UNIVERSITA' DEGLI STUDI
DI MILANO — BICOCCA

SCUOLA DI DOTTORATO DI SCIENZE
Facolta di Scienze Matematiche, Fisiche e Naturali
Dipartimento di Biotecnologie e Bioscienze

Corso di Dottorato di Ricerca in Biotecnologie industriali, XXVII ciclo

E DEGLI STUDI

a

©3 UNIVERSI

:
>
3
A

Exploration of new techniques for purification and
chemo-selective conjugation of bioreagents for
Immunodiagnostic applications

Dott.ssa Elisa Mazzoleni

Anno accademico 2013/2014






Dottorato in Biotecnologie Industriali, XXVII ciclo

Dott.ssa Elisa Mazzoleni
Matricola: 064424

Tutor: Prof. Marco Ercole Vanoni
Il lavoro presentato in questa tesi & stato real@presso i laboratori di

Biochimica e Biologia Molecolare del DiaSorin RestaCenter, sotto la

supervisione del dott. Pier Natale Brusasca

DEGLI STUD

ONVIIN KI

3 UNIVERSITA

Universita degli Studi di Milano-Bicocca
Piazza dell’Ateneo Nuovo 1, 20126, Milano

o,
Dip. di Bioftecnologie e Bioscienze

Dipartimento di Biotecnologie e Bioscienze
Piazza della Scienza 2, 20126, Milano






INDEX






RIASSUNTO . ..o e
ABSTRACT L. 15

CHAPTER 1: Exploration of various techniques for the productid
different p18 antigen variants aimed to imprdwe immunoassays for
21

[ Y0 11 (T2 1 o

INTRODUCTION ..ttt i e e e e e e e e e e e 23
EPSTEIN-BARR VIRUS (EBV)......cuiiiiiiiiiiiee e e e 26
Virological features..........cviiie it e e 26
EBV-associated diSOrders. ..........cooeeiiiiiii i 31
EBV and HIV.. ..o e e e e 35
Novel therapeutic approaches..........cccoeviiiiiiii i i e 36
EBV SerodiagnosiS. ... ...v et e e e 38
The viral capsid antigen p18...........ooiiiiiiiiii e e e 40
The LIAISON® SYSteM.....i ittt e e e e e 42
The LIAISON® EBV VCA IgM and IgG assay.......................eeue.... 47
INNOVATIVE METHODS FOR PROTEIN PURIFICATION AND
CHEMO-SELECTIVE CONJUGATION. ...ttt e e 49
ELP-INTEIN system: self-cleavable temperatresponsive tag
for protein purification.............cooooi i, 49
- Inteins and protein splicing........c.cooiii i 49
- Elastin-like Polypeptides (ELPS)..........cccomeiviiiieiie i, 63
- ELPINtEIN SYSteM. . cn i e e 66

Site-specific modification of recombingmbteins by incorporation
68

of unnatural amino acids i coli cells
Protein immaobilization on solid phase tigh the use of leucine zipper
73

(Or "VelCro™) PEPLIES. ... vt vt e
The use of click chemistry for bioconjugation réaas....................... 77
AIM OF THE PROJECT ..o e 83
MATERIALS AND METHODS ... 91
RESU LT S, e e e e e e e s
p18 ANTIGEN PRODUCTION WITH ELP-INTEIN SYSTEM.......... 135
SITE-SPECIFIC BIOTYNILATION OF p18 ANTIGEN THROGH
INTEIN-MEDIATED PROTEIN LIGATION TECHNIQUE................. 150
p18 RECOMBINANT ANTIGENS ACTIVITY TEST.....cccevenevieennn . 158



Index

SITE-SPECIFIC BIOTYNILATION OF p18 ANTIGEN THROGH
GENETIC INCORPORATION OF UNNATURAL AMINO ACIDS.......164
p18 ANTIGEN IMMOBILIZATION ON SOLID PHASE THROWGH

THE USE OF LEUCINE ZIPPER (OR "VELCRO") PEPTIDES......... 183
LIAISON® EBV VCA IgM REVERSE FORMAT .....cciiiiiiiiiiieie e 199
DISCUSSION. ..ttt et et et e et e e e e e e e e e 205
CHAPTER 2: An alternative site-specific labeling method for
monoclonal antibodies: application in immunodiagfimassays........... 215
INTRODUCTION .ouiiiitis e s e e e e e e e e e 217
THE LIAISON ® murex HIV Ab/Ag HT ASSAY ..o 223
THE LIAISON® FGF23 PROTOTYPE ASSAY......viiiiieeiii e, 226
AIM OF THE PROJECT ...t e et e e ee e 229
MATERIALS AND METHODS ...t e 233
RESULTS/DISCUSSION......ccttiiiiiiiiiiiiiiiiiieiee et 239
LIAISON® XL murex HIV Ab/Ag HT assay: mAla p24-biotin............ 245
LIAISON® prototype assay for hFGF23 detection:
mMAb o hFGF23 (N-term)-biotin.............ccooviiii e 248
APPENDIX . e e e 251
REFERENCES. .. ... e e e e e e e e s 269



RIASSUNTO






Riassunto

Antigene e anticorpo rappresentano i due reagéméive di un saggio
immunodiagnostico. L'indagine di nuove tecnichd eniglioramento di
processi quali la purificazione e la marcatura-sgecifica di antigeni e
anticorpi pud promuovere lo sviluppo di nuovi reagepiu efficienti
capaci di migliorare la performance dei saggi imodiagnostici.

La prima parte di questa tesi ha avuto lo scopedfilorare tecniche
biotecnologiche innovative nella produzione di geti per il
miglioramento dei saggi che permettono la rilevagidi anticorpi diretti
contro il virus Epstein-Barr (EBV), nei campioni diero o plasma
umano. EBV é l'agente eziologico della mononucléugitiva ed € uno
dei virus maggiormente diffusi a livello mondialgi. stima che circa |l
95% della popolazione adulta mondiale sia sierdpasper EBV. Inoltre,
questo virus € associato ad uno spettro ancoraesres di patologie
cliniche, che vanno da malattie inflammatorie acuteroniche a tumori
linfoidi ed epiteliali; per questo motivo € neceassasviluppare saggi
diagnostici per il rilevamento di EBV con elevaggsificita e sensibilita.
La proteina del capside virale VCA p18 rappresemta degli antigeni
piu importanti per la diagnosi di EBV. Gli attuafiaggi Diasorin
LIAISON® EBV VCA IgM and IgG si basano principalmente su un
singolo antigene corrispondente alla regione Citela immuno-
dominante della proteina p18, immobilizzata su fedela. | vari metodi
esplorati in questa tesi hanno permesso di ottedererse varianti
dell'antigene p18 con lo scopo di migliorare legtegioni dei saggi EBV
VCA IgM e IgG a diversi livelli: 1_produzione ddhtigene p1l8;
2_immobilizzazione dell'antigene pl18 su fase solidformato di
saggio.

1 La lunghezza della regione C-terminale immunodamie della
proteina p18 (57aa), risulta essere considerevelel processo sintetico
ma, allo stesso tempo, troppo piccola per esseoeloffa in modo
efficiente per via ricombinante. Per superare gquesbblema, abbiamo
esplorato il sistema Elastin Like Polypeptides (ELReina, un metodo
basato sulluso di una proteina in grado di effattu auto-cleavage
(inteina) e un tag responsivo alla temperatura JE(Riesta tecnica si
rivelata un eccellente sistema per la produzioh@eiatide p18.
2_L'immobilizzazione su fase solida é stato uncadtspetto investigato al
fine di ottimizzare la performance dei saggi immdiagnostici per la
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Riassunto

detection di EBV. Abbiamo esplorato tre differencniche per
l'immobilizzazione dell’antigene pl18 su fase solid@ating covalente
diretto (2.1), attraverso il sistema streptavidmatina (2.2) e attraverso
l'utilizzo dei “leucine-zipper” o “velcro peptidi'(2.3). (2.1) Il primo
metodo ha previsto il coating covalente diretto fase solida della
variante ricombinante dell'antigene pl8 ottenuttraserso il sistema
ELP-Inteina. (2.2) Il secondo metodo ha previsteege l'uso del
complesso streptavidina-biotina; in questo caso bliatinilazione
dell'antigene e stata effettuata a sua volta \&tso l'investigazione di
due diversi metodi. (i) Nel primo caso, abbiamouséto la variante
dell'antigene pl18 generata con il metodo ELP-Iraedh fine di ottenere
una biotinilazione C-terminale sito-specifica delktesso antigene
attraverso l'uso della tecnica chiamata “exprespemtein ligation” o
“‘intein-mediated protein ligation”. Questa tecnicamporta la reazione
tra una proteina ricombinante caratterizzata dgmuppo tioestere al C-
terminale (ottenuta attraverso il processo di algavage dell'inteina) e
un peptide sintetico contenente un gruppo tioltNetkrminale e, nel
nostro caso, un residuo di lisina-biotina al C-tieiate al fine di ottenere
una biotinilazione sito specifica al C-terminalell@eproteina target.
L'immobilizzazione su fase solida sia della vareanticombinante
dell'antigene pl8 attraverso coating covalentettireche della variante
biotinilata in modo sito specifico al C-terminal&raverso il sistema
streptavidina-biotina, € avvenuta con successattvita immunochimica
di queste varianti € risultata migliore rispettqueella del peptide sintetico
attualmente in uso.

(i) Nel secondo caso, abbiamo cercato di ottefreetgotinilazione sito-
specifica dellantigene pl18 all’N-terminale utilemzdo una tecnica
innovativa che prevede l'incorporazione geneticaadiminoacidi non
naturali nella proteina target direttamente in welldi E. coli. In
particolare lincorporazione di una para-azidodf@anina (pAzF) a
livello della regione N-terminale dell’antigene p#8stata sfruttata per
realizzare una reazione SPAAC (Strain-Promoted e&Z#tkyne
Cycloaddition (SPAAQ con una molecoldi cicloottino-biotina al fine di
ottenere un antigene pl8 biotinilato all’N-termmalSfortunatamente,
nonostante numerosi esperimenti abbiano conferri@orporazione
della pAzF sulla proteina pl8, la reazione SPAAQ ro avvenuta.
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Riassunto

Saranno quindi necessarie future analisi finalzzalla comprensione
della mancanza di reattivita del gruppo funzionakidico incorporato
sulla proteina p18 stessa.

(2.3) Infine, la terza tecnica di immobilizzaziosel fase solida ha
previsto una procedura innovativa basata sulla#di dei leucine zipper
(o “velcro”) peptidi. Il principio di questo sistamé basato sulla
formazione di strutture coiled coil stabili tra ip2ptidi velcro (il primo -

partner acido- legato ad un dominio di ancoragdj® fase solida, e il

secondo -partner basico- legato alla proteina tpaddine di permettere
l'immobilizzazione indiretta della proteina target fase solida. | risultati
ottenuti hanno mostrato una buona responsivitasggbma, ma allo
stesso tempo, hanno rilevato un problema di alttkgraund introdotto

dal sistema stesso. Numerose strategie (buffersspenifici detergenti,
design dei costrutti, etc.) potranno essere appliger ottimizzare la
tecnica e i problemi ad essa correlati.

3_Nonostante il saggio Diasorin LIAISGNEBV VCA IgM abbia una

buona performance analitica, al fine di otteneraumento di specificita,
e stato esplorato un nuovo tipo di formato di sagdtartendo da un
formato di saggio indiretto (che implica 'immolziiazione dell'antigene
pl8 su fase solida), abbiamo cercato di svilupparéormato “reverse”,

in cui anticorpi anti-human IgM, capaci di catt@ae IgM umane

presenti nei campioni, sono usati come elementaittiura su fase solida,
mentre I'antigene pl8, legato a una o piu molecblemilumescenti, é
usato come tracciante. Sfortunatamente, i risutidicano che il formato
di tipo reverse non é responsivo e quindi non adagtr questo specifico
saggio immunodiagnostico. Nonostante i risultatigatei, questa

esplorazione ci ha permesso di settare le migtimndizioni per l'utilizzo

di un nuovo tipo di chimica, la click chemistryijlizzata per la sintesi del
tracciante p18. Allo stesso tempo abbiamo sviluppat protocollo per la
sintesi di nuovi traccianti caratterizzati dal pedere una molecola
scaffold di natura non proteica in grado di leggi@ molecole

chemiluminescenti insieme all'antigene di interessen lo scopo di
amplificare il segnale e di migliorare quindi lansibilita del sistema.
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Riassunto

La seconda parte di questa tesi € stata focalizafasplorazione di un
metodo innovativo per la produzione di coniugatinconolecole
anticorpali. Uno degli approcci piu promettenti dar marcatura sito
specifica degli anticorpi € basato sulla generazidngruppi tiolo liberi
attraverso la riduzione parziale e selettiva deitpdisolfuro inter-catena
presenti a livello della “hinge region” e la loreazione con molecole
marcanti caratterizzate dal possedere gruppi chifaizionali reattivi
verso i gruppi sulfidrilici. Questa tecnologia eéatst utilizzata per la
biotinilazione di due diversi anticorpi usati atmante per il rilevamento
della proteina virale p24 di HIV e per quella dafitigene FGF23. |
risultati suggeriscono che la biotinilazione sipesifica rispetto a quella
classica random promuove un miglioramento deligtimmunochimica
degli anticorpi con una conseguente ottimizzazideléa performance dei
saggi immunodiagnostici.
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Abstract

Antigen and antibody are the two key reagents fomamunodiagnostic
assay. Investigation of new techniques and impr@&renof processes
such as purification and site-specific labelingasitigen and antibody
molecules can promote the development of new mooaveful
bioreagents able of improving the performance omimodiagnostic
assays.

