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DETERMINATION OF SMALL-MOLECULE THIOLS AND DISULFIDES:
PROTEIN BOUND CYS AND TOTAL CYSTEINE AS BIOMARKERS OF
OXIDATIVE STRESS

FIELD
(0001} The invention relates 1o compositions and methods for determining the levels of

thicl and disulfide containing molecules in a sample as indicators of oxidative stress.

BACKGROUND

18662} Increasingly, oxidative steess has been implicated in a variety of disease states,
Jeading to widespread nterest in deternuning relevant biomarkers for evaluation of oxidative
stress. Glutathione (GSH) 15 a tripeptide of ghstamic acid, cysteine, and glycine, with a
gamma-glutamy! linkage between Cys and Glu and the free Cys selthydryl as the
fimctionally active component. GSH acts as an antioxidant to protect cells or tissues from
oxidation by reactive oxygen/nitrogen species. Upon exposure to oxidative conditions, GSH
is oxidized to form ghitathione disolfide (GSSG), which can be subseqguently converted back
to GSH by glutathione reductase. An increased GSH-10-GSSH ratio has beenused as a

i,

sensitive biomarker to evahiate extent of oxidative stress {1, 21, Most commercially available
GSH/GSSG assay kits are based on enzymatic recyeling methods [31. The vartation of the
quantification is high due 1o high suscoptibility of GSH o artificial oxidation during the
performance of the assay. For example, one group reported that the mean values obtained for
GSH and GSSG among thirty studics spanmed two orders of magnitade [3], Furthermore,
GSH is mostly utilized as an intracellular antioxidant, so the ratio of GSH/GSSH can be vsed
to assess oxidative state in whole blood or red blood ecll samples. However, the substantially
lower extracellular concentration of GSH/GSSG makes # a much less sensitive indicator for
other types of samples such as plasma. Protein bound GSH has long been considered an
indicator of oxidative stress in whole blood [4] [5], but much less attention is paid to protein
bound Cysteine. The reason, at least, in part, 15 the lack of a sensitive and high throughput
assay to determine it
8083 Thus, more reliable and sensitive assays for determining the level of oxidation of
thiol and disulfide containing molecules in a sample are needed that can be used for a variety
of paticnt samples, including plasma. Furthemore, finding plasma hiomartkers of thiol
oxidation are needed for evaluation of a wide range of disease status with oxidative stress and
to cvaluate response to aniioxidants treatment.  The present disclosure satisfics these and
other needs.

-1-
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SUMMARY

6664 Disclosed herein is an wltra-performance (UP) LO-MS/MS method with Muliiple
Reaction Monitoring {MRM} fo determine the level of thiol and disulide contailning
molecules in a sample.

[6885] In 8 first aspect, disclosed herein is a method for determining the level of thiol and
disulfide containing molecules in a sample, the method comprising: a) treating a sample with
a reagent to prevent free thiol Qxidaﬁ@n; (_ i) adding an isgmpie;:aiiy labeled analogue of cach
sample to Hauid chmmat()gmphy ~tapdem mass spectrometry {LC-MS/MS) with Multiple
Reaction Monitoring (MRM) to determine the levels of reduced and oxidized forms of thiol
and disulfide contaiming molecules in the sample, wherein the thiol and disulide containing
molecules are at least one oft GSH, GSSG, cysteine, cystine, N-acetyl-cysteine (NAC), N-
acetyl —cystine (NACss), CysGly((CG) , ganuna-GluCys (vEC) | homoeysteine(Hey),
homecytine, Cys-s8-GSH, Cys-ss-NAC, Cys-ss-Hey, Cys-8s-CG, Cys-ss-yEC , GSH-ss-
NAC, CGss, vHCss, , Protein-ss-Cys (p-ss-Cys), Protein-ss-GSH {p-ss-GSH), Protein-ss-
NAC (p-ss-NAC), Protein-ss-Hey {p-ss-Hey), or Protein-ss-CG,

8086} In a second aspect, disclosed herein for determining oxidative stress in a subject,
the method comprising: a) treating a sample from a subject with a reagent to prevent free
thiol oxidation; (i1) adding an sotopically labeled analogue of cach molecule of interest; and
(i1} adding methanol to extract the molecules; b) subjecting the sample to lquid
chromatography-tandem mass spectrometry (LC-MS/MS) with Multiple Reaction Monitoring
{MRM) to determine the levels of redoced and oxidized forms of thiol and disulfide
containing molecules in the sample, wherein the thiol and disulfide containing molecules are
at lcast onc oft GSH, GSSG, cysteing, cysting, N-acetyl-cysteine (NAC), N-acctyl —Cysting
{(NACss), CysGly (CG), gamma-GluCys (YvEC) |, homoeysteine(Hey), homoeyting, Cys-ss-
G8H, Cys-s3-NAC, Cys-ss-Hey, Cys-s8-CO, Cys-ss-yEC , GSH-s8-NAC, C0ss, vECss, ,
Protein-ss-Cys (p-s8-Cys), Protein-s3-GSH {p-85-GSH), Protein-ss-NAC {p-ss-NACH,
Protein-ss-Hey (p-ss-Hey}, or Protein-ss-CG; and wherein a greater amount of oxidized forms
of thicl and disulfide contaiming molecules as compared o & control is indicative of oxidative
stress in the subject

(06471 In various embodiments of the above aspects, the sample is blood or a fraction
thereof, cells, or tissue. In some embodiments of the above aspects, the subject is a patient

with a discase that results in oxidative stress. In some embeodiments of the above aspects, the

sl
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discase that results in oxidative stress is sickle cell disease (BCDY), acute respiratory distress
syndrome (ARDS), or thrombotic thrombocytopenic purpura (TTP)

[00G8] In various embodiments of the above aspects, the levels of thiol and disulfide
containing molecules in the sample are compared 10 a control sample from a normal healthy
donor or an average value derived from samples of healthy donoss.

