reflect emitted photons
from 7012 to 7120 eV onto the surface of a pixel array detector
(Figure 1B).25 This energy range encompasses Fe Kβ
fluorescence, for which the most intense spectral lines
correspond to photon emission from 3p to 1s transitions
following excitation of an electron from the innermost shell, as
well as the valence-to-core region corresponding to ligand
orbital to 1s transitions not discussed in this report. In first row
transition metals, coupling between the resultant unpaired 3p
electron and the valence shell splits the main Kβ peak in two
(Kβ1,3 and the weaker satellite, Kβ′), thereby generating a
powerful sensitivity to spin and, to a lesser extent, effective
nuclear charge (Figure 1C). More precisely, the greater the
number of unpaired 3d electrons, the more substantial the 3p−
3d exchange interaction.26,27

The spectrometer was commissioned at Sectors 14 and 20 of
the Advanced Photon Source at Argonne National Laboratory.
To assess its performance, we collected XE spectra for seven,
primarily mononuclear Fe, model compounds (Figure 2). In
addition to visual inspection, quantification of changes in peak
position were analyzed through comparison of first moments
(i.e., intensity-weighted average emission energies, Table 1).
Early XES experiments demonstrated that distinguishing
between oxidation states of Fe via Kβ mainline analysis is
particularly challenging.28,29 Despite an increase in the number
of unpaired d electrons in ferric complexes, associated
increases in metal−ligand covalency often obscure expected
changes to the magnitude of peak splitting.29,30

While differences between spectra of ferrous and ferric
complexes having similar spin states are small, they are clearly
detectable with our setup. Low-spin (LS) and intermediate-
spin (IS) compounds follow expected trends in which the
increasing spin state upon oxidation results in greater splitting

Figure 1. (A) IDO structure, reaction, and representative crystal used in this study. (B) Design schematic for Fe Kβ von Hamos spectrometer. (C)
Pictorial depiction of electronic transitions following excitation of a core electron that give rise to the Kβ mainlines.
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and a shift of Kβ1,3 to higher energies (Table 1, Figure 2).
Spectra of the selected high-spin (HS) compounds, by
contrast, depict a decrease in splitting upon oxidation. This
effect can be rationalized by the increased covalency of ferric
oxide compared to ferrous sulfate heptahydrate due to the
presence of comparatively stronger field ligands (O2− versus
water). The degree of covalency and Fe d-orbital spin density
(Table 1) can be further simulated with quasirestricted orbitals
(QROs)31,32 developed from density functional theory (DFT).
More specifically, we calculate the degree of d-orbital
character, which is simply a measure of the deviation of the
molecular orbital (Löwdin) population from that of a free ion.

Its complement (100 − d-orbital character) is therefore also a
measure of covalency, as the ligand reduces the electronic
population of the orbitals.32 It is important to note, however,
that this approach to evaluating covalency was developed for
application to octahedral and tetrahedral complexes and may
not be as reliable for disparate geometries, such as five-
coordinate ferrous IDO. From our QRO analysis, ferric oxide
has more significant covalent interactions with its ligands,
indicated by an 11.4% reduction in d-orbital character
compared to ferrous sulfate heptahydrate. This enhanced
hybridization of the Fe 3d orbital lowers the spin polarization
density of the complex, redistributing Kβ′ intensity and
negating the effects of increased spin.
Spectral shifts associated with changing spin state are more

significant, ranging from 1 to 2 eV (Table 1), in agreement
with other studies, and are accompanied by a concomitant
reduction in Kβ′ peak intensity for LS Fe (Figure 2).33,34 To
establish a more systematic and quantitative correlation
between changes in spin state and peak position, we calculated
integrated absolute differences (IADs) with respect to the
spectrum of ferrocyanide. IADs have been demonstrated to
vary linearly with spin, and a reference curve was generated
using a subset of the complexes for which nominal spin states
are well-characterized (see Figure S1 and the Methods section
in the SI).35 With our choice of reference spectrum, a greater
experimentally determined IAD correlates to a greater spin
state.28

