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Abstract

In this review we describe recent research developments into radiation damage
effects in macromolecular X-ray crystallography observed at synchrotrons and X-ray
free electron lasers. Radiation damage in small molecule X-ray crystallography,
small angle X-ray scattering experiments, microelectron diffraction, and single
particle cryo- electron microscopy is briefly covered.

Introduction

Radiation damage (RD) is now a main-stream concern in macromolecular
crystallography (MX), with an increasing awareness of its effects on biological
interpretations of X-ray and electron microscopy derived structures, and a wider
appreciation of its effect on data collection strategies. The origin of these effects is
that the samples absorb the incident radiation due to the photoelectric and Compton
effects, as well as scattering them elastically: the latter is the 'useful’ signal obtained
during data collection, but the former results in loss of energy by the incident
radiation and thus damage to the irradiated material. The initial absorption is known
as a ‘primary event’ and the subsequent cascade of product formation as ‘secondary
events’. Electrons and X-rays interact differently with atoms so the precise damage
mechanisms differ. However, in all cases the primary event is an unavoidable fact of
physics, whereas the extent of the secondary events (i.e., chemical and structural
changes) is both time and temperature dependent, so that these are partially
mitigated by cryocooling the sample (usually to around 100 K[1]). In MX
experiments, the crystals typically contain a large percentage by volume of the water
and precipitant in which the protein crystals are grown. These components suffer
radiolysis which can subsequently cause ‘indirect’ damage, whereas absorption of
an X-ray by the macromolecule leads to ‘direct damage’ (see Figure 1). The damage
effects are observable in both reciprocal and real space and are labelled ‘global’ and
‘specific’ RD, respectively, and their progression is usually monitored as a function of
the absorbed dose (energy absorbed/mass=J/kg=Gy, gray).

The driving interest in understanding RD effects in the different methods used to
determine macromolecular structures is that unfortunately they can change the
observed data, and thus mislead or confound, biological interpretations. Some
examples of radiation induced changes are domain swapping in human cystatin C[2],
transformation of growth factor beta-1 activation*[3], generation of polymorphism
(crystals with different unit cells for the same protein) and photoreduction in
metalloproteins[4, 5], especially in haem containing proteins[6], active-site geometry
changes in a lytic polysaccharide monooxygenase[7], reduction of compound 1 of
the iron containing Catalase-3[8] and photoreversible interconversion of a
phytochrome photosensory module[9]. There is some evidence that active sites of
enzymes are particularly radiation sensitive, perhaps due to strain caused by
readiness for action[10]. While such X-ray induced effects are mostly a nuisance,
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they can also be put to good use for studying macromolecular reaction mechanisms,
particularly those involving redox changes that can be triggered by X-ray generated
electrons. Besides seminal work on cytochrome p450cam[11] and horseradish
peroxidase[12], recent examples include the study of oxygen reduction and water
release from the active site of a laccase[13]. When monitoring X-ray induced effects,
in crystallo optical-spectroscopy techniques (absorption, fluorescence, Raman) have
proven a very informative complement to MX[14, 15], especially when studying very
radiation sensitive proteins containing metal centres or conjugated Tesystems.

X-ray radiation damage at cryotemperatures

During MX experiments carried out at cryotemperatures (usually around 100 K), RD
manifests itself in reciprocal space as progressive diffraction intensity loss, high
resolution reflections disappearing first, unit cell volume and scaling B-factor
increase, worsening internal data merging statistics, and often increased crystal
mosaicity. In real space, for the resulting structures, atomic B-factors (temperature
factors) rise with dose, and more importantly, some amino acids and ligands such as
metal atoms are preferentially damaged before others. This specific RD has been
well characterised in a large range of proteins and follows a defined and reproducible
order: metal-centre reduction, disulphide-bond cleavage (~0.2 MGy), acidic residue
decarboxylation ((¥ MGy) and electron loss around the sulphur atom of methionine
residues (lan Carmichael, unpublished communication), as well as some side chain
disordering. Although scission of tyrosine -OH was also previously suggested,
observed electron density differences seen round this moiety have now been
attributed to movement of the whole side chain[16]. At cryo-temperatures, global RD
becomes evident in the diffraction data only at much higher doses than the
appearance of specific RD[17]+[18]. These reciprocal and real space RD effects at
100 K are summarised in Figure 2.

