@TF’;IE?OTEIN
SOCIETY
Destruction-and-diffraction by X-ray
free-electron laser

Jimin Wang*

Department of Molecular Biophysics and Biochemistry, Yale University, Connecticut 06520, New Haven

Received 15 April 2016; Accepted 31 May 2016
DOI: 10.1002/pro.2959
Published online 4 June 2016 proteinscience.org

Abstract: It is common knowledge that macromolecular crystals are damaged by the X-rays they
are exposed to during conventional data collection. One of the claims made about the crystallo-
graphic data collection now being collected using X-ray free-electron lasers (XFEL) is that they are
unaffected by radiation damage. XFEL data sets are assembled by merging data obtained from a
very large number of crystals, each of which is exposed to a single femtosecond pulse of radiation,
the duration of which is so short that diffraction occurs before the damage done to the crystal has
time to become manifest, i.e. “diffraction-before-destruction.” However, recent theoretical studies
have shown that many of the elemental electronic processes that ultimately result in the destruc-
tion of such crystals occur during a single pulse. It is predicted that the amplitudes of atomic scat-
tering factor could be reduced by as much as 75% within the first 5 femtoseconds of such pulses,
and that different atoms will respond in different ways. Experimental evidence is provided here that
these predictions are correct.

Keywords: XFEL; cytochrome c oxidase; photosystem Il; cytochrome ¢ peroxidase; atomic scatter-

ing factors; radiation damage; metalloproteins

Synopsis: Experimental evidence is provided that
the single image per crystal technique for the collec-
tion of diffraction data made possible by the develop-
ment of X-ray free-electron lasers does not yield
data sets that represent the structures of crystals
that have not been damaged by radiation.

Introduction

Structural biology community has long been inter-
ested in the development of stronger and more
intense X-ray sources to facilitate the collection of
data from the weakly diffracting crystals they nor-
mally work with.! The more intense the source, how-
ever, the faster these crystals accumulate radiation
damage®™ It is widely believed that the
“diffraction-before-destruction” approach to data col-
lection made possible by X-ray free-electron lasers
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(XFEL) femtosecond pulse bypasses the radiation-
damage problem,®” and this idea has generated a
lot of excitement among those interested in proteins
that are notoriously sensitive to radiation, for exam-
ple, photosystem II, cytochrome c¢ oxidase (CcO),
cytochrome c¢ peroxidase (CcP), and other peroxi-
dases.®? In fact, it is likely to be the case that all of
the effects that comparatively slow, radiation-
induced, chemical processes have on crystals struc-
tures can be circumvented using XFEL techniques,
but, as is shown below, this does not mean that the
structures obtained using data of this sort are iden-
tical to those of crystals that have never been
exposed to X-rays.

In the era before the freezing of macromolecular
crystals became routine, it was well known that
radiation damage could utterly destroy the diffract-
ing power of crystals, and that this could happen
alarmingly fast if the X-ray source used was a syn-
chrotron.'® Often dozens of crystals had to be used
to obtain complete data sets (e.g., see Ref. 11). Using
frozen crystals, it is often possible to collect entire
data sets from single crystals.'?> Even so, very few
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Table I. Scaling Statistics Between the 2DYR and SWG7 Data Sets

Single-Crystal/2DYR XFEL/BWGT7
Unit cell (P2,212;)
a (A) 182.59 182.60 + 0.38
b (A) 205.14 204.51 +0.55
c(A) 178.25 178.29 + 0.46
Resolution (A) 1.80 A 1.90A

Number of crystals

Not available

76 crystals/1,107 still images

Intensity Ryerge Not available 0.243
Number of reflections 607,319 473,986
Ryork 0.202 0.195
Riree 0.227 0.230

Isomorphous differences as a function of scaling procedures
Ry, (all) .
R;, (4.50-1.89 A)
Riso (140-4.50 A)
R;, (second pass)
Statistics for refinement of models for this analysis

Rwork 0.131
Rivee 0.168

0.202 (Intensity R;s, = 0.341)
0.183 (Intensity R;s, = 0.303)
0.205 (Intensity R;s, = 0.394)
0.185 (Intensity R;s, = 0.331)

