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Macromolecular crystallography (MX) and small-angle X-ray scattering

(SAXS) studies on proteins at synchrotron light sources are commonly limited

by the structural damage produced by the intense X-ray beam. Several effects,

such as aggregation in protein solutions and global and site-specific damage in

crystals, reduce the data quality or even introduce artefacts that can result in a

biologically misguiding structure. One strategy to reduce these negative effects

is the inclusion of an additive in the buffer solution to act as a free radical

scavenger. Here the properties of uridine as a scavenger for both SAXS and

MX experiments on lysozyme at room temperature are examined. In MX

experiments, upon addition of uridine at 1 M, the critical dose D1/2 is increased

by a factor of �1.7, a value similar to that obtained in the presence of the most

commonly used scavengers such as ascorbate and sodium nitrate. Other figures

of merit to assess radiation damage show a similar trend. In SAXS experiments,

the scavenging effect of 40 mM uridine is similar to that of 5% v/v glycerol, and

greater than 2 mM DTT and 1 mM ascorbic acid. In all cases, the protective

effect of uridine is proportional to its concentration.

1. Introduction

Radiation damage is a well known limiting factor at third-

generation synchrotron light sources for structural biology

techniques such as small-angle X-ray scattering (SAXS) and

macromolecular crystallography (MX). During the last

decade, SAXS has arisen as a popular technique to obtain low-

resolution envelopes of proteins in solution under nearly

physiological conditions. Although samples for SAXS

experiments are relatively uncomplicated to prepare,

compared with crystallography, samples are required to be

maintained in an aggregate-free, monodispersed form. A

major factor that reduces data quality is the radiation damage

caused by reactive oxygen species (ROS), such as hydroxyl

(OH�) and hydroperoxyl (HO2
�) radicals, hydrogen radical

(H�) and solvated electrons which are generated by the radi-

olysis of water in the buffer solution (Garrison, 1987; Male-

knia et al., 2001) during data collection. These radicals rapidly

react with the polypeptide chain (at a rate of 109–

1010 M�1 s�1), leading to aggregation of the protein (Kuwa-

moto et al., 2004; Garrison, 1987). The amino acids most

sensitive to hydroxyl radical attack are Cys and Met, followed

by the aromatic amino acids (Phe, Tyr, Trp) and then Pro, His

and Leu. Regions more exposed to the solvent are more

susceptible to hydroxyl radical attack (Maleknia et al., 2001).

Metal centres are also severely affected by radiation damage,

suffering reduction upon exposure to X-rays. Aggregation,
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which is the most evident effect observed in solutions, mainly

affects SAXS data obtained at very small angles (low q or

Guinier region), preventing size and shape determination of

the protein. The scattering curve can also be affected at wide

angles (Fischetti et al., 2003), limiting the structural detail that

can be obtained.

Data quality in MX experiments is also limited by radiation-

induced disorder and structural damage. The excellent reviews

in the literature (Murray et al., 2005; Holton, 2009; Garman,

2010; Garman & Weik, 2011) show that damage can appear at

a local or a global scale. Local radiation damage is revealed by

the reduction of metallo-centers, the elongation and subse-

quent breaking of disulfide bonds, decarboxylation of aspar-

tates and glutamates, cleavage of carbon–sulfur bonds in

methionines and the breaking of covalent bonds to metals.

Atomic B-factors also increase with absorbed dose (Gerstel et

al., 2015). Global radiation damage is apparent as a loss of

resolution of the diffraction data, an increase of both the B-

factor derived from the Wilson plot (Kmetko et al., 2006) and

that from the refinement of the structure (Gerstel et al., 2015),

and an increase of Rmeas (Rajendran et al., 2011) and Rdamage

(Diederichs, 2006). MX data collections at room temperature

are largely limited by global radiation damage effects, whereas

data collections at cryogenic temperatures are also affected, at

higher doses, by specific radiation damage effects.

Proteins in solution are much more sensitive to X-ray

irradiation than crystalline samples if only global damage is

considered. While lysozyme solutions measured by SAXS

show radiation-induced aggregation above absorbed doses of

�400 Gy, or �1 kGy in the presence of glycerol (Kuwamoto

et al., 2004), lysozyme crystals used in MX experiments can

tolerate absorbed doses of �1 MGy at room temperature

(Barker et al., 2009) before noticeable global damage effects

become apparent. In either case, however, tolerated doses are

usually smaller than the dose required to collect optimal data

sets. Similar strategies are used in both techniques to limit the

radiation damage of the samples. The most common strategy

in MX, albeit insufficient or applicable in many cases, is the

use of a cryogenic nitrogen gas stream to cool the sample to

100 K. The use of cryogenic temperatures has recently been

applied to SAXS (Meisburger et al., 2013). The cryo-SAXS

method cryocools small volumes of sample, from �20 nL to

�1 mL, to 100 K, allowing the proteins and nucleic acids to

withstand doses up to 100–300 kGy. Other strategies for both

techniques include attenuating or defocusing the X-ray beam

(Hura et al., 2009; Schulze-Briese et al., 2005), flowing the

sample continuously (Barty et al., 2012; Pernot et al., 2013;

