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Abstract

Proteinbased pharmaceuticals are a fast growing class of therapeutics, which are widely used in
the treatment of various diseases such as cancers and autoimmune diseases. Proteins are
suscepble to multiple degradation pathways including oxidation, deamidation and
photodegradation. Over the past decade, the pharmaceutical industry has become increasingly
cognizant of the sensitivity of proteins towards light. The exposure of proteins tallighg

their development and patient administration is inevitable, and may result in protein degradation.
In the recent past there have been multiple reports indicating formation of aggregates,
discoloration, oxidation, covalent crosslinking and fragmentaton exposure of protein
pharmaceuticals to light. These degradation pathways could enhance immunogenicity or cause
inactivation. Therefore, to increase the stability of these proteins, an understanding of their
degradation is necessary. The researchemal in this dissertation focused on two major
degradation mechanisms for an IgG monoclonal antibody (mAb): chemical and physical
degradation by photo irradiation. First, this dissertation explored the effects of certain
pharmaceutical excipients on thetemt and sitespecificity of epimerization in UV irradiated

mAb formulations. Amino acid analysis of UV irradiated mAb revealed formation-AfaD D-

Glu, and BVal in mAb formulations. Secondly, the underlying mechanism behind the increased
aggregation mpensity of a photo irradiated 1IgG1 mAb was investigated using hydrogen
deuterium exchange mass spectrometry and biophysical characterization. Specific correlations
were established between changes in dynamics of distinct segments in2tli@r@ain of the

IgG1 mAb and decreased thermal stability as well as increase in aggregation propensity of the

IgG1 mADb on light exposure.



This dissertation also describes development of a rapid screening methodology to identify
protein oxidation by monitoring Tyr and Plexidation using fluorogenic derivatizatioithe
Fluorogenic derivatization technique was adapted to-weélbplate, in which several protein
formulations can be screened in a short time. In addition, this dissertation also diines
capability of an etreme ultra pressure liquid chromatography system in investigating complex

chemical degradation problems.
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Chapter 1. Introduction to protein photodegradation



1.1 Therapeutic proteins

In the last 30 years, proteins have emerged as a major class of pharmaceuticals with
approximately 250 products in the market which are primasgd asherapeuticsvith alimited
number as diagntiss!? Protén therapeutics have multiple advantages over smalécule

drugs. First, proteinare highly specific in their mode of actiomence less likely to cause side
effects. Secondproteins are often well tolerated because the body inheraatiyfactures mos

of the curent protein therapeutics. Thjrcas proteins are distinctive in configuration and
operation, pharmaceutical conmp@s are capable of obtaining comprehensive patent protection
for protein therapeutics. The final advantagakes proteins econoaailly appealing compared

to smaltmolecule drugs?®

Protein therapeutics can lstassified based on their fuman and therapeutic activity as drugs
that: 1) substitute a deficient or abnormal protein, 2) enrich an existing pathway, 3) block a
molecule ororganism, 4) provide a unique functionactivity, or 5) deliver a cytotoxic drug as a
payload? In addition, protein therapeutics can be grouped into different molecular types that
include: anticoagulants, blood factors, enzymes, engineered proteioldsathrombolytics, Fc

fusion proteins, hormones, interferons, interleukins, growth factors, and antibedsgt drug$’
1.2 Rapid growth of monoclonal antibody market

In the last six yearghe U.S Food and Drug Administration (FDA) and the CenteBiologics
Evaluation and Review (CBERpmbined have approved 62 therapeutic proteins, of which 11%
were enzyme replacement approvals, 19% were coagulation factors, 22% comprised fusion
proteins, hormones, growth factors, and plasma pigtaimd the remiaing 48% approvalsvere

for monoclonal antibodiesincluding antibodydrug conjugates and antibody fragmefts).



Monoclonal antibody (mAb)drugs are the fastest and largest growing class of protein
therapeutics. At the current approval rate of four newdyets per year, approximately #Ab
products will be on the market by the year 2020, with combined worldwide sales estimated to

reach $125 billior.

Theincreased interest in antibody drug developmefiecauseghese products are receptive to
costeffedive platformbased approaches apcedominantly wekolerated and higy specific®
12The chances of the unexpected safety issues during human clinical trisdogfroductsare
relatively smallcompared to other therapeutic produ@snsequently, fomany novel disease
targets, mAb products aré&requently the first line of products advancing to clinical
development.As the patent®f many highprofile blockbuster mAb products is expiring, there
is growing interest in the development of biosimilarkjol further could increase the influx of

mAb products ito the markef:*3
1.3 Antibody structure and instability

Antibodies are roughly haped glycoproteins belonging to the immunoglobulin {aagily
which are secreted by-&ells to spot and neutraé antigens or nonnative organisrmstibodies
are composed of two identical heavy chains ¢&l,50 kDa), and two identical light chains (L,
ca.25 kDa) witha total molecular weight approximately at 150 kiJ& Antibodies are grouped
into separate isgpes based on the type of heavy chain they confdierapeutic mAbs are
genea | | y -amimunbdhlobulindG IgG) isotype.The anino-terminal variable (Y domairs of
the heavy and lighthain(Vnx and \, respectivelylcombine to formanantigen binding dmain
(Fan), while the constant domains )(@rm the fragmentcrystallizable () domain which is

responsible fothe effector functiont®'* The H and L chaimare linked through intrghain and



inter-chain disulfidebonds. Most IgGsdwve four interchaindisulfide bonds: two connecting the
two heavy chains to lighthairs and the other two connecting hea¥ains at the hinge region.
Each IgG moleculeontains a total of 12 intrehain disulfide bonds; each disulfide bond is
associated with an individualbthain* 16 Like other proteins, antibodies are susceptible to a

variety ofphysical and chemicalegradation pathway$.1"®

In general degradation pathwaysan be categorized into two major groups: chemiaab
physical degrdatiah’!8 Chemical @gradatiorinvolvesthe formation of new covalent bonds or

the breakage of existing covalent bonds, yielding new chemical sp&éfeshereas physical
degradatiorrefers to changes in the higher order structure (secondary, tertiary, and quaternary
strucures) of the protein aggregation, precipitation and particle formafib¥ However,
chemicaldegradatiorcan leadto physical degradatioand vice versaOxidation, deamidation,
racemi zati on, p r eeliménatibny disulfide ex¢handerasdmye sfithe majdp
forms of chemicaldegradationreported for therapeutic proteins:'® Physical degradation
includes denaturation, aggregation, precipitation and surface absdfglioese instabilities can

lead to loss of activity and, in some cas®s) cause unwanted immunogenic respoffségoth
physical and chemical instability can be initiated by multiple factors, such as reactive oxygen

species (ROS), temperature, shaking, pH, light exposur& &2+
1.4 Sources of lightexposure inbiopharmaceutical industry

The protein molecules are normally processed under ambient light conditionsled by
fluorescent, LED and/or metal halide lantp3.heyare exposed to light during various stages of
their developmental proce$$?® Proteins pufied using chromatographic analysis avéten

detected using UV (214 nm, 280 nm or 254 nm) absorbance, which can induce degradation in



proteins?* Light exposure can also occur duriige production procesS. For examie,
Mallaney et al. have ideniifd anincrease in chargeariants during smakcale production of
mADbs in 2 L bioreactor® As the bioreactors were made déartransparent glasthe ambient
light in the laboratory induced photodegradation in mAb leading to formation of various acidic
variants. Other potential sources of light exposwezurduringfill and finish processesjisual
inspections, packagingtorage or duringlrug administration to the patients.g.using clear IV
bags®*?® The photosensitivity of a protein could be entehd¢hrough the accumulation of
oxidation products of Trp such asmNo r my | k y n k= 818 hnm) whiclf Gan function as a
photosensitizet*?® To guarantee that ambient light exposurelergood management practice
(GMP) settings does not alter protgiharmaceuticals to unacceptable Igwegulatory agencies
have introduced photostability testifif® Photostability testing has become an integral part of
stress testing for a drug molecule during its submissiothéd-DA under The International
Corference on Harmonization (ICH) guidelifeAs indicated inthe ICH Q1B guidelines
photostability testing under ICH conditions is usually carried out using no less thanl@f2

lux-hours of visible light and no less than 200 W héhUV light.?5:2
1.5Mechanismsof photodegradation in proteins

Photodegradation camesult inaltered physical?® (e.g.conformational changes) and chemigal
31 (e.g. oxidation) protein properties, aggregatidi; ! loss of bioactivity®, fragmentatiogt* and

increase inmmunogenic potentialf the light exposed protein sampgfe

As shown in Figurel, the indole sidechain oftryptophan Trp) is the strongdschromophore
with an absorptiormaximumat amax = 280 nm where the absbance band extends in to the

UVB (290 nm320 nm) range of UV lightAbsorption band of Trp in proteins depends on the



location of the residue in the thrd@nensionalstructure of proteins (solvent exposutey
Previously,Pigault et af3 have studied the phmtdegradatiorin four different proteins, each
with single Trpresidueswith different solvent accessibilitf.he degre®f Trp photodegradation

was dependent on solvent exposure indicating the effect of Trp locatida light absorption
ability.®® Additionally, Rao et af* have studied the photodegradation of Trp in native and
random coil f o r-lacsoglabdlin. Tie tesults fronnthissstady fubher confirmed
the effect of protein conformation on the light absorption of*fyrosine Tyr) absorbs light

at amuchlower intensitywhen compared tdrp, with its absorption maximui amax= 275nm,
however there is minimal or no absorbabegonda-= 290 nm?* Both phenylalanine (Phand

the disulfide bond absorb light to a similar extent wahsorption maximat 260 nm and 254

nm, respectively*33’Absorption spectrum dhe disulfide bonds determined bjts molecular
geometry*As a result of repulsion between 3p° orb
has a dihedral angle of 9Qfor C-S-S-C bond) in the unstrained conditiori&3’ Absorption
spectra ofdisulfide bondis dependent upon the specific value of the dihedral angle. Large
alterations from 90result in absorption at longer wavelengths and a significant decrease in

absorptiors’
1.5.1 Photo-oxidation

Photeinduced damage to proteins can occur through two major pathivagsype | pathway
involves absorption of lightg(r e d o mi nat el y280320Bim)lby spdcific,amiso acid
residues (Trp, TyrPhe), cyeine (Cys) and disulfide bondessulting in excitation of electron to
higher energy singlet stateéBhe excitation to higher energy statéabowed byone of anumber
of processes such aglaxation to the ground state, formationeofriplet state, reaction with

oxygen to formperoxy radicals, anghotoionizationresulting information of aqueous electron



(€ag and a radical catioff:*33°The Type Il pathwayinvolves energy transfer from theiplet
excited statdéo ground state triplet oxygeAdy), forming singlet oxygen'Q,) which can react
with other amino acids in the protef® The amino acidsTrp, Tyr, Phe, His,Cys and

methionine (Methavebeen Bown to bgpredominantlysusceptible to photoxidation.

The formation of phot@xidation products is not wibut consequences for proteir®hoto
oxidation of proteins can result in an increased extent or susceptilidityunfolding?*°
aggregatioft*® and fragmentatior®> Photeinduced aggregation (formation of dimers and
higher molecular weight species) is a wdbicumented consequence of protein photo
oxidation®**° Aggregates can arise through radical termination reactions, suaact®n of
Tyr-derived phenoxyl radicals to give -tirosine*4? or through addition reaction of carbonyl
groups of the His oxidation products with nucleoighilys, Arg and Cys side chains yielding

covalent croséinks 4344
1.5.2 Photodegradation of disulfide onds

Chemical degradatioof disulfide bondsunder neutral or basic conditionan proceedhrough
three majoipathways: 1) direct attack of sulfur atom by the hydroxyl anion resultibgekage

of the disulfidebond, forming sulfenic acid/thiolate anior?) the U-elimination caused by the
hydr oxyl i o nprotonaf thecClys rasigue to lyield thiolate/thioaldehyde moieties, 3)
a -elimination by abstraction of acidldprotonof the Cys residuey hydroxyl anion yieldig
dehydroalanine/persulfd*® But, upon light exposur¢ UV C, & the dshldde vonaan
undergo homolytic dissociation yielding a pair ofthiyl radicals (CysS) (Fig.2). During
photoionization of proteinTrp (or Tyr) residues generates electrons, which can redeasy

disulfide bondsalsoyielding CysS and Trp radical cationThe CysS radical paircan undergo



disproportionation yielding thiol and thioaldehyde, or participate in reversible hydrogjem
transfer reactions with € bond of adjacent amino acids, leadi to the formation of carbon
centered radical(C").*° The reversiblehydrogen atom transfer can Bslowed by covalent
deuterium incorporation of deuterium when photolysis of disulfide bonds is achieved in
deuterium oxide (BD).#"*° When such intramiecular hydrogen atom transfer occbestween
CysS and C-H of a chiral carbon, the resulting" exhibits two prochial faces wherethe

subsequenteversible hydrogen atom transfer yialgleither L or D amino acid¥.

1.6 Overview of various novel photodegradation products identified in

therapeutic proteins

In recent yearghe biopharmaceutical industry has become more aware of the marked sensitivity
of therapeutic proteins to lighthe effect of light exposure vary from protein to protein aare
depencent upon various formulation factafd*° The aim of this section is tprovide a brief
overview on novel photodegradatiomproducts identified in therapeutic proteins upon light

exposure (predominantly UV light).

Previously, Haywood et &F.have idetified the photolytic cleavage ahe Trp side chain (indole

group) andformation of glycine hydroperoxide (GlyOOH) in the place of ©rpexposure of

|l gG1 to | ight wi t h & . This phdehduced lysis proceeds van 2 95
intermediary radical cation (TrpN® and leads tahe formation of C". This CT likely adds

oxygen followed by reaction with H donor yielding GlyOOH.

In another studyBane et af® have identifiedthe formation ofa triply oxidized His residue, a
second doubly oxidized His residue, and Trp side chain cleavagdg®1 molecule following

light exposure under ICH conditiont this study they have propes that singlet oxygen

8



initiates the oxidation of His leadinto formation of endgeroxide intermediates on the
imidazole ring The resultingendeperoxides lead to the formation of hydroxylated imidazolones
which wereeventudly converted intdariply oxidized His producthrough hydrolysis or oxidation

of hydroxyl imidazolone ring® The endoperoxides formed resultant of light exposuran also

be involved in formation ohistidine (HisHis) crosslinks as reported by Liu et 4%.The ende
peroxides famed are converted to tHzoxo-histidine and His+32 intermediates, the latter is
subjected to nucleophilic attack by the unmodified &fid finally elimination of HO to forma

His-His crosslinls.*3

Disulfide bonds are sensitive to ligimduced degradain, where ecent studies by Mozziconacci
et al.with model peptidegcontainingdisulfide bonds§° oxytocin®* insulin,>® andlgG1 mA*®
have indicatedhe formation of novel photoproducts such as dithiohemiagettaibethes, vinyl

thioethes, D-amino a@ids andthe conversion of cysteine to alanine and dehydroalafiitie*>’

1.7 Potential implications of chemical degradation on immunogenicity of

protein therapeutics

The potential cause fammunogenidy of protein therapeutics hgsoven to bedifficult to
predict so far with many biologics inducing unwanted immune respor§eShese immune
responses are directéowards theherapeutic resulting in reduced efficacy, anaphylaxis and at
times life threatening autoimmunitpevelopment of high affity antitherapeutic antibodies is
the most probable effect of administering an immunogenic therap&tfti®irect clinical
evidence of the immunogenicity of chemicegradation products of therapeutic proteins could
not found®® However,Chan et af! haveraised cytotoxic T lymphocyteCTLs) that identified

succinimide derivativegintermediate during the deamidation or isomerization procegs)



peptides but werdess crosseactive at high concentrations with unmodified parent peptide.
Similarly, CTLs raised against the unmodified parent peptide did not identify the succinimide
derivative, implying deamidation or isomerization can lead to autoimmune recodhition.
Previously, Rasheed et %8l.have demonstrated that human serum albumin (HSA) oxidized
through ROS was a potent immunogen in rabbits inducing-titeyh antibodies, while titer
against the unmodified HAS was low. The IgG antibodies were specific to HAS oxidized
through ROSsuggesting generation of neoepitopes by oxidafidinere are manjactors that

may be involved in the immunogenicity of a biotherapeutic, and these factors can be classified
into two groups: 1) Patient and treatmeelated factors and 2) Produetated factorsGenetics,
disease state, dose, frequency and route of rastmation are grouped under patient and
treatment related factors, whereas contaminants, impurities, chemical and physical degradants
are grouped under productlated factor§® Previously, the immunogenicity of protein
therapeuticdias been largely assiated with the formation of protein aggregdt&®,but recent

studies propose that chemical degradation may also play an importafft®?cldiis can be
explained in different ways: the resultant chemical modifications can induce protein aggregation
(through covalent crodiks) and formation of neepitopes® For exampleHermeling et af®

showed that recombinant human interferon alpda 2 ( | FNU2 b)) forms highl
aggregates upon oxidation via @fascorbate systenf.o explain the immunogén nature of

these protein aggregates, Torosantucci €€ ahapped the modifications in oxidized and
immunogenic aggregates f | F Qrbabadysis, several oxidative modifications and covalent

crosslinks which contributed to the immunogenic nature osthaggregatesere identifiecP®
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1.8 Overview of thisdissertation

Physical and chemical instability of proteimsie to trace metals, hydroperoxides, and {ight
exposurarefrequently encountered during production, purification, stordgey administrabn

etc As described in the introduction, thepercussion®f physical and chemical instability,
specifically oxidation and aggregatiogan include decreased efficacy and increased
immunogenicity.To better comprehend the consequences of chemiceadahign of protein the
extent and nature of chemical degradation products should be charactdazedghly
Understanding the underlying degradation mechanism would provide valuable insigatgeto

stabilize and/or desigorotein pharmaceuticals.
1.8.1 Dissertation outline

Chapter 2 discusses development of afficient and rapid method to monitor the oxidative
degradation of protein pharmaceuticals:  probing tyrosine oxidation with fluorogenic

derivatization

Chapter 3investigateshe effect of variougxcipientson the extent of epimerization in UV light

exposed mAb formulation

Chapter 4 aims to understand the correlation between phefgradation and aggregation
propensity of an UVA lightxposed IgG1l mAb using hydrogen deuterium exchange mass

spectometry, biophysical techniques and structural modeling

Chapter 5 exploring photedegradation of rat growth hormone with extreme ybrassure

liquid chromatographynass spectrometry utilizirgmeterlong microcapillary columns

11



Chapter 6 summarizes oufindings and conclusionsf this dissertation and suggestions for

future research directions
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Figure 1. Absorption spectra of Trp, Phe, Tyr and CysSSCys (disulfide bdimd).picture is

reproduced from Martin SR et &f.by permission from the Springefb®ok.
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Chapter.2 An efficient and rapid method to monitor the oxidativedegradation
of protein pharmaceuticals: probing tyrosine oxidation with fluorogenic

derivatization
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2.1 Introduction

Protein pharmaceuticals represent a fastvgrg class of therapeutics. Since the development of

the first recombinant protein pharmaceuticals in 1982, more than 170 biotherapeutic products
have been introduced to treat various diseases such as cancer, autoimmune diseases, allergy,
infectious diseses, inflammation and various genetic disordérghe global market for protein
therapeutics is estimated to be worth $168 billion by ZOMuch of the success of protein
therapeutics is attributed to the influx of a large number of monoclonal ansbode the

pharmaceutical markét.

