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Xylose isomerase (XI) is an industrially important metalloprotein studied for
decades. Its reaction mechanism has been postulated to involve movement of
the catalytic metal cofactor to several different conformations. Here, a dosedependent approach was used to investigate the radiation damage effects on XI
and their potential inﬂuence on the reaction mechanism interpreted from the
X-ray derived structures. Radiation damage is still one of the major challenges
for X-ray diffraction experiments and causes both global and site-speciﬁc
damage. In this study, consecutive high-resolution data sets from a single XI
crystal from the same wedge were collected at 100 K and the progression of
radiation damage was tracked over increasing dose (0.13–3.88 MGy). The
catalytic metal and its surrounding amino acid environment experience a buildup of free radicals, and the results show radiation-damage-induced structural
perturbations ranging from an absolute metal positional shift to speciﬁc residue
motions in the active site. The apparent metal movement is an artefact of global
damage and the resulting unit-cell expansion, but residue motion appears to be
driven by the dose. Understanding and identifying radiation-induced damage is
an important factor in accurately interpreting the biological conclusions being
drawn.

1. Introduction
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During the process of X-ray diffraction, the crystals used in
the experiment also absorb X-ray radiation, causing primary
damage and also generating free radicals, which propagate
chemical damage through radiation chemistry pathways
(Nave, 1995; O’Neill et al., 2002). This is an inherent problem
in macromolecular crystallography (MX) even when the
samples are held at cryogenic temperatures ( 100 K)
(Holton, 2009; Garman, 2010). These radicals cause structural
perturbations that result in both global and site-speciﬁc
effects. Global effects can be observed during data collection,
for example as a loss of diffraction intensity, increased Wilson
B-factors, and swelling of the unit-cell volume causing
increasing non-isomorphism (Ravelli & McSweeney, 2000). In
contrast, speciﬁc effects can often be seen in electron density
maps after reﬁnement. These can occur at less than 60 times
lower dose before any signs of radiation damage are observed
on the diffraction images or are seen from the decreasing data
quality (Holton, 2009). Site-speciﬁc damage can be detected,
for example in the photoreduction of metal centres, as elongation and breakage of disulﬁde bonds, and decarboxylation
of acidic side chains (Ravelli & McSweeney, 2000; Carugo &
https://doi.org/10.1107/S1600577519005599
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radiation damage
Carugo, 2005; Weik et al., 2000; Burmeister, 2000). These can
alternate M2 positions. Recent X-ray and neutron diffraction
distort the biological conclusions drawn from the resultant
studies have established that the ring opening and linearizamodel (Grabolle et al., 2006) and the various radiation damage
tion proceeds through a proton transfer reaction in which the
effects can also hinder efﬁcient structure solution.
doubly protonated His54 in the active site acts as a proton
The metal centres of metalloproteins, which constitute 25–
donor and Lys289 as a proton acceptor, and presumably M2
50% of all proteins found within an organism (Bowman et
moves from position M2a to position M2b to bind the linear
al., 2016), have a very large X-ray absorption cross-section
substrate (Fenn et al., 2004; Kovalevsky et al., 2010; Munshi
(Murray & Garman, 2002) and are highly electron-afﬁnic
et al., 2014). The subsequent isomerization step then occurs
(Williams, 1985), increasing the probability that the radiation
through hydride shift from a catalytic water mediated by the
and its subsequent secondary products will affect them.
essential M2 cofactor, position M2c (Lavie et al., 1994;
Hence, the metal ion and its surrounding amino acid envirWhitaker et al., 1995; Fenn et al., 2004; Kovalevsky et al., 2010;
onment experience a localized build-up of free radicals, which
Whitlow et al., 1991), after which the bonds to M2 are lost. The
makes them more susceptible to damage than the rest of the
acyclic product is then stabilized by a ring closure reaction
protein. This causes, for example, changes in the redox state of
(Bhosale et al., 1996).
the metal sites, which can compromise the active site structure
Currently, there are 156 structural models of XI, deterand again have an effect on the biological conclusions being
mined by X-ray or neutron diffraction, or by a combination
drawn (Corbett et al., 2007).
of both, deposited in the Protein Data Bank (Berman et al.,
The 43 kDa metalloprotein xylose isomerase (XI;
2000). There is no consensus between the structures regarding
EC 5.3.1.5), also referred to as glucose isomerase, holds
the conformation(s) of M2 or its importance and role in the
enormous potential for applications in the pharmaceutical
reaction mechanism. In general, neutron diffraction experiindustry and in biotechnology for converting biomass into
ments, although limited by the neutron ﬂuxes available,
fuels and chemicals. It is an important enzyme used extencomplement X-ray diffraction by being more sensitive to the
sively in the food industry in large-scale production of starchvisualization of hydrogen atoms (or their deuterium isotopes)
based high-fructose corn syrup (Bhosale et al., 1996; Pedersen,
in structures, which leads to more detailed deﬁnitions of
1993). XI catalyses the reversible isomerization of a broad
enzymatic reaction mechanisms. Unfortunately, the neutron
range of aldose sugars to their corresponding ketoses using
scattering cross-section of some metal atoms, for example Mg
two divalent metal cofactors (designated M1 and M2), such as
and Mn, is small and they scatter neutrons more weakly than
Mg2+, Mn2+ or Co2+ (Carrell et al., 1984; Callens et al., 1986;
X-rays. Furthermore, the neutron scattering length of the Mg
Jokela et al., 2002), of which XI has the highest afﬁnity for
(5.375 fm) or Mn (3.73 fm) atoms is similar to that of a single
manganese (Kd = 2.7  10 5 M) (Schray & Mildvan, 1972). It
D (6.61 fm) or H (3.74 fm) atom, making it challenging to
is thus of great interest to understand the reaction mechanism
distinguish the metals explicitly from water molecules in
and thereby potentially increase its suitability for different
mobile regions of a protein. Hence, X-ray diffraction studies
industrial processes, for example by improving its activity,
of metalloproteins are crucial to provide structural and
speciﬁcity, thermal stability and optimum pH.
mechanistic detail, even though metal atoms and their
immediate environment are highly sensitive to X-ray radiation
The exact reaction mechanism of XI has long been a subject
damage.
of debate fed by increasingly detailed studies, many discussing
the mobility of the catalytic metal ion
(M2) (Collyer et al., 1990; Jenkins et al.,
1992; Allen et al., 1994; Lavie et al., 1994;
Whitaker et al., 1995; Asbóth & NáraySzabó, 2000; Fenn et al., 2004; Lee et
al., 2017). The overall mechanism is
thought to include three major steps:
ring opening, isomerization and ring
closure. The binding of the cyclic
-anomer carbohydrate substrate,
including the role of the stabilizing
structural metal (M1), is well deﬁned
(Asbóth & Náray-Szabó, 2000; Blow
et al., 1992). However, the subsequent
steps in the reaction mechanism, during
which the catalytic metal ion M2 is said
to adopt as many as three different
alternate positions, M2a, M2b and M2c,
Figure 1
remain unclear. Fig. 1 shows a schematic
Schematic presentation of the reaction mechanism of XI converting xylose to xylulose with the
representation
of
the
reaction
putative mobility of the catalytic metal ion with conformations M2a, M2b and M2c. Mechanism
mechanism and putative role of the
based on Asbóth & Náray-Szabó (2000), Fenn et al. (2004) and Munshi et al. (2014).

