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Specific radiation damage (SRD) to proteins is a pertinent issue discovered during
the development of cryo-crystallography at synchrotrons, often affecting the macro-
molecular active site and thus complicating the understanding of mechanistic
insights from structural analysis. For proteins with a spectroscopic signature in
the visible light spectrum, in crystallo UV-Vis absorption spectroscopy has
regularly been used to estimate the dose scale of specific damage build-up and
to develop diffraction data-collection strategies to mitigate its effects. Using a
coupled spectroscopic and crystallographic approach, here we show that for two
metal-containing proteins the structural response to X-ray-induced reduction of
metals in their active site is markedly different at room temperature than at
cryogenic temperature. This suggests that the use of controlled specific radiation
damage to mimic and study a physiological redox transition in a metal-
containing protein by X-ray crystallography should preferably be performed at
room temperature rather than at cryogenic temperature.

1. Introduction

Radiation damage is an issue inherent to X-ray crystallo-
graphy that affects the measured intensities of reflections,
primarily resulting in their dose-dependent decay. In the early
days of macromolecular X-ray crystallography (MX), this
meant that diffraction data had to be collected from several
crystals in order to obtain a complete dataset at room
temperature (RT). The advent of cryo-crystallography (Hope
et al., 1989; Garman & Schneider, 1997) allowed the extension
of the crystal lifetime in the X-ray beam by up to two orders of
magnitude (Nave & Garman, 2005) and enabled a surge of
structure determinations at synchrotrons. However, it became
obvious that specific groups of the protein were affected by
X-rays, such as disulfide bonds and carboxyl groups of acidic
residues (Burmeister, 2000; Ravelli & McSweeney, 2000; Weik
et al., 2000). It was realized early on that X-rays could reduce
the metal centres of metal-containing proteins at cryogenic
temperatures (CTs), but it was suggested that the overall
protein structure was likely to remain unchanged between
different oxidation states (Lamb er al, 1998). The subtle
structural changes to chemical groups within the protein
molecules were termed ‘specific’ radiation damage, while the
decay in diffraction intensities, coupled with an increase in cell
volume, Wilson B factor and often mosaicity, were named
‘global damage’ and largely affected the overall crystal lattice.

The difficulty in identifying and quantifying specific damage
in electron-density maps called for the identification of
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orthogonal techniques that could serve to derive metrics for
radiation damage. A seminal result was the identification of a
peak at ~400 nm in the UV-Vis absorption spectrum of an
irradiated crystal of acetylcholinesterase ascribed to the
formation of disulfide radicals, using an off-line microspectro-
photometer (Weik et al., 2002), prompting the development
of on-line UV-Vis absorption microspectrophotometry at
synchrotrons (McGeehan et al., 2009). Other optical spectro-
scopy techniques were later implemented: Raman and fluor-
escence emission spectroscopy (Adam et al., 2009). For metal-
containing proteins, X-ray-based spectroscopies can also be
applied as complementary techniques (Makita e al., 2023):
X-ray absorption near-edge spectroscopy (XANES) and
extended X-ray absorption fine-structure (EXAFS) spectro-
scopy (Yano et al., 2005), as well as X-ray emission spectro-
scopy (XES; Fransson et al., 2018).

Here, we focus on single-crystal rotation X-ray crystallo-
graphy experiments resulting in datasets during which specific
damage progressively develops, and can also be termed
multiple structures from one crystal (MSOX). This is in
contrast to the classic serial crystallography (SX) approach, in
which single still patterns obtained from several thousands
of crystals form a dataset with homogenous specific damage.
In a hybrid rotation/serial approach, complete datasets are
constructed from several partial rotation datasets obtained
from a number of different crystals (MSSX: multiple struc-
tures from several crystals). An MSOX study of comparative
radiation damage at RT versus CT surprisingly showed that
specific radiation damage was not detectable in electron-
density maps, suggesting a coupling between global and
specific damage at RT, while the two types are largely
uncoupled at CT (Gotthard ef al., 2019). Raman and UV-Vis
absorption spectroscopy techniques were used to show that
disulfide-bond reduction, and decarboxylation of a critical
acidic residue, did however occur within the crystal upon
irradiation. The absence of visible specific damage can be
explained by the fact that the build-up of the modified
chemical group is concurrent with the loss of diffraction
resolution on a rapid dose scale, progressively increasing the
signal-to-noise ratio of the data required to observe the
damage. This hypothesis was reinforced by an MSSX study
showing the build-up of specific radiation damage on disulfide
bonds at RT (de la Mora et al., 2020). The use of several tens
of crystals led to an increase in the signal to noise of the
reconstructed datasets, likely explaining the difference in
specific damage visibility. The logical follow-up to the MSOX
study was to investigate specific damage at RT on metals,
which are more electron-rich chemical groups and are usually
more sensitive to X-rays than sulfur/oxygen/carbon-
containing groups (Beitlich et al., 2007).

MSOX radiation-damage studies performed at CT on
metalloproteins have been numerous and essentially
concluded on a subtle, yet significant alteration of the direct
coordination sphere of the metal ion (Schlichting et al., 2000;
Berglund et al., 2002; Adam et al., 2004; Hersleth et al., 2007;
Gudmundsson et al., 2014; Zarate-Romero et al., 2019; Pfan-
zagl et al., 2020), reorganization of the active site (Taberman et

al., 2019) or even catalytic turnover (Horrell et al., 2016). We
chose two metalloproteins for which specific radiation-damage
effects have been well studied at CT, myoglobin (Hersleth et
al., 2007; Hersleth & Andersson, 2011; Pompidor et al., 2013;
Owen et al., 2017; Pfanzagl et al., 2020) and copper-containing
nitrite reductase (Horrell et al., 2016), first to see whether
specific damage could be clearly visualized at RT in electron-
density maps. Furthermore, we sought to compare the struc-
tural response of the protein at the two different temperatures,
aided by UV-Vis absorption spectroscopy, allowing the
unambiguous assessment of the redox states of the metal ions,
which have distinctive spectroscopic signatures.