Martel et al., 2012; Nielsen et al., 2012) or translating the

sample through the beam (Hong & Hao, 2009; Flot et al.,

2010). Other approaches in SAXS include cooling the sample

down to 4–10�C, which can be achieved with temperature-

controlled cells coupled to automated collection systems

(Hura et al., 2009; Pernot et al., 2013; Round et al., 2015;

Blanchet et al., 2015), or reducing the exposure times

(Fischetti et al., 2003; Pernot et al., 2013). However, beam

defocusing or attenuation is used at the price of decreasing

the signal-to-noise ratio, and flow or translation approaches

consume more sample. A further, complementary, strategy to

limit radiation damage is the addition of ROS scavengers

to the buffer solution. In SAXS experiments these additives

include reducing agents such as dithiothreitol (DTT) or

ascorbic acid (Grishaev, 2012; Jacques & Trewhella, 2010)

which act as scavengers against ROS, or sugars such as

glycerol, which reduce protein–protein interactions and react

with the hydroxyl radicals and electrons created by X-ray

radiation (Kuwamoto et al., 2004). In MX experiments, the

most commonly used scavengers are ascorbate and sodium

nitrate (Barker et al., 2009; De La Mora et al., 2011). An

extensive review of the use of scavengers in MX experiments

is given by Allan et al. (2013).

Many compounds are described as having antioxidant

properties, counteracting the effects of ROS on biological

macromolecules. Interestingly, uridine, the ribonucleoside of

the pyrimidine base uracil and one of the four standard

nucleosides which constitute RNA, is found at high concen-

trations in the cytosol of D. radiodurans (Daly et al., 2010),

together with other bases, metabolites and peptides. This

extremophile bacterium can withstand ionizing radiation up to

12 kGy although its DNA is as sensitive to ROS attack as that

of other organisms which cannot withstand 12 kGy without

damage (Daly et al., 2010). The key factor in D. radiodurans

ability to survive under extreme levels of irradiation is the

persistence of a functional DNA repair system due to the

presence of a collection of compounds in the cytosol (Daly et

al., 2010; Daly, 2012; Slade & Radman, 2011). Uridine reacts

with solvated electrons and with hydroxyl and hydrogen

radicals (Greenstock et al., 1969). In combination with

manganese and orthophosphate, uridine contributes to

protecting the proteome, and in particular the DNA repair

enzymes against exposure to high levels of radiation (Daly et

al., 2010). However, in spite of the known scavenging prop-

erties of uridine against radicals, to the best of our knowledge

this compound has never been studied as a potential scavenger

for SAXS or MX experiments.

Here we present a study of the properties of uridine as a

scavenger to mitigate the radiation damage of lysozyme in

SAXS and room-temperature MX experiments. For SAXS, we

compare the performance of uridine with that of other well

known compounds used to reduce radiation-induced aggre-

gation such as DTT, glycerol and ascorbic acid. For MX, we

show that the scavenging properties of uridine are similar to,

and in some cases better than, those of ascorbate and sodium

nitrate.

2. Materials and methods

2.1. Sample preparation

Chicken egg-white lysozyme (cEWL) was obtained from

Sigma-Aldrich (L6876). The protein concentration in the

corresponding buffer was determined by measuring the

absorbance at 280 nm using an extinction coefficient of

2.64 ml mg�1 cm�1. Crystals for the MX experiments were

grown according to the method given in De la Mora et al.
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(2011) at different concentrations of lysozyme ranging

between 50 mg ml�1 and 80 mg ml�1. The mother liquor

(100 mM sodium acetate, 10% sodium chloride at pH 4.7)

does not have any scavenging properties. Only crystals with a

size of around 100 � 100 � 50 mm were harvested for use in

the experiments (see Table S1 of the supporting information

for sizes of the individual crystals). The crystals of lysozyme

used for diffraction at room temperature with uridine were

prepared by soaking them in mother liquor containing three

different concentrations of uridine (200 mM, 500 mM and

1 M). The uridine solutions replaced the corresponding

amount of water in the mother liquor. The soaking time, which

was not found to affect the outcome of initial test experiments,

was varied from a few seconds to a few minutes. Crystals were

introduced inside a polyimide capillary of 1 mm internal

diameter (Goodfellow, IM307100) with the aid of a pipette.

The crystals were adhered to the tube wall by removing

the excess solution around them. Sample dehydration was

prevented by keeping some solution around the crystal and by

a solution reservoir pipetted near the crystal. The capillary

was mounted on a SPINE magnetic cap compatible with the

diffractometer. The crystals used for diffraction at 100 K were

prepared as above with 500 mM and 1 M of uridine and with

the addition of 25% (v/v) ethylene glycol as a cryoprotectant

in the soaking solution.

cEWL is a well characterized protein used as a standard

for molecular weight determination in solution scattering

(Hammel et al., 2002). cEWL solution for SAXS experiments

was prepared at 8 mg ml�1 in 40 mM sodium acetate, pH 3.8,

150 mM NaCl. The additives were freshly prepared as 10�

stock solutions in 40 mM sodium acetate, pH 3.8, 150 mM

NaCl. The additives were ten-fold diluted from the corre-

sponding stocks in order to obtain the following final

concentrations in the samples: 2 mM DTT, 5% v/v (679 mM)

glycerol, 1 mM ascorbic acid, and 5, 10, 15, 20, 40 and 100 mM

uridine. cEWL solutions without any additive were also

prepared as a control. The final concentration of cEWL after

the addition of the different compounds was 7.2 mg ml�1. The

solutions were housed in a 1.8 mm quartz capillary (1.7 mm

internal diameter, cell wall thickness 50 mm) held at 283 K

under vacuum.

