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ABSTRACT

Purpose The loss of potency of protein therapeutics can be
linked to the oxidation of specific amino acid residues leading
to a great variety of oxidative modifications. The comprehen-
sive identification of these oxidative modifications requires
high-resolution mass spectrometry analysis, which requires
time and expensive resources. Here, we propose a fluorogenic
derivatization method of oxidized Tyr and Phe yielding
benzoxazole derivatives, as an orthogonal technique for the
rapid screening of protein oxidation.

Methods Four model proteins, IgG1, human growth hor-
mone (hGH), insulin and bovine serum albumin (BSA) were
exposed to oxidation via peroxyl radicals and metal-catalyzed
reactions and efficiently screened by fluorogenic derivatiza-
tion of Tyr and Phe oxidation products. Complementary
LC-MS analysis was done to identify the extent of methionine
oxidation in oxidized proteins.

Results The Fluorogenic derivatization technique can easily
be adapted to a 96-well plate, in which several protein formu-
lations can be screened in short time. Representatively for
hGH, we show that the formation of benzoxazole parallels
the oxidation of Met to methionine sulfoxide which enables
estimation of Met oxidation by just recording the
fluorescence.
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Conclusions Our rapid fluorescence based screening allows
for the fast comparison of the stability of multiple
formulations.

KEY WORDS fluorogenic derivatization - human growth
hormone - mass spectrometry - monoclonal antibody - protein
oxidation

ABBREVIATIONS

AAPH 2, 2"-azobis (2-methylpropionamidine)
dihydrochloride

ABS 4-(aminomethyl) benzenesulfonic acid

BMS bis (2-mercaptoethyl) sulfone

BSA Bovine serum albumin

DOCH  2-amino-3-(3, 4-dioxocyclohexa-1, 5-dien-1-yl)

propanoic acid

DOPA 3, 4-dihydroxyphenylalanine

hGH Human growth hormone

IAA Iodoacetamide

lgG Immunoglobulin G

LTQ- Linear ion trap quadrupole-Fourier transform
FT

MCO  Metal catalyzed oxidation

Q-TOF  Quadrupole time-of-flight

SEC Size exclusion chromatography

INTRODUCTION

Protein pharmaceuticals represent a fast growing class of ther-
apeutics. Since the development of the first recombinant pro-
tein pharmaceuticals in 1982, more than 170 biotherapeutic
products have been introduced to treat various diseases such
as cancer, autoimmune diseases, allergy, infectious diseases,
inflammation and various genetic disorders (1-3). The global
market for protein therapeutics is estimated to be worth $168
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billion by 2017 (3). Much of the success of protein therapeutics
is attributed to the influx of a large number of monoclonal
antibodies into the pharmaceutical market (4).

One of the most demanding tasks in the development of
biotherapeutics is to maintain physical and chemical stability
(3). Protein unfolding, aggregation, surface adsorption and
precipitation are major forms of physical instabilities encoun-
tered by protein therapeutics (3—6). Chemical modifications
involve covalent changes of chemical bonds, which ultimately
lead to the formation of new chemical structures.
Deamidation and oxidation are among the major chemical
modification pathways of protein pharmaceuticals (2,3).

Methionine (Met), cysteine (Cys), tryptophan (Trp), tyro-
sine (Tyr), phenylalanine (Phe) and histidine (His) are signifi-
cantly more sensitive to a series of oxidation pathways, due to
the high reactivity of sulfur and aromatic rings towards various
reactive oxygen species (3—8). Frequently, the chemical mod-
ifications of these amino acid residues result in structural and
biologic consequences. For example, the formation of methi-
onine sulfoxide (MetSO) in human IgG1 can impact its serum
half-life (9), conformational stability (5), and the binding affin-
ity to protein A and protein G columns used for purification
(10). Likewise, the oxidation of the other amino acids can also
pose problems for the potency of protein pharmaceuticals. For
example, the oxidation of a single Trp residue is responsible
for the loss of binding and biological activity upon (UV) light
irradiation in MEDI-493, a monoclonal antibody (mAb)
against respiratory syntical virus (RSV) (11).

Peptide bond flexibility, protein conformation and surface
accessibility of amino acids affect the oxidation rates of amino
acid residues (8). Buffers, excipients, metal ions, light and tem-
perature are also factors, which impact the oxidation path-
ways of proteins (3,5,8). Autoxidation of polysorbates results
in the formation of hydroperoxides which can oxidize proteins
(12). Polysorbates are the most common excipients used in
protein formulations to prevent protein aggregation and pro-
tein surface adsorption (12,13). Trace amounts of metals can
be accidentally introduced into protein therapeutics dur-
ing manufacturing and formulation through leaching
from metal containers and excipients respectively. (14).
These trace amounts of metal ions can induce metal-
catalyzed oxidation (15-17).

The oxidation of therapeutic proteins is monitored via a
wide array of sensitive analytical techniques, including peptide
mapping and mass spectrometry (4,18-21). While offering
high resolution and information on product identity, these
techniques are time-consuming.

The aim of this study is to implement a fluorogenic deriv-
atization method of oxidized Tyr and Phe as an orthogonal
technique for the rapid screening of protein oxidation, and to
evaluate whether a quantitative correlation exists between the
oxidation of Tyr/Phe and Met for a given protein and specific
oxidation conditions. The oxidation of Tyr and Phe generates

