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rapidly induces active-site perturbations in a protein-
independent manner
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Since the advent of protein crystallography, atomic-level
macromolecular structures have provided a basis to understand
biological function. Enzymologists use detailed structural
insights on ligand coordination, interatomic distances, and
positioning of catalytic amino acids to rationalize the under-
lying electronic reaction mechanisms. Often the proteins in
question catalyze redox reactions using metal cofactors that
are explicitly intertwined with their function. In these cases,
the exact nature of the coordination sphere and the oxida-
tion state of the metal is of utmost importance. Unfortu-
nately, the redox-active nature of metal cofactors makes
them especially susceptible to photoreduction, meaning that
information obtained by photoreducing X-ray sources about
the environment of the cofactor is the least trustworthy part
of the structure. In this work we directly compare the kinetics of
photoreduction of six different heme protein crystal species by
X-ray radiation. We show that a dose of ~40 kilograys already
yields 50% ferrous iron in a heme protein crystal.We also demon-
strate that the kinetics of photoreduction are completely inde-
pendent from variables unique to the different samples tested.
The photoreduction-induced structural rearrangements around
the metal cofactors have to be considered when biochemical data
of ferric proteins are rationalized by constraints derived from
crystal structures of reduced enzymes.

Enzyme-mediated transfer of electrons is an integral compo-
nent of numerous fundamental biological reactions, such as
respiration, photosynthesis, catabolic and anabolic transforma-
tions in metabolism, molecular signaling, or cellular defense.
Any catalytic reaction mediated by redox-active enzymes is
principally dependent on the nature and electronic state of the
respective transition metals, which are modulated by inner-
and outer-sphere ligands and solvent exposure of the active
site. To elucidate the reaction mechanism of a given redox
enzyme, X-ray crystallography has been the principal means of
high-resolution structural characterization of these enzymes
and their intermediate states. Here, the main focus lies on the

metal coordination and ligation state, together with inter- and
intramolecular distances, which depend primarily on the oxida-
tion state of themetal center itself. However, X-rays cause rapid
reduction of metal centers, thereby inducing subsequent
changes in their stereochemistry (1). Consequently, care must
be taken when interpreting X-ray crystal structures obtained
from single-crystal data sets through routine X-ray diffraction
experiments, here nominally defined as a 360° rotation data set
collected at 100 K, with a total mean diffraction weighted dose
(calculated by RADDOSE-3D version 4.0) of more than 1MGy.
X-rays induce both site-specific and global damage in protein

crystals (2, 3). Of chief interest in the case of metalloproteins is
the site-specific damage inflicted by the formation of photo-
electrons and free radical species created by the ionizing effects
of X-ray radiation (1). Cryo-cooling the crystals to 100 K or
lower has been shown to alleviate the effect of free radicals by
reducing their diffusion through the solvent channels in the
crystal (4). On the other hand, the rate of formation of photo-
electrons is dose-dependent. These electrons can travel freely
through the protein crystal, even at cryo-temperatures, and will
reduce the metal centers of proteins (5). Redox-active proteins
have been optimized by evolution to efficiently channel elec-
trons into an oxidized active site (6). Heme iron was aptly
described by Beitlich and co-workers as a “vacuum cleaner” for
sucking in electrons (7), emphasizing concerns already stated
by Berglund et al. (6) in 2002 about the actual oxidation state of
many redox proteins in the Protein Data Bank.
To overcome this problem, protein crystallographers have

developedmethods to lower the overall dose absorbed per crys-
tal used in X-ray diffraction experiments. This can effectively
be done by using a multicrystal methodology (8, 9) and has al-
ready been applied to obtain ferric cryo-structures of three
heme proteins. Nonreduced X-ray structures of the cyto-
chrome c peroxidase intermediate Compound I were reported
by two groups independently. These two structures, estimated
to be 10% reduced, were derived from either 10 or 19 crystals,
with each crystal receiving a dose of 20 or 35 kGy, respectively
(8, 9). A study on horseradish peroxidase obtained a ferric
structure from seven crystals with 15° rotational data collected
per crystal. However, direct comparison is difficult, because no
final dose absorbed by the crystals was reported (6). Crucially, an
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in-depth study, using UV-visible and online Resonance Raman
microspectroscopy, also investigated radiation-induced reduc-
tion of ferric metmyoglobin crystals and found that reduction of
the ferric heme iron occurs almost immediately upon exposure
to the X-ray beam. The authors observed the reductive influence
of X-rays already after an absorbed dose of 5.3 kGy. They calcu-
lated a dose of 38–110 kGy for 50% reduction of ferric metmyo-
globin crystals (10). A study on an A-class dye-decolorizing
peroxidase from Streptomyces lividans also measured dose-de-
pendent reduction and found the dose required for half-maximal
reduction to be 3 kGy (11). These investigations were all con-
ducted at 100 K and collectively report a wide dose range to
achieve a 50% reduction in their respective heme proteins. The
cause of the broad range (3–175 kGy) remains unclear because
both the investigated proteins and the employed methods differ
in individual studies.
The use of X-ray free-electron laser (XFEL) light sources with

pulses on the order of 10–20 fs has promised the possibility of out-
running radiation damage. XFEL sources have already been
employed to investigate metalloproteins (5, 12–16), capturing the
nonreduced redox center for the first time (13, 17). However,
XFEL experiments are not routine, and beamtime is scarce. Simi-
larly, the use of nonreducing neutron sources is limited not only by
beamtime availability but additionally by the requirement for large,
deuterated crystals, which is a severe limitation (18). Therefore,
both methods are unlikely to replace synchrotrons as the main
radiation source for structural biology studies in the near future.
Here, we present a study of the pre-steady-state reduction

kinetics of X-ray induced photoreduction of six diverse heme
proteins to determine the rate constant for reduction (kred) and
a general dose limit for the collection of nonreduced data sets
for redox-active metalloproteins at 100 K. Radiation-induced
reduction follows a reaction in the form of “Aox 1 e2 ! Ared”
and could potentially depend on sample-derived variables (sec-
ondary and tertiary structure of the protein, crystallization con-
ditions and crystal morphology, type of cofactor) as well as radi-
ation-derived variables (dose and dose rate, wavelength). The
results show that the reduction kinetics are solely dependent
upon dose and that sample-derived variables for dose calcula-
tions can be neglected. A protein-independent dose limit of
;40 kGy that corresponds to a 50% reduction of the initial re-
dox state can therefore be deduced. Furthermore, we used a
method for collecting ultra-low dose (,3 kGy/crystal) rotation
data at synchrotron light sources at 100 K as part of a dose se-
ries from 5 to 100% Fe(II) reduction. Structures of B-class dye-
decolorizing peroxidase from Klebsiella pneumoniae (KpDyP) in
water and cyanide ligation were obtained by merging data from
;700 crystals. Structural differences in the active site are ob-
served between the ferric and photoreduced structures. This
study strongly highlights the need to critically scrutinize active-
site structures of metalloproteins that were derived from non-
low-dose data collection strategies.