16669] In various embodiments of the above aspects, a greater amount of oxidized forms
of thiol and disulfide containing molecules in the sample as compared to the control is
indicative of oxidative stress in the subject.

[8818] In various cmbodiments of the above aspects, the isotopically-labeled analogue is
at least one of GSH* (Glutathione-(glycine-"C2, PN, Cys*(L-Cysteine- (3, "Ny Cys** (1.
Cysteine-"C3, 13, N3, Cystine™® (L-Cystine-"C6, "N2), NACH (L-Cysteine-"C3,°N, N-
acetyl), Hey-d4, NEMdS: N-ethylmaleimide (ethyl-DS), GSSG*( disuifide bound

58, Cys*-s5-GSH* (Cys* disulfide bound to
GSH*), Cys*-s8-NACH, Cys¥*-ss-Heydd, Cys¥-s5-CG, Cys®-ss- vHC, CG-NEMASCysGly

Glutathione~{ glycine-""C2, "N}, NAC*ss, Hey*

alkylated with N-ethyimaleimide (cthyl-D3Y), yEC-NEMJS.

{6811} In various embodiments of the above aspects, the reagent to provent free thiol
oxidation sample is N-cthylmaleimide (NEM}.

[B912] In varions embodiments of the above aspects, the reagent to prevent free thiol
oxidation sample 1s supplied m a dried form in the sample collection container,

18613} In various embodiments of the above aspects, the amount of the oxidized and
reduced forms of thiols: GSH, GS5G, cysieine, cystine, N-acetyl-cysteine (NAC), N-acety! -
cysting, CysGly, gamma-GluCys , homocysteine, Cys-ss-GSH, Cys-35-NAC, Cys-ss-
CysQly, Cys-ss- vGlu(Gys, and Cys-ss-Hey are measured simultancously in one assay run.
0014} In various embodiments of the ahove aspects, the optinized MRM transitions are
as shown in Table .

6615} In varions embodiments of the above aspects, the level of the oxidized forms of
thiol and disuifide containing molecules ina sample isat least 1.1, 1.2, 1.3, 1.4, 1.5, 1.6, 1.7,
1.8, 1.9, or 2.0 times the level in the control sample.

6616} i various embodiments of the above aspects, the level of protein-ss-Cys 18
determined, and a greater amount of protein-83-Cys n the sample as compared to a condrol 1s
tndicative of oxidative stress in a subject from which the sample was obtained.

(8817} In various embodiments of the above aspects, the level of total cysteine 18
determined, and a greater amount of total cysteine in the sample as compared to a control is

indicative of oxidative stress in a subject from which the sample was obtained.
-3
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[6618] In various embodiments of the above aspects, if a greater amount of oxidized
forms of thiol and disulfide containing molecules as comparad to a control is detormined in
the sampie, the subject 15 administered an antioxidant treatment. In various cmbodiments of
the above aspects, the antioxidant treatment is the admmistration of N-acetyl cysteine. In
various embodiments of the above aspects, the administration of N-acetyl cysteine s for 1, 2,
3, or more hours at 75 mg/kg, 150 mg/kg or 300 mg/kg by i.v. infusion. In various
embodiments of the above aspects, the administration of N-acetyl cysteine is by oral
administration,

[8619] In a third aspect, disclosed herein is a kit for performing the aspects and
cembodiments disclosed above.

[$828] In a fourth aspect, disciosed herein is a sample collection contamer comprising a
dried reagent to prevent free thiol oxidation. In some embodiments of this aspect, the
container is a vacutainer tube. In some embodiments of this aspect, the reagent to prevent
froe thiol oxidation 15 NEM. In some embodiments of this aspect, the NEM is an evenly

coated amount of 2-4 myg on the walls of a 1 ml tube.

BRIEF DESCRIPTION OF THE DRAWINGS

8821} Figure 1 shows a schematic of the procodures for the analysis of small molecule
thiols and disulfides, total thiols, and protein bound thicls.

8622} Figure 2 shows UPLC-MS/MS-MRM detection of selected small molecule thiols
aud disulfides. Analytes were separated by Waters Ultraperformance Liguid
Chromatographer (UPLC) using Waters Cortecs UPLC C18 Columnm prior to injection on the
mass spectrometer. Because they have identical chemical properties isoptically labeled
standards coelute with non-labeled analytes, All analytes can be detected simultancously with
a single mjection.

[6623] Figure 3 shows free and total thiol levels in whole blood and plasma from 6
normal healthy donors, Total thiol fevel is the sum of free and all forms of disuifides
inchuding protein bound disulfides. As GSH is an intracellular antioxidant, total concentration
reaches over 1 mM and mainly exists in a free form in whole blood, whercas the total
concentration of GSH in the plasma is less than 10 uM. In contrast, cysteine, a precursor of
GSH is the major thiol species in plasma (over 250 M) and exists predominantly in oxidized
form, as disulfides and mixed disulfides, inchuding as a disulfide with cysteine in plasma

proteins.
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6624} Figure 4 shows that protein-ss-Cys was increased when plasma is exposed to
oxidants in a physiclogically relevant concentration range. A. Cys containing species in
normal donors plamsa (n=6); B. Plasma from a nomal donor treated with hydrogen peroxide
{H20;) and hypochlorous acid (HOCH, two oxidants commonly released from activated cells
and neutrophils in paticnts with oxidative stress. Protein-ss-Cys is the most abundant cysteine
containing species and is mcreased with an increase of oxidant concentration, indicating
Protein-ss-Cys may serve as & sensitive plasma biomarker for oxidative stress.