aromatic vicinal diols such as 3, 4 dihydroxyphenylalanine
(DOPA) (16) which can be derivatized with benzylamine de-
rivatives (22). Tryptophan oxidation yields several oxidation
products, among them 5-hydroxy tryptophan (5-HTP), which
can also be derivatized benzylamine derivatives (23). DOPA
and 5-HTP react with 4-amino methyl benzenesulfonic acid
(ABS) to form a highly fluorescent benzoxazole (Scheme 1;
Aem = 490 nm, A, = 360 nm) (22,23). This method was ini-
tially developed to monitor oxidized proteins derived from
tissue (22,23), but is here applied to the screening of protein
pharmaceuticals. To demonstrate that this fluorogenic meth-
od can be used as a high-throughput assay to screen for the
stability of proteins, we evaluated this method with four pro-
teins (bovine serum albumin (BSA), human growth hormone
(hGH), a monoclonal antibody (IgG1) and insulin) exposed to
oxidation via peroxyl radicals and metal-catalyzed reactions,
respectively. Peroxyl radicals (ROO’) were generated through
the thermal decomposition of 2,2'-azobis (2-
methylpropionamidine) dihydrochloride (AAPH) (25)
(Scheme 2), a process that mimics the oxidation of proteins
by peroxyl radicals generated from polysorbates (24—26).
Metal-catalyzed oxidation was initiated through the exposure
of proteins to Cu (II)/L-ascorbic acid, or Fe (II)/HyO9 These
conditions were selected to simulate the effect of trace
amounts of metals inadvertently introduced into protein for-
mulations during production and storage (17,27). The oxi-
dized proteins were reacted with ABS and subsequently
placed on a UV-transilluminator (Fotodyne Inc., Hartland,
WI, USA) to visualize the fluorescent products. For quantita-
tive screening, the samples were prepared in a 96 well plate in
order to allow simultaneous comparison of all proteins and
their different responses to different oxidative stresses.
Representatively for hGH we also quantified MetSO by mass
spectrometry, and we related the mass spectrometry quantifi-
cation of MetSO to the ABS derived fluorescence. For this,
representative ABS fluorescence charts were built by integrat-
ing MetSO (quantified by mass spectrometry) and ABS fluo-
rescence (measured by fluorescence spectroscopy) to serve as a
tool for the rapid prediction of MetSO formation for a given
protein.

MATERIALS AND METHODS

IgG1 (14 mg/ml) and hGH were provided by Genentech, Inc.
(San Francisco, CA. Recombinant insulin containing 0.4%
(w/w) zinc was purchased from Roche Applied Science
(Indianapolis, IN). BSA, AAPH, monobasic and dibasic sodi-
um hydrogen phosphate (NaoHPO, and NaHyPOy), ethyl-
enediaminetetraacetic acid (EDTA), L-ascorbic acid, copper
dichloride (CuCly), sodium chloride (NaCl), iron (II) sulphate
(FeSOy), guanidine hydrochloride, potassium ferricyanide
K3Fe(CN)g, iodoacetamide (IAA), ammonium acetate
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Scheme | Schematic representation of the fluorogenic derivatization of DOPA with ABS

(NH4CoH30,), ammonium bicarbonate (NH,HCOj), dithio-
threitol (D'T'T), bis (2-mercaptoehtyl) sulphone (BMS) and hy-
drogen peroxide (HyOy) were purchased form Sigma Aldrich
(St. Louis, MO, USA). Trypsin/Lys-C, mass spectrometry
grade, was purchased from Promega Corporation (Madison,
WI, USA). SDS-PAGE running buffer (100 mM Tris, 1.92 M
glycine and 0.1% (w/v) SDS at pH 8.25) and Precision plus
Protein dual color standards were purchased from Bio-Rad
(Hercules, CA, USA). Millipore Q water (milliQ) water) was
used for the preparation of all the solutions. Optimal water
and acetonitrile (ACN), containing 0.1% (v/v) formic acid

were purchased from Fisher Scientific (Waltham, MA).
Amicon ultra-0.5 centrifugal filter devices equipped with a
10 kDa cut off membrane were purchased from Millipore
Inc., (Bedford, MA, USA). 4-Aminomethyl-benzylsulfonic ac-
id (ABS) was synthesized according to published protocol (22).

AAPH Oxidation

The model proteins (BSA, hGH, IgG1 and insulin) were dis-
solved at 1 mg/ml in 20 mM sodium phosphate buffer at
pH 7.2. The reaction mixtures were prepared by mixing

HNs N2 ’ OH
Xy 0/0 O/
—

i N +20, +2RH
N = 2 > 2 > 2

— T
P HN NH HoN NH HN NH

HN \NH :

peroxyl radical hydroperoxide
AAPH

Scheme 2 Mechanism of thermolysis of AAPH, production and reaction of peroxyl radicals under aerobic conditions
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200 pL of the model protein stock solution (1 mg/ml) with a
series of concentrations of AAPH, and then incubated at 37°C
for 3 h. The final concentrations of AAPH were O (control), 1,
2,4, 8 and 16 mM. Based on the rate of radical generation at
37°C, 1.36 x 107° [AAPH] Ms.™', (25) a 3 h incubation with
16 mM AAPH generates a total of 2.35 x 10" M initial
peroxyl radicals. With a concentration of hGH (I mg/ml) at
4.5 x 107 M, the maximal ratio of [ROO’] / [hGH] = 5.2.
To stop the reaction, the oxidized hGH samples were buffer
exchanged with 100 mM phosphate buffer (pH 9.2) for 12
mins at 14,000 g (4°C, 3 times) using Amicon ultra- 0.5 cen-
trifugal filters equipped with a 10kD cut-off membrane. In
order to test whether we completely stopped the reaction we
compared two samples (i) AAPH-exposed hGH, which was
buffer exchanged, and (i) AAPH-exposed hGH, which was
buffer exchanged but incubated for 3 additional hours at
37°C. After derivatization with ABS, both samples showed
the same fluorescence intensity, indicating that all AAPH
had been removed by buffer exchange.

Metal Catalyzed Oxidation

Cu (Il) /L-Ascorbate

Metal catalyzed oxidation of model proteins (I mg/ml, in
20 mM sodium phosphate buffer, pH 7.2) by Cu (II)/L-ascor-
bic acid was performed by mixing model proteins with various
concentrations of Cu (II) to reach final concentrations ranging
from 5 pM to 20 uM. To allow binding of Cu (II) to the
proteins, the samples were incubated with Cu (II) for ten mi-
nutes prior to the addition of L-ascorbic acid (29). After ten
minutes, 500 pM of L-ascorbic acid was added to each sam-
ple. The final solution was incubated at 37°C for 3 h. The
reactions were stopped by the addition of 50 pL of 50 mM
EDTA.

