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ABSTRACT

The humoral immunitjhas beervolved to protect the host. For an individual it
is one of the greaest biological advantages to harbor effective repertoire of humoral
immunity toward the various hostile agents like bacteria, virus or cancers. In this context
it has been a lonwaiting unanswered question whether the centenarians do have a
special repertoire of humalr immunity giving them the ability to survive longer than
general population. Recently the phage display technology made it possible to define the
circulating repertoire of humoral immunity. This studyasvdesigned talefine the
circulating repertoire ointibodies specific to centenarians.
To achieve this goal, the sera of three populaticestenarianold (healthy
volunteers between age 80d 79, andyoung fealthy volunteers younger than)4&ere
collected. Tl IgG fractions were purifielr om t he centenariansé ser a,
enrich specific phages from the phage display of combinatorial peptide library through
biopanning. The Ipages reactive to the pooledddractions of centenarianbut not to
those of the other groups werelected by a phage enzyme immunoassay and their
sequences were determined by nucleotide sequencing. Interesiigige clones
encoding two homologous peptid&SATLRY and YSPTLFYwere repeatedly found. In
enzyme immunoassay, these two peptidesetherdisplayed onphage or chemically
synthesized and conjugated to bovilge serum a
fractions with much higheir r e guency t h a@ fraotions.eAs thegantivadp s 6 | g

titers to these two peptides were highly correlatéth each other, it was expected that



these two peptides actually represent the same epitope of an antigen.

To characterize and define the antigen represented by these two homologous
peptidespolyclonal antibodieseactive to these peptides was purifiedm human sera
From the human cancer cell lih®Vo, proteins were immunoprecipated by the purified
polyclonal antibodiesand subjected to SDB&olyacrylamide gel electrophoresis. The
identity of the antigen was determined by mass spectrometry aregkisned out to be
the DNA-directed RNA polymerasi subunitRPBL (RPEL)

Identity of the antigewasonce more confirmed ilTmmundolot analysis using
several antibodies specific to the antigen. For establishing the stable source of the
antibody, a phage silay of combinatorial antibody library was constructed using mRNA
prepared from peripheral mononeat cell fractions of voluntegrossessing the antibody
to the epitope. Through biopanning ¥SATLRY, several clones reactive to baththe
peptides and the atibodies were successfully selectedEspecially, one of these
monoclonal antibodies had high affinity to the phosphorylatddr@ial domain(CTD)
of RPB1

To extensively define the phosphorylated form of RRBIID, we generated a
synthetic antibody libraryby replacing the third heavy chain complementarity
determining region of an ariER?2 antibody (trastuzumab) with artificial sequences of
71 18 amino acid residues. From this library, antibodies were selected that were specific t
serine phosphopeptides representing typical phosphorylation patterns on the functional
unit (YSPTSPS) of the RPBL CTD. Antibody clones pCTELstS2 and pCTEndS2
showed specificity to peptides with phosphoserine at the second residues of the first or

second heptamer repeat, respectively. Additional clones specifically reacted to peptides



with phosphoserine at the fifth rege of the first repeat (pCTstS5), the seventh
residue of the first repeat andtlii residue of the second repeat (pCFDS5), or the
seventh residuef ether thefirst or second repeat (pCTF8®7). All of these antibody
clones successfully reacted RPB1 CTD in immunoblot analysis. Interestingly, in
genomewide chromatin immunoprecipitation sequencing analysis, pends2
precipitated predominately RNA polymeradeon the exonic regions of genes, which
suggests that the phosphoserine at the secondueesf the second repeat on the
functional unit (YSPTSP%)s a mediator of exon definition.

In conclusion, we confirmed that centenarians do have a specific antibody in
much higher frequency than the general populatiom the antigen was identified as

RPB1 We also havedeveloped antibodies agairtstmultiple phosphorylated form.

Keywords : Aging, centenarian, phage display, RNA polymerase [IRPB1,

carboxy terminal domain (CTD), phosphorylation

Student number: 2011 30636
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INTRODUCTION

1. Aging and Immune system

Life expectancy is growing longer and longeowadays[1]. And, aging is associated

with a decline in health, partiallyesultsin defects in immunity[2]. Conventional
immunosenescencelescribes the decreased immune ability following agimge
complex process of immunosenescence affects both the innate and the acgetit®f
humanimmune systeni3]. In innate immune systemit is reported that the overall
functions of NK, NKT, Mast, eosinophil are decrea$ed It has been studied that not

only the function ofnnate immunitybut also,acquired immunitydecreaseduring aging.

As organism ages, the primary immune organ, thymus and bone marrow, decreases in its
size and function, following the decrease of nawve B cell @rakll, resulting in weaker
secondary immune resporge.

Especially, he humoral immunity has been evolved to protect the host. For an individual,

it is one of the greatest biological advantages to harbor effective repertoire of humoral
immunity toward the various hostile agents like bacteria, virus or cafidef@bserving

the depressn of agerelated immune system in the standpoint of humoral immunity,
diverse CD28+ positive Tells exist at newborn, bdtecreaseby senescence proceeds

And agingleads homeostatic expension, resulting in decreased resistance to novel antigen.
Moreover redued overall TCR diversity is observed during agiitgy. Thus, bone
marrow, thymic tissue transplantatjaor vaccinationof hostile elements could be useful

methodology for ageelatedimmune therapy7].
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2. Centenarian

Centenarians represents the model of successful &ginghey not only maintain a
longer lifespan than normal populatidout also are resistant to senile disesiseh as
cancer, dementia, diabetes and cardiovascular disead®aintainboth healthy physical

and mentalife. Thus, it is a great model system for discovering the basic senescence
mechanism or longevity.

R e ¢ e nrenlodeling theory of agifiga novel concept, provides good explanation to
these phenomengd]. This theory started from the study of immune system of
centenarianslt shows that some healthy elderly, including centenarians, harbors even

increased immune function

3. DNA-directed RNA polymerase Il subunit RPB1 (RPB1) and its

carboxy-terminal domain (CTD)

RNA polymerasdl, which has molecular weight of 550kDa, is composet@iZofubunit
proteins known as RB1 to RPB12 [10]. Among them, RB1is the largest subunénd

has carboxyterminal domain(CTD). CTD has seven amino acid egt of sequence

Y 1SP:T,SPsS; (Figure 1), this heptapeptide repeats 26 times in yeasts, 32 times in
nematodes, 45 times in fruitflies, 52 times in mammaig, [12], [13]. This repeats of

the YSPTSPS motif can be phosphorylasgdultaneously at multiple residues (except
proline), which yields diverse seriqghosphorylation patterrig4]. It is expected that the

posttranslational modifications, includingphosphorylation, isomerization, and



glycosylation occuifrequently during transcriptio process, to regulate the function of
RNA polymerase Il

Among them, phosphorylation is known to induce the extersiivetural alterations of

CTD. The repeated heptapeptides, more than 5 residue can be phosphorylated
(Y1,.$,T4,S.S;) (figure 2). Especially majority of the phosphorylation occurs on the
serine residued 5], [16], on Ser2 and Ser5 are wellaracterizedor their functional
regulatory roles of CTIDL7].

There exists number of studies of diverse phosphorylation forms of Ser2 and Ser5 on the
CTD of RPB1during transcription of protein coding gen@sgure 3). To take a closer

look into this process, as transcription initiat8gr5 is phosphorylatedrollowing the
transcription progress through RNA coding region of the gene, Ser2 phosphorylation
increases. As a result, Ser2 and Ser5 are both hyperphosphorfaténscription
progresses through the polp) site of the geneSer5 phosphorylation gradually
decreases. On the other hand, Ser2 phosphorylation continuously increases. While
passing poly(A) site, Ser2 is dephosphorylated to terminate the transcripgtfter.
transcription is terminatedRPB1 CTDis not phosphorylad, so that it can fmitiate

new cycle of transcriptiofi.8], [19].