{8625} Figure 5 shows that protein-ss-Cys and total Cys were significantly ncreased in
plasma samples from patients with sickde cell disease (SCD), Acute respiratory distress
syndrome (ARDS), and Thrombotic thrombocytopenic purpura (TTP), as compared to
normal healthy donors {ND)., A, Shows that protein-ss-Cys {p-ss-Cys) and total Cys (-Cys)
in nmol /mg protein were all significantly increased in the plasma from patients with 3CD
(r=14), ARDS (n=16), and TTP (n=4) compared to ND {0=21}. p-valuc by student T test to
normal dovors indicated 2 statistically significant difference between these diseases and
normal controls {(p<107). B. Total Cys correlated linearly with protein-ss-Cys. Pearson
correlation #=0.84, p= 5.3 x 107,

8026} Figure 6 shows that Cys and Cys disulfide changes in the plasma from a patient
before (BL, Baseline) ov after mifusion of antioxidant drug, N-Acetyl Cysteine for T hrata
dose of 150 mg/kg. Although no signifeant changes were observed for total Cys apon NAC
treatment, free Cys was dramatically inereased from 7 uM to over 170 uM accompanied with
a large decrease of Protein-ss-Cys and Cystine, indicating that NAC rapidly reduced Cys
disuifides. Detection of NAC-ss-Cys confirms the rele of NAC as an antioxidant to reduce
disulfides (oxadired form) to thiol (free) form. Free Cys 1s an amino acid needed for GSH and
protein synthesis,

16627} Figure 7 shows the analysis of NAC, Cys species, and GSH changes in the
plasma from a patient before (Pre), right after NAC mfusion (1 hr), and at follow up time
points (24 hr and 72 hry. Although the NAC drug contained more than 99.5% free NAC, over
50% of NAC was oxidized at 1 br. NAC was almost not detectable at 24 by, suggesting a
NAC short half time (A} Free Cys and sum of free sys and unbound disulfides {(st-Cys) were
greatly increased, whereas p-ss-Cys decreased sharply. (B). Free Cys in whole blood is
increased from 13 uM to 170 uM and free Cys in the red blood cell (RBC) fraction increased
over 10 fold. (C}. The ncrease of free Cys i the RBC fraction likely contributes to GSH

synthesis. We observed that GSH level slightly increased (13%;) at the 24 by time point
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compared to before treatment. SCD patients are known to have lower GSH levels. Total GSH
in whole biood (W) was only about 410 uM, which is less than 40% of the average of

normal donors shown in Figure 3.

DETAILED DESCRIPTION

[8028] The present invention gencrally relates 0 compositions and methods for
determining the level of thiol and disulfide containing molecules in a sample. Furthermore,
the compositions and methods can be used to determine oxidative stress in a paticnt.

16629] 1t is to be understood that this invention is not limited fo particular methods,
reagents, compounds, compositions or biolegical systeras, which can, of course, vary. It is
also to be understood that the terminology used herein is for the parpose of describing
particular aspects only, and is not intended {0 be himiting, As used  this specification and
the appended claims, the singular forms “a”, “an” and “the” include plural references unless
the content clearly dictates otherwise.

[0836] The term “about” as used herein when referring to a measurable value such as an
amount, @ tomporal duration, and the like, is meant to encompass variations of +20% or
+1{%, more preferably £3%, even more proferably £1%, and still more preferably £0.1%
from the specified valoe, as such variations are appropriate to perform the disclosed methods.
(66313 Unless defined otherwise, all technical and scientific terms used herein have the
same meaning as commonly understood by onc of ordinary skill in the art to which the
invention pertains. Although any methods and materials similar or equivalent 1o those
described herein can be used in the practice of the present invention, the preferred materials
and methods are described herein.

9632} An “analyic” or “target” refers to a compound to be detected. Such compounds
can include small molecules, peptides, proteins, nucleic acids, as well as other chemical
entities. In the context of the present invention, an analyte or target will generally correspond
to the small molecular thiols and disulfides as disclosed herein,

[8633] The term "biomarker” rofers to a molecule (typically small molecule, protein,
nucleie acid, carbohydrate, or Hpid) that is exprossed and/or released from a cell, which is
usefol for identification or prediction. Such biomarkers are molecules that can be
differentially expressed, ¢.g., overexpressed or underexpressed, or differentiaily released in
response to varying conditions {c.g., oxidative stress in the present disclosure). In the context
of the present invention, this generally refers to thiol and disulfide contaiming molecules as

disclosed herein, which are altered in a patient versus a control, for instance, -fold, 2-fold, 3-

|
N
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fold, 4-fold, S-fold or more in a patient suffering from oxidative stress versus a normal
individual.

[0034] As used herein, “oxidative stress” refers to an imbalance between generation of
reactive oxygen species and antioxidative capacity of biological system. Examples of
conditions that result in oxidative stress include: cancer, neurodegenerative disease,
cardiovascular disease, sickle cell discase, thrombotic thrombaocytopenic purpura (TTF),
sepsis, acute respiratory distress syndrome (ARDS), and other inflammatory discases.

{8635} A “sample” refers to any soorce which is suspected of contaiming an analyte or
target molecule. Examples of samples which may be tested using the present invention
inchude, but are not himited 1o, blood, seruny, plasma, urine, saliva, cercbrospinal fluid, lymph
fluids, tissue and tissue and cell extracts, cell culture supernantants, among others. A sample
can be suspended or dissolved in liguid materials such as buffers, extractants, solvents, and
the like. In the context of the present application, a sample is generally a blood sample or a
fraction derived therefrom.

(8636} As used herein, the term “thiol and/or disuifide contaiming molecules™ is fmtended
to include any type of molecule that includes a “thiol” or —SH group. Such molecules have
the capacity to form disulfide bonds with the same or difterent species of thiol or —SH group
containing molecules. The thiol or —SH form of the molecule is referred 1o as the redueed
torm, whercas the §-8 or disulfide form is refored to as the oxidized form. Example of such
“thiol and/or disuifide containing molecules™ nclude, but are not limited to: GSH, GSSG,
cysteine, cystine, N-acetyl-cysteine (NAC), N-acetyl -cystine, CysGly , gamma-GluCys
homocysteine, as wel as mixed disulfides such as Cys-s8-GSH, Cys-ss-NAC, Cys-ss-
CysQGly. Furthermore, such molecules can be naturally ocewrring or synthetic.