2. Methods
2.1. Protein preparation and crystallization

Horse-heart myoglobin (hhMb) was purchased from
Sigma-Aldrich (product No. M1882). Copper-containing
nitrite reductase from Achromobacter cycloclastes (AcNiR)
was produced and purified as described previously (Halsted et
al., 2019), with the protein buffer-exchanged into 10 mM MES
pH 6.5 prior to crystallization. Both proteins were crystallized
in-house under conditions optimized to yield single crystals
suitable for X-ray diffraction. For myoglobin, the protein was
resuspended at a concentration of 100 mgml™" in 100 mM
sodium phosphate pH 7.8 buffer before being crystallized
using the hanging-drop vapour-diffusion method at RT (20°C)
with a precipitant solution consisting of 4 M sodium malonate
pH 6, yielding rod-shaped crystals with a typical size of 170 x
40 x 30 um (Supplementary Figs. Sla and Slc). The precipi-
tant solution was also used as a cryoprotectant for data
collection at 100 K. Bipyramid-shaped crystals of AcNiR with
an average size of 150 x 140 x 80 pm (Supplementary Figs.
S1b and S1d) were obtained using the hanging-drop vapour-
diffusion method at RT (20°C) with a precipitant solution
consisting of 1.2 M ammonium sulfate, 50 mM citrate pH 4.75.
Prior to data collection, crystals were soaked in a storage
buffer consisting of 2.5 M ammonium sulfate, 50 mM citrate
pH 4.8, with the addition of 17.5% sucrose as a cryoprotectant
for data collection at 100 K.

2.2. Beamline setup and data collection

X-ray diffraction and spectroscopic measurements were
performed on the BMO07 beamline at the ESRF, Grenoble
(McCarthy et al., 2025). BM07 delivers a monochromatic
X-ray beam with a top-hat profile (Fig. 1la). Data were
collected at an energy of 12.658 keV using a PILATUS2 6M
detector. Crystals were harvested and mounted directly on the
minidiffractometer of BM07 either under cryogenic conditions
(100 K) in the cold nitrogen stream of a 1000 series cryostream
(Oxford Cryosystems) or at RT (294 K) using the HC-Lab
humidity-control device (Arinax) to prevent dehydration
during measurement.

For AcNiR, 40 consecutive datasets were collected at 100 K
with resolutions ranging from 1.58 to 1.97 A. Each dataset
consists of 200 images measured sequentially on the same
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wedge of the crystal, using 0.5° oscillation, 0.05s exposure
time and a flux of 1.125 x 10'! photons s . The average dose
(exposed region) (ADER) for a single dataset was calculated
with RADDOSE-3D (Bury et al., 2018) to be 33 kGy. At RT, a
single dataset of 4000 images was collected using 0.5° oscil-
lation, 0.05 s exposure and a flux of 0.5 x 10" photons s~
This data-collection strategy was used to minimize crystal
movement. This large dataset was subsequently subdivided
into 19 sub-datasets of 200 images each (the final 200 images
were unusable) with resolution ranging from 1.60 to 2.11 A.
The dose per 200-image dataset was calculated to be 15 kGy.

For myoglobin, 47 datasets were collected at 100 K, with a
constant resolution of 1.07 A. Each dataset consisted of 360
images measured using 0.5° oscillation, 0.05 s exposure and a

(a)

Reference light,
from white lamp

e

| Cryostream or
humidifier nozzle

Fibre-coupled
upper reflective
objective

Fibre-coupled lower
reflective objective

Transmitted light, to
spectrophotometer

Figure 1

Experimental setup on beamline BM07 at the ESRF. (a) X-ray beam
profile optimized for a 200 x 100 pm aperture at 12.658 keV. (b) On-line
microspectrophotometer mounted on the beamline diffractometer. Key
elements are labelled.

flux of 4.95 x 10" photons s*. The dose for a single dataset
was calculated with RADDOSE-3D to be 14.4 kGy. At RT, 18
datasets of 720 images each were measured successively on the
same crystal using 0.5° oscillation, 0.1 s exposure and a flux of
2.11 x 10" photons s™'. The dose for a single dataset was
calculated to be 32.5 kGy, with resolutions ranging from 1.24
to 2.82 A.

2.3. Beam characterization and flux measurement

The BMO07 X-ray beam has a top-hat intensity distribution
with a variable size between 200 x 100 pm (Fig. 1a) and 250 x
250 pm. The beam profile at the sample position was mapped
at 12.658 keV using a 5 pm tungsten pinhole. The pinhole was
translated along a surface of 300 um in width and 200 pm in
height with 50 points of measurement in each direction. A
photodiode placed behind the pinhole recorded the trans-
mitted intensity at each point. The integrated intensities were
plotted in two dimensions using an in-house Python 3 script
employing standard scientific plotting libraries (Matplotlib,
SciPy, NumPy). The resulting 3D beam-intensity map (Fig. 1a)
confirmed the top-hat distribution. The flux at the sample
position was determined with a calibrated Canberra photo-
diode (model PD300-500CB) and estimated to be maximally
2.25 x 10" photons s~ for a beam size of 100 x 200 pm and
100% transmission.