Recently, the role of Ser7 phosphorylation has been studied extensively, that it
participates in the transcription of multiple protein coding genes and snRNA
Moreover, as high level of Sehosphoryl ation i s aTcsello found
receptor b (TCRbBb) gene, it is expected that
3 @nd processing or transcription termination like Ser2 phosphorylgiignAnd it is

studied that Ser7 phosphorylation participates in the transcription process and termination

‘N



of human snRNANot to mention thathis phenomena increases the overall complexity
of CTD code, sincenultiple combinations of Ser2Ser5Ser7or Ser2

Ser7phosphorylation can take part in transcription elongdtiGh



DNA

Mengmeng Z. et aNano Reviews2010;1: 5502

Figure 1. Model of the RNA polymerase Il

The RNA polymerase Il is colored with purple. Different shapes bound to the CTD
indicate various proteins that are recruited
indicate phosphorylatioan the CTD. One repeat in the black circle is zoomed in to show

i ts pri mary sequencand SebE&dored Rvithdo magerfia) @are Ser 2
phosphorylated in each round of transcription, and &nd Serq{colored with yellow)

are also detected as phosphation sitesn vivo.
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Figure 2. Structure representation of the RPB1 CTD heptad and its possible
modifications.

A. structure formula of the canonical heptapeptide of the CBDRepresentation of the
serine phosphorylationSmall orange circles indicate hydroxyl group that can be
phosphorylated or modified otherwise, big orange circle indicates phosphorylation, blue
ellipses indicate the seriprolone peptidybrolyl bonds tlat can have two isomeric

conformations, blue dashed lines show visual separation between amino acid residues.



Ser5P (& ...) Ser2P (&...)

CTDK-I
i

(PTEFb)

pre- initiating elongating terminating
initiating RNAPII RNAPII RNAPII
RNAPII

Hemali P. et al. Genes & Dev. 2006;20:2924

Figure 3. RPB1 CTD phosphorylation patterns dictate which factors associate with

RNA polymerase Il.

RNA polymerasdl (gray oval) is depicted at four positions along a gene, and at each
position its CTD (wavy line) is a different color to indicate different phosphorylation
states: Gray indicates nonphosphorylated repeats; green ind®at8B repeats; red
indicates Ser2, 5P repeats (doubly phosphorylated); and blue indicates Ser2P repeats.

Proteins bound to a type of repeat are indicated in the same color as the repeat.



4. Phage display technique

Phage displays a selection technique, whighe foundation lies on thprinciple that
library of peptide oproteinvariants is expressed on the outside of a phage virion, while
the genetic material encoding each variant resides on the [A8id€23], [24]. It allows
rapid selection of a target moleculeased on binding affinity (antibodiesnzymes, cell
surface receptors, etc.) by anvitro process called biopannifig5]. In 1985, George
Smithinitially demonstratd that antigenic polypeptides could be successfully displayed
in a functional plll viral coat proteifusion formon the surface of phage particle$].
After that, several groupslaimed that antibody fragments could also be displayed as
viral coat proteingusion forms[27], [28], [29] andopenedhe gatefor the development

of phagedisplayed antibody libraries. Since then, all the five phage coat proteins
(pVHI, plll, pVI, pVII and pIX) have been used for displ&30], [31], [32], [33]. Among

the five coat proteinglll and pVIll are most commonly used anell developed fothe
display of proteins or peptides, respectividy]. The overallprocess of the antibody

development using phage displaygiown in figure 4
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Figure 4. Overall process of the antibody development using phage display

cDNA wasreversetranscribed from the total RNACRwas performed to amplifgnd
assemblethe antibody genesAssembled antibody genegere cloned into phagemid
vector. The vectoris transforned into E. coli. With helper phagerescue,random
combinatorialantibody library is displayed orthe phage. Thisphage library contam
diverse antibody fragmentswhich can be used to select positive antibody clones by
biopanning. Biopannings consised with a series of binding, washing, elution, and
amplification cycle The resulhg phage pool can besxamired with enzyme

immunoassay to confirnthereactivity ofselecedantibody clones.



4.1.Antibody phage library

Anti body Il ibrary could roughly béemmoneat egori zec

l i braryéo. |l mmune | ibrary is generated with

nonimmune library uses nawe library generated with antibody gene from human or
animal or artificially generated synthetic library without immunization pro¢ésk

Antibody genes can be obtained from antigemunized donor or synthesdis vitro [29].
Traditional antibody development often includes immunized liblayyaphocytes were
collectedfrom immune organs (bone marrow, spleen and atdyeveral rounds of PCR
were done using set of various priméosobtain the antibody gen¢36]. The coding
sequence of the antibody, whigh fused to the phage minor coat protein plll, can be
successfully diglayedon the surface of phage.

In this study, we constructed antibody as single chain Fragment vafsabie) region

form. ScFv isanantibody, whichconsised withheavy ¥) and light(V, ) chain variable
region. Rearrangingheavy chain \ and light chain Y gene segments vitro and
introducing varying sequences of artificial complementary determining regions (CDRSs)
via overlap PCR using randomizing primers are the major parts of the antibody library
construction. Generated fragment of the antibody is dadné phagemid vector to
transform intoE.coli. Antibodies and most eukaryotic proteins require disulfide bond
formation for stability.E.coli periplasm provides oxidizing environment, which is an
appropriate place for correct antibody folding.

Antibody displaying phages are produdeytransfection with VCSM13 helper phage for
precise replication and assembly of phageticles[37]. Antibodieswith diverse CDR

combinations would be produced, since final library size typically reaciesd @ takes

10
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only a fewweeks to engineer targspecific antibody, phage display @& efficient

technique forantibody development

4.2. Synthetic antibody library

Immune library has great advantage, as it grants a promising probability of a higher
affinity antibody discovery, by boosting antibody generation with antigen immunization
process. However, it is relaely complicated and timeonsuming process, as it starts
with immunization, purifying RNA from retrieved organ, cDNA synthesis, followed by
multiple recombinant PCR progress. On the other hand, synthetic library, which could be
synthesized by artificialecombination of antibody gene, has capability of simplifying the
complex nature of immune library and also, the size of the library could be manipulated
regarding the purpose of the experiment. In addition, it has high stability and expression
rate of theantibody as well as providing simplicity in optimization and enginedfiag

[38]. Recently, human antibody against germline repertoire beiggeseed, grants
active production of germlinderived CDR sequence recombined synthetic libfasy.
Germline repertoire can be classified by sequence homology consist with 6 subfamily
grouped about 50 V (Heavy chain variable region) germline gei¥®], [40], seven
subfamily grouped about 40 functional {Light chain variable region) kappa geldd ],

[42], 10 subfamily grouped about 30 functional l¥mbda gené43], [44], [45]. Various
combinations of them enabled the active research in the generation of numerous tailored
synthetic libraries.

The use of synthetic antibody libraries is especially valuable for developing antibodies to

phosphorylated proteimotifs because it is difficult to produce these antibodies from or

11



nawve or immunized sourcegl6]. Previously, one anphosphopeptide motif antibody

was successfully engineered into multiple antibodies reactive to diverse phosphopeptides
by inserting an anichinding nest in HCDR2 and by randomizing HCDR3 residdés

In this study we constructed a synthetic scFv library with a trastuzumab backi6he

[49] and artificial HCDR3 with 718 amino acid residues (kige 16). We adopted the
antrtHER2 antibody trastuzumab as the scaffold because it can harbor reactivity to
multiple antigens by modifyinigs CDRs.Previously, trastuzumab has been engineered to
display substantial affinity to VEGF while maintaining its reactivity to HERy

introducing mutations on its LCDRSO0].