932

Helena Taberman et al.



Structural knowledge or X-ray damage?

electronic reprint

J. Synchrotron Rad. (2019). 26, 931–944

radiation damage
In this study, we report the effects of dose-dependent
radiation damage on XI and examine its impact, if any, on
identifying the precise reaction mechanism. Fenn et al. (2004)
review evidence suggesting mobility of the catalytic metal
cofactor, M2. Given the radiation sensitivity of metal sites, we
explore this possibility in light of the dose-dependent effects
we observe. The results highlight the need to be aware of
the radiation damage inﬂicted during structural studies of
metalloproteins, and to understand how global and speciﬁc
effects may impact the interpretations from resulting models.

2. Materials and methods
2.1. Protein purification and crystallization

The enzyme used in this study was the thermostable E186Q
mutant of Streptomyces rubiginosus XI previously supplied
by Genencor International (Palo Alto, California, USA) and
routinely used in most XI studies. The protein was puriﬁed as
described previously (Meilleur et al., 2006; Snell et al., 2006).
Brieﬂy, the commercial XI was puriﬁed with gel-ﬁltration
chromatography using a HiLoad 16/600 Superdex 200 column
and ﬁnally dialysed in 50 mM magnesium sulfate. The puriﬁed
enzyme was stored at 22 C as a dilute solution ( 3 mg ml 1)
and concentrated to 100 mg ml 1 immediately before setting
up the crystallization experiments.
The protein was transported to Stanford Synchrotron
Radiation Lightsource (SSRL, Stanford, USA) where crystals
were grown at the synchrotron by the hanging drop vapour
diffusion crystallization method. Concentrated protein (5 ml at
100 mg ml 1) was mixed with an equal volume of reservoir
solution and equilibrated against 1 ml of precipitant solution.
The successful crystallization conditions were 8% (v/v)
2-propanol, 25% (v/v) ethylene glycol, 50 mM HEPES pH 7.0
and 50 mM magnesium chloride. Orthorhombic crystals grew
in less than a day at room temperature (22 C) to dimensions
of 0.3 mm  0.3 mm  0.3 mm. Inclusion of additional cryoprotectant was not necessary, since the ethylene glycol
concentration was sufﬁcient to avoid any ice formation on
cooling, and, after harvesting with nylon cryo-loops, the
crystals were ﬂash-cooled to 100 K directly into the nitrogen
cryostream for data collection using an Oxford Instruments
CryojetXL (Oxford Instruments, Abingdon, UK).
2.2. Diffraction data collection, processing, structure
solution and refinement

X-ray diffraction data were collected at SSRL on beamline
11-1 using an ADSC Quantum 315 CCD detector. Seven
consecutive data sets were collected from the same crystal,
each starting at the same orientation and position as the ﬁrst
to ensure that the same volume of the crystal was irradiated
during each data set. A complete data set was ﬁrst collected to
1.21 Å resolution (largest inscribed circle on detector) at an
X-ray energy of 13.0 keV (0.954 Å wavelength) over 90 of
rotation, with a crystal-to-detector distance of 150 mm, 0.5
oscillation angle and 2 s exposure time per image. An identical
10 high-resolution swathe was collected up to 0.89 Å resoJ. Synchrotron Rad. (2019). 26, 931–944

lution (largest inscribed circle) between each complete data
set on the ﬁrst 10 of the complete 90 wedge at an X-ray
energy of 14.5 keV (wavelength of 0.855 Å) with a crystal-todetector distance of 100 mm. A 0.5 oscillation angle and 35 s
exposure time per image was used to monitor the decay of the
high-resolution (HR) reﬂections and to increase the absorbed
X-ray dose between the seven complete data sets. While the
expected intensity decay was visually observed in the highresolution swathes, the completeness was approximately 17%,
and thus our study focuses only on the complete 90 data sets
and the structural models obtained from them. All data sets
were processed with XDS (Kabsch, 2010), which was also used
to generate a random 5% Rfree test set of the unmerged
reﬂections for the ﬁrst low-dose data set.
The 0.86 Å resolution structure of XI from Streptomyces
olivochromogenes (PDB code: 1muw) (Fenn et al., 2002),
which has 95% sequence identity with the S. rubiginosus XI
E186Q mutant, was used as a starting model. The lowest-dose
data set was used with this starting model in ARP/wARP
(Perrakis et al., 1999; Langer et al., 2008) to produce a new
starting model minimizing any phase bias. The structure was
initially reﬁned with this starting model using REFMAC5
(Murshudov et al., 2011) followed by phenix.reﬁne (Afonine
et al., 2012) from the PHENIX software suite (Adams et al.,
2010) and ﬁnalized with SHELXL (Sheldrick, 2015). The :pdb
ﬁle from phenix.reﬁne was converted into a :ins ﬁle with
PDB2INS (Lübben & Sheldrick, 2019). The occupancy and
anisotropic B-factors of all atoms were reﬁned.
In between the reﬁnement steps, manual rebuilding of the
model took place using COOT (Emsley et al., 2010). The hkl
data ﬁle used for the SHELXL reﬁnement was converted to a
:mtz ﬁle with FREERFLAG from the CCP4 program suite
(Winn et al., 2011) and the existing Rfree test set was retained.
The same test set was also copied to the higher-dose data sets
when scaling them with AIMLESS (Evans, 2006, 2011; Evans
& Murshudov, 2013) and truncating them all to 1.17 Å resolution. For each of the six subsequent higher-dose data sets
and the overall summed data set (all seven data sets merged),
individual structures were derived using phenix.reﬁne with the
structure obtained above for the ﬁrst (low-dose) data set
coupled with the observed amplitudes of each later data set.
The structures were validated with the MolProbity (Chen et
al., 2010) and other structure validation tools within phenix.reﬁne and COOT, and using PDB_REDO (Joosten et al.,
2014) and the wwPDB Validation Server (Berman et al., 2003).
The processing and reﬁnement statistics for each data set are
summarized in Table 1. The atomic coordinates and the
structure factors for the resulting eight structures have been
deposited in the wwPDB (Berman et al., 2003; Gutmanas et al.,
2014).
2.3. Dose calculation

