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High dose rate radiation has gained considerable interest
recently as a possible avenue for increasing the therapeutic
window in cancer radiation treatment. The sparing of
healthy tissue at high dose rates relative to conventional dose
rates, while maintaining tumor control, has been termed the
FLASH effect. Although the effect has been validated in ani-
mal models using multiple radiation sources, it is not yet well
understood. Here, we demonstrate a new experimental plat-
form for quantifying oxidative damage to protein sidechains
in solution as a function of radiation dose rate and oxygen
availability using liquid chromatography mass spectrometry.
Using this reductionist approach, we show that for both X-
ray and electron sources, isolated peptides in solution are
oxidatively modified to different extents as a function of both
dose rate and oxygen availability. Our method provides an
experimental platform for exploring the parameter space of
the dose rate effect on oxidative changes to proteins in sol-
ution. � 2023 by Radiation Research Society

INTRODUCTION

Radiotherapy is currently the standard of care for more
than half of all cancer patients (1, 2). Radiotherapy technol-
ogy has steadily improved over the last several decades
with increased beam energy and precision targeting that
enable higher doses to be delivered to the tumor while at

the same time minimizing dose delivered to surrounding
normal tissues. More recently, evidence for beneficial dif-
ferential effects on tumors versus normal tissues using the
delivery of radiation at extremely high dose rates, termed
the “FLASH radiotherapy effect,” has been revisited after
earlier promising studies using microorganisms, cell lines
and animal models (3–7). While the FLASH effect has now
been successfully demonstrated in mice (8, 9), mini-pigs
and cats (10) it has not yet been validated in humans,
though trials are currently ongoing (11–14).
The mechanism of the FLASH effect is complex and

likely involves multiple factors encompassing biochemical,
cellular and organismal radiation responses including
radiolytic oxygen consumption, radical-radical recombina-
tion (15, 16), and inflammatory and immunological effects
(17). Reductionist approaches can be used to isolate the rel-
ative contributions of each of these mechanisms, explore at
a fundamental level the parameter space in which the
FLASH effect operates, and provide a high throughput
methodology to probe the FLASH effect. To explore the
dynamic kinetics of the FLASH effect, we applied the tech-
nique of X-ray footprinting mass spectrometry (XFMS) to
determine the relative levels of radiation mediated peptide
oxidation as a function of dose rate and oxygen concentra-
tion. XFMS is a structural biology method which uses pro-
tein oxidation as a means to evaluate protein structure,
interactions, and dynamics in solution, and has been used
to characterize proteins ranging in size from single small
domains to MDa complexes (18–20), and RNA folding and
DNA-protein interactions (21, 22). The method takes
advantage of hydroxyl radical creation in aqueous buffers
after ionizing irradiation. Hydroxyl radicals are one of the
most reactive of species created by irradiation of water,
and form permanent modifications on protein side chains,
which can then be quantified using standard bottom-up liq-
uid chromatography mass spectrometry (LC-MS) (23).
While the method is most often used to gain information

1 These authors contributed equally to the work and are co-first authors.
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on protein structure by comparing regions of oxidation as a
function of solvent accessibility, here we present its novel
use to quantify oxidative damage to short peptides under
different FLASH and conventional (CONV) radiation
regimes and as a function of oxygen availability.

MATERIALS AND METHODS

Peptides

All samples were prepared at room temperature (20–228C) and
near sea-level (1 atmosphere). The short peptide FKRIVQRIKDFLR
was purchased from AnaSpec in lyophilized form at .95% purity,
and dissolved in MilliQ water to 10 mM concentration. The pH of the
sample after peptide addition was pH 5. Dissolved oxygen levels
were measured using a Pyroscience Firesting OXF50 handheld O2

meter. Oxygen levels in samples before preparation with N2 gas were
21–22%, indicating full air saturation. Low-oxygen samples were
further prepared by bubbling N2 gas through samples for one min
and then cycling into a nitrogen environment in a Coy Anaerobic
Chamber. Oxygen levels were then measured in the anaerobic cham-
ber prior to triple-bagging samples in plastic bags with zip closures
for transport to either the synchrotron X-ray beamline or the XRAD
X-ray instrument, as previously described (24). Before transport, O2

levels in the low-oxygen samples measured 1–3%. After each irradia-
tion set, a water sample was irradiated using the same sample proce-
dure, and immediately measured for dissolved O2 level. Low-oxygen
samples measured 4–6% O2 level, indicating that low-oxygen condi-
tions were maintained throughout the irradiation procedure.