While RD in protein crystals has been well studied over the past 20 years, much less
attention has been paid to the effects in DNA and RNA crystals. A recent study
concluded that compared to the rate of damage to lysozyme crystals from which data
were collected under identical conditions, the 16-mer DNA crystal was less sensitive
to both global and specific RD+[19].

There are a number of possible causes of the RD pathologies observed at 100 K,
including crystal heating. Recent studies using 20-40 um ruby crystals concluded
that the temperature rise induced by current synchrotron beam sizes and flux
densities was around 20 K[20]. Above 110 K it is possible that OH radicals are
mobile[21] and could thus induce new damage features and accelerate the rate of
RD[22], so with the ever increasing fluxes of 4" generation synchrotrons, this effect
may become a critical factor to consider for crystal lifetimes. So far the dose rate has
not been found to affect the rate of progression of RD at 100 K (up to ~50 MGy/s[23])
but this conclusion will require revisiting for the flux densities now available.
Continued effort to derive a model to characterise the reciprocal space RD induced
diffraction intensity decay at both RT and cryo-temperatures has made some recent
progress on developing an approach with physical significance+[24].

Interestingly, specific RD susceptibility within each residue type follows a preferential
ordering influenced by a combination of local environment factors (solvent
accessibility, conformational strain, proximity to active sites/high X-ray cross-section
atoms[25]). Deconvoluting the individual roles of these parameters has been
surprisingly challenging, but the reason for this differential damage for disulphide
bonds has lately been investigated in several proteins+[26]. The susceptibility to bond



reduction was found to be correlated with its proximity to a carbonyl oxygen atom
positioned along the extension of the S-S bond vector, predisposing electron transfer
from the oxygen atom to the disulphide bond. Regarding oxidative damage, cysteine
modification has recently been described[27] in addition to the well documented
decarboxylation of acidic residues. Specifically, a reactive cysteine near a water
molecule has been proposed to yield a Cys-SOH moiety in a hydroxyl radical-
mediated photo-oxidation reaction[27].

X-ray radiation damage at room temperature

RD at room temperature (RT) was first investigated in 1962[28] and reflection
intensity loss was modelled. In reciprocal space, global RD effects at RT are
qualitatively similar to those for 100 K data collection mentioned above, yet their
progression is observed to be two orders of magnitude faster[22, 29]. From the early
observation that some reflection intensities increased with dose, it was conjectured
that specific RD occurs[28]. Decades later, this was indeed observed in RT electron
density maps, specifically the breaking and disordering of disulphide bonds[30].
Since then, serial synchrotron crystallography (SSX) approaches (e.g.[4, 31,
32]+[33]) have been developed that allow distribution of absorbed dose over
thousands of microcrystals, thereby increasing the dose efficiency of data collection
and enabling more widespread use of RT X-ray crystallography (reviewed by[34],
and see April 2023 special issue Acta Cryst. D79). Whereas the RT breakage of
disulphide bonds has been confirmed[35-38]¢[33], evidence for radiation induced
decarboxylation of acidic residues has not yet been presented. Interestingly, it was
recently reported that specific and global radiation damage evolve on a similar dose
scale at RT, unlike at cryo-temperatures, where they are much more decoupled+[18].
The coupling of both types of RD at RT makes observation of specific RD in electron
density maps much more challenging than at cryo temperatures, as at RT global RD
destroys crystalline order at lower absorbed doses[37]. Consequently, some studies
report specific RD observed in Fourier difference electron density maps[35-38]¢[33],
while others do not[39]+[18]. Lately an X-ray topographic study at RT showed that
specific crystal defects, such as dislocations, occur at similar doses as does global
RD[40].

