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Abstract

lonizing radiation has dramatic effects on living organisms, causing damage to proteins, DNA,
and other cellular components. ; radiation produces reactive oxygen species (ROS) that damage
biological macromolecules. Protein modification due to interactions with hydroxyl radical is

one of the most common deleterious effects of radiation. The human eye lens is particularly
vulnerable to the effects of ionizing radiation, as it is metabolically inactive and its proteins are
not recycled after early development. Therefore, radiation damage accumulates and eventually can
lead to cataract formation. Here we explore the impact of i radiation on a long-lived structural
protein. We exposed the human eye lens protein y-crystallin (H»S) to high doses of y radiation
and investigated the chemical and structural effects. HS accumulated many post-translational
modifications (PTMSs), appearing to gain significant oxidative damage. Biochemical assays
suggested that cysteines were affected, with the concentration of free thiol reduced with increasing
y radiation exposure. SDS-PAGE analysis showed that irradiated samples form protein-protein
crosslinks, including non-disulfide covalent bonds. Tandem mass spectrometry on proteolytic
digests of irradiated samples revealed that lysine, methionine, tryptophan, leucine, and cysteine
were oxidized. Despite these chemical modifications, H S remained folded past 10.8 kGy of ¥
irradiation as evidenced by circular dichroism and intrinsic tryptophan fluorescence spectroscopy.
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Introduction

Protein stability and aggregation resistance are intimately connected with solvent
interactions. Hydrophobic hydration in general is more complicated than the traditional “oil
and water” picture suggests, as the balance between attractive and repulsive interactions
depends on molecular size and geometry as well as solute polarity.  Vibrational
spectroscopy has established that at low to moderate temperatures, water assumes a structure
with more tetrahedral order and fewer weak hydrogen bonds around hydrophobic solutes
than the bulk solution,? although dangling O-H bonds are also observed near solvated
hydrocarbons. 3 Exposed hydrophobic functional groups can also form highly flexible 7-
hydrogen bonds, where the donor is a water and the acceptor is the rz-system of the aromatic
amino acid side chain.* Microscopic interactions between water and the heterogeneous
functional groups of protein surfaces impact many protein properties beyond solubility,
including diffusion of water near the protein surface, >/ the compressibility8 and even the
refractive index increment. 9

Water is not just a passive solvent within cells, but is a key participant in many biochemical
reactions. 10 Water facilitates electron transfer in enzymes, mediating tunneling between
adjacent molecules 11 or stabilizing radical intermediates in the active site 12 via hydrogen
bonding. In the type of radiation damage investigated here, water acts as a transmission
medium for oxidative damage: direct damage of proteins by y rays is a minor effect, with
most of the deleterious modifications coming from reactions with reactive oxygen species
(ROS) derived from water, primarily hydroxyl radical, although hydrogen peroxide is also
significant. 13 Inside the cell, OH radical is particularly damaging, as it is highly reactive
and cannot be neutralized enzymatically, unlike H,0,.14 Although DNA damage is often
emphasized in studies of radiation toxicity, proteins are oxidized by hydroxyl radical before
DNA or lipids. 1° The resulting protein hydroperoxide species can last for several hours and
have the capacity to damage other molecules and deplete the cellular supply of antioxidants.
16 Assessing the impact of radiation damage is important for understanding the mechanisms
of radiation tolerance in extremophiles, 17:18 the cellular damage caused by radiation therapy
for cancer,19 and the potential for cataract formation as a consequence of ionizing radiation
absorbed by the eye.
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Exposure to ionizing radiation has been shown to cause cataract in humans and model
organisms.20 Populations susceptible to radiation cataract include radiological technicians,
21 astronauts2 and others who have accidental, occupational, or war-related exposure to
ionizing radiation.23-25 The upper dose limits of y irradiation to the lens suggested to
prevent the onset of cataract are as low as 0.05 Gy over 5 years. 2627 These findings

raise the question of whether radiation-induced cataract is a direct consequence of protein
modification and aggregation or whether more complicated cellular damage is involved.
The majority of the lens protein content comprises a- £ and - crystallins.28 8- and

y- crystallins are structural proteins, whereas a-crystallins act as molecular chaperones.
Studies on a- crystallins have shown that y irradiation forms oxidation products, generates
extensive cross-linking, damages the overall fold, and reduces chaperone activity. A previous
investigation showed that rat lenses dosed with 5 Gy of y radiation formed site-specific
oxidations on y- crystallins, particularly on cysteines, tryptophans, and methionines. 2930
Antioxidants such as vitamin E31:32 and melatonin33 have delayed the onset of radiation-
induced cataract in model organisms, further supporting an important mechanistic role for
ROS.