Results

Selection of metalloproteins

Reduction caused by X-ray radiation is a major problem in
correlating the structure and function of metalloproteins. Sev-

eral independent studies have set out to study the reduction of
metal centers as well as possible ways to mitigate their reduc-
tion (e.g. by the use of scavengers, variation of wavelength,
lower temperatures, or composite data collection strategies).
For heme proteins, there are essentially three reported cases:
myoglobin (10, 19–21), cytochrome c peroxidase, and horse-
radish peroxidase (8, 9). For a more general approach to study
reduction kinetics, a set of six diverse heme proteins was
selected; metmyoglobin from horse heart (hhMb), a diheme c
protein, thiosulfate dehydrogenase from Allochromatium vino-
sum (AvTsdA) (22–25), a B-class dye-decolorizing peroxidase
(KpDyP) (26), chlorite dismutases from Nitrospira defluvii
(NdCld) (27) and from Cyanothece sp. PCC7425 (CCld) (28),
and a coproheme decarboxylase from Listeria monocytogenes
(LmChdC) (29). Of the six proteins, two are monomeric (hhMb
and AvTsdA), two are dimeric (KpDyP and CCld), and two are
pentameric (NdCld and LmChdC). Four of the six proteins
(KpDyP, NdCld, CCld, and hhMb) have one heme b cofactor
per subunit. LmChdC incorporates an iron coproporphyrin III
(coproheme), a heme b precursor with four propionate groups.
Except for AvTsdA, all the heme groups are pentacoordinated
with a histidine as the proximal ligand. AvTsdA is a diheme
cytochrome carrying two heme c cofactors (heme c is a thio-
lated heme variant that is covalently bound via thioether link-
ages to two cysteine residues). The set of model proteins also
encompasses a variety of secondary structure compositions and
folds, different crystal morphologies, and crystallization condi-
tions. Approximate distributions of secondary structure ele-
ments calculated from the available crystal structures are
shown in Fig. 1 and Table 1.

Crystal morphology and composition

The diversity of shapes that protein crystals can form is
well-known and difficult to influence. The crystal volume
exposed to X-ray radiation (and thus the amount of iron
exposed to the beam) differs, depending on the crystal form
and its thickness along the beam direction. NdCld and
LmChdC crystallized as plates of rhomboid or irregular
shape with a thickness of 5–20 or 5–10 mm. The hhMb
rosetta-shaped clusters of thin, platelike crystals were
described previously (approximate thickness of up to 5 mm)
(21). AvTsdA formed clusters of rhomboid plates from
which the most platelike with an approximate thickness of 5
mm were selected. KpDyP crystals are cuboids with an aver-
age thickness of 15 mm. CCld formed the largest crystals,
which were either triangular or rhomboid in shape and had
an approximate thickness of 20 mm (Fig. 2A and Fig. S1).
Theoretically, a combination of crystal packing and crystal

size determines the amount of reducible Fe(III) in a crystal.
Therefore, the approximate radiation-exposed crystal vol-
ume, assuming a beam size of 203 20 mm, Fe(III) concentra-
tion, and total Fe(III) amount available for reduction (Table
2) were inferred for all protein crystals. The Fe(III) concen-
tration was found to be similar for all proteins (29 mmol/cm3

on average) for the UV-visible experiment. Taking the
exposed crystal volume into account, the absolute Fe(III)
amount exposed to X-ray radiation was calculated to be
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between 0.2 and 200 fmol (Table 2). Irradiated and reduced
spots on an initially ferric heme crystal are easily distinguish-
able by color (Fig. 2B).
Crystallization conditions were shown to influence global

radiation damage, because specific chemicals containing atoms
with large X-ray absorption cross-section can boost the radia-
tion-induced damage (10, 34–36). Our set of model proteins
crystallized in a total of 10 different conditions. NdCld crystal-
lized in over 50% of the conditions from the PACT screen (Mo-

lecular Dimensions), and crystals from five representative con-
ditions were tested (Fig. S1).

Photoreduction is independent of sample-derived variables

The absorption spectra of the heme protein crystal test set
were investigated using the online, off-axis microspectrometer
available at I24, Diamond Light Source (DLS) (Didcot, UK). Ini-
tially, the resting state spectral characteristics of each protein
crystal in its respective cryo-conditions at 100 K (Fig. 3, gray
spectra) were recorded. Half of the model proteins (KpDyP,
hhMb, and LmChdC) exhibited spectra corresponding to their
high-spin (HS) ferric resting state in solution. CCld and NdCld
showed maxima corresponding to their low-spin (LS) OH-
ligated ferric resting states (26, 31, 33, 37). The spectral charac-
teristics ofAvTsdA correspond to the LS state due to hexacoor-
dination of the heme c cofactors by histidine and cysteine or
methionine (22).
The X-ray–induced spectral changes to the resting state

spectra were then obtained using a flux of 4.2 3 1011 photons
s21 (10% transmission at I24, DLS) as presented in Fig. 3 All
radiation-induced spectral changes in the crystals were gener-
ated using a 203 20 mm focus (full-width half-maximum) with
a Gaussian beam profile. The reduction-mediated spectral
transitions in crystallo from ferric to ferrous states are also
observed in solution at pH 7.0 (Fig. S2); ratios of HS and LS spe-
cies in NdCld and CCld depend on pH and buffer conditions
(28, 38). In solution, the reduction of the ferric resting state is
typically characterized by absorption changes in the visible
range (400–700 nm). In KpDyP, the intensity of the absorption
peaks at 507 nm with shoulders at 540 (Q-bands) and 630 nm
(charge transfer (CT) bands) decreased upon X-ray radiation,
and a new band at 550 nm, corresponding to the HS ferrous
iron appeared. In NdCld, the band at 535 nm showed a slight
shift toward 530 nm, whereas the band at 560 nm exhibited a
marked increase in absorbance in combination with a shift to
558 nm. A similar shift was observed for CCld; bands at 535
and 570 nm exhibited the same spectral shifts toward 530 and
558 nm, respectively, and increased in absorbance. The spec-
trum of hhMb by comparison showed five bands at 500, 535,
570, 630, and 645 nm. The X-ray radiation results in the forma-
tion of two split Q-bands at 530/540 and 558/568 nm, which
are in good agreement with previously reported spectral
changes (7, 20, 35, 39). In AvTsdA, a shift from the LS band at
540 (shoulder at 575 nm) to a split Q-band withmaxima at 527/
550 nm was observed, whereas the CT-band at 630 remained.
Finally, LmChdC showed bands at 490, 530, and 630 nm that
decreased in absorbance upon X-ray radiation, whereas a new
band appeared at 560 nm.
Logically, full reduction at the site of radiation must be

reached once no absorption changes at the wavelength indica-
tive of the ferrous species is observed. However, even after full
reduction at the radiation site, both ferric and ferrous species
will be present within one crystal. Mixed spectral characteris-
tics will be therefore expected, as the UV-visible radiation
passes through a partially different volume of the crystal than
the irradiated volume. This is mainly due to the off-axis posi-
tioning of the UV-visible microspectrophotometer relative to