Fe (Il)/H,0,/EDTA

Separate stock solutions of EDTA (20 mM), Fe "' (10 mM),
and HyOy (10 mM) were prepared in Ar-saturated ammoni-
um acetate buffers (20 mM, pH 7.2). 500 pL of the EDTA
solution was mixed with 400 pL of the Fe " solution in order to
prepare a stock solution of EDTA/Fe ' at 1 mM. After
mixing, the solution was again saturated with Ar.
Subsequently 200 pL of the model protein stock solution
(I mg/ml, in 20 mM ammonium acetate buffer pH 7.2) was
mixed with 10 pL of the Fe "'/EDTA solution, and the oxi-
dation reaction was started by the addition of 10 pL of the
H5Os stock solution. The samples were incubated at 37°C for
3 h. The reactions were stopped by the addition 250 pL
DTPA (I mM), and 10 pL of catalase (25 pM).

Fluorogenic Derivatization

After exposure of the model proteins to AAPH and metal
catalyzed oxidation, the oxidized proteins were buffer ex-
changed with 100 mM sodium phosphate buffer (pH 9.2)
using Amicon ultra-0.5 centrifugal filter devices equipped with
a 10 kDa cut-off membrane. The optimal conditions for the
derivatization of DOPA in oxidized proteins with ABS were
as follows: oxidized protein samples were mixed with
K3Fe(CN)g at a molar ratio of KgFe(CN)g: protein =30:1 in
the presence of 10 mM ABS and followed by incubation of
samples in the dark for 90 min. The procedures for analysis of
the derivatized samples are described in the next two sections.

Size Exclusion Chromatography (SEC)

SEC was performed on a Shimazdu HPLC system equipped
with two Shimazdu LC-20AT pumps (Shimazdu, Columbia,
MD) and coupled both to a photo-diode array detector
(Prominence RF-20A, Shimazdu, Columbia, MD) and a fluo-
rescence detector (RF-20A, Shimazdu, Columbia, MD). The
samples (90 pL) were injected onto a TSK-GEL G3000swxl
column (7.8 mm TD x 30 cm, 5 pm, Tosoh Biosciences, King
of Prussia, PA, USA). The mobile phase consisted of 200 mM
sodium phosphate buffer and 50 mM sodium chloride at
pH 7.0, and was eluted through the column at a constant flow
rate of 0.7 ml/min.

Steady-State Fluorescence Spectroscopy Analysis

The steady-state fluorescence of protein samples derivatized
with ABS was measured with a Shimazdu RF-5301PC-
spectrofluorophotometer equipped with a 1-cm quartz cu-
vette. Fluorescence measurements at A.,, = 490 nm
(Aexe = 860 nm) were acquired both in a 500 pL 1-cm quartz
cuvette (Starna cell, Atascadero, CA 93422) and on a 96 well
plate model, respectively. The excitation and emission band-
widths were set at 5 nm.

Reduction and Alkylation of hGH

Oxidized and control hGH samples were purified through
Amicon ultra-0.5 centrifugal filter devices equipped with
10 kDa membranes. The purified hGH samples were
reconstituted in 100 pL of ammonium bicarbonate buffer
(50 mM, pH 7.5). The disulfide bonds were reduced by the
addition of 50 pLL. BMSS (5 mM stock solution in ACN), follow-
ed by incubation at 45°C for 30 min. The reduced cysteine
residues were alkylated by the addition of 50 pL of TAA
(25 mM in NH,;HCOj3 buffer 50 mM, pH 7.4), followed by
incubation for 2 h at 37°C.
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Trypsin/Lys-C Digestion of hGH

150 pl of reduced and alkylated hGH (I mg/ml) were mixed
with 700 uLL HC1Oy4 (0.5 M). The samples were centrifuged at
16,000 g at 4°C: for 20 min and the resulting pellet was washed
twice with milliQ) water. The pellet was reconstituted in
200 pL of NH,HCOs3 buffer (50 mM, pH 8). The protein
samples were digested with trypsin/Lys-C (3 pg) in
NH,HCO; buffer (50 mM, pH 8) at 37°C overnight. The
proteolytic digests were purified using Amicon ultra-0.5 cen-
trifugal devices equipped with 10 kDa membranes to separate
undigested protein and trypsin/Lys-C from the tryptic
peptides.

Sodium Dodecyl Sulfate Polyacrylamide gel
Electrophoresis (SDS-PAGE) of hGH

After reduction and alkylation of Cys residues, 20 uL solution
containing either native or oxidized hGH (1 mg/ml), and its
control were mixed with 1.1 X reducing sample buffer, which
consisted of 68.89 mM Tris HCI at pH 7.0, 2.2% w/w SDS,
0.044% w/w bromophenol blue, 22.22% w/w glycerol, and
111.11 mM DTT. The samples were boiled at 100°C for
2 min after mixing. An aliquot of 20 pL of each sample was
loaded onto a 4-20% polyacrylamide gel from Bio-Rad
(Hercules, CA, USA). Molecular weight standards and
Precision Plus Protein Dual Color Standards (Bio-Rad) were
also loaded onto the same gel. The gel electrophoresis was run
at a difference of potential of 200 V for 40 min using 10-fold
diluted running buffer. The fluorescence bands that contained
protein derivatized with ABS, were visualized through a UV-
transilluminator (A = 302 nm).

In-Gel Digestion

The fluorescent bands were excised for in-gel digestion, ac-
cording to the protocol described by Shevchenko et al. (30).
Briefly, the gel slices were first rinsed twice with 100 mM
NH,HCO; (pH 7.8) in H,O/ACN (1:1 v/v) and then rinsed
with 100% ACN at room temperature. The gel slices were
dried using a Speedvac from Labconco Corp. (Kansas City,
MO, USA). The dried gel slices were incubated for one hour
at 4°C in 200 pL of 50 mM acetic acid, containing 5 pug of
sequencing-grade trypsin/Lys-C. An aliquot of 200 pL of
100 mM NH,HCOj3 (pH 7.8) was then added to the samples
prior to protein digestion. The samples were incubated at
37°C for 8 h. Upon completion of the digestion, the protein
solutions were transferred into new 1.5-mL Eppendorf vials.
The gel slices were rinsed three times with 100% ACN;, and
the rinsing solutions were combined with the solutions con-
taining digested protein in the new Eppendorf vials. The sam-
ples were concentrated using the Speedvac to reach a final
volume of 20 pL for LC-MS/MS analysis (30).