2.4. In crystallo UV-Vis absorption spectroscopy

In crystallo UV-Vis absorption spectra were recorded using
a microspectrophotometer installed in the sample environ-
ment of BM07 (McGeehan et al., 2009; von Stetten et al., 2015;
Fig. 1b). A 400 pum optical fibre connected a white-light source
(DH2000BAL, Ocean Optics) to the upper 4x reflective
objective of the microspectrophotometer, while the lower 4 x
reflective objective was coupled to a QE-PRO spectrophoto-
meter (Ocean Optics) via a 600 um fibre. The same experi-
mental setup was used to probe the effects of X-rays on
various typical crystal-buffer and cryoprotecting components
at CT (Stubbs et al., 2026). Measurements were performed
on crystals mounted on the diffractometer under the same
conditions as for X-ray data collection. For each sample, the
crystal position was optimized to improve the spectroscopic
signal in the UV-Vis region and to minimize the baseline.
Spectra were recorded continuously on a still crystal. After the
collection of a number of spectra in the absence of X-rays, the
X-ray shutter was opened to allow the evolution of the UV-
Vis spectroscopic features of the metal centres to be moni-
toried as a function of accumulated dose. The characteristic
absorption bands of the haem cofactor in myoglobin and of
the T1Cu copper centre in its oxidized (Cu®*) state in green
AcNiR were used as initial markers to follow radiation-
induced redox changes. Series of spectra were collected under
both CT and RT conditions. Spectroscopic data were analysed
and represented with the icOS toolbox (Caramello er al.,
2025).
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2.5. Dose calculations

Absorbed doses were calculated using RADDOSE-3D
v.4.0.1020. The beam size was chosen so that every crystal was
fully bathed in the X-ray beam. The program was used to
calculate the average dose over the exposed region (ADER)
for each individual dataset and to estimate the cumulative
dose for the entire dataset series. All parameters, including
beam size, photon flux, exposure time and rotation range, were
defined according to the experimental settings. Dose values
are expressed in kGy. For a given dataset, we use the term
‘effective absorbed dose’ to represent the sum of the dose
absorbed during all previous data collections and half of the
dose absorbed during this data collection, to take into account
the fact that the latter dose is progressively accumulated
during the course of the dataset.

2.6. X-ray data processing and refinement

Diffraction data were processed using the autoPROC
pipeline (Vonrhein et al., 2018), which integrates data with
XDS and scales with AIMLESS and TRUNCATE from the
CCP4 suite (Agirre et al., 2023). Structures were refined using
REFMACS (Yamashita et al., 2023). Model inspection and
manual building were performed in Coot (Emsley et al., 2010).
Difference electron-density maps (Fobsgy — Fobs1)) Were
generated to visualize radiation-induced changes using the
phenix.fobs_minus_fobs tool of the Phenix suite (Liebschner
et al., 2019). Final refined coordinates and structure factors
have been deposited in the Protein Data Bank (Supplementary
Tables S1, S2, S3 and S4).

In order to assess the iron-to-proximal histidine distance
and the out-of-plane displacement of the haem iron in hhMb
crystals (Supplementary Figs. S2¢ and S2d), hhMb structures
were refined using an altered version of the library file
describing the geometries of the haem and of its coordination
bond to the proximal histidine. In this file, the parameters
regulating the haem-His93 bond (the length of the Fe—N
bond and the angles between the four pyrrole N atoms, Fe and
the histidine N atom, as well as the corresponding dihedral
angles) had their standard deviations increased significantly
(up to 15% of the bond length/angle/dihedral values) to
specifically relax the corresponding chemical restraints. The
restraints on angles and dihedral angles regulating the
planarity of the haem were similarly relaxed.

2.7. Difference density integration

To establish the kinetics of difference electron-density
signals with dose (Fig. 3b), specific Fourier difference map
features were integrated using in-house Python scripts,
utilizing the GEMMI Python package (Yamashita et al., 2023;
available at https:/github.com/ncara/Density-integration).
The standard deviation o of each map was extracted using the
MAPDUMP tool from the CCP4 package (Agirre et al., 2023).
Difference structure factors were then used to re-calculate all
maps with an identical sampling grid via the GEMMI package,
and all positive or negative electron-density values above 3o

from voxels within a 1.0 A radius of the atom of interest were
integrated.

3. Results

3.1. Effects of X-ray-induced reduction on horse-heart
myoglobin

Myoglobin is an oxygen-storage haem protein. In an
oxygen-containing atmosphere, the protein is found in a
hexacoordinated high-spin ferric (Fe**) state with a water
molecule bound to the haem iron (Lamb et al., 1998), termed
metmyoglobin (metMb). Here, we assessed the effect of
X-rays on the electronic environment of the haem iron of
horse-heart myoglobin (hhMb) at CT and RT using on-line
UV-Vis absorption spectroscopy. We then compared the
structural response of the protein to X-ray-induced reduction
of the haem iron in a dose-resolved manner at CT, and at RT,
via sequentially collected MSOX datasets.

3.1.1. Tracking the electronic state of haem iron with dose-
resolved on-line in crystallo UV-Vis absorption spectroscopy

The UV-Vis absorption spectrum of hhMb crystals at CT
features a highly absorbing Soret band at 410 nm (peak in the
blue spectrum highlighted by a dashed line; Supplementary
Fig. S2a), a strong Q, band at 500 nm and hints of weaker Q,
bands at 525 and 570 nm (plain arrows; Supplementary Fig.
S2a), and finally a large Q band centred at 630 nm, indicating
that the protein is in the metMb state.

