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Oxidative Modifications Switch Modulatory
Activities of Urinary Proteins From Inhibiting to
Promoting Calcium Oxalate Crystallization,
Growth, and Aggregation

Sakdithep Chaiyarit and Visith Thongboonkerd*

The incidence/prevalence of kidney stone disease has
been increasing around the globe, but its pathogenic
mechanisms remained unclear. We evaluated effects of
oxidative modifications of urinary proteins on calcium
oxalate (CaOx) stone formation processes. Urinary pro-
teins derived from 20 healthy individuals were modified by
performic oxidation, and the presence of oxidatively
modified urinary proteins was verified, quantified, and
characterized by Oxyblot assay and tandem MS (nanoLC-
electrospray ionization-linear trap quadrupole-Orbitrap-
MS/MS). Subsequently, activities of oxidatively modified
urinary proteins on CaOx stone formation processes were
examined. Oxyblot assay confirmed the marked increase
in protein oxidation level in the modified urine. NanoLC-
electrospray ionization-linear trap quadrupole-Orbitrap-
MS/MS identified a total of 193 and 220 urinary proteins in
nonmodified and modified urine samples, respectively.
Among these, there were 1121 and 5297 unambiguous
oxidatively modified peptides representing 42 and 136
oxidatively modified proteins in the nonmodified and
modified urine samples, respectively. Crystal assays
revealed that oxidatively modified urinary proteins signif-
icantly promoted CaOx crystallization, crystal growth, and
aggregation. By contrast, the nonmodified urinary proteins
had inhibitory activities. This is the first direct evidence
demonstrating that oxidative modifications of urinary
proteins increase the risk of kidney stone disease by
switching their modulatory activities from inhibiting to
promoting CaOx crystallization, crystal growth, and
aggregation.

Despite enormous efforts in studying kidney stone disease,
its incidence/prevalence has been increasing around the
globe (1, 2). Crystal nucleation (crystallization), growth, ag-
gregation, and adhesion on renal tubular cells have been
proposed as the important mechanisms for kidney stone for-
mation (1, 2). Thus, findings of the pivotal factors regulating

these stone formation steps are motivated to define the
effective prevention strategies. Involvements of urinary pro-
teins, such as uromodulin (3), uropontin (4), albumin (5, 6),
nephrocalcin (7), prothrombin fragment 1 (8), bikunin (9-11),
trefoil factor 1 (12, 13), and fibronectin (14), in modulation of
nucleation, growth, aggregation, and adhesion of calcium
oxalate (CaOx) crystals (the major composition of kidney
stones) have been revealed in previous studies. However, the
precise roles of these proteins in the stone pathogenesis
remain unclear.

Interestingly, clinical and animal studies have demonstrated
the increasing evidence of oxidative stress in kidney stone
disease (15-19). Likewise, recent findings have shown that the
interactions between CaOx crystals and renal tubular cells can
promote many cellular events, such as cell proliferation (20),
cell death (21), cellular injury (22), mitochondrial dysfunction
(23), and inflammatory cascade (24). All these cellular events
are associated with oxidative stress and overproduction of
free radicals and reactive oxygen species (ROS) such as su-
peroxide and hydrogen peroxide (H-O5) in renal tubular cells
(25). However, almost all these references have shown that
oxidative stress is a secondary event following the stone
development, crystal deposition, or exposure to the known
etiologic factors (i.e., hyperoxaluria, hypercalciuria) (15-27),
whereas its primary role as the etiology remains unclear.

Interestingly, extracellular ROS are also found in the urinary
system (28). ROS, also known as DNA-damage agents, can
change protein functions and properties by oxidization at free
thiol group of cysteine and are associated with many diseases
(29-31). Oxidation of these thiol groups (sulfoxidation) by su-
peroxide (0?"7) and H,O, can generate reversible sulfenic acid
(=SOH). Under severe oxidizing condition, high level of ROS
can modify sulfenic acid to the irreversible sulfinic (-SO,H)
and sulfonic (-SO3zH) acid (32). Consequently, extracellular
ROS can modify urinary proteins, lipids, and nucleic acids,
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Oxidation of Urinary Proteins and Kidney Stone

resulting to alterations of their functional activities. Urinary and
crystal-associated proteins are known to get involved in kid-
ney stone formation (33-35). We then hypothesized that
oxidative modifications of urinary proteins may be one of the
key factors that promote kidney stone formation. Therefore,
this study aimed to examine the roles for oxidatively modified
urinary proteins in kidney stone formation processes.