For the synchrotron FLASH X-ray irradiation, samples were deliv-
ered through the X-ray beam using a syringe pump as described
below. For CONV X-ray irradiation in the XRAD instrument, and
for electron irradiation at the LINAC, peptide samples were aliquoted
into 1.5 mL Eppendorf tubes using a volume of 100 mL. In all cases,
samples were frozen immediately after irradiation.

Irradiations and Dosimetry

Advanced Light Source Synchrotron Beamline 3.3.1.The Advanced
Light Source (ALS) beamline 3.3.1 delivers a broadband X-ray beam
with critical energy 3.1 keV from a 1.3T bending magnet and is addi-
tionally focused with a Pt-coated X-ray mirror to a minimum beam
size of 80–100 (H) lm. For all exposures, an X-ray slit was used to
further define the beam and reduce scattering. Samples were pre-
pared in syringes either on the bench or in an anaerobic chamber, and
placed in the endstation syringe pump to deliver via liquid jet through
the X-ray beam at various speeds as previously described (25). For a
2.5 mL syringe, a jet nozzle of 75 lm, a jet speed of 20 m/s, and slit
size of 1.8 mm, samples were exposed to X rays for 90 ls, whereas
with a jet speed of 4 m/s, samples were exposed for 450 ls. Alumi-
num attenuation was further used to achieve desired doses of 1.6, 3,
4.2, 8.2, 15 and 21 Gy, with dose rates ranging from 18 to 47 kGy/s.
(Table 1). Sample volume collected was 100 lL. In all cases the
ALS ring current was 500 mA.

Dosimetry was performed using calibrated Gafchromic HDv2
radiochromic films (RCF). The active layer of the RCF is sensitive to
ionizing radiation and undergoes a change in color which can be
directly related to the dose that would be absorbed by a sample in
that environment. The films were placed at the focal position of the
X-ray beam in place of the liquid jet and irradiated the day prior to
sample irradiation. The films were irradiated with various exposure
times and with varying levels of attenuation, resulting in doses
applied to the film in the range of 1.4–8.4 kGy, to characterize the
dose rate profile of the beamline. A Uniblitz XRS6 X-ray shutter
(Vincent Associates, NY) was used to control the exposure time.

An EPSON Expression 12000XL scanner was utilized to scan the
films in landscape format, with all image correction features turned
off, at a resolution of 600 dpi (42.3 lm/pixel) in transmission mode.
The scanned images were saved as 16-bit grayscale TIFF files. Scan-
ning was conducted several days after irradiation to allow for

stabilization of the optical density development after irradiation.
Each scan was calibrated using a NIST-calibrated transparent step
wedge. This calibration process involves converting the raw data to
optical density (OD), which can be directly correlated to the mea-
sured dose. The conversion from OD to dose was done according to
the high dose rate calibration of Gafchromic films (26).

The X-ray intensity was not spatially uniform vertically, which
resulted in a variable dose rate as the jet passed through the beam.
The dose measured in each pixel in an RCF scan was divided by the
exposure time of the RCF to calculate the dose rate measured in each
pixel. The profile was then scaled by the exposure time per pixel of
the liquid jet at the two speeds (4 and 20 m/s). The exposure time per
pixel is the pixel width (42.3 lm) divided by the jet speed and repre-
sents the time the sample would be irradiated as it passes through the
space that pixel represents. By then integrating the dose profile verti-
cally, the non-uniformity of the X-ray intensity was taken into
account, for the derivation of the radiation dose and dose rate
received by the liquid jet.

There was also some slight non-uniformity in the horizontal X-ray
intensity across the width of the water jet (75 lm). Due to the limited
resolution of the RCF scans at that scale, the dose values reported
here were calculated by fitting the integrated dose profile to a double
Gaussian and then averaging over the width of the water jet (75 lm).
A double Gaussian fit was chosen as the focal spot of the X-ray beam
is composed of the X-ray mirror bending the two wings of the syn-
chrotron radiation over each other. An example of this analysis and
the endstation configuration is shown in Figure 2.