Here we investigate resistance to unfolding of human yS-crystallin (H/S), a major structural
protein of the eye lens, upon exposure to y radiation. Structural crystallins such as Hy/S

are extremely stable and soluble, in keeping with their biological role. The vertebrate

eye lens is primarily composed of enucleated lens fiber cells that undergo degradation

of internal organelles during early development, in part due to lipase activity 34 and the
ubiquitin-proteasome system. 3> The loss of most cellular components leaves behind a
highly concentrated (> 400 mg/mL) solution of proteins, mostly crystallins. 28 Crystallin
solubility persists despite damage caused by aging, exposure to ultraviolet (UV) radiation,
modification by reactive oxygen species (ROS), and other deleterious chemical reactions.
36,37 Glutathione and other antioxidants provide some protection from ROS, 38 however
many post-translational modifications (PTMs) have been observed in aged lenses, including
deamidation and oxidation.3%:40

The aggregation resistance of the proteins themselves is partly due to fluorescence
quenching mechanisms that quickly relax excited states via thermal motion before
photochemistry can occur.4143 This wealth of information about aggregation resistance in
structural crystallins leads to questions about the response of these highly soluble proteins to
radiation damage, which has been shown to cause cataract: are structural crystallins such as
H S resistant to aggregation upon exposure to ionizing radiation? If they are, is it a result
of increased resistance to oxidative damage or because the proteins are able to tolerate a
high level of chemical modification while remaining soluble? Our results indicate that H»S
is unusually robust to unfolding even when treated with high levels of y radiation and that
this resistance is due to its high tolerance for modification rather than resistance to oxidative
damage. We also investigate the identity of the PTMs caused by irradiation of HS and
discuss future directions for investigation.
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Materials and methods

Protein expression and purification

Human yS-crystallin (H»S) was produced using a construct containing an N-terminal 6 x
His tag and a TEV cleavage sequence (ENLFQG), which leaves a glycine in place of the
initiator methionine. This gene was cloned into a pET28a(+) vector (Novagen, Darmstadt,
Germany) and overexpressed in Rosetta (DE3) £. coli cells using Studier’s autoinduction
protocol. 44 Cell pellets were collected via centrifugation at 4,000 rpm for 30 minutes,
resuspended, lysed, and respun at 14,000 rpm for 60 minutes. The protein was purified

via nickel affinity chromatography, digestion with TEV protease (produced in-house), a
second round of nickel affinity chromatography (to remove the cleaved His tag), and
finally, size exclusion chromatography (SEC) on a GE Superdex 75 10/300 (GE Healthcare,
Pittsburgh, PA). All samples were dialyzed into H,0, lyophilized for storage at —80 °C, and
resuspended in HoO unless otherwise stated.

y irradiation
Protein solutions at 5 mg/mL in water (100 y1) in glass vials were irradiated with a
137Cs source (137Cs Irradiator Mark-1, Model 68, JL Shepherd & Associates, San Fernando,
California, USA). Sample concentration was determined from the absorbance at 280 nm
using an extinction coefficient of 42,860 M~1 cm~1, Post-exposure concentrations were
calculated from the final volume after sample dilution or concentration using 5 mg/mL as
the known starting concentration. A metal sample holder was used to maintain consistent
sample distance from the source. The dose rate has been previously calibrated with Fricke
dosimetry. 4546 Fricke dosimetry was used to confirm the expected dose for our sample
position, volume, and vials. 47 Solutions of 0.4 M sulfuric acid, 6 mM ammonium ferrous
sulfate and 1 mM potassium chloride were well-agitated for aeration and irradiated for 5 and
10 minutes. The absorbance at 304 nm was measured and the dose was calculated using a
G-value of 15.5 mol/100 eV, extinction coefficient of 2022 M~ cm™~1, a density of 1.024 g
mL~1 and a path length of 1 cm. 48 The calculated dose rate at our sample position was 1.54
kGy/hr, matching the expected dose rate. Unless otherwise noted, all data were collected
within 12 h of removal from the y irradiation source.

Ultraviolet (UV) irradiation

For both UVA and UVB exposure, protein solutions were 6 mg/mL in 10 mM HEPES, 50
mM NaCl, pH 7. Sample volume was 2.5 mL ina 1 cm x 1 cm quartz cuvette. Samples were
continuously stirred and temperature controlled at 22 °C using a Quantum Northwest Luma
40/Eclipse with a Peltier element and recirculator (Quantum Northwest Inc., Liberty Lake,
WA, USA). For UVA exposure, a 10 Hz Nd:YAG laser (Continuum Surelite I1; Surelite, San
Jose, CA, USA) was coupled to a Surelite Separation Package (SSP) 2A (Surelite) to change
the pump laser wavelength (1064 nm) to 355 nm via third harmonic generation. The laser
flux was 29 mJ/cm? at 10 Hz. Samples were exposed for 180 min. For UVB exposure, a 70
mW light emitting diode (LEUVA66H70HF00, Seoul, Korea) at 5 mm distance (120 degree
view angle) was used, yielding a mean power density of 58 m\W/cm2. Samples were exposed
for 90 min.
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SDS-PAGE

20 L of protein was mixed with 20 gL of loading dye (62.5 mM Tris-HCI, 2% sodium
dodecyl sulfate (SDS), 25% glycerol, 0.01% bromopheny! blue, pH 6.8). For reduced
samples, 1 gL S-mercaptoethanol was added and samples were heated at 70 °C for 90
seconds. Samples were run on a 15% polyacrylamide gel at 180 V for 60 minutes and
stained using Coomassie blue dye.