EXPERIMENTAL PROCEDURES
Urine Collection and Sample Preparation

The experiments involving human subjects and clinical samples in this
study were approved by the Siriraj Institutional Review Board, Human
Research Protection Unit, Faculty of Medicine Siriraj Hospital, Mahidol
University, Thailand (ethical approval no.: Si473/2015). All the experi-
ments were conducted according to the international guidelines, that is,
the Declaration of Helsinki, the Belmont Report, and ICH Good Clinical
Practice, and informed consents were obtained from all subjects.

A total of 100 ml of midstream random urine samples were collected
from each of 20 healthy individuals (aged 20-40 years) who had no
recent medication or illness. All urine samples were immediately sub-
jected to low-speed centrifugation (1000g for 15 min) to remove cell
debris and particulate matters. The samples were dialyzed against
deionized (18 MQ cm) water at 4 °C overnight and then lyophilized.

Performic Oxidation of Urinary Proteins

The lyophilized urinary proteins were combined and made into three
different pools. Each of these pools were divided into two fractions
(nonmodified and modified). For the modified group, the samples were
resuspended with formic acid (Thermo Fisher Scientific) to make the
final protein concentration at 1 pg/pl, and 3x volume of freshly pre-
pared performic acid (1:20 v/v of 30% H»O, [Thermo Fisher Scientific]
in formic acid) was added. After 3-h incubation on ice, 5x volume of
ice-cold deionized water was added and then lyophilized. The powder
of oxidatively modified proteins was collected and subjected to sub-
sequent experiments.

Oxyblot Analysis

To verify the oxidative modifications in urinary proteins after per-
formic induction, Oxyblot analysis was performed using OxyBlot
Protein Oxidation Detection Kit (S7150) (Chemicon) as described
previously (36, 37). Briefly, the lyophilized urinary proteins were
resuspended in Laemmli's buffer with additional 4% SDS. The pro-
teins were then derivatized with or without 2,4-dinitrophenylhydrazine.
Equal amount of the derivatized and nonderivatized urinary proteins
(20 pg/sample) were resolved by SDS-PAGE and then transferred onto
a nitrocellulose membrane. Thereafter, the membrane was incubated
with rabbit polyclonal antidinitrophenyl antibody (Chemicon) (1:500 in
1% bovine serum albumin/PBS) at 25 °C for 1 h, and then with cor-
responding secondary antibody conjugated with horseradish peroxi-
dase (Dako) (1:1000 in 1% bovine serum albumin/PBS) at 25 °C for
1 h. Finally, the oxidatively modified proteins were detected by
SuperSignal West Pico chemiluminescence substrate (Pierce
Biotechnology). Band intensity data were obtained using ImageQuant
TL software (GE Healthcare).

In-solution Tryptic Digestion by Filter-aided Sample Preparation
Method

An equal amount of 50 pg of proteins from modified or nonmodified
urine samples was tryptic digested into peptides according to the
filter-aided sample preparation protocol as described previously (38,

39). Briefly, protein samples were resuspended in 4% SDS, 100 mM
DTT, and 100 mM Tris—HCI (pH 7.6) lysis buffer and were reduced by
heating at 95 °C for 5 min. After cooling down at 25 °C, each protein
sample was transferred to an Omega Nanosep 10K device (Pall Cor-
poration), added with 200 pl of 8 M urea in 100 mM Tris—HCI (pH 8.5),
and then centrifuged at 14,000g and 25 °C for 15 min. This buffer
exchange step was repeated for one more cycle. The recovered
proteins were then alkylated with 100 pl of 50 mM iodoacetamide in
8 M urea/100 mM Tris-HCI (pH 8.5) at 25 °C in the dark using a
ThermoMixer C (Eppendorf) for 20 min. Thereafter, buffer exchange
was performed twice by centrifugation at 14,0009 and 25 °C for
15 min each using 200 pl of 8 M urea/100 mM Tris—-HCI (pH 8.5). The
proteins were then finally exchanged into 50 mM NH4HCO; and
digested with sequencing-grade modified trypsin (Promega) in 50 mM
NH4HCO; at a ratio of 1:50 (w/w) trypsin/protein at 37 °C for 16to 18 h
in a ThermoMixer C. The digested peptides were collected by trans-
ferring the filter unit to a new collection tube and centrifuged at
14,0009 and 25 °C for 10 to 20 min. Trypsin activity was then stopped
by adding 10 pl of 5% formic acid in 80% acetronitrile, and the
digested peptides were dried by a SpeedVac concentrator (Savant).
The peptides were finally resuspended in 0.1% formic acid prior to
MS/MS analysis.