@ Springer

Mass Spectrometry Analysis

LC-ESI-MS experiments were performed on an nanoAcquity
UPLC system (Waters Corporation, Milford, MA) coupled to
either a Xevo Q-TOF (Waters Corporation, U.K) or a linear
1on trap quadrupole-Fourier transform (LTQ-FT) mass spec-
trometer (Thermo-Finnigan, Bremen, Germany).

Xevo Q-TOF Mass Spectrometry Analysis

LC-MS analysis were performed on a Xevo Q-TOF mass
spectrometer (Waters Corp.,U.K), equipped with a
nanoAcquity (Waters Corp.,U.K) chromatograph and a
BEH nanocolumn (75 pm x 150 mm C18, Waters Corp.).
Aqueous (A) and organic (B) mobile phases consisted of opti-
mal water and formic acid (FA) 99.9%: 0.1%, (v:v), and ACN
and FA 99.9%: 0.1%, (v:v). Tryptic peptides were eluted with-
in 70 min by increasing mobile phase B linearly from 3 to 35%
(v:v) within the first 50 min, and by increasing the amount of B
to 95% (v:v) within the following 20 min. The flow rate was
0.3 pl/min. The Xevo Q-TOF was operated in the MS"
mode with all lenses optimized on the [M + 2H]*" ion for
the [Glu]' -fibrinopeptide B. The cone voltage was 25 V, and
Argon was admitted to the collision cell. The spectra were
acquired using a mass range of 150-2000 Da. The data were
accumulated for 0.5 s per cycle. MS/MS measurements were
performed by ramping the collision energy from 10 Vto 40 V.

LTQ-FT Mass Spectrometry Analysis

Experiments were carried out on a linear ion trap
quadrupole-Fourier transform (LTQ-FT) ion cyclotron reso-
nance mass spectrometer. The instrument was operated in the
data dependent acquisition (DDA) mode. All the lenses were
optimized on the [M + H]" ion from leucine enkephalin.
Tryptic digests were eluted on a non-porous Presto FF-C18
column (15 ecm x 0.5 mm, 2 pm, Imtakt USA, Portland, USA)
ataflow rate of 5 ul/min. The ESI source was operated with a
spray voltage of 2.8 kV, a tube lens offset of 96 V and a
capillary temperature of 200°C. The mobile phases consisted
of water, ACN and FA at a ratio of 99.9%:0%:0.1%, (v:v) for
solvent A and 0%:99.9%:0.1%, (v:v) for solvent B. The raw
files from the FT-ICR measurements were read by the
Xcalibur 2.0 software package (Thermo Scientific,
Waltham, MA) and analyzed with MassMatrix (31).

Calibration Curves

A calibration curve for mass spectrometry analysis was built by
plotting the peak areas of the Glu-Fib peptide against a series
of known concentrations of the Glu-Fib peptide. Glu-Fib was
provided as lyophilized powder, to which 0.1% FA in optimal
water was added to bring the concentration to 100 pM. A
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dilution series was prepared by addition of 0.1% FA in opti-
mal water. Calibration curves were built with concentrations
ranging from 2-2000 nM (Fig. la and b). The calibration
curves were built using peptide peak intensity measurements,
which involved extraction of ion chromatograms from the
LC-MS runs of the Glu-Fib peptide followed by calculation
of peak areas. Calibration curves were built by plotting peak
areas of the extracted ion chromatograms versus the theoretical
concentrations. In the calibration curves, the slopes are repre-
sentative of the sensitivities of the mass spectrometry method
used for the analytes. The precision of the data was deter-
mined by measuring 3 replicates of one sample, which is
represented by standard deviation. The two calibration
curves were built to bracket the limit of quantification
and the upper limit of linearity. Limit of quantification
(LOQ, 5 nM) is the lowest concentration of the analyte
that can be quantified. The upper limit of linearity (LOL,
2000 nM) describes the highest concentration of analyte
above which linearity cannot be established between con-
centration and peak area (32).

The use of a 96-Microplate to Efficiently Monitor
Oxidized Proteins by ABS Derivatization

To assess the presence of oxidized proteins in a large variety of
protein samples we performed the fluorogenic derivatization
with ABS in a 96 well microplate. BSA (1 mg/ml), IgG1
(I mg/ml), insulin (I mg/ml) and hGH (1 mg/ml) were oxi-
dized with either AAPH (33), Fe(II)/HyoOo/EDTA, or Cu(l)/
L-ascorbate (33-35). After incubation, the samples were bufl-
er exchanged with 100 mM sodium phosphate buffer (pH 9).
Samples were centrifuged at 14,000 g for 12 min in Amicon
0.5-ultra filters equipped with 10kD cut-off membranes. After
the centrifugation, samples were measured for protein con-
centration and adjusted accordingly before loading the sam-
ples into the well plate. 200 pL of each sample was transferred
to a 96 well microplate. After loading the oxidized samples to
the microplate, 50 pL of 60 mM ABS stock solution was
added to the samples at final concentrations of 10 mM ABS,
followed by the addition of 50 pL of 3 mM KjFe(CN)s stock
solution to a final concentration of 500 pM. After 90 min, the
microplate was placed on a UV-Transilluminator (operated at
A = 302 nm) for visualization of the fluorescence, and subse-
quently placed in a spectrofluorometer to read the absolute
intensities.

RESULTS

The two objectives of this study were to establish a rapid
screening method for Tyr and Phe oxidation and to evaluate
whether there is a quantitative relationship between the oxi-
dation of Tyr/Phe and Met for a given protein

(representatively hGH) and a given oxidative stress system
(representatively AAPH). Tyr/Phe oxidation to DOPA can
casily be monitored by fluorescence detection after ABS de-
rivatization of DOPA, while the oxidation of Met to MetSO
must be monitored by HPLC coupled to either UV or mass
spectrometry detection.