At RT, the dose at which the diffraction intensity is halved with respect to the zero-
dose intensity (D12) has been estimated to be 0.1—1.2 MGy for a variety of protein
crystals, grown in various conditions and diffracting to a range of resolutions (see
references in[33] for comprehensive D12 review), i.e. two orders of magnitude lower
than the D12at 100 K of around 10 MGy reported for lysozyme crystals diffracting to
1.6 A resolution[41] and the Do.7 limit of 30 MGy at 2.2 A for holo and apo-ferritin
crystals[17]. At 100 K, specific RD was observed to be so significant at D1, that
adopting a lower limit of Do.7 was recommended[17]. Unlike at 100 K, a dose rate
effect has been reported at RT whereby the Dyzincreases by around a factor of 2 at
~49 MQGy/s compared to at ~50 kGy/s[23], while a recent SSX study at 2.4 and 40.3
MGy/s only observed a marginal dose rate effecte[33]. The dose rate effect issue at
RT is thus still a matter of debate.

Macromolecular structures determined from X-ray crystallographic RT data collected
display different, functionally more relevant conformational heterogeneities than
those determined from cryo-data[42]. Importantly, conformational heterogeneity does
not appear to be influenced by RD at RT[37, 43], while it does at cryo-



temperatures[43]. Specifically, RD-induced appearance, disappearance and
redistributions of side-chain rotameric states are observed at 100 K, but not at RT,
possibly because global RD limits the RT diffraction quality before these can be
detected[43]. While it is more challenging to collect crystallographic data at RT rather
than at cryo-temperatures because of increased radiation sensitivity, the
conformational heterogeneity of the resulting structural models is not only
functionally more relevant, but is also less biased by radiation damage at RT than at
100 K.

Detecting radiation damage in PDB deposited structures

The Protein Data Bank (PDB) contains over 200,000 experimentally determined
macromolecular structures and during 2022 there were on average 811,037
structures downloaded/day, 563/min(https://www.wwpdb.org/stats/download).
Currently the PDB file metadata contains no information allowing assessment of the
level of structural RD effects. Only by calculating difference electron density maps
between the diffraction data (now mandatorily deposited) and the model can specific
RD to the amino acids be observed. We estimate that only roughly 10% of
researchers using PDB structures have crystallographic training and thus have
understanding of the PDB quality indicators. Thus, RD artefacts are likely to remain
largely unnoticed.

However, a new RD metric, Bnet, has been developed enabling a PDB deposited
cryo-cooled structure to be given a single number indicating its extent of damage.
Bret is derived from the distribution of the structure’s per atom Bgamage values,
calculated by deconvoluting the local packing density from the atomic B-factors [44].
Recently Bnher values were calculated for 93,978 PDB structures and they ranged
from <1 to 96. Those with Bpe>3 ([(5% of total) consistently showed specific RD, as
did ligand bound structures with Bhrei>1.5+2[45].

Experimental strategies for minimising X-ray radiation damage

In addition to understanding and predicting RD progression, a major aim of
MX RD research is to find mitigation strategies so that experimenters can collect
reliable diffraction data with minimum RD. Various ideas have been proposed and
tested to extend the dose lifetime of protein crystals. For robust results that can be
properly compared to assess the effectiveness of a particular approach, dose must
be estimated as accurately as possible (see below). Pipelines for optimising data
collection strategies can include calculation of dose (e.g. by DOZOR at MASSIF-1,
ESRF[46] and KUMA in ZOO, the SPring-8 automatic data collection system[47]).
RADDOSE-3D is a software tool that now allows time and space resolved absorbed
doses to be computed for a range of experimental methods[48, 49] and it is now
implemented at a number of synchrotron beamlines (e.g. 104 at DLS, BL12-1 and
BL12-2 at SSRL) allowing a total dose rather than a total time to be specified for a
data collection.