4.3. Combinatorial peptide library

Random peptide librarywhich is introducedaround same time with the phage display
technique, is capable of generating diverse peptide librariegndmrting randomly
synthesized peptide into the coat protein of phage. And by phage display technique,
antigen determining region, which interacts with certain antibody, could be idefiified
Also, the phage display of combinatorial peptide library made it possible to enrich
peptides reactive to antibodies inside human bl

Random peptide libraries consist of linear heptapeptide (7mer) and dodeca(ihtide)
libraries, as well as a disulfidmnstrained heptapeptide (C7C mer) libranheT
randomized segment of the C7C library is flanked by a pair of cysteine residues, which
are oxidized during phage assembly to a disulfide linkage, resulting in the displayed
peptides being presented to the target as loops. All of the libraries haveexibieplin

excess of 2 billion independent clones (Table 1).

12



Table 1. Types of combinatorial peptide library.

Library complexity
Peptide library Sequence (expected complexity,
achieved complexity)
Random peptide 12mer | \x yyx nwk NNK NNK NNK NNK NNK NNK NNK NNK NNK | 4.1 X 1075,
X,,GGGS X X X X X X X X X X X X 1.9 X 109 independent clones
Random peptide 7mer | i yyx nnk NNK NNK NNK NNK 1.28 X 109,
X,GGGS X X X X X X X 2.0 X 10? independent clones
C7C mer GCT TGT NNK NNK NNK NNK NNK NNK NNK TGC 1.28 X 109,
AGX,CGGGS ™ CEENENED | A7 X X X X X X X cys 3.7 X 10? independent clones

13



4.4. Biopanning

Biopanning is enrichment and selection process of specific binding partners from phage
display library. During this process, antibody or peptide dispigyphage, which
recognize and specifically binds to target protein, is amplified by repetitive panning
selection.In biopanning procesdarget proteia are attached to various soBdpports

like magneticbeads[52], column matrix[53], nitrocellulose[54] or to a larger scale,
plastic surfaces in the form of polystyrene tufigs|, or 96 well polystyrene microtiter
plates[56].

Generallyphage libraryeach displaying a different antibody or peptidesxposed to the
plate orto the bead, coated with the targatolecule. Throughout the washing step,
unbound phages are washed awBgpetitive rounds of panning are performed with
increasing the number of washing steps. Specifidaiynd phagelonesare eluted by
lowering the pH,and amplified. After 3-4 rounds, individual clones are isolated and
sequenced.

The size of library (the number of clones) could be major parameter to selecting good
binder.Nowadays phage library is capable of generating the complexity over the size of
10*. However, due tethe maximum transformation efficiency Bfcoliis currently about
10%*cfu/ml, it is not possible to increase the library size unlimitédif).

In this reasonlibrary design and constructidrave great féects on thebinder selection
process There arevarious selection methods are demonstrafémt. better selecting
binders andemovingnonbinders, matrix types, blocking agents, elution and infection
methods, can be modifidé8]. Also, high-throughput screening of antibody sequences

using nextgeneration sequenciflGS)would be required to select antibody clofes).
14



Converging biopanning and NGS are emerging as the next generation technique for

screeningclones[60].
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MATERIALS AND METHODS

Cell culture

HEK 293T and LoVo cells were obtained from the American Type Cell Collection
(Manassas, VA, USA) and grown iin Dulbeccobs
Seoul, South Korea) supplemented with 168l bovine serun{GIBCO), 100 U/mL
penicillin, and 100 readwmidlfiedstmosehpreé afBy@Oi n at 37 A
HEK 293F cells(Invitrogen, Carlsbad, CA, USA) wergrown inFr ee St yl eE 293
Expression mediuniGIBCO, Grand Island, NY, USAXontaining 100 U/mL penicillin

and 100 e€g/mL streptomycin adand 983% rel&i@ i n air
humidity (RH) on an orbital shaking incubator (Minitron, INFORS HT, Bottmingen,

Switzerland) at 135 rpm.

Peptide synthesis and conjugation
All peptides used in this study were synthesized by Peptron, Inc. (Daejeon, South Korea).

The peptigésweresynthesized and conjugated to B&&\described previous|gl].

Preparation of human serum and antibodies

Sera were collected from 45 centenarify and 50 healthy volunteef§3] (Table2).

The study was approved by the Institutional Review Board (IRB) of Samsung Medical
Center (200412005priefly, 11, 22, andl2 centenarians were recruited from ruaedas

of Kyungsang, Chunra, and Cheju provinces in South Korea, respectively. A medical

survey team visited the houses of centenarians and collected blood samples as a part of

16



the survey procedurelhe informed consent fornwas signed either by the subjects
themselves or close relativebo prepare polyclonal antibodies (pAbs) YSATLRY,
sera were collected from 59 additiohaalthy volunteersThe study was approved by the
IRB of Seoul National University HospitdC-0710-:006-221). Written informed consent
was obtained from all volunteers in accordance with the Declaration of HeRerkonal

identifiers were removed, and data were analyzed anonymously.

Preparation of electrocompetent cell

A single colony ofE. coli ER2738 (New England Biolabs, Beverly, MA, USA) was
inoculated to 15 ml of prewarmed SB medium containing Il of tetracycline and
incubated overnight at 3TC. The next day, 2.5 ml of the culture was transferred into 500
ml SB medium containing 10 ndf 20 % (w/v) glucose and 5 ml of 1 M MgCand

shook at 250 rpm and 3T until the optical density (OD) at 600 nm reaches 0.8~1.0.
The culture was poured into prechilled centrifuge bottle and incubated 15 min on ice. The
culture was separated into supsant and pellet by centrifugation at 3,000 g for 20 min

at 4 °C. The supernatant was discarded and pbket was resuspended in 300 ml of
prechilled 10 % (w/v) glycerol solution. The resuspension was spun as before. After three
times of pellet washinghe supernatant was discarded and the pellet was resuspended in

the small volume of glycerol solution remnant, and store8GstC.

Preparation of helper phage
A single plague of VCSM13 (Stratagene, La Jolla, CA, USA) was infected . tbali

ER2738 culture which was incubated in 10 ml of SB medium and reacheg,©D.0.

17



Infected culture was incubated for 2 hr and transferred to 500 ml of prewarmed SB
medium containing kanamycin to a final concentration of e7@nl and cultured
overnight at37 °C. After the culture was centrifuged at 3,500 rpm for 15 min, the
supernatant was incubated at “Tfor 20 min and spun at 3,500 rpm for 15 min again.

The supernatant was isolated and stored°at 4

Biopanning for discovering the peptidsbindtoc ent enari ansdé |1 gG fractio
The phage display of combinatorial peptittearieswereused as random peptide 12mer,
random peptide 7mer and C7Cmer fréth.D. Phage Display Peptide Libraryew
England Biolabs, Ipswich, MA, USA

To enrich specific bindng peptidesfrom theserandom peptiddibraries (Ph.D. Phage
Display Peptide LibraryNew England Biolabs a total of threerounds of biopanning
wereperformed aslescribed previousl§a7].