The results section is divided into four sub-sections. First,
we will present the results on hGH alone, along with the de-
tails regarding the derivatization of DOPA by ABS. In the
second sub-section, we will characterize the formation of
MetSO in oxidized hGH. The third sub-section will focus
on the development of ABS fluorescence charts to relate the
quantification of MetSO by LC-MS to the fluorescence de-
tection of DOPA in oxidized hGH. Finally, the development
of a high-throughput assay to simultaneously screen for the
oxidative degradation of a series of model proteins will be
described.

ABS Derivatization to Monitor the Formation of DOPA
in Oxidized hGH

After ABS derivatization of hGH oxidized with AAPH, we
observed the formation of the fluorescent benzoxazole
(Aem = 490 nm on excitation at A = 360 nm) (Fig. 2, blue,
a). The control (non-oxidized hGH), which underwent the
same protocol for ABS derivatization showed little fluores-
cence (Fig. 2, black, b).

The ABS-dependent fluorescence intensity increases with
the increase in concentration of AAPH (1 mM to 16 mM) used
to oxidize hGH, indicating an AAPH-dependent increase of
Tyr/Phe oxidation (Fig. 3). However, this increase is not lin-
ear over the range of AAPH concentration suggesting differ-
ent sensitivity of different Phe/Tyr residues to AAPH derived
oxidation. Similar observations were made by SEC analysis
and fluorescence detection (Fig. 4, Fig. S3). HGH degradation
induced by AAPH was monitored using SEC coupled to a
diode array detector (Iig. S4), indicating an increase in aggre-
gation with increasing AAPH concentration.

SDS-PAGE Analysis of ABS-Derivatized Oxidized hGH

After the incubation of hGH with different initial concentra-
tions of AAPH (ranging from 1 mM to 16 mM), the protein
was derivatized with ABS, followed by reduction and alkyl-
ation of derivatized hGH. The samples were then fractioned
by SDS-PAGE.

The fluorescence intensity increased from lane 2 to lane 7
(Fig. 5) for both monomers and dimers (covalent aggregates) of
hGH, which indicates the presence of oxidized Tyr and /
or Phe that are derivatized with ABS, in both monomer
and dimer. In addition, as we progress from lane 2-7, a
smear of fluorescence starts to appear in the higher mo-
lecular weight region indicating the formation of higher
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Fig. I Calibration curves obtained on Xevo-QTOF, using Glu-Fib standard peptide. (a) Glu-Fib concentration: 2—160 nM. (b) Glu-Fib concentration: 60—
2000 nM.

molecular weight aggregates with oxidized Tyr and / or ~ +16 Da of Tyr-35 (Fig. 6). After ABS-tagging of oxidized
Phe. These observations confirm that the formation of  hGH, the LC-MS analysis of the tryptic digest revealed that
DOPA increases with the increase in the initial concen-  the mass of the peptide QEFEEAYIPK increased by
tration of AAPH. +197 Da, as expected for derivatization of DOPA with am-

monia and ABS. The MS/MS spectrum confirms the conver-
Identification of DOPA and ABS Derivatized Peptides sion of Tyr 35 into benzoxazole (Fig. 7) and the structure is

shown in the insert of Fig. 7. Indeed, the parent ion with m/z
The most intense fluorescent bands (corresponding to mono-  of 1450.39 corresponds to an increase of +197 Da in compar-
mers) from the SDS-PAGE were excised and subjected to in-  1ison to the original tryptic peptide QEFEEAYIPK. The series
gel digestion, and the tryptic peptides were extracted and an-  of yl-y4, and b1-b4 fragment ions indicate that the mass in-
alyzed by LC-MS/MS. After oxidation of hGH, MS/MS  crease of 197 Dais located at Tyr-35. We also detected deriv-
analysis of the proteolytic peptides indicates hydroxylation of  atization of DOPA with two ABS molecules (Fig. 8), consistent
Tyr-35 in the tryptic peptide QEFEEAYIPK, where the frag-  with the reaction mechanism of ABS derivatization (22,23).
ment ions y3, y4, b5, and b6 demonstrate an increase of ~ This twofold derivatized parent ion with m/z 1620.39

Fig. 2 Steady state fluorescence
monitored after ABS derivatization
of (@) hGH oxidized with 2 mM a
AAPH at 37°C for 3 h (blue), (b) 200 -
non-oxidized hGH (black), (c) the
background fluorescence of the
hGH oxidized with 2 mM AAPH for
3 hat37°C, prior to ABS derivati-
zation (red).

Fluorescence intensity

100+
b
m
0 T . 1 . 1
400 480 560

Emission wavelength
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Fig. 3 Fluorescence (Aer, max) 1
after ABS derivatization of hGH 600 -
(I mg/ml), oxidized in the presence
of different initial concentrations of ]
AAPH ranging from O (non- 500
oxidized)to 16 mM, at 37°Cfor 3 h -
and monitored by steady-state = -
fluorescence as shown in Fig. 2. 8 400
S ]
3 L]
2 3004
Q
Q .
@
S 200 - =
=
w ]
]
100
b
0 T T T 7 1 T 1 T 1 T 1
0 2 4 6 8 10 12 14 16 18

corresponds to an increase of +366 Da relative to the original
tryptic peptide QEFEEAYIPK. This tryptic peptide originally
contains also Phe, which is an additional potential target for
oxidation (14). The series of y5-y8 and b1-b3 fragment ions
shows no sign of derivatization at the original Phe-32 residue.
The increase of +366 Da is located between the fragment ions
y3 and y4, demonstrating that the addition of two molecules of

400000

300000+

200000 -

Fluorescence intensity

100000

AAPH concentration (mM)

ABS occurred at the original Tyr-35 residue. We observe no
significant oxidation of Tyr-103 under our reaction condi-
tions. However, this is not surprising as low yields of Tyr-
103 oxidation were previously observed for much stronger
oxidizing conditions, where [ROO’] / [hGH] = 30 (28). In
contrast, under our experimental conditions, [ROO"] /

[hGH] = 5.2.