Upon progressive X-ray-induced reduction, the wide Q,
band splits, forming sharp peaks at 515, 535, 545 and 568 nm,
while the Qg band decays (Fig. 2a), in good agreement with
previous observations (Beitlich et al., 2007). The 568 nm Q,
band is associated with a reduced, low-spin ferrous (Fe®")
haem iron that is still hexacoordinated (Hersleth et al., 2007),
while the Q, band is specific to the Fe** metMb state (Hersleth
et al., 2008). As was also previously noted (Hersleth &
Andersson, 2011), the 568 nm Q, band rises faster [dose
constant (here, rise to 1/e of the asymptotic value) of 30 kGy,
red trace in Fig. 2¢] than the 630 nm Q, band decays [dose
constant (here, decay to 1/e of the initial value) of 80 kGy,
brown trace in Fig. 2c]. The Soret band also red-shifts to
425 nm upon reduction (Supplementary Fig. S2b).

The observed decoupling of band-evolution kinetics
suggests that the haem iron is reduced first from Fe®* to Fe?*,
faster than the haem electronic structure and coordination
environment can relax. The decay of the Qg band then leads to
the spectroscopic signature of a water-coordinated low-spin
Fe?* state, as previously observed after X-ray-induced
reduction at CT (Beitlich er al., 2007; Hersleth et al., 2007).

The UV-Vis absorption spectrum of metMb crystals at RT
closely resembles that recorded at CT, with all band maxima
positioned at almost the same wavelengths (orange spectrum,;
Supplementary Fig. S2a). Upon progressive X-ray-induced
reduction, in contrast to the cryogenic condition, two wide,
strong Q, bands rise maximally at 525 and 580 nm (Fig. 2b)
with a dose constant of 19 kGy (Fig. 2d), while the Q, band
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decays with a dose constant of 48 kGy, reminiscent of the rate
decoupling observed in the CT series. Above 110 kGy, only
the 540 and 580 nm Q, bands remain (Supplementary Fig.
S2b), showing that the crystals have been fully converted to
the pentacoordinated high-spin ferrous (Fe**) Mb state (or
deoxyMb) state, as previously characterized (Lamb et al.,
1998). Altogether, this strongly suggests that upon X-ray-
induced reduction the haem iron immediately loses its coor-
dinating water molecule (rise of the 540 and 580 nm Q, bands)
before the haem can adapt to this new state by moving from
a metMb to a deoxyMb geometry (decay of the 630 nm Q,
band). The Soret band also red-shifts to 425 nm upon reduc-
tion (Supplementary Fig. S2b).

3.1.2. Differential structural response of hhMb to X-ray-
induced reduction of the haem iron between CT and RT

The structure of metMb was determined at CT with an
absorbed dose of 14.4 kGy (PDB entry 9t6y), equivalent to
an effective dose of 7.2kGy, corresponding to 15% of
the fastest reduction dose constant determined by UV-Vis
absorption spectroscopy, thus demonstrating an oxidized state
of the iron. The Fe atom is hexacoordinated, with a water
molecule as its sixth coordination point (grey structure in
Fig. 3a, beige structure in Supplementary Fig. S3a). 47 datasets
were sequentially collected from the same crystal, producing
dose snapshots of increasingly reduced Mb, with a dose
resolution of 14.4 kGy. The isomorphous difference electron-
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density map calculated between the sixth and the first dataset
[Fops(86.4 kGy) — Fops(14.4 kGy)] already features a strong
negative peak above the iron in Fig. 3(a) (—4.40 or
0.129 e~ 2‘53), with a corresponding positive peak of
comparable strength (+4.80 or 0.137 ¢~ 1353) below the iron
(Fig. 3a). The magnitudes of the two peaks only increase with
dose (see Fig. 3b for the evolution of the negative peak), with
very similar dose constants of ~80 kGy, close to the dose
constant of the Q, band decay. At higher doses (above
400 kGy), a similar pair of peaks appear on either side of the
coordinated water molecule, as well as negative peaks above
the four N atoms of the haem (Fig. 3a). Structural refinement
of a single-conformation model to successive datasets with
relaxed restraints on the haem geometry show a progressive
decrease in the distance between the iron and the coordinating
N atom of the proximal histidine His93 (Supplementary Fig.
S2d). In the final, reduced state (676.8 kGy; PDB entry 9t6x;
red structure in Supplementary Fig. S3a), as shown by the
UV-Vis absorption spectra, both the haem and the coordi-
nated water molecule have shifted in a concerted way, main-
taining the hexacoordinated geometry of the iron.