Figure 1. Illustration of the diversity of secondary, tertiary and quater-
nary structure elements of the investigated heme proteins. A, secondary
structure elements. a helices are shown in blue, b sheets are in red, and loop
regions are shown as black lines. N and C termini are shown as yellow boxes.
B, crystal structures of the investigated proteins. KpDyP (orange) and CCld
(pink) form dimeric structures with one heme bmoiety (gold) per subunit and
a dimeric or truncated a-b ferredoxin fold. NdCld (turquoise) and LmChdC
(yellow) form pentamers with one heme b or coproheme moiety per subunit
and an a/b ferredoxin fold. hhMb (green) is a monomeric a-helical protein
with one heme b cofactor. AvTsdA (blue) is a monomeric protein with two
heme c cofactors and a predominantly a-helical structure. The protein back-
bone and cofactors are depicted as cartoon and ball-and-stick representations,
respectively.
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the X-ray beam and differences in size and shape of the pro-
tein crystals (Fig. S3). Depending on crystal size, shape, and
positioning, the amount of residual ferric spectral signatures
varies, hampering interpretation of the reduction progress.
To imply spectroscopic/kinetic formalisms, we followed the
absorbance change at distinct wavelengths for each protein,
where the highest reduction-dependent change in absorb-
ance was observed over the accumulated absorbed dose (in
MGy). This allows for the determination of the rate of reduc-
tion by single-exponential fits of the dose traces (kred values
in MGy21). A single-exponential increase in absorbance
upon X-ray radiation was observed in all cases that led to sat-
uration after an accumulated absorbed dose of 0.1 MGy (set-
tings of depicted dose traces in Fig. 4 were 5% transmission,

flux: 2.1 3 1011 photons s21) and was markedly similar in all
tested proteins (Fig. 4A).
To assess the kinetics of X-ray–induced photoreduction, it

was assumed that the observed reduction was independent of
the Fe(III) concentration. This was based on the idea that the
amount of Fe(III) (0.2–200 fmol) within the crystal is rapidly
overtaken by the secondary electrons produced through the
photoelectric effect. It has been shown that, whereas radical
species generated during secondary damage are immobile at
cryo-temperatures, electrons easily traverse via the protein
backbone to seek out the most electrophilic center (40). At 1%
transmission (the lowest flux measured), the photon flux
amounts to 4.23 1010 photons s21, or 4.23 108 photons/image
(0.1° oscillation, 10 ms). Up to 500 electrons/absorbed photon
can be produced based on the assumption that of the roughly
2% interacting incident photons of a 12.1-keV X-ray beam, 84%
are annihilated in production of photoelectrons, 8% are scat-
tered by the Compton process, and 8% are Bragg scattered (34,
41). The “concentration” of electrons produced in the crystal
during acquisition of one image is therefore at least 10-fold
higher than the concentration of Fe(III). Thus, pseudo-first-
order reaction settings are nominally guaranteed. The dose-de-
pendent rate constant, kred (MGy21), was directly derived from
the single-exponential fits of dose traces from reduction experi-
ments in the X-ray beam using different transmissions (1–20%,
Fig. 4A). The rates of reduction were found to be similar in all
cases: KpDyP, 26.5 6 10.2 MGy21; NdCld, 15.76 6.9 MGy21;
CCld, 23.2 6 7.2 MGy21; hhMb, 21.4 6 7.8 MGy21; AvTsdA,
23.26 12.0MGy21; LmChdC, 21.56 6.6MGy21; average of all
samples, 21.9 6 9.3 MGy21 (Fig. 4B). Initially, all dose calcula-
tions were performed with RADDOSE-3D version 4.0 (42, 43)
using input parameters individually specified for each protein
crystal (see supporting information D1–D8).
To simplify the workflow of dose calculations, we decided to

test a more general approach using a generic heme crystal as
input. Parameters for the generic heme protein crystal are aver-
ages of all heme protein structures deposited in the Protein Data
Bank (PDB) (44–46) (parameters: crystal size, unit cell, number
of monomers, number of residues, number of metal atoms in
the protein, concentration/presence of heavy atoms in the cryo-
solution (e.g. Br2), and average solvent fraction; supporting
information D9 and D10). We then performed a dose calculation
for all samples with this set of general input parameters. No sig-
nificant differences were observed compared with the individual-
calculation approach; KpDyP, 25.06 9.7 MGy21; NdCld, 16.96

Table 1
Biochemical and biophysical properties of the studied heme proteins
Overview of the respective redox potentials E°9 (Fe(III)/Fe(II)), amino acid composition, and overall secondary structure.

Protein Redox potential E°9 (Fe(II)/Fe(III)) No. of amino acids (multimer)

Secondary structure elements (%)

b-Strands Helix Others

KpDyP 23506 1 mV (26) 299 (598) 23.2 32.6 44
NdCld 21136 1 mV (30) 264 (1320) 26.9 42.0 31
CCld 21266 1.9 mV (31) 182 (364) 35.8 28.9 35.3
hhMb 286 5 mV (32) 154 (154) 0 73.9 26.1
AvTsdA Heme 1 (His/Cys ligation):2185 mV (25) 270 (270) 4.8 39.5 55.7

Heme 2 (His/Lys ligation):2129 mV (25)
Heme 2 (His/Met ligation):1266 mV (25)

LmChdC 22056 3 mV (33) 251 (1255) 31 37.9 31

Figure 2. Representative crystal forms and sizes of the investigated
heme proteins. A, crystal forms and sizes of KpDyP (top, left),NdCld (top,mid-
dle), CCld (top, right), hhMb (bottom, left), AvTsdA (bottom, middle), and
LmChdC (bottom, right). B, visualized impact of X-ray–induced reduction as
seen on a mounted crystal of LmChdC. Red dots (indicated by the orange
arrows) show areas hit by the X-ray beam. C, 750-mmmesh loaded with crys-
tals from KpDyP and close up.Mesh cryo-cooling allows the rapidmanual col-
lection of up to 30–50 crystals without the need for time-consuming sample
changing.
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7.5 MGy21; CCld, 22.76 7.0 MGy21; hhMb, 26.56 9.6 MGy21;
AvTsdA, 27.46 14.2MGy21; LmChdC, 21.16 6.5MGy21; aver-
age of all samples, 23.36 10.1MGy21 (Fig. 4B).