Ellman’s assay

To evaluate the amount of solvent-exposed thiols in solution, the non-irradiated and
irradiated protein solutions were diluted to 0.5 mg/mL in 100 mM Tris pH 8.0. 5,5"-
dithiobis(2-nitrobenzoic acid) (DTNB) was added to reach a final concentration of 0.1

mM. The solutions were incubated at room temperature for 30 minutes before collection

of spectra on a Jasco V-730 spectrophotometer (JASCO, Easton, MD). A molar extinction
coefficient for thiobis(2-nitrobenzoic acid) (TNB) of 14150 M~ cm™1 was used to calculate
the concentration of sulfhydryl groups. 4950

Circular dichroism (CD)

Circular dichroism (CD) spectra were collected using a J-810 spectropolarimeter (JASCO,
Easton, MD). Spectral bandwidth was set to 2 nm. All samples were diluted to 0.1 mg/mL.

Intrinsic fluorescence

Fluorescence spectra were measured using an Agilent Cary Eclipse fluorescence
spectrophotometer with excitation at 295 nm. All samples were diluted to 0.1 mg/mL.

Raman

Raman studies were perform using a Raman microscope system based on a Renishaw
InVia microscope. The sample was excited with a 532 nm laser (<3 mW) and spectra were
collected using grating of 2400 gr/mm and under 20 s exposure time. Sample concentration
was 100 mg/mL. 4 /L of sample was deposited on a glass slide and a spacer and glass
coverslip was added to prevent dehydration.

Fourier-transform infrared spectroscopy (FTIR)

FTIR spectra of lyophilized protein samples were measured using a Jasco FT/IR-4700
(JASCO, Easton, MD) equipped with .in attenuated total reflection geometry fashion using
ATR PRO ONE over the 400-4000 cm~1 range with 2 cm™~1 resolution.

Proteolytic digestion

For samples exposed to y~irradiation for 1 hour, digestion was performed on an aliquot of
the water-soluble portion of the irradiated samples, as no significant pellet was observed
upon centrifugation. For samples exposed to y~irradiation for 5 hours as well as for the
UV irradiated samples, the samples were centrifuged at 13,000 x g for 15 min and the
water-insoluble fractions resolubilized in 8 M urea, 1 M ammonium bicarbonate pH 8.0.
For trypsin digestion, the protein samples were denatured in 8 M urea, 1 M ammonium
bicarbonate pH 8.0 for 1 h at 37 °C. The buffer was diluted or buffer exchanged to 1.6 M
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urea and trypsin was added in a 1:20 ratio. The digest was carried out overnight at 37 °C.
Immediately prior to analysis, DTT was added to 10 mM and the sample was heated at 80
°C for 3 minutes. For pepsin digestion, the sample was exchanged into approximately 1%
formic acid (pH 1.6) and pepsin was added in a 1:20 ratio. Samples were incubated at 37 °C
for 2 hours.

Liquid chromatography - mass spectrometry (LC-MS)

Mass spectra were collected on a Waters Xevo XS-QTof using either a phenyl column for
intact protein mass spectra or a C4 column for peptide digests. Buffer A was 0.1% formic
acid in water. Buffer B was 100% acetonitrile. For the protein intact mass spectra, the flow
rate was 0.2 mL/min with a gradient of 0% to 97% B over 1.5 min then 97% B for 0.5 min.
For the peptide digest mass spectra, the flow rate was 0.3 mL/min with a gradient of 3% to
27% B over 24.0 min, a gradient of 27% to 90% B over 3.0 min, then 90% B for 0.5 min.
Intact mass spectra were analyzed using MassLynx with MaxEnt1 used to deconvolute the
spectra. Peptide digests were analyzed with BioPharmalLynx.

Results and discussion

H S was irradiated in a 137Cs y source at 5 mg/mL in glass vials (Figure S1). The samples
are positioned equidistant in a ring around the sample source and the dose rate at this
distance has been previously calibrated. 46 We confirmed our samples were receiving the
expected dose using Fricke dosimetry (Figure S1).

H S resists unfolding after high doses of y irradiation

We used circular dichroism (CD) spectroscopy and intrinsic tryptophan fluorescence to
assess the extent of unfolding in irradiated H »S. We aimed to determine whether H»S
undergoes structural changes after irradiation that may be linked to radiation-induced
cataract. Both the CD and fluorescence measurements indicate that HyS is remarkably
resistant to unfolding upon even prolonged y irradiation.