The equivalent experiment was performed at RT. 18 data-
sets were sequentially collected from the same crystal,
producing dose snapshots of increasingly reduced Mb, with a
dose resolution of 32.5 kGy. The effective absorbed dose of
the first structure (PDB entry 9t5v) is 32.5/2 = 16.3 kGy, which
corresponds to 86% of the fastest reduction dose constant
measured by UV-Vis absorption spectroscopy (Fig. 2d),
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X-ray-induced reduction of hhMb followed by on-line in crystallo UV-Vis absorption spectroscopy. (a) Dose-resolved series of CT spectra, from red
(0 kGy) to blue (2 MGy). (b) Equivalent dose-resolved series at RT over a shorter dose range for readability, from red (0 kGy) to blue (115 kGy). (¢)
Evolution of absorbance at 568 nm (red) and 630 nm (brown) as a function of dose at CT. The dose constants were calculated to be 30 and 80 kGy,
respectively. (d) Evolution of absorbance at 568 nm (red) and 630 nm (brown) as a function of dose at RT. The reduction dose constants were calculated

to be 19 and 48 kGy, respectively.
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indicating that the haem iron has been significantly reduced, in
contrast to the first structure of the CT series. According to
the red curve in Fig. 2(d), the 16.3 kGy dose point corresponds
to an average structure with approximately 50% ferrous and
50% ferric iron. When compared with the lower dose CT
structure (Supplementary Fig. S2¢), the lower dose RT struc-
ture has its iron significantly displaced out of the haem plane
(Supplementary Figs. S2¢ and S2e¢), increasing its distance to
the coordinating water molecule (2.12 versus 2.06 A, respec-
tively; Supplementary Figs. S2d and S2¢). Residues in the
haem-binding pocket exhibit small outward displacements,
which are likely not to have occurred upon iron reduction
only, but to have arisen from protein contraction upon flash-
cooling, as previously observed for myoglobin (Frauenfelder
et al., 1991) and other proteins (Fraser et al., 2011).

The structural response of hhMb to X-ray-induced iron
reduction at RT is illustrated by the strong features present
in the [F,us(65.0kGy) — Fops(32.5 kGy)] difference map
(Fig. 3¢), suggesting displacement of the coordinating water
molecule. As dose increases, the iron is further displaced out
of the haem plane (Supplementary Figs. S2¢ and S3b) with a
rate matching that of the Q, band decay. A positive peak
becomes dominant in the [Fops(130.0 KGy) — Fops(32.5 kGy)]

difference map (dotted circle in Fig. 3c¢) at 1.85 A from the
position occupied by the water in the first structure. This peak
arises from the relocation of the coordinating water molecule,
as validated by the last usable structure of our series (absorbed
dose of 260 kGy; PDB entry 9t6w). Accordingly, the side chain
of His64 reorientates to maintain hydrogen bonding to the
water molecule (Supplementary Fig. S3b). Structural refine-
ment of a single-conformation model to successive datasets
with relaxed restraints on the haem geometry reveals that the
Fe atom progressively moves out of the porphyrin ring plane,
while the plane itself deforms (‘doming-out’) as a structural
response to the new coordination of the iron (Supplementary
Figs. S2¢ and S3b). The new position of the water molecule as
well as the dome-shaped geometry of the haem are char-
acteristic of the deoxyMb state, as seminally obtained via
cryotrapping crystallography (Lamb et al., 1998).

3.2. Effects of X-ray-induced reduction on a copper-
containing nitrite reductase (CuNiR)

The copper-containing nitrite reductase from A. cycloclastes
(AcNiR) in its substrate-free state was used as the second
target to assess differences in X-ray-induced reduction at

100 K
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Structural response of hhMb to X-ray-induced reduction. (@) Fops(ny — Fobs(1) Fourier difference maps corresponding to dose points 86.4 and 446.4 kGy at
CT contoured at a £3.50 level (orange, negative; blue, positive) and superimposed on the refined 14.4 kGy model (PDB entry 9t6y). (b) Integrated
negative difference electron density at the location of the haem iron as a function of dose, building up with a dose constant of 79.5 kGy. (¢) Fops(ny —
Fops(1) Fourier difference maps corresponding to dose points 65.0, 130.0 and 260.0 kGy at RT contoured at a £3.50 level (orange, negative; blue, positive)

Figure 3

and superimposed on the refined 32.5 kGy model (PDB entry 9t6v).
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CT and RT. AcNiR is a homotrimeric metalloenzyme which
catalyses the reduction of its substrate nitrite (NO;) to nitric
oxide (NO) (NO; +2H" + ¢~ — NO + H,0). It contains two
types of copper metal centres per monomer: an electron-
accepting/donating type 1 copper (T1Cu) centre and a cata-
lytic type 2 copper (T2Cu) centre. The binding of the chemical
substrate occurs via displacement of a solvent ligand(s) [water
(H,0) or hydroxide (OH )] found in its resting state, and its
reduction takes place following inter-copper electron transfer
(ET) from TICu to T2Cu (~125A away) through a
conserved Cys—His bridge. It is already known that X-rays can
rapidly reduce the primary T1Cu redox centre in CuNiRs from
T1Cu®* to T1Cu*, with this allowing redox-induced changes to
subsequently occur at the T2Cu active site (Hough et al., 2008;
Horrell et al., 2016). Several studies have used this phenom-
enon to initiate enzyme turnover in substrate-soaked crystals
using the MSOX approach in AcNiR and CuNiRs from
Bradyrhozobium species (Horrell et al., 2016, 2018; Hough et
al., 2020; Rose et al., 2022, 2024). The valence state of T1Cu
can also be monitored by UV-Vis absorption spectroscopy
due to the strong absorbance bands seen in the T1Cu**
oxidized state that are lost upon reduction to T1Cu".