0.168
0.218

crystals are sufficiently resistant to radiation dam-
age so that the several high-quality data sets
required for multiple-wavelength anomalous disper-
sion (MAD) phasing can be collected from a single
crystal, which is one of the reasons why single-
wavelength anomalous scattering (SAD) remains the
phasing method of choice for many investigators.®
It has long been hoped that the radiation dam-
age that limits the ordinary collection of data from
macromolecular crystals could be circumvented
using XFEL-based techniques. The number of X-ray
photons in a single pulse produced by an XFEL is
large enough to vaporize any macromolecular mate-
rial that is exposed to it, but these pulses are so
short that most of the destructive chemistry they
trigger occurs after the pulse is over. However, it
would be a mistake to think that the events that
occur during the pulse, which ultimately result in
crystal destruction, are invisible crystallographically.
Among the many of the electronic processes that
occur during such pulses are photoionization, Auger
processes, electron-impact ionizations, electron—elec-
tron scattering, three-body recombination, all of
which should have a detectable impact on electron
density distributions.'*® In fact, a recent computer
simulation shows that if the fluency of such a pulse
is of the order of 10% photons/ﬁ‘f, which it often is,
the atomic scattering factors of the oxygen atoms in
proteins could be reduced by more than 75% at scat-
tering angles near the incident beam direction (i.e.,
sin6/A. = 0) within the first 5 fs.!® This simulation
also showed that the magnitudes of these radiation-
induced reductions in atomic scattering factors
should vary with both atom type and scattering
angles in complex ways. Typically, large atoms
appear to lose scattering factors much faster than
lighter atoms, making them look less conspicuous in
the resulting electron-density maps than they other-
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wise would be. This study presents direct evidence
that all the metal ions in the crystals of oxidized
CcO described by the XFEL data set associated with
3WG7 have fewer electrons associated with them
than the corresponding metal ions in the structure
of the same molecule that is described by 2DYR, the
data for which were obtained for the same protein
by conventional means (3WG7 and 2DYR are PDB

accession numbers).!”18

Results
The XFEL 3WG7 data were carefully scaled to the
data for 2DYR data in two resolution ranges, and
the 2DYR model was rerefined (Table I and see
Methods).!”*® Following that refinement, isomor-
phous difference Fourier maps were calculated using
the observed differences between the two data sets,
Fops(2DYR)-Fy,,s(8WGT). The resulting map was rela-
tively free of noise both because the amplitude dif-
ferences between the two data sets were small
(18.5% for all the data out to a resolution of 1.89 A),
and because the model phases using were reason-
ably accurate since the model used had a relatively
low free R factor (16.8%) (Table I). Near all the
major features in this map can be divided into six
groups based on differences in peak amplitudes, and
four of them appear to represent alterations in
atomic scattering factors. The fifth group belongs to
displacements of atoms associated with chemical
reactions. In this map, reductions in the magnitudes
of atomic scattering factors in the crystals exposed
to XFEL radiation (3WG7) will produce positive fea-
tures, and any chemistry-based losses of atoms in
the conventional radiation (2DYR) will be repre-
sented by negative features.

The largest difference feature in this difference
Fourier map (—12.60) is located in the middle of the
catalytic site between the CuB ion and the Feas ion

Diffraction-Before-Destruction or Destruction-and-Diffraction?



+6.50

6.50 P
' U 4

Figure 1. The first class of the largest difference features in F(2DYR)-F(3WG7) difference Fourier map in the catalytic site. (a, b)
Isomorphous difference Fourier maps contoured at +6.5¢ (green and red, respectively) superimposed onto the 2DYR model
(yellow) in the two copies of CcO in the structure. Loss of scattering electrons in the XFEL data set results in positive peaks

(green features) in this map.

of heme a3 (Fig. 1). In fact, if the map is contoured
at +6.50, there are two negative peaks evident
between these two metal ions. The larger of these
two peaks suggest that one of the oxygen atoms in
the Oy substrate normally bound in the catalytic site
of the resting-state oxidized CcO has been lost in
the crystal that were exposed to conventional radia-
tion (2DYR). The second negative feature represents
the repositioning of the remaining O atom. This
finding is consistent with the results of the original
interpretation of these structures.'”'®

Next to the two negative features in the cata-
Iytic site, there are two positive features, one on
each metal ion (+8.56 and +7.506) (Fig. 1). They
indicate that the atomic scattering factors of both
the CuB and Feas metal ions are lower in the SWG7
structure than they are in the 2DYR structure (Fig.
1). The second and third classes of positive peaks
(above 10c) in the map are on the CuA and Zn
atoms, respectively (Fig. 2). These positive peaks
superimpose precisely on those metal ions, suggest-
ing again that exposure to XFEL radiation has
reduced the atomic scattering factors of all the metal
ions present in the enzyme. These features are all
evident in both of CcO in the asymmetric unit of
these crystals, no matter whether the phases used
were obtained from the refined version of 2DYR
model used here, or from the original 2DYR model,
although peak heights in the latter case were
slightly reduced because the resulting isomorphous
difference Fourier map was noisier.