The first part of this thesis aimed to explore watve biotechnology
techniques in antigen production for the improven@immunoassays
that allow the detection of antibodies directedirgiathe Epstein-Barr
virus (EBV), in human serum or plasma samples. BE8Ye causative
agent of infectious mononucleosis and is one of st successful
viruses. It is estimated that nearly 95% of theltaglopulation worldwide
is seropositive for EBV. Moreover, it is associateith a still growing
spectrum of clinical disorders, ranging from acué®d chronic
inflammatory diseases to lymphoid and epithelialigmancies; for this
reason it is necessary to develop diagnostic ageayBV detection with
high specificity and sensitivityThe minor viral capsid protein VCA p18
appears to be one of the most important antigenghi® diagnosis of
EBV. The current Diasorin LIAISOREBV VCA IgM and IgG assays
mainly rely on a single antigen, consisting in anthgtic peptide
corresponding to the immunodominant C-terminal ipartof the pl18
protein, which is immobilized on solid phase (iredir format). The
several methods explored in this thesis have atioteeobtain different
variants of the p18 antigen with the aim to imprake performance of
DiaSorin LIAISON® EBV VCA IgM and IgG assays at different levels:
1 production of p18 antigen; 2_immobilization of8pantigen on solid
phase; 3_immunoassay format.

1 The length of the immunodominant C-terminal mortiof the pl18
protein (57aa) appears to be considerable fosyiné¢hetic route but, at
the same time, too small to be effectively produaed recombinant
fashion. To overcome this problem, we explored Hastin Like
Polypeptides (ELP)-Intein system, a method basetheruse of a self-
cleavable protein (the intein) and a temperatuspoesive tag (ELP).
This technique has proved to be an excellent sy&tethe preparation of
the p18 peptide.
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Abstract

2_ The immobilization on solid phase was anotheeeisinvestigated in
order to improve the performance of immunoassayE®V detection.
We explored three different techniques for the irbitimation of the p18
antigen on solid phase: direct covalent coatingl)(2.through
streptavidin/biotin system (2.2) and through the akleucine zipper (or
“velcro”) peptides (2.3). (2.1) The first methodopided direct covalent
coating of the pl8 recombinant variant obtainecdugh ELP-Intein
system. (2.2) The second involved the use of stwéglin-biotin complex;
in this case, the biotinylation of the antigen wesried out in turn
through the investigation of two different metho@}sin the first case, we
exploited the p18 antigen variant generated by Hi#n method in
order to obtain the C-terminal site-specific bigtation of the same
antigen by using the technique called “expressemtepr ligation” or
“‘intein-mediated protein ligation”. This techniguevolves the reaction
between a recombinant protein with a C-terminalogbktier group
(obtained through the process of intein self-clgayaand a synthetic
peptide containing a thiol group at the N-termiramsl, in our case, a
lysine-biotin at the C-terminus in order to obtanC-terminal site-
specific biotinylation of target protein.

The immobilization on solid phase of both the p&Bombinant variant
through direct covalent coating and the C-termirsle specific
biotinylated p18 antigen through streptavidin-mosystem, occurred
successfully and the immunochemical activity ofstheariants resulted
much better than that of the synthetic peptideenily in use.

(i) In the second case, we tried to obtain theeNminal site-specific
biotinylation of the p18 antigen by using an innibx@ technique that
provides the genetic incorporation of unnatural ramacids into target
protein directly inE. coli cells. In particular the incorporation of a para-
azido-phenylalanine (pAzF) at the N-terminus regidrthe p18 antigen
has been exploited to subsequently realize a SBamoted Azide-
Alkyne Cycloaddition (SPAACreaction with a molecule of cyclooctyne-
biotin with the aim to obtain a N-terminal biotiayed pl18 antigen.
Unfortunately, despite numerous experiments havafirooed the
incorporation of pAzF into p18 antigen, the SPAA€action did not
occur. Therefore, future analyses aimed to undmisténe lack of
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reactivity of azido functional group incorporateda p18 antigen will be
necessary.

(2.3) Finally, the third immobilization techniqueopided an innovative
procedure based on the use of leucine zipper (elcfo”) peptides. The
principle of this system is based on the formatdrstable coiled coil
structures between the two velcro peptides (thst fiacidic partner-
linked to a solid phase anchor domain and the skebasic partner-
linked to the target protein) to permit the indir@amobilization of the
target protein on solid phase. The results obtaiskdwed a good
responsiveness of the system, but at same timalesl’a problem of high
background introduced by the system itsdlimerous strategies (buffers
with specific detergents, constructs design. etal) be applied to
optimize this technique and to solve correlatedi@ms.

3_ Despite the DiaSorin LIAISON® EBV VCA IgM immuassay has a
good analytical performance, in order to obtainremease of specificity,
a new assay format was explored. Starting frormdiect format (which
includes the pl8 antigen immobilization on solidagd), we tried to
develop a "reverse" format, in which anti-human lghibodies, capable
of catching the human IgM present in the samplesused as a capture
element on solid phase, while the p18 antigen,elinko one or more
chemiluminescent molecules, is used as a tracefortunately, the
results indicated that the reverse type of fornsahat responsive and
therefore not suitable for this specific immunogs$2espite the negative
results, this exploration permitted us to set tbst lconditions for the use
of new type of chemistry, the click chemistry, uded the synthesis of
pl8-tracer. At the same time, we developed a pobfoc the synthesis of
new tracer molecules characterized by the presefca non-proteic
scaffold carrying different chemiluminescent molesutogether with the
antigen of interest, with the aim to amplify thgrel and thus to improve
the sensitivity of the system.
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The second part of this thesis aimed to explorenaavative method for
the production of antibody conjugates. One the mosinising approach
for the site-specific labeling of antibody is basedthe generation of free
thiol groups by selective partial reduction of timerchain disulfide
bridges present at the level of the “hinge regiant their reaction to
labels carrying sulfhydryl-reactive chemical grouphis technology was
used for the biotinylation of two different antibesd currently used in
immunoassays for the HIV p24 viral protein and f@BF23 antigen
detection. The results suggest that the site-gpdidtinylation compared
to the random traditional biotinylation promotegr@at improvement of
antibodies immunochemical activity with a consedqueptimization of
immunodiagnostic assays performance.

20
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Introduction

As the world population grows, the need for heakite increases. Health
care today not only means advances in therapylbatraquires accurate,
sensitive, specific, quick and cost-effective diagic systems. With the
advances in biotechnology, it has now become plesdib develop
diagnostic assays for several diseases and pattala@gpnditions. In this
context, immunodiagnostics has replaced and isace conventional
technigues of serum biochemistry and analysis.

Immunodiagnostics is a diagnostic methodology theg¢s an antigen-
antibody reaction as their primary means of detectiThe concept of
using immunology as a diagnostic tool was introdure1960 as a test
for serum insulin (1). A second test was developedi970 as a test for
thyroxine (2). One of the main advantages in thee uef
immunodiagnostic assays is the high sensitivityichvimeans the ability
to detect even small amounts of biochemical subst&aim the samples;
this characteristic is related to the use of higldiective antigen-antibody
recognition reaction. Antibodies specific for a ided antigen can
be conjugated with a radiolabel (radioactive immassay), fluorescent
label (fluorescent immunoassay), color-forming eney(e.g. ELISA) or
with molecules emitting photons of light (chemilweent immunoassay)
and are used as a "probe" to detect antigen. Thedspmccuracy and
simplicity of such tests has led to the developneémapid techniques for
the diagnosis of several diseases.

Antigen and antibody are the two key reagents fomamunodiagnostic
assay. The investigation of new techniques anditi@ovement of
processes such as the expression, purificatiorsigspecific labeling of
antigen and antibody molecules can promote the ldevent of new
more powerful reagents with a consequent optinonati of
immunodiagnostic assay. The aim of this thesifiesexploration of new
methods of purification, immobilization on solid gge and chemo-
selective conjugation for the development of newgenmts and new
solutions for immunodiagnostic applications. As mloslystems, we took
into consideration the Diasorin LIAISGNEBV VCA IgM and Diasorin

LIAISON® EBV VCA IgG assays, these assays allow the determination

of IgM or IgG antibodies directed specifically agsti the Epstein-Barr
virus, in human serum or plasma samples.

25



Introduction

EPSTEIN BARR VIRUS (EBV)

The Epstein—Barr virus (EBV) was discovered 36 yeago by electron
microscopy of cells cultured from Burkitt's lymphantissue by Epstein,
Achong, and Barr (3). Four years later, in 1968\VRi&as shown to be the
etiologic agent of heterophile-positive infectiausnonucleosis (4). EBV
DNA was detected in tissues from patients with phasoyngeal
carcinoma in 1970 (5). In the 1980s, EBV was foumde associated
with non-Hodgkin’s lymphoma and oral hairy leukdp& in patients
with the acquired immunodeficiency syndrome (AIQ6)7). Since then,
EBV DNA has been found in tissues from other casmcacluding T-cell
lymphomas and Hodgkin's disease (8,9). EBV is otfiethe most
successful viruses, most individuals become intectering childhood,
and it is estimated that nearly 95% of the adufiydation worldwide is
seropositive for the virus (10).

VIROLOGIC FEATURES

EBV, or human herpesvirus 4 (HHV4) belongs to thenus
Lymphocryptovirus within the subfamily of gammahespiruses.
Common feature of these viruses are their lymplpadro, their ability to
establish latent infection of their host cells aadnduce proliferation of
the latently infected cells (11). Like other hengasses, EBV is a DNA
virus with a toroid-shaped protein core that is pped with DNA, a
nucleocapsid which comprises major and minor capgsiwteins and
characterized by a common icosahedral structure #W62 capsomers, a
protein tegument between the nucleocapsid and tivelegpe, and an
outer envelope with external virus-encoded glyctgrospikes (Figure
1A). The viral genome is encased within a nuclesichpvhich is, in turn,
surrounded by the viral envelope. Before the venters the B cell, the
major envelope glycoprotein, gp350, binds to thialwieceptor, the CD21
molecule (the C3d complement receptor) (12), ondindace of the B
cell. Other factors in addition to CD21 are impattéor infection. The
major-histocompatibility-complex (MHC) class Il nealule serves as a
cofactor for the infection of B cells (13).
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Envelope proteins

Figure 1A. Structure of Epstein Barr virion.

The EBV genome consists of a linear DNA molecubd #mcodes nearly
100 viral proteins (14). During viral replicationhese proteins are
important for regulating the expression of virahgs, replicating viral
DNA, forming structural components of the viriomdamodulating the
host immune response. Infection of epithelial ceyfEBYV in vitro results
in active replication, with production of virus ahyis of the cell (13). In
contrast, infection of B cells by EBV in vitro rd&uin a latent infection,
with immortalization of the cells (Figure 1B). Aftenfecting B cells, the
linear EBV genome becomes circular, forming an apis, and the
genome usually remains latent in these B cellsalVieplication is
spontaneously activated in only a small percentddatently infected B
cells. Infection of humans with EBV usually occimg contact with oral
secretions. The virus replicates in cells in thepbarynx, and nearly all
seropositive persons actively shed virus in thevaa(l5). Although
earlier studies indicated that the virus replicate@pithelial cells in the

oropharynx (16) and investigators postulated that cBlls were
27
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subsequently infected after contact with thesescfll7), other studies
suggest that B cells in the oropharynx may be tiregry site of infection
(18,19). Resting memory B cells are thought taHgesite of persistence
of EBV within the body (20). Shedding of EBV frorhet oropharynx is
abolished in patients treated with acyclovir, wiasréhe number of EBV-
infected B cells in the circulation remains the saas before treatment
(21). In addition, the observation that EBV can dyvadicated in bone
marrow—transplant recipients who have receivedahethat ablates their
hematopoietic cells, but not their oropharyngeallsc€22) provides
further evidence that B cells are the site of EBAfsgstence. In normal
adults, from 1 to 50 B cells per million in theaitation are infected with
EBV, and the number of latently infected cells witla person remains
stable over years (20,23).

Primary Infection Persistent Infection

Saliva o
EBV _"'-"5 !