3.2.1. X-ray-induced reduction of the T1Cu redox site at CT
and RT tracked by dose-resolved on-line in crystallo UV-Vis
absorption spectroscopy

The T2Cu site in CuNiRs is optically silent, so only the T1Cu
site of AcNiR could be monitored spectroscopically by on-line
UV-Vis absorption spectroscopy. The CT (100 K) absorption
spectrum of oxidized AcNiR has signature bands at ~454,
~566 and ~385 nm for the T1Cu®" site, respectively, which can
be assigned as S(Cys) — Cu*" &, S(Cys) — Cu’*  and S(Met)
— Cu”" ligand-to-metal charge-transfer (LMCT) transitions,
and are characteristic of the green subtype of CuNiRs. A
broad band at ~620-800 nm is also present and can be
assigned as d—d transitions (Supplementary Fig. S4a). On the
other hand, the RT (294 K) absorption spectrum of AcNiR is
vastly different, with the higher energy 454 and 385 nm bands
red-shifting slightly to 457 and 390 nm, respectively, with a
clear reduction in intensity, and the lower energy band at
~568 nm red-shifting further to ~585 nm. The ratios between
the two peak maxima for S(Cys) — Cu** 7, S(Cys) — Cu** &
and S(Met) — Cu®" LMCT transitions shift from 1.28 to 1.05,
respectively. As a result, the redistribution of bands brings it
closer to the greenish-blue subtype of CuNiRs, with a similar
thermodynamic equilibrium between green and blue copper
sites being observed previously (Ghosh et al., 2009). At this
temperature the broader band assigned to d—d transitions is
also less noticeable.

Following X-ray-induced reduction of the TI1Cu site,
bleaching of all three bands is observed at both temperatures,
which is an indication of a change in oxidation state to T1Cu"
(Fig. 4). The reduction of the ~390 nm band is masked by a
general baseline drift towards the near-UV region, but
monitoring of the bands at ~454/457 and ~566/585 nm over
the dose series at the two temperatures gives a variation in

decay rates. At CT, the decay dose constants of the two bands
(454 and 566 nm) are roughly the same (279 and 271 kGy,
respectively), with similar decay dose constants seen for a
substrate-free bluish-green Bradyrhizobium CuNiR at CT
(~585 nm decay; 330 kGy; Rose et al., 2024). At RT, the two
bands decay at different rates (Figs. 4c and 4d), with the
457 nm band decaying at a similar rate to the CT series (blue;
Fig. 4d; 283 kGy) and the 585 nm band (green; Fig. 4d)
decaying faster with a dose constant of 177 kGy. The faster
decay rate of the 585 nm band in this series, assigned to S(Cys)
— Cu”*  LMCT, shows a temperature-dependent electronic
route of ET to T2Cu favouring blue T1Cu organization, which
differs from what was previously proposed (Farver et al., 2004;
Rose et al., 2024).

3.2.2. Structural comparison of the T1Cu and T2Cu sites at
CT and RT

Similar dose series of diffraction data were collected to
provide a structural comparison at the different temperatures
for substrate-free (i.e. as-isolated) AcNiR. At the T1Cu site,
which correlates with the spectroscopic signatures observed
above, a slight difference can be observed between the
structures derived from both starting datasets (CT, 33.3 kGy;
PDB entry 9t6q; RT, 14.9 kGy, PDB entry 9t60). The T1Cu
coordination distances for the four coordinating ligands show
a slight deviation between the two temperatures, agreeing with
the temperature-dependent changes observed in the absorp-
tion spectra (Supplementary Fig. S4a). A slight elongation of
the Cu—S(Met150) bond (2.45 to 2.53 A) can be observed,
together with a slight shortening of the Cu—S(Cys136) bond
(221t02.18 A), when the temperature is increased from CT to
RT, with this consistent with a likely thermodynamic transition
from green towards a bluish-green or blue subtype of CuNiR.
Small variations in coordination distances are also observed
for the other two coordinating ligands at CT and RT, respec-
tively: Cu—N(His140), 1.95 A versus 1.90 A; Cu—N(His95),
2.02 versus 2.05 A (Supplementary Table S5).

At the T2Cu active site, marked differences can be
observed between the two temperatures for the starting
dataset. At CT a dual active-site conformation is present
(Fig. 5a, Supplementary Figs. S5a and S5b), with one active-
site conformation that is almost the same as a previous XFEL
structure of substrate-free oxidized AcNiR [also obtained at
CT (100 K) using the serial femtosecond rotational crystallo-
graphy (SF-ROX) approach at SACLA; Halsted et al. (2019)].
In the cryogenic XFEL structure at 1.60 A resolution, a single
T2Cu-coordinating water ligand could be modelled in a
distorted tetrahedral geometry relative to the histidine plane.
In addition, a catalytic aspartic acid residue (Asp98car),
which sits within the active-site pocket and is usually orien-
tated towards the T2Cu in a proximal position, was also seen
to be partially rotated around the O°' atom in a new distorted
conformation bringing it closer to the ligating water. The same
features are also observed in our synchrotron-radiation (SR)
cryogenic structure (PDB entry 9t6q), with the distorted
position of Asp98car similarly rotated 34° around the o’!

Acta Cryst. (2026). D82, 187-198

Nicolas Caramello et al.

193

+ Temperature-dependent X-ray damage in metalloproteins


https://doi.org/10.1107/S2059798326000690
https://doi.org/10.1107/S2059798326000690
https://doi.org/10.1107/S2059798326000690
https://doi.org/10.1107/S2059798326000690

research papers

atom (40% occupancy) with an ordered water ligand (w2;
100% occupancy) in a distorted tetrahedral geometry.
However, a secondary active-site conformation is also present
with the addition of a partial T2Cu-coordinating solvent
ligand (w1), which can also be modelled (60% occupancy) in
an active-site conformation with both the w2 ligand and the
proximal position of Asp98cat (60% occupancy). In the RT
structure (PDB entry 9t6o; Fig. 5¢c and Supplementary Fig.
S5¢), the dual active-site conformation is not observed, but
instead a single active-site pocket configuration is seen with
two full occupancy solvent ligands (w1 and w2) coordinated to
T2Cu, together with Asp98car in its proximal position only.
This is the first time that a five-coordinated T2Cu site has been
captured for any CuNiR at ambient temperatures and
provides some evidence that a pentacoordinated T2Cu site
could be the common coordination geometry for all CuNiRs in
the T2Cu®" valence state, with this also being observed in the
major active conformation in the cryogenic structure and in
other catalytically inefficient CuNiRs from Bradyrhizobium
species (Rose et al., 2021, 2022, 2024).