RADDOSE-3D (Zeldin et al., 2013b; Bury et al., 2018) was
used to calculate the average diffraction-weighted doses
(DWDs; Zeldin et al., 2013a) for the data sets against which to
plot the radiation damage metrics. For the dose calculations,
Helena Taberman et al.
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Table 1
Data processing and reﬁnement statistics.
Values in parentheses are for the highest-resolution shell. The lowest-dose data set was cut to the resolution limit of the highest dose data set so that an identical set
of reﬂections could be used for calculation of Rfree. All the data were collected at SSRL beamline 11-1. The crystal was in space group I 222. Number of non-H
atoms = 4168 (and was not adjusted for each model), protein atoms = 3572, water molecules = 528 and ligands = 68.
Data set
DWD (MGy)
PDB code
Unit cell
a (Å)
b (Å)
c (Å)
Resolution (Å)
No. of observed reﬂections
No. of unique reﬂections
Multiplicity
Completeness (%)
Wilson B-factor (Å2)
Rmeas (%)
CC1/2 (%)
I/I
Rwork (%) / Rfree (%)
Average B-factor (Å2)
Protein
Ligands
Rmsd bond lengths (Å)
Rmsd bond angles ( )
Ramachadran plot (%)
Favoured
Additionally allowed

1
(uncut)

1
(cut 1.17 Å)

2

3

4

5

6

7

8 (merged
data)

0.13
6qrr

0.13
–

0.76
6qrs

1.38
6qrt

2.01
6qru

2.63
6qrv

3.25
6qrw

3.88
6qrx

3.88
6qry

92.48
97.46
102.46
38.69–1.096
(1.135–1.096)
589885
(22614)
180192
(12983)
3.3 (1.7)
95.7 (69.6)
10.3
7.2 (43.8)
99.3 (67.9)
10.7 (1.8)

92.48
97.46
102.49
38.63–1.17
(1.19–1.17)
537565
(17750)
153154
(7271)
3.5 (2.4)
99.4 (96.6)
7.8
8.5 (37.2)
99.4 (86.7)
12.2 (3.2)

92.50
97.49
102.50
38.69 –1.17
(1.19 –1.17)
540859
(17728)
154106
(7391)
3.5 (2.4)
99.4 (96.4)
8.2
8.5 (42.2)
99.4 (82.9)
11.7 (2.8)

92.52
97.52
102.52
38.70–1.17
(1.19–1.17)
540378
(17781)
154212
(7401)
3.5 (2.4)
99.4 (96.5)
8.5
8.7 (47.6)
99.3 (79.6)
11.3 (2.5)

92.54
97.54
102.54
38.71–1.17
(1.19–1.17)
540698
(17818)
154295
(7413)
3.5 (2.4)
99.4 (96.4)
8.8
8.6 (53.9)
99.3 (74.6)
11.1 (2.3)

92.57
97.58
102.56
38.72–1.17
(1.19–1.17)
540867
(17745)
154466
(7422)
3.5 (2.4)
99.4 (96.5)
9.1
9.0 (62.3)
99.3 (69.3)
10.5 (1.9)

92.59
97.61
102.58
39.79–1.17
(1.19–1.17)
542096
(17827)
154610
(7420)
3.5 (2.4)
99.4 (96.3)
9.5
9.0 (73.4)
99.3 (61.4)
10.2 (1.7)

92.61
97.64
102.60
38.74–1.17
(1.19–1.17)
538263
(17654)
154713
(7399)
3.5 (2.4)
99.4 (96.5)
9.9
9.0 (84.7)
99.3 (54.5)
9.9 (1.4)

92.35
97.28
102.3
39.67–1.17
(1.19–1.17)
3770952
(125015)
153877
(7311)
24.5 (17.1)
99.8 (97.1)
8.6
10.2 (55.9)
99.8 (94.9)
23.3 (5.5)

12.1 / 14.7
17.1
13.7
21.7
0.02
2.3

9.8 / 11.5
16.1
12.7
21.6
0.01
1.2

9.9 / 11.7
16.6
13.2
24.2
0.01
1.2

10.0 / 11.8
17.1
13.7
25.3
0.01
1.2

10.2 / 12.0
17.7
14.1
27.4
0.01
1.2

10.5 / 12.6
18.1
14.5
28.0
0.01
1.2

10.7 / 12.6
18.6
15.0
30.0
0.01
1.2

10.9 / 12.8
19.2
15.4
31.3
0.01
1.2

9.3 / 11.0
16.6
13.1
26.3
0.01
1.2

96.7
2.9

96.9
2.9

96.7
2.9

97.4
2.3

97.1
2.6

97.4
2.3

97.1
2.6

97.7
2.1

97.4
2.3

knowledge of the beam (energy, ﬂux, size and proﬁle) along
with prior knowledge of the crystal (size, shape, orientation
relative to the incident beam, number of heavy atoms in
solvent and protein, unit-cell parameters and the number of
amino acid residues) and data collection speciﬁcs (oscillation
range and exposure time) are required.
The beam shape was determined by 2D ﬂuorescence scanning of a small cobalt crystal ( 10 mm) across the full beam,
and was found to be top-hat in the horizontal direction and
Gaussian in the vertical direction with a FWHM of 200 mm.
Since a mixture of beam shapes cannot be used in
RADDOSE-3D calculations, the beam proﬁle was approximated as a Gaussian with a very large FWHM value of
2000 mm collimated to 200 mm for the horizontal direction to
simulate a top-hat-shaped beam.
The beam ﬂuxes were measured through a 200 mm 
200 mm aperture and were calculated from the ion chamber
readings. The same aperture was used for the data collection.
The ﬂux was 2.2  1011 photons s 1 (before taking account
of the 40% transmission used which reduced it to 8.8 
1010 photons s 1) for the complete data sets at 13 keV and
1.84  1011 photons s 1 (before taking account of the 48%
transmission used which also gave 8.8  1010 photons s 1) for
the HR swathes at 14.5 keV.
The average DWDs for each complete data set were deﬁned
in a single RADDOSE-3D calculation so that account was
taken of accumulation of DWD for the particular wedge used
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in the experiment. The input ﬁle contained all the complete
data set wedges each separated by an HR ‘burn’ swathe giving
a total accumulated average absorbed dose of 3.88 MGy by
the end of the highest dose data set. The calculated accumulated average DWDs for the seven complete data sets were
0.13, 0.76, 1.38, 2.01, 2.63, 3.25 and 3.88 MGy. The metrics used
to monitor radiation damage progression were plotted against
the resulting DWD values.