The fifth largest differences in the map (~9c)
all involve the S atoms in these crystals, but the sit-
uation in this case is more complicated. The effect
that conventional synchrotron radiation has on S
atoms during data collection is well established.'® S
atoms are gradually lost because of chemical reac-
tions, and this effect is evident in the structure

Wang

derived from the 2DYR data set. However, no chemi-
cal reaction could have occurred in the few-
femtoseconds duration it took to collect each compo-
nent of the XFEL 3WG7 data set. As a consequence,
one sees negative features on S atoms (Fig. 3). These
features are mainly centered on the S atoms, but
sometimes with small displacements due to the fact
that the refined S positions in the 2DYR structure
are somewhat inaccurate because they represent a
mixture of structures with and without S atoms for
any given location.

The S atoms that are ligands for the CuA ions
in the di-Cu redox center or nonredox Zn?" ion are
exceptional in this regard, possibly because they
were protected by their environments from the
radiation-induced hydroxyl free radicals in the crys-
tal that altered the other S atoms in the 2DYR crys-
tals. The availability of electrons in the redox
centers may have also protected S atoms from oxy-
genic free radicals by quenching them. Indeed, the
XFEL 3WG7 data set suggests that the atomic scat-
tering factors for S atoms appear to be reduced in
the redox centers, although they remain relatively
unchanged outside the nonredox centers (Fig. 2).
This observation suggests that the crystallographi-
cally visible end-result of the ultrafast electronic
processes that occur during XFEL fs pulses may
depend on structural environment, and thus that it
may not be possible to correct for them by uniformly
adjusting atomic structure factors.

Lastly, the decrease in atomic scattering factors
evident in the structure obtained from the XFEL
3WG7 data set is not limited to metal ions and S
atoms. Nearly all the O atoms in the XFEL 3WG7
data set have systematically lost more electrons on
average than the remaining structure, resulting in
striking features nearly on every backbone carbonyl
levels (Fig. 4).

O atom at reduced -contour
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Figure 2. Relative loss of scattering powers of Cu, Zn, and S atoms in the XFEL 3WG?7 data set revealed from the F(2DYR)-
F(3WG?7) difference Fourier map. (a, b) The first and second copies of CcO molecules in the structure for the di-copper cluster.
(c, d) The first and second copies of CcO molecules in the structure for the Zn-(Cys), motif. The map is contoured at £6.5¢

(green and red) and superimposed onto the 2DYR model.

Occasionally, very large positive peaks are clearly
visible in the map contoured at +6.5c for both water
molecules Wat-4622 and Wat-4644 (Fig. 2). Again,
the extent of loss of atomic scattering factors in the
XFEL 3WG7 data set for O atoms is highly depend-
ent on their three-dimensional environments, and is
not uniform for all the O atoms in the structure.

Discussion

The data presented above unambiguously demon-
strate that crystallographically significant reduc-
tions of atomic scattering factors occur in
macromolecules that are exposed to femtosecond
XFEL pulses, as theoretical studies had pre-
dicted.'**® This study identified isomorphous differ-
ence features produced both by radiation-induced
enzymatic reduction and by radiation-associated
changes of atomic scattering factors. The reduction
of atomic scattering factors in the XFEL 3WG7 data

set discussed here is very large and on the same
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order of the magnitude of a complete loss of an O
atom in the 2DYR data set (Fig. 1). The reduction in
atomic scattering factors documented here has also
been observed in the CcP compound I intermediate
structure, by comparing the conventionally collected
data for the PDB accession number 3M23 and the
XFEL data for 5EJX,2%2! and by doing the same for
the PSII resting state using the conventional data
for BARC and the XFEL data for 4UB8 (data not
shown).?223

The significant alternations in atomic scattering
factors observed here that are caused by exposure to
XFEL radiation may for example explain in part
why the R factors for the structural models obtained
from them are so large. For example, model free R
factor was 24.8% for the best myoglobin test struc-
ture obtained from a 100-crystals XFEL data set
having a resolution of 1.35 A (no PDB accession
available)** and it was 26.1% for another XFEL
model at 1.50-A resolution (5EJX).2! Carefully
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Figure 3. Relative loss of S atoms in the 2DYR data set revealed from the F(2DYR)-F(BWG?7) difference Fourier map. (a, b)
Cys218 in the two CcO molecules in the structure. (c, d). Disulfide bonded Cys39/Cys52 in the two CcO molecules. (e) Disulfide
bonded Cys29/Cys64 in the second copy of CcO molecule (maps for the corresponding residues in the first copy CcO molecule
were too noisy). (f) Met417 for the first copy of the CcO molecule (maps for the second copy were too noisy). (g, h) Met33 in
the two CcO molecules. The map is contoured at =5.0c (green and red) and superimposed onto the 2DYR model. Subunit
identification numbers are included in parenthesis.