Oropharynx

Epithelium —* “_

iy

Al iz .. &
* #
= (s Lyt ot
Resting B cell g EBVSr;;E.i;:led o -

/ [ 1
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% o ‘.'.* LMP—{ / ‘k\ s
issue an o 2y
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Teell killer call Cylou)x:c
Teell

W

Figure 1B. Model of Epstein-Barr virus (EBV) infection in humea
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Primary infection and lytic replication. Initial infection is thought to
occur in the oral (oropharynx) compartment (FigliB. The host cells of
EBV are mainly lymphocytes and epithelial cells. mgntioned above,
EBYV attaches to B cells via binding of the viraBgp protein to CD21 on
B cells. EBV gp42 then interacts with B-cell HLAask 1l molecules and
triggers fusion with the host membrane. In epitiletiells, which lack
CD21, the EBV BMRF-2 protein interacts wifli integrins (24,25), and
the EBV gH/gL envelope protein triggers fusion wwderaction with
avp6/8 integrins (26). Endocytosis of the virus inesicles and fusion of
the virus with the vesicle membrane release thdeouapsid into the
cytoplasm. Once the viral nucleocapsid is dissqlvitet genome is
transported to the nucleus, where it is replicdigddNA polymerases.
Viral DNA polymerase accomplishes linear viral reation, which
occurs during the lytic phase of the viral life leycThere are three
temporal classes of viral lytic gene products (irdrate-early [IE], early
[E], and late [L]). BZLF1 and BRLF1 are some of ttie products that
further act as transactivators of the viral lytrogram (27). Activation of
lytic replication or reactivation from latency i€k to transmission. The
early products (e.g., BNLF2a) have a wide arrayuottions, including
replication, metabolism, and blockade of antigeocpssing, while late
products tend to code for structural proteins sashthe viral capsid
antigens (VCA) and gene products used for immunasien (e.g.,
BCRF1). An important consequence of EBV infectionB cells is that
they are induced to activate their growth programd atrigger
differentiation into memory B cells via the germinzenter reaction.
Infected memory B cells are released into the perng circulation,
resulting in detectable levels of virus in the mWlodhe number of infected
B cells decreases over time after the onset of symp of primary
infection (28), but these cells are never elimidatatirely, as discussed
below.

Latency. Latency is the state of persistent viral infectisithout active
viral production. EBV persists mostly in the mem&a-gcell compartment
and possibly also in epithelial cells (Figure 1B)is generally thought
that EBV genomes in latently infected B cells existepisomes, although
it is possible that the genomes exist as integr&&th (29,30). In
contrast to lytic replication, episomal replicatidaring the latent phase
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occurs via host DNA polymerase. There is limitegiression of EBNA
and latent membrane protein (LMP) gene productinduatency (31).
These include EBNA1, EBNA2, EBNA3A, EBNA3B, EBNA3EBNA
leader protein (EBNA-LP), LMP1, and LMP2. Charaization of gene
expression patterns in different cell lines (iRuykitt's tumors and EBV-
immortalized lymphoblastoid cell lines [LCLs]) hdstermined that there
are at least three different latency programs (&).using different
transcription programs, latent EBV genomes can iplyltin dividing
memory cells (type 1), induce B-cell differentiatiqtype 1), activate
naive B cells (type Ill), or completely restrict gkene expression in a
context-specific manner (32,33). Only EBNAL1 is eeqzed in the type |
latency program, which is seen in Burkitt's lympleon€D8+ T cells
specific for many EBV antigens arise during the um& response to
natural infection, but not for EBNA1, which contuties to evasion during
latency (34). EBNA1 and LMP1/2A are expressed m type Il latency
program, which is observed in nasopharyngeal camcgnand Hodgkin's
lymphoma. LMP1 and LMP2 are responsible for B-@altivation and
induction of a growth (proliferation) program (39)he type lll latency
program, in which all of the latency gene prodwres expressed, is often
detected during acute infectious mononucleosis ar dertain
immunocompromised individuals (36).

Reactivation. Latently infected B cells can occasionally be siated to

reactivate EBV. This produces virus that can renfeew B cells and
epithelial cells, becoming a source of viral trarsmon. Although much
is known about the molecular pathways involved iralvreactivation

(37), what triggers reactivatian vivois not known precisely. The
presumption is that it occurs when latently infdct cells respond to
unrelated infections, because B-cell receptor datran triggers

reactivation in B-cell lines. It is also not knowvhat fraction of EBV-

infected cells are in the lytic or latent phaseaay time, although a
technique using sera from EBV-infected individuaday prove useful in
the future (38). Understanding how each gene ptodutether Iytic or

latent, contributes to the pathogenesis of EBVteeladiseases should
lead to more rational and effective prevention aadtment strategies.
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EBV-ASSOCIATED DISORDERS

Infectious Mononucleosis (IM). IM can be considered the clinically
manifest form of a primary EBV-infection. WhereasshEBYV infections

of infants and children are asymptomatic or havespecific symptoms,
infections of adolescents and adults frequentlyultegn infectious

mononucleosis (39,40). Over 50 percent of patiemith infectious

mononucleosis manifest fever, lymphadenopathy, atdaryngitis;

splenomegaly, palatal petechiae, and hepatomegalyach present in
more than 10 percent of patients. Less common doatjns include

hemolytic anemia, thrombocytopenia, aplastic anenmm@yocarditis,

hepatitis, genital ulcers, splenic rupture, rashd ameurologic

complications such as Guillain-Barré syndrome, phaktis, and

meningitis. Its diagnosis relies in the detectiératypical lymphoid cells

in the peripheral blood, the occurrence of so-dalleeterophile

antibodies, elevated serum aminotransferase and-$&B8dconversion
(41). The atypical lymphocytes are primary T ceftgny of which are
responding to the EBV-infected B cells.

X-linked lymphoproliferative syndrome (X-LPS). X-LPS, or fatal

mononucleosis, is caused by hereditary mutatiorthengene encoding
the signaling lymphocyte activation molecule (SLABgsociated protein
(SAP) on position g25 of the X-chromosome (42,43)e self-ligand

SLAM protein is present on the surface of both Rl dncells. When

interactions occur between SLAM molecules on therface between T-
and B-cells, signal transduction pathways areatetd. The T cell protein
SAP binds to SLAM and as such acts as a negatiyelatr (44-45).

Individuals that have inherited this trait are dsuasymptomatic, but
upon primary EBV-infection their immune responsecdiees over-
reactive because of the non functional SAP profEnis usually results in
a fulminant IM accompanied by a virus-associateandyEhagocytic
syndrome by which liver and bone-marrow are destiofd6). The only
curative treatment for this syndrome is allogendione-marrow
transplantation (47). However, patients who do iserthe infection are
prone to developing lymphomas later in life (48).
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Nasopharyngeal Carcinoma (NPC). Nasopharyngeal carcinoma is
prevalent in southern China, in northern Africadammong Alaskan
Eskimos. In southern China the incidence of nasgpiggal carcinoma
approaches 50 per 100.000 persons per year (49opNaryngeal
carcinoma occurs sporadically in the United States$ western Europe.
Nearly 100 percent of anaplastic or poorly difféir@tied naso-pharyngeal
carcinomas contain EBV genomes and express EB\éipsotThe EBV
genome is present in the transformed epithelials celt not in the
lymphocytes of the tumor. Clonal EBV genomes amantbin the early
preinvasive dysplastic lesions or carcinoma in, sitdicating that EBV
infection precedes the development of malignanasiwe tumors (50).
Patients with nasopharyngeal carcinoma often hkexated titers of IgA
antibody to EBV structural proteins. Measuremen&8iV-specific IgA
antibodies is useful in screening patients for yeadetection of
nasopharyngeal carcinoma in southern China (51)in&rease in EBV-
specific antibody titers after therapy for nasoghgeal carcinoma is
associated with a poor prognosis, whereas a deglimi constant level of
antibody is associated with a better prognosis. (52)

Burkitt's Lymphoma. Burkitt's lymphoma is a high-grade malignant
lymphoma of small, noncleaved B cells. In equatoffiica, Burkitt's
lymphoma is associated witAlasmodium falciparum malaria; over 90
percent of these cases are associated with EB¥ctioh with malaria is
thought to diminish the T-cell control of proliféirag EBV-infected B
cells and enhance their proliferation. In the Uthiftates, patients with
Burkitt's lymphoma usually present with abdominaimbrs, only 20
percent of which are associated with EBV. Burkitygnphoma cells
contain a chromosomal translocation involving chosomes 8 and 14,
22, or 2. These translocations result in the pmsitig of the oyc
oncogene (chromosome 8) near the immunoglobuigavy-chain
(chromosome 14) or lightchaifthromosome 2 or 22) constant region,
leading to abnormal regulation of thewe gene. Expressionf cmyc in
EBV immortalized B cells results increased tumorigenicity of the cells
(53).

Epidemiologic studies suggest that EBV may haveaasal role in the
development of Burkitt's lymphoma in Africa. Chitr in Uganda who
have elevated titers of antibody to EBV structymalteins are at high risk

32



Introduction

for Burkitt's lymphoma (54). Tissue from patientsittw Burkitt's
lymphoma in Africa usually contains EBV DNA and esgses only one
EBV protein, EBNA-1. As in nasopharyngeal carcingrabbnal EBV
genomes are found in Burkitt's lymphoma tissueslicating that the
tumor arises from a single EBV-infected cell.

Hodgkin’s disease (HD).EBV DNA has been detected in tumors from
about 40 to 60 percent of patients with Hodgkin'sedse in the United
States. The EBV genome is present in the Hodglkints Reed-Sternberg
cells, and the viral genomes are monoclonal (5%totbgically, HD is
characterized by mononucle&fodgkin cells and their multinucleated
variant, the Reed-Sternberg cells (H-RS) cells maptl above. These
are embedded in a background of reactive cells$udieg lymphocytes,
plasma cells, histiocytes and eosinophils (56). tMoscent studies
indicate that the H-RS cells in many (but not e#lses of HD are derived
from B-cells (57). The most characteristic epiddogaal feature of HD
as seen in most western populations is the bimagedincidence curve.
In these populations, very few cases occur amoiidreh; the incidence
then increases, peaking at about age 25; the moédelecreases to a
plateau level through middege and increases again with age to a second
peak. Males are more often affected than femalég;hnis most clearly
observed in the older age group. There is cleateenie that the risk for
HD occurring from earlghildhood through middle age is associated with
factors in the childhood environment that influertbe age at which
infection with EBV takes place, (i.e. social clag®pulation density,
geographic region) (58). Moreover, several independstudies have
shown that people who have had IM run a threefajtidr risk for getting
HD. Interestingly, the majority of HDs in patiemt#o have had IM is not
associated with EBV (59,60). It has been suggetitetl EBV is an
important cofactor in the pathogenesis of HD, that tin patients with
relatively intact immune systems, EBV-positive nkesfic cells are
eradicated and only cells capable of virus-indepahdjyrowth survive
(hit-and-run mechanism (61)). Patients with Hod{kaisease often have
higher titers of antibody to EBV structural proteibefore the onset of
lymphoma or with the development of lymphoma th&e tgeneral
population.
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Lymphoproliferative Disease. EBV is associated with lympho-
proliferative disease in patients with congenitalr @cquired
immunodeficiency. These include patients with severombined
immunodeficiency, recipients of organ or bone martocansplants, and
patients with AIDS. These patients have impairedel-immunity and
are unable to control the proliferation of EBV-iafed B cells. They
present with symptoms of infectious mononucleosisvigh fever and
localized or disseminated lymphoproliferation inkob the lymph nodes,
liver, lung, kidney, bone marrow, central nervoustem, or small
intestine (62,63). Patients who receive T-cell-deggl or HLA-
mismatched bone marrow, receive antilymphocyte badies, have
cytomegalovirus disease, or acquire primary EBVedtibn after
receiving a transplant are at higher risk for lymjpfoliferative disease.
Increases in EBV viral load in peripheral blood éawen detected in
patients before the development of disease, arse tlegels decrease with
effective therapy (64,65). Similarly, EBV RNA wagtdcted in liver-
biopsy specimens from 71 percent of patients befugedevelopment of
lymphoproliferative disease, but in only 10 percehthose in whom the
disease did not develop (66). Patients with EBV gioproliferative
disease often have elevated serum levels of intdrie5, a B-cell growth
factor that may increase the proliferation of EBWercted B cells (67).
Tissues from patients with EBV lymphoproliferatidisease show
plasmacytic hyperplasia, B-cell hyperplasia, B-c&imphoma, or
immunoblastic lymphoma. Lymphoproliferative lesionsually do not
have the chromosomal translocations typical of Btskymphoma. The
diagnosis of EBV lymphoproliferative disease regsithe demonstration
of EBV DNA, RNA, or protein in biopsy tissue.