From the experimentalist’s point of view[50], having awareness of the factors
affecting absorbed dose and thus RD progression is important in order to mitigate it.
For instance, the increased absorbed dose caused by non-ordered heavier atom
crystallisation buffer components (e.g., arsenic in cacodylate buffer) can be back-
soaked out before cryo-cooling the crystal, extending the crystal lifetime. Ensuring
even dose spreading over ‘fresh’ crystalline macromolecules is a very effective
approach for minimising both specific and global RD. This can be achieved either by
a helical irradiation scheme [51] or by multi-crystal[52] or serial crystallographye[4].



Note that MX using non-ionising neutrons yields damage free structures[53, 54].
Importantly, the development of serial femtosecond crystallography([55]SFX) at X-
ray free electron lasers (XFEL) circumvents many issues arising from RD effects
(see below).

Using higher incident X-ray energies, Ex could reduce RD effects, especially
for microcrystals from which photoelectrons could escape and thus not contribute to
absorbed dose[56]. As Ex increases, both elastic scattering and photoelectric cross
sections decrease, whereas the Compton cross section increases. Monte Carlo
simulations including the higher detective quantum efficiency (DQE) at higher Ex of
new CdTe pixel detectors predicted an optimum diffraction efficiency (DE: total
number of elastically scattered photons/absorbed dose in MGy) at 26 keV[57].
Experimental validation of this idea has recently been achieved in two
studies[58]+¢[59]. As predicted by simulations[57], the DE increased by a factor of
more than two at 25 keV compared to 12.4 keV, and the resolution to which data
could be collected for the same dose was bettere+[59].

Importantly, specific RD as a function of Ex has also been investigated for10<
E«<30 keV using multiple crystals of highly radiation sensitive cryocooled cytochrome
c oxidase and very low doses (55 kGy), and a CdTe detector with on-line UV-vis
absorption spectra measurements. No Ex dependence of specific damage was
found, and the ligand structure bond-length reproduced an RD-free XFEL
structure[60].

Challenges in estimating the dose

As mentioned above, the usual x-axis metric against which RD effects are plotted is
the absorbed dose. However, the dose cannot be measured, it can only be
estimated from knowledge of the crystal size and content (#amino acids, #of non-
organic heavier atoms, solvent components), and the beam parameters (size, flux,
profile, energy), most of which carry experimental errors. Thus, there is often
significant uncertainty in resulting dose values. Another critical issue is which dose
should be quoted, since it can vary over a very large range within one sample due to
the profiles of synchrotron beams, which are typically Gaussian-like rather than ‘top-
hat’ in shape (see Figure 3). Options for dose specification include: maximum dose,
average dose for the whole crystal volume, average dose where 95% of the energy
is deposited, and diffraction weighted dose, DWD[61]. DWD combines information
from the aggregation of dose within each crystal volume element up to that time, with
the way the crystal is being exposed at that moment. A modification of DWD to
include an intensity decay model was suggested[62], and it has now been shown
that appropriate models are highly dependent on the beam shape. For Gaussian-
profile (rather than top-hat shaped) beams, such a modified DWD becomes almost
independent of actual dose at large doses because damaged regions no longer
diffract to high resolution[23]. Note that most nominally ‘Gaussian’ shaped
synchrotron beams are not truly Gaussian. For instance, a recent detailed RT
analysis of damage progression to a disulphide bond clearly demonstrated the non-
linear effects produced by inhomogeneous X-ray irradiation in a pseudo-Voigt
(Gaussian with Lorentzian tails) distribution*[33]. Because of ‘hole burning’ by the
intense beam centre[23], disulphide bonds were first damaged and then appeared to
recover with dose*[33].