One of the most demanding tasks in the development of biotherapeutics is to maintain physical
and chemical stability.Protein unfolding, aggregation, surface adsorption and precipitation are
major forms of physical inabilities encountered by protein therapeutitsChemical
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 patkwvays of protein pharmaceutic&!s.

Methionine (Met), cysteine (Cys), tryptophan (Trp), tyrosine (Tyr), phenylalanine (Phe) and
histidine (His) are significantly more sensitive to a series of oxidation pathways, due to the high
reactivity of sulfur and @matic rings towards various reactive oxygen speéiés-requently,

the chemical modifications of these amino acid residues result in structural and biologic
consequences. For example, the formation of methionine sulfoxide (MetSO) in human IgG1 can
impact its serum hallife °, conformational stability, and the binding affinity to protein A and
protein Geolumns used for purificatiol?. Likewise, the oxidation of the other amino acids can

also pose problems for the potency of protein pharmaceutie@sexample, the oxidation of a
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single Trp residue is responsible for the loss of binding and biological activity upon (UV) light

irradiation in MED}493, a monoclonal antibody (mAb) against respiratory syntical virus (RSV).

11

Peptide bond flexibilityprotein conformation and surface accessibility of amino acids affect the
oxidation rates of amino acid residueBuffers, excipients, metal ions, light and temperature are
also factors, which impact the oxidation pathways of profeiRfutoxidation ofpolysorbates
results in the formation of hydroperoxides which can oxidize protéirRolysorbates are the

most common excipients used in protein formulations to prevent protein aggregation and protein
surface adsorptiott® Trace amounts of metals cdre accidentally introduced into protein
therapeutics during manufacturing and formulation through leaching from metal containers and
excipients respectively? These trace amounts of metal ions caduoe metakatalyzed

oxidation®>1’

The oxidation oftherapeutic proteins is monitored via a wide array of sensitive analytical
techniques, including peptide mapping and mass spectrofi&ty.While offering high

resolution and information on product identity, these techniques aretinsming.

The aimof this study is to implement a fluorogenic derivatization method of oxidized Tyr and
Phe amino acids as an orthogonal technique for the rapid screening of protein oxidation, and to
evaluate whether a quantitative correlation exists between the oxidafign®he and Met for a

given protein and specific oxidation conditions. The oxidation of Tyr and Phe generates aromatic
vicinal diols such as 34 dihydroxyphenylalanine (DOPX)which can be derivatize with
benzylamine derivative®. Tryptophan oxidatin yields several oxidation products, among them
5-hydroxy tryptophan (BHTP), which can also be derivatized benzylamine dévies?® DOPA

and 5HTP react with 4amino methyl benzenesulfonic acid (ABS) to form a highly fluorescent
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benzoxazole§cheme 1 em& 4 9 0~B60NNB?223 This method was initially developed to
monitor oxidizd proteins derived from tissé& but is here applied to the screening of protein
pharmaceuticals. To demonstrate that this fluorogenic method can be used agebgitput

assay to screen for the stability of proteins, we evaluated this method with four proteins (bovine
serum albumin (BSA), human growth hormone (hGH), a monoclonal antibody (IgG1) and
insulin) exposed to oxidation via peroxyl radicals and rredtdl/zed reactions, respectively.
Peroxyl radicals (RO® wer e generated through -dzdbie (2t her ma
methylpropionamidine) dihydrochloride (AAPHY (Scheme 2) a process that mimics the
oxidation of proteins by peroxyl radisagenerad from polysorbate¥:2® Metalcatalyzed
oxidation was initiated through the exposure of proteins to Cu {#i$torbic acid, or Fe
(IN/H202 These conditions were selected to simulate the effect of trace amounts of metals
inadvertently introduced intgrotein formulations durip production and storagé!’ The
oxidized proteins were reacted with ABS and subsequently placed on-teatBdluminator
(Fotodyne Inc., Hartland, WI, USAjo visualize the fluorescent products. For quantitative
screening, thesamples 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
mas spectrometry quantification of MetSO to the ABS derived fluorescence. For this,
representative ABS fluorescence charts were built by integrating MetSO (quantified by mass
spectrometry) and ABS fluorescence (measured by fluorescence spectroscopy) & setwvel

for the rapid prediction of MetSO formation for a given protein.

27



2.2 Experimental methods

2.2.1 Materials
IgG1 (14 mg/ml) and hGH were provided by Genentech, Inc. (San Francisco, CA. Recombinant

insulin containing 0.4% (w/w) zinc was purchasemm Roche Applied Science (Indianapolis,
IN). BSA, AAPH, monobasic and dibasic sodium hydrogen phosphatelXa and NaHPQy),
ethylenediaminetetraacetic acid (EDTA)akcorbic acid , copper dichloride (CdClsodium
chloride (NaCl), iron (Il) sulphat (FeSQ@), guanidine hydrochloride, potassium ferricyanide
KsFe(CN}, iodoacetamide (IAA) , ammonium acetate (XkH302), ammonium bicarbonate
(NH4HCOg), dithiotheritol (DTT), bis (2mercaptoehtyl) sulphone (BMS) and hydrogen
peroxide (HO2) were purchsed form Sigma Aldrich (St. Louis, MO, USA). Trypsin/Lgs
mass spectrometry grade, was purchased from Promega Corporation (Madison, WI, USA). SDS
PAGE running buffer (100mM Tris, 1.92M glycine and 0.1% (w/v) SDS at pH 8.25) and
Precision plus Protein dueolor standards were purchased from-BRiad (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 Fisherif8cient
(Waltham, MA). Amicon ultred.5 centrifugal filter devices equipped with a 10kDa cut off
membrane were purchased from Millipore Inc., (Bedford, MA, USA)-Aninomethyl}

benzylsulfonic acid (ABS) was synthesized according to published prétocol

2.2.2 AAPH oxidation
The model proteins (BSA, hGH, IgG1 and insulin) were dissolved at 1 mg/mlirmv28odium

phosphate buffer at pH 7.2. The reaction mixtures were prepared by mixing 200 pL of the model
protein stock solution (1 mg/ml) with a series of cemirations of AAPH, and then incubated at

37 °C for 3 hours. The final concentrations of AAPH were 0 (control), 1, 2, 4, 8 ama\VL6
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Based on the rate of radical generation at@71.36 x 1& [AAPH] Ms™?, 2°a 3 hour incubation

with 16 mM AAPH genertes a total of 2.35 x 1O M initial peroxyl radicals. With a
concentration of hGH (ing/ml) at 4.5 x 10 M, the maximal ratio of [RO®/ [nGH] = 5.2. To

stop the reaction, the oxidized hGH samples were buffer exchanged witmNO@hosphate
buffer (pH 92) for 12 mins at 14,000 (4°C, 3 times) using Amicon ultr®.5 centrifugal filters
equipped with a 1&D cutoff membrane. In order to test whether we completely stopped the
reaction we compared two samples (i) AABkposed hGH, which was buffer exdgad, 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.

2.2.3 Metal catalyzed xidation
2.2.3.1 Cu (Il) /L-ascorbate

Metal catalyzed oxidation of model proteins (1 mg/ml, in 20 mM sodium phosphate buffer, pH
7.2) by Cu (Il)/L-ascorbic acid was performed by mixing model proteins with various
concentrations of Cdl) to reach final concentrations ranging from 5 uM to 20 uM. To allow
binding of Cu (ll) to the proteins, the samples were incubated with Cu (Il) for ten minutes prior
to the addition of kascorbic acid® After ten mins 500uM of L-ascorbic acid was déd to each
sample. The final solution was incubated aP@7or 3 hours. The reactions were stopped by the

addition of 50 pL of 50 mM EDTA.
2.2.3.2 Fe (IN/HO2/EDTA

Separate stock solutions of EDTA (20 mM), (¢ (10 mM), and HO> (10 mM) were prepad
in Ar-saturated ammonium acetate buffers if2d, pH 7.2). 500 pL of the EDTA solution was

mixed with 400 uL of the F@l) solution in order to prepare a stock solution of EDTA(IIFeat
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1 mM. After mixing, the solution was again saturated with Arbs®guently 200 pL of the
model protein stock solution (1 mg/ml, in 20 mM ammonium acetate buffer pH 7.2) was mixed
with 10 pL of the F€ll) /EDTA solution, and the oxidation reaction was started by the addition
of 10 pL of the HO: stock solution. The sgofes were incubated at 3C for 3 hours. The

reactions were stopped by the addition 250 pL DTPA (1 mM), and_1d catalase (25 uM).

2.2.4 Fluorogenic derivatization

After exposure of the model proteins to AAPH and metal catalyzed oxidation, theeokidi
proteins were buffer exchanged with 100 mM sodium phosphate buffer (pH 9.2) using Amicon
ultra-0.5 centrifugal filter devices equipped with a &kDa cutoff membrane. The optimal
conditions for the derivatization of DOPA in oxidized proteins with AB&ravas follows:
oxidized protein samples were mixed withH€¢(CN} at a molar ratio of kFe(CN): protein =
30:1in the presence of 10 mM ABS and followed by incubation ofpdes in the dark for 90
mins. The procedures for analysis of the derivatized pdasnare described in the next two

sections.
2.2.5 Size exclusion chromatograph{SEC)

SEC was performed on a Shimazdu HPLC system equipped with two Shimaza0AIC
pumps (Shimazdu, Columbia, MD) and coupled both to a ptioe array detector
(Promineme RF20A, Shimazdu, Columbia, MD) and a fluorescence detector-2(R%
Shimazdu, Columbia, MD). The samples (90 pL) were injected onto a@BEK G3000swxI
column (7.8mm TD x 30cm, 5um, Tosoh Biosciences, King of Prussia, PA, USA). The mobile
phase consted of 200 mMsodium phosphate buffer and 80 sodium chloride at pH 7.0, and

was eluted through the column at a constant flow rate ahOriin.
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2.2.6 Steadystate fluorescence spectroscopynalysis

The steadystate fluorescence of protein samplesivdgized with ABS was measured with a
Shimazdu RF5301PGCspectrofluorophotometer equipped with acrh quartz cuvette.

FIl uorescence ge498rum gfmaB860hny weactacqgaeired both in a 500 pk 1
cm quartz cuvette (Starna cell, Atascadero, @2422) and on a 96 well plate model,

respectively. The excitation and emission bandwidths were set at 5 nm.

2.2.7 Reduction and &ylation

Oxidized and control hGH samples were purified through Amicon-Ql&acentrifugal filter
devices equipped withOlkDa membranes. The purified hGH samples were reconstituted in 100
puL of ammonium bicarbonate buffer (50 mM, pH 7.5). The disulfide bonds were reduced by the
addition of 50 uL BMS (5nM stock solution in ACN), followed by incubation at 45 for 30

mins The reduced cysteine residues were alkylated by the addition of 50 pL of IAWNREH

NH4sHCO;s buffer 50 mM, pH 7.4), followed by incubation for 2 hours af@7

2.28 Trypsin/Lys-C digestion

150 pL of reduced and alkylated hGH (dg/ml) were mixed wittvO0 pL HCIO; (0.5 M). The
samples were centrifuged at 16,000 g &4or 20 mirs and the resulting pellet washed twice
with milliQ water. The pellet was reconstituted in 200 pL of ANIEOs buffer (50 mM, pH
8).The protein samples were digested with tnypkys-C (3 pg) in NH:HCOs buffer (50 mM,

pH 8) at 37°C overnight. The proteolytic digests were purified using Amicon -Olfsa
centrifugal devices equipped with IKDa membranes to separate undigested protein and

trypsin/LysC from the tryptic peptides.
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2.2.9 Sodium Dodecyl Sulfate Polyacrylamide Gelléctrophoresis

After reduction and alkylation of Cys residues, gD solution containing either native or
oxidized hGH (Img/ml), and its control were mixed with 1.1 X reducing sample buffer, which
consiged of 68.89 mM Tris HCI at pH 7.0, 2.2% w/w SDS, 0.044% w/w bromophenol blue,
22.22% wiw glycerol, and 111.11 mM DTT. The samples were boiled &iCL6&F 2 mirs after
mixing. An aliquot of 20 pL of each sample was loaded onte2@% polyacrylamide gdfom
Bio-Rad (Hercules, CA, USA). Molecular weight standards and Precision Plus Protein Dual
Color Standards (Bi®kad) were also loaded onto the same gké gel electrophoresis was run

at a difference opotential of 200 V for 40 m# using 16fold diluted running buffer The
fluorescence bands that contained protein derivatized with ABS, were visualized through a UV

transil |=u3Bnm)at or ( &
2.2.10 InGel digestion

The fluorescent bands were excised fogéh digestion, according to the protoc@sdribed by
Shevchenko et &F. Briefly, the gel slices were first rinsed twice with 100 mM 4MI€0; (pH

7.8) in 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. (Kansgs i@®, USA). The dried gel
slices were incubated for one hour &Ctin 200 puL of 50 mM acetic acid, containing 5 pg of
sequencinggradetrypsin/LysC. An aliquot of 200 pL of 100 mM NHHCGOs (pH 7.8) was then
added to the samples prior to protein digestithe samples were incubated a@7or 8 hours.

Upon completion of the digestion, the protein solutions were transferred into newL1.5
Eppendorf vials. The gel slices were rinsed three times with 100% ACN, and the rinsing

solutions were combined witthe solutions containing digested protein in the new Eppendorf
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vials. The samples were concentrated using the Speedvac to reach a final volume of 20 pL for

LC-MS/MS analysis?

2.2.11 Mass spectrometry analysis

LC-ESEMS experiments were performed on acgfity UPLC system (Waters Corporation,
Milford, MA) coupled to either a Xevo QOF (Waters Corporation, U.K) or a linear ion trap
guadrupoleFourier transform (LTQT) mass spectrometer (TherfRmnigan, Bremen,

Germany).
2.2.11.1 Xevo PTOF mass spectronetry analysis

LC-MS analysis were performed on a XeveTQF mass spectrometer (Waters Corp.,U.K),
equipped with a nanoAcquity (Waters Corp.,U.K) chromatograph and a BEH nanocolumn (75
pum x 150mm C18, Waters Corp.). Aqueous (A) and organic (B) mobile ghegesisted of
optimal 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 within 70 raiby increasing mobile phase B linearly from 3 to
35% (v:v) within the first 50 mig) and by increasing thareunt of B to 95% (v:vithin the
following 20 mins The flow rate was 0.3 pl/min. The Xevo-TDF was operated in the MS
mode with all lenses optimized on the [M + 2Hpn for the [Glu} -fibrinopeptide B. The cone
voltage was 25 V, and Argon was admit to the collision cell. The spectra were acquired using

a mass range of 180000 Da. The data were accumulated for 0.5 s per cycle. MS/MS

measurements were performed by ramping the collision energy from 10V to 40V.
2.2.11.2 LTQFT mass spectrometry andysis

Experiments were carried out on a linear ion trap quadritpaleier transform (LTGFT) ion

cyclotron resonance mass spectrometer. The instrument was operated in the data dependent
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acquisition (DDA) mode. All the lenses were optimized on the [M+ldh from leucine
enkephalin. Tryptic digests were eluted on a-porous Presto FE18 column (15 cm x 0.5

mm, 2 um, Imtakt USAPortland, USA) at a flow rate of @i/min. The ESI source was operated
with a spray voltage of 2.8V, a tube lens offset of 98 and a capillary temperature of 200.

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%, (viv) for solvent B. The raw files from thelOR
measurements were read by the Xcalibur 2.0wsok package (Thermo Scientific, Waltham,

MA) and analyzed wit MassMatrix°
2.2.12 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 concentratodribe GluFib peptide. GleFib was
provided as lyophilized powder, to which 0.1% FA in optimal water was added to bring the
concentration to 100 uM. A dilution series was prepared by addition of 0.1% FA in optimal
water. Calibration curve built with coenotrations ranging from-2000 nM (Fig. 1b). The
calibration curves were built using peptide peak intensity measurements, which involved
extraction of ion chromatograms from the IMS runs of the GhkFib peptide followed by
calculation of peak areas. Cahition curves were built by plotting peak areas of the extracted
ion chromatograms versus the theoretical concentrations. In the calibration curves, the slopes are
representative of the sensitivities of the mass spectrometry method used for the anagytes. T
precision of the data was determined by measuring 3 replicates of one sample, which is
represented by standard deviation. The two calibration curves were built to bracket the limit of
guantification and the upper limit of linearity. Limit of quantificat (LOQ, 5nM) is the lowest
concentration of the analyte that can be quantified. The upper limit of linearity (LOL,nR0DO
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describes the highest concentration of analyte above which linearity cannot be established

between concentration and peak afea

2.2.13 The use of a 96 welhicroplate 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 nupfate BSA (1 mg/ml), IgG1 (1
mg/ml), insulin (1 mg/ml) and hGH (Ing/ml) were oxidized with either AAPH, Fe
(IN/H20/EDTA, or Cu(ll)/L-ascorbate. After incubation, the samples were buffer exchanged
with 100 mM sodium phosphate buffer (pH 9). Samplegwentriuged at 14,000 g for 12 mins

in Amicon 0.5ultra filters equipped with 18D cutoff membranes. After the centrifugation,
samples were measured for protein concentration and adjusted accordingly before loading the
samples into the well plate. 2 of each sample was transferred to a 96 well microplate. After
loading the oxidized samples to the microplatepb®f 60 mM ABS stock solution was added

to the samples at final concentrations of 10 mM ABS, followed by the addition of 50 uL of 3

mM KsFg(CN)s stock solution to a final conceation of 500 uM. After 90 mis, the microplate

was placed on a UMr ansi |l |l umi nat or iny foe visadlizattbn c the o

fluorescence, and subsequently placed in a spectrofluorometer to read the aiisolsites.

2.3 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 oxidation of
Tyr/Phe and Met for a given protein (repeatatively hGH) and a given oxidative stress system

(representatively AAPH). Tyr/Phe oxidation to DOPA can easily be monitored by fluorescence
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detection after ABS derivatization of DOPA, while the oxidation of Met to MetSO must be

monitored by HPLC couptkto either UV or mass spectrometry detection.

The results section is divided into four ssdxctions. First, we will present the results on hGH
alone, along with the details regarding the derivatization of DOPA by ABS. In the secend sub
section, we will chracterize the formation of MetSO in oxidized hGH. The thirdsadtion will

focus on the development of ABS fluorescence charts to relate the quantification of MetSO by
LC-MS to the fluorescence detection of DOPA in oxidized hGH. Finally, the develomhant
high-throughput assay to simultaneously screen for the oxidative degradation of a series of

model proteins will be described.

2.3.1 ABS derivatization to monitor the formation of DOPA in oxidized hGH

After ABS derivatization of hGH oxidized with APH, we observed the formation of the
fluorescent enbbd3m mx a no leex cdc& 860 NNY (rig. 2,tblues-a) The
control (noroxidized hGH), which underwent the same protocol for ABS derivatization showed

little fluorescenceKig. 2, blag, b).

The ABSdependent fluorescence intensity increases with the increase in concentration of AAPH
(1 mM to 16 mM) used to oxidize hGH, indicating an AARKpendent increasof Tyr/Phe
oxidation (Fig. 3). However, this increase is not linear over the range of AAPH concentration
suggesting different sensitivity of different Phe/Tyr residues to AAPH derived oxidation. Similar
observations were made by SEC analysis and fluenescdetection (Fig. 4, Fig. S3). hGH
degradation induced by AAPH was monitored using SEC coupled to diode array detector (Fig.