AAPH concentration

10

1 1 1 1
15 20 25 30

Retention time (minutes)

Fig.4 Size exclusion chromatography (SEC) of ABS tagged oxidized hGH (I mg/ml). Fluorescence detection (Ex 360 nm-Em 490 nm) of () non-oxidized but
ABS-derivatized (black), oxidized hGH obtained after incubation of hGH with (b) | mM AAPH (dark blue), (€) 2 mM AAPH (pink), (d) 4 mM AAPH (brown), (e)

8 mM (green) and with (f) 16 mM AAPH (purple) for 3 h at 37°C.
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10

Higher MW
aggregates

Dimer

Monomer

Fig.5 SDS-PAGE analysis (reducing conditions) and fluorescence visualization of oxidized hGH (I mg/ml) after ABS derivatization. Fluorescence was recorded by
UV Transilluminator (Lane- | : molecular weight standards, Lane-2 hGH non-oxidized (control), Lane-3: hGH oxidized with | mM AAPH, Lane-4: hGH oxidized
with 2 mM AAPH, Lane-5: hGH oxidized with 4 mM AAPH, Lane-6: hGH oxidized with 8 mM AAPH, Lane-7: hGH oxidized with |6 mM AAPH, Lane-8:

derivatization reagents, Lane-9 and 10: empty

Identification of MetSO by LC-MS

hGH is a single chain protein consisting of 191 amino acids
residues which contains three Met residues Met-14, Met-125,
and Met-170 (Table I). Only Met-14 and Met-125 were oxi-
dized to MetSO with significant yields after incubation of
hGH with various concentrations of AAPH (28).

After oxidation of hGH, the MS/MS spectrum of the tryp-
tic peptide LFDNAMLR showed that Met-14 was oxidized to

M-NH; (++)
626.24
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MetSO. The fragment ions y3 and b6 confirm an increase of
+16 Da at Met-14 (Fig. 9). Our analysis also revealed that
Met-125 in the tryptic peptide DLEEGIQTLMGR was oxi-
dized to MetSO. The latter was demonstrated by its MS/MS
spectrum, which indicated through the formation of the y3
and b10 fragment ions that oxidation, occurred at Met-125
(Fig. 10).

MetSO in oxidized hGH was quantified as follows: The
sum of the ion intensities of the oxidized tryptic peptides
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Fig. 6 Collision-induced dissociation (CID) obtained on an FT-LTQ mass spectrometer of the oxidized tryptic peptide QEFEEY (+ 16 Da) IPK.
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Fig. 7 Collision-induced dissociation (CID) obtained on an FT-LTQ mass spectrometer of the tryptic peptide QEFEEY(+ 197 Da)IPK, generated through

oxidation and ABS derivatization of hGH.

LFDNA(MetSO)LR and DLEEGIQTL(MetSO)GR was
compared to the Glu-Fib calibration curve (Fig. 11). To
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compensate any potential variation of the amount of MetSO
to the variability of the recovery of the peptides after digestion,
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Fig. 8 Collision-induced dissociation (CID) obtained on an FT-LTQ mass spectrometer of the tryptic peptide QEFEEY(+366 Da)IPK, generated through

oxidation and ABS derivatization of hGH.
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Tablell List of Methionilje Containing Tryptic Peptides Obtained After be rationalized by different sensitivities of various Tyr and
Digestion of hGH with trypsinlys-C Met residues towards oxidation. Nevertheless, these charts
Methionine Tryptic peptide m/z containing plots of fluorescence vs. MetSO permitted to pre-

dict the amount of MetSO without performing an LC-MS
Met-14 LFDNAMLR 979.50 analysis. The robustness of this method was tested by the in-
Met-125 DLEEGIQTLMGR 1361.67 cubation of hGH with various AAPH concentrations which
Met-170 DMDKVETFLR 1253.61

the MetSO containing peptides were normalized to the inten-
sity of the oxidation resistant peptide SNLELLR.
Quantification of MetSO was achieved assuming that
MetSO containing peptides ionized similarly than the Glu-
Fib peptide during ESL

Correlation of DOPA Fluorogenic Derivatization
with MetSO Formation in Oxidized hGH

The steady-state fluorescence intensities of ABS-derivatized
hGH were plotted against the amount of MetSO detected
by LC-MS (Fig. 12). The plot shows two distinct regions: for
fluorescence intensities up to ca. 330 au, a ca. 6.6-fold increase
in fluorescence (between ca. 50 and 330 a.u.) 1s accompanied
by a ca. 5-fold increase in MetSO. However, for fluorescence
intensities between 330 and 600 a.u., a < 2-fold increase in
fluorescence intensity is accompanied by an almost 3-fold in-
crease in MetSO. The existence of these specific regions can

were not used to build the fluorescence vs. MetSO plots. For
example, hGH was oxidized in presence of 7 mM AAPH for
3 hat 37°C. The oxidized hGH was reacted with ABS and the
measured fluorescence intensity of 370 au was used to esti-
mate the amount of MetSO to 1.6 nanomoles (£ 0.054).
This value for MetSO was reasonably close to the yield of
MetSO 1.705 nanomoles (£ 0.019) independently determined
by mass spectrometry. We note, that a fluorescence chart built
for one specific protein cannot be used to predict the oxidation
of another protein, due to differences in sequence and, most
likely, in the sensitivities of Met and Tyr to oxidation in dif-
ferent proteins. Hence, separate fluorescence charts have to be
constructed for individual proteins.

High-Throughput Fluorescence Visualization of ABS
Derivatized Protein Samples by UV-Transilluminator

The model proteins (hGH, IgG1, insulin and BSA) were ex-
posed to various oxidation conditions, followed by derivatiza-
tion with ABS and fluorescence visualization on the UV-
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Fig. 9 Collision-induced dissociation (CID) obtained on an FT-LTQ mass spectrometer of the oxidized tryptic peptide LFDNAM (+ 16 Da) LR. The peptide is

the result of tryptic digestion of oxidized hGH.
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Fig. 10 Collision-induced dissociation (CID) obtained on an FT-LTQ mass spectrometer of the oxidized tryptic peptide DLEEGIQTLM (+ 16 Da) GR. The

peptide is the result of tryptic digestion of oxidized hGH.