To investigate the dose required for 50% reduction of the
heme protein crystals, absorbance spectra were recorded for
each protein crystal at least in triplicate at six difference

Table 2
Calculation of iron content of protein crystals used in this study

Protein
Approximate crystal
volume in X-ray beam Space group

Unit cell volume
(3 10220) Fe(III)/unit cell Fe(III) concentration Fe(III) amount

mm3 cm3 mmol/cm3 fmol
KpDyP (6FKS) 6200 P 1 21 1 27.6 4 24.1 17.1
NdCld (3NN1) 1570–6200 P 32 2 1 250 30 19.9 39.3–155.3
CCld (5MAU) 7850–15,700 P 1 127.7 2 2.6 100.2–200.5
hhMb (1WLA) 314 P 1 21 1 6.4 2 52.0 0.2
AvTsdA (4WQ7) 314–1570 C 1 2 1 24.8 8 53.5 0.8–3.9
LmChdC (6FXJ) 1570–3100 P 1 21 1 75.4 10 22.0 11.8–23.4

Figure 3. Online microspectroscopy. Overlay of single-crystal UV-visible spectra obtained from online microspectroscopy (10% transmission) of the
ferric (gray), ;50% reduced (lightly shaded), and final (fully reduced, dark shaded) crystals of KpDyP (orange), NdCld (turquoise), CCld (pink), hhMb
(green), AvTsdA (blue), and LmChdC (yellow). Arrows indicate the distinct increase in absorbance at the wavelength that was used to monitor the pro-
gress of photoreduction.
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incident X-ray fluxes: 4.23 1010, 8.4 3 1010, 2.13 1011, 4.23
1011, 6.33 1011, and 8.43 1011 photons s21 (these correspond
to transmissions of 1, 2, 5, 10, 15, and 20%, respectively at I24,
DLS). Here, a flux of 4.23 1010 photons s21 corresponds to an
average diffraction weighted dose (calculated by RADDOSE-
3D version 4.0) (42, 43, 47) of 0.0151 MGy s21 (for the generic
heme protein crystal), 0.0143 MGy s21 (KpDyP), 0.0163 MGy
s21 (NdCld), 0.0148 MGy s21 (CCld), 0.0188 MGy s21 (hhMb),
0.0179 MGy s21 (AvTsdA), and 0.0149 MGy s21 (LmChdC).
The average diffraction weighted dose to reach the half-maxi-
mal increase in absorbance at different beam intensities was
obtained from hyperbolic fits (Fig. 4C) of all dose traces for
each heme protein. In all cases, the required absorbed dose was
between 20 and 100 kGy (error-inclusive), the average being
47.76 14.6 kGy (individual dose calculations) and 45.0 6 13.4
kGy (generic dose calculations) (Fig. 4D).
Next, the effect of different redox potentials (E°9) of the given

redox couples (e.g. Fe(III)/Fe(II)), which in principle dictate
reduction behavior on photoreduction, was investigated. To
cover the entire range of redox potentials (approximately –400
to 11000 mV), we directly compared the redox couples of Fe

(III)/Fe(II) and the Compound I/Fe(II) in KpDyP. The Com-
pound I intermediate (i.e. oxoiron(IV) porphyryl radical) is
formed by the two-electron oxidation of ferricKpDyPmediated
by hydrogen peroxide. Compound I formation leads to altered
vibrational characteristics of the chromophore due to the heme
ligand (oxoiron) characterized by absorption bands in the visi-
ble region at 530, 575, 615, and 648 nm at room temperature
and 525, 572, 615, and 640 nm under cryo-conditions with an
additional low temperature–induced maximum at 552 nm and
a band at 670 nm,most probably indicating a certain fraction of
degraded heme (48, 49) (Fig. 5). This intermediate represents
the highest oxidation state possible in heme proteins (E°9
;1000 mV) (50, 51). Compound I formation was achieved in
crystallo by soaking ferric KpDyP crystals with H2O2. The rates
of reduction between the ferric KpDyP and Compound I crys-
tals at 100 K were compared by following the absorption
change over the accumulated absorbed dose at the low-temper-
ature maximum of 555 nm. The similar rates of reduction
observed for the ferric KpDyP (kred = 21.4 MGy21) and Com-
pound I (kred = 24.8 MGy21) suggest that the same kinetics
are applicable for the formation of ferrous KpDyP (Fig. 5).

Figure 4. Kinetics of radiation-mediated reduction of Fe(III) to Fe(II). A, representative dose traces (at 5% transmission) with single-exponential fits to
derive the rate of reduction (kred). B, rates of reduction (kred) for all proteins in the respective color and the calculated average for all six proteins (in red). C, rep-
resentative dose-dependent changes of absorption at protein-specific wavelength (see Fig. 3) at 5% transmission (flux: 2.13 1011 photons s21) with hyper-
bolic fits to derive the dose of half-maximal reduction. D, doses needed to reduce the heme iron in the protein crystals to obtain 50% ferric and ferrous heme
(average value for all proteins in red). Dose traces in A and Cwere lifted by multiples of 0.3 for each sample for better visibility. Plotted values in B and D calcu-
lated using RADDOSE-3D version 4.0 with individual input for all different samples are shown in the respective color for each sample. Calculations using RAD-
DOSE-3D version 4.0 input from a generic heme protein crystal are shown in gray beside the respective individual data points (KpDyP in orange, NdCld in
turquoise, CCld in pink, hhMb in green, AvTsdA in blue, and LmChdC in yellow). Error bars, S.D.
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Moreover, the appearance of a band at 555 nm indicates that
Compound I undergoes a three-electron reduction to HS fer-
rousKpDyP.

Influence of photoreduction on resting state and ligated iron
centers can be resolved using a dose-dependent method

The results from the spectroscopic analysis of the heme
protein test set suggest that 75–100 kGy of absorbed X-ray
dose is sufficient for complete reduction of Fe(III) to Fe(II) in
a heme protein crystal at 100 K. This is in good agreement
with other spectroscopic investigations (10, 11). However, as
described previously, studies using mainly structural indica-
tors (i.e. interatomic distances between the heme iron and
a ligand molecule) to estimate dose limits have routinely
arrived at higher acceptable absorbed doses (20–35 kGy) (8,
9), where no significant structural effects could be observed.
To correlate the spectroscopically observed reduction with
structural changes to the heme environment, a dose series of
structures was determined for the model protein KpDyP at
100 K. Merged data sets corresponding to 5, 10, 25, 50, and
100% Fe(II) were created (see Table 3, structures not shown),
allowing a stepwise visualization of the structural changes
induced by Fe(III) reduction.
Dose series were collected from KpDyP in complex with two

small-molecule ligands of peroxidases, water and cyanide.
These ligands bind on the distal heme side (site of catalysis) and
show differences in their attractive propensities to Fe(II) and Fe
(III). Cyanide binds to both Fe(II) and Fe(III) but with signifi-
cantly reduced affinity to Fe(II), whereas distal ligated water is
typically released during reduction. Molecular dynamics simu-
lations of ferric and ferrous state clearly indicate two water
positions in the active site susceptible to the oxidation state.
Water position 1 (wp1) is occupied only in the ferric state, and

wp2 is occupied in both states (30, 52). Previous studies
assumed that a stepwise reduction of the metal center should
be reflected by a gradual increase of the distance between the
iron ion and the distal ligand (5). However, reduction of ferric
iron to its ferrous state is a one-electron step. Consequently,
only two possible ligation states exist in the crystal. Therefore,
we expect to observe a gradual loss of ligand density at the ferric
ligand site upon reduction to the ferrous state throughout the
dose series. Gradual increase of the distance (movement) of the
ligand is impossible, as one iron cannot be partially reduced.
Indeed, a change in the electron density of distal site waters