For the two dose series of substrate-free AcNiR at the two
temperatures, where X-ray-induced reduction of the primary
T1Cu metal would be expected to initiate inter-Cu ET to
T2Cu, several noticeable differences are also observed. 40
datasets (33.3 kGy per dataset) were sequentially collected
from the same crystal for the CT series, while for RT 19
datasets were sequentially collected with a dose per dataset of
14.4 kGy. At the T2Cu active site at CT, the additional
distorted conformation of the Asp98car residue is slowly lost
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Figure 4

upon reduction, moving to a single proximal conformation
(Figs. 5a, 5b and Supplementary Fig. S6a). By an absorbed
dose of 660 kGy (Figs. 5a and 5b), this coincides with a partial
loss of the ordered w2 solvent ligand from the active site (40%
occupancy) and a geometrical shift of the partial wl solvent
ligand (60% occupancy) to a tetrahedral coordination with the
T2Cu. Due to the contact distance between these two solvent
ligands being too short (1.77 A), it likely indicates two alter-
nate conformations of a single T2Cu solvent ligand, with the
tetrahedral position being the major one. This T2Cu active-
site arrangement remains until the final dataset in the dose
series (1332 kGy; PDB entry 9t6u). Throughout the dose
series, the T2Cu atom also slowly drops into the histidine
plane, moving 0.33 A during the accumulated dose of
1332 kGy (Supplementary Fig. S4c), with this movement of
T2Cu being a potential indication of T2Cu reduction from
T2Cu®* to T2Cu’, as observed in a chemically reduced
structure of AcNiR (Halsted et al., 2019), where it dropped
0.5 A. Around the active-site coordination sphere, the other
catalytic residue, His255ca1, which has a proposed role in
proton transfer together with Aspcar (Kataoka et al., 2000),
exhibits no signs of movement during the entire dose series, as
with I1e257caT, a residue shown to control ligand access to the
T2Cu (Boulanger & Murphy, 2003; Fig. 5b).

At RT, similar movements of the T2Cu solvent ligands (w1
and w2) seen at CT can also be observed but at a much lower
absorbed dose. By 104.3 kGy, a similar partial loss of the w2
solvent ligand (40% occupancy) coincides with a partial loss
and shift of the wl solvent ligand (50% occupancy) to a
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Comparison of the X-ray-induced reduction of T1Cu in AcNIR crystals at CT and RT, monitored by on-line UV-Vis absorption spectroscopy. Series of
UV-Vis absorbance spectra recorded during X-ray exposure from 0 (red) to 1.460 MGy (blue) at (¢) CT and (b) RT. (c¢) Decay of absorbance at 454 nm
(blue) and 566 nm (green) at CT as a function of dose; the decay dose constants were calculated to be 279 and 271 kGy, respectively. (d) Decay of
absorbance at 457 nm (blue) and 585 nm (green) at RT as a function of dose; the decay dose constants were calculated to be 283 and 177 kGy,

respectively.
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Structural response of AcNIR to X-ray-induced reduction. (a) 2F,,s — Feac €lectron-density map (blue) contoured at a 1.00 level and superimposed on
the corresponding refined structure (grey) at increasing absorbed doses [minimum (PDB entry 9t6q), medium and maximum (PDB entry 9t6u)] at CT.
The bridging water molecule is labelled Wgg. (b) Fops(ny — Fobs1) Fourier difference maps corresponding to dose points 166.5 and 832.5 kGy at CT
contoured at a £3.5¢ level (orange, negative; blue, positive) and superimposed on the refined 33.3 kGy structure (PDB entry 9t6q). (¢) 2Fps — Feale
electron-density map (blue) contoured at a 1.00 level and superimposed on the refined model (grey) at increasing absorbed doses [minimum (PDB entry
9t60), medium and maximum (PDB entry 9t6p)] at RT. (d) Fops(ny — Fobs(1) Fourier difference maps corresponding to dose points 29.8 and 149.0 kGy at
RT contoured at a +3.5¢ level (orange, negative; blue, positive) and superimposed on the refined 14.9 kGy structure (PDB entry 9t60).
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tetrahedral coordination with the T2Cu (Figs. 5¢, 5d and
Supplementary Fig. S6b). The half occupancies and short
contact distance between these two solvent ligands (also
1.77 A) confirms this as being two different active-site
conformations with a single T2Cu solvent ligand in alternative
positions. At this higher temperature, a minor active-site
conformation (10% occupancy) also begins to appear with
flipping of the C*' side chain of 11e257 Ay into the active-site
pocket (Fig. 5d). This movement only occurs when the active-
site pocket is empty and the T2Cu is tricoordinated and
devoid of a ligand, representing a dead-end T2Cu" state where
no substrate can bind (Strange ef al., 1999). By the final dataset
in the dose series with an absorbed dose of 283.1 kGy (PDB
entry 9t6p), a dual active-site conformation exists with a single
T2Cu solvent ligand (Wa; 55% occupancy) coordinated in a
distorted tetrahedral geometry and an empty tricoordinated
T2Cussite, with further flipping of the 11257t side chain into
the pocket (40%; Figs. 5c, 5d and Supplementary Fig. S6b).
His255cat also shows some signs of rotation of its imidazole
ring during the dose series, effectively switching the hydrogen-
bonding network from the carbonyl O atom of Glu279 (2.59
to 2.51 A) to the hydroxyl O atom (O') of Thr280 (3.03
to 2.67 A) in a potential redox-coupled proton-transfer
mechanism (Fukuda et al., 2016).