Identification of Oxidatively Modified Urinary Proteins by nanoLC—
Electrospray lonization-Linear Trap Quadrupole-Orbitrap-MS/MS
Analysis

Separation of the digested peptides was performed using EASY-
nLC Il (Thermo Fisher Scientific). Briefly, peptides were loaded from
a cooled (7 °C) autosampler into an in-house, 3-cm-long precolumn
containing 5-pm C18 resin (Dr Maisch GmbH) and then to an in-house,
15-cm-long analytical column packed with 3-pm C18 resin (Dr Maisch
GmbH) using mobile phase A (0.1% formic acid). The peptides were
then separated by mobile phase B (acetronitrile/0.1% formic acid)
gradient elution with four steps as follows: 2 to 9% for 15 min, 9 to
35% for 85 min, 35 to 95% for 20 min, and then 95% for 10 min at a
flow rate of 200 nl/min. Peptide sequences were then analyzed by
linear trap quadrupole (LTQ)-Orbitrap-XL (Thermo Fisher Scientific) in
positive mode with electrospray ionization (ESI) nanosprayer ion
source.

Data were acquired in a collision-induced dissociation top-12 mode
under the control of the Xcalibur 2.1.0 and LTQ Tune Plus 2.5.5
software (Thermo Fisher Scientific). The cycle of one full scan was
performed at a resolution of 30,000 (300-2000 m/z) in the Orbitrap
followed by 12 data-dependent MS/MS scans in the linear ion trap
with enabled preview mode for FTMS master scan. The minimum
signal threshold at 1 x 10° was required for a precursor ion to be
selected for further fragmentation. Accumulation target values of full
MS and MS/MS scan were 5 x 10° and 3 x 10* ions, respectively.
Singly charged ions and unassigned charge states were excluded for
fragmentation. Helium was used as a collision gas, and the normalized
collision energy was set at 35%. The activation time was 30 ms for
acquiring mass spectra. The duration of dynamic exclusion was 180 s.

The MS/MS raw spectra were deconvoluted and then extracted into
output searchable.mgf files using Proteome Discoverer, version
1.4.1.14 software (Thermo Fisher Scientific). Mascot software, version
2.4.0 (Matrix Science) was used to search MS/MS spectra against
20,395 entries of human Swiss-Prot database (release 2021_02 on
February 7, 2021) with the following standard Mascot parameters for
collision-induced dissociation: Enzyme = trypsin, maximal number of
missed cleavages = 1, peptide tolerance = +2 ppm, MS/MS toler-
ance = +0.2 Da, fixed modification = carbamidomethyl (C), variable
modifications = oxidation (M, C, W), dioxidation (M, C, W) and triox-
idation (C, W), charge states = 2+ and 3+, and decoy database on
false discovery rate <1%.
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In addition, the MS raw files were analyzed by integrated MaxQuant
software suite, version 1.5.3.30 (www.maxquant.org) to acquire
extracted ion chromatograms and relative spectral intensity for
calculating the proportion of peptides containing individual oxidized
residues. The derived peak list files were search against the human
Swiss-Prot database using built-in Andromeda search engine, which
was integrated into MaxQuant software. Fixed modification was car-
bamidomethylation at cysteine residues, whereas variable modifica-
tions were oxidation at methionine, cysteine, or tryptophan,
dioxidation at methionine, cysteine, or tryptophan, and trioxidation at
cysteine or tryptophan residues. Enzyme specified was trypsin, and
only one missed cleavage per peptide was allowed. Data searches
were performed with a precursor tolerance of 4.5 ppm and fragmen-
tation tolerance of 0.5 Da with +2 and +3 charge state. The false
discovery rate was performed by searching the decoy database and
adjusted to 1% at protein level.

Moreover, the unique oxidatively modified peptides were classified
as the “unambiguous” oxidatively modified peptides, whereas those
that shared peptide sequences with other proteins were considered as
the “ambiguous” oxidatively modified peptides. Only the “unambigu-
ous” ones were counted and compared between the nonmodified and
modified urine samples.

Effects of Oxidatively Modified Urinary Proteins on CaOx
Crystallization

The lyophilized nonmodified and modified urinary proteins were
resuspended in the artificial urine (containing 200 mM urea, 1 mM uric
acid, 4 mM creatinine, 5 mM NazCgHs0,-2H,0, 54 mM NaCl, 30 mM
KCl, 15 mM NH,4CI, 3 mM CaCl,-2H,0, 2 mM MgSQO,-7H.0, 2 mM
NaHCO3, 0.1 mM NaC,0,4, 9 mM NaySO,, 3.6 mM NaH,PO,4-H,0, and
0.4 mM Na,HPO,4; pH = 6.2; specific gravity = 1.010 g/ml; and
osmolality = 446 mOsm/kg as previously described) (40, 41). Their
concentrations were adjusted to 1 pg/pl using the artificial urine. CaOx
crystallization was performed as described previously (13, 42). Briefly,
0.5 ml of 10 mM CaCl,-2H,0 in a crystallization buffer containing
10 mM Tris—-HCI and 90 mM NaCl (pH 7.4) was added into each well of
the 24-well plate (Corning, Inc). An equal volume (4 pl) of proteins
(1 pg/pl) derived from each sample was added into each well, whereas
4 ul of the artificial urine (diluent) was added into another well and
served as the control. Thereafter, 0.5 ml of 1.0 mM Na,C,0O, in the
same crystallization buffer was added into each well to make final
concentrations of CaCl, and Na,C,0,4 at 5 and 0.5 mM, respectively.
The mixture was incubated at 25 °C for 1 h. Crystal images were
captured randomly from at least 15 high-power fields (HPFs) under
Nikon Eclipse Ti-S inverted phase-contrast light microscope (Nikon).
Crystal size was measured using NIS Element D software, version 4.11
(Nikon), whereas crystal mass was calculated from at least 100
crystals from 15 HPFs per well using the following equation:

urine) was added into each well. The mixture was further incubated for
60 min (Tg). At Tg and Tgo, crystal images were captured randomly
from at least 15 HPFs per well under the Eclipse Ti-S inverted phase-
contrast light microscope. Crystal sizes at Ty and Tgo were measured
using NIS Element D software, version 4.11 (Nikon), and crystal growth
(represented by A Crystal area) was calculated from at least 100
crystals in 15 HPFs per well using the following equation:

ACrystal area(pm?) = Crystal area at Tgo(pm?)-Crystal area at To(pm?)
@

In addition, crystal growth was evaluated using an oxalate depletion
assay as described previously (12, 45). Briefly, the solution in each well
derived from the crystal growth assay as described previously was
taken at Tg and Tgg, and the amount of free oxalate ions was measured
by UV spectrophotometry at 2214 nm. Crystal growth (represented by
oxalate consumption) and inhibitory activity of modified versus non-
modified urinary proteins were calculated using the following equations:

Oxalate consumption(AU) = Absorbance214 nm) at To
—Absorbance(214 nm) at Teo

Inhibitory activity(%)=[(C-T) / C] x 100 4)

where C = oxalate consumption without any proteins; T = oxalate
consumption with the tested proteins (nonmodified or oxidatively
modified urinary proteins).

Note that the negative value of inhibitory activity indicates the
promoting activity of the tested protein(s).

Effects of Oxidatively Modified Urinary Proteins on CaOx Crystal
Aggregation

CaOx crystal aggregation assay was performed as previously
described (46, 47). Briefly, CaOx crystals were generated as described
for the crystallization assay but with larger volume. The supernatant
was discarded by a centrifugation at 2000g for 5 min, whereas CaOx
crystals were washed three times with methanol. After another
centrifugation at 2000g for 5 min, methanol was discarded and the
crystals were air dried overnight at 25 °C. CaOx crystals (dry weight of
1000 pg) were resuspended in 1 ml of the crystallization buffer in each
well of the 6-well plate (Corning, Inc). An equal volume (4 pl) of the
artificial urine (control) or the tested proteins (1 pg/pl in the artificial
urine) was added into each well, and the plate was continuously
shaken in a shaking incubator (Zhicheng) at 150 rom and 25 °C for 1 h.
Thereafter, formation of CaOx crystal aggregate (defined as an as-

Crystal mass (um? / HPF) = Average crystal area in each field(pm?) x Number of crystals in each field(/HPF) 1

Effects of Oxidatively Modified Urinary Proteins on CaOx Crystal
Growth

CaOx crystal growth assay was performed as described previously
(43, 44). Briefly, CaOx crystals were generated in each well of the 24-
well plate (Corning, Inc) as described for the crystallization assay. After
crystallization was complete (Tg) (at 1 h after mixing CaCl, with
Na,C,0,4 to exclude an effect from neocrystallization), 4 pl of the
artificial urine (control) or the tested proteins (1 pg/pl in the artificial

sembly of three or more individual CaOx crystals that tightly joined
together) (46, 47) was observed and imaged under the Eclipse Ti-S
inverted phase-contrast light microscope. Number of CaOx crystal
aggregates was counted from 15 randomized HPFs per well.

Experimental Design and Statistical Rationale

A total of three different pools of urine samples collected from 20
healthy individuals were made, and each pool was divided into two
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Fiec. 1. Schematic summary for performic oxidation of urinary proteins, products, and detection methods. A total of three pools of urine
samples collected from 20 healthy individuals were made, and each pool was divided into two fractions (nonmodified and modified). For the
modified fraction, each of the urine pools was chemically modified by performic acid, which could add carbonyl groups to the proteins and/or
oxidize methionine (Met), cysteine (Cys), and/or tryptophan (Trp) residues. The proteins with carbonyl groups (reactive aldehyde and ketone)
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fractions (nonmodified and modified). For mass spectrometric ana-
lyses and all crystal assays, all these biological replicates were
analyzed independently. All quantitative data are reported as mean +
SD unless stated otherwise. Statistical analyses were achieved using
SPSS software, version 18.0 (IBM SPSS). Comparisons between two
sets of data were performed by unpaired Student's t test, whereas
multiple comparisons were performed using one-way ANOVA with
Tukey's post hoc test. p Values less than 0.05 were considered sta-
tistically significant.