was observed throughout the dose series and ultimately led to a
complete disappearance of one ligated water at wp1 (26). Fig. 6
shows the electron densities of active-site water molecules at
wp1 and wp2 of subunits A and B of KpDyP together with the
conformation of the catalytic aspartate of the first (5% reduced)
and the final (100% reduced) structure, compared with the
model derived from a single-crystal data collection, in which
only wp2 is occupied. Calculated omit maps of the three
selected structures support the interpretation of molecular
rearrangements during photoreduction (Fig. S4A). Analysis of
the dose series, representing photoreduction, shows a minor,
but visually evident, decrease in electron densities for wp1 to-
ward the 100% (53.6 kGy) reduced final wedge (Fig. S5),
whereas no change of the electron density was observed for the
carboxylate, as expected for the low absorbed dose. However,
extra restraints on the wp1–iron and wp1–wp2 distances were
required to maintain the water locations during refinement.
Therefore, the modeled distances, in contrast to the measured
electron densities, are subject to experimenter bias and cannot
be considered accurate. Linear extrapolation to infer noncova-
lent interatomic distances, as done in a previous study (5) is not
an appropriate tool for analysis of the active site over the dose
series in the given case of KpDyP, because we observe a change
in occupancies of the two waters rather than a movement of
onemolecule.
The cyanide ions, like the water molecules from the heme-

water dose series, had to be restrained during refinement, pre-
venting unequivocal confirmation of lengthening of the cya-
nide-iron distance during reduction. We therefore turned to
examining the electron densities directly. Fig. 7A compares the
cyanide complex structure at the beginning of the series (5%
reduction) with the single-crystal data set (0.1° oscillation, 0.1-s
exposure, 360° total oscillation, 1.59 MGy). There is no distinct
change in either subunit for the heme iron–cyanide density
apart from a minor elongation of the cyanide density in the
standard rotation data set. A change in the distance between
the iron and the cyanide density can be seen in the calculated
omit maps of subunit B (Fig. S4B).
Interestingly, significant differences were observed for the

Asp-143 side-chain conformation when comparing the 5%
reduced and the ferrous single-crystal structure (Fig. 7B). This
aspartate is critical for catalytic activity in KpDyP and other
dye-decolorizing peroxidases and has primarily been observed
in a single “flat” conformation in photoreduced structures,
approximately perpendicular to the peptide backbone. In the
ferric structure, the Asp-143 side chain was observed in three
alternative conformations (occupancies ranging from 0.25 to

Figure 5. Kinetics of radiation-mediated reduction of Compound I to Fe
(II) in KpDyP. Shown are time- and dose-dependent changes in absorption
at 555 nm of the ferric resting state (orange) and the Compound I intermedi-
ate (green) of KpDyP upon photoreduction (10% transmission, flux = 4.2 3
1011 photons s21). Inset (bottom), overlay of single-crystal UV-visible spectra
of the ferric (gray) resting state and the Compound I intermediate (black)
obtained by soaking with H2O2. Inset (middle), ferric resting state before
(gray) and after (orange) exposure. Inset (top), Compound I intermediate
before (black) and after (green) exposure.

Reduction of heme iron by X-rays

13494 J. Biol. Chem. (2020) 295(39) 13488–13501

https://www.jbc.org/cgi/content/full/RA120.014087/DC1
https://www.jbc.org/cgi/content/full/RA120.014087/DC1
https://www.jbc.org/cgi/content/full/RA120.014087/DC1


0.50) leading to generally poorer electron densities, indicating
multiple geometries and high flexibility. In addition to the “flat”
conformation, we therefore modeled a downward and an
upward (subunit B) or a tilted (subunit A) conformation (Fig.
7B). Although less pronounced, a movement of the Asp-143
carboxylic group is also visible in the heme-water structures.
Here, a change in water coordination leads to a tilt and rotation
of Asp-143 (Fig. 6).

Discussion

The observer effect, well-known in quantum mechanics,
is the effect that the observation of a phenomenon changes
the phenomenon itself. This applies equally to structure
determination, where the incident beam used to collect
structural information interacts with the observed speci-
men. This was recognized early on with studies focusing on
damage to the crystal, protein, or redox-sensitive cofactors
(4, 6, 7, 34, 35, 53–57). However, the tested parameters were
limited to a handful of model proteins. Here, a comprehen-
sive study on the pre-steady-state kinetics of the radiation-
dependent photoreduction of six different heme proteins
has been provided. The aim was to investigate and differen-
tiate the parameters influencing photoreduction, namely
beam characteristics versus sample-derived (protein and

cofactor characteristics, crystal geometry, dimension, and
composition) variables. These are the main factors for math-
ematically calculating a dose limit.
Pre-steady-state kinetics of the model proteins clearly dem-

onstrate that in all cases, the criteria for pseudo-first-order
reaction conditions, namely the dependence of the reduction
velocity on only one variable (dose), were met. Global radiation
damage was previously observed to be solely dose-dependent
and dose rate–independent (58). Whereas it cannot be com-
pletely excluded that dose rate-dependent effects would be
observed with a faster measurement technique, within the
tested photon flux density range (0.42–8.4 3 1011 photons/s),
the specific damage (i.e. photoreduction) is most probably
solely dose-dependent.
The dose is determined by beam characteristics and sam-

ple-derived variables. As the beam characteristics were kept
constant throughout the experiments shown in Fig. 4, any
differences in the reduction kinetics and calculated dose
can be attributed to sample-derived variables: protein and
cofactor characteristics, crystal geometry, dimension, and
composition. No changes in kred values and the absorbed
dose at half-maximal reduction were observed.
We suggest, because the calculated dose limit for all investi-

gated samples (i.e. systems) does not depend on the sample-

Table 3
Data collection and refinement statistics
Values for the highest-resolution shell are shown in parentheses. RMSD, root mean square deviation.

Time/dose-resolved water-bound heme Cyanide-bound heme

Beamline I04 DLS ID23-1 ESRF
Oscillation (degrees) 0.1 0.1
Exposure/image (s) 0.04 0.1 0.1
Beam size (mm) 263 15 203 20 203 20
Images/wedge 100 100 3600
Wavelength (Å) 0.9795 0.9919 0.9919
Flux (photon s21) 6.993 1010 1.893 1010 1.893 1010

Scaled wedges 723 645 1
Image range from wedge 1–4 5–8 17–20 35–38 71–74 96–99 1–5 1–3600
Dose (kGy) 2.15 4.3 10.8 20.4 40.3 53.6 2.3 1590.0
Total exposed time (s) 0.12 0.32 0.8 1.52 2.96 4 0.5 360
Fe(II) % reduced 5.2 10.5 26.4 50 98.7 100 5.7 100
Space group P 1 21 1 P 1 21 1 P 1 21 1
Unit cell (Å) a = 50.89 a = 50.89 a = 50.57

b = 76.65 b = 76.59 b = 75.74
c = 76.58 c = 76.31 c = 75.71

Unit cell (degrees) a = g = 90.00 a = g = 90.00 a = g = 90.00
b = 108.01 b = 107.87 b = 107.85