The CD spectra of proteins exhibit characteristic bands that report on secondary structure.

51 Here we compare the CD spectra of non-irradiated H S to irradiated samples to detect
partial or complete unfolding. In previous studies of H S, even small changes in secondary
structure due to mutation or partial unfolding were observable, i.e. as frequency shifts and
shoulders on the major peaks. 223 For y irradiated H»S, the CD spectra of all samples

up to 10.8 kGy show a strong negative peak at 218 nm, which is characteristic of the
primarily B-sheet structure of this protein (Figure 1A). At 33.9 kGy there is a loss of
negative intensity at this position and broadening of the negative band toward 204 nm, where
there is a new peak minimum. Similar shifting and broadening of the CD minimum at 218
nm was previously observed for y-crystallins denatured with guanidine hydrochloride. 34
The same trend was observed for H »S that was aggregated through incubation with copper
and resolubilized, °° as well as for UV-C irradiated, aggregated, and resolubilized HyD. 56
In a previous study of human aA- and aB- crystallin, molecular chaperone proteins that are
also abundant in the lens, CD was used to monitor secondary structure as these proteins were
subjected to increasing doses of y irradiation. The secondary structures of aA- and aB-

J Phys Chem B. Author manuscript; available in PMC 2023 March 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Norton-Baker et al.

Page 7

crystallin were disrupted at a dose of 3.0 kGy and 1.0 kGy of irradiation, respectively. 57 In
contrast, here we show that the solubility and secondary structure of H/S is preserved up to
at least 10.8 kGy.

For y-crystallins in particular, intrinsic tryptophan fluorescence provides a nuanced view
of the protein’s folding state. Here we corroborated the CD results with fluorescence
spectra collected over the same time course. The most obvious change in these spectra

is the decrease in fluorescence intensity as irradiation increases. The arrangement of the
buried tryptophans in the core of H S has a powerful quenching effect on fluorescence;
therefore, full denaturation typically increases the fluorescence signal. 43 However, other
effects can alter tryptophan fluorescence intensity in the absence of full unfolding, such as
transient contact with solvent molecules as a result of secondary structure destabilization
58 or modifications that alter the chemical structure of tryptophan such as conversion of
tryptophan to kynurenine or other oxidation products. 9

The position of the emission maximum is more straightforward to interpret: previous
work has shown shown that the fluorescence emission maximum of 8- and y-crystallins
shifts from approximately 325 nm to 340 nm when the protein is fully denatured. 60.61
Displacement of the typically buried tryptophans through denaturation exposes the residues
to the more polar solvent, causing a redshift in fluorescence emission maxima upon
excitation at 295 nm. 82 Partial unfolding or increased molecular motions increase the
solvent accessibility of the tryptophans, leading to shifts in the spectra of a few nm. 53 The
fluorescence maximum of H»S remains at 329 nm, consistent with a fully folded protein,
through 10.8 kGy of irradiation (Figure 1B). After 33.9 kGy, the peak shifts from 329 to
332 nm. The CD spectra and fluorescence data both indicate that the structure of HyS is
unperturbed past 10.8 kGy of y irradiation.

Human yS-crystallin accumulates mass modifications after y irradiation

Chemical alteration of crystallins has previously been observed after aging as well as
exposure to UV light and lens contaminants such as metal cations. The best-characterized
PTM of structural crystallins is deamidation, 3763 which lowers stability and alters
dynamics, potentially generating aggregation-prone transient conformations. 465 Oxidation
is another common PTM, particularly in aged lenses that have reduced antioxidant levels.
Residues that are particularly vulnerable to oxidation include cysteine, methionine, histidine,
and tryptophan. 36:66 ROS formation in the lens can result from exposure to light in the
UVA 7 or UVBS68 parts of the solar spectrum. Damage to biomolecules can also be caused
by Fenton chemistry, where hydrogen peroxide induces redox cycling of certain metal ions
(canonically, Fe?* to Fe3*, but also Cu* to Cu?*), forming hydroxyl radical and other highly
reactive species. 69-72

Despite its remarkable resistance to unfolding, H S accumulates many mass modifications
from y irradiation. Intact mass spectra were obtained to determine if any modifications to
the protein mass occurred during irradiation (Figure 2). Hy/S has an expected intact mass
of 20932 Da, which appeared in the purified protein spectrum shown in Figure 2 (top).
During irradiation, a number of mass modifications accumulated that led to both increases
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and losses in mass. Mass increases appear to be mostly due to oxidations, with successive
increases of +16 Da, consistent with multiple oxidations on the same protein molecule.