This type of analysis is particularly relevant for the study of
species with unknown and/or complex spin states, such as
those inherent to metalloenzyme intermediates. For example,
calculated IAD values can be used to predict the spin of our
selected Fe phthalocyanine samples. Intriguingly, the most
accurate prediction is obtained for ferric phthalocyanine
chloride (S = 1.75), which has been determined from magnetic
susceptibility studies to be an admixture of IS and HS species
(S = 1.85).36,37 The IAD-derived spin of ferrous phthalocya-
nine, by contrast, is 1.25, 25% greater than that measured
experimentally.38,39 It is unclear whether this discrepancy
originates in the applied analysis or as-of-yet undetected
subtleties of the ferrous phthalocyanine IS complex. Nonethe-
less, with an average deviation from known spins of
approximately 15%, we were confident in our approach.
We therefore began working with single crystals of IDO.

Data collection was attempted with both “continuous”
monochromatic and pulsed pink beam sources to assess the

Figure 2. Emission spectra for a series of Fe standards demonstrate
changes in peak position and shape due to oxidation and spin state.
Spectra were normalized by the integral of the mainline peaks (see the
SI for more information).

Table 1. Characteristics of Fe Complexes from Formal, Spectral, and Computational Analysis

name spin state nominal spin spin densitya IAD IAD-spin 1st moment (eV) % covalencyb

ferric oxide HS 2.5 2.40 0.55 7064.56 18.4
ferrous sulfate HS 2 2.18 0.64 7064.83 7.0
Fe(III)Pc-Cl mix ∼1.85 1.69 0.49 1.75 7063.73 32.6
Fe(II)Pc IS ∼1 1.04 0.37 1.25 7064.25 33.7
ferricyanide LS 0.5 0.48 0.19 7063.30 55.6
ferrocyanide LS 0 0 0 7062.79 58.6
ferrocene LS 0 0 0.15 7062.99 51.6
ferrous IDO HSc 2c 2.02 0.49 1.77 7064.34 23.3
ferric IDO mix ∼1.5 1.54 0.48 1.73 7064.46 23.9
ferric IDO + W mix ∼1.26 1.22 0.38 1.30 7063.88 34.9

aDFT-derived spin densities, corrected using the fit in Figure S2. bPercent covalency for the Fe standards was determined via QRO methods, while
IDO covalency values were predicted from the reference curve in Figure S2. cSpin state may differ at low temperatures. See the SI for
computational details and DFT coordinates (Figures S3 and S4 and Tables S2−S15).
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feasibility of future time-resolved measurements (see the SI for
details). Due to time constraints associated with obtaining
sufficient signal to differentiate the small shifts associated with
changes in the effective nuclear charge, we opted to focus on
elucidating spin states. The corresponding spectral changes are
not only more significant, making them easier to detect, but
spin states are also dominated by ligand field effects. As the Fe-
coordination environment changes more slowly as a function
of X-ray dose, this characteristic of metalloenzyme complexes
should be less sensitive to X-ray-induced damage. XE spectra
were collected for ferric and ferrous IDO, as well as ferric IDO
in the presence of its substrate L-Trp.
Not only is our spectrometer capable of attaining sufficient

signal-to-noise to visualize the Kβ mainlines of IDO crystals
following excitation, but we further observe a shift in the Kβ1,3
first moment of approximately −0.58 eV upon addition of L-
Trp to ferric IDO (Figure 3). Such a red-shift suggests a

decrease in spin state and positions the associated Kβ1,3 peak
closer to the LS ferrocyanide standard. By contrast, the Kβ1,3
peak of ferrous IDO all but overlays with the spectrum of ferric
IDO (Figure 3). First moment analysis yields a shift of only
+0.12 eV, placing both spectra directly adjacent to the HS
standard. From a redox perspective, alignment of the ferrous
and ferric complexes is not particularly surprising given that
the X-ray dosage applied to these samples (see Table S1) has
been shown to reduce ferric heme in other proteins,17 and
spectral shifts due to changes in effective nuclear charge are
small.30 However, the cryogenic conditions of the experiment
would likely prevent any large-scale structural changes that
could dramatically affect the Fe-coordination environment and
thus associated spin states. This has been demonstrated
previously through low-temperature crystallographic character-
ization of ferrous and ferric IDO.40 Altogether, observed
changes in spectral position are consistent with previous
experimental spin state analysis. Moreover, to the best of our
knowledge,10 the associated XE spectra of ferric IDO are the
first to differentiate between spin states of metalloenzyme
crystals having the same formal oxidation state.
Ferric IDO is known to be a pH-dependent mixture of HS