XRAD320 irradiation

CONV dose rate X-ray irradiations were performed at Lawrence
Berkeley National Laboratory (LBNL) using the 320-kVp XRAD320
X-ray machine (Precision X-ray, CT, USA), operated at 300 kVp,
10mA. A 0.5mm Cu beam hardening filter was in place during irradi-
ations. Peptide samples were irradiated on a rotating platform with
dose rates 0.017-0.020 Gy/s, varying exposure time to attain doses of
0.5, 0.7, 1.1, 2.8, 14.9 or 14.6 Gy (Table 2). Note that one additional
exposure using 2 mA and longer exposure time was also taken to
attain 15 Gy exposure for comparison at a lower dose rate of 0.004
Gy/s. All peptides were arranged on the rotating platform in a circle
pattern such that all samples were equidistant from the center of the
platform. Dosimetry was performed using a RadCal dosimeter (Rad-
cal 10X6-0.18 ion chamber) and a single point ion chamber measure-
ment was taken in the middle of the platform to verify dose.

Electron irradiation

For electron irradiation at both CONV and FLASH dose rates, pep-
tide samples were irradiated at the Oriatron eRT6 linear accelerator
delivering a 6 MeV pulsed electron beam, and located at the Univer-
sity of Lausanne, Lausanne, Switzerland. Doses were 5, 10, and 15
Gy, with three target dose rates of 0.1, 100, and 106 Gy/s. (Table 3)

TABLE 1
Exposure Times, Attenuation, Doses and Dose Rates for
Irradiation Using Synchrotron Beamline 3.3.1 with Jet

Sample Delivery

Exposure (ls) Al thickness (inches) Dose (Gy) Dose rate (kGy/s)

90 0.012 1.6 18

90 0.010 3.0 34

90 0.009 4.2 47

450 0.012 8.2 18

450 0.010 15 34

450 0.009 21 47

Notes. In all cases slit width was 1.8 mm, and ALS ring current
was 500 mA. The dosimetry based on Gafchromic film measure-
ments comes with a measurement uncertainty of 65.7%.
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Dosimetry at the sample position was performed using Gafchromic
films, an Advanced Markus chamber, and ACCT (27, 28).

Liquid chromatography mass spectrometry (LC-MS)
and data analysis

Irradiated samples were injected at a flow rate of 100 lL/min onto
a 150 mm ThermoFisher PepMap 100 C18 HPLC column with 2 lm
particle size and diameter of 1 mm. Protein was then eluted with a
gradient of 10–65% buffer B (90% Acetonitrile, 0.1% Formic Acid)
at a flow rate of 20 mL/min over 5 min, and then of 65-99% buffer B
over 6 s, and then held at 99% buffer B for 3 min prior to a washing
step and equilibration at 10% buffer B. Protein was eluted directly
into a Q Exactive Orbitrap Mass Spectrometer operating in positive
mode (resolution 140,000, AGC target 1e6, maximum IT 50 ms, scan
range 200–2,000 m/z).

Peptide analysis was performed using the Byosw (Protein Metrics
Inc) integrated software platform. Byos encompasses the ByonicTM

MS/MS search engine and the Byologicw peptide analysis software.
The Byos oxidative footprinting workflow automatically extracts ion
chromatograms and reports the quantification of modifications rela-
tive to the unmodified peptide based on the extracted ion chromato-
grams. Peptide-level analysis was reported as a percent modification
of the oxidized peptide relative to the native peptide. Mass shifts of
þ16 Da at the peptide level were specifically quantified. For higher
doses, low levels of the þ32 Da oxidation were observed in some
samples at an order of magnitude lower level than the þ16 Da. A
complete analysis of þ32 Da and other lower level oxidative prod-
ucts would require higher doses and is outside the scope of this paper.
After peptide level analysis, results are exported to Excel, and per-
cent modification is plotted as a function of dose.