8837} As used herein, “a reagent to prevent froe thiol oxidation” refors generally o any
reagent which is capable of reacting with a thiol group to prevent it from forming & disulfide
bond. Examples of such reagents include, but are not limited to, various iodoacetamides,
malcimides, benzylic halides, and bromomcthylketones, which react by S-alkylation of thiols
10 generate stable thioether products. In one embodiment N-ethylmaleimide (NEM) is used.
[6638) “Liquid chromatography-tandem mass spectrometry with multiple reaction
monitoring (LC-MS/MS-MRM) refers to a mass spectrometry method, where LC is ased for
sample intreduction and separation of analytes. Mass Spectrometry is used for ion detection
based on mass to charge ratic (n/z). In LC, the sample is injected by auto-sampler and forced
by a liqud {the mobile phase) through a column that 1s packed with a stationary phase

generally composed of octadecylsilyl (C18) particles where the analytes are separated based

- -
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on their physical and chemical properties. In mass spectrometer, analytes are ionized by
clectrospray ionization, aud separated by mass analyzer based on mass to charge ratio (m/7).
The ion of interest can be selected, fragmented, and detected on second stage mass
spectrometer. In multiple reaction monttoring (MRM), a set of product ions are selected for
detection. In our methods, we used AB SCIEX QTRAP 65039, 2 triple quadrapole mass
spectrometer. The first quadrupole is used 1o select the desired ion of interest {parent ion);
the parent ion is fragmented in the second quadrupole through collisional induced
dissociation; fragment ion(s) {also called product ion} 18 monitored i the third quadropole.
Due to its high sensitivity and high selectivity, this method has been widely used for
quantification of peptides and other smalf molecules in biological samples.

18838} Samples of blood or a fraction thercof or other cells or tissues from a patient can
be compared to a “control” which can be a sample from a normal individual. In some
embodiments, the pationt is a paticnt suffering from oxidative stress, and the confrol is a
patient without oxidative stross. Coutrol samples are assigned a relative analyte amownt or
activity to which sample values are compared. Relevant levels of analyte elevation cceur
when the sample amount or activity valuc relative to the conirel is 110%, more preferably
150%, more preferably 200-500% (i.2., two 1o five fold higher relative to the control), more
preferably 1000-3000% higher.

(30487 As used herein, “an antioxidant” refors generally a molecule that inhibits the
oxidation of other molecules. A number of antioxidatives are known in the art to cccur in
food or which arc available as dictary supplements. Exampies of antioxidants include, but
are not limited to: beta-carctene, hutein, lycopene, selentum, vitamin A, vitamin C, vitamin E.
In one embodiment, N-acetyl cysteine (NAC) is used.

(0041} As used herein, a “therapeutically-effective amount” or “an amount effective to
reduce the effects of a disease” or “an effective amoumt” refers to an amount of a composition
that ts safficient to prevent oxidative stress or to alleviate {e.g., mdtigate, decrease, reduce)
oxidative stress associated with a disease condition.

10042} Tt is well known that routes of administration include, but are not himited to, oral,
topical, subcutaneous, intramuscular, intravenous, subcutaneous, imradermal, transdermal
and subdermal. Depending on the route of administration, the volume per dose is preferably
about 0.001 to 10 ml, more preferably about .01 t¢ § mi, and most preferably about 0.1 t0 3
ml. Compositions can be administered in a single dose treatment or in multiple dose
treatments on a schedule and over a time period appropriate to the age, weight and condition

of the subject, the particular formulation used, and the route of administration.
-8
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(6843} QOverview of method: Disclosed herein is 8 liguid chromatography-mass

specirometry {LC-MS) based assay to quantify directly not only the GSH and GSSG and
other small molecule free thioks/disulfides, but also protein bound thiols in biological samples
mchuding blood, plasma, cells and other tissue samples. These analytes include GSH,
cysicing, homocysteine, N-acetyl-cysteine, CysGly, gamma-GluCys, as well as their homo-
and mixed disulfides such as GSSG, cystine, N-acatyl-cysting (NAC), Cys-s5-GSH and Cys-
ss-MNAC mixed disuifides and protein bound thiols such as p-s5-Cys, p-s5-GSH, p-ss-NAC,
cte. In this method (Figure 1), we first react free thiols with N-sthylmaleimide (NEM) to
prevent free thiol oxidation during sample processing and analysis {3]. We next mix NEM
treated samples with a mixtore of internal standards containing an isotopically labeled
homologue of each analyte of interest. Methano! is then added to the samples, simultancously
extracting the analytes and precipitating proteins. Supernatants from the extraction were
analyred by LC-MS/MS-MRM. A Waters ultra-porformance liquid ehromatography (UPLO)
with Cortex €18 columi is used to separate all disubfides and thiol-NEM and ABSCiex
QTRAFP 6500 Mass spectrometer 1§ used for detection of each of the analytes. This approach
allows us to accurately quantify a full pancl of frec thiols, and homo and mixed disulfides
{(Figure 2). To determine total small molecular thiols and disulfides i superoatant (s7-), we
reduce the sample with dithiothreitel (DTT) and then block new thiols with NEM before LC-
MBS analysis. To determine total thiol (-} concentration we begin with a new sample aligoot,
reduace the sample with DTT, and then block all thiols with NEM before methanol extraction
(Figure 1), Protein bound thiol can be calculated by substracting total unbound small
molecular thiols (s7-} from total thiol or by subtracting sum of free and all unbound disolfules
from total thiol.