Radiation damage in serial crystallography at bright X-ray sources



In a typical serial crystallography experiment, the absorbed dose is spread over
thousands of macromolecular microcrystals, thereby efficiently minimising the total
dose of a full data set composed of patterns each collected from an individual
crystal. In serial synchrotron crystallography (SSX) experiments, the total absorbed
dose per dataset can be as low as a few kGye[33], although specific radiation
damage cannot be completely avoided, as monitored e.g. via the length of radiation
sensitive iron — ligand bonds in crystalline P450nor at 100 K[63] and a heme
peroxidase at RTe[4]. Only the use of femtosecond X-ray pulses produced in XFELs
allows radiation damage to be outrun in SFX experiments[55]. These have yielded
the ‘true’ iron — ligand bond length as verified by zero-dose extrapolation of dose-
dependent SSX datas+[4] and quantum chemical calculations[63]. Recent examples
of damage-free structures determined by SFX include those of flavin containing
enzymes[64, 65] and another metallo-protein[66]. Whereas RD is generally outrun in
SFX experiments (reviewed in[67]), both global[68] and specific[69] RD can be
observed if long (e.g. 80 fs: compare with the typical lengths of 35 fs (LCLS) and 10
fs (SACLA)), unattenuated XFEL pulses are employed. Specific RD to disulphide
bonds has been generated and visualised in time-resolved X-ray pump/ X-ray probe
SFX experiments on protein nanocrystals, providing real time insight into X-ray
induced bond elongation+[70]. Femtosecond time-resolved absorbed doses can be
estimated with RADDOSE-XFEL-[71].

Radiation damage in small-angle X-ray scattering

RD is also a major consideration when designing small angle X-ray scattering
(SAXS) experiments, most commonly performed on solutions held at RT. On X-ray
irradiation, the sample can aggregate or denature, giving misleading results.
Mitigation strategies include flowing the liquid across the beam, careful analysis of
pairwise agreement between consecutive frames of data to monitor degradation, and
frequent change of static samples[72]. A recent SAXS study on a protein engineered
to dimerise through a susceptible disulphide bond observed a dimer-to-monomer
dose-dependent X-ray induced bond cleavage and fragmentation: a low dose
transition under near physiological conditions, which was also affected by the
solution pH. Thus the radiation chemistry known to occur in MX was applied
predictively to useful effects[3].

Radiation damage in small molecule X-ray crystallography

Since the advent of synchrotron beamlines designed for small-molecule
crystallography (SMX), SMX researchers have become aware of RD artefacts in
their structures. The absorption coefficients of some SMX samples at Ex=8 and 18
keV (where data are commonly collected) can be up to 2x and 10x that for MX
crystals, respectively, due to their often higher metal content, resulting in higher
doses for the same beam conditions compared with MX. Radiation chemistry effects
are somewhat different, since SMX samples are hydrates or contain 1-10 molecules
from the crystallisation solvents, whereas MX samples can comprise up to 80%
water.

Three recent SMX RD studies reported similar global RD effects to those in MX.
SMX atomic models suffer from increased thermal ellipsoids, elongation of some
bond lengths resulting in less reliable molecular geometry, and gradual disordering
of the bound water[73-75]. A major conclusion was that SMXers should try to select
an Ex below the relevant metal atomic absorption edge. As for MX, SMX RD can be
mitigated with XFEL serial crystallography[76].



Radiation damage in microcrystal electron diffraction and single-particle cryo-
electron microscopy

As with X-rays, electron beams represent ionising radiation that can generate RD in
biological macromolecules [77], thus posing challenges for microcrystal electron
diffraction (MicroED) and single-particle cryo-electron microscopy (EM) experiments.
Whereas global electron RD in single particle cryo-EM was observed and well
described[77] prior to the ‘resolution revolution’[78], specific RD effects, particularly
at negatively charged residues, were only noted more recently[79]. In fact, RD
imposes a fundamental lower limit on the molecular mass of proteins that can be
successfully investigated [80]. Lately, specific RD has been analysed in high-
resolution cryo-EM structures of PSIl and compared with damage free SFX
structures+[81]. The radiation-induced elongations of Mn-Mn and Mn-O bonds
observed in the cryo-EM structures could be reduced, but not eliminated, by limiting
the total exposure to 3.3e/A? (corresponding to 12.2 MGy according to[77]). Further
mitigation of radiation damage might be achieved through using 100 keV rather than
300 keV electrons[82], cooling the sample to liquid-helium rather than liquid-nitrogen
temperature[83], or by using alternative schemes to improve dose efficiency[84]. In
conjunction with movement free small hole gold grids, extrapolation of structure
factor decay in reciprocal space back to zero-dose has been shown to be
effective[85].