Other Cancers. EBV DNA or proteins may have a pathogenic role in
several other tumors in which they have been dedeatcluding nasal T-
cell/natural-killer-cell  lymphomas, lymphomatoid agulomatosis,
angioimmunoblastic lymphadenopathy, central nervous/stem
lymphomas in non-immunocompromised patients (68)path-muscle
tumors in transplant recipients (69) and gastriccinamas (70). Viral
DNA or proteins have also been found in periph&rakell lymphomas,
which can be accompanied by virus-associated heagmulytic
syndrome (71).
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EBV AND HIV

Patients with AIDS have 10 to 20 times as manyutating EBV-
infected B cells as healthy persons. T cells froatigmts with AIDS
suppress EBV-infected B cells less effectively tkdancells from normal
controls. Patients with HIV have increased amowftEBV in their
oropharyngeal secretions (72) and have higher EBibady titers than
HIV-seronegative persons. A decline in EBV specdidotoxic T cells
and an elevated and increasing EBV viral load pledehe development
of EBV-associated non-Hodgkin’s lymphomas in pdsemwith HIV
infection; however, these changes were not seepaiients with HIV
before the development of opportunistic infectig@8). HIV viral load
and the progression of HIV disease were not aftedtg¢ primary
infection with EBV (72-74).

Oral Hairy Leukoplakia. Oral hairy leukoplakia occurs in HIV-infected
patients as well as in some immunosuppressed teartsgecipients. It
presents as raised, white, corrugated lesionseobthl mucosa, especially
on the lateral aspect of the tongue. It is a noignaht hyperplastic
lesion of epithelial cells. EBV DNA and herpesvinesticles are present
in the upper, keratinized epithelial cells of tlesibns. Multiple EBV
strains are often present in the same lesion. EnlBV-associated
cancers, oral hairy leukoplakia lesions show actival replication and
expression of lytic viral proteins (7,75).

Lymphoid Interstitial Pneumonitis. Lymphoid interstitial pneumonitis
occurs primarily in children, but it also occurs adults infected with
HIV. It is characterized by diffuse interstitial Imonary infiltrates. The
pathological changes in the lesions include iddilon of the alveolar
septa by lymphocytes, plasma cells, and immunabl&BYV DNA and
proteins have been detected in pulmonary lesiam frhildren with HIV
and lymphoid interstitial pneumonitis (76).

Non-Hodgkin’'s Lymphoma. EBV was detected more frequently in
biopsy specimens from benign-appearing lymph nafed1V infected
patients who subsequently or concurrently had nodgHin’s lymphoma
than in specimens from patients without lymphoma).(About 50 to 60
percent of these tumors contain EBV DNA or protgin8,79). Most of
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the tumors are classified as either immunoblastigphomas or Burkitt
type lymphomas, and a smaller number are largehpglbhomas; most
are monoclonal. Burkitt-type lymphomas in patieatith AIDS often
present before the development of severe immundetiy and usually
have cmyc rearrangements. In contrast, immunoblastic lymploma
develop in the later stages of AIDS, lacknge rearrangements, and are
more frequently EBV positive. Unlike other cancémns patients with
AIDS, virtually all central nervous system lymphaeontain EBV DNA
(64). These tumors are usually immunoblastic lynmpa® and occur in
patients with very low CD4+ cell counts. A positipelymerase-chain-
reaction test for EBV DNA in the cerebrospinal dus a useful predictor
of lymphoma in patients with AIDS and focal brag@sions (80). Primary
effusion lymphomas in patients with AIDS often aintgenomes from
both  EBV and Kaposi's sarcoma—associated herpesviflauman
herpesvirus 8). EBV has also been detected in fsarcomas from
patients with AIDS (81).

NOVEL THERAPEUTIC APPROACHES

Given the significant burden of EBV-associated tursoworldwide, an
important priority is to design novel therapiesttbpecifically target viral
proteins or otherwise exploit the presence of ihgsvin malignant cells.

Pharmacological approachesOne potential approach is the use of gene-
therapy constructs to express either cytotoxic rdribitory proteins
selectively in tumor cells. For example, OriP-basedstructs that are
responsive to endogenous EBNAL (Epstein-Barr Nuchedigen 1) in
infected cells have been used to express cytofmxiteins (for example,
FAS ligand) or wild-type p5& vitro andin vivo models of NPC (82,83).
Other approaches are based on the induction ofEB¥ lytic cycle,
either by pharmacological agents or by deliverfeBV immediate-early
genes, thereby inducing virus encoded kinases (EBNhidine kinase
and BGLF4, a protein kinase) that phosphorylatentideoside analogue
gancyclovir to produce its active cytotoxic formd(85). Demethylating
agents such as 5-azacytidine are able to de-repygss as well as
potentially immunogenic, latent genes (86) andraoe in early-stage
clinical trials in patients with NPC, Hodgkin’s Iyphoma and AIDS-
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associated lymphoma. Another common chemotherapeatjent,
hydroxyurea (87), is able to induce the loss of E&Msomesn vitro
models and has shown some limited clinical efficatypatients with
EBV-positive AIDS-related CNS Ilymphoma (88). Moreocifised
pharmacological approaches aim to abrogate thetifurscof individual
EBV proteins. In model systems, LMP1 (latent membragrotein 1)
effector function has been targeted directly, usimgle-chain antibodies
or antisense RNA approaches (89,90) and indirebyythe genetic or
pharmacological interception of its downstream @feon NF-kB (91).
More recently, LCL (Lymphoblastoid Cell Lines) grbwin vitro has
been impaired by blocking the transactivating fiorctof EBNA2
(Epstein-Barr Nuclear Antigen 2) using a shorttkp mimic of the
RBP-Jk-interaction domain of the viral protein (9EBNAL1 - the one
viral protein that is expressed in all EBV-posititamors - is a
particularly attractive target, and a dominant-rtiegaform of the protein
that blocks its genome-maintenance function migavehtherapeutic
potential (93).

Immunotherapy. A large part of work attempting to target EBV-posst
malignancies with T cells that are specific for EBNtigens is important
for tumor immunotherapy. The approach was firstduse target EBV-
positive PTLs (Post-Transplant Lymphomas). Boneravedtransplant
patients were infused with EBV latent-antigen-specaeffector T cells
that were prepared from the bone marrow donor hglagous LCL
(Lymphoblastoid Cell Lines) stimulation and expamsin vitro. This
strategy was highly effective, both as a therapy thee treatment of
existing disease, and in prophylaxis (94). Simikdoptive-transfer
approaches have now been used to treat PTLs igh@gan transplant
settings using T cells that are expandeditro and are prepared either
from the patient (95) or, where necessary, fronaiigdly HLA (Human
Leukocyte Antigen)-matched donor (96). HoweverséheCL-stimulated
effector preparations tend to be dominated by CD8e¢ells that are
specific for the immunodominant EBNA3A, EBNA3B arfBNA3C
proteins - antigens that are not expressed in B\-Bssociated tumors.
For Hodgkin’s lymphoma and NPC, therefore, clinit@ls with LCL-
stimulated effectors (97) represent just a firgpstStrategies are now
being developed either to generate T-cell preparatfor transfer that are
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enriched in CD8+, and possibly CD4+, reactivities available sub-
dominant targets (such as LMP2A and EBNA1) (98,890 immunize
the patient with appropriate antigenic construot®dost these particular
responsef vivo (100). These tumors might also be capable of egaalin
suppressing T-cell immune attack - in the case adgkin’s lymphoma,
possibly through immunosuppressive cytokines thatpaoduced by the
HRS(Hodgkin’s and Reed-Sternberg) cells themselves)(IMare work
is needed to determine the influence of the tumimraanvironment on
T-cell attack and to explore ways of modifying thgokine milieu, such
as the use of EBV-specific T cells to deliver immstimulatory
cytokines (102).

EBV SERODIAGNOSIS

As described before, EBV virus is the etiologicgemt of infectious
mononucleosis and is largely diffused worldwide, reaver, it is
considered to be associated with a still increasinghber of human
malignancies; for this reason it is important tv@ep diagnostic assays
for EBV detection with high specificity and sengty. Furthermore,
since the clinical symptoms of infections such a4\ rubella virus,
mumps virus, HIV, HAV, HBV, HCV and neurotropic uses as well as
brucellosis, listeriosis, leptospirosis, toxoplasmp and neoplastic
diseases like lymphomas and leukemias can be sitnithose of an EBV
infection, specific EBV serology is still often néged for the differential
diagnosis. It is used to unequivocally differergiabetween EBV
infections and other infections listed above. Ire teerologic EBV
diagnosis a distinction is made mainly betweenbadiies against three
antigen classes: EA - early antigens (p138; p5@AV capsid/structural
antigens (p23; p18), EBNA- nuclear antigens (pT2b(e 1).
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Name Classification Assessment of the EBV status

EBNA-1 Epstein-Barr nuclear lgG titer regularly lacking in fresh infections, central marker for past infection.
antigen Importance in IgM and IgA not yet described.

p138 and p54 EA, early antigens Reactivity in IgG, IgM and IgA in all stages possible except in overcome infection.

Probable in all subclasses in fresh infections.

p23 VCA Often detectable in IgG and IgM even at the start of an EBV infection; remains
detectable in IgG also in past infections.

pis VCA 1gG titer usually lacking in fresh infections; marker for past infection; Detection of
IgM possible even in the early stage.

gp250/350 Membrane antigen Very often IgM titer in primary infections, not regularly detectable in IgG.

Table 1.Key antigens of the different stages of EBV infeuti

The profile of EBV antigen-specific antibodies et in the sample
distinguishes acute primary, convalescent, and pastctions (103)
(Figure 2). Acute primary EBV infection is characzed by IgM
antibodies to the early antigens (EA) and viralsidantigens (VCA) in
the absence of 1gG antibodies to the latent antigBNA1 (104,105).
VCA IgG antibodies may be present in acute infextibut in smaller
quantities than VCA IgM antibodies. During convaksce (from the
third week to the third month after onset of illegsVCA IgM antibodies
dwindle, while VCA 1gG antibodies rise and perdat life. Between the
third and sixth months, VCA IgM antibodies disappeehereas EBNAL
IgG antibodies become detectable and persistfo(106).

Characteristic for most NPC patient or personslyjite develop NPC is
the IgA antibody response to EBV proteins of adissles. This response
can be used in the diagnosis of NPC and in mongaiimor progression
before, during and after antitumor treatment (107).
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KINETICS OF SEROLOGICAL RESPONSE

EBNA IgG

Onset Acute

Figure 2. Levels of EBV antigen-specific antibodies in different stagafs
infection.

THE VIRAL CAPSID ANTIGEN p18

The minor viral capsid or tegument protein of 18kD&CA pl8) is
recognized predominantly by healthy EBV-seropositiypersons
worldwide indicating that this antigen is an im@mt and fundamental
molecule for EBV serologic testing. In particuléine presence of 1gG
antibodies against p18 (VCA) in the sample, exauddresh infection;
the titer of anti-p18 (VCA)-IgGs is similar to thEBNA-1 response
(Figure 3). However, it has the decisive advantagépersons with a loss
of anti- EBNA-1 generally do not lose this late kear Consequently,
they can be serologically evaluated correctly. Aggards the IgMs,
antibodies against p18 (VCA) are frequently founduttaneously with
antibodies against EAs and p23 (VCA) in acute pnjniafections.

VCA p18 is a highly basic protein of 18 kDa encodeithin the open
reading frame BFRF3 and appears to have no sequemelogues to
other human herpes viruses. Through a specific mgpanalysis of
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antigenic domains of the pl18 protein (108), theef@ninal region has
been identified as the immunodominant portion efdhtigen: the 95% of
VCA IgG-positive sera reacted positively when atplpcorresponding
to the C-terminal portion of p18 protein was useadaatigen, and the
same antigen was reactive with IgM antibodies %38 sera from EBV-
IgM positive IM patients.

Infectious
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Figure 3. Change in antibodies titers directed against sipe&BV antigens
with the progress of the stages of infection.
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THE LIAISON® SYSTEM

The Liaison® system is an instrument designed topa immunometric

analyses of biological fluid samples (such as seamplasma) in a
completely automated way (Figure 4). Up to 15 défe tests can be
performed at once on up to 144 samples in a seqlentrandom access
mode. The output of the analysis is generated girdle formation of an
immune complex, followed by a chemiluminescent tieacthat produces
an emission of light.

| i

= LIAISON

Figure 4. The Liaison® system.

The instrument is composed of two modules, desigteedbe both

allocated on a single workbench; the first modsla ipersonal computer
with touch screen, that hosts the user interfaftevace and all the system
data (assay protocols, reagent cartridges datalagput of analyses,
calibration history, network controls etc.). Thecaed module is the
actual analyzer, that performs the analysis fromma loading all the

way to the final output for the user. Key composeat the analyzer
include:
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cuvette loader and stacker: two conveyor beltsnaltontinuous
loading of the reaction modules, that are storedaanultilevel

rack (7 levels).

Sample rack slots: in the left-hand part of theérureent, a storage
area can hold up to 12 sample racks, each carnymdo 12

samples. A barcode reader allows error-free catdilmg of

samples.

Reagent slots: in the right-hand part of the imagnt, another
storage area can hold up to 15 different reagemtricge

simultaneously. This area is kept at a constanipésature of
15°C for optimal conservation of the reagents, ®tal stirring

device keeps the microbeads always in homogenasfgession.
Barcode reader for cartridge identification.