8844} Although particular cxamples of reagents are listed in the overview above, it will
be readily appreciated that other suitable reagents may be used in the practice of the present
disclosure. For example, other isotopically labeled standards may be ased. Also, other
suitable thiol blocking agents or reducing agents (c.g. iodoacetamide, vinylpyridine, tris(2-
carboxyethyDphosphing) may be used to treat the samples prior 1o LC-MS/MS with Mulktipie
Reaction Monttoring (MRM).

(8645} The advantages of the present method melude, but are not limited to:

{6846} Juantitative: By using stable isotopically labeled internal standards, we are able to

perform accurately quantitative analysis of GSH, GSSG, cysteine, cystine, N-acetyl-cysteine
{(NAC), N-acetyl-cystine, CysGly , gamma-GluCys | homocysieine, as well as mixed

disulfide such as Cys-s8-G8H, Cys-s8-NAC, Cys-s5-CysGly, p-ss-Cys, p-ss-GSH, p-ss-NAC,
e
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[6847] High throughput: once sample is prepared, LC-MS analysis takes only 14 minugtes.
[6648] Minnual actificial oxidatign, the disclosed sample processing method has been
developed to melude an excess of reagent to block free thiols at the first step, vunimizing
artificial oxidation.

[0649] Sample size; only need 20-50 pl of samples for analysis.

{6638} In short, the present disclosure provides a now approach using LC-MS/MS-MRM
{Sclected Reaction Monitoring) to analyze a tull pancl of small molecule thiols and disuifides
sinmltaneously in whole bloed, red blood cells, platelet rich plasma and platelet pool plasma
with high selectivity, reproducibility, and sensttivity. This approach can be moditfied for use
with any biological sample. There was no such method available for cither research or

chinical assay before the present development.

KITS
[B#651] The nvention provides kits comprising reagents produced in accordance with the

prosent disclosure which can be used, for instance, to perform the determinations of thiol and
disulifide molecules described above. The article of manufacture comprises a container with
a Iabel. Suitable containers inchude, for exampie, bottles, vials, and test tubes. The containers
can be formed from a varicty of materials such as glass or plastic, The coniainers hold
compositions to perform the measurements, described above. One container can be a sample
collection container, which contains a suitable amount of a dried reagent fo prevent free thiol
oxidation as deseribed above. The label on the container indicates that the composition is
used for a particular step or application, and can also indicate directions for use, such as those
described above.

9652} In some embodiments, the present disclosure provides sample collection tubes for
the collection of samples for the measurement of free and oxidized forms of thiel and
disulfide containing molecules as described hercin. In some embodiments, the sample
collection container comprises a dried reagent to prevent free thiol oxadation. For example,
the container for blood samples collection can be a vacutainer tube containing a dried reagent
to provent free thiol oxidation, such as NEM. In some embodiments, the NEM is an evenly
coated amount of 2-4 mg on the walls of a 1 ol wibe.

16653} In some embodiments, the present invention is practiced using computer
implementation. In onc cmbodiment, 8 computer compriscs at icast one processor coupled to
a chipset. Alse couplad to the chipset are 8 memory, 3 storage device, a keyboard, a graphics

adapter, a pointing device, and & network adapter. A display is coupled to the graphics

- 10 -
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adapter. In one embodiment, the fimetionality of the chipset is provided by a memory
controller b and an VO controller bub. In another embodiment, the memory is coupled
directly to the processor instead of the chipset,
0854 The storage device is any device capable of holding data, like a hard drive,
compact disk read-only memory (CD-ROM), DVD, or a solid-state memory device. The
memory bolds instroctions and data used by the processor. The poiunting device may be a
mouse, frack ball, or other type of pointing device, and is used in combination with the
keyboard to input data into the computer system. The graphics adapter displays images and
other information on the display. The network adapter couples the computer systen {0 a
tocal or wide area network,
LIRS As is known in the art, a computer can have different and/or other components
than those described previously. In addition, the computer can lack certain components.
Maoreover, the storage device can be local and/or remote from the computer (such as
embodied within a storage area network (SANY).
[8856] As s known in the art, the computer is adapted to execote compuier program
modules for providing functionality described hercin, As used herein, the term “module”™
refers 10 conputer program logic utitized to provide the specified functionality, Thus, a
module can be implemented n hardware, firmware, and/or software. In oune embodiment,
program modules are stored on the storage device, loaded nto the memory, and executed by
the processor.
186357} Emboduments of the entitics described herein can include other and/or different
modules than the ones described here. In addition, the functionality attributed to the modudes
can be performed by other or different modules in other embodiments. Moreover, this
description occasionally onuts the term “module” for purposcs of clarity and convenience.
[B858] The following examples of specific aspects for carrying out the present invention
are offered for ithstrative prrposes only, and are not intended to Hmit the scope of the
present invention ih any way.
EXAMPLES

Example I: Methods and Materials
Sample Collection
[B859] Whole Blood (WB)Y was drawn 1nto 3.9% Sodium Ciirate vacutainers, mixed with
WEM in saline to final concentration of 20 mM. Blood was forther processed by

centrifugation at 4°C into red blood celis (RBCY, platelet rich plasma (PRP) and platelet poor

- 11 -
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plasma (PPP} as needed. Sample aliquots were snap frozen in liguid nitrogen and stored at -
80° C uniil anakysis,

Sample Preparation

[B868] To quantify free thiols and disulfides, aliquots of W or PPP were incubated with
4 equivalent volumes of additional NEM at a final concentration of 15 mM NEM in § mM
phosphate buffer pH 6.5 at 37°C for 30min. Samples were then mixed with isotope labeled
interoal standard mixture at 111 (vol/vol) and extracted with methanol (0% final
concentration). After vortexing for | min and somcating on ice for Smin, samples were kept
at -20°C for Lhr and then centrifuged for 20 min at 4°C at 20,000 x g. Supernatant was
diluted in 0.1% formic acid for LC-MS/MS analysis. To determine the total concentration of
thiols, mchuding small-molecule thiols, disulfides, and protemn bound thiols, we reduced
sample with DTT and blocked thiols with NEM before performing methanol extraction,
Protein hound thiols (-} can be determined by subtracting the sum of unbound small-
molecule thiols (free and disulfides) from the total