In MicroED, macromolecular nanocrystals are presented under cryo-conditions to the
electron beam and crystallographic rotation data collected[86]. A systematic MicroED
study has presented evidence for both global and specific electron beam
damage-+[87]. The average intensity of all reflections in proteinase K nanocrystals
decreased to 73% of its extrapolated zero-dose value after exposure to 1 e/A2.
According to[77], this fluence corresponds to 4.5 MGy, which is lower than the Do.7
yardstick of 30 MGy in X-ray cryo-crystallography[17], possibly because the two
studies were at different resolutions. Site-specific electron RD to metal sites,
disulphide bonds and acidic amino acid side chains has been observed at exposure
values below 1 e/A2?, with a similar ranking of radiation sensitivity as observed in X-
ray cryo-MX[87]. The specific RD to a Zn atom has been used for experimental
phasing of MicroED data[88], similarly to an approach applied in X-ray
crystallography [89]. Of note is that the absorbed dose can be fractionated by a
serial approach to electron diffraction, thereby minimising RD[90] similarly to SSX
and SFX.

In MicroED and single-particle cryo-EM, the reported dose is most often expressed
in e/A2?. Efforts to express these doses in gray (as e.g. in[81] and[84]) would facilitate
a more systematic RD comparison in both X-ray and cryo-EM. The dose (in gray)
absorbed by protein samples as a function of electron exposure and accelerating
voltage can be estimated using table 15.1 in[77] or by using the simplified formula
proposed in[91] based on the near constancy of stopping power per atomic electron,
which gives estimates accurate to within around 5%. For comparing RD effects in
MicroED and single-particle cryo-EM the availability of a simple tool to allow doses to
be specified in gray would be beneficial.

Conclusion

The topic of radiation damage to biological macromolecules in X-ray and electron
scattering, diffraction and imaging experiments has steadily increased in its
relevance and recognition as an important challenge over the past few decades and



it now constitutes a mainstream field of research. There remains a need to continue
systematic investigation of RD effects to improve our understanding of the issues,
especially with more 4" generation synchrotrons with ever brighter beams coming
online (Figure 4). For instance, it is likely that the increased X-ray beam induced
heating at these sources will become an issue in cryo-MX experiments, by inducing
a dose-rate effect through liberating radicals that are trapped at 100 K. Related to
this, there is a pressing need to deconvolute radiation induced changes from non-
equilibrium dynamics in time-resolved SSX experiments. After some successful initial
studies[69]++[70], global RD and specific radiation induced changes in crystalline and
non-crystalline biological macromolecules at XFELs will need further assessment. To
realise the full potential of single particle cryo-EM, maximising the dose efficiency is
the most effective strategy, and continued developments to achieve this will
undoubtedly expand the capabilities of the technique in the future. More generally, it
is anticipated that opportunities will multiply for the complementary use of X-ray
crystallography (MX, SSX, SFX), neutron crystallography and cryo-EM (MicroED and
single-particle) to assess and minimise radiation damage in integrated structural
biology projects[54, 81]. The future of X-ray and electron scattering experiments in
structural biology is bright, but we must maintain and further extend the spotlight on
the various radiation damage issues discussed in this review.
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Figures :

Figure 1: Diagrammatic representation of the interaction of X-rays with an
acetylcholinesterase protein crystal (PDB code 1EA5) showing direct (on protein) /
indirect (on solvent) and primary (red stars) / secondary (blue stars) events. Elastic
(Thompson) scattering leaves no energy in the crystal and thus causes no damage.