Robot dispense arms: two robotic arms each cargidigpensing
needle. One arm is usually dedicated to dispensiamples,
another to dispensing reagents. Each one has aatepeashing
well to clean the needle after each pipetting.

Incubator: this area hosts the reaction cuvettesmgluncubation

times, at a constant temperature of 37°C.

Washing station: through the application of a mégrfeeld, this

part allows retention of the paramagnetic microkeatt removal
of the reaction liquids. Any number of washing stepith the

desired washing buffer can be set.

Read area: contains the injection devices of triggagents and
the photomultiplier tube.

The Liaison® system is based on two key featurém tise of
paramagnetic microbeads as the solid phase angetieration of signal
by means of chemiluminescence. The adoption ofah&ads as the solid
phase instead of the classic immunoassay suppaststhe ELISA
microwells gives a clear edge in terms of availatdaction surface,
which in turn increases the kinetic rates of thegam-antibody complex
formation. Moreover, diffusion of both the analged the solid phase in
the reaction volume is allowed, while in ELISA syst only the analyte
can diffuse, decreasing the possibility of the immeomplex formation.
The microbeads adopted in the Liaison® system (Eig) are colloidal
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particles composed of a ferric oxide core coverga Ipolystyrene layer
formed by spontaneous coalescence of polystyrereadichains. This
structure is in turn coated with another layer cosgul of polyurethane
activated with tosyl-groups. The tosyl-group (4dtmhesulfonyl chloride)
can undergo nucleophilic attack, allowing the betdgovalently bind
proteins through their available amino grougsifiino groups of lysines,
N-terminal end). The paramagnetic properties o$ehmicrobeads allow
easy manipulation through the application of a natignfield. The
particles respond to a magnet but are not magttetimselves and retain
no residual magnetism after removal of the magnet.
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Figure 5. (A) The paramagnetic microbeads used in the Liggssystem.
(B) Chemistry of the covalent binding of aminegte tosyl-activated beads.

The tracer molecule is an antigen or antibody ogetied to a signal
generating compound. Chemiluminescent tracers aemed by
conjugating the antibody or antigen to a molecthiat tcan generate a
photon emission upon addition of certain reagemtse entity of this
photon emission is measured with a luminometerallysequipped with a
photomultiplier tube. The chemiluminescent moleculsed in the
Liaison® system is the luminol derivate ABEI (N-fmino-Butyl)-N
Ethyl-Isoluminol), which is converted to its actigd ester to allow
conjugation with the antibody or antigen (Figure 6)
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Figure 6. Structure of luminol, isoluminol and ABEI molecsle

In presence of D, and a microperoxidase (deuteroferrihneme), ABEI
achieves an excited state in consequence of a chemgaction. This
excited level decays to the ground level generatimeygy in form of light
(Figure 7). The emission of light is recorded bg ghotomutiplier tube
for an interval of just 3 seconds (“flash” chemiinescence) and the
signal is integrated over this interval. The fimabult is expressed in
RLUs (Relative Light Units).

Using chemiluminescence is a great improvement emweymatic signal
generation of classic ELISA format assays. Sersitig highly increased
and a greater dynamic range can be achieved. Lowégcular weight
and steric hindrance of ABEI compared to horsetagesroxidase allow
conjugation of more signal generating molecules tpacer molecule.
Moreover, generation and recording of signal is gleted in a very short
time (3 seconds), with a sensible throughput irexea

45



Introduction

HaC,
> 0
N
qu/\/\/ NH
"
0
dfh | H20:2
OH
HaC,
o]
N
qu/\/\/ o
_|_
o
420 nm
o]

Figure 7. Chemilumiscent reaction of ABEI.
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THE LIAISON ® EBV VCA IgM AND IgG ASSAYS

The LIAISON® EBV VCA IgM and the LIAISON® EBV VCA ¢G
assays permit the qualitative determination of gigdgM (acute primary
infection) or 1gG (past infection) antibodies todigin-Barr virus (EBV)
viral capsid antigen (VCA) respectively, in humaersn or plasma
samples. When performed in conjunction with othBiEnarkers, these
assays can be used as aid in the clinical labgrdtorthe diagnosis of
Epstein-Barr Viral Syndrome in patients with sigasd symptoms of
EBV infection such as infectious mononucleosis. Thencipal
components of these immunoassays are magneticlpar{solid phase)
coated with EBV VCA pl8 synthetic peptide and mousenoclonal
antibodies to human IgM or IgG linked to the isolnat-derivative
(ABEI) (Figure 8). In the first step (first inculian) EBV IgM or IgG
antibodies present in calibrators, samples or otstbind to the solid
phase. During the second incubation, the antibaghjugate reacts with
EBV IgM or IgG that is already bound to the solidape. After each
incubation, unbound material is removed with a wasicle.
Subsequently, the signal reagents are added and lagh f
chemiluminescence reaction is thus induced. Thd Bggnal, and hence
the amount of isoluminol-antibody conjugate, is mwgad by a photomul-
tiplier as relative light units (RLU) and is indicae of the presence of
EBV VCA IgG or IgM antibodies present in calibragprsamples or
controls.
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Figure 8. (A) Schematic representation of the Liaison® EBEA/IgM assay.
(B) Schematic representation of the Liaison® EBVA/IQG assay.
On the left side of figure, the various steps efélssay protocol are shown.
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INNOVATIVE METHODS FOR PROTEIN
PURIFICATION, IMMOBILIZATION ON SOLID
PHASE AND CHEMO-SELECTIVE CONJUGATION

ELP-INTEIN SYSTEM: SELF-CLEAVABLE TEMPERATURE
RESPONSIVE TAG FOR PROTEIN PURIFICATION

Applications for recombinant proteins in the theragic, diagnostic and
commodity enzyme fields are rapidly increasing.nf@mtation and cell
culture methods have been engineered to accommahiaterend by
increasing expression efficiency, but bottleneakgiotein purification
still remain. Examples of commercially availableripaation systems
include maltose binding protein, glutathi&teansferase, biotin carboxyl
carrier protein, thioredoxin, and cellulose bindidgmain. Similarly,
vectors for fusion to short peptide tags such apobistidine, S-peptide,
and the FLAG" peptide are also available. All these systemsciylyi
allow one-step purification of a recombinant protBom cell extract by
affinity. However, these traditional affinity-basegalrification methods
are not always easy to scale-up and in any caseoatgrohibitive on an
industrial scale. Moreover, one of the major expsnassociated with
recombinant protein production is the use of chitography in the
isolation and purification stages of a bioproc&escently, an economical,
non-chromatographic purification method has beereldped that relies
on the combination of two technological tools, adhiemical (intein auto-
cleavage activity) (109) and a physico-chemical (iEieP aggregation ad
solvation (110).

INTEINS AND PROTEIN SPLICING

Inteins were identified 20 years ago, when two peoweported an in-

frame insertion in th¥ MAL gene, which encodes a vacuolar membrane

H*-ATPase of the yeaSaccharomyces cerevisiae, calledSceVMAL
(111,112). The N- and C-terminal regions of theuded sequence were
shown to be very similar to the catalytic subuoitssacuolar membrane
H*-ATPases of other organisms, while an internalaegif 454 amino
acid residues displayed no detectable sequencéastyito any known
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ATPase subunits. Instead, this internal sequentébiéx similarity to
anS. cerevisiae endonuclease encoded by H® gene. It was found to
be present in the mRNA, translated with the Vmadtgin, and excised
posttranslationally (112). By analogy to pre-mRN#ons and exons, the
segments are  calledtein for internal  protein sequence, and
extein for external protein sequence, with upstream astdermed N-
exteins and downstream exteins called C-exteing. ddst-translational
process that excises the internal region from tieeyrsor protein, with
subsequent ligation of the N- and C-exteins, isnét protein splicing
(113). The products of the protein splicing process two stable
proteins, the mature protein and the intein (Fig))rd.arge-scale genome
sequencing approaches have identified inteinsl| ithiede domains of life,
as well as in phages and viruses. By the end 09,20@ intein registry
InBase (114) listed more than 450 inteins in theogees of Eubacteria,
Archaea, and Eukarya.

N-Extain Intein C-Extein

DNA:

¢ transcription
RNA: s 3

¢ translation

intain

MH, precursor protein
COOH

Protein: N-extein C-extein

¢ protein splicing
NH;

COOH
Protein:

e

NH3 COOH

mature protein excised intein

Figure 9. Protein splicing mechanism.
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Inteins are classified into two groups, large andimmal (mini) (Figure
10) (115). Large inteins contain a homing endorasgedomain that is
absent in mini-inteins. Homing endonucleases aeesgiecific, double-
strand DNA endonucleases that promote the lateealster between
genomes of their own coding region with flankinggsences, in a
recombination-dependent process known as “homibgually, homing
endonucleases are encoded by an open reading Wwéahie an intron or
intein (116). Large inteins are bi-functional piog with a protein
splicing domain, and a central endonuclease dong&pticing-efficient
mini-inteins have been engineered from large isteny deleting the
central endonuclease domain, demonstrating that ehdonuclease
domain is not involved in protein splicing (117).

Large intein:

N-splicing domain Homing

A N2 B N4 G D E H
w I W
Mini-intein:

A N2 B N4 F G
NH; [ 11

N

Figure 10. Structure of large and mini-inteins.

All known inteins share a low degree of sequendcailaiity, with
conserved residues only at the N- and C-terministMateins begin with
Ser or Cys and end in His-Asn, or in His-GIn. Thistfamino acid of the
C-extein is an invariant Ser, Thr, or Cys, but thsidue preceding the
intein at the N-extein is not conserved (Figurg {114). However,
residues proximal to the intein-splicing junctionmth the N- and C-
terminal exteins were recently found to acceletettenuate protein
splicing (118).
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N-extein C-extein
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Figure 11. Organization of a splicing precursor with a homimgdonuclease

domain. Capital letters mean that the correspondiagoccurs frequently in
intein or extein sequence, while small letters ¢aths that the corresponding
amino acid is rarely found in that position. Boxegrround nucleophilic

residues.

Protein splicing is a rapid process of four nuclabp attacks, mediated
by three of the four conserved splice junctiondess (Figure 12) (119).

1. Instep 1 the splicing process begins with ldrO shift if the first
intein residue is Segr N—-S acyl shift, if the first intein residue is
Cys. This forms a (thio)ester bond at the N-exteiain junction.

2. In step 2 the (thio)ester bond is attacked by the OH- orddblip
of the first residue in the C-extein (Cys, SerTar). This leads to
a transesterification, which transfers the N-extein to the side-
chain of the first residue of the C-extein.

3. In step 3 thecyclization of the conserved Asmesidue at the C-
terminus of the intein releases the intein anddlitiie exteins by a
(thio)ester bond.

4. Finally, step 4is a rearrangement of the (thio)ester bond to a
peptide bond by a spontaneddN or O—N acyl shift.
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Figure 12 The standard intein-mediated protein splicing ma@ism.
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The identification of the residues directly pagpiing in the breakage
and formation of peptide bonds has paved the wayrfodulating the
protein splicing reaction for various application&n interesting
application in biotechnology field is the site-sieccleavage of inteins.
Inteins mutated at one of the two splice-junctioasthe level of the
conserved residues, maintains their ability to skdave at only the non-
mutated splice junctions. This property can be @ixgd during the
purification process.

N-terminus cleavage. Mutation of the Asn residue at the intein C-
terminus abolishes steps 3 and 4 of the spliciagtien (Asn cyclization
and subsequent cleavage of the peptide bond a-tleeminal junction)
and results in N-terminal cleavage (Figure 13)c8istep 1 still occurs,
the (thio)ester bond can spontaneously hydrolyzgaating the N-extein
from the intein/C-extein portion; usually, howevBisterminus cleavage
requires the addition/presence of a nucleophilicugr (typically thiol
group or hydroxylamine) able to perform a trans@gtation reaction on
the -1 carbonyl residue.

HS
Intein C-extein

B
N-extein f -
HZN-\B/J V- coon

o Cys! Cystl

Step 1: N-S acyl shift Tl

K_\ q
¥ 3
“ZN-T 5 CysH
T W Intein N

Cysl sn la

\ N-extein
Step 2: Transesterification Attack by thiol HIN'-\I(S R
compound HS-R 0
& +
s Cys*l
0

Figure 13 N-terminus cleavage (C-terminus mutation of imkei
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C-terminus cleavage.Mutation of the conserved first residue of the
intein abolishes steps 1, 2, and 4 of the spliceagtion and leads to C-
terminal cleavage (Figure 14). In such a mutatéeinn Asn cyclization
(step 3) still occurs, to separate the C-exteiifrine N-extein/intein
portion. C—terminal cleavage is usually inducedccbgnge in temperature
and/or pH conditions.

H

s HS
N-extein ( » Intein C-extein . HS
HzN‘-\[rJ.‘ [ hcoon 24, COOH

o Cyst Cystl Asn cyclization Cys+1  C-extein
+
Step 1: N- 1 shift 0
NH
r—_\ﬂ

v s
HzN-TS Cystl 0
i = Intein

BN (/07 }coon

Cys!
Figure 14. C-terminus cleavage (N-terminus mutation of imkei

Controllable cleavage of modifiagils-splicing inteins has been adapted
for a wide range of useful applications in moleculdology and
biotechnology (e.g. IMPACT™ Kit; a commercial available expression
system from New England Biolabs used in proteingipation process).