2.4. MicroPIXE measurements

Since knowledge of the atomic composition of a protein is a
prerequisite for the accurate calculation of the absorbed dose,
the metal content of the XI sample was measured using
microbeam particle induced X-ray emission (microPIXE), an
established technique for such analyses (Garman & Grime,
2005). In microPIXE, the characteristic X-ray emission
spectra of heavy atoms (Z > 10) in a protein sample are
measured, which allows the stoichiometric ratios of these
elements to be deﬁned using the sulfur peak from the
methionines and cysteines as an internal standard (Garman,
1999). A dried protein sample (approximate volume of solution 0.1 ml) was analysed in vacuum with a highly focused
( 1.3 mm diameter) 2.5 MeV ( 300 pA current) proton
beam. The measurements were carried out at the Ion Beam
Centre, University of Surrey, UK (Grime et al., 1991).

Structural knowledge or X-ray damage?
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radiation damage
Firstly, a scan over the dried drop of 750 mm  750 mm was
collected to determine the position of the protein sample.
Secondly, two point spectra were recorded from different
places on the sample. The sample thickness and gross matrix
composition were deﬁned by detecting the Rutherford backscattered protons, after which the concentrations of the
elements in the sample were extracted from the X-ray emission spectrum with GUPIX (Maxwell et al., 1989) within
DAN32 (Grime, 1996) to extract the relative amount of each
element, particularly manganese, in the sample.
Unfortunately, the XI E186Q sample used in the
measurements was dissolved in a 0.9 M (NH4)2SO4 + 1 mM
MgSO4 solution, which did not allow determination of the
stoichiometric ratios of the elements due to the high extra
sulfur concentration in the buffer. However, qualitatively from
the microPIXE spectra we were able to determine the
presence of manganese in the sample, even though no
manganese was present in the reagents used in the puriﬁcation
or crystallization. No other metals
heavier than sulfur were present. For
the experimental microPIXE setup
used here, magnesium was outside the
detectable range of the spectrum, but
the technique has the capability to
detect it if a thinner beryllium ﬁlter on
the Li(Si) X-ray detector is inserted.
The unambiguous atomic signature
from microPIXE allowed the XI metal
sites to be modelled with manganese.
The PIXE spectrum is shown in Fig. 2.

Figure 2
Spectrum of the elemental analysis of XI measured with microPIXE
showing the presence of manganese, calcium, chlorine and sulfur. Note
that only elements heavier than magnesium were detected in this
experiment. The peak between the Ca and Mn corresponds to twice the
sulfur peak energy and is due to pile-up in the Si(Li) X-ray detector of the
sulfur signals.

3. Results
3.1. Global radiation damage

The data sets were analysed for
global radiation damage and different
metrics were plotted against the
increasing absorbed average DWD. The
data quality decreases strikingly linearly
with dose for all metrics shown,
including the exponential ﬁt to DWD
in this dose range. The results are
presented in Fig. 3 and show the unitcell volume, the relative B-factor (Brel =
Bn B1; Kmetko et al., 2006) and Rmeas
increasing with dose, and CC1/2 and the
relative diffraction intensity In /I1
decreasing with dose. Here, In is the
summed total intensity for the nth
complete data set and I1 is the total
intensity of the ﬁrst low-dose data set.
The total intensities were calculated
from the AIMLESS output ﬁles as the
sum of the measured reﬂections (Nmeas)
multiplied by the average intensities
(AvI) for each resolution bin.
J. Synchrotron Rad. (2019). 26, 931–944

Figure 3
Radiation damage metrics and data quality indicators for the seven consecutive complete data sets
as a function of dose, with linear ﬁts shown for (a)–(d) and an exponential ﬁt for (e). (a) The unit cell
volume expands with increasing absorbed dose, as does (b) the relative B-factor and (c) Rmeas, but
(d) CC1/2 and (e) the relative diffraction intensity decrease with dose.
Helena Taberman et al.
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The coefﬁcient of sensitivity [sAD = D/(82Brel) where D
is dose] for the XI crystal can be calculated from the gradient
of the Brel results, and is 0.007 Å2 MGy 1, compared with an
average value of 0.012 Å2 MGy 1 determined for four protein
crystals at 100 K (lysozyme, thaumatin, catalase and apoferritin; Kmetko et al., 2006). This value implies that the XI
crystal has comparatively low sensitivity to global damage. A
possible explanation of this is that there are no disulﬁde bonds
within the structure, which are usually the most radiation
sensitive species. However, the value for D1/2, the dose to half
diffraction intensity, obtained by extrapolation of the results
shown in Fig. 3(e) is approximately 8 MGy for all data to
1.17 Å, which is in line with that observed for other proteins at
100 K. Damage to residues involved in intermolecular crystal
contacts can drive the collapse of the lattice and thus a
decrease in diffraction intensity, as has been observed
previously for Arg–Asp contacts (Murray et al., 2005).

3.2. Structure determination

The XI E186Q data sets were indexed in the orthorhombic
space group I 222 with unit-cell parameters of a = 92.5 Å, b =
97.5 Å, c = 102.5 Å for the ﬁrst (lowest dose) data set. The
calculated Matthews coefﬁcient, VM , was determined to be
2.7 Å3 Da 1, which corresponded to one monomer in the
asymmetric unit and an estimated solvent content, VS , of 54%
(Matthews, 1968; Kantardjieff & Rupp, 2003). The XI
monomer consists of 388 amino acid residues and all but
the N-terminal methionine were present in the observed
2Fobs Fcalc electron density map. The ﬁnal model was thus
composed of 387 amino acid residues and 12 ethylene glycol,
one 2-propanol and 528 water molecules, and two ions each of
manganese, magnesium and sodium. Many of the amino acid
residues, especially at the active site, for example the metal
binding Glu217, His220, Asp255 and Asp257, had alternate
conformations as described in detail below.
The structure obtained from the ﬁrst (lowest dose) data set
was reﬁned to Rwork /Rfree values of 12.1% /14.7%, respectively.
The M1 site was reﬁned partly with an Mn2+ ion (occupancy
0.54) and partly a Mg2+ ion (occupancy 0.46) as in Munshi et al.
(2014). This provided a good ﬁt to the electron density. The
presence of manganese and lack of any other heavy metal
species (except the magnesium present in the dialysis buffer
and crystallization solution) was shown with microPIXE. The
Mn2+ at the M2 site was reﬁned in three different conformations, M2a, M2b and M2c [Figs. 1 and 4(b)] as found in the
structure used as the model-building template (PDB code:
1muw; Fenn et al., 2002).
The alternate metal sites were also associated with two
different conformations of residues in the active site, in
particular Glu217, His220, Asp255 and Asp257, which are
denoted A and B. The seven consecutive complete data sets
(n = 1 to 7) were truncated to the same resolution of 1.17 Å in
AIMLESS, because of the fall-off in resolution of the highestdose data set. The same Rfree test set from the lowest-dose data
set was used for the higher dose data sets. The reﬁnement
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statistics for the ﬁrst low dose set and the following six data
sets are shown in Table 1.
Following inspection of the difference maps as a function
of dose, metal bond distance analysis was carried out using
COOT, since subtle movements in active site residues were
observed which were plotted against dose (see Section 3.3).
The resulting XI monomer model has a bi-domain structure,
as was expected from previously deposited models [Fig. 4(a)].
It is formed of an N-terminal parallel (/)8-barrel fold
(residues 2–322) and a long C-terminal loop (residues 323–
387) with ﬁve -helical segments. The active site is located at
the C-terminal side of the -barrel where both of the metal
cofactors are bound in octahedral coordination in a crevice
formed between the -sheets 6, 7 and 8. XI forms a dimer
by packing the active sites of two monomers together so that
the barrels are coaxial. Homotetrameric quaternary structure
is then formed as a dimer of dimers, in which the C-terminal
extensions wrap around the adjacent monomers. Both the
dimer and the tetramer have been shown to be biologically
active multimers (Rangarajan et al., 1992). Fig. 4(b) presents a
close-up of the active site and the reﬁned metal positions with
Fcalc electron density map contoured at 1
their 2Fobs
(0.41 e Å 3).