(S = 5/2) and LS (S = 1/2) heme, and previous studies have
estimated the ratio of HS to LS species to be roughly equal at
pH 6.6.41,42 Prior to structural characterization of the
enzyme,43 the identities of these HS and LS components
were hypothesized to be histidine/water (Figure 4A) and

bisnitrogenous coordinated heme, respectively.42 Given the
lack of a suitable distal histidine ligand, however, we propose
that 3p−3d exchange is instead mitigated by altered position-
ing of an active site loop (Figure 4B, chains A and C from PDB
ID 6E44), which promotes heme coordination by the carbonyl
group of a constituent alanine and results in the observed LS
contribution (Ala264).40 Upon addition of substrate, the spin
state equilibrium shifts toward greater LS character, theorized
to correspond to hydroxide-bound heme that is hydrogen-
bonded to the pyrrolic nitrogen of L-Trp (Figure 4C).44 This
ligand-dependent spin crossover is supported further by
previous XES studies on metal−organic frameworks.45

Papadopoulou et al. estimated a ligand distribution of
approximately 33/7/60 (X/water/hydroxide) in the presence
of L-Trp at pH 8, where X represents an active site residue,
such as Ala264.42 Persistence of alanine coordination, and the
associated steric constraints on the distal face of the heme
cofactor, may help to explain ferric IDO’s relatively low affinity
for L-Trp.40

To more rigorously assess the origin of associated LS
components, we performed DFT optimizations and QRO spin
analysis on truncated models of the IDO active site generated
from published crystallographic models (Tables S10−S15).40

In the absence of substrate, models depicting coordination by
Ala264 (Table S14) returned the lowest energy values when
heme was in an LS state (Table S15). Similar behavior was
observed upon in silico addition of a hydroxide ion in the
presence of L-Trp (Tables S11 and S15). Moreover, absence of
the coordinating hydroxide ion led to a staggering 62.6 kcal/
mol increase in the calculated energy of the substrate-bound
complex. Together, these results stand in support of both

Figure 3. Emission spectra from single crystals of different IDO
complexes compared to ferrous standards. Data were collected at 100
K.

Figure 4. Active site configurations for various states of IDO. (A)
Ferric IDO with water coordinated to the metal ion (PDB ID: 6E40).
The water pictured was added in silico based on the DFT-optimized
position (Table S13). (B) Ferric IDO with Ala264 coordinated to the
metal ion (PDB ID: 6E44). (C) Ferric IDO with hydroxide
coordinated to the metal ion and L-Trp bound in the active site
(PDB ID: 6E35). Cyanide was removed from 6E35 and replaced by
hydroxide in the DFT-optimized position for visualization (Table
S11). (D) Five-coordinate ferrous IDO (PDB ID: 6E45).
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hypotheses described above: (1) introduction of LS character
in the absence of substrate occurs due to coordination by an
active site alanine, and (2) upon L-Trp binding to the HS form
of the ferric enzyme, associated deprotonation of the
coordinating water lends additional LS character to the bulk
sample.
Our ferric IDO crystals were generated at pH ∼6.5 (see the