Specific amino acids have been shown to be highly susceptible to oxidation in the presence
of ROS. The sulfur-containing amino acids cysteine and methionine are known to form
various oxidation states including sulfenic, sulfinic and sulfonic acids for cysteines and
methionine sulphoxide for methionine. 7374 Disulfide bonds are also likely to form under
oxidizing conditions. 73 To detect the presence of free thiols in non-irradiated and irradiated
samples, we performed Ellman’s assay. Ellman’s assay utilizes the reaction of cysteine
side chains with 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB) to quantify the free thiols

in solution. 490 This assay was performed under nondenaturing conditions to assess the
amounts of solvent-exposed thiols in solution. Figure 3 shows the non-irradiated sample,
which has a free thiol content of 41 4M. This corresponds to 3.4 solvent-exposed thiols per
protein molecule, consistent with structural analysis of the NMR and crystal structures of
H»S that indicate 3 out of the 7 cysteines are highly solvent-exposed: C23, C25, and C27.
75.76 With increasing y irradiation dose, the solvent-exposed thiol concentration decreased
to 16, 13 and 9 pM after 1.5, 3.0, and 7.0 h, respectively. These concentrations correspond
to 1.4, 1.1 and 0.7 solvent-exposed thiols per protein molecule for the 1.5, 3.0,and 7.0 h
irradiated samples, respectively.

In general, protein oxidation via ROS has been extensively reviewed. /7 The side chains

of lysine, histidine, tyrosine, tryptophan, and phenylalanine are likely targets for addition
reactions: lysine residues oxidize to aminoadipic semialdehydes; 78 histidine oxidizes to
asparagine, aspartic acid, and oxo-histidine; 7879 tryptophan converts to 2-,4-,5-,6-, and 7-
hydroxy-tryptophan, formylkynurenine, 3- hydroxykynurenine, and kynurenine; 8 tyrosine
forms 3,4-dihydroxyphenylalanine or dityrosine crosslinks; 8% and the oxidation products
of phenylalanine are 2-,3-, and 4-hydroxyphenylalanine and 3,4- dihydroxy-phenylalanine.
80 Oxidation patterns induced by hydroxyl radicals are well-characterized and predictable,
leading to their use in oxidative-based footprinting methods. 81 This technique exposes
proteins to hydroxyl radicals that oxidize amino acid side chains at a rate determined by
solvent exposure. Side chains that are buried or involved in protein-protein interactions can
be identified by their resistance to oxidation. 82 This type of footprinting is particularly
useful when fast, laser-induced hydroxyl radical production is combined with modern mass
spectrometry detection methods, 83 a strategy that has been used to characterize protein-
peptide84 and antibody-epitope binding, 8 among others. We expected to observe similar
patterns of protein oxidation as y irradiation produces hydroxy! radicals.

In addition to the expected oxidations, the intact mass spectra of the y irradiated protein
also indicate the presence of other modifications. We noted a spike at the 5 x oxidation state
(+80); we hypothesize that an additional mass change may add +80 Da that overlaps with
the 5x oxidation state. Another possibility suggested by other known PTMs is O-sulfation
on serine, threonine, or tyrosine residues, although the source of SO3 is unknown in that
case. 8687 We also observed mass losses in the irradiated samples. The resolution of the
intact mass spectra makes it difficult to determine within 1 Da the exact mass of this shift;
however, it appears to fall between —16 to —17 Da. There appears to be a succession of mass
losses, with an apparent 1 x mass loss at —16/-17 and 2x mass loss at —33/34. The loss of
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17 Da may correspond to the formation of succinimide via a sidechain nucleophilic attack
on the protein backbone. Succinimide formation is readily achieved by aspartic acid which
can then racemize to D-aspartic acid, 8 a common PTM in aged lenses,8 Succinimide
formation has been shown to increase in UVC irradiated a-crystallins. 9 The amount of
S-linked aspartic acid, which is also formed through a succinimide intermediate, has been
shown to increase in y irradiated a-crystallins. 9 However, other modifications may overlap
as well. For example, dehydroalanine formation from cysteine generates a —34 Da mass loss
from the conversion of the thiol group to an olefin and has been detected as a product of
protein-ROS interaction using MS/MS. 92

In this study, we focused on the short-term mass changes and structural stability of HyS

by analyzing all samples within hours of removal from the y-irradiation source. However,
intact mass spectra collected from later time points (immediately after irradiation compared
to 4 hours after irradiation and 1 week after irradiation) show an increase in the amount of
modified protein (Figure S2). We hypothesize that  radiation generated ROS continue to
react with the protein after removal from the energy source, consistent with previous reports
that these intermediates last hours to days. 77:93