Transilluminator. Experiments were performed in a 96 well
plate (one entire column on the microplate was loaded with
the same protein). Model proteins exposed to AAPH, Cu (I)/
L-ascorbate and Fe (IT)/HyO, were loaded to columns 14,
6-9 and 10-12, respectively in the microplate (Fig. 13). The
first two wells in column 5 (5a and 5b) were loaded with
derivatization reagents alone (ABS and K3Fe(CN)g) to

54

Methionine sulfoxide (nano moles)

o7 T T T
o 2 4 6 8 10 12 14 16 18

AAPH concentration (mM)

Fig. 1l LC-MS analysis: Formation and quantification of MetSO during ox-
idation of hGH by serial concentration of AAPH ranging from O (non-oxidized)
to |6 mM on incubation for 3 h at 37°C. The data points represent the mean
of four different experiments =+ standard deviation.

monitor the background. Rows a and e were always loaded
with non-oxidized (control) proteins exposed to derivatizing
conditions with ABS. Table II presents the individual condi-
tions for each well. Upon visualization (Fig. 13), protein sam-
ples that were exposed to stronger oxidation conditions always
showed stronger fluorescence intensities as compared to

54
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0 100 200 300 400 500 600
Fluorescence intensity
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1

Fig. 12 ABS fluorescence chart acquired after plotting fluorescence of ABS
tagged DOPA against the amount of MetSO detected by LC-MS in hGH
oxidized with increasing concentration of AAPH incubated at 37°C for 3 h.
Each data point represents the mean of four different experiments = standard
deviation.
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AAPH

Cu(ll) + L-Ascorbate

Fe(ll) + H,0,

Increase in oxidation power of the stress system

1 2 3 4 S 6

7 8 9 10 11 12

Fig. 13 Fluorescence visualization on a UV-Transilluminator (A = 302nm). IgG |, hGH, Insulin and BSA protein samples were oxidized with respective oxidative
stressing systems and derivatized with ABS. la hGH control, Ib-1d hGH oxidized with |, 4, 8 mM AAPH respectively, 2a IgG | control, 2b-2d IgG | oxidized
with 1, 4, 8 mM AAPH respectively, 3a Insulin control, 3b-3d Insulin oxidized with |, 4, 8 mM AAPH respectively, 4a BSA control, 4b-4d BSA oxidized with I,
4, 8 mM AAPH respectively. 5a tagging reagents, 5b 100 mM dibasic sodium phosphate buffer. éa hGH control, 6b-6d hGH oxidized with 5, 10, I5uM Cu (Il)
respectively and 500 uM L-Ascorbic acid, 7a IgG | control, 7b-7d IgG | oxidized with 5, 10, |5 uM Cu (Il) respectively and 500 uM L-Ascorbic acid, 8a Insulin
control, 8b-8d Insulin oxidized with 5, 10, 15 uM Cu (1) respectively and 500 uM L-Ascorbic acid, 9a BSA control, 9b-9d BSA oxidized with 5, 10, 15uM Cu
(Il respectively and 500 uM L-Ascorbic acid. 10a hGH control, 10b-10c hGH oxidized with 10, 20 uM Fe (Il) + H,O,, 1la IgG 1 control, 1'1b-11c IgGl
oxidized with 10, 20 uM Fe (Il) + H,O,, 12a Insulin control, 12b-12c Insulin oxidized with 10, 20 uM Fe (Il) + H,O,.

protein samples exposed to lower levels or no oxidation.
There was minimal fluorescence in the non-oxidized controls.
The fluorescence intensities of the ABS-derivatized samples
are presented in the Supplementary Material (Fig. S5).

DISCUSSION

The length and intricacy of the development process for
protein pharmaceuticals require the development of fast and
affordable stability tests. The latter have already been
developed for screening products, ranging from early stage
(36) to late stage formulation development (37). The benefits
of high-throughput screening rely on a rapid analysis, which
permits to collect a substantial amount of data to preclude the
release of unstable products. In the pharmaceutical industry
any process, which can fulfill these requirements can help in
introducing protein pharmaceuticals faster into the market.
Another advantage of high-throughput screening is the possi-
bility to analyze a broad variety of samples (c.g. different pro-
teins) at the same time (36,37).

We have developed a quick and sensitive chemical assay to
monitor the level of oxidation of proteins. Our assay is based
on the derivatization of DOPA with ABS, which specifically
allows for the detection of oxidation products of Phe and Tyr
(14,22,23). We adapted our assay to a 96 well microplate
framework, where four different non-oxidized (control) and

@ Springer

oxidized model proteins (IgG1, insulin, hGH and BSA) were
ABS-derivatized in a single microplate. The latter was
placed on a UV-Transilluminator to reveal the specific
fluorescence of the benzoxazole product, which resulted
from the reaction between DOPA and ABS. This plate
could also be read in a high throughput fashion on a
fluorescence plate reader. The fluorescence values could
be correlated to a previously generated interpolation
curve like has been made for hGH.