S4), indicating increase in aggregation with oxidizing power of the AAPH system.
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2.3.2 SDSPAGE analysis of ABSderivatized oxidized hGH

After the incubation of hGH with different initial concentrations of AAPH (ranging fromM
to 16 mM), the protein was derivatized with ABS, followed by reduction and alkylation of

derivatized hGH. The samples were then fractioned by-BBRGE.

The fluorescence intensity increased from lane 2 to lafey7 %) 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 additamwe progress from lane72 a

smear of fluorescence starts to appear in the higher molecular weight region indicating the
formation of higher molecular weight aggregates with oxidized Tyr and / or Phe. These
observations confirm that the formation of B® increases with the increase in the initial

concentration of AAPH.
2.3.3 Identification of DOPA and ABS derivatized peptides

The most intense fluorescent bands (corresponding to monomers) from the/ABEES were
excised and subjected togel digestionand the tryptic peptides were extracted and analyzed by
LC-MS/MS. After oxidation of hGH, MS/MS analysis of the proteolytic peptides indicates
hydroxylation of Ty¥35 in the tryptic peptide QEFEEAYIPK, where the fragment ions y3, y4,
b3, and b4 demonstetan increase of +1Ba of Tyr35 (Fig. 6). After ABStagging of oxidized

hGH, the LGMS analysis of the tryptic digest revealed that the mass of the peptide
QEFEEAYIPK increased by +197 Da, as expected for derivatization of DOPA with ammonia
and ABS. TheMS/MS spectrum confirms the conversion of Tyr 35 into benzoxazole (Fand/

the structure is shown in the insert of Fig.7. Indeed, the parent ion with m/z of 1450.39

corresponds to an increase of +197 Da in comparison to the original tryptic peptide
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QEFEEAYIPK. The series of y¥4, and bib4 fragment ions indicate that the mass increase of
197 Da is located at Ty85. We also detected derivatization of DOPA with two ABS molecules
(Fig. 8, consistent with the reaction mechanism of ABS derivatizafioh This twofold
derivatized parent ion with m/z 1620.39 corresponds to an increase of +366 Da relative to the
original tryptic peptide QEFEEAYIPK. This tryptic peptide originally contains also Phe, which

is an additionapotential target for oxidatiot. The series of y&8 and bib3 fragment ions
shows no sign of derivatization at the original BReresidue. The increase of +366 Da is located
between the fragment ions y3 and y4, demonstrating that the addition of two molecules of ABS
occurred at the origal Tyr-35 residue. We observe no significant oxidation of-I§8 under

our reaction conditions. However, this is not surprising as low yields e1d¥roxidation were

previously observed for much stronger oxidizing conditions, where [RO[BGH] = 30% In

contrast, under our experimental conditions, [RQChGH] = 5.2.

2.3.4ldentification of MetSO by LC-MS

hGH is a single chain protein consisting of 191 amino acids residues which contains three Met
residues Mefl4, Met125, and Metl70 (Table 1). Oy Met-14and Met125 were oxidized to

MetSO with significant yields after incubation of hGH witlrious concentrations of AAPH.

After oxidation of hGHthe MS/MS spectrum of the tryptic peptide LFDNAMLR showed that
Met-14 was oxidized to MetSO. The frment ions y3 and b6 confirm an increase of +16Da at
Met-14 (Fig. 9). Our analysis also revealed that 2% in the tryptic peptide
DLEEGIQTLMGR was oxidized to MetSOThe latter was demonstrated by its MS/MS
spectrum, which indicated through the formataf the y3 and b10 fragment ions that oxidation,

occurred at Mefl25 (Fig.10).
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MetSO in oxidized hGH was quantified as follows: The sum of the ion intensities of the oxidized
tryptic peptides LFDNA(MetSO)LR and DLEEGIQTL(MetSO)GR was compared to thé-iBlu
calibration curve (Fig. 11). To compensate any potential variation of the amount of MetSO to the
variability of the recovery of the peptides after digestion, the MetSO containing peptides were
normalized to the intensity of the oxidation resistant idepSNLELLR. Quantification of
MetSO was achieved assuming that MetSO containing peptides ionized similarly than-the Glu

Fib peptide during ESI.

2.3.5 Correlation of DOPA fluorogenic derivatization with MetSO formation

in oxidized hGH

The steadystate flusescence intensities of AB&rivatized hGH were plotted against the
amount of MetSO detected by H@S (Fig. 12). The plot shows two distinct regions: for
fluorescence intensities up to ca. 330 au, a cafofdGncrease in fluorescence (between ca. 50

ard 330 a.u.) is accompanied by a cdolsl increase in MetSO. However, for fluorescence
intensities between 330 and 600 a.u., afal@ increase in fluorescence intensity is accompanied

by an almost 3old increase in MetSO. The existence of these specdgions can be
rationalized by different sensitivities of various Tyr and Met residues towards oxidation.
Nevertheless, these charts containing plots of fluorescence vs. MetSO permitted to predict the
amount of MetSO without performing an S analysis.The robustness of this method was
tested by the incubation of hGH with various AAPH concentrations which were not used to build
the fluorescence vs. MetSO plots. For example, hGH was oxidized in presence of 7 mM AAPH
for 3 hours at 3PC. The oxidized hGHvas reacted with ABS and the measured fluorescence
intensity of 370 au was used to estimate 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)
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independently determindmy 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 differeteins.

Hence, separate fluorescence charts have to be constructed for individual proteins.

2.3.6 Fluorescence visualization of ABS derivatized protein samples by UV

transilluminator

The model proteins (hGH, IgG1, insulin and BSA) were exposed tousaoixidation conditions,
followed by derivatization with ABS and fluorescence visualization on theTtivisilluminator.
Experiments were performed in a 96 well plate (one entire column on the microplate was loaded
with the same protein). Model proteinspesed to AAPH, Cu (Il)/ktascorbate and Fe (11)409:

were loaded to columns4, 69 and 1012, respectively in the microplate (Fig. 13). The first two
wells in column 5 (5a and 5b) were loaded with derivatization reagents alone (ABS and
KsFe(CN}) to monior the background. Rowa and e were always loaded with nesxidized
(control) proteins exposed to derivatizing conditions with ABS. Table 2 presents the individual
conditions for each well. Upon visualization (Fig.13), protein samples that were exposed to
stronger oxidation conditions always showed stronger fluorescence intensities as compared to
protein samples exposed to lower levels or no oxidation. There was minimal fluorescence in the
nontoxidized controls. The ABS derivatized fluorescence intensitieghe representative

samples are presented in the supplementary material (Fig. S5).

2.4 Discussion

The length and intricacy of the development process for protein pharmaceuticals require the
development of fast and affordable stability tests. The la@ee already been developed for
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screening prducts, ranging from early stajeto late stage formulation developméhiThe
benefits of highthroughput screening rely on a rapid analysis, which permits to collect a
substantial amount of data to preclutie telease 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 ofthmgiighput screening is the

possibility to aalyze a broad variety of samples (e.g. different proteins) at the sam@&time.

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, whicliicgBcallows

for the detection of oxiation products of Phe and T¥¥?2** We adapted our ass&y a 96 well
microplate framework, where four different roridized (control) and oxidized model proteins
(IgG1, insulin, hGH and BSA) were AB&erivatizedin a single microplate. The latter was
placed on a UVTransilluminator 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 dubrescence 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 radicalsT(R@@ch were
generated by thermolysiof AAPH in air saturated aqueous solution at a rate of 1.36% 10
[AAPH] Ms™.2 Our assay correlates the increase of fluorescence intensities, resulting from the
derivatization of DOPA by ABS, with the exposure of proteins to increasing amount of ROO
(Fig 3). Based on a calibration curve generatedShyrov et aj?> the amount of DOPA
generated on hGH by exposure to increasing amounts of peroxyl radicals from AAPH was
estimated to be between 1.02 pico moles (1.1 pmoles per mole of protein) ando6mofes

(6.66 pmoles per mole of protein). Under our experimental conditions, the latter corresponds to a
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fluorescence intensity between 70 and 600 a.u. on our plate reader. Therefore, under our
experimental conditions the ratio of Met oxidation over TgePoxidation in hGH, wasa.
767:1. We also did observe DOPA by LKIS analysis but its level was below the limit of

guantification by MS.

MetSO represents one of the major degradation products in protein therapeutics, which can
potentially imm@ct proteinpharmaceutical®? In addition, MetSO is frequently monitored as a
representative oxidation product of protein pharmaceuticals. Typically, MetSO is detected by
peptide mapping in combination with EXZS analysis, which does not permit rapid screening of
multiple formulations. Our fluorogenic assay shows that after exposure of hGH to AAPH, the
amount of DOPA in oxidized hGH correlates quantitatively with the formation of MetSO which
was measured by L-®1S. Based on our observations the key to this correlasidikely the

parallel reaction of RODwith both Tyr and Met, as outlined Bcheme 3 Upon thermolysis of

AAPH in air, the formation of carbecentered radicals yields RO@Scheme 2 which oxidize
tyrosine to tyrosyl radicals (Ty© Scheme 3, reactiorl). TyrO" can further react with peroxyl

radicals to form DOPAScheme 3, reaction R which can be derivatized with ABS to form the
fluorescent benzoxazole derivativ&€cheme ). In parallel, RO® reacts via tweelectron
oxidation with Met yielding MetS@nd an alkoxyl radica¥® (RO", Scheme 3, reaction 8 RO

can oxidize Tyr to yield DOPA via formation of Ty¥(Scheme 3, reactions 4 and)5Because
DOPA and MetSO are formed simultaneously and originate from the same oxidants {j.e. RO
ROQ", the idemification and characterization of one of these oxidation products allows for

predicting the formation of the others. We note that analogous linear correlations between DOPA

and MetSO formation can also be expected for other oxidants, except that thaeabalhles
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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 tihsence of metals, no Fenttype reaction

is expected). However, as most proteins will show trace of metal contaminants such conditions

are frequently not met in pharmaceutical formulations.

2.5 Conclusions

Our rapid fluorescence based screening allimwghe fast comparison of the stability of multiple
formulations, for example in 96 well plates. Subsequent in deptM&CGinalysis can then be

limited to the most promising formulations, resulting in significant saving of time and resources.
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Tables

Methionine Tryptic peptide m/z
Met-14 LFDNAMLR 979.50
Met-125 DLEEGIQTLMGR 1361.67
Met-170 DMDKVETFLR 1253.61

Table 1: List of methionine containing tryptic peptides obtained after digestion of hGH with
trypsin/LysC.
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hGH IgG1 Insulin BSA tagging hGH IgG1 Insulin BSA hGH IgG1 Insulin
control control control control reagents control control control control control control control
hGH + 19G1 + Insulin + BSA + tagging hGH 19G1 Insulin BSA hGH lgG1 Insulin
1mM AAPH 1mM AAPH 1mM AAPH 1mM AAPH reagents 5uM Cu(ll) + 5uUM Cu(ll) + 5uM Cu(ll) + 5uUM Cu(ll) + 10pM Fe(ll) + 10uM Fe(ll) + 10pM Fe(ll) +
500uM L-Asc 500uM L-Asc 500uM L-Asc 500uM L-Asc 500uM H202 500uM H20:2 500uM H202
hGH + 19G1 + Insulin + BSA+ hGH 19G1 Insulin BSA hGH 1gG1 Insulin
4mM AAPH 4mM AAPH 4mM AAPH 4mM AAPH - 10puMCu(ll) + 10pMCu(ll) + 10pM Cu(ll) + 10pM Cu(ll) + 20uM Fe(ll) + 20uM Fe(ll) + 20uM Fe(ll) +
500uM L-Asc 500uM L-Asc 500uM L-Asc 500uM L-Asc 500uM H202 500uM H202 500uM H202
hGH + 19G1 + Insulin + BSA+ hGH 19G1 Insulin BSA
BmM AAPH 8mM AAPH 8mM AAPH | 8mM AAPH - 20uMCu(ll) + 20uMCu(ll) + 20uM Cu(lly + 20uM Cu(lly + _ _ _
500uM L-Asc 500uM L-Asc 500uM L-Asc 500uM L-Asc
hGH 1gG1 + Insulin + BSA hGH 1gG1 Insulin BSA hGH lgG1 Insulin
control control control control - control control control control control control control
hGH + 1gG1 + Insulin + BSA + hGH 1gG1 Insulin BSA hGH lgG1 Insulin
1mM AAPH 1mM AAPH 1mM AAPH | 1mM AAPH - 5UM Cu(ll) + 5uM Cu(ll) + 5uM Cu(ll) + 5uM Cu(ll) + 10uM Fe(ll) + 10uM Fe(ll) +  [10uM Fe(ll) +
500uM L-Asc 500puM L-Asc 500puM L-Asc 500uM L-Asc 500uM H202 500uM H202 500uM H202
hGH + 1gG1 + Insulin + BSA + hGH 1gG1 Insulin BSA hGH IgG1 Insulin
4mM AAPH 4amM AAPH 4mM AAPH | 4mM AAPH - 10uM Cu(ll) + 10uM Cu(ll) + 10uM Cu(ll) + 10uM Cu(ll) + 20uM Fe(ll) +  [20uM Fe(ll) + 20uM Fe(ll) +
500uM L-Asc 500puM L-Asc 500uM L-Asc 500uM L-Asc 500uM H202 500uM H202 500uM H202
hGH + 1gG1 + Insulin + BSA + hGH 1gG1 Insulin BSA
BmM AAPH BmM AAPH 8mM AAPH | 8mM AAPH 20pM Cu(ll) + 20uM Cu(ll) + 20uM Cu(ll) + 20uM Cu(ll) + _ _ _
500uM L-Asc 500uM L-Asc 500uM L-Asc 500uM L-Asc
1 2 3 4 5 6 7 8 9 10 11

Table 2 96-well plate loaded with IgG1, hGHhsulin and BSA oxidized under the indicated ctinds and

der i

v at

i zed

wit-h ABSdi daeesyempt yfwel l s
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Figure 1. Calibration curves obtained on Xe@rlOF, usiig Glu-Fib standard peptidga) Glu-Fib
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Figure 2. Steady state fluorescence monitored after ABS derivatizatiah loGH oxidized with 2mM
AAPH at 3PC for 3 hours (blue)b) nonoxidized hGH (black)c) the background fluorescence of the
hGH oxidized with 2mM AAPH for 3 hours at %7, prior to ABS derivatization (red).
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Figure 3. F 1 u o r e s.omax) after ABSaderivatization of hGH (1mg/ml), oxidized in the presence of

different irtial concentrations of AAPH ranging from 0 (nowidized) to 16 mM, at 3T for 3 hours
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Figure 4. Size exclusion chromatography (SEC) of ABS tagged oxidized hGH (1mg/ml). Fluorescence
detection (Ex360nm-Em 490nm) of a) nonoxidized but ABSderivatized (black), oxidized hGH
obtained after incubation of hGH wit)) 1 mM AAPH (dark blue)c) 2 mM AAPH (pink),d) 4 mM

AAPH (brown),e) 8 mM (green) and with) 16 mM AAPH (purple) for 3 hosrat 37C.
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Figure 5. SDSPAGE analysis (reducing conditions) and fluorescence visualization of oxidized hGH
(Img/ml) after ABS derivatization. Fluorescence was recorded by UV Transilluminator-ILane
molecular weight standardéane2 hGH nonoxidized (control),Lane3: hGH oxidized with 1mM
AAPH, Lane4: hGH oxidized with 2mM AAPHLane5: hGH oxidized with 4mM AAPH, Lané: hGH
oxidized with 8mM AAPH,Lane7: hGH oxidized with 16mM AAPH, Lan8: derivatization reagents,
Lane9 and 10: empty.
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Figure 11. LC-MS analysis: Formation and quantification of MetSO during oiodadf hGH by serial
concentration of AAPH ranging from 0 (naxidized) to 16mM on incubation for 3 hours aP@7The

data points represent 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
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Figure 13. Fluorescence visualization on a UVansilluminator ( o mécd . IgG1, hGH, Insulin and
BSA protein samples were oxidized with respective oxidative stressing systems and derivatized with
ABS.1a hGH control,1b-1d hGH oxidized with 14, 8 mM AAPH respectively2a lgG1 control,2b-2d
IgG1 oxidized with 1, 4, 8 mM AAPH respectiveBa Insulin control,3b-3d Insulin oxidized with 1, 4,
8 mM AAPH respectivelyda BSA control,4b-4d BSA oxidized with 1, 4, 8 mM AAPH respectivelya
taggng reagentsb 100mM dibasic sodium phosphate bufi@ehGH control ,6b-6d hGH oxidized with
5, 10, 15 pM Cu () respectively and 500pMAscorbic acid,7a IgG1 control,7b-7d 1gG1 oxidized
with 5, 10, 15 pM Cu (ll) respectively and 500uMAscorbic aail, 8a Insulin control,8b-8d Insulin
oxidized with 5, 10, 15 pM Cu (ll) respectively and 500uMAEcorbic acid,9a BSA control,9b-9d
BSA oxidized with 5, 10, 15 uM Cu (ll) respectively and 500puMé&corbic acid10ahGH control,10b-
10chGH oxidized with10, 20 uM Fe (1) + HO,, 11algG1 control,11b-11clgG1 oxidized with 10, 20
UM Fe (1) + HO,, 12alnsulin control,12b-12cInsulin oxidized with 10, 20 uM Fe (Il) + D>,
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Supplementary figures
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Fig. S1Fluorescence after ABS derivatization of HG1lmg/ml), oxidized in the presence of different
initial concentrations of Cu (ll) ranging from 0 (nowridized) to 40uM, at 3C for 3 hours and
monitored by steadgtate fluorescence as shown in FigEach data point represents the mean of four

different experiments + standard deviation.

5 -

N w =
1 1 1

Methionine sulfoxide (nano moles)
1
L]
.

Y I ) I J I . ) 4 I
0 200 400 600 800 1000
Fluorescence intensity

Fig. S2LC-MS analysis: Formation and quantification of MetSO during oxidation of hGH by serial
concentration of Cu (Il) ranging from 0 (n@xidized) to 40puM on incubation for 3 hours afG7Each

data point remgsents the mean of four different experiments + standard deviation.
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Fig. S3Quantification of fluorescent peak area of hGH (1mg/ml), oxidized in the presence of different
initial concentrations of AAPH ranging from 0 (nrowidized) to 16 mM, at 3T for 3 hours and
monitored by SEC analysis and fluorescence detection as shown in Fig. 4.
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nonoxidized but ABSderivatized (black), oxidized hGH obtained after incubation of hGH lwjith mM
AAPH (dark blue)c) 2 mM AAPH (pink),d) 4 mM AAPH (brown),e) 8 mM (green) and witti) 16 mM
AAPH (purple) for 3 hours at 3C.
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Fig. S5 Fluorescence intensity readings of respective protein samples, measured using
spectrofluorophotometer (measurements of well plate in Fig. 13) . IgG1, hGH, Insulin and BSA protein
samples were oxidized with gsctive oxidative stressing systems and derivatized with PBBGH
control,1b-1d hGH oxidized with 1, 4, 8 mM AAPH respectiveBa IgG1 control,2b-2d IgG1 oxidized

with 1, 4, 8 mM AAPH respectivel\8a Insulin control,3b-3d Insulin oxidized with 1, 48 mM AAPH
respectively,4a BSA control, 4b-4d BSA oxidized with 1, 4, 8 mM AAPH respectivel$a tagging
reagentsbb 100mM dibasic sodium phosphate bufféa.hGH control,6b-6d hGH oxidized with 5, 10,

15 uM Cu (1) respectively and 500uM-Ascorbic aail, 7a IgG1 control,7b-7d IgG1 oxidized with 5,

10, 15 puM Cu () respectively and 500uMAscorbic acid,8a Insulin control,8b-8d Insulin oxidized

with 5, 10, 15 pM Cu (Il) respectively and 500uMAscorbic acid,9a BSA control, 9b-9d BSA
oxidized with 5 10, 15 pM Cu (Il) respectively and 500uMAscorbic acid10ahGH control,10b-10c

hGH oxidized with 10, 20 pM Fe (1) + 4D, 11algG1 control,11b-11c1gG1 oxidized with 10, 20 uM

Fe (Il) + HO,, 12alnsulin control,12b-12cInsulin oxidized with 10, @ uM Fe (ll) + HO,.
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Chapter 3. Identification of D-amino acids in lightexposed mAb formulations
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3.1 Introduction

In the last three decades, monoclonal antibodies (mAbs) have made a considerable
metamorphosis from being scientific teao one of the leading group of biotherapeutics.