Most of the inteins used in biotechnology are deiyrom prokaryotic
organisms, or are engineered variants ofRleerevisiae VMAl-intein.

One of the most popular intein employed for thafation of proteins is

a 198 aminoacids in-frame insertion in tpeA gene ofMycobacterium
xenopi (called thenMxeGyrA) (120). Compared to other mycobacterial
gyrA inteins, MxeGyrA intein has lost more than 200 aminoacids ef th
central intein domain, which is involved in the Hom endonuclease
activity, and gained a linker of unrelated residuéss linker is necessary
to maintain the splicing activity. The mini-intelixeGyrA (with the lack
of the endonuclease activity, but not of the spictapability) has then a
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primary structure made of 198 amino acids and aecubhr weight of
21.3 kDa. The C-terminal mutated version of thiseim (MxeGyrA
N198A; in which the C-terminal asparagine residw@e weplaced with an
alanine residue) able to perform a thiol-inducedachge at its N-
terminus, is currently exploited in many commercisystems of
purification (e.g. IMPACT™ Kit). As illustrated in Figure 15, in this
specific case the target protein is fused at itter@inus to a self-
cleavable intein tag that contains, in additiortite C-terminus mutated
intein sequence, a domain necessary for the patific of the target
protein (for example in the commercial system IMPAE Kit is used
the chitin binding domain for affinity purificatioaf the fusion precursor
on a chitin column). Induction of intein self-cleme activity, using thiol
reagents such as dithiothreitol (DTT), releasegdhget protein from the
intein tag (Figure 15).

Therefore, these innovative protein purificatiorsteyns exploit the site-
specific inducible self-cleavage activity of inteito separate in a simple
way the target protein from the affinity tag durinige purification
process.
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Figure 15 Schematic illustration of an expression/purificat system that
exploits C-terminus mutation of intein.
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Intein-mediated Protein Ligation (IPL) or Expressed Protein
Ligation (EPL) technique. As described above, inteins are valuable tools
in a wide range of biotechnological applicationgeins have been used
for segmental labeling of proteins for NMR analysgyclization of
proteins, controlled expression of toxic proteic@njugation of quantum
dots to proteins, and incorporation of unnaturainanacids (from 121 to
125). In basic research studies, they have beeth tesenonitor in vivo
protein-protein interactions, or specifically triotate proteins into
cellular organelles (126,127).

However, one of the principal and most importarpligptions of intein
remains the technique known as intein-mediatedeprdigation (IPL) or
expressed protein ligation (EPL), that provides ligation of peptides
and proteins using the natural splicing activityirteins (128,129). The
use of this innovative method permits the site-Sjgemodification of
protein structure and function by introducing sfiea@hemical functional
groups,leading to new biochemical insights in biologicgstems and
creating new tools for biomedical and diagnostgeesch. Before the use
of EPL technique, numerous protein site-specifigation and
modification methods have been explored. Solid-leptide Synthesis
(SPPS) provides the possibility of introducing mamical amino acids
into peptides but is restricted to peptides of ap60 amino acids in
length. By using expression systems in bacterigeast, the recombinant
generation of larger peptides and proteins hasrbegmwssible (130-131).
The size of the constructs is not restricted bat ithsertion of non-
canonical amino acids is difficult (132,133).Thmiliation of peptide size
in SPPS was circumvented by several approacheslopede for the
synthesis of proteins by segment condensation (I3\yson et al. (135)
introduced a simple and elegant method called Bafikemical Ligation
(NCL) for the synthesis of peptides by condensatibtheir unprotected
segments. The coupling of synthetic peptide-tharsstwith peptides
carrying an N-terminal Cys leads to an amide-bontha ligation site.
The reaction proceeds in aqueous conditions aralepitl. The first step
of this process is the chemoselective transthiaéstgion of an
unprotected peptide othioester with an N-terminal Cys of a second
peptide. The so-formed thioester spontaneously rgods an S-N-acyl
transfer to form a native peptide bond and theltiegupeptide product is
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obtained in the final disposition (Figure 16). im@ Cys residues within
both peptide segments are permitted because thdial ini
transthioesterification step is reversible andide products are obtained,
thus, no protecting groups are necessary. To ptatwenthiol of the N-
terminal Cys from oxidation, and thus forming arraactive disulfide
linked dimer, it is necessary to add thiols or otfeglucing reagents like
tris(2-carboxyethyl)phosphine (TCEP) (136) to theaation mixture.
Furthermore, the addition of an excess of thiolsamy keeps the thiol-
functions reduced but also increases the reactibityforming new
thioesters through transthioesterification (137).

This approach has proven to be useful for the sgmhof smaller
proteins up to 120 amino acids in length; largeotgins cannot be
obtained easily in one ligation step. Multistep NGfLdifferent peptide-
segments, however, can lead to larger proteins.edewy native chemical
ligation has proven very useful for the total swsils of small proteins
and protein domains, but has not been extendechdosynthesis of
proteins beyond ~ 15 kDa.

A useful application of NCL is Solid-Phase Chemitaation (SPCL)
(138). In this approach, one of the two segmentsoisnd to a polymer,
while the other is applied in agueous solution ead be used in excess.
A simple washing step completely removes the sbhdal peptides and
the assembled full length protein can be cleavenfithe resin. In
addition to Cys, related amino acids, including eselCys and
selenohomoCys, have been reported to work in dagimianner.
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Figure 16. Native Chemical Ligation (NCL) method.

Expressed protein ligation (EPL) (139-141), alsmed intein-mediated
protein ligation, is an extension of the NCL methAdrecombinant @-
thioester protein reacts with a chemically syntbedi or expressed
peptide/protein possessing an N-terminal Cys urber conditions of
NCL to form a native peptide bond (Figure 17). Thgation method
combines the advantages of molecular engineeridgcaemical peptide
synthesis in many cases and allows site-specifiodaction of unnatural
amino acids and chemical or biophysical tags iatgd proteins.
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Figure 17. Expressed Protein Ligation (EPL) method.

As mentioned above, peptide ligation via NCL regsirthe specific
generation of C-terminal thioester-tagged peptliteveng ligation with a
second peptide containing an N-terminal Cys residine efficient and
potent synthesis of dthioesters of bacterially expressed proteins was
found through studies of the N-terminal cleavagemeaism of inteins.
As described above in details, this last is obthineing a C-terminal
modified intein (substitution of the C-terminal aspgine with a residue
of alanine). Incubation of this modified intein twitthiols, like
dithiothreitol (DTT), releases the correspondingefiC-terminal thioester
tagged extein from the N-terminal splicing junctigfigure 18). For the
thiolysis of the intein fusion proteins, a broadga of thiols have been
investigated. The choice of a certain thiol depemishe accessibility of
the catalytic pocket of the intein/extein splicehgmain and the properties
of the target protein of interest. In general, thols should be small,
nucleophilic molecules that can enter the catalgticket to attack the
thioester bond connecting the extein and the intdtior further
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application of protein thioesters in EPL two thirigs/e to be considered
to be dependent on the synthesis strategy. On and, hthe protein
thioester should be stable to hydrolysis in oradebe isolated. On the
other hand, the thioester should also be reactieeigh in EPL. Simple
alkyl thioesters are quite stable to hydrolysis Inat very reactive.

Mixtures of alkylthiols and thiophenol or 2-mertagthansulfonic acid
(MESNA) (141) improved the reactivity.

Expressed protein ligation has proven to be a piolvenethod to

engineer the molecules in a site-specific way; @udéhis technique is
very simple, involving a single chemical step, affkctively unites the
fields of synthetic peptide chemistry and recombinaprotein

biotechnology.
HS
& H,N m
— _—
&SR o

Figure 18 Intein-mediated Protein Ligation (IPL) method.€Titwle of intein in
the formation of G-thioester protein necessary in the expressediprigation
mechanism.

C-terminus
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ELASTIN-LIKE POLYPEPTIDES (ELPS)

Elastin is a structural extracellular matrix prateéhat is present in all
vertebrate connective tissue. Its functions inclutie provision of
elasticity and resilience to tissues, such as laigstic blood vessels
(aorta), elastic ligaments, lung and skin, which subjected to repetitive
and reversible deformation (142,143). The solubkcyrsor of elastin,
tropoelastin, which is deposited into the extradell space, is highly
cross-linked through the action of lysyl oxidasenisTis actually the
property that confers the prominent physical fezdwf the natural elastin
protein (144).The sequence of tropoelastin is characterized lynajor
domains: the first is hydrophilic and contains manyss-linked Lys and
Ala residues, whereas the second is hydrophobicreidin nonpolar
residues, in particular Val, Pro, Ala and Gly, @weristically present as
tetra-, penta- and hexa-repeats, such as Val-Rra&sGl Val-Pro-Gly-
Val-Gly and Ala-Pro-Gly-Val-Gly-Val. These repea#se responsible
principally for the elasticity of the protein.
ELPs (Elastin-Like Polypeptides) are artificial padymers comprised of
the pentapeptide repeat motif Val-Pro-Gly-Xaa-GHPGXG; where the
guest residue Xaa can be any amino acid, except ®rat is derived
from the hydrophobic domain of tropoelastin. Thimgpal characteristic
of ELPs is that they are thermally responsive pepgles that undergo
an inverse temperature phase transition. The terhperdependent,
reversible self-aggregation (termed inverse phaaasition) of ELPs
occurs within a 2-3 °C range and can be monitored
spectrophotometrically by measuring the turbiditythee protein solution
(optical density at 600 nanometer of wavelengthglo® the transition
temperature (Tt), ELPs are monomeric and solubléereas, at
temperatures higher than Tt, they aggregate andnbednsoluble (145-
146) (Figure 19). One possible explanation for thcess is the
development of closer associations between sipgeands of ELP and
the subsequent formation of interstrapdheet structures that mediate
close association or aggregation of different EbRims (147)
The ELP aggregation is a reversible process, so pthigpeptide is
completely re-solubilised in buffer when the sadatitemperature is
reduced below its transition temperature, whicim igirn determined and
controlled by a combination of several factors hsuas buffer
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composition, salt concentration, ELP concentrationain length, the
degree of ionization of any functional side chaihg guest residue Xaa
and the polarity arrangement along the molecul8<U3tl). Thus, for
example, Tt is decreased as the ELP chain lengtieosalt concentration
or ELP concentration is raised.

Soluble Unimers Insoluble aggregate 1 AR

o~ AR
\f\—\ $Temp ikl
e
T<T, T<T

Figure 19. Representation of ELPs inverse phase transitiomesponse to
thermal changes.

Inverse Transition cycling. This unique property of ELPs make them
attractive for a wide range of applications in bamtnology and
biomedicine, for example, non-chromatographic propeirification by a
method named inverse transition cycling (ITC). Timsthod is based on
the principle that ELP fusion proteins, which aredquced by joining the
gene encoding a protein of interest with an ELPegeegment, can also
undergo a reversible phase transition similar &t tf the free ELPs.
Thus, the environmental responsiveness of ELPsbeaeasily imparted
by genetic fusion to a protein of interest. Fig@f shows a schematic
ITC purification. Initially, the ELP fusion proteirs below its Tt and is
soluble. The inverse temperature transition iggergd by increasing the
solution temperature to above the Tt or by addia§ $o depress
isothermally the Tt to below the solution temperatuor by a
combination of both. Upon triggering the transitidhe fusion protein
aggregates and can be separated from other madgmdsent in solution
by centrifugation or filtration. The remaining sbla molecules are
removed by decanting or pipetting off the supematdhe purified
fusion protein is then resolubilized at a tempewratoelow its Tt in the
buffer and volume of choice. The resolubilized dusiprotein is often
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centrifuged (or filtered) a final time at a tempara below its Tt to
remove any remaining insoluble matter that may Hmaen trapped in the
pellet along with the aggregated ELP fusion protéiditional rounds of
ITC can be undertaken until the fusion protein usifged to the desired
degree.

repeat ITC
| |
il . 7\ £y N 7
a
v hot spin k{ discard Ucold spin U keep v
*o 5t25°C | ® supernatant .é at4°C |, #/supernatant 3
0% oyl — L |e @ -
3 : g
5* 4 | resuspend & 29
] 5 pellet é
LS : {
ey L \_/ \ae / W

ELP fusion protein ;.: E. coli contaminants

11

Figure 20. Schematic representation of protein purificatigrinverse transition
cycling (ITC).

D,

ITC protein purification that provides the use of &LP tag offers several
advantages over conventional chromatography. ITi€dknically simple,

fast, economical, and requires no specialized egemp or reagents.
Separations can be completed in minutes using atdnthboratory

centrifuges and NaCl solution. For these reasoissatvery easy to scale-
up process. Because it avoids the expense assbciate traditional

chromatographic separations, ITC is also likelyb® useful for the
purification of single proteins at the gram-to-kjfam scale in industrial
bioprocessing. Furthermore for microliter-scale regpion and

purification, ITC can be employed in parallel foigtthroughput

applications.