2.2. Data collection

Diffraction data collections at room temperature and at

100 K were performed at the BL13-XALOC beamline at the

ALBA synchrotron (Juanhuix et al., 2014) using a Pilatus 6M

photon-counting detector (DECTRIS, Baden, Switzerland).

The profile of the beam was Gaussian-shaped and was set at

12.661 keV photon energy (� = 0.979 Å). The sample–detector

distance was adjusted to collect the data sets at a resolution of

1.4 Å and 1.1 Å for experiments at room temperature and at

100 K, respectively.

Eleven crystals soaked at different uridine concentrations

(four crystals without, four 200 mM and three 500 mM

uridine) were irradiated at room temperature at an absorbed

dose rate of 13.8 kGy s�1 (Table S1 of the supporting infor-

mation). Seven crystals (four crystals without uridine, three

soaked at 1 M of uridine) were irradiated at room temperature

at an absorbed dose rate of 20.0 kGy s�1. Finally, seven more

crystals (three crystals without uridine, one soaked at 500 mM

and three soaked at 1 M uridine) were irradiated at 100 K at

a dose rate of 90 kGy s�1. The flux to calculate the dose was

measured using a calibrated PIN Si diode at the sample

position. The beam profile had a Gaussian shape and was

defocused to a FWHM dimension of 86–100 mm (h) � 78–

85 mm (v) as measured by a Ce:YAG fluorescent screen at

the sample position. Complete data sets of 90 images were

collected with an angle increment per image of 1�. The crystals

at 100 K were ‘burned’ between data sets with an absorbed

dose of 1230 kGy at a dose rate of 205.2 kGy s�1. The crystals

were rotated by 90� during the ‘burns’. Burns were not

performed for crystals at room temperature. For a given

crystal, the successive data sets with increasing dose were

collected starting from the same initial angle. The space group

for all crystals was P43212. All crystals had cell dimensions

differing by less than 1 Å from those of the crystals without

uridine at room temperature, that is, a = b = 79.2 Å and c =

37.9 Å (see Tables S2 and S3 of the supporting information).

SAXS profiles from lysozyme solutions were recorded at

the EMBL P12 BioSAXS beamline at PETRA III (DESY,

Hamburg, Germany) (Blanchet et al., 2015) using a Pilatus 2M

detector placed 3 m from the sample. The beam at the sample

position had a flux of 1.4 � 1012 photons s�1 at 10 keV photon

energy (� = 0.124 nm) and a dimension of 500 � 250 mm (h �

v, full beam). Multiple frames of 0.035 s exposure time at a

dose rate of 5.4 kGy s�1 were collected by using the EMBL

automatic sample changer (Round et al., 2015) with automated

sample delivery and static sample data collection (hereafter

called static mode). As a control, SAXS data for lysozyme

without any additive and 0.045 s exposure time were collected

by using continuous-flow automated sample delivery and data

collection, i.e. the sample was flowing while exposed to the

beam (hereafter flow mode). No attenuation was used.

2.3. Absorbed dose calculation

The dose, D, absorbed by the sample in SAXS experiments

was calculated using Lambert’s law,

D ¼
FEt

m
expð���dÞ; ð1Þ

where F is the incoming photon flux, E is the photon energy,

t is the accumulated exposure time and m is the mass of the

irradiated sample. In the absorption coefficient exp(���d),

� is the mass attenuation factor and � and d are the density

and the thickness of the sample, respectively. For SAXS

experiments the absorption coefficient was calculated taking

into account the absorption of water and the thickness of the

quartz capillary wall. The transmission of the sample was

calculated using the Center for X-ray Optics server (http://

henke.lbl.gov/optical_constants/filter2.html; Henke et al.,

1993).

The average dose-exposed region (AD-ER) doses for the

MX experiments were calculated with RADDOSE-3D (Zeldin
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et al., 2013). The crystal is assumed to have a cubic shape with

dimensions measured by the on-line microscope of the

beamline.

2.4. MX data processing

All datasets at room temperature in MX experiments were

indexed and integrated between 50 Å and 2 Å using XDS

(Kabsch, 2010). Data statistics for each dataset were extracted

from the output files generated by XDS. The values of the

relative diffraction intensity I/I1 and the R-damage factor Rd

(Diederichs, 2006) were extracted from XDSSTAT. Data sets

were scaled and structure factors generated using AIMLESS

(Evans, 2006) and TRUNCATE (French & Wilson, 1978),

respectively. Molecular replacement was not necessary since

the initial Protein Data Bank (PDB) model used for lysozyme

(1bwh) (Dong et al., 1999) has the same space group and

similar unit-cell dimensions as our data. The first refinement

of the structure was performed via rigid-body minimization

followed by restrained refinement using REFMAC5

(Murshudov et al., 1997). Subsequently, preliminary structures

were iteratively refined through manual adjustment using

COOT (Emsley et al., 2010) (according to the allowed values

in the Ramachandran plot, with a good fit in 2Fo � Fc maps

and with no significant peaks in Fo � Fc maps), and then

through restrained refinement, until the crystallographic

R-value and Rfree were as low as achievable. Water molecules

were added and replaced using REFMAC5. The refinement

was completed when Rwork < 0.20 and Rfree < 0.25. All the data

sets from the same crystal were Wilson scaled together via

SCALEIT (Howell & Smith, 1992). Difference Fourier maps

(Fobs,n � Fobs,1, �calc,1) were calculated between each dataset n

and the initial data set using the phases of the fresh, not

previously irradiated, data set �calc,1, as described by South-

worth-Davies et al. (2007). Other than XDS, all programs

mentioned here belong to the CCP4 programming suite (Winn

et al., 2011). Data sets collected at 100 K were integrated

between 50 Å and 1.7 Å, and processed using the same

protocol.