RESULTS

Our present study aimed to address the involvements of
oxidatively modified urinary proteins in kidney stone formation
processes. The oxidatively modified urinary proteins were
generated and verified as summarized in Figure 1. Oxidative
modifications by introducing carbonyl groups as specific side
chains and oxidation at methionine (M), cysteine (C), or tryp-
tophan (W) residues were examined by Oxyblot assay and LC~
MS/MS analyses, respectively. Oxyblot assay confirmed the
marked increase in protein oxidation level in the modified urine
obtained from 20 healthy individuals (Fig. 2A). NanoLC-ESI-
LTQ-Orbitrap—-MS/MS identified a total of 193 and 220 urinary
proteins in nonmodified and modified urine samples, respec-
tively (supplemental Tables S1-S4). The proteins that were
identified with only one peptide were detailed in supplemental
Tables S2 and S4. Among all these identified proteins, there
were 1121 and 5297 unambiguous oxidatively modified pep-
tides representing 42 and 136 oxidatively modified proteins in
the nonmodified and modified urine samples, respectively
(supplemental Tables S5 and S6). Also, there were some
ambiguous oxidatively modified peptides found in both non-
modified and modified urine samples (supplemental Tables S7
and S8). But only the unambiguous oxidatively modified
peptides were counted and compared.

At the protein level, focusing on the significantly identified
peptides (with significant MS/MS identification scores), the
data showed a marked increase (approximately fivefold) in
percentage of oxidatively modified proteins found in the
performic-modified urine samples (41.90 = 1.22%) as
compared with the nonmodified ones (8.17 + 2.38%) (Fig. 2B).
At the peptide level, when all the peptides were taken into
account regardless of their MS/MS identification scores,
peptides with dioxidation and those with trioxidation were
found in all the modified samples, accounting for 14 to 18%
and 16 to 23%, respectively, of all the unambiguous peptides
identified, whereas only 1 to 2% of them were found in just
one biological replicate of the nonmodified samples (Fig. 2C
and Table 1).

To obtain more precise quantitative data, the relative
spectral intensities of all the oxidatively modified peptides

were analyzed based on the extracted ion chromatograms.
The quantitative analysis revealed that the percentage of
oxidatively modified peptides markedly increased (approxi-
mately fourfold) in the modified urine samples compared with
the nonmodified samples (Fig. 3A). The data on dioxidation
and trioxidation were consistent with those of peptide count
shown in Figure 2C. The data also showed that C (48-51%)
and M (33%) were the two most common oxidized residues
found in both oxidized and nonoxidized samples, whereas the
oxidized W accounted only for 16 to 19% of all the oxidized
residues (Fig. 3B). Examples of the annotated MS2 spectra of
fragmented ions pattern consistent with oxidation (sulfenic
acid at C, methionine sulfoxide at M, and hydroxytryptophan
at W), dioxidation (sulfinic acid at C, methionine sulfone at M,
and dihydroxytryptophan at W), and trioxidation (sulfonic acid
at C and hydroxy-bis-tryptophandione at W) are illustrated in
Figure 4, A-C, respectively.

In addition, alterations in the MS chromatogram were
observed in the modified urinary proteins with differential
pattern of relative abundance and retention time when
compared with those of the nonmodified urinary proteins
(Fig. 5A). Moreover, distribution analysis using Proteome
Discoverer revealed that the average molecular mass of the
proteins identified from the modified urine (70.73 kDa) was
greater than that of the nonmodified urine (63.08), whereas
their isoelectric point remained comparable (Fig. 5B). All the
data obtained from Oxyblot assay and various different ap-
proaches by nanoLC-ESI-LTQ-Orbitrap-MS/MS  were
consistent, confirming that performic acid successfully
oxidized the urinary proteins.