Resolution range (Å) 48.40–1.90 48.40–1.90 48.40–1.90 47.67–1.90 47.67–1.90 47.67–1.90 36.31–1.80 36.03–1.52
Rmerge 0.18 (0.48) 0.20 (0.54) 0.20 (0.54) 0.20 (0.57) 0.20 (0.58) 0.21 (0.60) 0.21 (0.75) 0.06 (0.85)
Rmeas 0.22 (0.59) 0.23 (0.64) 0.24 (0.64) 0.24 (0.68) 0.24 (0.70) 0.25 (0.74) 0.25 (0.90) 0.07 (0.10)
Rpim 0.12 (0.33) 0.12 (0.34) 0.12 (0.34) 0.12 (0.36) 0.13 (0.37) 0.14 (0.41) 0.13 (0.49) 0.04 (0.57)
All observations 185,150 (11,453) 238,147 (14,639) 241,170 (14,925) 241,538 (14,758) 235,160 (14,352) 202,833 (12,376) 267,452 (15,345) 246,785 (24,852)
Unique observations 42,694 (2727) 43,499 (2791) 43,564 (2794) 43,584 (2795) 43,552 (2789) 43,298 (2778) 51,235 (3003) 81,528 (8142)
Mean (I/sI) 5.4 (3.0) 6.2 (3.4) 6.1 (3.4) 6.2 (3.4) 6.0 (3.3) 5.5 (2.9) 6.1 (2.7) 3.0 (3.1)
CC½ 0.96 (0.65) 0.96 (0.37) 0.96 (0.47) 0.96 (0.39) 0.95 (0.33) 0.95 (0.41) 0.97 (0.70) 0.99 (0.50)
Completeness (%) 96.8 (96.6) 98.6 (98.8) 98.7 (98.9) 98.8 (98.9) 98.7 (98.7) 98.1 (98.3) 99.2 (99.0) 97.8 (97.4)
Multiplicity 4.3 (4.2) 5.5 (5.2) 5.5 (5.3) 5.5 (5.3) 5.4 (5.1) 4.7 (4.5) 5.2 (5.1) 3.0 (3.1)
Rwork (%) 17.2 17 16.9 18.4 18.1 17.2 17.2 16.7
Rfree (%) 19.9 19.1 18.1 20.1 19.8 19 19.7 18.2
Refined residues 599 599 599 599 599 599 597 597
Refined H2O 671 634 655 644 621 669 785 560
Average B-factor (Å2) 12 12 12 12 12 12 10.34 26.26
RMSD bond length (Å) 0.023 0.022 0.024 0.018 0.017 0.015 0.013 0.015
RMSD bond angle

(degrees)
1.54 1.52 1.59 1.42 1.36 1.24 1.15 1.66

Ramachandran favored (%) 98.15 97.98 97.64 98.15 97.98 97.82 98.65 98.48
Rotamer outliers (%) 0.6 1.18 1.19 0.8 1.01 0.4 1.38 1.2
Molprobity overall

(percentile)
100 98 99 100 100 100 99 100

PDB accession code 6RQY 6RR1 6RR4 6RR5 6RR6 6RR8 6RPE 6RPD
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derived variables, there is no need to empirically determine a
new limit for each new system. All observed variations, resulting
from different dose calculations (generic versus individual), are
not significant (Fig. 4). Although it is in principle less accurate
to use generic crystal parameters for dose calculations, empiri-
cal data presented here show that, in practice, it is a valid proxy
(Fig. 4). To show this, we define a model heme crystal based on
average parameters derived from the PDB. Data presented in
Fig. 4 emphasize that this general, simplified approach for dose
calculations using RADDOSE-3D is legitimate.
Therefore, these data suggest that whereas global radiation

damage depends on the composition of the crystal, reduction
of the metal center does not. In all cases, the reduction kinetics
were only dependent on the absorbed dose, irrespective of sam-
ple variation. A dose limit of 3 kGy for 5% reduction is proposed
that would be applicable to all heme proteins measured at syn-
chrotron light sources at cryo-temperatures.
Employing the described multicrystal data collection strat-

egy, we examined two test cases, namely the change in water
and cyanide coordination inKpDyP at 100K. The complete dis-
appearance of water from wp1 in the single-cryo-crystal data
set, compared with the (according to UV-visible spectroscopy)
5 and 100% Fe(II) reduced structures, was striking. This disap-
pearance was also observed at room-temperature in the serial
structures presented by Ebrahim and co-workers (5) and served
as a striking reminder that cryo-temperatures do not mitigate
the effects of radiation damage. The hydrogen-bonding net-
works of metalloproteins are often conserved access routes for
small ligands, such as hydrogen peroxide. In the KpDyP test case,

the ligated water is within hydrogen-bonding distance of two cat-
alytically relevant residues: the aforementioned Asp-143 and the
structurally important Arg-232 (26). Conformational changes
were observed in the Asp-143 carboxylic group in response to Fe
reduction in both test cases. In the resting state, these changes
likely reflect either an altered hydrogen-bonding network of the
active site or the charge-screening effect of the dipolar watermol-
ecule. Additionally, the high flexibility of Asp-143 side chain,
reflected in the low occupancy of all modeled conformations in
the cyanide-bound structures, might serve as an explanation for
the relatively low affinity of cyanide toKpDyP (KD = 0.9mM) (26).
We speculate that the negatively charged cyanide anion, which
displaces the water in the ferric resting state, has to break the
hydrogen-bonding network within the active site and displaces
the equally negatively charged Asp-143. In the ferrous cyanide-
bound structure, derived from the single-crystal data set, the ori-
entation of the Asp-143 side chain, which is the catalytically most
important residue in the active site of KpDyP (26, 49), is well-
resolved. However, the conformation does not correspond to the
real situation in the ferric resting state (Fig. 7). This could possibly
lead to incorrect mechanistic conclusions, based on the well-
resolved butmisleadingAsp-143 side chain orientation in the sin-
gle-crystal data set.
Our data also indicate that the distance and the angle of cya-

nide relative to the heme cofactor is only influenced to a small
extent by the oxidation state of the heme iron. This may be due
to the obtained resolution (1.5–1.7 Å), which was not high
enough to resolve such small changes.
The importance of the heme iron redox state for ligand bind-

ing is aptly shown in studies of aldoxime dehydratase (59),
which is only active in its ferrous state (60). The binding mode
of the aldoxime molecule (R-CH=N-OH) changes significantly
in response to the redox state of the heme iron (ferric, O-
ligated; ferrous, N-ligated). Sawai and co-workers (61) used X-
ray–induced photoreduction during data collection to obtain a
catalytically relevant Michaelis complex structure of ferrous
aldoxime dehydratase from crystals of the inactive ferric aldox-
ime complex. This is an example of major rearrangement of a
ligand in response to photoreduction and how X-ray–induced
photoreduction can be used as a tool to obtain catalytically im-
portant conformations.
We measured the reduction rate of the Fe(III) spectroscopi-

cally and thereby defined an acceptable limit of 3 kGy at 100 K
to obtain structures with only 5% reduced heme iron. However,
as stated previously, several studies have used consecutive data
truncation to monitor reduction via redox-sensitive intera-
tomic distances (8, 9). In all these cases, the allowed dose limit
at which the data set was truncated lies significantly higher
than the limit proposed here. In analyzing the consecutive
wedges obtained during our data collection, we can show in a
time-resolved fashion that whereas Fe(III) reduction occurs
nearly instantaneously according to online UV-visible spectros-
copy, the actual Fe(III) reduction–related structural alterations
of the coordinating atoms are observed only at a later stage.We
propose that this is due to the cryo-temperature, which signifi-
cantly slows down molecular movements and diffusion. This
conclusion is supported by data obtained at room temperature,
where larger structural changes were observed relative to cryo-