Global radiation damage Specific radiation damage

Decreased reflection intensities } Chemical changes

| Reduction of metal ions

Absorbed dose

Absorbed dose
M2+ — M*

Reduction of disulphide bonds

S
cys” \S/ Gye

Unit cell expansion
a=b=c ‘
Glutamate / aspartate decarboxylation

. —
ﬁ-
a=b=c
(0]

j 4 Absorbed dose CH,*
—_— e
Absorbed dose & ) ‘ Glu —/_<O' : Glu —/ + co,

Scaling B factors —p 3.

Dose

‘ Side / main chain motion

- - - . Absorbed dose -=-= OH Absorbed dose
EEEE — - EEEN - .
yr yr

Increased mosaicity

Figure 2: lllustrative summary of global and specific radiation damage pathologies
observed at 100 K.

10



ph/s

12 3
2

10
0.8
0.6
0.4
0.2
0.0

Dose (MGy)

Dose (MGy)

Figure 3: RADDOSE-3D calculated dose distributions for a protein crystal rotated
180° while irradiated in X-ray beams with two different profiles. (a, b) in a typical
Gaussian profile resulting in inhomogeneous irradiation and dose values varying
between 0 and 3 MGy, and (c,d) in a top-hat profile (e.g. from EMBL beamline P14,
PETRA I1ll, DESY, Hamburg) giving a homogeneous dose distribution of less than

0.5 MGy.

11



® FIP2 (ESRF-EBS) 3 102

® BL14.2 (BESSY)
10°
3 10t
® 8.3.1 (ALS, Advanced Light Source)

®  MANACA (LNLS, Brazilian Synchrotron Light Source) |

@® P14 (PETRA Ill)

®  XALOC (ALBA) - 100
BioMAX (MAXIV) @

102 5

®  MX2 (Australian Synchrotron)
PXI - X06SA (SLS, Swiss Light Source) @
- =1
_ ® ID30A-3 (ESRF-EBS) [ 10
BL41XU (SPring-8) %  BL12-1 (SSRL)
AMX (NSLS-I)) ®¢_ 124 (DLS)
ID-D (APS, Advanced Photon Source), FMX (NSLS-I1) L

Time to 30 MGy cryo dose limit (s)
(S) M| dsop 1Y AD 0 01 dwil].

10" 4 :_ 10_2

ID29 (ESRF-EBS) @

1072 : T : ; :
1074 1071 100 10! 102

Dose rate (MGy/s)

Figure 4: Plot of dose rate against time taken to reach the 100 K experimental dose
limit of 30 MGy[17] (left axis) and the RT limit of 0.4 kGy+[33] (right axis) at various
MX synchrotron beamlines. Average diffraction weighted doses (DWD) were
calculated for a (50 um)3 lysozyme crystal (grown in 100 mM NaAc and 1M NaCl,
solvent fraction 38%) rotated 360° in the flux within the FWHMs of the various
beams. Necessary data, such as beam shape (Gaussian if not stated otherwise),
beam size (FWHM, h (um) x v (um), flux in whole beam profile (photons/s) and
photon energy (keV) at which flux was measured were provided in April 2023 by the
beamline scientists at each facility: FIP2 (top hat, 200x200, 5x10711, 12.6), BL14.2
(90x70, 4x1071, 13.5), 8.3.1 (60x80, 8x10*11, 11.1), MANACA (20x20, 3x10"11,
12.7), P14 (top-hat, 100x100, 8x1072, 12.7), XALOC (50x25, 2x10"M2, 12.7),
BioMAX (50x50, 7x107M2, 12.7), MX2 (22x10, 2x1072, 13.0), PXI-X06SA (20x5,
2x10M2, 12.4), ID30A-3 (15x18, 1x107M3, 12.8), BL41XU (20x20, 2x107M 3, 12.4),
BL12-1 (40x5, 4x10M2, 10.9), AMX (7x5, 4x10M2, 13.5), 124 (8x8, 8x10"M2, 12.4),
ID-D (50x5, 1x1073, 12.0), FMX (5x3, 4x10"2, 12.7), ID29 (4x2, 5x1075, 11.6).
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