Currently, there are approximately 30 mAbs that have been approved for clinical practice in the
United States and Europe for various disease conditions, with global sales reaching

approximately$86.7 bilion in 2015% 3

All mAbs have an identical fundamental immunoglobulin (Ig) structure composed of two heavy

(e 50 kDa) and two lightg 25 kDa) polypeptide chains, connected through disulfide bonds.

Each heavy chain is comprised of one variablg) (&d thee constant (&1, Gi2 and Gi3)

domains, whereas each light chain is composed of one variable@whain and one constant

(C) domain. The 1 gbés are further <classified ir
and IgM based on the structure tbkir constant domains. Presently, the therapeutically most

widely used isotype is Ig&# IgGs can be further classified into four subclasses based on the
pattern of interchain disulfide bonds: IgG1, 2, 3 and 4. Among these four subclasses, IgG1, 2 and

4 are used as therapeutics, while IgG3 is rarely used because of its low se#ifie half

MADbs are susceptible to various kinds of physical and chemical degradation. Aggregation,
precipitation and surface adsorption are some of the major forms of phystabilities,
whereas deamidation, oxidation and fragmentation represent some of the major forms of
chemical instabilitieS. Both physical and chemical stability of mAbs can be influenced by
various external factors such as pH, temperature, excipientritep, lightexposure, ete.®

Protein therapeutics are subjected to hgkposure during various stages of their developmental

process, such as production, purification, packaging, storage and administration to thé patient.
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The peptide backbone, aratit amino acids (Tyr, Trp and Phe), His and disulfide bonds are the
primary targets of photodegradation in proteifsin recent years, the pharmaceutical industry
has become more cognizant of the marked sensitivity of biotherapeutics to light expgsoire.

now, lightexposure of biotherapeutics has been reported to cause aggregation, oxidation,
fragmentation, covalent crefisking, discoloration and color formatiéft® Therefore, intrinsic
photostability testing of drug molecules has become an tes@art of stress testing to

demonstrate that light exposure does not result in unacceptable changes.

IgG1 represents the most predominant subclass of IgG in human serum and has also been the
preferred choice for the development of mAb therapeutice @rthe fundamental structural
hallmarks of the IgG1 subclass is the arrangement of disulfide bonds. IgG1 contains a total of 16
disulfide bonds comprised of four interchain disulfide bonds in the hinge region and twelve
intrachain disulfide bonds assad with twelve separate domains. These disulfide bonds play
an important role in maintaining the tertiary and quaternary structure of the prdtEimever,

these disulfide bonds are prone to photodegradation via direct photolysis and or electran transfe
from photoirradiated Trp, generating cysteine thiyl radicals (Gystiyl radicals are known to

react via reversible hydrogen transfer reactions with londs of adjacent amino acitfshese
intramolecular hydrogen transfer reactions yield cartmnered radicals, which eventually may
result in the formation of protein hydroperoxides (in presence of oxy@jagjregates (covalent
crosslinks)® or protein fragmentatiof?. These reversible hydrogen transfer reactions can be
probed using covalent dewium incorporation onto particular amino acids when protein photo
irradiation is performed in ED.!%'® Previous studies have identified covalent deuterium
incorporation due to reversible hydrogen transfer reaction betweed @y$&H (as shown in

Schene 1) in UV lightexposed peptides and protetfi$? These hydrogen transfer reactions can
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also result in the epimerization (L to D) of amino acids. Mozziconacci et al. have demonstrated
the thiyl radical dependent conversion efla into D-Ala in disulfide linked model peptide$
and the selective epimerization ofTlyr into D-Tyr and L-Val into D-Val in a UV lightexposed

mAb. 1°

Protein structure can influence the formation of carbon centered radicals in multiple ways.
Primarily, the accessibility of €1 bond of an amino acid to the protein CYgénerated during
photolysis can be affected by protein structure and dyn&fh®scondarily, homolytic bond
dissociation energies (BDE) of-& bonds at the @lpha carbon are influenced by the type of
proteinsecondary structure, in which the amino acid is located, whera-RlHkoi< BDHp-sheet

< BDHuneiix. 22 Moreover,excipients have been shown to change surface properties of proteins,
leading to changes in secondary and tertiary struétdfeSome ofthe widely used excipients

can be categorized into the following groups, protein stabilizers (polyols, sugars, salts),
surfactants ( polysorbate 20 and polysorbate 80) and amino &tidsthis study, we aim to
understand the effect of various formulatiexcipients such as arginine-frg), methionine (k

Met), leucine (kLeu), sucrose and glucose on the site specificity and extent of epimerization in
UV light-exposed mAbs using covalent deuterium incorporation and amino acid analysis,
respectively.We close these formulations because the physical analysis of the secondary
structure of an IgG1 has already been documented in such formulations. Previously, Thakkar et
al2* have assessed the conformational stability of IgG1 mAb in presencéaf &nd sucros
excipients; through this study-Arg was found to be a destabilizer, whereas sucrose was found
to be a stabilizer of mAb. In the same study, Thakkar &t l@ve postulated that the potential

reason for the destabilizing effect ofArg was the suppresson o f the +nter m

66



structurerich intermediate structure formation, which potentially stabilizes partially altered

structures; i n con t-stracsrerichinetmediaoysteictusét abi | i zes

The formation of Bamino acids could ipose local conformational changes in proteins,
potentially leading to the formation of partially unfolded structures, which can serve as
precursors for the formation of higher molecular weight structures. Therefore, we performed a
guantitative analysis dD-amino acid formation in monomer and aggregates of a mAb exposed

to light. For experimental purposes, we chose lighHt 81254 nm and > 295 nm [ max = 305

nm) as an investigative tool. These conditions are different from those recommended by the
ICH1QB guidelines, but allowed for controlled and rapid experimental procedures using light of
a limited wavelength region (itead of the broad wavelength region recommended by the ICH,
i.e. 320800 nm, which is less suitable for mechanistic studlgght-induced mAb aggregates

were separated from monomers using size exclusion chromatography (SEC), and the extent of

epimerizatbn was monitored using amino acid analysis.

3.2 Experimental methods

3.2.1 Materials

The mAb (50 mg/ml) was provided by Genentech, Inc. (San Francisco, CA). Monobasic sodium
hydrogen phosphate (NaPiQs), dibasic sodium hydrogen phosph@teeHPQ:), monobasic
potassium hydrogen phosphate @#¥@s), dibasic potassium hydrogen phosphateHRQ),
guanidine hydrochloride, iodoacetamide (IAA), sodium acetate, ammonium bicarbonate,
dithiothreitol (DTT), bis (2Zmercaptoethyl) sulphone (BMS), brij surfactaxtacetytL-cysteine
(NAC), o-phthaldialdehyde (OPA), -Arg, L-Met, L-Leu, glucose and trypsin (from porcine

pancreas) were purchased form Sigma Aldrich (St. Louis, MO, USA). Deuterium oxide (99.9%
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D) was purchased from Cambridge Isotope Laboratories lilbpdde Q water (milliQ water)

was used for the preparation of all the solutions. Sucrose, methanol, trifluoroacetic acid (TFA),
optimal water and acetonitrile (ACN), containing 0.1% (v/v) formic acid were purchased from
Fisher Scientific (Waltham, MA). &icon ultra0.5 centrifugal filter devices equipped with a 10

kDa cutoff membrane were purchased from Millipore Inc (Bedford, MA, USA).
3.2.2 UV irradiation

3.2.2.1 Sample preparation

A stock solution of the mAb was dialyzed against 50 mM sodium phtespléfer (pH 5.5) at 5

°C using 10 kDa molecular weight eoff membranes (Slid&-Lyzer, Thermo scientific,
Rockford, IL) for 24 lours Subsequently, the stock solution was concentrated to 150 mg/mL
using Amicon ultreD.5 centrifugal filters devices equoed with a 10 kDa ctdff membranes
(Millipore, Billerica, MA). The concentrations of mAb stock solutions were measured by UV

spectroscopy at 280 nm, where Abs 0.1% (=1 g/L) = 1.528%m
3.2.2.2 Preparation of excipient solutions

Solutions which werengpared in RO will be referred as deuterated solutions, and the solutions
prepared in EO will be referred as nedeuterated solutions. Deuterated or -deuwterated
excipient solutions were prepared by dissolvirgrig (10 mg/ml), l-Met (10 mg/ml), lLeu

(20 mg/ml), glucose (10 mg/ml), or sucrose (10 mg/ml. pD values are reported after correcting
pH electrode measurements for the deuterium isotope effects (pD = pH* THg.pH and pD

was adjusted with HCIl and DCI stock solutions, respectively to reaéh/pD of 5.5.
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3.2.2.3 Preparation of mAb samples for UV irradiation

Aliquots of 100 pL of concentrated mAb (150 mg/mL) were diluted with 500 pL of eith@ H

or D>O containing individual excipients (each excipient at a concentration of 10 mg/mL, pH/pD

of 5.5, and final protein concentration of 25 mg/mL). Each sample was split into two, of which

300 pL were UV irradiated and the other 300 pL were used as a control sample. The samples
were purgd with argon (Ar) for 90 mm prior to UV irradiation. The anples were UV
irradiated for 60 min mat308nmAn pgréx4aubdas.iFor grachaf t z t
concept, we exposed the mAb solutions to & =
would allow us to rapidly optimize the detectoneBDmi no aci ds. Tuk230RV | i g|
nm corresponds to a spectral distribution of approximately 90% of photons in 28@B20nnm

wavelength range. Importantly, protein Trp residues show absorption bands which can extend to
about 320 nni;?’ such thathese conditions would allow us to examine specifically traniino

acid formation induced by Trp pheionization. All photeirradiation experiments were

performed in a UMrradiator (Rayonet, The Southern New England Ultraviolet Company,

Branford, CN) quipped with four UV¥lamps (RMR305 or RMR254).
3.2.3 Reduction, alkylation and digestion

All the samples prepared in eithee or HO were exchanged into ammonium bicarbonate
buffer (NHkHCOs, 50 mM, pH 8) using Amicon ultr@.5 centrifugal filter deviceequipped with

a 10 kDa cubff membrane (Millipore, Billerica, MA). After the buffer exchange, for each
sample a volume of approximately 75 pL was recovered and diluted with 425 pL 4fQ®]
buffer and exchanged a second time using an Amiconraentrifugal filter, as described

above. After the second exchange, the samples were reconstituted in a final volume of 300 pL of
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NH4HCGOs buffer. An aliquot of 30 pL of buffer exchanged mAb samples (25 mg/ml) were
placed in 270 pL of guanidine hydrochlorigeé M, pH 8 in 50 MMNHsHCOs buffer) and
incubated at 60C in the presence of 5 mM b{&-mercaptoethyl) sulfone (BMS) for 30 nsifor

the reduction of disulfide bonds. The reduced cysteines were alkylated°@t wish 20 mM
iodoacetamide (IAA). After onéour of incubation the samples were mixed with 300 pL (1:1
v/v) of 1M perchloric acid and centrifuged at 14,000 g for 20sratrd°C. The supernatant was
discarded and the resulting pellet was washed with 50 miHEK; buffer for three times by
slowly adling the buffer without disturbing the pellet. After three washes, the pellet was
reconstituted in 500 pL of 50 mM NHCO;s buffer (pH 8.0) and sonicated for few seconds and
25 ug of trypsin (from procaine pancreas) was added. The samples were incuBated fatr 2
hours After 2 tours another 25 g of trypsin (from porcine pancreas) were added and the
incubation was continued overnight at°87 The digestion was stopped by the addition of 10 pL
of formic acid and the samples were purified through Amiglira:0.5 centrifugal filter devices

equipped with a 10 kDa catff membrane to discard undigested protein and trypsin.
3.2.4 Size exclusion chromatography (SEC)

Buffer exchanged mAb samples (both control and irradiated) at 25 mg/mL were diluted to 1
mg/mL using 200 mM sodium perchlorate buffer and 50 mM sodium chloride (pH 6.0). SEC
was performed on a Shimazdu HPLC system equipped with two Shimaz@0AT pumps
(Shimazdu, Columbia, MD), coupled to a Prominence2BR photediode array detector
(Shimazlu, Columbia, MD). The samples (90 pL) were injected onto a-G&EK SuperSW3000
column (4.6 mm ID x 30 cm, Tosoh Biosciences, King of Prussia, PA, USA). The mobile phase
consisted of 200 mM sodium perchlorate buffer and 50 mM sodium chloride at pH 6Wasnd
eluted through the column at a constant flow rate of 0.25 mL/min. Aliquots of 90 pg of mAb
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were injected for each analytical characterization. Monomer and aggregate fractions were
collected, using the fraction collector (FROA, Shimazdu, Columbia, D) connected to the
system, by making several injections. The collected fractions were pooled and concentrated
using Amicon Ultral5 centrifugal devices with 10 kDa eoff membrane (Millipore, Billerica,

MA).

3.2.5 UPLGMS analysis: ldentification of the peptides showing covalent

deuterium incorporation

LC-MS analysis was performed on a XevelTQF mass spectrometer (Waters Corp., Milford,
MA), equipped with a nanoAcquity (Waters Corp, Milford, MA) set of pumps delivering a
mixture of mobile phase A corssing of optimal water and formic acid 99.9%: 0.1%, (v:v), and
mobile phase B, consisting of ACN and formic acid 99.9%: 0.1%, (v:v) at a flow rate of 0.3
nm/min. A volume of 0.5nL of the mAb digest was injected onto revepbmse CSH
nanocolumn (75um x 150 mm C18, Waters Corp.). Peptides were eluted with linear gradient

ranging from 335% of mobile phase B within 60 nsin

3.2.6 HPLC UV-Vis analysis: Purification of the peptides showing covalent

deuterium incorporation

A volume of 100nL of the digests wer injected onto a revergdase C18 column (Vydac
218TP, 250 x 4.6 mm, Bm) that was connected to a set of pumps-0&T, Shimazdu,
Columbia, MD), delivering a mixture of mobile phase A (100%©H0.1% TFA) and B (100%
ACN, 0.1% TFA) at a flow rate of 5. mL/min. The C18 column was placed in a column heater

and maintained at 2%. The mixture of mobile phases A and B was delivered according to the
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following gradient program: between 0 and 2 siiihe mixture of solvents contained 97% of
mobile phase A an@% of mobile phase B. After 2 nmanthe mobile phase B was linearly
increased to 28% within 128 nsinThe chromatograms were monitored with a diode array
detector (SPEM20A, Shimazdu, Columbia, MD). Proteolytic peptides were collected using a
fraction colector (FRG10A, Shimazdu, Columbia, MD), followed by concentrating the fractions

to a volume of 100l using a CentriVap concentrator (Labconco, Kansas City, MO).
3.2.7 Amino acid analysis

Amino acid analysis consisted of two steps, complete hydsobfsthe substrate (protein or
peptide) using optimized conditions, which would avoid/ minimize amino acid epimerization
during hydrolysis, followed by chromatographic analysis and quantification ahdl Damino

acids.
3.2.7.1 Acid hydrolysis of mA

The protein concentration of all the fractions (monomer and aggregates) was adjusted to 5
mg/mL. A custom made glass microplate was used to perform the acid hydrolysis reaction of the
collected fractions. The glass microplate and 6 N HCI (Pierce, Th8aoeatific, Rockford, IL)

were placed in a glove bag, which was saturated with nitrogen. A volume ol 26006 N HCI

(nitrogen saturated) was added to each well. The glass microplate was sealed prior to be removed
from the glove bag. The sealed glass roptate was transferred to an oven (Precision,
Winchester, VA) and incubated at 130 for 45 mirs. The hydrolyzed samples were vacuum

dried and reconstituted in 20@ aqueous sodium acetate solution (25 mM, pH 6.5) in the glass

microplate.
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3.2.7.2 HPLCanalysis of L- and D-amino acids

Volumes of 50nL of hydrolyzed protein solutions prepared in 25 mM aqueous sodium acetate
(pH 6.5) were transferred to a polystyrene 96 well microplate and placed in asaejiter
(ShimadzuColumbia, MD). Three differehstock solutions were prepared in order to derivatize
the amino acids with OPA and NAC. Solution S1 consisted of 3066f Ko:HPOQs (190 mM,

pH 9.5) buffer, and 33 of Brij-35 solution (35% w:v). Solution S2 consisted of 5.5 mg of
OPA, and 12 mg of NAGn 265 nL of methanol and 4,73BL of K:HPQ: (190mM, pH 9.5)
buffer. Solution S3 consisted of sodium phosphate buffer, -R@Hd (200 mM, pH 4.5).
Solutions S1, S2 and S3 were always placed in thesaupler at C. The solutions were
mixed together usinthe autesampler to ensure the reproducibility of the derivatization reaction.
The solutions were mixed as follows: BD of each S1, S2 and hydrolyzed protein solution were
mixed together. During the next one minute, the solution was mixed by soakimlispedsing
100 L of the solution using the syringe in the ag@mpler. After mixing, the solution was left
for one more minute at % in the dark. Then, 150L of S3 were added to the solution. Again,
the final solution was mixed for one minute by sogkand dispensing of 1Q€L of the solution
using the syringe in the autampler. Then, 5@L of the final solution was injected onto a
reversephase capillary C18 column (Supelcosil -8 T, 150 x 4.6 mm, 5m), which was
attached to a set of pumps (@laidzu,Columbia, MD, delivering a mixture of solvents A (25
mM sodium acetate, pH 6.5 anch¥ sodium azide) and B (100% methanol) at a flow rate of
0.5 mL/min. The C18 column was always maintained €{G35rhe mixture of solvents A and B
was delivered ecording to the following gradient program: betweeh50mirs the mixture of

solvents consisted of 100% solvent A. After 15 snsolvent B was increased to 35% within 125
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mins. Subsequently, the column was washed for Sswith 50% solvent B, and requiibrated
for 40 mirs with 100% solvent A prior to the next injection. The chromatograms were recorded

with a fluorescence detector (RBA, ShimadzuColumbia, MD).
3.2.8 Incubation with D-amino acid oxidase

The flavoprotein Bamino acid oxidase (DAAO)sia widely used tool foin vitro enzymatic
assays for the detection of-@nino acid€>3® DAAO oxidizes Damino acids with a strict
enantioselectivity to produce the correspondiiketo acids and ammonia.This property of

DAAO was used to confirm the presence ealino acids in our protein hydrolysates.