SI), and thus, based on the heme populations observed by
Papadopoulou et al. at this pH,41 we expect an approximately
50/50 ratio of HS/LS heme in the absence of substrate. This
mixture of spin states is qualitatively reflected by the intensity
of the observed Kβ′ peak, which is weaker than is typical for
purely HS complexes. Despite accounting for the presence of
substantial LS character in our ferric IDO samples, however,
the spectral shift upon addition of substrate remains quite
modest in comparison to spin state related shifts reported for
Fe standards. Based on the position of the relevant Kβ1,3 peak,
it seems likely that our ferric IDO crystals cocrystallized in the
presence of L-Trp contain significant HS contamination
relative to the Papadopoulou et al. study of ferric IDO with
L-Trp bound performed at pH 8. This result is not unexpected,
as lower pH also enhances the HS character for ferric IDO
without L-Trp present. Conveniently, we can estimate the
relative HS and LS populations to a first order approximation,
through application of the Henderson−Hasselbach equation,
with the HS population corresponding to the water-bound
state and the LS populations corresponding to the hydroxide-
bound and Ala264-coordinated states. Through this approach,
we estimate a modified ligand distribution of approximately
38/38/24 (Ala264/water/hydroxide) for samples generated at
pH 6.5, assuming the 1:1 ratio of water-to-alanine ligation is
maintained in the presence of substrate (see the SI). This first-
order analysis explains the significant HS contamination of
ferric IDO in the presence of L-Trp observed at this pH.
Excitingly, we can closely reproduce these experimentally
estimated spin state distributions via our IAD reference curve.
Calculated IAD values correlate to spins of 1.73 and 1.30 for

ferric IDO and ferric IDO with L-Trp present, respectively
(Figure 5A, Table 1), suggesting an approximate error of 9%.
Similar correlations can be made between the d-orbital
character of the metallocofactor and the splitting of the IDO
mainline peaks (see the SI). This covalency analysis depicts
trends that match ones obtained using IADs (Figure 5B, Table
1). Ferrous and ferric IDO samples had very similar IAD-
calculated spin states, which conform well to their
independently calculated covalencies (23% and 24%, respec-
tively). Conversely, ferric IDO with L-Trp present has lower
nominal and calculated spin states, which correspond to the
high calculated covalency (35%).
Analysis of the ferrous IDO spin state can be approached in

a similar way, beginning with visual comparison of the IDO
and ferrous sulfate Kβ1,3 peak positions. This qualitative
analysis would appear to suggest substantial HS character in
crystals of the ferrous enzyme, in agreement with earlier room
temperature resonance Raman, MCD, and UV−vis absorbance
studies that reported spectral features consistent with a five-
coordinate HS heme cofactor.41,44,46 X-ray crystallographic
models depicting the ferrous enzyme further support this
proposal, as the loop containing Ala264 does not directly
interact with the metal ion, and no alternative distal ligand was
observed (Figure 4D).40,47,48 However, the intensity and shape
of the ferrous IDO Kβ′ peak are more consistent with an IS or
LS complex. We hypothesize that LS character may be

introduced, at least in part, due to the cryogenic conditions
(100 K) under which these data were collected, as has been
inexplicably observed for other water/histidine-coordinated
heme complexes.42,49 Such behavior can likewise be employed
to rationalize overlap with the ferric IDO spectrum, suggesting
an upper bound of 25% LS contamination. Our IAD-predicted
spin (S = 1.77) for the ferrous form of the enzyme further
validates this hypothesis and correlates to ∼89% HS character
(Figure 5A). The calculated covalency values also corroborate
these findings: ferric IDO bound to L-Trp has the highest
covalency, which depresses the spin state below those of
ferrous and ferric IDO. While the integer spin states of ferrous
complexes are difficult to confirm directly, our XE spectra
provide clear evidence in support of a predominantly HS
assignment, even at low temperatures.
In conclusion, the studies presented herein serve as a proof-

of-concept for the collection of XE data of metalloenzyme
crystals at third-generation synchrotron sources. Our analysis
confirms not only that XES provide novel insights into
complex metalloenzyme spin state equilibria, but further that
this analysis can tolerate a degree of radiation-induced damage.
Paired with time-resolved techniques, this methodology lends
itself well to tracking intermediates of enzyme turnover, which
typically include spin and oxidation state changes. With many
facilities upgrading to fourth-generation capabilities, the
feasibility of these and future time-resolved X-ray emission
experiments at synchrotron sources can only improve as dose
deposition rates increase and enhance our ability to outrun
radiolytic damage.14,50−52

Figure 5. (A) IAD analysis based on a reference curve generated from
a set of known spin state Fe standards (see Figure S1). Gray shading
indicates 95% confidence interval of fit. (B) Similar covalency analysis
based on a comparison of Kβ1,3 and Kβ′ peak splitting and DFT
orbital population calculations.
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