IgG fractions from centenarians were immobilized to protein G agarose $aath¢ruz)

at room temperature for 2 HgG coatedbeads were washed with phospHaidfered
saline (PBS) and blocked with 3% BSAPBS (w/v) for 1 hr at room temperature on a
rotator. Afterblocking beads were incubated with phatjeplayed peptides for 2 hr at
room temperaturen a rotator and then washed with 0.05% Tw2@rn PBS (v/vPBST)

to remove unbound phagmd the number of washes was increased to three times in
subsequent roundafter washing 0.1 M glycineHCI (pH 2.2) was added to the beads
and incubated for 10 min at room temperature for the elutidoofidphages from the
beads. Riate was neutralized by adding 2 M TrHSI (pH 9.1). Afterwards, the eluted

phages were used to infd€t coli strainER2738 (New England Biolapculture and the

18



peptidedisplaying phages were rescued by adding helper pl{ggesM13 Stratagenge

La Jolla, CA, USA. Individual phage clones were selected from the output titration plate
from the last round of biopanning, apéptidedisplaying phages were prepared for the
phage enzyme immunoassay, as described previ@gly

To select binders, the reactivity péptidedisplaying phage was tested ihgge enzyme
immunoassay. Thphage clones with positive signals were selected {&.00.5) and

their nucleotide sequences were determined.

Individual phage enzyme immunoassayvith selected phage clones.

Enzyme immunoassaysing phages displaying peptides was performed againstnhuma
IgG to analyze the selected clones from biopanning. Microtitenébplates(Corning
Costar Corp., Cambridge, MAUSA) were coated with antiuman IgG Fab specific
(Sigma, St. Louis, MOQUSA) per well for overnight at 4C and blocked with 3% BSA in
PBS. Each individual human serum diluted in 3% BSA in PBS was incubated for 2 hr at
37 °C. After washing with 0.05% PBST three times, each phage cultures were mixed with
an equal volume of 6% BSA in PBS and incubated for 2 Bi7 &4C. After washing with
0.05% PBST three times, plates were incubated with HRP conjugatedhtntibody

(GE Healthcard.ife SciencesPiscataway, NJ, USA). Washing steps were repeated five
t i me sazinoBis(Rethylbenzothiazolin®-sulphonic aal) (ABTS, AmrescoSolon,

OH, USA) in 0.05M Citric acid buffer (pH 4.0) arid0 % HO, were added to each well.
Optical density (OD) was measured at 405 nm with microplate photometer (Labsystems

Multiskan, Thermo Fisher Scientific, Rockford, IL, USA)
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Preparation of the polyclonal antibodies(pAbs) from human serum.

To find the candidate showing high affinity to YSATLRYd YSPTLFY, peptideswere

synthesi zed wi t h t he a d #5ly-Gly-GIynSer®yt) andi nk e r s e
conjugated to BSAA YSATLRYGGGSGCcrosslinked affinity column was prepared

usinga Sulfolink kit (Pierce Biotechnology, Inc., Rockford, IL, USA), and pAbs were

purified from fivev o | u nt a@olusitéer # ,e#l1, #19, #47, and #%@cording to

t he manuihsauctionsr er 6 s

Competetionenzyme immunoassay

Microtiter 96-well plates(Corning Costar Corp., Cambridge, MAyere coated with
YSATLRYGGGSGBSA conjugates each wdbtir overnight at £C and blocked with 3%

BSA in PBS.A mixture of pAbs and peptides was added to each well and the plates were
incubated for2 hr at 37°C. After washing with 0.05% TweeR0 in PBS (v/v, PBST)
three times, plates were incubated with horseradish peroxidase (HRP) conjugated anti
human IgG ankiody (GE Healthcarkife SciencesPiscataway, NJJSA). Washing steps
were repeatedthree t i me s -azinoBis(Rethylbenzothiazolingé-sulphonic acid)
(ABTS, AmrescoSolon,OH, USA) in 0.05M Citric acid buffer (pH 4.0) and 1.0 %04

were added to eackell. Optical density (OD) was measured at 405 nm with microplate
photometer (Labsystems Multiskan, Thermo Fisher Scientific, Rockford, IL, USA).
YSATLRYGGGSCandirrelevantcontrol peptide (LPETDHICY SSGGGSQ were used

for competewith pAbs All the peptides used in this study were synthesized from

Peptron,Inc(Daejeon, South Korea)
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Mass spectrometry analysis.

Mass spectrometry was performed by the Peptide Library Support Facility, POSTECH
(Pohang SouthKorea) on requesSamples were analyzed using the Applied Biosystems
4700 proteomics analyzer (SCIEX, Forster City, CA, USA). Protein identification using
peptide sequences from LRIS/MS samples was performed using MASCOT softveare

described previouslys4].

Human naive antibody library construction and biopanning.

A phage displayof combinatorial antibodyibrary of single chain variable fragment
variable forns (scFvs) was constructed by acquiring total RNA isolated fseripheral
mononuclear cell fractions afolunteer #19 Peripheral mononuclear cell fractiomgere
isolated fromv ol unt e élood #sih® BicolPaque PLUS (GE healthcare Life
Sciences, Piscataway, NJ, USA)lowing the manufacturer's instructions

ScFv antibody librarywas generated witlhong linker (GGSSRSSSSGGGGSGGGG)
using phage display techniques described previousl$7] (Figure5 andTable 3).

To enrich specific binders from the librarg total of four rounds of biopanning &re
performed aslescribed previously37]. Three micro granof YSATLRYGGGSGBSA
conjugateswas conjugated t05.0 x 10° paramagnetic beads (DynaBeads, Invitrogen)
following the manufactureds instruction Rest of the procedures are performed as

described inBiopanning for discovering the pepteleindtoc e nt enari an& 6 | gG f r

Enzyme immunoassay

Microtiter 96well plates(Corning Costar Corp., Cambridge, MAyere coated with
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antigenfor overnight at £C and blocked with 3% BSA in PB®rimary antibodywas
diluted with 3% BSA in PBS and incubated for 2 hr atG7 After washing with 0.05%
Tween20 in PBS (v/v, PBST) three times, plates were incubated with HRP conjugated
secondary antibodyWashing step were repeatedhree t i me s -azinobis(2 6
ethylbenzothiazoling-sulphonic acid) (ABTS, Amresc&olon, OH, USA) in 0.05M
Citric acid buffer (pH 4.0) and 1.0 %,8, were added to each well. Optical density (OD)
was measured at 405 nm with microplatetpmeter(Labsystems Multiskan, Thermo

Fisher Scientific, Rockford, IL, USA).

Immunoprecipitation .

Cells were lysed with lysis buffer (#0M Tris-HCI (pH 7.5), 15@nM NaCl, 1% v/v)
Triton X-100, 0.25%v/v) Na-deoxycholate, 1mM EDTA, 1x proteasdibitor cocktails
(Amrescq Solon, OH, USA), 1x phosphatase inhibitor cocktails (Rachgasel,
Switzerland), and incubated with ariSATLRY polyclonal antibodies or scHywc
fusion proteins, which wereurified from human sera in the presence of protein A
agarose beads (RepligafWaltham, MA, USA. After incubation, lhe beads were washed
four timeswith lysis buffer andmmuroprecipitates were boiled with SDS sample buffer,

loaded onto SD®AGE gels.

Immunoblot.
Immunoprecipitated protein or whole cell lysates were subjected to electrophoresis on a
NuPage 412 % BisTris gel (InvitrogenCarlsbad, CA, USPand resolved proteins were

transferred to nitrocellulose membrane. Transferred membranielocked with 5% non
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fat dry milk (BD Biosciences, Sparks, MD, USA) in 0.1% Tw&énin TBS (v/v, TBST)

at room temperature for one hr. The membrane was incubated with primary antibodies
(antipan CTD, phosphorylated serine 2 and serine 5 were from Ab@anGambridge
Science ParkCambridge, UK diluted in 5% notfat dry milk-0.1% TBST for overnight

at 4°C. After washing four times with 0.1% TBST, membrane was incubated with HRP
conjugated secondary antibodié@ntimouse IgG Fc specifiElRP was from Siga,
Spruce St. St. Louis, MO, anatibbit IgG FEHRP and antrat 1IgG H+L specifieHRP

were from Jackson ImmunoResearch IWdest Grove, PA, USAlliluted in5% nonfat

dry milk-0.1% TBST for one hr at room temperature. The membrane was washed four
times wth 0.1% TBST, and protein was visualized by SuperSignal Pico West

chemiluminescent substrate (Thermo Fisher Scientific, Rockford, IL, USA).