Figure 4
The structure of XI. (a) XI monomer showing the bi-domain arrangement: N-terminal parallel (/)8-barrel fold and a long C-terminal loop.
(b) Close-up of the XI active site showing the reﬁned metal cofactors (M1
and M2 as purple spheres, waters in red) with their 2Fobs Fcalc electron
density map contoured at 1 (0.41 e Å 3).

Structural knowledge or X-ray damage?

electronic reprint

J. Synchrotron Rad. (2019). 26, 931–944

radiation damage

Figure 5
Bnet (Shelley et al., 2018) for the reﬁned structures as a function of dose.
Bnet, a derivative of the Bdamage metric (Gerstel et al., 2015), which is
calculated from the atomic B-factors corrected for packing density,
summarizes in a single value the total extent of speciﬁc radiation damage
and increases linearly with absorbed dose for the consecutive XI data
sets.

3.3. Specific damage observations

Fobs,2
Fobs,1 and Fobs,7
Fobs,1 maps, respectively. The
increase in damage with dose, at the active site and the
surroundings of the catalytic metals, can clearly be seen. For
the Fobs,2 Fobs,1 map [see Fig. 6(a)] of the 25 most damaged
residues, the greatest indication of damage was associated with
the M2 site, with the majority of the other sites shown being
related to Met residues, and to those residues having multiple
conformations.
For the 25 most affected residues seen in the
Fobs,7 Fobs,1 map [Fig. 6(b)], the sites are those expected to
be damaged, with the greatest Dloss again appearing at the
active site. For multiple conformations, RIDL removes all but
the highest-occupancy conformation and performs its analysis
on that conformation. Because two conformations of the
active site exist, the lower occupancy B conformation was
examined by removing the A conformation before running
RIDL a second time. However, since the Dloss metric in RIDL
did not appear sensitive to the very small structural changes in
the active site, the Dloss analysis was only performed for the
highest occupancy state.
Top locations of site-speciﬁc damage for the Fobs,7 Fobs,1
map include the catalytic metal, the sulfurs of methionine side
chains, the oxygen atoms of aspartic and glutamic acids around
the active site and the multimer forming surfaces of XI.
Furthermore, oxygen atoms of water molecules, ethylene
glycols and the side chains of glutamine, serine and threonine
appear on the list of damaged sites. XI has no disulﬁde bonds.
Even for radiation-insensitive atoms the damage is observed
to increase with dose owing to the increasing noise in the
Fobs,n Fobs,1 map caused by the decreasing diffraction data
quality.
Isomorphous difference Fourier maps (calculated by RIDL)
for the active site are presented for Fobs,2 Fobs,1 in Figs. 7(a)
and 7(b) (negative/positive difference density, respectively),
and for Fobs,7 Fobs,1 in Figs. 7(c) and 7(d) (negative/positive

Bnet values for the seven structures were calculated with the
RABDAM program (Shelley et al., 2018). Bnet is a derivative
of the Bdamage metric (Gerstel et al., 2015), which is derived
from the atomic B-factor corrected for packing density. It
summarizes in a single value the total extent of site-speciﬁc
radiation damage from the coordinate model associated with a
single PDB entry. A linear increase in Bnet for the structures
with increasing dose was observed (Fig. 5), corresponding
to the global damage effects seen in Fig. 3.
The site-speciﬁc radiation damage
was analysed using the RadiationInduced Density Loss program, RIDL
(Bury et al., 2017; Bury & Garman,
2018). RIDL calculates per-atom
metrics to describe changes in electron
density between structures derived from
consecutive data sets. Here the Dloss
metric, calculated as the maximum
electron density loss compared with the
lowest dose structure in the local region
around each atom in XI for each higher
data set’s Fobs, n Fobs, 1 Fourier difference map, has been used as a per-atom
indicator of site-speciﬁc damage with
Figure 6
increasing dose.
Top 25 speciﬁc damage sites calculated by RIDL (Bury & Garman, 2018) and presented as red
In Fig. 6 the top 25 Dloss sites calcuspheres. The radius of each sphere is proportional to the Dloss metric calculated by RIDL, which
lated by RIDL are presented as red
indicates the maximum electron density loss in the local region of each atom in XI for the
Fobs,n Fobs,1 Fourier difference map associated with each higher dose data set n. (a) The speciﬁc
spheres, with the radius of each sphere
damage sites for Fobs,2 Fobs,1 and (b) for Fobs,7 Fobs,1. The increase in the damage with increasing
being proportional to the magnitude of
dose is clearly visible, especially at the active site and the surroundings of the catalytic (M2) and
Dloss. Figs. 6(a) and 6(b) present the top
stabilizing (M1) metals which are shown as violet spheres. For those residues with dual
25 speciﬁc damage sites identiﬁed by the
conformations, the highest occupancy positions were analysed.
J. Synchrotron Rad. (2019). 26, 931–944
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difference density, respectively). Both positive and negative
difference density is observed around the three M2 metal sites
and clear negative density on the oxygen atoms of the glutamates and aspartates, in line with usual observations of speciﬁc
damage in MX. The single conformation of the residues in the
active site shows the A conformation, with the lower occupancy B conformation being removed as part of the RIDL
processing.
Fobs,1 electron
For the lowest-dose interval, the Fobs,2
density data, Figs. 7(a) and 7(b), show electron density loss
around Glu217 (OE2 and CD atoms), as well as Asp257 (OD1
and OD2 atoms). This corresponds to the decarboxylation
of the acidic side chains noted in many studies on radiation
damage. There is no corresponding positive density for the
side chains, largely ruling out any coordinated shift in atom
positions. The catalytic metal M2 in position M2a shows a
reduction in electron density, and a gain around positions M2b
and M2c. This is not reﬂected in an occupancy change (see
Table 2). There is loss of electron density around the O1 and
O2 atoms of ethylene glycol and the water molecule next to
M2a. For the highest dose interval, the Fobs,7 Fobs,1 electron