Figure 6. Structural changes upon reduction of ferric high-spin KpDyP.
Asp-143 (sticks), distal active-site water molecules, and the heme iron (sphere)
are represented from KpDyP subunit A (top) and B (bottom) for the 5%
reduced (blue, 6RQY), the 100% reduced (gold, 6RR8) structure, based on UV-
visible spectroscopy, from the multicrystal approach and for the completely
reduced routine single-crystal data set (red, 6FKS). 2mFo 2 DFc (contoured at
1 s) electron density maps for the represented molecules are shown in the
respective colors on the right.
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temperature (5). Theoretically, cryo-cooling during data collec-
tion would therefore allow the collection of more wedges, as
full reduction of the metal centers is reached at a significantly
earlier time point than the slowed down structural effects are
taking hold. However, cryogenically slowed down molecular
movements and diffusion might depend on additional factors
(e.g. investigated protein or ligand, the interaction of this ligand
with its surroundings within the crystal, the shape of the active-
site, temperature). It therefore remains difficult to set a general
dose limit for this approach to data collection.
In summary, our spectroscopic data show that X-ray–

induced reduction of Fe(III) in a heme group happens at a
much lower dose than previously shown. We propose a dose of
40 kGy to be sufficient for half-maximal reduction. We did not
observe significant sample-dependent differences. The 3-kGy
dose limit used in this study guarantees a nearly nonreduced
ferric structure and is a low-risk approach.
Apart from general crystal-derived variables, the main physi-

cal property of metal centers is their respective redox potential
of the metal cofactor couples (e.g. the Fe(III)/Fe(II) couple). In
this study, the maximal redox potential range of metallopro-
teins is covered (E°9 of Fe(III)/Fe(II) ranging from 2400 mV to
150 mV and E°9 of Compound I/Fe(III) being;1000 mV) (50,
51). This range also includes enzymes such as high-redox
potential copper enzymes (E°9 (Cu(II)/Cu(I)) up to 1750 mV)
(62, 63). Here, the investigated proteins cover approximately
half of the maximal redox potential range of all metalloproteins
(2400 to 128 mV). Further, we included a direct comparison
of the kred values of the reduction kinetics of KpDyP crystals in
their ferric and Compound I state that were identical, despite a
difference of;1200 mV of the redox potential of the respective
redox couples. Therefore, the susceptibility of the metal cofac-

tor to X-ray–induced reduction does not depend on its redox
potential (E°9). This limit is hence applicable to any heme pro-
tein in any oxidation state without the need for time-consum-
ing individual analysis.
It remains to be shown whether this limit also applies to

other metals commonly found in metalloproteins and if radia-
tion-induced reduction kinetics of different metals are equally
disconnected from their respective redox and protein proper-
ties. In line with the results of our experiments, previous studies
on photosystem II have shown that Mn(III) and Mn(IV) reduc-
tion is uncoupled from global radiation damage (64). Further-
more, it is recommended to collect the diffraction data far from
the absorption edge of the investigated metal, because its
absorption cross-section is largest at the wavelength corre-
sponding to Df9. We employed a simple method to obtain a
nonreduced multicrystal data set under cryo-conditions within
a routine macromolecular crystallography experiment that will
allow reliable structural characterization of the resting state of
metalloproteins.

Experimental procedures

Protein preparation and crystallization conditions

hhMb was purchased from Sigma–Aldrich (catalog no.
100684-32-0). CCld was purified as described previously (31).
NdCld was purified as described by Hofbauer et al. (37).KpDyP
was purified as described by Pfanzagl et al. (26). AvTsdA was
purified as described by Denkmann et al. (65). LmChdC was
purified as described by Hofbauer et al.(66). All proteins were
subjected to size-exclusion chromatography using a HiLoad
16/60 Superdex 200 prep grade column (GE Healthcare) and
pre-equilibrated with 50 mM phosphate buffer, pH 7.0, prior to
crystallization.

Figure 7. Structural changes upon reduction of ferric cyanide bound low-spin KpDyP. A, heme b, Asp-143, and cyanide (sticks) are represented from
KpDyP subunit A (top) and subunit B (bottom) for the 5% reduced (blue, gray mesh, 6RPE) structure derived from the multicrystal approach and for the com-
pletely reduced routine single-crystal data set (purple, pink mesh, 6RPD). 2mFo 2 DFc electron density maps are represented for all modeled structural ele-
ments (contoured at 1.5 s (cyanide alone) or 1 s (rest)). B, flexibility of Asp-143 in subunit A (top) and subunit B (bottom) in the same colors as in A,
representing the same states of reduction.
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Crystallization experiments were performed using a 48-well
MRC Maxi crystallization plate (AvTsdA) or SWISSCI MRC
three-well crystallization plates (Molecular Dimensions, New-
market, UK) adopting the vapor diffusion method. Crystalliza-
tion drops were set by hand (for AvTsdA) or using a Mosquito
LCP (TTP Labtech, Melbourn Science Park, Melbourn, UK).
hhMb crystalized in 3.2 M (NH4)2SO4, 0.1 M Tris-HCl, pH 8.5.
CCld crystallized in 0.15 M MgSO4, 0.1 M MES, pH 6.5, 22%
PEG 3350, 5% glycerol.NdCld crystallized in 50% of all condi-
tions in the PACT screen from Molecular Dimensions.
Crystals from five different conditions were used: Condition
1 (well A4), 20% (w/v) PEG 1500, 0.1 M SPG, pH 7.0; condi-
tion 2 (well A5), 20% (w/v) PEG 1500, 0.1 M SPG, pH 8.0;
condition 3 (well E2), 20% (w/v) PEG 3350, 0.2 M NaBr; con-
dition 4 (well E8), 20% (w/v) PEG 3350, 0.2 M NaSO4; condi-
tion 5 (well G2), 20% (w/v) PEG 3350, 0.1 M BisTris propane,
pH 7.5, 0.2 M NaBr. AvTsdA crystallized in 23.5% (w/v) PEG
3350, 0.2 M (NH4)2SO4, 0.1 M BisTris, pH 6.5, 0.1 M NaI.
KpDyP crystallized in 23% (w/v) PEG 3350, 0.1 M MgCl2, 0.1
M Tris-HCl, pH 8.5. LmChdC crystallized in 10% (w/v) PEG
6000, 0.1 M Bicine, pH 9.0. For cryoprotection, glycerol was
added to a final concentration of 25% to the crystallization
mother liquor (diluting the mother liquor accordingly) and
soaked for 5 min. For cyanide-ligated KpDyP, crystals were
soaked for 1 min in cryoprotectant with 250 mM NaCN.