Determination of antinuclear antibody (ANA) IgG level in the sera

The level of ANA IgG in the sera was determinesing a commercially available enzyme

immunoassayk i t (Abnova, Taipei, Tai wan) foll owing
Briefly, sera were diluted 1:21 with the sample diluent included in the kit. Thenyi100

each of the diluted sera, calibrator, arwhtcols were added into separate wells and

incubated at room temperature for 20 min. After washing, enzyme conjugate was added

into each well. The plate was then incubated at room temperature for 20 min before

washing. TMB substrate solution was added edoh well and the plate was incubated at

room temperature for 10 min. After the stop solution was added, the OD was measured at

450 nm with a microplate spectrophotometer (Labsystems Multiskan, Thermo Fisher

Scientific). OD values were converted to antidy indces according to the
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manufacturdis instructionsWhen the antibody index was higher than 1.1, the sample

was considered to have a detectable level of ANA IgG.

Construction of the synthetic scFv library

Amino acid sequences of the trastuzurnvabiable regions (¥ and ) were obtained

from the PDB database (1N8Z). Thsequenceencoding the Y domain, a linker

(Glycingi Glycineg Glycing Glycineg Seine)s, andthe part of thé/; domainfrom FR1 to

FR3 was chemically synthesized (Integrated Devi€echnobgy, Inc., San Jose, CA,

USA). The region encodingartial FR3, synthetic HCDR3, and FR4 of Wasgenerated

by PCR using degenerate primers and HerVH-R pr i mer- (56
CCGGCCGGCCTGGCCGGAGGACACGGTCACCAGEO ) . Ten degenerate
were used to introduce artificial sequences into HCPR®le 4). Two DNA fragments

were combined by overlap extension PCRusing HAXVL-F { 506
GGCCCAGGCGGCCGACATCE 6andHerVH-R primersto generatdéhe scFvgene

with Sfil restriction sites at both terminiThe genes encoding scFv ap@omb3XSS
phagemid vector were subjected $il restriction enzyme digestion arslibsequent

ligation. The recombinant vector walsen transformeéhto E. coli strainER2738 (New

England BiolLabs, Ipswich, MA, USA), as describaekviously[37]. After overnight

culture, a phagdisplayed combinatorial antibody library was prepdfad.

Biopanning and phage enzyme immunoassays
To enrichspecific binders from the library, five rounds of biopanning were performed as

described previously{37]. One hundredand fifty micrograns of each phosphe
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YSPTSPSYSPTSRPBSA conjugatewas mixed with 3.00 16° paramagnetic beads (M

270 Expoxy DynaBeads, Invitrogen) following tmeanufacturess instructiors. After
overnight incubation at room temperature on a rotator, the beads were washed four times
with 0.5% BSA in phosphatieuffered saline (PBS) and blocked with 3% BSA in PBS
(w/v). The phagalisplayed combinatorial antibody library was addedhe beads and
incubated for 2 h at room temperature on a rotator. The beads were washed once with
0.05% TweerR0 in PBS (PBST, v/v) for the first round, increasing to three washes in
subsequent roundsfter washing 0.1M glycineHCI (pH 2.2) was addetb the beads,

and the mixture was incubated for 10 min at room temperature tdbeluelphage from

the beads. Theluate was neutralized by adding 2M THEl (pH 9.1), and the eluted
phages were transduced iro coli strainER2738. Phage displaying sciere rescued

by adding VCSM13 helper phagéStratagenela Jolla, CA, USA Individual phage
clones were selected from the output titration plate from the last round of biopanning, and
scFwdisplaying phages were prepared for the phage enzyme immuy@asdascribed
previously[37].

To select binders, the reactivity of antibedigplaying phage wagsted in page enzyme
immunoassays using phagentaining culture supernatant and horseradish peroxidase
(HRP) conjugated ant13 antibody (GE Healthcare, Piscataway, NJ, USAE phage

clones with psitive signals were selected (QP 0.5), and thai nucleotide sequences

were determined afescribed previouslyd7].

Expression and purification of scFwFc fusion proteins
An expressiorvector modified from pCEP4 (Invitrogen) was usedfor cloning and has
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beendescribedpreviously[65], [66]. Thevector carries an expression cassette composed
of the | eader s e gchaniwo&fi sitds fort insertiorhofitheaamtibotyg
gene of interestthe hinge region of human Ig@&nd the G, C,3 domains of rabbit IgG.

The phagemid DNA of selected clones and the expression vector were digeststl with
and the scFv genes were cloned into the expression v&oombinant pCEP4 was
transfected intdHEK 293F cells using 2&Da linear polyethylenimine (Polysciences,
Warrington, PA, USA)as described previousli67]. OverexpressedscFvFc fusion
proteins were purified by affinity chromatography usimgtein A sdpharose columns

(Repligen, Waltham, MA, USpaccording to the manufactuéelinstructions.

Chromatin Immunoprecipitation assay

The ChIP assay was performed based on the method of Lee et al. with slight
modifications [68]. Briefly, HelLa cells were crosdinked in a solution of 1%
formaldehydein PBSfor 5 min atroom temperature. The croefieking reactionwas
stopped by adding glycine to a final concentration of 029 he cells were harvested
and washed twice with cold PBS, and cytosolic fractions were eliminated with byer A
mM PIPES [pH 8.0], 85nM KCI, 0.5% NR40, protease inhibitorocktail [ GenDEPOT,
Katy, TX, USA]). Nuclear pellets were resuspended in buffefl80 mM Tris-Cl [pH
8.1], 1% SDS, 10 mM EDTA, protease inhibitor cocRtaihd the chromatiwassheared
with an S220 focusedltrasonicator Covaris, Woburn, MA, USA). The prepared
chromatin fraction (508 g t ot al s h e awasddute® MI1A in Pdulfer (001%
SDS, 1.1% Triton X100, 1.2 mM EDTA, 16.7 mM Tri€l [pH 8.1], 167 mM NacCl, and

protease inhibitococktail) and incubateavith 200€ gf scFv-Fc fusion proteins(pan or

26



phosphorylationspecific RNA polymease || CTD antibodiespvernight at 4°C. Samples
were incubated fori2t hours at 4°C with protein A or G beads jomated with salmon
spermDNA. Thenthe beads were washed with TSE180.% SDS, 1% Triton XL00, 2
mM EDTA, 20 mM TrisCl [pH 8.1], 150 mM NaQl TSE500(0.1% SDS, 1% Triton X
100, 2 mM EDTA, 20 mM TriCl [pH 8.1], 500 mM NaQl Buffer Il (0.25 M LiCl, 1%
NP-40, 1% sodium deoxycholatedM EDTA, 10 mM TrisCl [pH 8.1), and two times
with TE (pH 8.0),for 10 minin each solutionBeadbound chromatirwas eluted with
elution buffer (1% SDS, 0.M NaHCO;[pH 8.0]) and incubateavernight at 65°C with
200mM NacCl for reversalof crosslinking. Five hundred microliters ofasnple were
incubated at 50°C after addition of £0of 0.5 M EDTA, 20¢l of 1 M Tris (pH 6.5), and
4 ¢l of Proteinase K (20 mg/miandpurified with phentichloroform/isoamyl alcoholas
described previousl§69]. Nucleic acig wereprecipitated by centrifugation for 30 min at
4°C after mixing the sample with dl glycogensolution (20 mg/ml), 2@l 5M NaCl, and
500 ul isopropanolPurified nucleic acid pellets wesgashed with 70% ethanol, dried

anddissolved imucleasdree water

ChIP sequencing

Sequencing and analysis of ChlPed DNA fragments were performed by Ma(Eegen,
SouthKorea) Briefly, DNA fragments were ligated to a pair of adaptors for sequencing
on Hised 2500 sequencing systemlligmina, San Diego, CA, USA)The ligation
products were siz&ractionated on a 2% agarose gel to obtaini 300-bp fragmentsand