CaOx crystallization, growth, and aggregation assays
were performed to explore the modulatory effects of
oxidatively modified urinary proteins on kidney stone for-
mation processes. As expected, the nonmodified urinary
proteins had inhibitory effects against CaOx crystallization
(as shown by significant decreases in crystal number, size,
and mass) (Fig. 6), crystal growth (as shown by significant
decreases in A crystal area and oxalate consumption as
well as crystal inhibitory activity) (Fig. 7), and crystal ag-
gregation (as shown by significant reduction in number of
crystal aggregates) (Fig. 8). By contrast, the oxidatively
modified urinary proteins had promoting effects on CaOx
crystallization (as shown by significant increases in crystal
number, size, and mass) (Fig. 6), crystal growth (as shown
by significant increases in A crystal area and oxalate
consumption, crystal-promoting activity reflecting by the
negative inhibitory activity) (Fig. 7), and crystal aggregation
(as shown by significant increase in number of crystal
aggregates) (Fig. 8).

were detected by 2,4-dinitrophenylhydrazine (DNPH)-derivatized carbonyl immunodetection (Oxyblot assay), whereas the Cys, Met, and Trp
oxidation products such as sulfenic (Cys-SOH), sulfinic (Cys-SO,H), sulfonic (Cys-SO3H), methionine sulfoxide (Met-SO), methionine sulfone
(Met-S0Oy,), hydroxytryptophan, dihydroxytryptophan, and hydroxy-bis-tryptophandione were identified by nanoLC-ESI-LTQ-Orbitrap-MS/MS
analyses. Gray = nonmodified; blue = carbonyl formation; yellow = oxidation; green = dioxidation; and red = trioxidation. UP, urinary protein.
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Fie. 2. Validation of oxidatively modified urinary proteins. A, oxyblot assay was performed to verify the additional carbonyl groups in the
performic-modified urinary proteins (ND = nonderivatized [negative control]; D = DNPH derivatized). B, percentage of oxidatively modified urinary
proteins with the presence of the oxidized residues (including oxidation at methionine, cysteine, or tryptophan; dioxidation at methionine, cysteine, or
tryptophan; and trioxidation at cysteine or tryptophan) in the peptides that reached significant identification scores by nanoLC-ESI-LTQ-Orbitrap-MS/
MS analysis in each biological replicate. C, percentage of the unambiguous oxidatively modified urinary peptides with any of the mentioned oxidized
residues found in any peptides from each biological replicate regardless of their identification scores (see also Table 1). Gray = nonmodified; yellow =
oxidation; green = dioxidation; and red = trioxidation. See more details in supplemental Tables S1-S8. DNPH, 2,4-dinitrophenylhydrazine.
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No. of
oxidatively modified
peptides/no. of

Trioxidation

No. of oxidatively modified peptides
Dioxidation

Oxidation

No. of

TaBLE 1
Details of oxidatively modified peptides and residues identified in nonmodified and modified urine samples
nonmodified

No. of total
identified

Samples

total identified

Total

Cysteine Methionine Tryptophan Cysteine Tryptophan

Cysteine Methionine Tryptophan

peptides

peptides

peptides (%)

©)

6.73%
8.04%
11.77%
34.00%
37.35%
35.52%

187
175
178
692
664

613

181
167

121

2591 0
0
0
0

2778

Nonmodified 1

2002

2177
1512

Nonmodified 2
Nonmodified 3

Modified 1

19

19
17
18
11

14

1334
1343

317

349
239
265

2035

15
13

392
324

1114
1113

1778
1726

Modified 2
Modified 3

DISCUSSION

Previously, the majority of oxidative stress studies in kidney
stone research had explored only cellular response to ROS
and subsequent effects, particularly cellular injury and/or
inflammation (24). Nevertheless, the direct effects of oxidative
stress on kidney stone formation processes, such as crystal-
lization, crystal nucleation, crystal growth, and crystal aggre-
gation, had not been investigated. Our present study reports
for the first time the direct effects of oxidative modifications of
urinary proteins on CaOx kidney stone formation processes
using various in vitro assays. We focused our attention on
CaOx stone because CaOx is the most common chemical
type of kidney stones found worldwide (accounting for
approximately 80% of all kidney stones analyzed) (48). Per-
formic oxidation is one of the classical methods used in
several previous proteomics studies to simulate the oxidative
stress condition by using a mild oxidizing substance (49-51).
The other inducers, for example, H,O,, provide a high efficacy
to oxidize proteins or peptides. However, the physical prop-
erties of protein/peptides may be lost, resulting in protein/
peptide malfunctions (49, 50). The present study therefore
employed the performic oxidation method with careful vali-
dation. The oxidatively modified urinary proteins were suc-
cessfully confirmed by immunodetection and various
approaches based on nanoLC-ESI-LTQ-Orbitrap—-MS/MS
analyses, all of which demonstrated the increased levels of
oxidized proteins, peptides, and amino acid side chains in the
performic-modified samples.