An enzyme stock solution was prepared by addition of 0.2 mg of DAAO from porcine kidney
(EC number: 1.4.3.3, Sigma, St. LouQ) and 0.5 mg of catalase from bovine liver (EC
number: 1.11.1.6, Sigma, St. Louis, MO) to 1 mL of Tris buffer (200mM, pH 8.3). The final
reaction mixture was prepared by additiorv6fuL of enzyme stock solution to 25 pL of protein
hydrolysate, and intaated at 3?C for 1 hour After the incubation, the protein hydrolysate were
purified using Amicon Ultral5 centrifugal devices with 10 kDa eoff membrane (Millipore,

Billerica, MA) to remove DAAO and catalase from the reaction mixture.

3.3 Results

3.3.1 Enrichment of monomer and aggregates using SEC

The formation of Bamino acids could impose local conformational changes in proteins,
potentially leading to the formation of partially unfolded structures, which can serve as

precursors for the formatn of higher molecular weight structures. Therefore, we performed a
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guantitative analysis of amino acid formation in monomers and aggregates of a mAb exposed

to UV light.

MADb samples in various formulations (pH 5.5) were exposed to UV light for 68 Amalytical

SEC was used to estimate the content of aggregates, monomers and fragments in both control
and UV irradiated mAb formulations (Fig. 1, 2, Fig. S1 and S2). The chromatograms showed
several important differences in UV irradiated samples whenpaoed to their respective
control samples. The loss of monomer peak (at retention wel2 min) in UV lightexposed
samples was accompanied by an increase in earlier eluting peaks (aggregates), elugrgawith t

9 and 10 min (Fig.1a). The monomergak also widened upon light exposure. In addition, we
observed formation of a peak eluting with=t 14.5 mirs (likely fragments). While the control
samples predominantly contained monomer, and low levels of aggregates (3.7%, + 0.47), the
mAb samplesexpesd t o UV | ight (& = 2-Brd, L-Met)glucose,Lpr es en
Leu, or sucrose contained 43.6 % (£ 4.15), 31.3 % (x 4.99), 35.5 % (+ 5.18), 31.6% (*+ 4.89), and
41.3% (= 6.9) of aggregates, respectively (Fig. S3a). For all conditions examihed, w
compared to mAb samples exposed to UV 1light
I i g hnax= 806 nnecontained relatively less amount of aggregates and fragment species (Fig.

S3).

SEC connected to a fraction collector was used to isolakerbohomer and aggregate fractions.
Approximately 3 injections for each original mAb sample were made for the isolation of
monomer and aggregate species, followed by pooling and concentration of the samples to obtain
sufficient protein quantities for futurexperiments. All the fractions were stored atCAuntil

further analysis.
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3.3.2 Amino acid analysis of monomers and aggregates

Monomer and aggregates of interest were subjected to acid hydrolysis, followed by
derivatization with NAC and OPA. The desivzed L- and Damino acids were separated by

reversephase liquid chromatography coupled to a fluorescence detector (Fig. S4).

3.3.2.1 Amino acid analysis of monomermxand ag

=305 nm

Amino acid analysis of contrgnot UV-irradiated) mAb hydrolysate lead to the identification of
the following amino acids: (i) 4Asp, (i) L-Glu, (iii) L-Ser, (iv) L=Thr, (v) L-Arg, (vi) L-Ala,

(vii) L-Lys, (viii) L-Tyr, (ix) L-Met, (x) L-Val, (xi) L-Phe, (xii) L-lle, and (xiii)) L-Leu. Under
typical acid hydrolysis conditions Asn and GIn are completely hydrolyzed to Asp and Glu,
respectively. Trp was completely degraded and Cys cannot be directly determined from-the acid
hydrolyzed samples. Ser and Thr are partially hydrolyzed arallysoss of about 10 and 5 %,

respectively. Ser an-@imifation during bydrolysi€ s can underg

For example, comparison of amino acid analyses of aggregates (Fig. 3, brown trace) resultant of
UV | i ght nexx BOS sm)ofemAlf ie- EArg formulation and control mAb monomer

(Fig. 3, green trace) in-Arg formulation revealed presence of@u (Fig. 3a), DAla (Fig. 3b)

and DVal (Fig. 3c) in aggregates resultant of UV light exposure. The absencamwiri® acids

in control mAb monomersuggest that Bslu, D-Ala, and DVal are generated during UV

i rr ad im&a=305nm) of n@Ab in EArg formulation. Amino acid analyses of monomers and
aggregates, resultant of ligatx p o s ur e = 305 Anbin differengformulation €Arg,

L-Met, L-Leu, glucose and sucrose) also revealed formationdaDD-Glu and low levels B

Asp in all the samples
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Absence of BGlu, D-Ala and DVal in all control mAb samples also suggests that our
experimental conditions (hydrolysis for 45 minutes) werei@efitly mild to limit D-amino acid
formation during hydrolysis. On contrary,-Asp was identified in both control and light
exposed mAb samples, suggesting thaAdp is either present in starting material or generated

during hydrolysis or sample prepacat.

3.3.2.2 Amino acid analysis of monomer =and ag

254 nm

Amino acid analyses of monomers and aggregates, resultanteéligig o sur e of mAb at
nm in different formulation (tArg, L-Met, L-Leu, glucose ahsucrose) reveals formation of D

Val, D-Glu and low levels BAsp in all the sample@ig. S5) The absence ofmino acids in

control mAb monomer suggest that@u and DV a | are generated during

254 nm) of mAD in various formulations
3.3.3 Quantification of D-amino acids in monomers and aggregates

After amino acid analysis, the extent of epimerization in monomers and aggregates was
determined by dividing the peak areas of the respective peaksaofii®d acids by the sum of

peak area®or both the respective-and L-amino acids, as shown in the formula below:

DO B4 TUBETE 0 QR 2D H40HHRPRGT
Toak @@ G4 0HHRROE QMR @ Ga QEETRGTQ X100

Quantitative analysis for monomers (Fig. 4a) and aggregates (Fig. 4b), resultant -of light

exXposur e @af=30bAMmin dffereneformulation reveals formation of-2al, D-Glu
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and low levels BAsp (around 0.3%) in all the sampleghereas BAla was only identified in
aggregates formed r ensu30% remhdf mAbin EAdgMormulatiom Bor at i o n
example, amino acid analysis of aggregates resultant ofdigitisure in the 4Arg-containing
formulation revealed 13.03 % 0.52) of DVal, 6.69 % (+ 0.8) of BGlu, and 0.21% (£ 0.03) of

D-Ala.

Quantitative analysis for monomers (Fig. 5a) and aggregates (Fig. 5b), resultant -of light
exposur e o254 nminkdiffeaent foemulation reveals formation of¥2al and DGlu,

while low levels DAsp (around 0.3%) were present in all the samples. For example, amino acid
analysis of aggregates resultant of liglposure in LArg formulation revealed 4.47 % (+ 0.42)

of D-Val, and 2.79 % (£ 0.18) of {&lu.

3.3.4 Identification of D-amino acid containing peptide sequences in UV

irradiated mAb

Our strategy to identify Eamino acidcontaining sequences in ligakposed mAb is based on
covalent deuterium incorporation during phatadiation of the protein in ED.X° Peptides
incorpording deuterium can be detected by HRPMS/MS analysis, their retention time
recorded, and then peptides eluting with these retention parameters can be fractionated after
photairradiation in BO. Peptides of interest were fractionated, collected, andctatljéo acid

hydrolysis, followed by derivatization with NAC and OPA for amino acid analysis.
3.3.4.1 Covalent incorporation of deuterium during UV irradiation of mAb in D20

The HPLGMS analysis of the proteolytic peptides obtained after4gposure &max = 305 nm)
of mAb formulations in BO and HO unveiled five ions with m/z 756.37, 635.30, 356.8, 1030.5,
and 1193.58, which covalently incorporated deuterium after-&gposure in RO (Fig. 6, 7 and
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8). MS/MS analysis permitted identification of tbequences of the respective peptide ions with
covalent incorporation of deuterium (Table 1). The ions with m/z 1030.5, 1193.51 and 356.8
corresponds to heavy chain sequence-H5%, H5XH60 and H287H296, respectively. After
light-e x posur e naxE 308D only the peptide segments FE®&land H287H296 that

showed covalent incorporation of deuterium were fractionated for amino acid analysis.

3.3.4.2 Fractionation and amino acid analysis of proteolytic peptides H#159 and H287%

H296

The proteolyticp e pt i des obtai ned maf 308 mmoUWAbinthe#-i at i on
containing formulation were fractionated by HPLC and monitored by-detéction. The

collected fractions were reanalyzed by-MS analysis to ensure the purity of each fraction.(Fig

9). The HPLGMS analysis of fraction 23 revealed peptide segment HZB¥6 coeluting with

another peptide ion with a mass of m/z 521.3. The peptide ion with m/z 521.3 could not be
identified by MS/MS analysis, due to poor fragmentation. The amino aalgisés of fraction 23
(H287-H296 and peptide segment with m/z 521.3) revealed presencé&/af &ong with other

L-amino acids.

The HPLCMS analysis of fraction 18 revealed HBb9 and H319H324 (proteolytic peptide
with no covalent incorporation ofdterium) ceeluting with each other. The amino acid analysis
of peptide segments in fraction 18 (HB59 and H319H324) revealed the presence ofAla

along with other kamino acids.

3.3.5 Incubation with DAAO

Amino acid analysis enabled identification DfVal, D-Ala and DGIlu in monomers and

aggregates of lighg¢xposed mAb. To confirm the presence ehmino acids in lightxposed
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mAb samples, we utilized the ability of DAAO to selectively oxidizeadino acids to the
correspondingU-keto acidg®3' A comparison of the amino acid analyses of the mAb
hydrolysates prior and subsequent to DAAO treatment revealed the complete disappearance of
D-Val (Fig. S6), DAla (Fig. S7), and BGlu, consistent with the assignment of these peaks to

the respective Exmino acids.

In addition, comparison of the amino acid analyses of the fraction 23 hydrolysate prior and
subsequent to DAAO treatment revealed the complete disappearaneglaf &nsistent with

the assignment of the peak teAla. Incubaion of fraction 18 with DAAO also lead to the
disappearance of the signal for-Mal; however, a residual signal -etuting with DVal
remained due to a contamination of DAAO with an unknown compound, as revealed by control
experiments with DAAO alone (Fig8). This contamination did not affect the analysis of total
mADb hydrolysate after treatment with DAAO, due to the significantly larger quantity-\éalD

present after hydrolysis of the entire protein.

3.4 Discussion

Due to the chirality of tha-carbon (Ca), all amino acids with the exception of Gly can undergo
epimerization (conversion of-amino acid to Bamino acid). Although only {amino acids are

used for the synthesis of proteins;anino acids have been identified in various proteins from
humantissue, resultant of pestanslational modifications (PTM). For example;ABp was

detected in various proteins from human tissue such as eye lens, skin and bone in elderly people,
and a high proportion of {Bsp and DSer were found in amyloid plaques Afl z hei mer 0 s
disease®*3* Tao et al. have reported on the epimerization of crystallin proteins extracted from

the sheep eye lefdd,showing a considerable degree of isomerization and epimerization in

80



disordered Nterminal and @erminal domains>3® Even though these modifications are not as
abundant as the commonly studied PTMs, such as resulting from oxidation and phosphorylation,
they can affect the higher order structure of a protein, in turn affecting the biological activity of a
protein. 3! All the examples presented earlier are associated with the identificatioraofiid

acids in biological samples, but recently there has been some evidence showing the formation of
D-amino acids in therapeutic proteins. Amano et al. have identified specifivallp¢emization

of Cys220 in the hinge region of IgG1 upon incubation of the protein &C58nd pH ¢’
Likewise, Zhang et al. have identified the racemization of disulfide Cys residues (HC Cys220;
LC Cys214) in the hinge region of an IgG1 incubated umdsic pH condition€ In both of

these studies reversible-elimination of Cys residues has been presented as the underlying
reaction mechanism for the basatalyzed racemization of the hinge region disulfide bdh¥.

In another study, Mozziconacet al. have identified the formation ofd&nino acids in specific

sequences of a UV lighaxposed IgG1t°

Photairradiation of proteins can lead to the formation of thiyl radicals by various mechaiisms.
AUV | i god? 30%Nnm is@ssdially absorbed by aromatic amino acids (Trp, Tyr, Pré).

Here, the absorption of light by Trp produces an excited state, which can eventually ionize to
form a hydrated electron and a radical cafidime hydrated electron can reduce a disulfide bond

to form a disulfide radical anion, which further dissociates into cysteine thiyl radiCasS]

and Cys. Instead, UV light at= 254 nmcan be directly absorbed by the disulfide bond, leading

to the homolytic cleavage of the disulfide bonds and generating a pair of IGgg%ils31619:40

The resultant CysSradicals formed upon ligkgxposurecan participate in intramolecular
hydrogen atom abstraction from adjacert ®onds, leading to the formation of carbmentered

radicals.*>® If such intramolecular hydrogen atom transfer proceed between GydSx GH
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bond of the chiral carbgorthe esulting carbon atonexhibits two prochiral faces. The reverse

hydrogen atom transfer can lead to formation of eithar ID- amino acid?’

3.4.1 Effect of various excipients on the extent of epimerization in UV

irradiated mAb formulations

The formatimm of D-amino acids could impose local conformational changes in proteins,
potentially leading to the formation of partially unfolded structures, which can serve as
precursors for the formation of higher molecular weight structures. Therefore, we pertormed
guantitative analysis of amino acid formation in monomer and aggregates of a mAb exposed
to light. In this study, a variety of excipients were added to a mAb formulation, such as protein

stabilizers (sucrose, glucose) and amino acidar@, L-Met andL-Leu).

The quantitative analysis for monomers (Fig. 4a) and aggregates (Fig. 4b), resultant- of light
exXxposur e mf=308Ar in differert-formulation revealed existence e¥d, D-Glu

and low levels BAsp in all the samples, whereasAla was only iderfied in aggregates
formed resultant mao=f 305UWh) df mAbaid itAagt formutatior{. &he
guantitative analysis of monomers (Fig. 5a) and aggregates (Fig. 5b), resultant-expigbtire

of mAb at & = 254 nm i nthedorniatioreaf @val and BGIu, whild at i on

low levels DAsp were present in all the samples.

Interestingly, a quantitative analysis revealed higher yields-amiho acids for both monomers

and aggregates resultant of Bb¥nm)of mAbdn tletti on ( 8
Arg containing formulation when compared to mAb in other formulations {Mel, L-Leu,

sucrose and glucose). This can be rationalized by an increase in mAb flexibility inltten@

Cn2 domains in the presence ofAlrg, 24*?which can increase the probability of-@&mino acid
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formation. In contrast, sugars (sucrose and glucose) are known to increase the compactness and
rigidity of a protein in aqueous solution. For example, the stabilizing effect of sucrose on protein
structure wae x pl ai ned by Timasheff et al “*Bdsgdodipref e
this mechanism, sucrose is preferentially excluded from the protein surface increasing the
chemical potenti al of the solution. ctAlecor di n
changes imposed by preferential exclusion a new equilibrium is established to reduce
thermodynamically unfavorable states, during which proteins adopt to a smaller surface area
with a more compact and rigid structufé$* This rigid nature (lesséxibility) of mAb in the

presence of sugars can minimize the extent of-mivéecular hydrogen transfer reactions thus

reducing the magnitude of epimerization.

3.4.2Effect of various excipients on the sitespecificity of the epimerization in

UV irradia ted mAb formulations

Intramolecular hydrogen transfer reactions can be monitored using covalent incorporation of
deuterium when photolysis of disulfide bond happens in presencgoflbthis study, we have
identified selective addition of deuterium infive peptides for mAb in tArg and L-Met
formulations, and four peptides for mAb in sucrose, glucose abeluLformulations (Table. 1

and Table 2). These results illustrate that pro@®sS radicals generated resultant of photolysis

of disulfide bonds in mAb abstract hydrogen atoms from specific sequences. The differences in
deuterium incorporation in mAb in presence of various formulations suggest an influence of
mAb conformation on proteiCysS radical formation and reactivity. Protein conformation can
influence the formation of carbasentered radicals by controlling the accessibility efl @ond

to the protein CysSradicals formed during lighexposure. However, covalent deuterium

incorporation alone does not allow us to identify if a specific amino acid is potentially
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epimerized, as intramolecular H atom transfer between @y&SCGH bond of a norchiral atom

will still exhibit covalent deuterium incorporation, but will not be invalva epimerization. As

a proof of concept, the amino acid analyses of peptide segmentsiF®%and H287H296
(peptide segments that showed covalent incorporation of deuterium) revealed preseda of D

and DVal, respectively.

The peptide segment H3159 is present in the complementardgtermining region (CDR),
thus presence of epimerized amino acids is likely to have an effect on the binding affinity of a

mMAD to the target and, therefore have an effect on its potency.

3.5 Conclusion

Our results show that UV liglge X pos Hat=® J® nnmr 28nnih) can induce
epimerization of particular amino acid residues in mAb. As the epimerization of certain amino
acids could lead to loss of biological activity of IgG, high extra capelldhbe taken to limit the

exposure of proteins to light.
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Scheme 1The intramolecular H atom transfer occurring between the thiyl radical of the cysteine

residue and ¢4 bond.

89



Tables

Position L-Arg L-Met L-Leu Sucrose | Glucose
H51-H59 V Vv Vv \V/ \V/
H51-H60 \V} \Vj \Vj VvV \V/
H287-H296 Vv Vv % % %
H353-H357 \V/ \Y \V/ \' \
H392-H397 \V/ \V/ \V/ \Y \/

Table 1. List of proteolytic peptides with covalent deuterium incorporation after UV -light
€ X P 0 S =805 (i) of mAb in five (LArg, L-Met, L-Leu, sucrose and glucose) different

formulations.
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Figure 4. Quantitative analysis of amino acids identified in (a) monomer, and (b) aggregate
fractions gen ak=308 dm) arddtateom of Ab in(d&rg, L-Met, L-Leu,

glucose and sucrose formulations. Error bars represent standard deviation from three independent

samples.
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Figure 5. Quantitative analysis of amino acids identified in (a) monomer, and (b) aggregate
fractions generated af t enAbirUlVArg(LaMetzL-L2U5 glucosem) |
and sucrose formulations. Error bars represent standard deviation from three independent
samples.
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Fig S1: SEC analysis of mAb samples exposed  Un¥x = B0® nm) light for 60 min. (a)
Overlay of SEC chromatograms of mAb in (a) leucine formulation, without light exposure
(control, black trace) and exposure to UV light for 60 min (orange trace), (b) glucose
formulation, without light exposure datrol, black trace) and exposure to UV light for 60 min
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Fig S8.Amino acid analysis of blank (buffer solution, triplicates) after treating with DAAO. The
HPLC chromatograms are recorgd=eddOmsam@gr4shd f |l uor

nm).

A * ipurity peak ceeluting with DVal peak during amino acid analysis of protein or peptide

hydrolysates.
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Chapter 4. Understanding the increased aggregation propensity of a light
exposed IgG1l mAb using hydrogen eshange mass spectrometry, biophysical

characterization, and structural analysis
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4.1 Introduction

Biopharmaceutical drugs are a fast growing class of therapeutics, which include peptides,
recombinant therapeutic proteins such as, insulin, monak antibodies and antibodirug
conjugates (ADCY.In the past 30 years, the number of biopharmaceutical drugs on the market
increased from 13 to 210, amassing US$163 billion in product 53les. increase in demand

for biologic drugs revolutionizedhé development pipelines in many pharmaceutical companies.