PCRamplified for 18 cycles. Each library was diluted to 8 pM for 76 cycles of single

read sequencing onthe Hif&1500 f ol |l owi ng the manufacturer 6s
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After read trimming, Bowtie V1.1.1 (read mappinB)card V1.133 (remove dupétes),
MACS 2 V2.1.0.20150420 (peak callingnd ChlPseeker (peak annotation) were used

for downstream analysis.
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Table 2. Age and gender distribution of subjects

Age group inﬁl%?jsed Gender Age

N % MeanxSD Range
Centenarians'®”! 0100 M 6 13.3 101.83+1.33 101-104
F 39 86.7 101.74+1.46 100-105
Total 45 100.0 101.76+1.43 100-105

old® 60~79 M 11 44 65.55+4.97 61-79

F 14 56 65.64+4.36 60-72

Total 25 100.0 65.60+4.54 60-79

Young'® 043 M 7 28 34.00+5.20 27-41
F 18 72 34.67+3.88 29-43

Total 25 100.0 34.48+4.18 27-43
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Figure 5. Construction of human scFv libraries (long linker).

Human \, V. and \f; sequences were amplified for the construction of scFv libraries.

Each sense primer is combined with each reverse primer to amplify rabbit &hd

gene segments from cDNA. Each sensefipri mer ha
site and is reggnized by the sense extension primer used in the seoond PCR. Each

reverse primer has a linker sequence tail that is used in the overlap extension. Human V

and 4 fragments were combined in the secoadnd PCR. The sense and reverse

extension primey recognize the sequence tails that were generated in the first round of

PCR.
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Table3.Pr i mer s JamdN, ofrman 86-v libraries with long linker.

Vy Primers, 5’ Sense, Long Linker

HSCVH1-FL 57 GGT GGT TCC TCT AGA TCT TCC TCC TCT GGT GGC GGT GGC TCG GGC GGT
GGT GGG CAG GTG CAG CTG GTG CAG TCT GG 3’

HSCVHZ-FL 57 GGT GGT TCC TCT AGA TCT TCC TCC TCT GGT GGC GGT GGC TCG GGC GGT
GGT GGG CAG ATC ACC TTG AAG GAG TCT GG 37

HSCVH35-FL 57 GGT GGT TCC TCT AGA TCT TCC TCC TCT GGT GGC GGT GGC TCG GGC GGT
GGT GGG GAG GTG CAG CTG GTG SAG TCT GG 37

HSCVH3a-FL 57 GGT GGT TCC TCT AGA TCT TCC TCC TCT GGT GGC GGT GGC TCG GGC GGT
GGT GGG GAG GTG CAG CTG KTG GAG TCT G 3’

HSCVH4-FL 57 GGT GGT TCC TCT AGA TCT TCC TCC TCT GGT GGC GGT GGC TCG GGC GGT
GGT GGG CAG GTG CAG CTG CAG GAG TCG GG 3’

HSCVH4a-FL 57 GGT GGT TCC TCT AGA TCT TCC TCC TCT GGT GGC GGT GGC TCG GGC GGT

GGT GGG CAG GTG CAG CTA CAG CAG TGG GG 37

Vy Primers, 3’ Reverse, Shortand Long Linker

HSCG1234-B 57 CCT GGC CGG CCT GGC CAC TAG TGA CCG ATG GGC CCT TGG TGG ARG C 37
HSCM-B 57 CCT GGC CGG CCT GGC CAC TAG TAA GGG TTG GGG CGG ATG CAC TCC C 37
HSCA-B 57 CCT GGC CGG CCT GGC CAC TAG TGA CCT TGG GGC TGG TCG GGG ATG C 37
HSCD-B 57 CCT GGC CGG CCT GGC CAC TAG TCA CAT CCG GAG CCT TGG TGG GTG C 3’
HSCE-B 57 CCT GGC CGG CCT GGC CAC TAG TGA CGG ATG GGC TCT GTG TGG AGG C 3’
Vi Primers, 5’ Sense, Shortand Long Linker

HSCK1-F 57 GGG CCC AGG CGG CCG AGC TCC AGA TGA CCC AGT CTC C 3’

HSCK24-F 57 GGG CCC AGG CGG CCG AGC TCG TGA TGA CYC AGT CTC C 3'

HSCK3-F 57 GGG CCC AGG CGG CCG AGC TCG TGW TGA CRC AGT CTC C 37

HSCKS5-F 57 GGG CCC AGG CGG CCG AGC TCA CAC TCA CGC AGT CTC C 3’

Vi Primers, 3’ Reverse, Shortand Long Linker

HSCJK140-B 57 GGA AGA TCT AGA GGA ACC ACC TTT GAT YTC CAC CTT GGT CCC 3*
HSCJK20-B 57 GGA AGA TCT AGA GGA ACC ACC TTT GAT CTC CAG CTT GGT CCC 3’
HSCJK30-B 57 GGA AGA TCT AGA GGA ACC ACC TTT GAT ATC CAC TTT GGT CCC 37
HSCJIK50-B 57 GGA AGA TCT AGA GGA ACC ACC TTT AAT CTC CAG TCG TGT CCC 37

V2 Primers, 5’ Sense, Shortand Long Linker

HSCLamla 57 GGG CCC AGG CGG CCG AGC TCG TGB TGA CGC AGC CGC CCT C 37
HSCLamlb 57 GGG CCC AGG CGG CCG AGC TCG TGC TGA CTC AGC CAC CCT C 37

HSCLam2 57 GGG CCC AGG CGG CCG AGC TCG CCC TGA CTC AGC CTC CCT CCG T 37
HSCLam3 57 GGG CCC AGG CGG CCG AGC TCG AGC TGA CTC AGC CAC CCT CAG TGT C 37
HSCLamd 57 GGG CCC AGG CGG CCG AGC TCG TGC TGA CTC AAT CGC CCT C 37
HSCLamé 57 GGG CCC AGG CGG CCG AGC TCA TGC TGA CTC AGC CCC ACT C 37
HSCLam78 57 GGG CCC AGG CGG CCG AGC TCG TGG TGA CYC AGG AGC CMT C 37

HSCLamd 57 GGG CCC AGG CGG CCG AGC TCG TGC TGA CTC AGC CAC CTT C 37
HSCLaml0 57 GGG CCC AGG CGG CCG AGC TCG GGC AGA CTC AGC AGC TCT C 37

V2 Primers, 3’ Reverse, Shortand Long Linker

HSCJILaml1236 57 GGA AGA TCT AGA GGA ACC ACC GCC TAG GAC GGT CAS CTT GGT SCC 3’
HSCJILam4 57 GGA AGA TCT AGA GGA ACC ACC GCC TAA AAT GAT CAG CTG GGT TCC 3’
HSCJILam57 57 GGA AGA TCT AGA GGA ACC ACC GCC GAG GAC GGT CAG CTS GGT SCC 3’

Overlap Extension Primers
RSC-F (sense) 5’ GAG GAG GAG GAG GAG GAG GCG GGG CCC AGG CGG CCG AGC TC 37
RSC-B(reverse) 5’ GAG GAG GAG GAG GAG GAG CCT GGC CGG CCT GGC CAC TAG TG 37
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Table 4. Ten degenerate primers usetb amplify HCDRS3 derivatives