density maps in Figs. 7(c) and 7(d) show both local gain and
loss of density. Both OD1 and OD2 atoms of Asp245, Asp255
and Asp287 see a decrease in density, as well as OE2 of
Glu181 and OE1 of Glu217, and the bond between His220
NE2 and CE1 atoms. It is also noteworthy that the M1 position
and the water molecule adjacent to it lose electron density.
As detailed in Table 2, only slight changes are seen in the
occupancies of the alternate conformations of the catalytic
metal M2 and the active site residues, indicating that the
changes in the electron density as a function of dose are not a
consequence of conformational changes. Analysis of the M2
isotropic B-factor shows an increase for M2a from 6.7 to
14.6 Å2, for M2b from 7.2 to 12.1 Å2, and M2c a decrease from
10.4 to 7.7 Å2. This suggests disorder increasing in the M2a
and M2b sites with order in the M2c site improving with dose.
No movement in metal position is observed as a function of
dose. Table 3 shows changes in the absolute position of the M2
metal site. M2a undergoes a shift of 0.17 Å, M2b of 0.08 Å and
M2c of 0.10 Å. However, when the absolute coordinates are
converted to fractional coordinates the changes in metal
positions are negligible from lowest to highest dose, being

Figure 7
Fourier difference density maps of the active site of XI calculated using FFT (Ten Eyck, 1973) through the RIDL pipeline (Bury & Garman, 2018). Here,
each Fobs,n
Fobs,1 map has been calculated using the observed structure factor amplitudes |Fobs,n| and |Fobs,1| associated with data sets n and 1,
respectively, using the calculated phase set corresponding to the 0.13 MGy low-dose reﬁned coordinate model. The Fobs,n Fobs,1 maps represent the
electron density loss between the lowest-dose data set and each higher-dose data set n > 1. (a, b) Difference density maps for Fobs,2 Fobs,1 contoured at
3 (0.07 e Å 3), (c, d) for Fobs,7 Fobs,1 (negative/positive difference densities in red/green, respectively). The increase in damage with increasing
dose, especially at the active site and the surroundings of the catalytic metals, is clear. The difference density maps also reﬂect visually how the electron
density around the catalytic metal ion changes. The conformation with the highest occupancy, A, is used by RIDL but, as mentioned in the text, the RIDL
analysis is not sensitive enough to detect the radiation damage associated with the small structural changes seen between A and B conformations.
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Table 2
Occupancies of the catalytic metal M2 and alternate conformations of active site amino acid residues as a function of dose.
Glu 217

His 220

Asp 255

Asp 257

DWD (MGy)

M2a

M2b

M2c

A

B

A

B

A

B

A

B

0.13
0.76
1.38
2.01
2.63
3.25
3.88

0.41
0.44
0.41
0.41
0.40
0.42
0.46

0.55
0.52
0.55
0.54
0.55
0.51
0.50

0.04
0.04
0.04
0.05
0.05
0.07
0.04

0.13
0.14
0.13
0.14
0.14
0.13
0.14

0.87
0.86
0.87
0.86
0.86
0.87
0.86

0.32
0.36
0.33
0.31
0.33
0.31
0.33

0.68
0.64
0.67
0.69
0.67
0.69
0.67

0.42
0.37
0.39
0.40
0.33
0.37
0.38

0.58
0.63
0.61
0.60
0.65
0.63
0.62

0.38
0.35
0.33
0.35
0.37
0.34
0.38

0.62
0.65
0.67
0.65
0.63
0.66
0.62

Table 3
Absolute and fractional coordinates of the M2a, M2b and M2c positions
as a function of dose.
Fractional dose is given to three decimal places to indicate slight changes.
Absolute position (Å)

Fractional position

DWD (MGy)

x

y

z

x

y

z

M2a
0.13
0.76
1.38
2.01
2.63
3.25
3.88

7.55
7.57
7.57
7.59
7.59
7.62
7.64

35.19
35.21
35.24
35.26
35.26
35.33
35.33

43.79
43.86
43.87
43.93
43.93
44.04
44.05

0.082
0.082
0.082
0.082
0.082
0.082
0.082

0.380
0.381
0.381
0.381
0.381
0.382
0.382

0.474
0.474
0.474
0.475
0.475
0.476
0.476

M2b
0.13
0.76
1.38
2.01
2.63
3.25
3.88

7.80
7.80
7.79
7.80
7.80
7.81
7.77

35.57
35.63
35.63
35.67
35.69
35.72
35.75

44.47
44.52
44.55
44.58
44.59
44.63
44.62

0.080
0.080
0.080
0.080
0.080
0.080
0.080

0.365
0.365
0.365
0.366
0.366
0.366
0.366

0.456
0.457
0.457
0.457
0.457
0.457
0.457

M2c
0.13
0.76
1.38
2.01
2.63
3.25
3.88

9.05
9.00
9.02
8.99
9.03
9.01
8.98

35.21
35.27
35.29
35.34
35.33
35.33
35.35

44.85
44.91
44.92
44.96
44.95
44.98
44.96

0.088
0.088
0.088
0.088
0.088
0.088
0.088

0.344
0.344
0.344
0.345
0.344
0.344
0.345

0.438
0.438
0.438
0.438
0.438
0.438
0.438

0.008, 0.004 and 0.004 for M2a, M2b and M2c, respectively, on
a normalized scale. These absolute changes are compatible
with the 0.13 Å, 0.18 Å and 0.14 Å expansion in the a, b and c
parameters of the unit cell over a dose of 3.88 MGy and might
partly explain the electron density loss seen around M2a and
gain around M2b and M2c (see Fig. 7, produced without
consideration of the cell parameter change).
Residues associated with the M2 metal positon are Glu217,
His220, Asp255 and Asp257. M2a, M2b and M2c maintain a
fairly constant bond distance to Glu217 in both the A and B
conformations. The metal occupancies did not vary signiﬁcantly as a function of dose with M2a, M2b and M2c having
average occupancies of 0.42, 0.53 and 0.05, respectively, and
standard deviations over the set of 0.02, 0.02 and 0.01. Similarly, both the A and B conformations of Glu217, His220,
Asp255 and Asp277 maintained fairly constant occupancies
during the dose series. For conformation A, this was 0.14, 0.33,
J. Synchrotron Rad. (2019). 26, 931–944