Oxidative damage was identified on Lys, Met, Trp, Leu, and Cys

To identify the modifications, samples irradiated for 1 h/1.5 kGy were digested and analyzed
with liquid chromatography tandem mass spectrometry (LC-MS/MS). This type of data-
independent acquisition (DIA) allows for a less biased approach as all peptides are included
in the analysis. Protein digestion was performed by proteolysis with both trypsin and pepsin
on the 1.5 kGy dose samples. Trypsin digestion was performed under denaturing conditions,
with the protein first incubated in 8 M urea for 1 h then diluted to 1.6 M urea for an
overnight incubation with trypsin. A pepsin digest was added to increase coverage. % Both
the trypsin and pepsin digests from 1.5 kGy samples mostly lacked distinct, identifiable
peptides in the irradiated sample. This result was unexpected based on the modifications
observed in the intact mass spectra of the irradiated samples. One modification was
identified from the pepsin digest of the 1.5 kGy irradiated sample, the peptide GSKTGTKIF
showing a —1 Da loss (Table 1). The b and y ion plots show that the location of the

mass shift is in the first three residues (Figure S3). Of the three residues, lysine is the
mostly likely target of oxidation. Aminoadipic semialdehyde derivatives of lysine resides
are known oxidation products of lysine that yield a —1 Da loss. % This modification has
been reported in crystallins in aged human eye lens, where its concentration increased with
age and in the presence of diabetes, both conditions which increase cataract susceptibility.
96 The semialdehyde has been reported to further oxidize to the carboxylic acid derivative,
2-aminoadipic acid. %

The lack of unique peptides in the 1.5 kGy irradiated sample digest suggested that the
modifications to H»S as a result of y irradiation were so heterogeneous that each modified
peptide has a very low individual signal, making identification of any particular species

by mass spectrometry difficult. We therefore looked to increase the signal for the modified
peptides by analyzing samples with longer irradiation times, 5 hours with a dose of 7.7 kGy.
Additionally, we analyzed the precipitated fraction (which was not evident in the 1.5 kGy

J Phys Chem B. Author manuscript; available in PMC 2023 March 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Norton-Baker et al.

Page 10

samples) in order to observe an increased fraction of modified peptides. The water-insoluble
fraction was resolubilized in denaturing buffer and subsequently digested with trypsin.
Enriching the sample for modified proteins aided in identifying the sites of oxidation from
radiation exposure. It should be noted that accurately measuring concentration post-exposure
using UV absorption is challenging, as the UV absorption profile can change significantly
due to the oxidation of the aromatic amino acids. Therefore, a direct comparison of

ion count of the modified peptides between samples is not feasible as the total sample
concentration may vary. In order to give an approximation of the relative amount of
modified peptides between samples, we estimated the percent abundance as the ion count of
the modified peptide over the total ion count of all the modified and unmodified forms of the
peptide.

Table 1 summarizes the sites of oxidation identified in 7.7 kGy irradiated H»S. We found
evidence of oxidation on all methionine residues and one of the four tryptophan residues.
We also identified oxidation of one cysteine, C25, consistent with the high solvent exposure
of this residue. The b and y ion plots supporting the identified oxidation sites are shown

in the Supplementary Information, The methionine residues and W163 each show a single
oxidation, with b and/or y ions demonstrating the specific position of the +16 mass addition
(Figure S4-S9). We also found evidence of oxidation of leucine, with +16 mass addition

to L142 (Figure S10). L133 may also be oxidized, however the b and y ions were not
definitive to that position, as the +16 may also added to V132 (Figure S11). Both leucine
and valine have previously been reported to form hydroperoxides and hydroxides in the
presence of hydroxyl radicals and oxygen. 7* y irradiation on a leucine-containing small
peptide resulted in the formation of 4-hydroxyleucine with a +16 mass addition as a major
product. 97 In contrast to the single oxidations identified for the other residues, C25 was
identified as a doubly oxidized species, forming the sulfinie acid derivative. The b and y
ions definitively identified C25 as doubly oxidized, rather than a single oxidation of C25
and a neighboring cysteine (Figure S12). Oxidation of methionine, tryptophan, and cysteine
residues is consistent with the oxidation sites found in yE and »F in rat lenses exposed to
irradiation. 2°

For comparison, we additionally irradiated HS with ultraviolet (UV) radiation to determine
whether similar products formed. UV radiation has been shown to directly photooxidize
proteins via absorption by the major chromophoric side chains (Trp, Tyr, Phe, His, and
Cys), which in turn may generate ROS and subsequently oxidize other side chains. 98:99
UV irradiation of bovine a-crystallin 99190 and human D (HyD) crystallin 96101 showed
oxidation of methionine, tryptophan, and cysteine residues. UVA and UVB irradiation of

H yS-crystallin has previously been shown to lead to rapid formation of light-scattering,
amorphous aggregates 7 vitro. > We performed trypsin digests on the insoluble fractions
after UVA and UVB irradiation. The UV-irradiated samples show a similar pattern of
oxidized amino acids, with methionines, tryptophans, and cysteines identified as oxidized
products (Table 1). UV irradiated samples additionally showed that C23 and C27 formed
sulfinic acid derivatives with +32 mass shifts (Figure S13 and S14). Previous studies on UV
irradiated H D report the formation of double and triple oxidized cysteines, rather than the
single oxidation product. 101
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Vibrational spectroscopy reveals chemical sighatures of oxidation