LC-MS/MS-MRNM analysis

{6861} NEM blocked thiols and disulfides were analyzed by LC-MS/MS-MRM using
Waters Ultra Performance Liguid Chromatographer (UPLC) coupled with ABSciex QTRAP
6300 mass spectrometer. Analytes were separated on Cortecs colurmn (2.1 mm x 100 nun) at
flow rate 0.3 mb/Anin using solvent A 0.1% formic acid i water as solvent A and 100%
Acetonitriie with 0.1% formic acid as solvent B, Analytes were eluted by the following
gradient: an initial 0.5% B for 1 vin, followed by a lincar gradient from 0.5% to 25% B over
S min, and from 25% t0 80% B over 2.5 min to wash cohmmm and equilibrate for Smin. All
analytes of interest were cluted within S min and detected by tripie quadrupole spectrometer
{ABScicx QTRAP 5600) using a muhtiple reaction monitoring (MRM) detection mcthod.
Precursor and product ions were optimized and are shown in Table 1. Data were collected by
Analyst software and analyzed using MoltiQuant software. The peak area of sum of product
ions for cach precursor ion was used for quantification. Concentration of cach analytc was
calculated by the ratio of peak area of unlabeled analyte to the homologous isotopically

fabeled internal standard, nuhiplied by the concentration of the internal standard.
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Table 1 Optimized MRM transitions (Q1 and (33}

Analbytes g1 03
Cystine 2410 74.0
241.0 126.0
Cystine® 24381 77.0
249.1 124.1
Cys-s§-G5H 427.1 298.0
427.1 2311
Cys*-33-GSH 434.1 3051
434.1 221.2
Cys-55-C3 298.1 177.0
298.1 136.0
Cys*-55-CG 302.1 177.0
302.1 130.0
Cys-ss-Hey 255.0 134.
255.0 122.0
255.0 88.0
Cys**-ss-Heyd4 266.1 138.0
286.1 128.0
266.1 92.0
Cys-55-NAC 283.0 162.0
283.0 164,
Cys*-55-NACH 2811 166.1
2311 168.1
Cys-ss-rEC 370.1 241.0
37C.1 152.0
Cys®-ss-rEC 374.1 245.0
374.1 152.0
G555 513.2 484.%
612.2 3551
307.1 231.1
307.1 13G.1
GSEG* 519.2 486.1
519.2 360.8
3101 2311
310.1 130.1
Hey-55 269.1 136.0
269.1 134.0
Hey®-ss {d8] 277.1 138.0
2775 14G.0
CG-s55 3551 235.1
3551 177.0
rEC-ss 485.1 241.0
499.1 370.0
NAC-ss 325.1 162.0
325.1 164.0
NAC*-gs 233.1 1e6.0
333.1 168.0
(35-55-NAC 488.1 182.0
4588.1 340.0
GS¥-55-NACH 477.1 166.0
477.1 348.0
Cys-NEM 247.1 126.1
247.1 158.0
247.1 158.0

PCT/US2015/042318
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Cys*-NEM 251.1 188.0
251.1 128.0
251.1 158.0
Cys**-NEM 254.1 126.0
254.1 158.0
254.1 158.0
GSH-NEM 423.1 201.0
4331 304.0
GSH*-NEM 436.1 201.0
436.1 307.0
Hey-NEM 2561.1 56.0
Hey*-NEM 265.1 60.0
CG-NEM 304.1 201.1
304.1 212.1
CG-NEMJE 308.1 206.1
304.1 2171
rEC-NEM 376.1 201.0
378.1 247.1
376.1 230.0
rEC-NEMAS 3811 208.0
381.1 252.1
381.1 235.1
NAC-NEM 288.1 220.0
2891 2011
NAC*-NEM 2831 233.0
293.1 204.1

Example 2: Analysis of free and total thicls in whole bloed and plasma

samples from sormal healthy donors.
8662} Figure 3 shows the measurements of free and fotal thiol levels in whole blood and
plasma and from six nommal beakhy donors. Total thiol level 15 som of free and all forms of
disulfides including protein bound disuifides. As GSH is an intracelhular antioxidani, total
concenfration reaches over 1 mM and mainly exist in a free form n whele blood, whercas the
total concentration of GSH in plasma is less than 10 uM. In contrast, cysteine, a precorsor of
GSH is the major thiol species in plasma {over 250 uM) and exists predominantly in oxidized
form, as diseifides and mixed disulfides, including as a disulfide with cysteine in plasma
proteins.

Example 3: Analysis of profein-ss~-Cys o plasma treated with tweo physiological
relevant oxidants.
[0863] Figure 4 shows that Protein-ss-Cys was increased when plasma is exposed to
oxidants in a physiclogically relevant concentration range. A. Cys confaning specics in
normal donors"plamsa (n=6); B. Plasma fron: & nomal dovor treated with hydrogen peroxide
{H20n) and hypochlorous acid (HOCD, two oxidants commonly released from activated cells

and neutrophils of pationts with oxidative stress. Plasma was reaction with the indicated

- 14 -
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concentration at 37°C for 30 min and followed by methanol extraction and analysis by LC-
MS/MS-MRM as described in Example 1. Protein-ss-Cys is the most abundant cysteine
containing species and is increased with an increase of oxidant concentration, indicating that
Protein-ss-Cys may serve as a sensitive plasma biomarker for oxidative stress.