In the last decade, there was an increase in the number of biotech products (large molecule
drugs) in clinical trials by 155%, from 355 in 2001 to 907 in 20TRe extraordinary success of
biotechproducts is attributed to advantages such as high target specificity, high potency and low
side effects:* Currently monoclonal antibodies (mAbs) are the largest selling protein
therapeutics in the market, with a global value of US$86.7 billion in 2015.

Therapeutic mAbs are complex glycoproteins that belong to the immunoglobulin (Ig) family.
Based on the structure of their constant regi
IgE, 19G, and IgM*> Cur rent |l y, most prthevnaatket is 19G.ggGs arep o f
composed of two identical light and heavy chains connected througtcinater disulfide bonds.

Each heavy chain is composed of one variable domaih gud three constant domainsx(C

Cn2 and G3). Each light chain is composed one variable domain (Y and one constant
domain (Q). The variable regions of heavy chain and light chain combine to form the antigen
binding site (Fab), whereas the constant regions combine to form the fragment crystallizable (Fc)
domain®® IgGs canbe further classified into four subclasses based on the pattern ethaiar
disulfide bonds: IgG1, 2, 3 and 4. Among these four subclasses, IgG1l, 2 and 4 are used as

therapeutics, while IgG3 is rarely used because of its low serurtifbaff’
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Similar to other protein therapeutics, IgG mAbs are prone to various types of chemical and
physical instability. Deamidation, oxidation and fragmentation are some of the major forms of
chemical instability; correspondingly, aggregation, denaturation and paticipiare some of the
major forms of physical instabiliyThese instabilities can lead to loss of activity and, in some
cases, can cause unwanted immunogenic respdhis&he chemical and physical stability of
therapeutic proteins can be impacted bgiowss external processinglated or handlingelated
factors such as extreme pH, temperature, freeze thaw, excipient impurities, mechanical stress,
light exposure, and so én.

Therapeutic proteins are exposed to light during various stages of theirpieeatal process.
Chromatographic processes during purification routinely use UV light (280 nm and 214 nm) for
detection. Light exposure can also occur during storage, fill and finish processes, visual
inspection and packagifgSome types of protein therautics are diluted into IV bags before
administering to the patient, where they can be exposed to ambierfli§Rrevious studies

have identified traces of UVA and UVB light in emissions of fluorescent latgé.

The aromatic amino acids (Trp, Tgnd Phe), peptide backbone and cysteine (disulfide bonds)
are the principal targets of photodegradation in proféifhotodegradation in proteins begins
with absorption of light, resulting in excitation of electron to higher energy state (singlgt state
followed by distinct processes including, relaxation by fluorescence to ground state or undergo
inter system crossing forming triplet state, reaction with oxygen to generate singlet o5ggen (
species or excited state photochemical processes suclotagoptzation. Photoionization leads

to the release of electron from the residues, resulting in formation of solvated elegfy@m@ea
radical cation followed by deprotonation yielding an uncharged radical. The reactive oxidation

species Y02) producel on light exposure can initiate photo oxidation in protetds® For
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example, UV light exposure of an IgG1 mAb induced oxidation of Trp in a complementarity
determining region (CDR) resulting in significant decrease in its biological actvRgcenty

various novel modifications were also identified in IgG1 mAbs due to photodegradation, for
example, a doubly oxidized His 289 in the Fc region of I§Gd. triply oxidized His'® inter
molecular HisHis crosslinks (220, HCY, conversion of Trp to Gly ahGly hydroperoxidé?

and Trp side chain cleavage produét®nother important consequence of light exposure is
photoionization, which results in electron transfer to the disulfide bonds, resulting in the
formation of thiolate and thiyl radical. A paiff thiyl radicals can also be formed via direct
photolysis (at > = 254 nm) of di sul fide brioc
hydrogen transfer reactions with adjacent amino acids leading to the formation of
dithiohemiacetal, thioether, vihthioether crosslinks and epimerized amino aéld$All these
chemical photodegradation products can act as precursors for physical instability in proteins e.g.
aggregation, fragmentation efc.

There are a limited number of studies that have examimeaffect of light on physical and
conformational attributes in mAbs. Previously Qi et®dlave shown formation of yellow color

in highly concentrated (100 mg/mL) IgG1 mAbs on exposure to light. In the same study, they
also observed a decrease in biatag activity and increase in aggregation and fragmentation
with increase in duration of light exposi#feMason et af* studied the effect of pH and UVB

| i g hat=30J2a&m) exposure on protein conformation using various biophysical techniques. By
DSC aalysis, they identified prominent changes in thermal transition temperatures, indicating a
decrease in conformational stability because of light exposure. While the tertiary structure of the
mAb remained intact, but analysis of the secondary structureadve d ¢ h shegte s i n

structure?*
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Among the various degradation pathways that occur in mAbs on exposure to light, aggregation
has been one of the major concerns, as protein aggregates are potentially imménégenic.
consequence, it is importart tinderstand the aggregation pathways of mAbs upon exposure to
light.

In this study, we aim to understand the underlying mechanism behind the increased aggregation
propensity of an IgG1 mAb due to UVA light exposure. A mAb sample was exposed to UVA
light for up to 72 hours followed by isolation of monomer and dimer fractions from the samples
formed due to light exposure using SEC coupled to a fraction collector. Hydrogen/deuterium
exchange mass spectrometry (H¥I3) was used to explore changes in locakifigity of

isolated monomers, and dimers from the light exposed mAb samples comparedlighton
exposed control mAb. Biophysical characterization including dad neatJV CD and DSC

were used to explore changes in secondary and tertiary stricturdhemahal stability of the
isolated monomers and dimers compared to the control mAb. In conjugation with experimental
results, computational analyses were also applied to understand potential molecular mechanisms
of higher order structural changes due tdtligxposure in mAbA and likely pathways of
aggregation. The changes observed in higher order structure, thermal stability, and accelerated
stability are correlated with changes in local flexibility due to ptietiuced chemical changes in

the mAb. Moreoverthe possible underlying mechanism of increased aggregation propensity due
to light exposure is discussed in the context of an established aggregation hotspot in the

literature.
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4.2 Experimental methods

4.2.1Materials

MADA was expressed and purified Eli Lilly and company, Branchburg, NJ. Deuterium oxide
(99+ atom %), tris (arboxyethyl) phosphine hydrochloride (TCEP), trifluoroacetic acid (TFA)
and iodoacetamide (IAA) were purchased from Sigma Aldrich (St. Louis, MO). Monobasic
sodium phosphateonohydrate, dibasic sodium phosphate anhydrous, sodium chlorieSLC
grade water and acetonitrile (ACN), 10X NUPA®GEducing agent, Novex sharp gs&ined

broad range molecular weight marker and SYPRO Ruby Protein Gel stain were purchased from
Fischerscientific (Hampton, NH). Sequencing grade modified trypsin, PNGase F ardv@e
purchased from Promega (Madison, WI). Guanidine hydrochloride -K&)y dithiothreitol

(DTT), and Tris hydrochloride (Tris HCI) were purchased from Thermo Scientifidtifera,

MA). Type | glass vials and stoppers were purchased from Schott Glass (Lebanon, PA) and West

Pharmaceuticals (West Whiteland, PA), respectively.
4.2.2UVA light exposure of mAbA

Light exposure experiments were performed using an ICH ES2000 Reg&mvironmental
Specialties, Inc., Raleigh, NC) photo chamber equipped withulgaviolet (UVA) lamps and

cool white fluorescent bulbs to allow exposure to UV and visible spectral regions respectively.

The near UV lamp has an emission spectrum rgngpproximately from 33800 nm withamax

=350 nm. UVA | ight exposure was run 2afthe facto

guidelines for 100% ICH conditions are 200 W hhUVA light. 28 2°
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Consistently, 500 uL of mAbA was added to 2 mL type | glass vials capped with autoclaved
rubber stoppers and placed vertically in the photo chamber. The samples were irradiated for 9
hours (100% ICH dose = 1X), 24 hours (2.5X ICH) and 72 hours (8X ICH). The chamber

temperature was controlled at Z5 throughouthe light exposure experiments.
4.2.3Size exclusion chromatography (SEC) analysis and fraction collection

Samples were analyzed using a Dionex (Sunnyvale, CA) high performance liquid
chromatography system with UV absorbance detection at 280 nm and 214 nm respectively. A
TSKgel G3000SWik(Tosoh bioscience, King of Prussia, PA) 7.8 mm x 30 cm column with 5
pm particle size was used for SEC analysis. The SEC mobile phase contained 47 mM sodium
phosphate and 300 mM sodium chloride, at pH 7. Isocratic flow conditions at 0.5 mL/min with
column maintained at 28C was used to separate various sized species present in the mAbA
samples. 75 pg of mAbA were loaded on the SEC column per injection. Fractions corresponding
to monomer and dimer fractions were collected using the fraction collectoeaednto the
system by making approximately 10 injections. The collected fractions were pooled and

concentrated using Amicon Ultdb centrifugal devices with 10,000 MWCO membranes.
4.2.4SEC and multi-angle light scattering (MALS) Analysis

SEGMALS analysis of mAbA samples was performed using an Agilent (Santa Clara, CA) 1100
HPLC connected to a Dawn HELEOS Il MALS detector in series with Optilab rEX refractive
index detector (Wyatt Technology Corporation, Santa Barbara CA). 20 pL of mADbA at 2.5
mg/mL prdein concentration was loaded on a TSK gel 3000SWXL column (TOSOH
biosciences, King of Prussia, PA) connected to the SEC instrument. Data analysis was performed
using Astra software Version 6.1 (Wyatt Technology Corporation, Santa Barbara, CA).
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4.2.5Sodium dodecyl sulfate polyacrylamide gel electrophoresis analysis

Nonreducing and reducing (10X NUPAG&Ereducing agent) SDBAGE analysis were
performed on precast Novex 4%2% TrisGlycine gels from Invitrogen (Carlsbad, CA). The
Novex sharp prstained brad range molecular weight marker that covers the range ii2&)5

kDa was used. 1.25 ug of mAbA was loaded on to each lane and the separation was achieved by
using 45 mA and 200 V of electricity for 45 mihhe gels were stained with SYPRO Ruby
Protein Gelstain for 30 min, followed by destaining for 60 min. Btad ChemiDoc XRS+ was

used to for gel documentation.
4.2.6Differential scanning calorimetry (DSC)

Monomer and dimer fractions in SEC buffer were diluted to 1 mg/mL protein using 47 mM
sodium plesphate and 300 mM sodium chloride, at pH 6.1 and analyzed with a Micro€al VP
Capillary DSC instrument (Malvern instruments Inc, Westborough, Massachusetts). Scans were
collected from 20 to 90C at 60°C/h. The raw DSC data were buffer and baseline sttktia
concentration normalized, and then fit to a msiite model with 3 transitions using the
MicroCal LLC DSC plugin for Origin 7.0 software to calculate the thermal transition
temperatures. The onset temperature of thermal unfoldiage)(Trepresen the temperature
where the heat capacity value reached 0.2 Kcal?@olhe reported if and Tonsetvalues are an

average of three independent runs.
4.2.7Circular dichroism (CD) analysis

Far and neatUV CD data are acquired using a Chirascan Plus Cbisgmlarimeter fitted with

an autosampler (Applied Photophysics, Leatherhead, UK). Monomer and dimer fractions in SEC
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buffer were diluted to 2 mg/mL protein using the same SEC buffer (pH 6.1). The autosampler
arm was used to load samples from a plate ithé cuvette and then for washing and rinsing the
cuvette following analysis. FWV CD data was acquired in a 0.01 cm pathlength floseugh

cuvette (Applied Photophysics, Leatherhead, UK) from-280 nm wavelength at 1 nm
bandwidth, step size of 1 nand scan time of 1 sec per point. NeB&f CD data was acquired in

a 0.5 cm pathlength open top flow through cuvette (Applied Photophysics, Leatherhead, UK)
from 250350 nm wavelength at 1 nm bandwidth, step size of 1 nm, and scan time of 2 second
per poirt. The reported data are average of three repeat scans for any sample. All CD data were
acquired at ambient room temperature. Water and bovine serum albumin standards were
analyzed by farand neatJV CD before and after all sample analyses to confirm b of

instrument performance from historical data or during the sample runs (data not shown).
4.2.8Accelerated stability study

500 pL ofproteinsamples were filled into 2 mL type | glass vials and exposed to UVA light for

9, 24 and 72 hours, respectiveThe light exposed samples, along with controls (no light
exposure), were then subjected to an accelerated stability study in which samples were stored in
triplicates at C, 25°C and 35°C and analyzed using SEC after storage for 30 days and 90 days

along with initial time point samples.
4.2.9 Intact mass analysis

Monomer and dimer fractions were diluted into-MS grade water to a concentration of 0.5
mg/mL protein. 100 pL of a 0.5 mg/mL sample was mixed with 2.5 pL of 1 MHGS buffer

(pH 8.0) ad 2 pL of 2 U/mL PNGase F (Promega, Madison, WI). The mixture was incubated
overnight at 37 °C. The samples were mixed with 1 pL of 50 mg/mL DTT (in 125mMQis
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buffer) and incubated at 37 °C for 45 min to reduce the disulfide bonds. 0.5 pg of thedredu
protein was injected onto an Acquity UPLC BEH300 C4 1.7 pum, 1.0 X 50 mm column
connected to Waters Xevo G2 QTOF (Milford, MA) mass spectrometer operating in ESI positive
mode. Mobile phases A and B consisted of 0.05% (V/V) trifluoroacetic acid (TFRLiNMS

grade water and 0.04% TFA in EX@S grade ACN, respectively. A linear gradient of 2%
mobile phase B in 12 min was used at a flow rate of 70 uL/min to elute mAbA from the RPLC
column (Acquity UPLC BEH300 C4 1.7 um, 1.0 X 50 mm). Molecular masses acquired by
deconvoluting the multiply charged ion peaks using the MaxENT procedure in the MassLynx

software (Waters, Milford, MA).
4.2.10Peptide mapping

100 pg of mAbA were mixed with 20 pL of 7 M Gd#Cl, 125 mM TrisHCI buffer (pH 8.0).

The disulide bonds of the mAbA samples were then reduced by addition of 1 puL of 50 mg/mL
DTT (in 125 mM TrisHCI buffer) and incubated at 37 °C for 45 min, followed by alkylation
with 3 pL of 50 mg/mL IAA (in 125mM TrisHCI buffer) solution in the dark at room
temperature for 30 min. 170 pL of 100 mM Tris buffer (pH 8.0) was then added to achieve a
total volume of 300 pL. The reduced and alkylated samples were digested by the addition of 50
pL of 0.1 pg/uL sequencing grade trypsin (enzyme: protein 1: 20, w: wjnaadhation at 37C

for 2 hours, followed by the addition of 25 pL of 0.1 pg/pL &uenzyme: protein 1: 40, w: w)

and further incubation for 2 hours at 7. The digestion was quenched by the addition of 1 pL

of 50% TFA in water. All the digested saraplwere analyzed by LC/MS/M$Sising a Waters

nano Acquity UPLC system coupled to a Waters Synapb@®ass spectrometer (Milford, MA).
Tryptic peptides were separated using an Acquity UPLC BEH C18 1.7 micrometer, 1.0 X 150

mm reverse phase column and tbes were analyzed by mass spectrometry between values of
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m/z 100 and m/z 2000. Data acquisition was achieved in tHedwl8inuum mode by ramping

up the collision energy from 22 V to 55 V. Mobile phase A was 0.05% (V/V) trifluoroacetic acid
(TFA) in LC-MS grade water and mobile phase B was 0.04% TFA in ACN. Peptides were eluted
with a linear gradient of 1% B to 35% B in 135 min followed by washing the column with 90%
ACN for 15 min, after which the column was equilibrated with 1% ACN for 8 min with a flow
rate of 50 pL/min. Trypsin and GIG digestion resulted in 95% coverage for both monomer and

dimer fractions. Peptide mapping data were analyzed using MassLynx software.
4.2.11Hydrogen/Deuterium exchange mass spectrometry (HAMS)

The monomer and dimerdctions isolated from control and UVA light exposed mAbA were
analyzed by H/EMS using a Waters HDX manager system, connected to a Synaptnaas
spectrometer. All the starting protein stocks were adjusted to 10 mg/mL protein using 47 mM
sodium phosphatand 300 mM sodium chloride at pH 6.1. Sample preparation for- H/D
exchange experiments were carried out using aarwoH/DX PAL robot (LEAP Technologies,
Carrboro, NC). 4 pL mADbA sample was mixed with 76 pL of labeling buffer (47 mM sodium
phosphate, 306M sodium chloride in 99+ atom%:D, pH 6.1) in a 1:20 (v/v) ratio to initiate

H/D exchange. The pH values mentioned here are reported as is recorded using a glass pH probe
without further conversion to pD. The exchange reaction was quenched at footitse (50,

100, 1000, 10000 sec) by 1:1 dilution (40 pL) with-amd quench buffer (0.4 M TCEP, 4 M
GdnHCI, 200 mM sodium phosphate) at°C resulting in a final pH ~ 2.5. The quenched
solution is maintained at°C. 20 uL of the quenched solution wémmediately injected into the
sample loop of the refrigerated HEManager compartment, housing the reveigkdse
column, trap and the pepsin column at°G.8luring the course of the experiments. The samples

were passed through an immobilized pepsin col@AB applied science, 2.1 x 30 mm), desalted
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on a Waters VanGuard precolumn trap (Acquity UPLC BEH C18 1.7 um) for 5 min at 0.3
mL/min and then the peptides were separated on a reversed phase column (Acquity UPLC BEH
C18 1.7 um, 1.0 x 50 mm) at a flow eadf 50 uL/min. Mobile phase A was 0.1 % formic acid in
LC-MS grade water and mobile phase B was 0.1% formic acid #iMBQyrade ACN. Peptides
were eluted with a linear gradient of 3% to 15% mobile phase B in 1 min, followed by linear
increase from 15% t@0% in next 5 min and directed in to a Waters SynapiSG2ass
spectrometer running in the positive ESI mode. The data were acquired in thadd& with a

scan over m/z 255 to m/z 2000, with lock spray correction using leucine encephalin. Two
additional gadients from 480% mobile phase B and®% mobile phase B were built at the

end of the gradient cycle for each sample injection to allow alpanf the reversed phase
column and trap. In addition, after sample digestion through the pepsin columnodigailc
mixes of a) 5% acetonitrile, 5% isopropanol, and 20% acetic acid in water and b) 2M guanidine
hydrochloride in 200mM phosphate at pH 2.5 were injected in 100 uL volumes consecutively to
pass through the pepsin column to minimize cangr3® No mgor carryover issues were

observed following this cleaning protocol for the RPLC column, trap and the pepsin column.
4.2.12H/D-MS data analysis

A peptide list was generated by identifying the resulting peptide segments after online pepsin
digestionof nondeuterated mAbA sample using the BiopharmalLynx software (Waters), with
mass tolerance set at 10 ppm for singly charged precursor ions and 30 ppnf fivagnSnt

ions. A total of 118 and 112 peptide segments were identified covering approximétesn@o

85% of primary sequence of mAbA in monomer and dimer fractions, respectively. HD Examiner
(Sierra analytics, Modesto, CA) was used to calculate the mass increase due to deuterium uptake

for the different peptic peptide segments and conditions. tgtalig significant differences
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between mADbA control and light exposed samples (monomer and dimer fractions) were
identified using a 99% confidence interval for the current data set which was calculated using the
method of Houde et &.H/D exchange dataere mapped onto the homology model of mADbA.