2.5. SAXS data processing

For globular proteins in solution, the radius of gyration Rg

is a parameter highly sensitive to changes in the size of the

particles in solution due to radiation damage (Kuwamoto et

al., 2004; Jeffries et al., 2015). Rg in SAXS experiments was

determined by using the Guinier approximation (Guinier,

1939), as implemented in the PRIMUS software (Konarev et

al., 2003), included in the ATSAS package (Petoukhov et al.,

2012). The relative increase of the radius of gyration with

respect to the initial value in the first data frame, Rg /Rg0, was

plotted against the absorbed dose. The critical dose where

radiation-induced aggregation occurs was defined as the

absorbed dose where Rg /Rg0 increases at most by 10%.

The similarity between frames was assessed using the

correlation map (CorMap) test (Franke et al., 2015). The

maximum particle dimension Dmax and the pair-distance

distribution function P(r) were determined with GNOM

(Svergun, 1992). The theoretical scattering profile of lysozyme

was determined with CRYSOL (Svergun et al., 1995) using the

lysozyme crystal structure PDB ID 4n8z (Yin et al., 2014).

Ab initio modelling was performed by running DAMMIF

(Franke & Svergun, 2009) 20 times in slow mode without

imposing symmetry. Superposition of the low-resolution

SAXS model onto the high-resolution MX structure was

performed by using SUPCOMB (Kozin & Svergun, 2001) and

visualized with PyMOL (The PyMOL Molecular Graphics

System, Version 1.7, Schrödinger LLC).

3. Results

3.1. MX results

The radiation damage suffered by crystals in MX experi-

ments can be evaluated on a global and local/specific scale.

Global radiation damage is characterized here by using three

metrics already mentioned: the dose, D1/2, required to reduce

the mean intensity of all reflections in a data set to half of the

value of the first data set; the damage R-factor per image, Rd,

as defined by Diederichs (2006); and the coefficient of sensi-

tivity to absorbed dose, SAD � 8�2(�B/�D) (Kmetko et al.,

2006, 2011), where the ratio �B/�D quantifies the increase

of the mean B-factor induced by an additional dose. The

experiments performed at 100 K show no scavenging effect

of uridine in lysozyme crystals (data shown in Fig. S1 and

Table S1 in the supporting information). Therefore, all results

reported hereinafter are for measurements made at room

temperature. All the metrics indicate an evolution of the

crystal damage with dose that depends on the concentration of

the uridine, as shown in Fig. 1. The protective effect of uridine

increases with increasing concentration for all metrics. The

scavenging effect of uridine at a given dose D is quantified via

the enhancement factors defined as the ratio of the metrics

calculated with and without uridine: D1/2,U /D1/2,0, Rd,U /Rd,0 at

1 MGy and SAD,U /SAD,0 (Table 1, particular statistics for

individual crystals are shown in Table S1 of the supporting

information). Three other metrics to evaluate the radiation

damage effects and the scavenging properties of uridine were

tested but disregarded. The increment of the normalized

Rmerge and the normalized mosaicity with absorbed dose show

consistent trends compared with other metrics, but the errors

are too high to provide reliable values. The relative expansion

of the unit-cell parameters is inconsistent as it does not show a

defined pattern for all crystals under the same conditions, as

has been reported in previous studies. The global radiation

damage suffered by the crystals at room temperature not

soaked with uridine does not show a dependence on dose rate,

in agreement with results reported by Kmetko et al. (2011) and

Warkentin et al. (2012), except for at high doses (above

1.2 MGy approximately), where all significant metrics in Fig. 1

indicate a slower structural damage at higher rates

(20 kGy s�1, light grey points) compared with lower rates

(13.8 kGy s�1, orange points).

Specific radiation damage was assessed using the difference

Fourier maps calculated between the first data set and the
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second and third data sets, (Fobs,2 � Fobs,1, �calc,1) and (Fobs,3 �

Fobs,1, �calc,1), respectively, for the non-soaked crystals (PDB

codes 5l9j, 5la5 and 5la8 for structures derived from the first,

second and third data set, respectively) and for the crystals

soaked at 1 M uridine (PDB codes 5laf, 5lag and 5lan) (crys-

tals 12 and 16, Table S2 of the supporting information). Each

data set absorbed a dose of 0.36 MGy, and all were collected at

a dose rate of 20 kGy s�1. The (Fobs,3 � Fobs,1, �calc,1) maps of

both crystals show significant peaks for Cys30–Cys115, Cys64–

Cys80, Cys76–Cys94 disulfide bonds and Met105 (Fig. 2), but

not for Cys6–Cys127 (data not shown). Beyond �4� no

significant peaks are observed for (Fobs,3 � Fobs,1, �calc,1) maps.