Infrared (IR) and Raman spectroscopy were used to gain further insight into the types

of PTMs arising from y irradiation. Both techniques are powerful approaches for directly
probing vibrational signatures, and hence chemical content, of the molecules. IR spectra
were collected on the non-irradiated and irradiated samples in the mid-IR region on
lyophilized protein to minimize the background signal from water. Several distinct features
appeared in irradiated samples (Figure 4). We noted that a peak appears at a wavelength

of 2835 cm™1 after long irradiation times. This peak was preliminarily assigned to the
C—H stretch mode of aldehydes. 102 The increase in this region in irradiated samples is
consistent with the modified peptide with an aldehyde derivative of lysine identified from
the mass spectrometry data. New peaks also appeared at 1373 and 1258 cm™ in the spectra
of irradiated samples, consistent with double bonds between sulfur and oxygen, which have
a stretching mode in the 1372-1335 cm™1 rangel02, These data support the presence of
oxidized cysteines and methionines identihed via mass spectrometry (Table 1). The peak at
1258 cm ~1 may arise from the C—O stretching mode of carbonyl-containing functional
groups. 102 Carbony! derivatives are commonly reported in oxidized proteins and carbonyl
content has been used as an indicator of oxidative stress 103104

Raman spectroscopy was also performed on a custom-modified Raman microscopy system.
105 protein lines of particular interest are not strong in intensity compared to other signals
within the molecular fingerprint region. To clearly observe the associated lines and changes,
high concentration samples deposited on glass slides were used. 106 Due to the high

protein concentration required, we first evaluated the effects of protein concentration on

the modification rate from y irradiation. We used a commercially available protein, hen egg
white lysozyme, due to the significant sample consumption for high concentration samples.
We obtained a non-irradiated intact mass spectrum for lysozyme, which is shown in Figure
S14. We then irradiated lysozyme samples both at 5 mg/mL and 100 mg/mL for 1 hto a
dose of 1.5 kGy and collected intact mass spectra. Figure S14 shows the lower concentration
sample contains a much higher percentage of modified protein, consistent with ROS derived
from water rather than direct irradiation of the protein causing most of the damage. We
therefore chose to irradiate the HS sample at 5 mg/mL then concentrate to 100 mg/mL for
Raman data collection to maintain sample consistency between techniques.

Other reports suggest that y irradiation may form protein peroxides, which are detectable
in Raman spectra. 197.108 The H»S samples were irradiated at 5 mg/mL then concentrated
with centrifugal concentrators immediately after irradiation to reach 100 mg/mL for spectra
measurement. The spectra of non-irradiated sample and sample irradiated for 1.5 h 2.3 kGy
is shown in Figure 5 No significant spectral changes were noted at this dose. However, we
were unable to collect Raman spectra from samples with longer irradiation times due to an
increase in background fluorescence. We measured this fluorescence signal at the excitation
wavelength of 532 nm to determine the emission profile for the unknown fluorophore
(Figure 5) To our knowledge, an amino acid derivative with this excitation-emission profile
has not been reported. We aim to identify the unknown fluorescent product via further mass
spectrometry analysis.
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y irradiation causes non-disulfide covalent cross-linking

In addition to the side-chain modifications noted in the previous section, y irradiation
appears to lead to chemical cross-linking between protein molecules. Figure 6 shows an
SDS-PAGE of non-irradiated Hy/S as well as up to 1 h of irradiation or 1.5 kGy. The

gels were intentionally overloaded to increase the visibility of the dimer band. During the
course of irradiation, a dimer forms corresponding to approximately 40 kDa. The dimer
mass is also seen in the intact mass spectra (Figure S15). H»S is known to form disulfide-
bonded dimers, usually between the solvent exposed C25s in two H %S molecules. However,
the dimers formed after y irradiation resisted reduction with S-mercaptoethanol (8ME),
suggesting that these dimers were formed via an alternative cross-linking mechanism.
Several crosslinks have been identified in aged and cataractous lenses. 109 Asp/Asn-Lys, 110
dityrosine, 111 Glu/GIn-Lys 112 have all been identified in human lenses. Dityrosine cross-
linking proceeds through a radical mechanism 113 that could be promoted by irradiation and
interaction with hydroxyl radical.