RESULTS

Dose Rate Effects on Peptide Damage

When biological samples are irradiated, the radiolysis of
water generates free radicals which can, in turn, damage pro-
teins, lipids and DNA leading to cellular dysfunction or cell
death. We used a short peptide (sequence FKRIVQRIKDFLR)
as an in vitro experimental model to study the effect of
FLASH and CONV radiation dose rates on hydroxyl radi-
cal mediated protein damage, using X-ray and electron
radiation (Fig. 1). This peptide was chosen because it con-
tains several residues reactive to hydroxyl radicals, but
does not contain cysteine and methionine, which are highly
sensitive to handling, producing oxidations even in the
absence of radiation. X-ray FLASH irradiation was per-
formed at the Advanced Light Source beamline 3.3.1 where
samples passed through the X-ray beam using a sample jet
and prescribed doses were delivered to individual samples
by adjusting the jet speed and placing aluminum attenuators
in the beam path (Fig. 2 and Table 1). CONV X-ray doses
were delivered using a cabinet X-ray machine operated at
300 kVp and 10 mA (Table 2).
Our analysis focused on the oxidative modification of

amino acids as measured by a þ16 Da shift in the LC-MS
profile and the cumulative percent modification across the
peptide as a function of delivered dose. For both X-ray
and electron irradiation, we observed an approximately
linear increase in damage with increasing radiation dose
at both FLASH and CONV dose rates (Figs. 3 and 4). All
data was fit with a linear function, though further work
would have to be conducted to determine whether there is
a saturation effect with higher doses and/or higher dose
rates. For both X-ray and electron irradiation, we also
observed higher peptide oxidative damage with low
(CONV) vs. high (FLASH) dose rates. X-ray dose rates
varied from 0.2 Gy/s for CONV irradiation to 18 to 47
kGy/s for FLASH dose rate irradiation, while for electron
irradiation, target dose rates were 0.1, 100, and 106 Gy/s
(Table 3). In both cases, CONV irradiation dose rates
resulted in a 1.5–2.9 fold increase in modification over

TABLE 3
Parameters for Electron Irradiations

Dose
(Gy)

Film dose
(Gy)

SSE
(mm)

No.
pulses

Pulse width
(ls)

Freq
(Hz)

Dose per
pulse (Gy)

Beam on time
(ms)

Mean dose
rate (Gy/s)

Instantaneous dose
rate (Gy/s)

5 4.7 960 5 1.8 100 1 40 125 5.56 3 105

10 9.6 960 10 1.8 100 1 90 111 5.56 3 105

15 14.5 960 15 1.8 100 1 140 107 5.56 3 105

5 5.2 455 1 1.8 100 5 1.8 3 10–3 2.77 3 106 2.77 3106

10 10.5 330 1 1.8 100 10 1.8 3 10–3 5.56 3 106 5.56 3 106

15 15.7 271 1 1.8 100 15 1.8 3 10–3 8.33 3 106 8.33 3 106

5 5.1 600 285 1 10 0.017 28,500 0.17 1.7 3 104

10 10.2 600 570 1 10 0.017 57,000 0.17 1.7 3 104

15 15.2 600 850 1 10 0.017 85,000 0.17 1.7 3 104

TABLE 2
Exposure Times, Voltage, Doses and Dose Rates for

Irradiation Using XRAD

Voltage (kV), current (mA) Time (s) Dose (Gy)
Dose rate
(Gy/s)

300, 10 29 0.5 0.017

300, 10 38 0.7 0.018

300, 10 61 1.1 0.018

300, 10 139 2.8 0.020

300, 10 739 14.9 0.020

300, 2 3,561 14.6 0.0041

Note. The dosimetry based on a RadCal dosimeter comes with a
measurement uncertainty of 64%.
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the FLASH dose rates, as measured by the slope of the
linear fit to the data (Table 4).

Peptide Oxidative Damage is Oxygen Dependent

To determine if the oxidative peptide damage was depen-
dent on ambient oxygen levels, we compared peptide dam-
age under ambient (21% O2) vs. reduced oxygen (4–6%
O2) conditions using CONV and FLASH X-ray irradiation
(Fig. 5). For both CONV and FLASH irradiation, we
observed a 2.2-fold decrease in oxidative damage under
reduced oxygen conditions, as measured by the slope of the
linear fit to the data (Table 4). These results confirm that
oxygen is critical in the peptide damage pathway.