The 2Fo � Fc and Fo � Fc maps of the crystals soaked at 1 M

uridine do not reveal the presence of ordered uridine in the

crystallographic structure.

3.2. SAXS results

The performance of uridine as a compound to limit radia-

tion damage on solutions of lysozyme is compared with that of

DTT, ascorbic acid and glycerol, which are well known addi-

tives used for that purpose in SAXS experiments, by using the

change in the radius of gyration Rg with the absorbed dose.

The ratio of Rg at a given dose with respect to that of the first

data frame, Rg/Rg0, is plotted against the accumulated dose for

lysozyme in solution at concentrations of 5, 10, 15, 20, 40 and

100 mM uridine (Fig. 3). The critical dose was used to quantify

the sensitivity to radiation for all these samples and was

determined by using two different metrics. For the first metric,

the critical dose is defined as the accumulated dose for which

Rg /Rg0 increases by a maximum of 10%. The critical dose for

the second metric, as defined by Jeffries et al. (2015), is the

dose required to induce an increment of 0.1 nm in the pseudo-

radius of gyration, �R ps
g , relative to the initial data frame

(Fig. 4). The metrics for solutions containing 2 mM DTT,

5% v/v glycerol and 1 mM ascorbic acid are also plotted

radiation damage

J. Synchrotron Rad. (2017). 24, 53–62 Eva Crosas et al. � Uridine, a new scavenger in structural biology 57

Figure 1
Evolution of radiation damage with absorbed dose on lysozyme crystals
at room temperature monitored using different metrics. The dose D is
defined as the total absorbed energy divided by the mass of the region of
the crystal receiving nonzero dose (AD-ER), as defined by Zeldin et al.
(2013). Crystals were soaked at different uridine concentrations, from
zero to 1 M, and diffraction data recorded at two different dose rates. (a)
Decay of the mean normalized intensity I/I1, calculated in the 50–2 Å.
resolution range. (b) Decay of the R-factor Rd with dose. Rd is calculated
in the 50–2 Å resolution range. For clarity, error bars are not shown (data
with error bars are plotted in Fig. S2 of the supporting information).
(c) Evolution of �B as a function of dose. Lines show the fits of the
experimental data using an exponential model �B = B0½expðk�DÞ � 1�.
Results of the fits are shown in Table 1.

Table 1
Radiation damage metrics (top) and derived enhancement factors
(below) for uridine in MX experiments in lysozyme crystals without, with
200 mM, with 500 mM and 1 M of uridine.

Rd,U factors are calculated at 1 MGy dose. �B /�D and SAD values are
calculated using the approximation �B = B0½expðk�DÞ � 1� ’ B0k�D (valid
at low doses).

Sample, dose rate
D1/2

(MGy) Rd,U

�B /�D (SAD)
(Å2 MGy �1)

No uridine, 13.8 kGy s�1 1.06 0.120 9.07 (0.11)
No uridine, 20.0 kGy s�1 1.11 0.127 15.07 (0.19)
200 mM uridine, 13.8 kGy s�1 1.32 0.072 5.32 (0.07)
500 mM uridine, 13.8 kGy s�1 1.62 0.065 4.26 (0.05)
1000 mM uridine, 20.0 kGy s�1 1.95 0.049 5.63 (0.07)

D1/2,U /D1/2,0 Rd,U /Rd,0 SAD,U /SAD,0

200 mM uridine versus
no uridine, 13.8 MGy s�1

1.24 0.59 0.58

500 mM uridine versus
no uridine, 13.8 MGy s�1

1.52 0.55 0.47

1000 mM uridine versus
no uridine, 20.0 MGy s�1

1.76 0.38 0.37



for comparison, as these are additives at concentrations

commonly used in SAXS experiments to limit radiation

damage (Svergun et al., 2013; Jeffries et al., 2015). A solution

containing no additives was also measured as a control. These

indicators are consistent and show that sensitivity is signifi-

cantly affected by the presence and concentration of the

additives. From high to low, sensitivities of proteins in solution

are: control > 1 mM ascorbic acid > 5 mM uridine > 2 mM

DTT > 10 mM uridine > 15 mM uridine > 20 mM uridine >

5% v/v glycerol > 40 mM uridine > 100 mM uridine. As

expected, critical doses for lysozyme containing additives are

higher than for the negative control. More radiation-sensitive

samples have a steeper slope of �R ps
g and Rg /Rg0 for a given

absorbed dose. The critical dose increases linearly with the

concentration of uridine. According to the calculated critical

doses for lysozyme in solution (Fig. 4), the scavenging effect of

2 mM DTT or 1 mM ascorbic acid is close to that of 5 mM

uridine, whereas the scavenging effect of 5% v/v glycerol is

between that of 20 and 40 mM uridine.