Example 4: Flevated p-ss-Cys concentrations and total Cys were detected in
samples from patients with a varity of diseases with exidative stress.

[66564) Figure 5 shows that protein-ss-Cys and total Cys were significantly increased in
plasma samples from patients with sickle cell disease {SCD), Acute respiratory distress
syndrome (ARDS), and Thrombotic thrombocytopenic purpura (TTP), as compared {0
normal healthy donors (NDY. AL Shows that protein-ss-Cys (p-ss-Cys) and totad Cys (1-Cys)
m nmol /mg protem were all significantly increased in the plasma from patients with SCD
{n=14), ARDS (=16}, and TTP (n=4) compared to ND {8=21}. p-valiec by student T test to
normal donors indicated a statistically significant difference betwoen these diseases and
normal controls (p<107). B. Total Cys correlated Hnearly with protein-ss-Cys. Pearson
correlation 1=0.84, p= 5.3 x 107", These results indicate that either p-ss-Cys or total Cys can
be used as a plasma biomarker for oxidative stress,

Example 5: Analysis of Cys containing species in the plasma from a patient with
SCD before and afier treatment of N-Acetyl Cysteine (NALQ), an antioxidant drug.
[6865] SCD patients are known to cxperience oxidative stress. We have utilired this
assay for the SCD NAC clinical trial currently underway at Bioodworks N'W Rescarch
institute. Figure 6 illustrates Cys and Cys disulfide changes in the plasma from a paticnt
before (BL., Baselne) or after infusion of an antioxidant drug, N-Acetyl Cysteine for 1 hrat a
dose of 150 mg/ke. Free Cys was dramatically increased from 7 pM to over 170 uM
accompanied with a large decrease of Protein-ss-Cys and Cystine, indicating that NAC
rapidly reduced Cys disulfides. Detection of NAC-ss-Cys confirms NAC as an antioxidant io
reduce disulfides {oxidized form) to thiol (free) form. Free Cys is an aminoe acid needed for
GSH and protein synthesis. There were no significant changes observed for total Cys upon
NAC trestmont, suggesting that the possibility of NAC deacetylation was minor.

Example 6: Analysis of time course of WAL, Cys containing species, and GSH in
the plasma/whele bloed from a patient with 8CD before and after NAC treatment.
[B066] Figure 7 shows NAC, Cys species, and GSH changes in samples from a patient
before treatment (Pre), right after NAC infusion (1 hr), and at follow up time points (24 by

and 72 hr). Although the NAC drug contained more than 99.5% reduced free form, over 50%

- 15 -



of the NAC was oxidized at 1 hr. NAC was almost not detectable at 24 hr, suggesting NAC

had a short half time (A). Free Cys and total small molecular weight thiol (st-Cys) were

greatly increased, whereas p-ss-Cys decreased sharply. (B). Free Cys in whole

blood is increased from 13 puM to 170 uM and free Cys in the red blood cell (RBC) fraction increased
over 10 fold from 2.3uM to 31uM. (C). The increase of free Cys in the RBC

fraction likely contributes the GSH synthesis. We observed that GSH level slight increased

(13%) at 24 hr time point compared to before treatment. SCD patients are known to have lower

GSH levels. Total GSH in WB was only about 410 uM, which is less that 40% of average of

normal donors shown in Figure 3.
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While specific aspects of the invention have been described and illustrated, such aspects
should be considered illustrative of the invention only and not as limiting the invention as

construed in accordance with the accompanying claims.

[0072]  Although the foregoing invention has been described in some detail by way of
illustration and example for purposes of clarity of understanding, it will be readily apparent to
one of ordinary skill in the art in light of the teachings of this invention that certain changes
and modifications can be made thereto without departing from the spirit or scope of the
appended claims.
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The embodiments of the invention in which an exclusive property or privilege is

claimed are defined as follows:

1. A method for determining whether to administer an antioxidant treatment to a subject
by determining the levels of reduced and oxidized forms of thiol and disulfide containing
molecules in a sample derived from the subject, the method comprising:

a) (i) treating a sample comprising thiol and disulfide containing molecules derived
from a subject with a reagent to prevent free thiol oxidation;

(i1) adding an isotopically labeled analogue of each molecule of interest; and
(iii) adding methanol to extract the molecules; and

b) subjecting the sample to liquid chromatography-tandem mass spectrometry (LC-
MS/MS) with Multiple Reaction Monitoring (MRM) to determine the levels of reduced and
oxidized forms of thiol and disulfide containing molecules in the sample;

wherein the thiol and disulfide containing molecules comprise: GSH, GSSG,
cysteine, cystine, N-acetyl-cysteine (NAC), N-acetyl-cystine (NACss), CysGly (CG),
gamma-GluCys (YEC), homocysteine (Hcy), homocystine, Cys-ss-GSH, Cys-ss-NAC, Cys-
ss-Hey, Cys-ss-CG, Cys-ss-yYEC, GSH-ss-NAC, CGss, YECss, Protein-ss-Cys (p-ss-Cys),
Protein-ss-GSH (p-ss-GSH), Protein-ss-NAC (p-ss-NAC), Protein-ss-Hcy (p-ss-Hcy),
Protein-ss-CG, or any combination thereof;

wherein the levels of reduced and oxidized forms of thiol and disulfide containing
molecules in the sample are compared to a control value;

wherein if a higher level of oxidized forms of thiol and disulfide containing
molecules are found in the sample compared to the control value, oxidative stress in the
subject is indicated, and the subject is indicated for administration of an antioxidant
treatment;

wherein the antioxidant treatment is the administration of N-acetyl-cysteine.

2. The method of claim 1, wherein the sample is blood or a fraction thereof, cells, or
tissue.

-17 -

Date Recue/Date Received 2022-12-06



3. The method of claim 1 or 2, wherein the sample is from a subject with a disease that

results in oxidative stress.