DISCUSSION

Hydroxyl radical oxidative damage to proteins has a long
history of use in structural biology as a characterization
method for protein structure and dynamics, and in combi-
nation with mass spectrometry methods is largely referred
to as hydroxyl radical protein footprinting (23, 29, 30).
When X-ray sources are used, the method is termed X-ray
Footprinting Mass Spectrometry (XFMS) (31). Because
hydroxyl radical footprinting is a mature field, the mecha-
nisms and quantification of oxidative modifications to
dilute proteins in solution by hydroxyl radical is well
understood. With this method, radiolysis of water or chemi-
cal methods are used to generate hydroxyl radicals in solu-
tion, which then oxidatively modify protein/peptide
sidechains. Subsequent LC-MS analysis is used to deter-
mine the location of oxidative changes, which provides a

map of solvent accessibility and is used to infer structural
information about the protein/peptide in solution. Many
radical species are produced upon radiolysis of water,
including hydroperoxyl, superoxide, and hydroxyl radicals,
and these radicals re-combine on the sub-microsecond
timescale to produce further species, which react with pro-
tein side chains and backbone with varying rate constants,
as has been reviewed elsewhere (32–35). In particular, the
reaction rate of the hydroxyl radical with protein amino
acids can be at least an order of magnitude higher than the
reaction rate of other species such as hydrogen peroxide or
solvated electrons with amino acids (23), and so with the
XFMS method, oxidative modification upon radiolysis of
dilute aqueous protein or peptide solutions is expected to
be largely due to hydroxyl radical mediated reactions.
Here, we have leveraged this accumulated knowledge to

apply XFMS to the characterization of the dose rate depen-
dent oxidation of dilute peptides in solution under both aer-
obic and anaerobic conditions. We used dilute peptides in
water to maintain and measure indirect radiation damage; a
concentration of 10 micromolar peptide in 55 M water
ensured that X-ray or electron interactions were mainly
limited to water molecules rather than peptide molecules.
In addition, we did not include radical scavengers to focus
directly on the reaction of hydroxyl radicals with protein
residues.
The þ16 Da oxidative modification on protein sidechains

is the most common oxidative product observed in the
XFMS method. For amino acids in solution, reactivities of
sidechains with hydroxyl radical are highest for Cys, Trp,
Tyr and Met, with rates »1010 M�1 s�1, while reactivities

FIG. 1. Overview of concept. Radiolysis of water results in radical species, including hydroxyl radicals and electrons. Hydroxyl radicals
are very reactive to protein, and will modify sidechains covalently, often resulting in an OH moiety addition to aromatic rings and methionine.
Modifications are detected using LC-MS. The fraction of molecules modified is calculated using the area under the extracted ion chromato-
grams for the native and modified peptides, and plotted as a function of dose.
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with the amino acids Phe, His, Arg, Ile, and Leu are lower
at »109 M�1 s�1, and decrease to 107 M�1 s�1 with Gly (23).
Reactivities of residues within proteins will change with
the local environment and may not necessarily follow this

pattern of reactivity, and we note in our studies that for a
given þ16 Da addition, we did not determine which resi-
due was modified, only that the peptide overall showed a
þ16 Da modification as measured by mass shift. Less com-
mon modifications seen in the XFMS experiment are þ32
Da (addition of two OH moieties and loss of two H), þ48

FIG. 3. Comparison of FLASH vs. CONV X-ray irradiation.
Comparison between oxidation of the FKRIVQRIKDFLR peptide
on the XRAD instrument with conventional dose rate of »0.02 Gy/s
(orange) and the synchrotron beamline with FLASH dose rates of
»104 Gy/s (blue), for air-saturated samples (21–22% O2). Actual
dose rates are shown in Tables 1 and 2. Dotted lines are linear fits to
the average of each set. Error bars indicate standard deviation across
replicate measurements.

FIG. 2. Sample delivery setup and dosimetry estimation at the ALS beamline 3.3.1. Panel A: CAD model of the syringe pump, optics, jet,
and fraction collector. Sample is delivered in a stream of liquid from a jet nozzle; as it travels from the nozzle to the fraction collector, it
passes through the X-ray beam and the speed of the liquid determines the exposure time. Panel B: Overview of the components used in the
dose estimation. Panel C: Closeup of jet and fraction collector in the endstation. Panel D: Example of RCF film exposure at position of the jet
(normalized to the dose rate). Panel E: Dose profile of the X-ray beam measured by an RCF (scaled to water-jet exposure time). The vertically
integrated dose is fit to a double Gaussian and an average over 75 lm of the peak of the fit is reported as the dose absorbed by the sample pre-
sent in the liquid jet.