In order to assess the quality of the

SAXS data in static mode from lyso-

zyme obtained in the presence of

100 mM uridine, frames below the

critical dose that are statistically similar

were averaged, and Rg calculated using

two methods: the Guinier approxima-

tion and the pair-distance distribution

function P(r). The maximum particle

dimension Dmax, was also determined

from the P(r) function. Calculation of

Rg and Dmax, as well as ab initio

modelling, was performed by using 20

frames out of 76 lying below the critical

dose threshold. The frames, which have

an accumulated dose of 3.8 kGy, were

selected using CorMap (Franke et al.,

2015). For comparison, the scattering

profile of lysozyme in flow mode in the

absence of uridine was also collected

(Fig. 5). In this case, only two frames

were statistically similar, according to

radiation damage
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Figure 3
Evolution of the ratio of radius of gyration Rg of lysozyme at a given dose with respect to the initial
value Rg0 (first frame), Rg /Rg0, with absorbed dose, in the presence of different additives. Samples of
7.2 mg ml�1 lysozyme were analysed in 40 mM sodium acetate, pH 3.8, 150 mM sodium chloride.
Multiple frames of 0.035 s exposure time were recorded and added per point. Measurements were
performed in the presence of 2 mM DTT, 5% v/v glycerol, 1 mM ascorbic acid and increasing
concentrations of uridine (5, 10, 15, 20, 40, 100 mM). Samples without any additive were also
analysed as negative controls. All the samples were measured in static mode (DTT: dithiothreitol;
Asc: ascorbic acid; Glyc: glycerol; U: uridine).

Figure 2
Comparison of the (Fobs,2 � Fobs,1, �calc,1) (blue) and (Fobs,3 � Fobs,1, �calc,1) (red) maps between a crystal without uridine (left figures) and a crystal with
1 M of uridine (right figures) contoured at�4�. (a) Cys30–Cys115. (b) Cys64–Cys80. (c) Cys76–Cys94. (d) Met105. Crystals used are 12 (no uridine) and
16 (1 M of uridine in solution). Data were collected at room temperature. See Table S2 for diffraction statistics.



CorMap, and could be used to calculate Rg. The selected 20

frames in static mode with 100 mM uridine and the two frames

in flow mode without uridine show similar SAXS profiles,

typical of scattering curves from a globular protein in solution.

Interestingly, the presence of 100 mM uridine does not affect

the intensity of the scattering profile. The Rg values calculated

with the Guinier approximation were 1.45 	 0.03 nm and

1.46 	 0.04 nm for the control sample and that containing

100 mM uridine, respectively. Moreover, the experimental

SAXS profile of lysozyme in the presence of 100 mM uridine

fits well with the theoretical scattering profile predicted from

the crystal structure (�2 = 0.98) (Fig. 5a). The superposition of

the profile collected in flow mode is also shown for comparison

(�2 = 1.08) (Fig. 5b).

The P(r) distribution function for lysozyme in the presence

of 100 mM uridine (Fig. 6) was used to calculate Rg, Dmax and

the Porod volume. The values extracted are of the order of the

values deposited at the Small-Angle Scattering Biological

Data Bank (http://www.sasbdb.org) by Valentini et al. (2015)

and by Franke et al. (2015) (Table 2). Twenty ab initio dummy

atom models of lysozyme were obtained from the scattering

patterns. The most probable model has a normalized spatial

discrepancy (NSD) with respect to the rest of the set of 0.499,

which indicates good stability in the solution (Kozin &

Svergun, 2001). The model is shown in Figure S4 of the

supporting information aligned with the high-resolution

crystallographic structure.

4. Discussion

The significant global metrics consistently show an increasing

scavenging effect of uridine as its concentration is increased

in lysozyme crystals at room temperature. The enhancement

factors D1/2,U /D1/2 and SAD,U /SAD for 1 M uridine are 1.76 and

0.37, respectively. These values are comparable with the

factors achieved by other scavengers previously reported for

radiation damage
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Figure 6
Pair-distance distribution functions P(r) derived from the Fourier
transform of the scattering profile of lysozyme in the presence of
100 mM uridine without flowing the sample (blue curve) and lysozyme
without any additive, collected by flowing the sample while exposed to
the beam (red curve).

Table 2
Analysis of the quality of the data from SAXS experiments on lysozyme
in a solution with 100 mM uridine measured in static mode.

The structural parameters obtained from the P(r) function of lysozyme in
100 mM uridine are compared with those of the entry SASDA96 in the Small
Angle Scattering Biological Data Bank (SASBDB) deposited by Franke et al.
(2015).

Structural parameters This study† Franke et al. (2015)‡

Experimental Rg /I1 1.45 1.51
P(r) Rg /I1 1.45 1.51
Porod volume (nm3) 21.0 24
Dmax (nm) 4.5 4.8

† 40 mM Sodium acetate, pH 3.8, 150 mM NaCl, 100 mM uridine. ‡ 20 mM Sodium
acetate, 20 mM HEPES, pH 6.8, SASBDB ID SASDA96 (Franke et al., 2015).

Figure 4
Critical doses determined using two different metrics for lysozyme
7.2 mg ml�1 in the presence and absence of different additives to limit
radiation damage. White columns: critical dose defined as the dose where
the increase in Rg is maximum 10%. Black columns: critical dose specified
as the dose required to change Rg by a maximum of 0.1 nm relative to the
initial data frame, as defined by Jeffries et al. (2015). All samples were
measured in static mode (DTT: dithiothreitol; Asc: ascorbic acid; Glyc:
glycerol; U: uridine).