4, The method of claim 3, wherein the disease that results in oxidative stress is sickle
cell disease (SCD), acute respiratory distress syndrome (ARDS), or thrombotic
thrombocytopenic purpura (TTP).

5. The method of any one of claims 1 to 4, wherein the control value is derived from the
levels of the same thiol and disulfide containing molecules in a control sample from a

normal healthy donor or is an average value derived from samples of healthy donors.

6. The method of any one of claims 1 to 5, wherein the isotopically-labeled analogue
comprises:

GSH* (Glutathione-(glycine-!*C2, 1°N), Cys*(L-Cysteine-'>C3,1°N) Cys** (L-
Cysteine-1*C3, D3, °N), Cystine* (L-Cystine-'3C6, 1°N2), NAC* (L-Cysteine-!*C3,!°N, N-
acetyl), Hcy-d4, NEMdS: N-ethylmaleimide (ethyl-D5), GSSG* (disulfide bound
Glutathione-(glycine->C2, 1°N), NAC*ss, Hcy*ss, Cys*-ss-GSH* (Cys* disulfide bound to
GSH*), Cys*-ss-NAC*, Cys**-ss-Hcyd4, Cys*-ss-CG, Cys*-ss-yEC, CG-NEMdS (CysGly
alkylated with N-ethylmaleimide (ethyl-D5)), yYEC-NEMdS, or any combination thereof.

7. The method of any one of claims 1 to 6, wherein the reagent to prevent free thiol

oxidation in the sample is N-ethylmaleimide (NEM).

8. The method of any one of claims 1 to 7, wherein the reagent to prevent free thiol

oxidation in the sample is supplied in a dried form in a sample collection container.
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9. The method of any one of claims 1 to 8, wherein the levels of GSH, GSSG, cysteine,
cystine, NAC, NACss, CG, YEC, Hey, Cys-ss-GSH, Cys-ss-NAC, Cys-ss-CG, Cys-ss-YEC,

and Cys-ss-Hcy are measured simultaneously in one assay run.

10.  The method of any one of claims 1 to 9, wherein optimized MRM transitions are:
Analytes Qi Q3

Cystine 241.0 74.0
241.0 120.0
Cystine* 249.1 77.0
249.1 124.0
Cys-ss-GSH 427.1 298.0
427.1 231.1
Cys*-ss-GSH 434.1 305.1
434.1 2312
Cys-ss-CG 298.1 177.0
298.1 130.0
Cys*-ss-CG 302.1 177.0
302.1 130.0
Cys-ss-Hcy 255.0 134.0
255.0 122.0
255.0 88.0
Cys**-ss-Hcyd4 266.1 138.0
266.1 129.0
266.1 92.0
Cys-ss-NAC 283.0 162.0
283.0 164.0
Cys*-ss-NAC* 291.1 166.1
291.1 168.1
Cys-ss-tEC 370.1 241.0
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Cys*-ss-tEC

GSSG

GSSG*

Hcy-ss

Hcy*-ss (d8)

CG-ss

1EC-ss

NAC-ss

NAC*-ss

GS-ss-NAC

GS*-ss-NAC*

Cys-NEM

370.1
374.1
374.1
613.2
613.2
307.1
307.1
619.2
6192
310.1
310.1
269.1
269.1
2771
277.1
355.1
355.1
499.1
499.1
325.1
325.1
333.1
333.1
469.1
469.1
477.1
477.1
247.1
247.1

152.0
245.0
152.0
484.1
355.1
231.1
130.1
490.1
360.9
231.1
130.1
136.0
134.0
138.0
140.0
235.1
177.0
241.0
370.0
162.0
164.0
166.0
168.0
162.0
340.0
166.0
348.0
126.1
158.0

Date Recue/Date Received 2022-12-06
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Cys*-NEM

Cys**-NEM

GSH-NEM
GSH*-NEM
Hcy-NEM
Hcy*-NEM
CG-NEM

CG-NEMd5

rEC-NEM

rEC-NEMd5

NAC-NEM

NAC*-NEM

247.1
251.1
251.1
251.1
254.1
254.1
254.1
433.1
433.1
436.1
436.1
261.1
265.1
304.1
304.1
309.1
309.1
376.1
376.1
376.1
381.1
381.1
381.1
289.1
289.1
293.1
293.1

158.0
186.0
126.0
158.0
126.0
158.0
158.0
201.0
304.0
201.0
307.0
56.0

60.0

201.1
212.1
206.1
217.1
201.0
247.1
230.0
206.0
252.1
235.1
230.0
201.1
233.0

204.1.
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11.  The method of any one of claims 1 to 10, wherein the level of the oxidized forms of
thiol and disulfide containing molecules in the sample is at least 1.1, 1.2, 1.3, 1.4, 1.5, 1.6,
1.7, 1.8, 1.9, or 2.0 times the level of the control value.

12.  The method of any one of claims 1 to 11, wherein the level of p-ss-Cys is
determined, and wherein a higher level of p-ss-Cys in the sample as compared to the control

value is indicative of oxidative stress in the subject.

13.  The method of any one of claims 1 to 11, wherein the level of total cysteine is
determined, and wherein a higher level of total cysteine in the sample as compared to the

control value is indicative of oxidative stress in the subject.

14.  The method of any one of claims 1 to 13, wherein the administration of N-acetyl
cysteine is for 1, 2, 3, or more hours at 75 mg/kg, 150 mg/kg or 300 mg/kg by intravenous

infusion.

15.  The method of any one of claims 1 to 13, wherein the administration of N-acetyl

cysteine is by oral administration.

16. A kit for performing the method of claims 1 to 15, wherein the kit comprises:

a sample collection container; and

the reagent to prevent free thiol oxidation, wherein the walls of the sample collection
container are evenly coated with the reagent to prevent free thiol oxidation in an amount of

2-4 mg.
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