FIG. 4. Comparison between oxidation of the FKRIVQRIKDFLR
peptide using electron irradiation at targeted dose rates of 0.1 Gy/s
(orange), 100 Gy/s (yellow) and 106 Gy/s (blue), for air-saturated sam-
ples (21–22% O2). Actual dose rates for each applied dose are shown
in Table 3. Dotted lines are linear fits to the average of each set. Error
bars indicate standard deviation across replicate measurements.
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Da (addition of three OH moieties and loss of 3 H), þ14
Da (addition of O and loss of 2 H), and -30 Da (loss of
COO and gain of O).

Overall, our results show an increasing level of the þ16
Da modification product as a function of dose. Electron
and X-ray irradiation have fundamental differences in
absorption profiles and linear energy transfer (36, 37), and
conventional X-ray machines have different energy profiles
than synchrotron X-ray beamlines. Despite these differ-
ences, the results here comparing CONV and FLASH dose
rates for both X-ray and electron irradiation are consistent
with radiochemical results observed with the FLASH dose
rate effect, in which lower dose rates can result in more
peptide damage. Further, the oxidative damage when com-
paring fully aerated to low-oxygen samples demonstrated
that the presence of dissolved oxygen significantly affects
the amount of oxidative damage incurred by the peptides in
solution. Previous XFMS studies of proteins in an anaero-
bic environment have also shown that oxidative damage is
reduced when dissolved oxygen in solution is lowered (24),
since the mechanism of oxidative damage in the form of
OH moiety addition (and other products) generally relies
on the presence of oxygen. One explanation for the reduced
damage of peptides in water using high dose rate irradiation
is based upon the “oxygen depletion effect” (38–40), in
which oxygen is consumed quickly by reactions under the
high dose rate irradiation, and exposure times are short
enough that sufficient oxygen for further reactions does not
diffuse back into solution. However, recent measurements
refute the oxygen depletion hypothesis at high dose rate at
doses around 10 Gy (36, 41) while at the same time the
production of reactive oxygen species has been shown to
be reduced (42, 43). Our results demonstrate the effect of
oxygen availability on hydroxyl radical mediated oxidative
damage to protein sidechains in solution; even with no
scavengers or competing cellular processes present, the
availability of oxygen determines the extent to which side-
chains are oxidatively modified for both CONV and
FLASH dose rates. In addition, the higher dose rates
resulted in less oxidative damage, suggesting that the early
kinetics of reactions might be altered by recombination and/
or diffusion processes. With this reductionist approach, it
will be possible to thoroughly quantify the extent of damage
as a function of oxygen level and peptide concentration,

TABLE 4
Values of Linear Fits to Average Percent Modification, with Corresponding Coefficient of Determination (R2)

Experiment Fig. (s)
Slope of linear fit to average of
data (% modification/dose in Gy)

R2

value

FLASH dose rate X-ray irradiation (Table 1) under air-saturated conditions 3 and 5 (bottom panel) 0.44 0.9166

FLASH dose rate X-ray irradiation (Table 1) under low-oxygen conditions 5 (bottom panel) 0.20 0.9943

CONV dose rate X-ray irradiation (Table 2) under air-saturated conditions 3 and 5 (top panel) 1.27 0.9538

CONV dose rate X-ray irradiation (Table 2) under low-oxygen conditions 5 (top panel) 0.59 0.9959

Electron irradiation at targeted dose rate of 0.1 Gy/s (Table 3) under
air-saturated conditions

4 1.03 0.9728

Electron irradiation at targeted dose rate of 100 Gy/s (Table 3) under
air-saturated conditions

4 0.69 0.9964

Electron irradiation at targeted dose rate of 106 Gy/s (Table 3) under
air-saturated conditions

4 0.60 0.9994

FIG. 5. Effect of O2 availability. Comparison between oxidative
modification rates of the FKRIVQRIKDFLR peptide for air-satu-
rated (21–22% O2) (orange) and low-oxygen (blue) buffer. Top
panel: XRAD instrument with conventional dose rate irradiation of
»0.02 Gy/s. Bottom panel: Synchrotron beamline with FLASH dose
rate irradiation of »104 Gy/s. Actual dose rates for each dose are
shown in Tables 1 and 2. Dotted lines are linear fits to the average
of each set. Error bars indicate standard deviation across replicate
measurements.
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across a wide range of dose rates, and as cellular compo-
nents and radical scavengers are added to the sample envi-
ronment. In addition, MS/MS approaches can be used to
quantify and localize oxidative damage to specific to amino
acid residues in peptides or proteins.
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