0.38 and 0.36, and, for conformation B, 0.86, 0.67, 0.62 and
0.64, respectively. Glu217 occupancy in the B conformation is
closely related to the sum of the M2a and M2b occupancies,
whereas those of conformation A for His220, Asp255 and
Asp257 closely match that of M2a, and B conformations of
the same residues are a closer match to the M2b occupancy.
Glu217 in the A conformation seems more closely associated
with the occupancy of M2c. This can be seen in Fig. 8. The
residues involved in the proton transfer reaction, His54 and
Lys289 are not bonded to either M1 or M2.
Metal bonding distances are shown in Table 4 with their
standard deviations for high-resolution protein structures
(Zheng et al., 2008), as well as the error in the atomic coordinate (Kumar et al., 2015) for the bonding atoms. Bond
distance decreases from the lowest to highest dose for Asp225
OD2 conformation A to M2a, but no signiﬁcant change is seen
for conformation B to M2b or M2c. The Asp257 bond distance
to M2a, M2b and M2c is fairly stable for both A and B
conformations. It can be seen visually that M2a matches
conformation A and M2b matches conformation B. His220
appears to shift closer to M2b and closest to M2c in the A
conformation.

Figure 8
Details of the three M2 positions and the alternate residue conformations, A and B, shown in green and violet respectively. Waters are also
shown in red. Residues with no alternate conformations are coloured
grey. The three metal positions M2a, M2b and M2c are coloured green,
violet and orange, respectively.
Helena Taberman et al.
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Table 4
Active-site metal bonding distances for the lowest- and highest-dose structures with the coordinate error (Kumar et al., 2015) for the bonding atoms.
Distances, including the coordinate error (CE), are given in Å. No B conformation is given if the distances are above three standard deviations from an expected
bond length. Bonds within one standard deviation of expectations (Zheng et al., 2008) are shown in bold, those with two standard deviations in italic, and ﬁnally
those within three standard deviations, unlikely to be bonds, not highlighted at all. A difference is clearly seen between low and high doses for M2a and M2c,
compared with M2b. The differences are signiﬁcant when compared with the errors indicated by the precision of the atomic coordinates.
Lowest DWD 0.13 MGy

Conformation A
Glu181(OE2)
Asp245(OD2)
Asp287(OD2)
EDO1(O2)
HOH148
Glu217(OE1)
Glu217(OE2)
His220(NE2)
Asp255(OD2)
Asp257(OD1)
HOH38
Conformation B
Glu217(OE1)
Glu217(OE2)
His220(NE2)
Asp255(OD1)
Asp255(OD2)
Asp257(OD1)

M1Mn

M1Mg

2.08
1.95
2.01
2.17
2.44
1.72

2.01
2.05
2.05
2.23
2.33
1.68

2.13

2.05

Highest DWD 3.88 MGy
M2a

M2b

M2c

CE

M1Mn

M1Mg

2.09
1.92
2.02

2.00
2.07
2.09

2.36
1.78

2.24
1.55

2.25

1.97

2.09
3.73
1.98
1.86
1.94

2.15
2.99
1.66
2.59
2.23

2.17
2.21
2.62
2.69
2.02

0.013
0.014
0.013
0.014
0.016
0.011
0.010
0.011
0.013
0.014
0.015

2.04
3.06
2.61
2.62
1.6

2.00
2.29
2.26
2.24
2.30

2.33
1.83
3.41
2.90
3.44

0.013
0.012
0.012
0.013
0.014
0.014

Active site residue atom distances are plotted as a change in
length as a function of dose in Fig. 9. The ﬁgure breaks down
the distances to M2a, M2b and M2c and residue A and B
conformations. Fig. 9(a) shows that Asp255 OD2 increases in
distance from M2a while OD1 shifts toward M2a in conformation A. This is a subtle change which appears to be due
to rotation of the terminal part of the residue. A more
pronounced change is evident for His220 NE2 which shifts
almost 0.3 Å towards M2a. Given that the unit cell is
expanding as a function of dose, any motion that reduces
distances is likely to be a result of speciﬁc radiation chemistry
effects rather than of global damage. Glu217 and Asp257 show
an increase in distance from M2a in conformation A. For
conformation B [see Fig. 9(b)], the distance between His220
and M2a is still decreasing with dose, whereas Asp257 OD1 is
increasing in distance and all other residue atoms remain at a
fairly constant distance.
For M2b [see Fig. 9(c)], there are small changes seen for
conformation A, but less than the almost 0.3 Å for His220.
The results are similar for M2c and conformation A [see
Fig. 9(e)]. For M2b and M2c, there are minimal distance
changes for residue conformation B [see Figs. 9(d) and
9( f )]. The structural model is an average of all the unit cells
in the crystal and the occupancy table thus describes the
overall composition of that crystal. The distance and occupancy results suggest that the A residue conformation is
driven to the B conformation by dose and that the B
conformation is associated with M2b and M2c. Glu217
distances appear to be constant in both the A and B
conformations. M2a is not bonded to His220 and has a
distance of 3.46 Å at the highest dose but is bonded to M2b
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M2a

M2b

M2c

CE

2.13
3.46
1.85
1.90
1.92

2.27
2.85
1.54
2.51
2.29

2.22
2.15
2.51
3.50
1.96

0.017
0.017
0.017
0.019
0.022
0.013
0.013
0.014
0.017
0.015
0.019

2.04
2.87
2.59
2.61
1.80

2.01
2.22
2.21
2.27
2.34

2.30
1.81
3.37
2.91
3.43

0.016
0.015
0.015
0.015
0.016
0.017

in the B conformation and very closely bonded to M2c.
H220 NE2 shows an almost linear decrease in distance to
M2a with dose.
RIDL also outputs a metric called Dneg which is essentially
Fobs,1 negative density
a measure of the average Fobs,n
surrounding each atom, where the contribution of each voxel’s
value to the Dneg metric is weighted by the relative proportion
of actual electron density corresponding to the atom at that
position. This provides an indication of the magnitude of
electron density lost with increasing dose for each atom
(similar to the Dloss metric) but it up-weights negative density
changes close the centre of mass of each atom and downweights negative density changes further from the centre of
mass of each atom. As such, it is more sensitive to the small
spatial changes indicated for active site residue conformations
A and B.
Fig. 10 shows Dneg for the residues associated with M2 for
both the A [Fig. 10(a)] and B [Fig. 10(b)] conformations. The
damage seems similar with the only noticeable difference
being the increased sensitivity of Asp257 OD2 in the B
conformation. Asp257 shows a signiﬁcant twist in the B
conformation and this damage indicator may explain that
twist. His220 is twice as sensitive to damage in the A conformation than when in the B position. Glu217 and Asp255 show
similar sensitivity in both the A and B conformations. The
OD2 of Asp257 is about three times as sensitive in the B
conformation as the A conformation. For comparison, in
Fig. 10(c), Asp80, one of the residues involved in the tetramer
crystal contacts is shown on the same scale. The main chain
atoms show little damage and the side chain shows an almost
linear effect with dose.
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Figure 9
Relative change in distance between residues in the active site and M2 metal positions in conformation A and conformation B for M2a (a, b), M2b (c, d)
and M2c (e, f ). All graphs are plotted on the same scale so that signiﬁcant distance changes are easily seen.