At the end of the ITC process, in order to obt&ie purified protein of

interest, the ELP tag must be cleaved from the ofusprotein.

Traditionally, the strategy was the insertion betwehe fusion protein
and the ELP genes of a DNA sequence encoding foaraimo acid
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sequence recognized by a protease. The additiprotdase after the ITC
process permits the cleavage of the target prdtem the ELP tag. It is
however necessary to consider that the use ofgsetma the purification
process involves numerous problems, including @gligonal relevant

costs, (I) the need to perform a further chromedpgic step in order to
remove and to separate the proteases from thet famgiein and finally,

(1) the possibility of undesired proteolytic cuts the protein of interest
due to the low specificity of proteases themselves.

ELP-INTEIN SYSTEM

Recently, the study of inteins and in particulag thvestigation of site-
specific cleavage process of these particular ergyims allowed to
exploit this system to separate the target proteom related tags during
the purification process, and then to replace tise of protease
overcoming the many drawbacks associated with thssr

Also in the case of ELP-fusion construct, the itisarof an intein at the
right position gives the opportunity to isolate theget protein from the
ELP tag avoiding the use of proteases. The conmibimaif these two
technological tools, the intein auto-cleavage astijbiochemical tool)
and ELP aggregation ad solvation properties (plysieemical tool), has
enabled the development of a highly innovative effidient purification
method. Figure 21 schematically illustrates an eanof purification
process based on the use of the ELP-intein sys&arting from a
construct characterized by the fusion to the C-teusy of the target
protein with an intein-ELP tag, where the inteinai€-terminal mutated
version (e.gMxeGrA N198A), a ITC process is carried out as fitspsto
purify the ELP-fusion protein of interest from tlo¢her contaminating
proteins present in the sample. At the end of i@ process, the addition
of a thiol reagent, such as dithiothreitol (DTTgrmits the induction of
N-terminal intein self-cleavage activity and thensequent release of
target protein from the intein-ELP tag.

This new non-chromatographic method, based on tmbmation of
ITC purification process (ELPs tag) with self-cleay properties of
inteins, results in the use of a self—cleavablepemature responsive tag
and offers a viable option for protein purification
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Figure 21 Schematic representation of protein purificatbigrELP-Intein
system.
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SITE-SPECIFIC MODIFICATION OF RECOMBINANT
PROTEINS BY INCORPORATION OF UNNATURAL AMINO
ACIDS IN E. coli CELLS

Although proteins are involved in almost every bgital process, they
are biosynthesized from the same 20 common amiiis and contain a
limited set of functional groups (nitrogen basesboxylic acids, amides,
alcohols, and thiols). The ability to geneticalhcorporate into proteins
amino acids containing “unnatural” functional gresugould provide
powerful tools for modifying protein and controlljnts function. Genetic
code expansion (152) is one of the most powegpl@aches to generate
protein-containing unnatural functional groups heseathe method is site
specific and, in principle, can produce quantitgsmodified protein
sufficient for biochemical and biophysical analysédoreover, this
method has the advantage to produce modified potei a variety of
host cells E. coli; S Cerevisiae, P. pastoris; mammalian cells; etc.). The
technique is based on the use of an engineered fhAoacyl-tRNA
synthetase (aaRS) pair to insert the Unnatural Anmfcid (UAA) of
interest in response to a nonsense or frameshidbrcoDuring the
translation process, the ribosome translates mRN@& a polypeptide by
complementing triplet-codons with matching aminda®d tRNAs.
Three of the 64 different triplet-codons do not&ddr any amino acids,
but cause recruitment of a release factor resuitirdisengagement of the
ribosome and termination of the synthesis of thewgrg polypeptide.
These codons are called; ochre (TAA), opal (TGAY amber (TAG). Of
the three stop codons, the amber codon is the Uesast inE. coli (~7%)
and rarely terminates essential genes (153,154jnéwioned above, the
MRNA triplet UAG of the amber codon, or any othdops codon
normally causes the termination of translation égruitment of one of
two release factors, RF1, and RF2 (Figure 22A).taberspecies of
methanogenic bacteria do not use the amber codens&sp codon, but
instead use it to introduce an amino acid at a stodon. For
exampleMethanococcus jannaschii introduces a tyrosine at a UAG codon
(155). These UAG-tRNAs have been used with greatess to introduce
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Unnatural Amino Acids (UAASs) into proteins B coli expression
systems. In order to achieve this, a series ofndissesteps are required.
The first of these is the evolution of an orthodaRNA and its related
aminoacyl-tRNA synthetase (aaRS) so that it do¢setmgnize a natural
amino acid, but instead recognizes a UAA of inte(&56). The evolved
aaRS needs to be orthogonal to the tRNA loadinghmaty of the
expression host, as otherwise cross-loading ofralaimino acids onto
the tRNACYA can occur (Figure 22B). The first reported aaR8 iso0-
tRNA pair that was orthogonal to tEe coli expression machinery was
derived from the already mentioned archilsthanococcus jannaschii,
where it normally encodes for a tyrosine residu1The tRNAY* pair
could be readily mutated to accept an unnaturaharacid, because the
aaRS has minimal interaction with the anticodoniteftRNA“Y*. The
minimum anticodon recognition of the aaRS to itdNAR makes it
possible to mutate the aaRS amino acid binding gtoftkm tyrosine to
an UAA with little loss of affinity and aminoacylah efficiency of the
aaRsS for the tRNA (157). Furthermore, the lackokditing mechanism
capable of deacylating the UAA and high expresdievels are the
features that have made this pair so successfi. fooli (158). When the
crystal structure of an evolvédd. jannaschii tyrosyl-RS, thep-
cyanophenylalanine-specific aaRS, was solved, & lbeen used for a
study that uses molecular modeling and docking ésigh optimal
mutations for a given UAA (159). The list of UAAsdorporated into
proteins is rapidly growing. The aim is to use th&As for chemical
couplings, in order to modify the target proteinaithemo-selective and
site-specific way, preserving the fold, and funetad the proteins (Figure
22C).
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Figure 22.Incorporation of UAAs into proteins iB. coli cells.

(A) In normal translation, the recruitment of redeafactors is required to
terminate the process. In the presence of an actdmon (TAG) in mMRNA
sequence, release factor 1 (RF1) is recruited hisddetermines the stop of
translation and the release the newly synthesizsgip.

(B) In amber codon suppression technique to ingatpaunnatural amino acids
(UAA), the amber codon is used as a coding codortramslation. The
complementary amber tRNA® is aminoacylated by an orthogonal aminoacyl-
tRNA synthetase (aaRS) that is specifically degigtee accept only unnatural
amino acids. The result is a protein with an UAAdrporated.

(C) The protein containing UAA can be selectivelgdified via chemoselective
chemical modification.
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In the classical method to express a protein ofr@st containing a
desired UAA at a specific site iB. coli cells, an expression plasmid
encoding its corresponding nonsense or frameshifttant is co-
transformed with a suppressor plasmid that harbesRNA/aaRS pair,
specific for the desired UAA. An early version bfg suppressor plasmid
employed aripp promoter and gInS promoter to express the tRNA and
aaRS, respectively (155). To improve the suppressiticiency of this
system, a second generation of suppressor plas®@ip {160) was
developed with an enhanced gln@omoter to increase the level of
synthetase expression and six copies of the tRNgression cassette
under the proK promoter. A variation of this pladnpSUPAR (161) that
harbors an additional araBAD-driven aaRS expressassette and three
copies of the tRNA driven by proK was also genetat&urther
optimization of this system is pEVOL plasmid (162hich harbors one
copy of the tRNA expression cassette under theieffi proK promoter
and two copies of the aaRS under araBAD and gl#hpters (Figure
23). This latter vector results in a substantigbiovement in suppression
efficiency, approaching expression levels of theldwype protein
(without nonsense suppression), when used in cotifum with the
efficient tRNA/aaRS pairs derived from the jannaschii tyrosyl (MjTyr)
system.

araBAD ginS _ proK

- aaRS == aaRS =-=— fRNA
pEVOL
araC —— p15a

Figure 23.pEVOL vector map.
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In addition to the incorporation of a single UAAjet availability of
mutually orthogonal tRNA/aaRS pairs, suppressirggirtit codons irE.
coli, has made possible the site specific incorporadnmultiple,
different UAAs into the same protein (163). To eg® proteins
containing multiple, distinct UAAs, the relevantpguessor tRNA/aaRS
pairs must be coexpressed with the target geneioomg appropriately
positioned nonsense and/or frameshift codons spegifthe sites for
UAA insertion. The suppressor plasmid designedtia type of process
is named pUltra; it is characterized by the preseaot two different
tRNA/aaRS pairs allowing the generation of a simgiesmid capable of
dual suppression (Figure 24).

tacl proK proK tacl PN -

- aaRS1 —| tRNA1—{RNA2 1 aaRS2 H "k %&/\
L pUltrall I - :
lacl cdf mMRNA & ' e

Efficient single or
multiple UAA mutagenesis

Protein

Figure 24.pUltrall vector map of used for multiple-UAA mutagesis inE.coli.

The ability to incorporate unnatural amino acidsediy into proteinsn
vivo offers considerable advantages over both chenaodlin vitro
biosynthetic strategies, including the site-specifind homogeneous
modification of recombinant proteins under physgpdal conditions,
with the possibility to select a specific positigamino acid) for the
incorporation of unnatural specific functional gpouand then the
possibility to chemoselective modify the proteinegerving its fold,
function and reactivity.

72



Introduction

PROTEIN IMMOBILIZATION ON SOLID PHASE THROUGH
THE USE OF LEUCINE ZIPPER (OR "VELCROQO") PEPTIDES

Protein immobilization is a critical step in therfage-based analysis of
protein-protein ~ (or  antigen-antibody) interactions,including
immunodiagnostic assays, microarray-based proteamaysis, drug
screening and others. Covalent attachment methsidg tunctional side
groups of protein (amine, carboxyl, thiol, etc) @deen widely used for
protein immobilization to solve the problem of wealtachment in the
traditional physical adsorption methods. Furthemmorarious indirect
attachment methods using chemical cross-linker®moninal fusion tags
through NHS-biotin, biotin ligase, His-tag, or amucleotide-mediated
immobilization have been developed (164). Most loése methods,
however, still provide limited orientation and apptions to antibodies,
and they have some problems of a loss of activitgg 'ow binding
efficiency mainly due to uncontrolled immobilizatioand random
modification. Hence, despite many advances, imrgaibn of proteins
in a controlled and oriented manner still remaichallenge.
Recently, a new and innovative method for the antignmobilization on
solid phase was generated. It is based on thefusewcine Zipper (LZ)
(“velcro”) peptides (165). Velcro peptides (VP)easynthetic peptides
derived from the sequence of human transcriptiatofadomain B-ZIP;
they contain natural leucine zipper domains thliwaltight and stable
association between them through coiled colil foromafThe coiled coil is
a common structural motif, formed by approximatgh 5% of all amino
acids in proteins (166). Typically, it consists ofo to five helices
wrapped around each other into a left-handed heliform a supercoil.
Whereas regular helices go through 3.6 residuesdoin complete turn of
the helix, the distortion imposed upon each helithw a left-handed
coiled coil lowers this value to around 3.5. Thubeptad repeat occurs
every two turns of the helix (167). The coiled owmas first described by
Crick in 1953.The most commonly observed type of coiled coileif$-|
handedhere each helix has a periodicity of seven (a hieppeat) (168).
This repeat is usually denoted (a-b-c-d-e+fig)one helix, and (a’-b’-c’-
d’-e’-f'-g’) » in the other (Figure 25). In this model, a andrel typically
non-polar core residues (e.g. leucine, valine, soleucine), thus
stabilizing helix dimerization through hydropholkaond van der Waals
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interactions. Residues e and g must be chargeddlet@mate or lysine)
in order to form interhelical electrostatic inteians. Such interaction
patterns should be of the opposite charge in hditeers to stabilize their
interaction, and of the same charge in homodimerdestabilize them.
The remaining three positions (b, ¢, and f) muktbal hydrophilic, as
these will form helical surfaces that are exposeithé solvent.

A B
. " ole2e2e> !
2 B Dot et s
T il T g
N N ]2 .ﬂ;& .@ c

ionle

interactions

Figure 25. A parallel dimeric coiled coil in a schematic reggatation (A and
B) and as ribbon plot of the X-ray structure of teacine zipper of GCN4 (C
and D) (169). Selected side chains are shown ds &adl sticks. The helical
wheel diagram in (A) and the plot in (C) look dotine axis of the helices from
N-terminus to C-terminus. Panel (B) and (C) provad&de view.