Primer ID Sequence

H7-F 5Nj5CC GTG TAC TAC TGC TCC AGA NNK NNK NNK NNK TTC GAC TAC TGC
GGC CAG GGC ACA CTA3N]j

HO-1-F 5Nj5CC GTG TAC TAC TGC TCC AGA NNK NNK NNK NNK TAC GBT ATG GAC
GTG TGG GGC CAG GGC ACA CT#SNj

HO-1-F 5N$CC GTG TAC TAC TGC TCC AGA NNK NNK NNK NNK NNK NNKTTC GAC
TAC TGG GGC CAG GGC ACA CTASNj

H10-1-F 5N$CC GTG TAC TAC TGC TCC AGA NNK NNK NNK NNK NNK TAC GBT ATG
GAC GTG TGG GGC CAG GGC ACA CTAN;j

H10-0-F 5NFCC GTG TAC TAC TGC TCC AGA XXXXXXX TTC GAC TAC TGG GGC CAC
GGC ACA CTA3N]

H12-F 5NZj5TG TAC TAC TGC TCC CGC GRT SBT XXXXXXX TTC GAC TAC TGG GG(C
CAG GGC ACC CTG3Nj

H14F SN}';CC GTG TAC TAC TGC TCC AGA GRT SBT XXXXXXX DAT GST ATG GAC
GTG TGG GGC CAG GGC ACA CTAN;j

H16-F SN}';CC GTG TAC TAC TGC TCC AGA GNT VBT VKT XXXXXXX KMT DAT GST
ATG GAC GTG TGG GGC CAG GGC ACA CTAN]

H1SF 5NZj5CC GTG TAC TAC TGC TCC AGA BNT VBT VKT XXX?(XXX TMT TMT KMT
DAT GST ATG GAC GTG TGG GGC CAG GGC ACA CTaNj

H18GF 5NZj5TG TAC TAC TGC TCC CGC GNT VBT VKT X TGC XXXX TGC TMT TMT

KMT DAT GST ATG GAC GTG TGG GGECAG GGC ACC CTG3N;j

N-A, C, G, T; V-A, G,C; B-C,G, T; K-G, T; M-A, C; D-A, G, T; RA, G; SC,G; X-trinucleotidesencoding

19 amino acids except cysteine

32



Table 5. BSA conjugated CTD peptides

Peptide Sequence

CTD-BSA Y S PTSPSYSPT P S GBSA
S2BSA YpS P T S P S Y S P T S P S-E5A
S5BSA Y S P TpS P S Y S P T S P SiBSA
S7-BSA Y S P TS PpS Y S P T S P SiBSA
S2S5BSA YpS P TpS P S Y S P T S P S-EB5A

S2S7BSA YpS P T S PpS Y S P T S P S-BSA

S5S2BSA Y S P TpS P S YpS P T S P SiBsSA
S5S7BSA Y S P TpS PpS Y S P T S P SiBSA
S7S2BSA Y S P TS PpS YpS P T S P S-E5A
S7S5BSA Y S PT S PpS Y S P TpS P S-BSA

S2S5S7BSA YpS P TpS PpS Y S P T S P S-BSA
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RESULTS

Specific antibody repertoirem centenariansand its antigen

Finding the antibody repertoires using ombinatorial peptide library

The sera of three populations; centenarians, healthy volunteers between age 60 and 79
(defined aold group, and healthy volunteers younger than(d&fined asyounggroup,

were collectedTable 2) From the sera of centenarians, IgG fractions were pufified
protein G column chromatography and used to enrich phages from the phage display of
combinatorial peptide library through biopanning.

After thethreerounds of biopanning, the phages preferentially reactive to thepg@ of
centenarians were selectiegl a phage enzyme immunoasdayage clones encoding two
highly-homologous peptides were found repeatedly which sequences were
OYSATLRY6and 6YSPTLFY6 (Figure 6) In enzyme immunoassathese two peptides,
eitherdisplayed on phag@-igure 6) or chemically synthesized and conjugated to bovine
serum albuminBSA) (Figure 7A), reacted withindividual IgG fractions otcentenarian

with much higher frequency than IgG fractiong other group individualsAs each
individual centenariais antibody titersto these two peptides were highly correlated

(Figure7B).

Preparation of anti-YSATLRY polyclonal antibodies from human sera
In order toidentify the antigen that reacts to the peptide, we nekdgdr quantity of the

antibody Since the quantity of sera from the centenarians are very limiting, we collected
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sera from 59 healthy young volunte¢oscharacterize and define the antigen represented

by these two homologous peptidaad tested for enzyenmmunoassay using peptides as

an antigen(Figure8).

Five volunteers showed significant antibody
(Figure8 ; volunteer 7, 11, 19, 47 and 5@urifying by affinity column chromatography

using a peptideonjugated gefrom thesecandidates, yieldefive polyclonal antibodies

(pAbs). The specificity of these pAbswas confirmed by competition enzyme
immunoassay UusingYSATLRY peptide (Figure 9. The binding of pAbs to
YSATLRYGGGSCBSA conjugate coatedon microtiter plate was hindered by

YSATLRYGGGS inthe soluble fraction.

Identification of antigen

Using thepAbs, we tried toidentify the antigenin immuroprecipitation,we found out
that many human cell lines contained antigen reactive to fifdse (Data not shown)
We performedimmunoprecipitate theantigen from human Lo cell lysates, which
provided the most prominent band@aomassie stainingmmunoprecipitating LoVo cell
lysates withpAbs prepared from volunteet47 (pAb 47) and#19 (pAb 19), revealed
three major protein band3hese protein bals were identified by mass spectrometry
analysig(Figure10A).

In mass spectrometry analysisvo proteins were identified aBNA-directed RNA
polymerase Il subunit RPBRPB1, RNA polymerase Il largest subutNE_000928and
DNA directed RNA polymerase Il subunit RPB2 isoforrfNP_000938).

The identity of antigen was once marenfirmedby immundlot analysis using LoVo
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cell lysate immunoprecipitatesith five pAbs (Figure 11). As RPB1 CTD undergoes
extensive phosphorylation, we used péRPB1) phosphorylate&erR (pS2RPB1)and
Seb (S5RPB1) -RPB1 antibodiesto analyze the immunoprecipitatess a result, &
could observe thgpAb 19, which showedhigher signal in enzyme immunoassaith
both YSATLRY and YSPTLFY (Figure 8), immunoprecipitated pan phosphorylated
Ser andSe RPBL (Figurell). It is most likely that not onlpAb 19 but also others are
reacting to phosphorylated specifiRPB], judging from themolecular weight of the

immunoprecipitategproduct(Note the molecular weight shift than input band).

Generation of ant- YSATLRY monoclonal antibodies

Monoclonal antibodiefmAbs) generatedrom the B lymphocyte pool of volunte&d9

A phage display of combinatorigingle chain variable fragment (scHrary with a
complexity of 184 X 10° was constructed using mRNA prepared from peripheral
mononuclear cell fractions of volunteet3{pAb 19)

This human scFv library was constructesing overlap extension PCR of the VH and VL
gene fragments (Figui. After four rounds of biopanning againéBATLRY peptide
scFv clones randomly selected showed reactivitySATLRY peptidein phage enzyme
immunaassay (Data not shown). Sequence \aiglrevealed that two scFv clones were
selected from libraryThese antibogl cloneswere cloned into mammalian expression
vector and expressed in HEK298¢&lIsas scFvhumasrc fusionform.