Back-exchange measured using fully deuterated control peptide segments ranged-2%&b.18

4.2.13Homology model of mAbA, sequence, and structural analysis

Homology modeling was performed based on proteirueece of mAbA in the Molecular
Operating Environment (MOE) (Chemical Computing Group, Montreal, Canada), using 1HZH
as a template for full IgG1. Amberl0: EHT force field was used for the following structural
analysis in MOE. Solvent accessible surface §8%SA) and surface exposure (%) for each
residue was calculated based on the static model structure using the protein properties analysis
module (MOE). Spatial aggregation propensity (SAP) was computed according to the method
reported by Chennamsetty dt £010) in the Accelrys Discovery Studio 4.0 software (San
Diego, CA). The modeled structure of mAbA was also prepared and computed for electrostatic
potential using Accelrys Discovery Studio 4.0 software. In addition, the online tool
AGGRESCAN was usetb analyze primary sequence for the prediction and evaluation of "hot

spots" of aggregation in polypeptidé$All structure model figures were generated by MOE.

4.3 Results

We start by defining three terms that will be used throughout the remaindee dbtument.
First, the term fAcontrolo refers to a mMAbA c
solution. Second, Adark control o refers to sa
samples, but placed in a card board box in the phmmber to prevent light exposure. Third,

Astressedod samples refer to mMAbA samples that
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4.3.1UVA light induce increased aggregation with higher exposure time

MADA samples in 25 mM sodium phosphate buffer (pH 6.1) were exposed/ Aolight for
various time points: 9 hours (100% ICH dose = 1X), 24 hours (2.5X ICH) and 72 hours (8X
ICH). The apparent molar mass of the various sized species generated due to light exposure were
independently confirmed using SEMIALS analysis (Supplenmgary Material, Fig. S1). The
percent of dimers and higher molecular weight species (HMWS) increased with increasing
duration of UVA light exposure (Fig 1a). SEC connected to a fraction collector was used to
isolate both monomer and dimer fractions. Theoant of dimers formed in control and light
exposed MmADbA samples ranged from 42%, as measured by SEC. Dark controls contained
similar amount of aggregates as the control samples. Approximately 10 injections of each
original mAbA sample were made for labon of monomer and dimer species followed by
pooling and concentrating the samples to obtain enough protein quantities for future
experiments. The purity of the collected fractions was determined using analytical SEC.
Monomer fractions (Fig. 1b) were @Bpure and eluted at approximately 16 min, whereas the
dimer fractions (Fig. 1c) were 9496% pure with traces of monomer species and eluted at 14

min. Purified fractions were always stored & ZC until further analysis.

Comparison of nomeducing ad reducing SDSPAGE (Supplementary Material, Fig.S2)
indicates formation of nereducible covalent species in light exposed samples. Formation of
higher molecular weight species (HMWS) increased (appearance of new bands above the heavy
chain band) with inease in the duration of light exposure, which is in agreement with the SEC
data. Along with HMWS there was a parallel increase in the formation of fragments, which are
detected as lower molecular weight bands observed below the band of intact protem in n

reducing SDSPAGE.
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4.3.2UVA light induced oxidation of selective Met residues in mAbA

Both monomer and dimer fractions were analyzed usingiSCto determine the effect of light

on chemical degradation of mAbA. Through intact mass analysis (Supp@méfdterial, Fig.

S3), peaks with a mass increase of ~32 Da were identified exclusively on HCs of mAbA samples
exposed to light. The intensity of these additional peaks increased with the increase in duration
of light exposure. Less intense peaks withassnincrease of ~16 Da were also observed. Peptide
mapping was used to identify the distribution of modifications. On analysis, selective peptides
with methionine (Met) showed an additional peak with mass increase of 16 Da. It was confirmed
by MS/MS that he mass increase was due to the oxidation of Met residues to methionine
sulfoxide (MetSO). The extent of oxidation was determined by dividing the extracted ion
chromatogram (EIC) peak areas of the MetSO containing peptides by the total peak areas of

MetSOcontaining peptides and naxidized Met containing peptides.

There are six Met residues in the heavy chain of mADbA, out of which Met 257 and Met 433 were
extensively oxidized in both monomer (Fig. 2a) and dimer (Fig. 2b) fractions. The extent of Met
oxidation increased with the duration of light exposure for both monomer and dimer fractions.
Table. 1 summarizes oxidation levels of Met residues in UVA light exposed mAbA (monomer)
as well as the calculated solvent accessible surface area (SASA) of thetivesplet residues.
There were some peptides which showed probable low levels of Tyr and His oxidation, but lack
of good MS/MS fragmentation to further confirm the modification, limited us in identifying

these modifications.
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4.3.3 UVA light reduced thermal stability of mAbA monomer and dimer

fractions

Thermal unfolding by DSC was used to compare the conformational stability of mAbA
monomer and dimers isolated from control and UVA light exposed mAbA samples. Figure 3a
shows a representative DSC thernamgs of mAbA (1 mg/mL, pH 6.1 in SEC buffer), which
display three distinct thermal transition temperatures denot@&dladm2, andTm3. Values for

the onset temperature$ofse) (Table. 2) were also determined. A gradual decrea3eniaand

Tml were oBerved for monomers and dimers (Table. 2, Supplementary Material, Fig.S4)
collected from mAbA exposed to increasing doses of UVA light. 72 hours UVA light exposure
caused ~ 12C decrease inghset ~ 1.4°C decrease ingl, ~ 0.5°C decrease inn2 in bah
monomer and dimer fractions compared to the control. «@d&nd ~ 0.2C decrease in3 are

also observed for monomer and dimer fractions compared to the control mAb.

4.3.4 UVA light exposure induced changes in tertiary structure of mAbA

dimers

ThenearUV CD data for the monomer and dimer fractions (Fig. 3a, 3b) of mAbA show changes
due to light exposure compared to the control. The magnitude of the changes are higher than
usual instrument variability, and hence indicate changes in tertiary s&umftumAbA due to

UVA exposure. The differences are very distinctive in dimer fractions (Fig. 3b) collected from
UVA light exposed samples. No differences in near-CY spectra was observed between

monomer and dimer fractions in the control sample (datahawn).
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The farUV CD data for the monomer and dimer fractions of mAbA (Supplementary material,
Fig.S5) show no major changes due to increasing UVA light exposure compared to the control
indicating no major change in secondary structure of the monomer/dmactions. All the

spectra displayed intense negative band betweer22l® n m d e mchedt tich satuien g b
of mAbA. No difference in far UMCD spectra was observed between control monomer and

dimer samples (data not shown).
4.3.5UVA light exposure decreases accelerated storage stability of mAbA

The impact of preexposure to UVA light was assessed on accelerated storage stability of mAbA
samples. The protein samples were stored in stoppered type | glass vials at three temperatures (5
°C, 25°C and35°C) for up to 90 days after the light exposure, and analyzed by SEC to quantify
the percent of monomer, aggregates and fragments species that were generated. SEC
chromatograms of mAbA were analyzed immediately (day 0) after light exposure (9 hours, 24
hours and 72 hours). While ngqoto irradiated samples contained predominantly monomer
(Fig. 4b), with low levels of aggregates (4.2%, Fig. 4a) and fragments (0.16%, Fig. 4c), whereas
MADA samples exposed to UVA light for 9, 24 and 72 hours containe#g52.32), 8.81% (+

0.47) and 12.82% (+ 0.42) of aggregates (Fig. 4a) respectively and 0.27% (£ 0.027), 0.39% (z

0.031) and 0.59% (x 0.029) fragments (Fig. 4c), respectively at day 0.

Upon accelerated storage, the light exposed mAbA samples had adeajease in monomer
content and elevation in aggregate and fragment content. For example, the control sample
showed only slow increase of aggregate content from 4.2% (+ 0.33) at day 0 to 4.57% (x 0.27),
4.7% (x 0.30) and 4.9% (+ 0.39) respectively, upaulmation at C (black solid line), 25C

(black dashed line) and 3% (black dotted line) for 90 days, respectively, but the 72 hours
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photoirradiated sample showed a rapid increase in aggregate content from 12.82% (+ 0.71) at
day 0 to 19.89% (+ 0.9323.86% (+ 0.56) and 25.69% (+ 0.82) on incubation for 90 days at 5
°C (blue solid line), 258C (blue dashed line) and 386 (blue dotted line), respectively (Fig. 4a).
Similarly, other stressed (9 hours and 24 hours UVA light exposed) samples also eéxhifie

decrease of monomer and increase of aggregate content, compared to control samples (Fig. 4).
4.3.5H/D-MS analysis of mAbA monomers and dimers

H/D-MS analysis was used to evaluate the changes in local dynamics of mAbA due to UVA light
exposure. MAA monomer and dimers fractions generated due to 72 hours UVA light exposure
along with the control mAbA monomer sample were labeled with deuterium using deuterated
solutions containing 47 mM sodium phosphate and 300 mM sodium chloride (pH 6.1) in 99+
atom % DO at 25°C. The exchange was quenched at different time points (50 sec, 100 sec,
1,000 sec and 10,000 sec), followed by proteolysis using a pepsin column and analysis by LC
MS. A total of 118 and 112 peptide segments were identified covering apptelyira@% and

85% of the primary sequence in the monomer and dimer fractions, respectively, collected from

mMADA which was exposed to light for 72 hours.

Deuterium uptake plots were generated for each peptide by plotting the mass increase for each
peptide vsexposure time (seconds) ino@. Fig. 5 shows deuterium uptake plots of six
representative peptide segments from mAbA control monomer, and monomer and dimers from
72 hours light exposed mAbA. Comparison of the H/D exchange profiles of 118 peptic peptide
segments showed no significant changes in deuterium uptake for majority of the peptide
segments compared between control and 72 hours UVA light exposed monomer or dimer

species. However, three specific segments (Fig.5) HG 188 in the G1 domain, HC 242256
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and HC 301323 in the G2 domain showed increased in deuterium uptake in both UVA
exposed monomer and dimer samples compared to the control monomer. For example, in
monomer fractionated from 72 hours UVA light exposed mAbA the HQO 28 segment
(peptde number 53) in the 42 domain exchanged more quickly with largest difference, relative

to the control evident at 50 sec. In thg2Cdomain there were also a series of overlapping
peptide segments (Supplementary Material, Fig.S6) covering HQZ8l2whth are located at

the Niterminus of the G2 domain displayed increased deuterium uptake in UVA light exposed

monomer and dimer when compared to control monomer.

H/D-MS analysis of dimer fractions revealed several segments with increased deuterium uptake
(Fig.5 and Supplementary material, Fig.S7) HC-126, and HC 15870 in Gy1 domain, HC
242-256, and HC 30B15 in Gi2 domain and HC 37885 in Gy3 domain indicating regions

with decreased strength oflbbnding or increased solvent exposure due to UgAtlinduced
chemical changes. Analysis also revealed several segments,iB€ 51V domain, HC 20#

213 in Gi1 domain and LC 989 in VL domain with decrease in deuterium uptake as compared

to control monomer.

Differential exchange plots were used touabkze and estimate the impact of light induced
chemical changes on H/D exchange across all the mAbA peptides. The relative mass difference
( gom) is the difference in average mass of a

light exposed and g&2: control).

Ordinal numbers (peptide numbers) were assigned to each peptide segment based on the
ascending order of sequence midpoint of each peptide segment fromtenmihus to the €

termi nus. The rel ative mas sentwad ploged enrthe gertialkpm)  f

125



axis vs the peptide number on the horizontal axis of the difference plots (Fig. 6). MAbA
segments with positive om indicate regions of
local flexibility due to UVA light expos r e, wher eas negative om indi
deuterium uptake implying decrease in local flexibility. A 99% confidence interval of + 0.59 Da
(Supplementary material, Fig.S8) was calculated based on the standard deviations from the entire
dataseend i s represented by a black horizont al d
or smaller than 0.59 Da for at least one labeling time point indicate a significant difference in

local flexibility in the corresponding peptide segment. Most regmhnmAbA monomers or

dimers did not have any significant changes in flexibility due to UVA light exposure, whereas

few segments had statistically significantly changes.

Following analysis, the segments showing significant changes in deuterium uptakeoare col
coded on to the homology model of mAbA (Fig. 7a, 7b). Regions with significant increase and

decrease in deuterium uptake are color coded with red and blue, respectively.
4.3.7Structure-based and sequenebased computational analysis of mAbA

Threedimensional structure based analysis of mAbA including SAP (spatial aggregation
propensity), SCM (spatial charge map) and other molecular descriptors were calculated
(Supplementary material, Fig.S9). The results indicated that mAbA bear hydrophilic surface
overall, with a net charge of 9.3 when calculated at pH 6.1. Furthermore, there is no strong
negatively charged patch or charge imbalance identified on the surface of the mAbA by SCM
analysis or electrostatic potential analysis. The three regions with sledrdauterium uptake
identified from dimer sample, one (HC 2@41 3 ) i s -thbet stretah toeated dmwT

domain, adjacent to the region showing increased deuterium uptake (HC71%1) , a-n i nne
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sheet on @1 (Fig. 8b). The other two regions withaleased uptake are located on the Fv
domain; composed of a partial CEHR loop and CDR_3 loop (Fig. 8a). A closer look of these
regions reveals that charge and polar residues (D, E, K, Y, N) are dominant on the surface, with
the exception of a surface egqed Trp residue. On the other hand, plotting the regions with
increased deuterium uptake (either monomer or dimer) indicates that they are predominantly
located at the constant regions of mMAbAL{C G+2 and Gi3) and mostly buried or partially
buried. HC 16-125 is the linker connecting the Fv to th@lCdomain, it is known to be a
flexible region involving elbow movement of thes,Flomain. HC 151170 is a long stretch
consisting of two anp a r a isheetd, lochted at the center ofilGlomain. The othethree
regions (major increase of uptake) cluster around the inner core ofizhe @ o ma-sheets), 2 b
plus a nearby loop on the top of thg3hat interfacing withthe 2 d o ma i -sheet(HG e b
242-256) with the most significant increase in deuteriuptake is directly adjacent to the
carbohydrates packed between the tw® @omains of the Fc dimer. The last residue of this
region (HC 242256) is followed directly by Met 257, located at the2€Cx3 elbow. Met 257

and Met 433, the top two residues shayvimghest rate of oxidation upon phettsess of mAbA

are threedimensionally close with each other.

In addition to the spatial aggregation propensity analysis, AGGRESCAN was used to probe the
aggregation prone sequences in the constant domains of mAle8l ba the primary sequence.

The hot spots identified by AGGRESCAN included HC -1456, HC 176193, HC 243248, HC
303316, and HC 36878, which are then plotted on the mAbA homology model (Fig. 7c). In
comparison with the plot based on the HDX resultsliofer (Fig. 7b), several AGGRESCAN

hot spots overlap and coincide with the regions of increased uptake.
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4.4 Discussion

Protein aggregation represents a process during which two or more protein molecules
(monomers) associate to form stable complexes.réggges may be tethered by strong-non
covalent/covalent forces, which may require a marked level of conformational alteration
(unfolding or misfolding) in order to expose highly aggregapoone sequence of amino acids
(aggregation ihot formmpsirang dnjerprotein lcontadis betveegn the
monomers? The aggregation propensity of a given protein can be influenced by its
environmental factors such as, the solution pH, ionic strength, concentrationsofutes,

mechanical stresses, exposurégbt, etc®

The main aim of this study was to investigate the molecular mechanism of increased aggregation
propensity of an IgG1 mAb following exposure to UVA light. Light exposure of protein
therapeutics has been known to induce oxidation, fragmemtatovalent crosinks,
discoloration, yellow color formation and aggregati®ff. In this study, a monoclonal antibody

of 1IgG1 subclass, mAbA was exposed to UVA light for three different time points: 9 hours
(100% ICH), 24 hours (2.5X ICH) and 72 ho@8X ICH). SEC was used to separate and collect
monomer and dimer fractions of the UVA exposed mAbA sample, and the fractions were
analyzed by a variety of techniques to monitor their conformational, physical and chemical
stability as well as aggregation gpensity on storage. A dependence of duration of light
exposure on the rate of aggregation of mAbA on accelerated storage was observed from SEC
(Fig. 1a) and SD®AGE (Fig. S2) data. The extent of aggregation increased with an increase in
the duration ofight exposure. Nomeducible covalent species with molecular weight ranging

approximately between 140 KD260 kD were identified upon UVA light exposure (Fig. S2).
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The amount of nomeducible species also increased with increase in duration of lightuggpos

the trend being 9 hours < 24 hours < 72 hours. The high degree of covalent character in UVA
light exposed mAbA can be rationalized by the formation of photo inducededoible
covalent crosslinks. Previously Liu et &l.have discovered formaticof photeoxidative cross

links across two identical conserved His residues on two separate heavy chains. In other studies,
Mozziconacci et al.?l 22 have identified formation of thioether, vinyl thioether and
dithiohemiacetal crosslinks. The cleavagd &rmation of these S (carborsulfur) crosslinks

may occur through photo induced homolytic cleavage of the disulfide bonds. These type of
covalent crosslinks could account for the multiple-neducible higher molecular weight species

detected by redudeSDSPAGE analysis.

The majority of IgG1 and 1gG2 class mAbs have two conserved Met residues, Met 257 and Met
433 located in the 2 and 3 domains, respectively. In this study, UVA light exposure of
MADA resulted in extensive oxidation of Met 257 andtM33 in both monomer (Fig. 2a) and
dimer (Fig. 2b) fractions. Similar observations were made by Liu Etvathere they observed
preferential oxidation of Met 257 and Met 433 in another light exposed IgGl mAb. The
oxidation of these Met residues [to Metifoxide (+16) or Met sulfone (+32)] has been shown to
decrease circulation hadlife, protein A binding, FcRn binding and thermal stabiffty®
Oxidation of mAbA upon light exposure may involve formation of reactive oxygen species
(ROS) such as: singl®exygen, superoxide and hydrogen peroxide, which are shown to oxidize
the proteing? 3° For example, Alavattam et #3.have shown that the surface exposed Trp
residues are capable of transferring light energy to oxygen, converting it to various ROS and

finally into hydrogen peroxide which led to chemical instability of a mADb.
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In this study, we observed extensive oxidation of Met 257 and Met 433 residues, with SASA
values of 27.96 and 0, respectively (Table.1). Residues that are more solvent exposed were
anticipated to be more available for chemical degradation. On contrary, Met 433 with zero SASA
was highly oxidized. This could be because of its close proximity to Met 257 (highly oxidized),
which may induce oxidation of Met 433 due to small conformatiacteanges due to

oxidation4041

To understand the effect of light exposure on mAbA and to study the underlying mechanism of
aggregation, we investigated the conformation of mAbA before and after UVA light exposure.
DSC is normally used to test the therratbility of proteing'?4 In our study, thermograms of
intact MADA revealed three transitions. The transition with largest experimental enthalpy
represents unfolding of the Fab segment, while the second and third transition temperatures
represent unfolidg of G412 and Gi3 domains, respectivefy:*®> From the data (Table. 2), it is
evident that the UVA light exposure affects the thermal stability of mAbA. There was decrease
in Tonsetand Tm1 by ~11°C and ~1.£C, respectively in 72 hours UVA light exposewmnomer

when compared to control monomer and decreaseyis: &nd Tm1 by ~11°C and ~1.4°C,
respectively in dimer fractionated from 72 hours UVA light exposed sample when compared to
control dimer. Monomer and dimer fractions separated from mAbA samgtposed to
increasing durations of UVA light, showed decreasedietand Tm1 values, while the #2 and

Tm3 unfolding transitions showed relatively smaller decreases (°?Q).5Larger decreases in
Tonsetand Tmz1 values indicate changes in conformagébastability in the & domain resultant of

light exposure.