Figure 5
Fitting of the experimental SAXS data (blue dots) with the theoretical
scattering curve predicted from the crystal structure (PDB ID 4n8z, red
line) for (a) lysozyme collected in static mode in the presence of 100 mM
uridine (�2 = 0.98) and (b) lysozyme without any additive collected by
flowing the sample while exposed to the beam (�2 = 1.08). Experimental
data result from the averaging of the statistically similar frames below the
critical dose validated by CorMap (Franke et al., 2015) (20 frames for
lysozyme with uridine in static mode and two frames for lysozyme without
additive in flow mode).



lysozyme crystals at room temperature, namely ascorbate at

0.5 M minimum [factor 2 in D1/2,U /D1/2 (Barker et al., 2009)]

and sodium nitrate at 0.1 M [factor 0.47 in SAD,SodiumNitrate /SAD

(Kmetko et al., 2011)]. These irradiation experiments are

comparable in spite of the different protocols, variability of

the crystals and the diverse X-ray beam properties, as shown

by the obtained values of D1/2. The value for D1/2 obtained by

Barker et al. is 0.9 MGy at a dose rate of 2.8 kGy s�1, which

is in good agreement with our results of 1.06 and 1.11 MGy

obtained at 13.8 and 20.0 kGy s�1, respectively. The values of

D1/2 are consistent with the observation made by Warkentin et

al. (2012) on thaumatin crystals that radiation damage is not

dependent on the absorbed dose rate at room temperature

at the typical irradiation levels achievable at synchrotron

beamlines. It is worth noting that the value of SAD reported by

Kmetko et al. (2011) for control native lysozyme crystals at

room temperature, 0.57 Å2 MGy�1, differs from the values

0.115 and 0.191 Å2 MGy�1 obtained here at 13.8 and

20.0 kGy s�1, respectively. The discrepancy may be explained

by the differences in the experimental set up. Moreover, the

use of SAD at room temperature suffers from the lack of

linearity of the relative increase of the B-factors with respect

of the absorbed dose (Fig. 1c). On the contrary, the use of SAD

at 100 K is justified as B-factors increase linearly at low doses

(Kmetko et al., 2006). To better fit the evolution of the B-

factors with dose at room temperature, we have assumed an

exponential increase of the B-factor with dose, that is

�B ¼ B0 expðk�DÞ � 1½ �; ð2Þ

where B0 is the B-factor at close-to-zero dose, �D is the

differential dose within data sets, and k is the sensitivity of the

B-factors to the dose. This equation reduces to the standard

linear fit at low doses or low sensitivities, i.e.

�B ’ kB0�D; ð3Þ

as used for data sets collected at 100 K. Results using an

exponential fit and its linear approximation at low doses for

data sets collected at room temperature are shown in Table 1.

Lysozyme does not show significant specific radiation

damage at room temperature (Figure S2 in the supporting

information). Only some differential electron density in

residue Met105 and in three out of four disulfide bonds was

barely noticeable in difference maps (Fobs,2 � Fobs,1, �calc,1)

contoured at �4� (Fig. 2). Conversely, global damage in MX

experiments at room temperature is much more apparent, as

seen comparing the effects in Figs. 1 and 2, respectively.

In SAXS experiments, lysozyme dissolved in a buffer

containing uridine consistently shows a higher critical dose

than the control. The critical dose of lysozyme in a solution

without additives is 0.57 kGy, whereas in solution containing

uridine the critical dose increases with concentration close to

linear up to 14.46 kGy at 100 mM uridine (Fig. 4). Uridine is

therefore acting as a scavenger and is able to prevent aggre-

gation at high radiation dose. Indeed, uridine at 40 mM

concentration is as efficient as 5% v/v glycerol (679 mM) in

limiting radiation-induced aggregation of lysozyme, and shows

a higher critical dose than 2 mM DTT or 1 mM ascorbic acid.

A concentration as low as 10 mM uridine is still more effective

as a scavenger than DTT or ascorbic acid at the tested

concentrations. Our results also confirm that glycerol is more

effective than DTT or ascorbic acid in limiting radiation

damage on lysozyme, as reported by Jeffries et al. (2015).

The values of the critical dose for lysozyme in solution

without additives and in the presence of glycerol, DTT and

ascorbic acid are close to those reported by Kuwamoto et al.

(2004) and Jeffries et al. (2015) (Table 3). The factor of two

difference in the critical dose for the DTT value is probably

due to the different concentration of DTT that we have used

(2 mM) compared here with that used by Jeffries et al. (1 mM).

The differences in the observed critical doses, in all cases less

than a factor two, could be due to the different dose rate

between experiments or differences in protein concentration,

as it has previously been reported that these factors influence

the critical dose (Kuwamoto et al., 2004) (Table S4 in the

supporting information). The experiments reported here were

performed at 7.2 mg ml�1 lysozyme, while experiments

reported by Kuwamoto et al. (2004) and Jeffries et al. (2015)

were performed at 4.9 mg ml�1 and 8.8 mg ml�1, respectively.

The choice of the metrics does not significantly influence the

critical dose, as values calculated using the two different

metrics show similar trends and similar values within 20%

(Fig. 4, Table 3).