Model proteins were exposed to increasing amounts of
peroxyl radicals (ROO"), which were generated by
thermolysis of AAPH in air saturated aqueous solution at a
rate of 1.36 x 10”° [AAPH] Ms. ' (38). Our assay correlates
the increase of fluorescence intensities, resulting from the de-
rivatization of DOPA by ABS, with the exposure of proteins
to increasing amount of ROO" (Fig. 3). Based on a calibration
curve generated by Sharov e al., (22) the amount of DOPA
generated on hGH by exposure to increasing amounts of
peroxyl radicals from AAPH was estimated to be between
1.02 p moles (1.1 pmoles per mole of protein) and 6.1 p moles
(6.66 pmoles per mole of protein). Under our experimental
conditions, the latter corresponds to a fluorescence intensity
between 70 and 600 a.u. on our plate reader. Therefore,
under our experimental conditions the ratio of Met oxidation
over Tyr/Phe oxidation in hGH, was ca. 767:1. We also did
observe DOPA by LC-MS analysis but its level was below the
limit of quantification by MS.
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Tablell  96-Well Plate Loaded with IgG |, hGH, Insulin and BSA Oxidized Under the Indicated Conditions and Derivatized with ABS. The Symbol “-““Indicates
Empty Wells
hGH IgG1 Insulin BSA tagging hGH I1gG1 Insulin BSA hGH 1gG1 Insulin
control control control control reagents control control control control control control control a
hGH + IgG1 + Insulin + BSA + tagging hGH IgG1 Insulin BSA hGH IgG1 Insulin
1mM AAPH 1mM AAPH 1mM AAPH 1mM AAPH reagents| SpM Cu(Il) + SuM Cu(Il) + SpM Cu(Il) + SuM Cu(Il) + 10puM Fe(II) + 10pM Fe(II) + 10pM Fe(II) + b
500pM L-Asc 500pM L-Asc 500pM L-Asc 500puM L-Asc 500puM H,0, 500puM H,0, 500puM H,0,
hGH + IgG1 + Insulin + BSA+ hGH IgG1 Insulin BSA hGH IgG1 Insulin
4mM AAPH 4mM AAPH | 4mM AAPH 4mM AAPH _ 10pMCu(II) + 10pMCu(Il) + 10puM Cu(ll) + 10pM Cu(Il) + | 20pM Fe(Il)+ | 20pM Fe(Il) + 20uM Fe(II) + b
500uM L-Asc 500uM L-Asc 500uM L-Asc 500puM L-Asc 500uM H,0, 500uM H,0, 500puM H,0,
hGH + 1gG1 + Insulin + BSA+ hGH 1gG1 Insulin BSA
8mM AAPH $SmM AAPH | 8SmM AAPH | SmM AAPH _ 20uMCu(Il) + 20uMCu(Il) + 20uM Cu(Il) + 20pM Cu(Il) + _ _ _ d
500puM L-Asc 500uM L-Asc 500puM L-Asc 500puM L-Asc
hGH IgG1 + Insulin + BSA hGH IgG1 Insulin BSA hGH IgG1 Insulin
control control control control _ control control control control control control control e
hGH + IgG1 + Insulin + BSA + hGH 1gG1 Insulin BSA hGH IgG1 Insulin
ImM AAPH | 1ImM AAPH ImM AAPH | 1mM AAPH _ 5uM Cu(Il) + 5uM Cu(Il) + SuM Cu(Il) + SuM Cu(Il) + 10uM Fe(IT) + 10pM Fe(Il)+ | 10pM Fe(Il) + f
500puM L-Asc 500puM L-Asc 500puM L-Asc 500uM L-Asc 500uM H,0, 500pM H,O0, 500pM H,O0,
hGH + IgG1 + Insulin + BSA + hGH 1gG1 Insulin BSA hGH IgGl1 Insulin
4mM AAPH | 4mM AAPH 4mM AAPH | 4mM AAPH _ 10uM Cu(Il) + 10pM Cu(Il)+ | 10pM Cu(ll) + 10uM Cu(Il) + | 20uM Fe(I)+ | 20pM Fe(Il) + 20uM Fe(Il) +
500puM L-Asc 500uM L-Asc 500pM L-Asc 500uM L-Asc 500uM H,0, 500pM H,O0, 500pM H,O0, 8
hGH + IgG1 + Insulin + BSA + hGH 1gG1 Insulin BSA
$mM AAPH $SmM AAPH $mM AAPH | 8mM AAPH - 20uM Cu(Il) + | 20pM Cu(I@)+ | 20puM Cu(Il) + 20uM Cu(ll) + _ _ _ h
500uM L-Asc 500puM L-Asc 500puM L-Asc 500pM L-Asc
1 2 3 4 5 6 7 8 9 10 11 12

MetSO represents one of the major degradation prod-
ucts in protein therapeutics, which can potentially impact

the

car

formation of the others. We note that analogous lin-
correlations between DOPA and MetSO formation

protein pharmaceuticals (8,9). In addition, MetSO is fre-
quently monitored as a representative oxidation product
of protein pharmaceuticals. Typically, MetSO is detected
by peptide mapping in combination with LC-MS analy-
sis, which does not permit rapid screening of multiple
formulations. Our fluorogenic assay shows that after ex-
posure of hGH to AAPH, the amount of DOPA in ox-
idized hGH correlates quantitatively with the formation
of MetSO which was measured by LC-MS. Based on our
observations the key to this correlation is likely the par-
allel reaction of ROO" with both Tyr and Met, as
outlined in Scheme 3. Upon thermolysis of AAPH in
air, the formation of carbon-centered radicals yields
ROO" (Scheme 2) which oxidize tyrosine to tyrosyl rad-
icals (TyrO’, Scheme 3, reaction |). TyrO’ can further
react with peroxyl radicals to form DOPA (Scheme 3,
reaction 2), which can be derivatized with ABS to form
the fluorescent benzoxazole derivative (Scheme 1). In
parallel, ROO" reacts via two-electron oxidation with
Met yielding MetSO and an alkoxyl radical (39) (RO",
Scheme 3, reaction 3). RO’ can oxidize Tyr to yield
DOPA via formation of TyrO" (Scheme 3, reactions 4
and 5). Because DOPA and MetSO are formed simul-
taneously and originate from the same oxidants (i.e.
RO’, ROO", the identification and characterization of
one of these oxidation products allows for predicting

can also be expected for other oxidants, except that the
absolute values may vary depending on the preference of
the specific oxidants for Tyr and Met, respectively. The
only exception will be peroxides in the absence of metals,
where peroxides would react nearly exclusively with Met
to generate MetSO (i.e., in the absence of metals, no
Fenton-type reaction is expected). However, as most pro-
teins will show trace of metal contaminants such condi-
tions are frequently not met in pharmaceutical
formulations.

CONCLUSIONS

Our rapid fluorescence based screening allows for the fast
comparison of the stability of multiple formulations, for exam-
ple in 96 well plates. Subsequent in depth LC-MS analysis can
then be limited to the most promising formulations, resulting
in significant saving of time and resources.

Acknowledgments and Disclosures. We wish to thank Dr.
Nadya Galeva of the KU Mass spectrometry/Analytical
Proteomics Laboratory for performing LC-MS experiments
on the LTQ-FT instrument.
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