Oxyblot assay confirms the protein oxidation byproducts by
detecting protein carbonyl groups (52). Performic oxidation
increases carbonylation of protein-specific side chains (ketone
and aldehyde at lysine, arginine, proline, or threonine resi-
dues), which are widely applied as the oxidative stress
markers (53). In addition, LC-MS/MS analysis can confirm the
increase of cysteine, methionine, and/or tryptophan residual
oxidation modifications. Our MS/MS analyses revealed that
cysteine and methionine were the two major residues being
oxidized by performic modification. Cysteine can regulate
protein structure and functions through the formation of di-
sulfide bonds, and methionine is the most common amino
acid subjected to oxidation in several circumstances (32). It
should be noted that cysteine sulfenic acid is a labile and
reversible form as it can be transformed to other more stable
oxidized forms (54, 55). As such, it is generally thought that
cysteine sulfenic acid is rarely found or undetectable in the
samples. However, we observed some proportions of cysteine
sulfenic acid in both nonmodified and modified urine samples
(Fig. 3 and Table 1). Other lines of evidence also support our
findings indicating that recent advanced technologies (in our
case, the highly sensitive nanoLC-ESI-LTQ-Orbitrap-MS/MS)
can detect cysteine sulfenic acid, which plays important roles
in redox mechanisms and related pathways (54, 55). Never-
theless, MS2 spectral profiles of the fragmented ions for
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A All oxidatively modified peptides

Modified
(81%)

(oo ]

B
Non-modified Modified
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% Trypiophan (W) Methionine (M) Tryptophan (W) 8%
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Fic. 3. Quantitative data of oxidatively modified urinary peptides based on extracted ion chromatograms (XICs). A, a sunburst plot demonstrating
the proportion (based on relative spectral intensities) of all oxidatively modified peptides. The inner layer demonstrates the proportion of overall oxidatively
maodified peptides in the nonmodified versus performic-modified samples. The middle layer shows the proportion of all modified cysteine (C), methionine (M),
and tryptophan (W) residues. The outer layer indicates individual oxidation forms (including oxidation at C, M, or W; dioxidation at C, M, or W; and trioxidation
at C or W) found in the nonmodified and performic-modified urinary proteins. B, the percentage of individual oxidative modification forms that were found in all
the oxidatively modified peptides identified in nonmodified and modified urine samples. Yellow = oxidation; green = dioxidation; and red = trioxidation.
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Fic. 4. Examples of the annotated MS2 spectra of oxidatively modified peptides (two examples for each modification). A, oxidation
(sulfenic acid at C, methionine sulfoxide at M, and hydroxytryptophan at W). B, dioxidation (sulfinic acid at C, methionine sulfone at M, and
dihydroxytryptophan at W). C, trioxidation (sulfonic acid at C and hydroxy-bis-tryptophandione at W). The arrow indicates the oxidatively
modified residue(s).
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Fic. 5. Mass spectral pattern of oxidatively modified urinary proteins. A, the 160-min gradient MS chromatograms of nonmodified and
performic-modified urinary proteins demonstrated alterations in pattern of relative abundance and retention time. B, the distribution of molecular
weight (MW) (y-axis) and isoelectric point (pl) (x-axis) of nonmodified and modified urinary proteins. The indicated values represent average MW

10 Mol Cell Proteomics (2021) 20 100151

SASBMB



Oxidation of Urinary Proteins and Kidney Stone

A Urinary proteins
Control Non-modified Modified
a3 Y
2o b S s ; 0
3 ] N 0
i) b | v = e 2 o
) St &
0 = 8 . ‘ x o) o
= 2 0 =
= Y os0pm Y. £ 50 p;n ¢ 50 um

B *

w30 - Pk # |

o [ i 1

I 25 .

2 @

2 20 4 7

E 15 4 H

- % B

10 4 B

3 %

E 51 B 1

= = 1

Z 9 . 0

Control Non-modified Modified

Urinary proteins

Control Non-modified Modified

Urinary proteins

7.0 1
6.0 1
5.0 1
4.0 -
3.0 1
2.0 +
1.0 1
0.0

Crystal mass (x 10° um2/HPF)

Control

Non-modified Modified

Urinary proteins

Fic. 6. Effects of oxidatively modified urinary proteins on CaOx crystallization. A, micrographs of CaOx crystals obtained from the
crystallization assay without (control) or with nonmodified or modified urinary proteins. Original magnification was 400x for all panels. Zoom-in
images are provided in supplemental Fig. S1. B, crystal number was counted from 15 HPFs per well. C, crystal size was measured from at least
100 crystals from 15 HPFs per well. D, crystal mass was calculated using Equation 1 as detailed in the Experimental Procedures section. The
quantitative data are reported as mean + SD obtained from three biological replicates. *p < 0.05 versus control; #p < 0.05 versus nonmodified

urinary proteins. CaOx, calcium oxalate; HPF, high-power field.

cysteine sulfenic acid were not as clear as those for the other
modified residues (Fig. 4). Therefore, additional evidence may
be required to solidify such detection. Overall, the oxidatively
modified urinary proteins generated in our present study had
several characteristics that mimic the effects of ROS-induced
protein oxidation naturally occurred during oxidative stress
condition in the kidney.