4. Discussion
As the results presented above indicate, both the global and
site-speciﬁc radiation damage to the XI crystal progress
linearly with dose over the dose range studied here (0.13–
3.88 MGy). Considering that the highest dose is only
3.88 MGy, the site-speciﬁc damage is signiﬁcant: the difference
density map calculated for the lowest-dose data sets
Fobs,1 [Figs. 7(a) and 7(b)] already shows negative
Fobs,2
difference density around the M2a position, acidic side chains,
and water and ethylene glycol molecules at the active site. The
difference density signiﬁcantly increases with dose (Fig. 7)
J. Synchrotron Rad. (2019). 26, 931–944

showing clearly, for example, that the decarboxylation of
acidic side chains is taking place around Asp245, Asp255,
Asp257, Asp287 and Glu181.
The increase in site-speciﬁc damage is observable from
inspection of the top 25 damage sites (Fig. 6), despite the fact
that the dose is only 3.88 MGy. This is far lower than the
experimental radiation dose limit of 30 MGy determined for
cryo-cooled protein crystals beyond which it was judged
biological information could be compromised (Owen et al.,
2006). XI is a tetramer in the unit cell, with Asp80, Thr82,
Arg331, Asp336 and Arg340 forming crystal contacts between
the separate tetramers. The crystal contacts associated with
Helena Taberman et al.
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Figure 10
Plots of Dneg for the A and B residue conformations, plots (a) and (b),
respectively, in the M2 active site shown compared with Asp80 in plot (c),
one of the residues associated with the XI tetramer crystal contacts.

Asp may increase the sensitivity of the crystal lattice to
damage, although the trends seen in Fig. 10(c) suggest that this
damage takes place at a lower rate than that occurring in the
active site.
The detailed analysis of the changes in the XI active site
with dose presented above raises two pertinent questions in
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relation to the interpretation of active site changes during the
mechanistic and structural analysis of metalloproteins.
Firstly, several papers in the literature report a movement
of the XI M2 metal positions which was hypothesized to be
associated with the catalysis mechanism (Collyer et al., 1990;
Jenkins et al., 1992; Bogumil et al., 1997; Asbóth & NáraySzabó, 2000; Lavie et al., 1994; Fenn et al., 2004). Here, we
indeed observed an absolute movement of the metals with
increasing dose. However, once the radiation-induced unit-cell
expansion has been taken into account by conversion of the
metal positions to fractional coordinates, this disappears
within error. We thus conclude that the metals do not shift.
Note that in our work the M2 site occupancies do not
change with dose either, and that our values are at variance
with those of Fenn et al. (2002) where for the ligand-free
model 1MUW, M2a, M2b and M2c have occupancies of 0.69,
0.48 and 0.16 compared with those here of 0.42, 0.53 and 0.05.
In other XI structural models, there are occupancies of less
than unity for the M2 position. It is possible that lack of
knowledge of the exact identity of the metal or metals in the
M2 site may explain some of these results or that the reduction
of the metal by free radicals produced from X-ray irradiation
could impact occupancy calculations. Given the importance of
the metal site in the enzymatic mechanism and the observation
that many structures have over-occupied or under-occupied
states, accurate knowledge of both the identity of the metal
and radiation chemistry effects is a critical element of understanding mechanism.
Secondly, although the unit-cell volume expands with dose,
we observe that two distances to the M2a metal site decrease
by small but signiﬁcant amounts, and that they behave
differently for conformations A and B: those of His220 NE2
(3.73 Å to 3.46 Å) and of Asp255 OD2 to (1.98 Å to 1.85 Å);
see Fig. 8. Asp255 OD2 is explained by a rotation of the
residue but His220 shifts toward M2a. The Dneg metric from
RIDL is sensitive to the His220 and Asp255 rotation. The
bond lengths for other residues in the active site remain
reasonable static with the possible exception of His220 to M2b
with a small reduction going from 2.29 Å to 2.22 Å.
A study of four active site mutants of the His220 residue
(His220Ser, His220Glu, His220Asn and His220Lys) in the
XI (Cha et al., 1994) M2 octahedral coordination sphere
concluded that the His220 residue was vital for enzyme
activity. The kcat values decreased to 0.3–0.5% of the wild-type
values for His220Ser, His220Asn and His220Glu, and the Km
values increased 30–40-fold. His220Lys was inactive. The
metal binding was perturbed by replacing His220 and the
mechanism disrupted. Thus, His220 appears to fulﬁl a pivotal
role for the XI enzyme. Here, we observe it moving towards
the M2a site.
An explanation of this could be hypothesized from the
radiation chemistry. Metals are reduced by the X-ray beam
and become negatively charged. The crystallization conditions
have a pH of 7.0, and the pKa of His is 6.0. At zero dose, the
His is uncharged. Free radical production will lower the pH
and, if it decreases to the pKa value or below, a positive charge
will be generated on the His and thereby produce an attractive

Structural knowledge or X-ray damage?

electronic reprint

J. Synchrotron Rad. (2019). 26, 931–944

radiation damage
force toward the reduced metal. The rotation of the Asp is
probably a combination of the metal reduction and decarboxylation of the residue. Thus, radiation chemistry could
be driving these changes in the enzymatic active site.
Our study shows that the M2c position is real, and is seen in
the unliganded protein at low occupancy. The native protein
has three M2 positions and two alternate residue conformations in the active site. M2a is associated with one of these, and
M2b and M2c with the other. Glu217 remains at a constant
distance from both M2a and M2b. Radiation chemistry could
be mimicking mechanism, but without substrate and product
studied in a similar manner it is not possible to conclude this.
The mechanism of action of the XI enzyme has been the
subject of discussion for many years and involves the three
catalytic metal sites. From the analysis reported above, our
hypothesis is that the elusiveness of the mechanism has been
confounded by radiation chemistry. Our results showed a
motion of the metals in absolute space. This could be interpreted as mechanistically important when comparing models
determined with different effective X-ray doses. However, a
fractional coordinate analysis showed that it was simply driven
by the expansion of the unit cell, a well known result of global
radiation damage.
In summary, this study highlights once again the need to be
aware of, and take into account, the various effects of radiation damage when interpreting structures mechanistically,
particularly for metalloproteins where even a low dose
structure can be perturbed by the radiation chemistry induced
around the metal binding site. While the changes seen are
small, our results show that both global and speciﬁc damage
can have a potential impact on structural interpretation.
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