Online UV-visible spectroscopy and beamline settings

For UV-visible absorption spectroscopy, crystals were fished
locally and directly placed in the cryostream and kept at 100 K.
Spectra were measured using an Andor Shamrock 303 imaging
spectrograph controlled through the Andor Solis software and
linked to an air-cooled Newton EM-CCD camera and anOcean
optics deuterium tungsten halogen lamp. The microspectrom-
eter was mounted on the diffractometer of I24 (DLS) to allow
the collection of time series during X-ray exposure. The focus
of themicrospectrometer was 203 20mm tomatch the diame-
ter of the incoming X-ray beam (20 3 20 mm) to ensure that
the whole X-ray–exposed area of the crystal was sampled by
the light beam. To collect time series, spectra were recorded
with a temporal resolution of 0.02 s. After starting spectral data
collection, the shutters were opened manually to start X-ray
radiation. The incident X-ray energy was 12.1 keV with a flux
of 4.2 3 1012 photons/s and Gaussian beam characteristics.
Time series were recorded at 1, 2, 5, 10, 15, and 20% transmis-
sion, with four independent measurements per transmission.
Time series were converted to diffraction-weighted dose series
using RADDOSE 3D (43) with the following parameters for the
generic crystal: cuboid, 20 20 20, 0.5, RD3D, 80 95 120, 2.5 (one
calculation with 2, one with 3), 350, Fe 1 S 13, P 100, 0.43, Gaus-
sian, 4.2e12, 20 20, 12.1, 100 100, 0 10, 1, 0.1 (the inputs for the
individual calculations are given in the supporting information).
It must be noted that the generic crystal parameters are not based
on averages of the crystals used in this study, but on averages
obtained from all deposited heme proteins to the PDB. Parame-
ters for individual dose calculations are given in the supporting
information (supporting information D1–D10). For data analysis
and fitting, kinetic slices at 550 nm (AvTsdA), 555 nm (KpDyP,

CCld), 558 nm (NdCld, LmChdC), or 570 nm (hhMb) were base-
line-corrected and scaled to an absolute absorbance range of 1.0
to allow visual comparison. All kinetic slices were fitted using Sig-
maPlot 13.0 from the starting point of radiation until saturation
using a single-exponential equation f = a*(1 2 exp(2b*x)) to
derive kred (MGy21), and the time until half-maximal reduction
was determined using hyperbolic fits f = a*x/(b1 x).

UV-visible spectroscopy of ferric and ferrous heme proteins in
solution

Spectra of WT KpDyP, NdCld, CCld, hhMb, AvTsdA, and
LmChdC were recorded between 350 and 700 nm with a Cary
60 scanning photometer (Agilent Technologies). Conditions
were 50 mM phosphate buffer, pH 7.0. 20 mg ml21 sodium
dithionite from a freshly prepared stock solution was used to
reduce the sample.

X-ray data collection and structure determination

Diffraction data of the reduced cyanide-ligated KpDyP struc-
ture were collected at beamline ID23-1 at the European Syn-
chrotron Radiation Facility (Grenoble, France) at 100 K using
an PILATUS3 6 M detector. Diffraction data of the multidata
sets were obtained by manually applying native or NaCN-
soaked crystals on 700/25 MicroMeshes (MiTeGen) and re-
moving excess cryoprotectant with wicks (Fig. 2C). Meshes
were then flash-cooled in liquid nitrogen. From each crystal,
10° (equivalent to 100 images in 0.1° wedges) were measured
with a total photon flux of 109 photons/image. Diffraction data
of the native KpDyP were collected from 750 crystals at beam-
line I04 of the DLS at 100 K using a PILATUS3 6 M detector.
Diffraction data of 700 crystals of the NaCN-soaked KpDyP
were collected at beamline ID23-1 at the European Synchro-
tron Radiation Facility (Grenoble, France) at 100 K using a
PILATUS3 6 M detector. For all experiments, the detector dis-
tance was set to collect 1.5 Å resolution.

Data reduction

Individual wedges for the multicrystal data were indexed and
integrated using XDS (67). The wedges were then combined
into a single mtz file using POINTLESS (68), and those data sets
with unit cell vectors that did not conform to the majority (here
defined as a TOLERANCE of 2 in POINTLESS) were manually
excluded. The remaining data sets were collectively scaled to-
gether in AIMLESS (69) using the following settings: SCALES
ROTATION SPACING, 5; SECONDARY, 0; BFACTOR ON
BROTATION SPACING, 10. This created, for the oxygen- and
cyanide-bound heme structures, a single scaled data set that
comprised 723 and 645 wedges, respectively. To create the sub-
data sets that corresponded to different proportions of Fe(II) (5,
10, 25, and 50% and 2 3 100%) based on the UV-visible spec-
troscopy and RADDOSE-3D calculations, these single scaled
data sets were then fed back into AIMLESS, and selected scaled
images were merged together. For example, to create a Ferric-O
structure with a diffraction-weighted absorbed dose of 2.15 kGy
and a time resolution of 160 ms, the first 1–4 scaled images
from the 723 wedges were merged together. This process could
then be repeated for the other time/dose points of interest (see
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Table 3). As few images as was feasible were used to make these
sliced data sets. The principle criteria used were CC½, com-
pleteness, and Rpim. CTRUNCATE (70) was then used to con-
vert the intensities into structure factors and apply the same
Rfree flag to each individual data set. The ferrous-CN data set
was processed with XDS using xia2 as part of the CCP4 version
7.0 program suite (70).

Phasing and model building

The phases for each data set were solved using molecular
replacement, using the WT KpDyP structure (PDB code
6FKS) (26) as a search model in PHASER-MR (71). PHENIX.
AUTO-BUILD (72) was then run to minimize any potential
model bias. Models were then manually built using COOT
(73) and refined using PHENIX.REFINE (74) and BUSTER
(75). Angles were applied to the water and cyanide carbon
atoms such that a 90° angle was maintained between the
heme Fe and the Fe-coordinating nitrogen atoms. The cya-
nide also required angle restraints to maintain the 180° angle
between the Fe cyanide carbon and nitrogen. Distance
restraints were placed on the heme-bound waters and cya-
nide molecule to ensure the molecules refined in the ob-
served density. For example, the distance restraints used in
the 5% Fe(II)-reduced Ferric-O structure were 2.50, 2.00,
and 2.95 Å, for the heme Fe–wp1, wp1–wp2, and wp2–Ser-
234 O bonds, respectively. A s of 10 was used for all
restraints to allow for some flexibility in their application.
MOLPROBITY (76) was used to validate the structures and
guide the refinement of problem areas. Figures were pre-
pared with PyMOL (77).

Data availability

Structural data were deposited to the RCSB Protein Data
Bank under the following accession codes: 6RPD, 6RPE, 6RQY,
6RR1, 6RR4, 6RR5, 6RR6, 6RR8. All other data are stored on
the network space of the Department of Chemistry at the Uni-
versity of Natural Resources and Life Sciences, Vienna, and par-
tially at the Synchrotron facilities, at which diffraction data
were collected for this work. Data will be shared upon request
to the corresponding authors.
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