At the T1Cu site, less obvious structural changes are
observed at both temperatures, with variation in coordination
distances and no interpretable trends (Supplementary Table
S5). The Fourier difference maps reveal movement of the
Cys136 S” atom at CT but not at RT and, similarly, movement
of the T1Cu atom itself can also be observed in the RT series,
with this not evident at CT. These suggest that there are some
temperature-dependent dynamics taking place at the T1Cu
site, but it is difficult to deduce true X-ray-induced changes
from structure alone.

4. Discussion

We studied the comparative response of two paradigmatic
metalloproteins of different types, one iron-containing and
one copper-containing, to X-ray-induced metal reduction at
CT and RT.

For hhMb, the structures obtained following X-ray-induced
photoreduction of the haem iron differ in a few significant
places at the two temperatures (Supplementary Fig. S3).
Firstly, at CT the ferrous (Fe*") iron is still hexacoordinated
with a coordinating water molecule, while it is only penta-
coordinated at RT, with the coordinating water molecule in
the latter being able to relocate to a nearby position.
Furthermore, at RT the haem deforms from its planar
geometry into a dome-like structure, in which the Fe atom sits
at the top. In contrast, at CT the whole haem remains planar
but shifts as a whole within the haem-binding pocket towards
the proximal histidine His93, suggesting that these structural
rearrangements are hindered at CT.

For substrate-free AcNIR, the structures obtained following
X-ray-induced photoreduction of the T1Cu atom only show
X-ray-induced changes at the T2Cu site, with the T1Cu site

remaining largely structurally silent throughout the dose series
(Supplementary Fig. S6). At the T2Cu site, structural rear-
rangement of the coordinating solvent ligands alters the
overall coordination site, with an initial pentacoordination,
suspected to be in a T2Cu®" oxidized state at early dose values,
evolving to a tetracoordinated site at CT, as a result of a
coordinating solvent ligand vacating the active site. The results
here suggest the vacating solvent ligand is w2, which is coor-
dinated in a distorted tetrahedral geometry relative to the
histidine plane. The remaining solvent ligand remains coor-
dinated in a perfect tetrahedral geometry. Conversely, at RT
the T2Cu site evolves from a pentacoordinated to a tetra-
coordinated site and eventually to a tricoordinated site, with
the initial two solvent ligands both gradually vacating to leave
the T2Cu devoid of any ligand and allowing the side chain of
11257 - At to flip into the vacant active site. The flipping of the
11e257 c a1 side chain only at RT is also consistent with another
similar study on AcNiR (Sen et al., 2017).

An obvious explanation for these differences observed
between data-collection temperatures is the inhibited protein
dynamics imposed by the glassy matrix at CT. At this
temperature, large-scale movements are halted and only
limited local atom rearrangements are possible, leading to
strained geometries and trapped states: in hhMb, this prevents
the water molecule from leaving the coordination sphere,
despite clear reduction of the haem, as shown by the absor-
bance spectra. Concomitantly, the haem only undergoes a
limited conformational shift within the pocket, whereas at
higher temperatures a more substantial doming effect can be
observed. For AcNIR, the tricoordinated state of T2Cu, with
no coordinating ligand, is also only observable at RT, with this
a dead-end state for the enzyme, being unable to accom-
modate binding of the chemical substrate and allow turnover.
This T2Cu state has never been obtained at CTs via prolonged
X-ray exposure, but is achievable at RT and is similarly
obtainable following soaking of crystals with chemical reduc-
tants (Murphy et al., 1997; Strange et al., 1999; Halsted et al.,
2019). Likewise, the water-coordinated Fe®* state obtained by
X-ray-induced reduction at CT is not physiologically relevant
like the deoxyMb (Fe®*) state observed at RT. This means that
when specific radiation damage is used as a crystallographic
tool to visualize the structural consequences as a result of a
redox transition, the structure of physiologically relevant
states is more likely to be obtained during an MSOX series
performed at RT rather than at CT. However, it is worth
noting, as with the case for the T1Cu site in AcNiR, these
differences may not be clearly observable by structure alone in
some metal sites of metal-containing systems, and thus other
on-line complementary spectroscopic techniques, if applic-
able, can help to unearth this information.

In this study, we have shown that the orthogonal combi-
nation of X-ray crystallography and in crystallo UV-Vis
absorption spectroscopy has allowed us to finely resolve the
electronic configuration of the haem iron, while providing a
correlated, detailed description of the structural changes.
Moreover, we confirm that specific radiation damage to metals
can be easily visualized in MSOX studies performed at RT
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(Horrell et al., 2018), which is not obvious for chemical groups
composed of lower Z atoms (see, for instance, Gotthard et al.,
2019). This can be explained by the high sensitivity of certain
metal centres to X-rays, combined with their much higher
electron density. Changes in electron density at the location of
these atoms clearly outrun the loss of details due to global
radiation damage, but eventually Fourier difference maps also
become less and less clear at the end of our MSOX series on
metal-containing proteins.
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