Longer irradiation times led to protein aggregation; however, fragmentation was not noted

in either the SDS-PAGE analysis or the intact mass spectra. Figure 6 shows the SDS-PAGE
of the non-irradiated protein and the irradiated protein from 1 h to 22 h. The bands for both
the monomer and dimer decrease in intensity over the course of irradiation, while the band
at the loading well grows more intense, suggesting that full-length protein is aggregating and
no longer able to travel down the gel. By 22 h, no bands are visible in the expected mass
ranges for either monomer or dimer. Neither the dimer bands nor the aggregation bands in
the loading well are disrupted by reduction with SME, confirming that disulfide bonding is
not the main mechanism of crosslink formation.

Conclusion

Long-lived proteins such as lens crystallins, which have evolved to maintain a stable
structure for decades, are particularly vulnerable to the accumulation of detrimental
modifications because they are not replenished during the human lifetime. Exposure to
ionizing radiation would be expected to cause rapid protein aggregation via the large number
of diverse PTMs. Remarkably, despite acquiring many modifications from exposure to
radiation, Hy/S-crystallin appears to be resistant to denaturation up to very high doses. Our
results clearly confirm the high tolerance for chemical modification of the j-crystallins,
highlighting their evolutionary adaptation as resilient proteins. The present study was mainly
focused on the short-term structural stability of irradiated H S. However, because cataracts
often manifest many years after damage occurs, future studies should also focus on long-
term structural stability.
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Figure 1:
The structure of H %S was monitored using circular dichroism (CD) and intrinsic tryptophan

fluorescence spectroscopy. (A) CD and (B) fluorescence spectra of H S irradiated from
0 kGy (black), 2.3 kGy (purple) 4.6 kGy (orange), 10.8 kGy (yellow), 33.9 kGy (grey,
dashed). H S resists significant secondary structural rearrangement past 10.8 kGy.
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Deconvoluted intact mass spectra H S samples irradiated with doses (0, 1.5, 2.3, 3.1, 4.6,
7.7, and 10.8 kGy) of y radiation. H»S accumulates successive +16 Da and —16/-17 Da

modifications over the course of irradiation.
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Figure 3:
Absorbance spectra of non-irradiated and irradiated samples after reaction with Ellman’s

reagent, DTNB. The absorbance at 412 nm was used to calculate the concentration of free
thiols.
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Figure 4
IR spectra for samples irradiated from 0.0 to 10.8 kGy from (A) 3655 to 2520 cm~1 and (B)

1480 to 990 cm™1. Traces are offset for clarity. Unique peaks that appear after irradiation are
indicated with an arrow.
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Figure5:
Raman spectra of non-irradiated and irradiated H S from (A) 375 to 900 cm~ and (B)

900 to 1580 cm™1. No significant spectral changes are observed from 1 h/1.5 kGy dose. (C)
Fluorescence spectra of irradiated H S with an excitation wavelength of 532 nm.
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Figure®6:

SDS-PAGE analysis of non-irradiated and irradiated H#S. (A) Short y irradiation exposures
from 0 to 60 min, up to 1.5 kGy. A dimer of H S forms that resists reduction with SME.
(B) Longer yirradiation exposures from 0 to 22 h, up to 33.9 kGy. Aggregation appears to
increase with longer irradiation times with no remaining monomer or dimer visible at 22 h.

J Phys Chem B. Author manuscript; available in PMC 2023 March 02.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Norton-Baker et al. Page 25

Table 1.

Oxidation sites identified in yyand UV irradiated H »S. Peptides from pepsin and trypsin digests were
separated and identified via LC-MS/MS. The percent abundance is calculated from the ion count of the
modified peptide over the total ion count of all modified and unmodified forms of the peptide. No data is
available on the presence of the K31 modification of GSKTGTKIF as pepsin digests were not performed for
the 7.7 KGy y irradiated or UV irradiated samples. The unmodified form of GSKTGTKIF was not detected;
therefore, percent abundance is not reported.

Residue  Peptide Modification Nonirradiated y-rays UV
Number
1.5kGy 77 UVA UVB
kGy
1-10 GSKTGTKITF K31 nd detecteda’b - - -
42-72 VEGGTWAVYERPNFAGYMYILPQGEYPEYQR  M59+16 nd nd 16% 8% 14%
73-79 WMGLNDR M74+16 nd nd 3% 2% 3%
102-125 GDFSGQMYETTEDCPSIMEQFHMR M108+16 nd nd 5% % 10%
M119+16 nd nd 8% 1%  11%
M124+16 nd nd 2% 6% 9%
132-146 VLEGVWIFYELPNYR V132+16 or nd nd 1067 nd nd
L1336
L142+16 nd nd <1% nd nd
159-174  KPIDWGAASPAVQSFR W163+16 nd nd <1% <1% <1%
20-36 RYDCDCDCADFHTYLSR C23+32 nd nd nd 2% 3%
C25+32 nd nd 1% 4% 8%
C27+32 nd nd nd <1% 1%

nd = not detected
a - .
percentage not reported as unmodified peptide uot detected

Assignment of oxidation to specific residue not definitive
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