Analyzing the dimer species fractionated from UVA light exposed samplesUne&D (Fig.

3a, 3b) detected significant changes in tertiary structure on UVA light exposure. This indicates

130



that,the environment of the disulfide bonds, and aromatic residues in the antibody are impacted
by the chemical changes on UVA light exposure. Methionine oxidation along with changes in
dynamics could cause disruption of tertiary structure of light exposedr diameples when
compared to control dimer. However, only minor changes in the magnitude of MRE was
observed and no new peaks or deletion of peaks were observed indicating the changes in tertiary
structure of mAbA was not extensive due to light exposureciNmges were observed by far
UV-CD between the UVA light exposed monomer, dimer and the control indicating insignificant

changes to the secondary structure.

To understand the impact of UVA light exposure on accelerated storage stability, a study was
performed, where mAbA samples were exposed to various durations of light exposure (9 hours,
24 hours and 72 hours) followed by incubation at different temperatuf€s 25°C and 35°C)

for up to 90 days and later analyzed using SEC. The results (Figdidate that 72 hours of

light exposure resulted in significant increase in aggregation from approximately 12.82% at time
zero to 25.69%, as compared to increase from 4.2% to 4.7% for control sample on storage at 35
°C for 90 days. This data proved thatenfical changes imparted to the mAb due to light
exposure significantly increase the aggregation propensity of mAbA on accelerated storage

conditions.

4.4.1 Identification of potential aggregate interfaces in dimers formed

resultant of UVA light exposure

H/D-MS analysis of dimers fractionated from 72 hours UVA light exposed mAbA revealed (Fig.
5) peptide segments with increase in protection against deuterium uptake. Three segments HC

204i 213, HC 5159, and LC 9599 showed significant protection towards logkn exchange in
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the dimer fraction. Segment HC 2@43 is located in the {1 domain, whereas HC B39, and

LC 9599 are located in thesfarm. Interestingly, HC 20213 segment shares some of the same
residues as in HC 2a®42 has been previously idemid by lacob et al® as an aggregation
interface in a native (not result of any stress) IgG1 mAb dimer, also showing protection towards
exchange in dimer form compared to monomer.

Identification of segments with decrease in uptakeayafRd Gi1 regionsdemonstrate probable
formation of RFap Or RarChl or G41-Chl interfaces in the dimers. However, long distance
interactions between specific segments cannot be ruled out based on the results of H/D exchange
results alone. Previously several groups haxemegned proteirprotein interfaces of antibody
aggregates. For example, Arora et‘dlave identified the interface of reversible sasBociation

in the Rpregion in IgG1 mAb at high concentration. Hydroxyl radical foot printing was used to
locate thenterface of the antibody dimer by Deperatla éPaZhang et at® identified FabFab

interactions in the CDR region in irreversible aggregates generated resultant of heat exposure.

4.4.2 Integrating experimental data with structural and computational

analysis

Comparison of the H/BAS data of monomer and dimer plotted on the mAb structure (Fig. 7a,

7b) revealed one interesting feature, which is that the additional peptide regions with increased
uptake (on dimer species) reside on area of -mhdenain inerfaces. HC 11425 is the linker

between W and Gi1 domain; and HC 378 85 i s a t ur n -sheets of&gg&n t he
domain, contributing to the 42-Cn3 interface. It suggests that the active regions (increase
uptake) spread from one domain to another alanthrough either linker or direct contacts. In
combination of the findings from the nedW CD experiment (Fig. 3a, 3b), which indicated

additional tertiary structure changes in dimer, one can imagine that the local structural
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perturbation in monomer riiradomain) likely propagate to other domains in dimer species
(interrdomain). This could be the result of dimer formation or one leading reason of dimer
association.

The common implication of decreased uptake is that the regions are protected bypgpodéam
interactions. The three regions with decreased uptake in dimer species are surface exposed
peptide segments, all on the Fab domain (Fig. 7b), suggesifitrgediated dimer formation.
Among them, HC 5569 and LC 9599 are part of CDR42 and CDRL3 loop, unique to mADbA.
Threedimensionally, they form a connected stretch on theCPR surface, which was named

as site 1 (Fig. 8c). The global surface feature of mAbA is hydrophilic based on SAP, SCM and
electrostatic potential analysis. Zooming into #ite 1 area on theaFCDR surface, there is a
small but strong hydrophobic spot (Tyr 94 of LC) standing out in the region of 9D gbig.

8c). The rest of the surface in this protected area consists mostly charged and polar resides (K,
D, E, Y). The S& hotspot (Tyr 94 of LC) may drive dimeric association. Yet we cannot rule out
intermolecular interaction of mAbA through charge or polar interactions. The third peptide
region with decreased uptake (HC 2Z2M3) is further down in @ domain that preceddke

upper hinge of mAbA and was named site 2 (Fig. 8d). Taking into account the locations of these
protected regions and the geometry of IgG structure, more than one potential orientations likely
co-exist for the dimeric association for mAbA after UVA espee. Dimeric interfacing through

site 1 is likely a head to head contact by the &ms of two mAbA, which resembles the
elongated form described by Plath et’alOn the other hand, dimer association through the site

2 is likely the side to side inteston through G1 domain, an example shown as the compact
form by Plath et &’ Presumably site 2 dimer association is common to all IgGs, whereas site 1

dimer association is mAbA specific.
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In this study, the hotspots identified by AGGRESCAN based guesge analysis coincide

with several regions with increased deuterium uptake, which are also the hydrophobic cores of
the constant domaing.he two methionines with highest oxidation upon UVA light exposure
(Met 257 and Met 433) are located at the elbegions between €2 and G3 domains. Met

257 is directly connected to the strand (HC 2456, highest uptake). Met 433 is close to the
strand (HC 376 385, increased uptake) in:& It is plausible that the oxidation of Met 257 and

Met 433 upon light egosure induces local perturbations and populates firstly to regions of
proximity within the G2 domain and @3 domain, displaying increased uptake. If local
structural changes lead to domain unfolding, the AGGRESCAN predicted hotpots could be the
sites tha are prone to start a cascade of events that lead to high molecular weight aggregate

formation.
4.4.3Changes in thermal stability do not correlate with local flexibility

DSC data showed small changes w2 Bnd T3 in the 72 hours light exposed samphelicating

that the chemical changes and the significant increases in flexibility observed w2thadCG3

domains have minor impact on thermal stability of these domains in mAbA. However, DSC
indicated somewhat larger changes #sdand Tnl in the 72hours light exposed monomer
sample compared to the control monomer in spite of no major chemical changes seen in the Fab,
except a significant increase in local flexibility of the 466 segment in the {@ domain.

Several other segments in the Fab exgre@d changes in flexibility in the dimer, however no
major changes in thermal stability was observed between the dimer and monomer fractions. This
shows a total lack of correlation between large changes in thermal stability and local flexibility

in the Fd region.
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UVA light exposure caused significant increases in local flexibility in two particular domains: in
the Gi1 domain (HC 147 156), and in the @2 domain (HC 24256 and HC 30B23) of
monomer fractionated from 72 hours UVA light exposed mAbA (Fig. 5). In contrast, significant
increases in local flexibility in dimer fractionated from 72 hours UVA light exposed mAbA were
identified in three particular domains: inet G41 domain (HC 116 125, and HC 151170), in

the Gi2 domain (HC 242256, and HC 30:B23), and in the 3 domain (HC 376385). The
largest increase in local flexibility was observed in the two specific segments of2lgo@ain

that are predicted toebaggregation prone by the sequence based predictor (AGGRESCAN).
These hydrophobic segments in the2Cdomain of mADA likely initiate the aggregation
pathway. Previously several studies have shown that increased flexibility in the same segments
in the G42 domain as is observed in this study is correlated with loss of stability in IgG1 mAbs.
4850 A conformational comparison between mAb dimer and monomer by lacoBleeataled

rapid deuteration of the same segment in th2 @main in the dimer demondirgy an increase

in local flexibility in this region on dimer formation. Other researchers have shown that
oxidation of Met 257 in IgG1 mAbs resulted in increased deuterium uptake inamitht acid
segment (FLFPPKPKDTL) that also cover the 2485 segmehnin the G2 domain in mAbA
located immediately before Met 28%% It has been postulated that oxidation of Met 257 and
Met 433 increase the distance between two sulfur atoms, thus disrupting the hydrophobic

interactions therefore resulting in increaséoical dynamic$?!
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Photostability is routinely screened for new candidate mAbs in preclinical development.
Generally, an appropriate control strategy is designed for candidates that show greater
degradation liability on photexposure. Exploring the calations between phoiaduced
damage such as oxidation in case of mAbA, conformational and accelerated storage stability,
changes in local flexibility, and computationally predicted aggregation hotspots can identify
aggregation prone sequences in a mAlbchS information may be used during protein
engineering to reduce the potential for long term aggregation propensity thereby increasing the
safety of these types of biotherapeutics. Future studies may be designed with mAbs looking at
the impact on aggregati propensity due to different types of lightuced chemical
degradation. One way to limit oxidation in such studies will be to do the {exptmsure
experiments in sealed vials containing only nitrogen in the headspace. Moreover, the similarity
of the data presented in this report with data from other mAbs can also produce platform learning

for IgG1 mADs.

4.5 Conclusions

Comprehensive understanding of aggregation propensity of protein pharmaceuticals is a vital
task in development of protein therapesitic the biopharmaceutical industry. In this study, we
demonstrated use of H/MS to explore changes in local flexibility due to UVA light exposure

on an IgG1 mAb accompanied with computational analysis for identification of aggregation
prone regions, andbiophysical analysis using circular dichroism and differential scanning
calorimetry to explore changes in higher order structure and thermal stability. Our results
indicate that UVA light exposure induced methionine oxidation, caused larger changeBa the

domain with smaller changes ivZ and 3 domains, and increased deuterium exchange in
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three segments in then€ and 3 domains in the monomer and dimer. We also identified
formation of possible &-Fab and Rr-Chl interaction interface in dimers,rfoed resultant of

UVA light exposure. Computational analysis identified potential aggregation prone regions in
Cn2 and G3 domains of the mAbA. Increased deuterium exchange was specifically observed in
two of these aggregation hotspots (HC 24256, and K& 376- 385) in the 72 hours light
exposed mAbA monomer and dimer fractions. Hence increased local flexibility indhke C
domain due to UVA light exposure correlates with increased aggregation propensity of this IgG1

mAD.
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Tables

wWethionine Location % oxidized SASA .
e
134 HC 2.8 0.002
Met 83 HC 0 2.054
Met 109 HC 17.37 0
Met 257 HC 56.25 26.9
Met 363 HC 4.46 47.21
Met 433 HC 57.74 0

Table 1.Sites of methionine oxidation in UVA light exposed mAbA samples.

Sites of methionine oxidation identified by H@S/MS analysis in mAbA samples exposed to
UVA light for 72 hours. The solvent accessible swefacea (SASA) was calculated based on
the static model structure using the protein properties analysis module (MOE).
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Tonset(° C) Tml °C) Tm2 CC) T3 °C)
Sample type onset Me an M@EdDn S BT M2aaTn B OBN
Monomer
Control 545 0.3- 68.6 05 - 73.7 0.1 - 822 <0.1 -
UVA 9 hrs 511 0.734 67.9 <0.1-0.7 73.6 03-01 82.1 <0.1-:0.1
UVA 24 hrs 472 0.67.3 67.7 <0.1-0.9 75 02 -02 82.0 0.2-0.2
UVA 72 hrs 435 0.411 67.2 01214 73.2 <0.1-05 81.7 0.2-05
Dimer
Control 55,9 04 - 68.1 <0.1 - 736 <0.1 - 82.1 <0.1 -
UVA 9 hrs 521 0.4-38 675 <0.1-0.6 73.3 0.2-0.3 82.0 0.6-0.1
UVA 24 hrs 49.2 0.9-6.7 67.2 <0.1-0.9 73.2 <0.1-04 81.9 <0.1-0.2
UVA 72 hrs 454 0.4-10.5 66.7 <0.1-14 73.1 <0.1-0.5 81.9 <0.1-0.5

Table 2 Thermal onsetemperature (Tonset) and Thermal melting temperatures (Tm1, Tm2, and Tm3)

for monomer and dimer fractions collected from UVA light exposed mAbA samples as measured by DSC

MADA solution at 1 mg/mL contained 47 mM sodium phosphate and 300 mM sodium elsiopH 6.1.
The difference in melting temperatueer,) was obtained from J light exposed Tm, control
Mean and standard deviation (SD) are based on three separate measurements.
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Figure 1. SEC analysis of mAbA samples exposed to UVA light. (a) Overlay of SEC
chromatogrens of mAbA exposed to increasing durations of UVA light. Samples were prepared
in 25 mM sodium phosphate buffer (pH 6.1), without light exposure (control) (black trace) and

exposure to UVA light for 9 hours (blue trace) or 24 hours (magenta trace) orur (hed
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trace). Overlay of SEC chromatograms showing purity of monomer (b) and dimer (c) fractions
obtained after several injections and concentration of mAbA samples using SEC fraction

collector. Each injection contained 12% jof mAbA and monitored atl2 nm.
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Figure 2. LC-MS analysis: Characterization of monomer and dimer fractions obtained from
UVA light exposed mAbA samples. Correlation between methionine oxidation levels and

duration of UVA light exposure, in (a) monomer and (b) dimer fractionsr Bars represent

standard deviation from three independent samples.
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Figure 3. NearUV spectra (n=3) of monomer (a) and dimers (b) isolated from mAbA samples

exposed to increasing durations of UVA light exposure (0, 9, 24, 72 hours).
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Figure 6. Relative mass differencepm) f or al | peptide segments
hours) mAbA, compared with control (no light exposure) monomer as measured BM3/D

Each vertical bar represents the mass difference of the average deuterium uptake of each peptide
segment, at faudifferent exchange time points (50, 100, 1000, and 10000 s). Jhes x
represents the peptide number, arranged in ascending order starting-t@itinits of heavy

chain and ending with -@rminus of the light chain. The horizontal dotted line represtm

99% confidence limit% 0.59 Da) for a significant mass difference. The domain locations of the

representative peptide segments are shown on the top.
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Figure 7. Effect of UVA light exposure on deuterium uptake of various segments of naSbA
measured by H/EMS and plotted onto the homology model of mAbA. The color code is
acquired from comparison of average deuterium uptake of monomer and dimer species
fractionated from mAbA exposed to UVA light for 72 hours, compared with mAbA control
monamer. The peptides segments that showed significant differences are indicated on the
homology model. (a) Monomer, (b) Dimer and (c) Aggregation prone regions identified by

AGGRESCAN are labeled with orange color.
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Figure 8. Effect of UVA light exposure on deuterium uptake of various segments of mAbA as
measured by H/EMS and plotted onto a homology model of the mAbA DR surface (a, b).

The spatial aggregation propensity (SAP) values at R = 5 A are mapped onto the molecular

surface of the mAA Fan CDR surface (c, d).
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Supplementary material
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Fig. SISEGMALS analysis of mAbA (1 mg/mL) (a) control and (b) exposed to UVA light for

72 hours. The left vertical axis is labeled as molar mass (g/mol). The solid vertical lines represent
UV absorbancat 280 nm and horizontal line represents light scattering intensity. The average
apparent molar mass of various species in the chromatogram was reported by the ASTRA

software.
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Fig. S2 Nonreduced and Reduce8DSPAGE of mAbA samples exposed to increase
durations of UVA light: lane 1 molecular weight (kDa) standards, lane 2 control sample, lane 3
exposed 9 hours sample, lane 4 exposed 24 hours sample, lane 5 exposed 72 hours sample and

lane 6 exposed 144 hours sample.
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Fig. S5 FarUV spectra (n=3)f (a) monomer and (b) dimers isolated from mAbA samples
exposed to increasirdurations of UVA light exposure (0, 9, 24, 72 hours).

159



224 16-23 27-32

| maba_comrotmonamer ABA_UVA 72 hes_monamer T re— ™A _IINA 72 his_manamar mAbA_Control_Monomer mABA_UVA 72 brs_monamer
5
5
15 3
Fol 4
- - -
Fl F I 3
a a a
t 3 2
* # *

0 0 _— —— ——— o — ——r o
100 1,000 10,000 100 1,000 10,000 100 1,000 10,000
Time (sec) Time (sec) Time (sec)
33-43 34-46 36-50
§ mAbA_Control_Manomar MABA_UVA 72 hrs_menamer 1| mABAConrol Manamer mAA_UVA 72 hrs_monomer |p | mAbAControl Manomer mAbA_UVA 72 hrs_monamer
8 10
6
- - - !
3 36 Fl
3 o o
8, a A i
® # *
4
4
2
2 E—?’*—/& 3 r—%ﬁ
0 0 0
100 1,000 10,000 100 1,000 10,000 100 1,000 10,000
Time (sec) Time (sec) Time (sec)
36-59 36-68 38-52
mAbA_Contral_Monomer mABA_UVA 72 rs_manomer mAbA_Control_Monomer mADbA_UVA 72 hrs_monomer
20 1 | mAbA_Contrel_Manomer mAbA_UVA 72 hrs_monomer e
10
b1
15
8
- 2 -
g 5 3
n ul g = (]
! 15
- #
) 10 ; 4
5 T M -—/_:Q______;:—-'J_%
| e : ge
o - - — — o 0
100 1,000 10,000 100 1,000 10,000 100 1,000 10,000
Time (sec) Time (sec) Time (sec)
44-68 47-68 49-59
=
mAbA_Gontedl_Monamer MAUA_UVATZ hrs_manomer gy | mesA-Cantre Manomer mABA_UVA 72 hrs_menomer mAbA_Control_Monomer mABA_UVA 72 hrs_monomer
2 8
15
S . g’
1] 3 ]
a a a
10
— Q
5 #_——_—__4—"? 5 ,-\__4-‘_4——::9::;::/‘ .
g 0 0
Lo = 2 (;'23 w00 100 1,000 10,000 100 1,000 10,000
Time (sec) Time (sec)

Fig. S6 Deuterium uptake curves for the segments from monomer fractionated from mAbA
exposed to UVA light for 72 hours vs control monomer. Peptide segments containing oxidized
Met residues were notadily found by HDExaminer and hence are not repor{gteavy chain)
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Fig. S6 Deuterium uptake curves for the segments from monomer fractionated from mAbA
exposed to UVA light for 72 hours vs control monomer. Peptide segments containing oxidized
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Fig. S6 Deuterium uptake curves for the segments from monomer fractionated from mAbA

exposed to UVA light for 72 hours vs control monomer. Peptide segments contairdigpoxi
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Fig. S6 Deuterium uptake curves for the segments from monomer fractionated from mAbA
exposed to UVA light for 72 hours vs control monomer. Peptide segroentsining oxidized
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Fig. S6 Deuterium uptake curves for the segments from monomer fractionated from mAbA
exposed to UVA light for 72 hours vs control mononfeeptide segments containing oxidized

Met residues were not readily found by HRaminer and hence are not repor{gteavy chain)
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