Then the reactivity of twanAbs &cFvhuman Fc fusion proteinyas tested in enzyme
immunoassay (Figuré2B). We synthesizedY SATLRY-BSA, YSPTLF¥BSA as well as

nonphospho CTD peptide (CTBSA), and with different phosphorylation pattern as
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Ser5 and Ser2 phosphorylated CTD (pSBS2), and Ser5 phosphorylated CTD (pS5
BSA), and used as antigenfFigure 12A). The mAb 2 reacted to YSATLRBSA,
YSPTLFY-BSA, pS5BSA andpS5S2BSA but not toCTD-BSA. This result confirmed
that YSATLRY and YSPTLRY are mimicking phosphorylated CThintif. The mAb 1
clone did not reacted to any of CTD peptides like p8b 1

The reactivity of mAbs (scFvhuman Fc fusion proteip to RPB1 was tested in
immunoprecipitation. A band with molecular weight equivalenRRB1was visualized
in the lanes loaded witmAb 1 and mAb 2 immunoprecpitatesF{gure 13). And the
identity of this protein bands were once moosfirmed by immunoblot analys{Eigure
14). The antibody (RPB1) reactive to carbeteyminal domain (CTD) ofRPBJ,
YpSPTSPS(pS2RPB1) and YSPTpSPS(pS5RPBY) all reacted to the protein band

(Figurel4).

Evaluating overall tendency to produce autoantibodies

To determine whether the subjects possessing IgG antibodies reactive to YSATLRY and
YSPTLFY had an overall tendency to produce autoantibodies, we tested antinuclear
antibody (ANA) levels in the sera db centenarians and 25 old and 25 young volunteers.
Of these, 4 centenarians and 1 old healthy volunteer showed detectable ANA levels.
However, there was no correlation between ANA level and the levels of serum antibodies

againsty SATLRY and YSPTLFY (Figurd5).
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Development of anti phosphoRPB1 CTDantibodies

Construction of synthetic antibody library

The synthetic scFv library was constructed using degenerate piifiads 4) encoding
the artificial sequence of HCDR3 on the backbone of trastuzufigire 16). The
primers were designed to encode€9710, 12, 14, 16 anti8 amino acid length HCDR3
All the amino acid sequence of ¥nd \; except HCDR3 was equivalent to that of
trastuzumab. The sequence of linker betweegard \j; was (Glcing Glycing Glycineg
Glycine Seine)s. We constructed twdifferent versions of HCDR3 sequence with amino
acid length of 9 and 10 to accommodate more divergity.also included sequences
encompassing two cystines possibly to form a disulfiniestraintioop inside HCDR3

The expected and achieved complexity waescrbed in Figire 16.

Generation of antrRPB1 CTD antibodies

We synthesized terCTD peptides including norphosphoryhted and differentially
phosphorylated forms at serine residueslused them as antigens (Tab)e

From five rounds of biopanningn ten phospher SPTSPSYSPTSRBSA conjugates

we enriched scFv clones and evaluated
phosphopeptides and nphosphorylated peptide contr@data not shown) via phage
enzyme immunoassaifter nucleotide sguencingof the cloneswe selected a subset of
clones showing specificity for serine phosphopeptides for further analysis. None of the

clones carried mutations in the regions adopted from trastuz(irable6).

38

each



Characterization of anti-RPB1 CTD antibodies

All the selected clones were expressed as a-ratfbit Fc fusion protein and their

specificity wasonce more confirmebdy enzyme immunoassd¥igure 17). Clone pCTD

1stS2 specifically reacted to peptides with phosphoserine at the second amino acid
position d the first YSPTSPS repeat (kige 17A), while clone pCTE2ndS2 reacted to

peptides with phosphoserine at the secanuno acid residue of the second repeat

(Figure 17A). Clone pCTD1stS5 reacted to peptides with phosphoserine at the fifth

amino acidresidue of the first repeéEigure 17B). Clone pCTDBS7S5 reacted to peptides

with phosphoserine at the seventh position of the first repeat and the fifth position of the

second repeat (Fige 17B). Clone pCTDS7 reacted to peptides with phosphoserine at

the seventh position of either the first or second repeatr@igC). One clone, PanCTD,

was reactive to all phosphand norphosphopeptides tested (Big 17D).

To confirm the cl| ORPRLLDD, weepariormedvimniuobldiseandn at i v e
found that all clones reacted RPB1 CTD from HEK 293T cell lysates (Fige 18).

Nearly every antibody showed high specificityRBEB1 CTDexcept pCTBLstS2, which

reacted nonspecifically with a 1Da protein. Althoughhe reactivity of pCTES7S5

( 0. Oml) teeSFSEBSA (Figure17B) was highethanthat of p)CTDS 7 (0. 05 &g/ ml ) t
S7S5BSA (Figure 17C), the intensity of the band in the immunoblot lane probed with
pCTDS7S5 (0. 05 ¢ g/ thatprobedavgh pCIrwe r( @ .hGGIh g/ ml ), wl
is expected considering the epitope of pCFLES is less prevalent than that of pCFD.

We also examined whether these antibodies could be used for ChIP aftabysie 19).

Four clones failed to emmmunoprecipitate enough genomic DNA fragments to be

analyzed by sequencing (data not shown). Clone p€ids2 successfully
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immunoprecipitated enough genomic DNA to be analyzed by sequencing. Interestingly,
most of the DNA segmestthat were cémmunoprecipitated were distributed in the
exonic regions of houdeseping genes such as ACTB and GAPDH. This particular
pattern was very different from those achieved usingdpfmed RPB1 panCTD or
phosphorylatedRPB1 CTD-Ser2 antibodies,which are available on public databases
(panCTD: GSM935395, CT3er2: GSM935383 Additionally, DNA fragments were
confined to the exonic regions of specific isoforms in sajaaes,like HSPA8 and

MYL9 (Figure 19B)
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Figure 6. Reactivity of selected phage clones toward IgGs preped from individuals

of three groups.

Phages encoding YSATLRYA) and YSATLFY (B) reacted to IgGs from centenarian

group with much higher frequentlyanother two groupsA. About 10% of centenarians

reactedto the YSATLRY peptide. B.About 25% of centenariangactedto YSATLFY

while reactionrate was 8% and 4% in old and young group, respectively. Many

individual serawhich reactedo YSATLRY alsoreactedo YSATLFY.
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Figure 7. Corealations betweerY SATLRY (A) and YSPTLFY (B).

A. YSATLRY and YSPTLFY peptides were synthesized and conjugated to BSA and the
reactivity to the individual sera of three growpas determined by enzyme imnuassay.

The positive rate to YSATLRY was significantly different in three gsouphe positive

rate to YSPTLFY was significant higher in centenarian than young group. Rnklyene
immuroassay values were determined by individual sera toward YSATLRY and
YSPTLFY, showed strong correlation (R = 0.94). This resudicatesthat thesewo

peptides are actually representing the same epitope.
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Figure 8. Enzyme immunoassay to determine antibody titer to YSATLRY (A) and

YSPTLFY (B).

Thewells of the microtiter plate wereo at ed wi th BSA conjugated pe
or OYSPTLFYO. Af ter bl ocking, individual h un
Afterwards, plate was incubated with a HRP conjugatedhamtian IgG antibody and the

amount of bound antibody was determined usiBJ S as a substrate. Asterisks indicate

selected clones that have positive signals.
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Figure 9. Competition enzyme immuroassay using polglonal antibodies with

peptide YSATLRY.

Columns were c¢cross | inked wepided YehHPTTLRIYeO 6 Y SAT
polyclonal antibodies were purified from human sera. Purified antibodies were subjected

to competition ELISA to test the affinity to the peptide. The wells of the microtiter plate

were coated with BSA conjugated peptide. Purifiedgné pt i A BL RYWESES pol ycl onal
antibodies were prmcubated with indicated concentrations of peptide. After blocking

procedure, préncubated antibodies were added to the plate. Then the plate was washed

and incubated with HRP conjugated a@miiman IgG antibody. Thensunt of bound

antibody was determined using ABTS as a substrate. LPCYTDHICYSSGGGS was used

as a control peptide.
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