Structural data support the conclusion that uridine protects

lysozyme from the attack of the ROS, at least up to 3.8 kGy

absorbed dose in a solution containing 100 mM uridine. The

lysozyme crystal structure agrees well with the scattering

profile (Fig. 5). The pair-distance distribution function P(r) is

typical for a globular protein such as lysozyme and overlays

well with the control sample P(r) (Fig. 6). Also, the ab initio

shape reconstruction superimposes well onto the crystal

structure (Fig. S4 in the supporting information). The maximal

dose of 3.8 kGy absorbed by lysozyme in a solution containing

uridine can be compared with the maximal dose of 0.57 kGy

that could be used to obtain similar structural data for lyso-

zyme without this additive. These results indicate that the

useful data range increases by a factor of seven when adding

100 mM uridine in the solution. This may open the door to

radiation damage
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Table 3
Comparison of the critical doses reported for lysozyme in the presence of
additives to limit radiation damage.

The critical doses calculated in this work by using two different metrics are
compared with those reported in the literature (Jeffries et al., 2015; Kuwamoto
et al., 2004). All the samples in these studies were measured in static mode.

Additive
This study
(10%)†

This study
(0.1 nm)‡

Jeffries
et al.

Kuwamoto
et al.

No additive 0.57 kGy 0.57 kGy 0.37 kGy 0.4 kGy
DTT 2.09 kGy§ 1.90 kGy§ 1.1 kGy} Not analyzed
1 mM Ascorbic acid 1.14 kGy 0.95 kGy 1.1 kGy Not analyzed
5% Glycerol 5.90 kGy 4.57 kGy 2.6 kGy Not observed††

† 10% Criteria: critical dose is the dose at which Rg increases by 10% maximum with
respect to the value of Rg in first data frame. ‡ 0.1 nm Criteria: critical dose is the dose
at which Rg increases by 0.1 nm maximum with respect to the initial value of
Rg. § 2 mM DTT. } 1 mM DTT. †† No radiation damage observed at a total
accumulated dose of 2 kGy.



study some systems in static mode rather than flow mode,

which translates to lower sample consumption. Uridine does

not affect the stability of lysozyme, as checked by determining

the structure of the protein at low resolution. Furthermore,

uridine is soluble at concentrations as high as 2 M.

Although showing similar efficiency in SAXS experiments,

uridine and glycerol limit radiation damage of lysozyme in

solution through different mechanisms. Glycerol interacts with

hydroxyl radicals and prevents the association of proteins

containing amino acid side-chain modifications produced by

ROS and solvated electrons (Kuwamoto et al., 2004). On the

other hand, uridine has been described to react with hydroxyl

and hydrogen radicals, and with solvated electrons (Green-

stock et al., 1969). Unlike glycerol, there is no evidence that

uridine affects protein–protein interactions.

An advantage of uridine with respect to glycerol is its lower

viscosity, which eases the pipetting of solutions and facilitates

the preparation of accurate ‘matching buffers’. Also, uridine

appears to be less prone to cause effects on protein–protein

and protein–solvent interactions than glycerol, which may

induce a shift to a more compact conformation of the protein,

inducing these unexpected effects (Vagenende et al., 2009).

However, uridine should be employed with caution in RNA

binding proteins, as well as proteins binding ligands containing

nucleotide moieties.

5. Conclusions

This study demonstrates the beneficial properties of uridine

for the acquisition of high-quality MX and SAXS datasets

at room temperature adding uridine to the list of available

scavengers. A portfolio of scavengers is needed since the

approach to reduce damage by X-rays at synchrotron light

sources must be tailored to each protein target in order to

obtain high signal-to-noise ratio without altering the structure

of the macromolecule. Furthermore, for complementary

experiments, being able to use the same scavenger for

different techniques could decrease potential sources of

uncertainty.

Specifically for MX studies, uridine has been shown to

reduce the global effects of radiation damage on crystals at

room temperature. The scavenging effect is proportional to

the concentration of uridine up to 1 M, when the critical dose

is increased by �70% and B-factors decrease by �40% with

respect to the same crystal without the addition of uridine. It is

worth noting that the evolution of the B-factors with dose at

room temperature was well fitted using an exponential curve,

and that the sensitivity was defined as the slope of the

equivalent linear regression. Uridine was not shown to protect

specific residues, even those reported as being more sensitive

to radiation damage (Cys, Asp, Glu). Furthermore, no

scavenging effects due to uridine were observed in cryopro-

tected crystals at 100 K. Our data support the view that

radiation damage at room temperature is not dependent on

the dose rate for the range studied here (13.8 and 20 kGy s�1),

except at high doses (above 1.2 MGy), when the crystals

appear to be slightly less radiation sensitive. Finally, we note

that the crystallographic structure of a lysozyme crystal

soaked into a 1 M uridine solution was identical to the struc-

ture obtained without uridine.

Concerning the SAXS experiments, the results presented

here demonstrate that uridine can be considered as a suitable

scavenger at room temperature, for concentrations ranging

between 5 and 100 mM. Uridine at concentrations between

20 and 40 mM has the same scavenging effect as 679 mM (5%

v/v) glycerol, which in turn has been described to be more

effective than DTT or ascorbic acid (Jeffries et al., 2015). We

show that 100 mM uridine provides high-quality data up to an

absorbed dose of 3.8 kGy. Uridine was also shown not to affect

the structure of the protein up to concentrations of 100 mM.

In addition to good scavenging properties, uridine is highly

soluble in water and does not increase the background

significantly with respect to the control solution without the

additive. The use of uridine is particularly appropriate for

SAXS experiments with small sample volumes, as it allows the

collection of more data frames in static mode before signifi-

cant radiation damage develops.
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