refined models based on conventionally collected  model R-factors XFEL-derived structures is that the
data sets that extend to these resolutions are usu-  quality of most such data sets appears to be very
ally about 10-13%. Another reason for the poor  poor. For example, an overall intensity R(merge)

e o
Subunit A

Figure 4. Relative loss of scattering powers of O atoms in the 2DYR data set revealed from the F(2DYR)-F(8WG7) difference
Fourier map. (a—d). These four helices are representatives of all the helices in the structure in which side chains are omitted for
clarity. This map is contoured at +=3.5¢ (green and red).
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Figure 5. Isomorphous scaling between the 2DYR and 3WG7 data sets. (a) Wilson plots of prescaled data sets using all data.
(b) Wilson plots of scaled sets using data between 4.50- and 1.89-A resolution. (c) Residual scaling factors of prescaled data:
initial scale using all the data (red), initial scale A using data between 4.50 and 1.89 A (green), initial scale B using data between
140 and 4.50 A (blue), and second pass scale after combining data from scale A and scale B (cyan). (d) Amplitude R-factors of

scaled data using the procedures described in (c).

value reported for the XFEL 3WG7 data set dis-
cussed here was 24.3%.'®

Concluding Remarks

Without question the development of the XFEL tech-
nology is opening up exciting prospects, but the
many of the problems associated with it that con-
cerned Henderson a decade ago remain to be
resolved.?® The purpose of this study is to highlight
one such problem. In this instance it might be useful
to use XFEL methods to solve the structures of a
number of small molecules, which commonly diffract
to sub-Angstrom resolutions. Structures of this sort
could result in an improved understanding of the
crystallographic consequences of the processes that
occur when X-ray pulses of that duration and inten-
sity interact with matter.

Methods

The 2DYR and 3WG7 diffraction data were retrieved
from the PDB.'"!® Because the quality of the 2DYR
data set was presumed to be better than that of the
XFEL 3WG7 data set, the 2DYR data set was cho-
sen as the reference (footnote: Unfortunately, nei-
ther the primary publication for 2DRY nor its PDB
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entry includes a list of precision indexes nor a crys-
tallographic table). Small anisotropic differences in
unit-cell parameters were ignored in this analysis,
with the result that the effective resolution of the
3WG7 data set increased slightly from 1.90 to 1.89
A when the expanded 2DYR unit-cell parameters
were used. In classic isomorphous difference Fourier
maps without involving changes of unit cell parame-
ters, the difference the structure of interest minus
its reference structure is often used. For example, it
would be the XFEL data set minus the conventional
data set for this study. If this were done, the map
calculated in the fractional coordinate system and
then expanded using the unit cell parameters of the
XFEL data set would have become non-interpretable
due to different scaling factors during the fractional-
to-Cartesian coordinate system from the reference
structure. This can be circumvented by changing the
order of the difference between the two data sets
(i.e., the conventional data set minus the XFEL data
set as done in this study) or editing the unit cell
parameter information stored in the CCP4 binary
map and/or data files.

The overall isomorphous amplitude difference
obtained when the 3WG7 data set was first

Diffraction-Before-Destruction or Destruction-and-Diffraction?



anisotropically scaled to the 2DYR data set, using
Scaleit in the CCP4 suite,2® and including all the
reflections out to 1.89 A, was 20.2%, which seemed
satisfactory (Table I). However, this scaling resulted
in very different Wilson B-factors for the two data
sets because anisotropy-like property in the 2DYR
data set associated with radiation damage dominated
the scaling at low resolution, which it should not have
done. As a consequence, overall residual-scaling fac-
tors increased rapidly with resolution, up to a factor of
1.5 in the highest resolution shells (Fig. 5). Given this
large residual-scaling factors, an F,,(2DYR)-
Fy,«(BWG7) difference map was now equivalent to a
1.5 Fop(2DYR)-F 3,s(BWGT) difference map in the high-
est resolution ranges, and it proved to be un-
interpretable no matter which model phases were
used.

To resolve the residual-scaling problem, the
data sets were separately scaled in two resolution
ranges between 4.5 and 1.89 A and between 140 and
45 A, and then combined together. After this scal-
ing, the Wilson plots for the two data sets became
nearly superimposable, and the residual-scaling fac-
tor is much closer to the unity except at very low-
resolution (Fig. 5). This scaling procedure also
reduced the magnitude of the overall amplitude iso-
morphous difference by 2% (Table I). These scaled
data sets were used for the isomorphous difference
studies described here.

Anisotropy analysis and scaling, and the calcu-
lation of difference Fourier maps were carried out
using the CCP4 suite.?® Models were partially re-
refined using Refmac5 and rebuilt with the graphics
program Coot.?”?® Figures were made using the pro-
gram Pymol.??
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