These oxidatively modified urinary proteins were used as
the main materials for in vitro CaOx stone formation as-
says. Although chemical-induced urinary protein modifi-
cations might be more intensely modified than the
naturally occurred in vivo modifications, it is quite difficult
(or perhaps impossible) to explore the direct effects of
oxidative modifications of urinary proteins using an in vivo
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Fic. 7. Effects of oxidatively modified urinary proteins on CaOx crystal growth. A, micrographs of CaOx crystals obtained from the crystal
growth assay (at To and Tgg) without (control) or with nonmodified or modified urinary proteins. Original magnification was 400x for all panels.
Zoome-in images are provided in supplemental Fig. S2. B, A Crystal area was calculated from 15 HPFs per well using Equation 2 as detailed in the
Experimental Procedures section. C and D, oxalate consumption and inhibitory activity were calculated using Equations 3 and 4, respectively, as
detailed in the Experimental Procedures section. The quantitative data are reported as mean + SD obtained from three biological replicates. *p <
0.05 versus control; *p < 0.05 versus nonmodified urinary proteins. CaOx, calcium oxalate; HPF, high-power field.

model (in either animal or human). This difficulty is mainly
because oxidative stress condition has generous effects
and affects not only the urinary proteins but also other
systems. Moreover, oxidative stress can be the result
(effector), not the cause, in various conditions, and there
may be certain levels of the background of naturally

occurred oxidatively modified proteins in an organ system
(that is hard to control). Therefore, using a chemical-
induced in vitro model to address the effects of oxida-
tive modifications is considerably justified to address the
pathogenic roles of oxidatively modified urinary proteins in
kidney stone formation processes.
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Fic. 8. Effects of oxidatively modified urinary proteins on CaOx crystal aggregation. A, micrographs of CaOx crystals obtained from the
crystal aggregation assay without (control) or with nonmodified or modified urinary proteins. Original magnification was 400x for all panels. B,
number of CaOx crystal aggregates was counted from 15 random HPFs per well. The dashed circle indicates each crystal aggregate, which was
defined as an assembly of three or more individual CaOx crystals that tightly joined together. The quantitative data are reported as mean + SD

obtained from three biological replicates. “p < 0.05 versus control;
high-power field.

We have demonstrated that the oxidatively modified urinary
proteins could promote CaOx crystallization, crystal growth,
and aggregation. These studied processes are the important
mechanisms for kidney stone formation, particularly in the
plug model (1, 2). Please note that these mechanisms may not
entirely explain the other model of the stone pathogenesis—
the Randall's plague model, which involves subepithelial
deposition of calcium phosphate mineral at renal papillary
surface (1, 2). Nevertheless, these studied mechanisms may
be partially involved in the latter model, especially after the
Randall's plaque forms and erodes into the renal pelvis, where
the plaque can serve as the stem or nidus for CaOx deposition
and finally stone formation (56-58).

By contrast, the nonmodified urinary proteins inhibited such
stone formation mechanisms, consistent with the previous

#p < 0.05 versus nonmodified urinary proteins. CaOx, calcium oxalate; HPF,

findings demonstrating that the urine from healthy individuals
protects the stone nidus formation and retention of CaOx
crystals in renal tubular lumens and parenchyma (12, 35, 59).
This is the first evidence showing that oxidative stress con-
dition is directly involved in the primary phase of kidney stone
formation and is not just the secondary effect from induction
of renal tubular cell injury or inflammatory response. The data
indicated that oxidative modifications altered the CaOx crystal
modulatory activity of urinary proteins. The changes in protein
structure and function after carbonyl formation and oxidation
of cysteine thiol to sulfenic (Cys-SOH), sulfinic (Cys-SOsH),
and sulfonic (Cys-SOszH) acids were most likely to be
responsible for such alterations in protein—crystal interactions.
Especially, sulfonic acid has been reported to bind with cal-
cium ion and CaOx crystals (60, 61). Moreover, methionine
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oxidation of immunoglobulin, one of the high-abundance uri-
nary proteins, could increase the protein hydrophilic proper-
ties and affinity to cationic surface (62), and tryptophan
oxidation could promote immunoglobulin aggregation (63).
Therefore, alterations of protein structure and ionic charge
could also unveil the calcium- and/or oxalate-binding sites
and enhance the crystal-protein complex formation that
would enhance the stone nidus formation.

In summary, we report herein the first direct evidence
demonstrating that oxidative modifications switch the CaOx
crystal modulatory activities of urinary proteins from inhibition
to promotion of the stone formation processes, including
CaOx crystallization, crystal growth, and crystal aggregation.
Therefore, oxidative modifications of urinary proteins increase
the risk of kidney stone formation.
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