This new method of proteins immobilization on sgbldase is based on
the creation of two different constructs. The ficensists of an artificial
polypeptide scaffold that can be used to immobiteombinant proteins
on substrates (Figure 26A). The polypeptide costaeparate surface
anchor and protein capture domains; in particuar gurface anchor is
represented by an elastin mimetic domain or elalten polipeptide
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(ELP) sequence (described above in details) nani&d fiér the presence
of a photoreactive unnatural amino a@dra-azidophenylalanine, within
the sequence. This moiety can be used to genevatdent linkages to
substrates (glass slides) upon UV irradiation. EbRsists of five repeats
of 25 amino acids with the sequence (VPGM®GFG-(VPGVG).
Because of its hydrophobic character, ELF proviskesng adhesion to
hydrophobic surfaces. The protein capture domathefirst construct is
a synthetic peptide, called Zfhe acidic partner of velcro peptides), that
functions through coiled coil association of a daed parallel
heterodimeric leucine zipper pair; the correspoggartner is called ZR
(the basic partner of velcro peptides) and it seflito target proteins as
an affinity tag in the second construct. The idethis system is based on
the interaction of the two velcro peptides, throtigh formation of coiled
coil structures, to enable the indirect immobilieatof the target protein
on solid phase, in a oriented and stable way (Eig26B). To reduce
possible steric hindrance, in both constructs,ZBevelcro peptide and
the ELF scaffold for the first construct, and thHe ¥elcro peptide and the
target protein for the second construct, are linkgda flexible spacer.
These two structures (velcro peptides) are basedthensequences
developed by Vinson et al. (170) with minor modifions (Figure 26).
The acidic partner ZE is so named for the presefceveral glutamic
acid residues (E) in its sequence, while the nafrteeobasic partner ZR
derives from the fact that it contains severaldess of arginine (R). The
presence of opposite charges on the two velcroidesptallows to
stabilize their association through the formatiori electrostatic
interactions in the coiled coil formatiolh.has been demonstrated that this
leucine zipper system has a heterodimerizatiomiffof 10%° M, while
homodimerization affinities are in the micromolange.
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Figure 26. (A) Design of artificial polypeptide scaffold with tlsarface anchor
(ELF) and protein capture domain (ZE) and relatedina acid sequence.
Sequence of the two “velcro” peptides.

(B) Scheme of surface functionalization and coiled nmbHiated immobilization
of proteins.

Due to their intrinsic characteristics, the usetlté velcro peptides as
indirect immobilization method of proteins on sglidase can make many
benefits including: (i) specific, oriented immokdition of target protein,
(ii) protein structure unaltered and minimized #fiieg effects (small size
of VP), (iii) low background (VP not immunogenicp rknown VP
circulating in the blood), (iiiiaffinities comparable to streptavidin/biotin
system (13°M).
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THE USE OF CLICK CHEMISTRY FOR BIOCONJUGATION
REACTIONS

The term “click chemistry” defines a powerful sétobemical reactions
that are rapid, selective, and high-yielding. A datick reaction satisfies
many criteria: it should be high yielding, producenimal byproducts,
and be stereospecific, when applicable. Furtheshatuld involve readily
available starting materials, take place in milchdibons, and allow
simple isolation of products. In practice, cliclacéons tend to have large
negative free energies and hence involve carbogrdeiom bond
forming processes. Thus, unlike many conventiogatteetic reactions,
the power of click chemistry lies in its simplicignd ease of use. For
these reasons, the click reactions have been dppliglifferent areas,
including drug discovery (171), materials scient&2), and chemical
biology (173). The success of this type of react®primarily related to
their application in chemical biology field; in faclick chemistry has
been used in the selective labeling of biomoleculigsin living systems,
allowing proteins, glycans, and other important niidecules to be
monitored in a physiologically relevant environmeather than in am
vitro setting.There has been a recent explosion of interestarséhective
covalent labeling of biomolecules in cells andriyiorganisms. Given the
functional complexity of biological systems, the jarachallenge is a
chemical one: the labeling reaction must be “bioagbnal’, meaning
that the two components are non-interacting (omhnay) to the
functionality presented in biological systems. Rart the reaction must
proceed in water at neutral or near-neutral pHeatperatures ranging
from 25 to 37°C without any cytotoxic reagents ompiwducts. The
concept of click chemistry provides an ideal platiofrom which to
develop bioorthogonal reactions in living systent®ew chemical
reactions satisfy both the bioorthogonal and clieluirements. Most
bioconjugation reactions, such as thiol-maleimide amine-carboxylic
acid couplings, cannot be used for selective biemdE labeling in
complex biological systems because of competingleopbiles and
electrophiles on proteins, nucleic acids, and olthepolymers that would
interfere with the reaction. Historically, the firshioorthogonal click
reactions” involved the condensation of ketonesaloiehydes witha-
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amines such as hydrazides or aminooxy reagents).(1&4major
breakthrough occurred in 2000, with the introduttaf the azide as a
functional handle for bioorthogonal chemical reasi (175). Unlike the
ketone, the azide is truly bioorthogonal, in faces not interact with the
functional groups presented in biological systemespite its kinetic
stability, the azide is thermodynamically a highesgy species prone to
specific reactivity both as a soft electrophile @sda 1,3-dipole (176). In
the subsequent years, most studies in the fielde Haeused on the
development of chemical reactions for azide ligatod their application
to selective biomolecule labelimgvitro andin vivo.

Staudinger Ligation. In 2000, it was reported a modification of the
classical Staudinger reaction of phosphines andeazitermed the
Staudinger ligation, in which an intramolecularotlephile traps the aza-
ylide intermediate to form an amide and the comwesing phosphine
oxide (Figure 27) (175). Perhaps, the Staudinggatibn was the first
truly bioorthogonal reaction, it takes place atmotemperature, in water
at neutral pH, and involves two fully abiotic fuimetal groups. Its impact
on chemical biology was immediate, with many amilans of
biomolecule labeling relying on this chemistry (L7NMevertheless, the
Staudinger ligation suffers from the inconvenien€eair oxidation of the
phosphine reagents, which can limit their shelfe,lifand more
problematically, from sluggish reaction kinetics.
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Figure 27.The mechanism of Staudinger ligation.
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Cu-Catalyzed [3+2] Azide-Alkyne Cycloaddition (CUAAC).

The most popular click reaction is the Huisgen difslar cycloaddition
between a terminal alkyne and an azide (171). Té&ction, already
discovered and developed many years ago, occurgjsasnentioned,
between of unactivated alkynes and azides andresgbigh temperatures
or pressures. For these reasons, it was relatigebred for years after its
discovery by Huisgen in the 1960's. The reactios again evaluated in
2001 when different authors independently (178,Iré@prted a Cu(l)-
catalyzed variant, that proceeds rapidly at roonmpterature to
regiospecifically form 1,4 disubstituted 1,2,3-mat¢es (Figure 28). The
CUuAAC (Cu-Catalyzed [3+2] Azide-Alkyne Cycloaddip which is
often simply referred to as “click chemistry”, hagen employed in
several chemoselective bioconjugation applicatioifiese myriad
applications have led to the exploration of the eresting
physicochemical properties of triazoles, includihgir polarity, stability,
and metal-binding abilities. Its greatly enhancate rcompared to both
the aldehyde/ketone ligations and the Staudinggtitn, as well as the
commercial availability or synthetic accessibilitf/both terminal alkynes
and azides, are the main characteristics that le/¢o the ever more
frequent use of CuAAC in chemical biology field fadifferent
applications, such as labeling of biomolecules omplex mixtures and
imaging of fixed cells and tissues. However, thgomamitation of this
technique is due to the strict requirement for @pp heavy metal highly
toxic to cells and organisms.

Strain-Promoted [3+2] Azide-Alkyne Cycloaddition (SPAAC).
Inspired by the power of Cu catalysis in accelegthe rate of triazole
formation, recently it was developed a Cu-free asatriof click chemistry
that provides a ring strain as an alternative mednalkyne activation
(180) (Figure 28). Cu-free variant of click chemysiovercomes the
intrinsic toxicity of the canonical Cu-catalyzedaction. The critical
reagent, a substituted cyclooctyne (a cyclic allkypessesses ring strain
that confers an high steric constraint on alkynecfional group; due to
this sever deformation from the ideal 180°, thepléri bond in
cycloalkynes having less than nine ring atoms digphigh reactivity for
azides without the need for copper catalysis.
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Figure 28. Azide-alkyne [3+2] cycloadditions. (a) Cu-catalyzadide-Alkyne
Cycloaddition (CuAAC) of azides and terminal alkgndo form 1,4-
disubstituted 1,2,3-triazoles. (b) Strain-promotgil-free) cycloaddition of
azides and cyclooctynes to form triazole products.

The first generation of cyclooctynes suffered fraelatively slow
reaction rates; in fact, the reaction rate constahtregular cyclooctynes
with azides did not surpass those of the Staudirigation (181).
However, it has been found that the rate of stpmomoted cycloaddition
can be increased by structural modification angarticular by appending
electron-withdrawing groups adjacent to the tripted. For example, by
fluorination (Figure 29; molecule n.1) (182), by2dpybridization of ring
atoms (Figure 29; molecule n.2) (183), or by fustoncyclopropane
(Figure 29; molecule n.3) (184). In this latter eashe developed
cycloctyne (BCN: bicyclo nonyne) results extremgbpwerful and
reactive due to its small size and low lipophilcit
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3 BCN  TOH

Figure 29. Substituted ring-strained cyclooctynes for bioogoal
cycloaddition reactions with azidesl.(Difluorinated cyclooctyne;2. 4-
dibenzocyclooctynol3. bicyclo nonyne).

As mentioned above, the power of click chemisteg lin its simplicity.
The bioorthogonal click chemistry is rapid, sebeeti and non-toxic
covalent reaction to link biomolecules. The avaligbof reliable, robust
and efficient chemistry for site-specifically labptoteins represents a
powerful tool in different areas of chemical biojog
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Aim of the project

As described in detail in the introduction, the esfigation of new
methods for the improvement of processes such aseipression,
purification and site-specific labeling of antigand antibody molecules,
can promote the development of new more powerfuldaigents and new
solutions able of improving the specificity and tisensitivity of
immunodiagnostic assays.

The first part of this thesis aimed to explore waive biotechnology
techniques in antigen production for the improvemeh Diasorin
LIAISON® EBV VCA IgM and IgG immunoassays that allow the
detection of antibodies directed specifically agathe Epstein-Barr virus
(EBV), in human serum or plasma samples. EBV iscthesative agent of
infectious mononucleosis (IM) and, as extensivegntioned before, the
virus infection is largely diffused worldwide. Bylalthood, 95% to 99%
of most of the world’s population has demonstraBBV antibodies.
Moreover, it is considered to be etiologically asated with a still
increasing number of disease syndromes includingeraé human
malignancies; for this reason it is important to@lep diagnostic assays
for EBV detection with high specificity and sensity.

The minor viral capsid protein VCA pl18 appears ¢odme of the most
important antigens for the diagnosis of EBV. Thearent Diasorin
LIAISON® EBV VCA IgM and IgG assays rely on a single amige
consisting in a synthetic peptide correspondingh® immunodominant
C-terminal portion of the pl8 protein, which is imioilized on solid
phase (indirect format). The several methods egrglan this thesis aimed
to obtain different variants of the p18 antigenhwitie purpose to improve
the performance of DiaSorin LIAISONEBV VCA IgM and IgG assays
at different levels (1) production process of th&8 pantigen; (2)
immobilization of the same antigen on solid phaé#&; format of
immunoassay (Figure 30).
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Figure 30. Explored strategies for the improvemeft EBV VCA IgM and EBV
VCA IgG immunoassays.

86



Aim of the project

(1) Production process of the p18 antigen

The length of the immunodominant C-terminal portminthe pl8
protein (57aa), used as capture element coatedolh ghase in
LIAISON® EBV VCA IgM and IgG assays (Figure 30), appears to be
considerable for the synthetic route (necessityragpare a disulfide-
linked heterodimer; Figure 31) but, at the samestitoo small to be
effectively produced in a recombinant fashion. T\erecome this
problem, we explored the ELP-Intein system, a netthased on the
use of a self-cleavable protein (the intein) andteaperature
responsive tag (ELP), as described in detail inritreduction.

Full length p18

1 176
C-term p18
| |
119 . 176
Synthetic p18
| Cys | | Cys |
119 148 153 176

Figure 31.Schematic diagram of p18 componeiitise synthetic peptide used in
LIAISON® EBV VCA IgM and IgG assays corresponds to the immunodorhinan
C-terminal portion of the p18 protein. The consadde length of this peptide
(57aa) makes the synthetic process quite complexfatt, its preparation
requires the synthesis of 2 separate peptides,hwdmie then joined together
through the formation of a disulfide bridge betwemro cysteine residues,
positioned respectively at the C-terminal of thestfipeptide and at the N-
terminal of the second one.
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(2) Immobilization of the p18 antigen on solid phase.

The development of different variants of the pl8igam has
enabled to explore different techniques for the obiiization of
the same antigen on solid phase:
2.1 _direct covalent coating;
2.2 _through streptavidin-biotin complex.
In this case, the biotinylation of the antigensvearried out
through the investigation of two different methods.

(2.2.1)In the first case, we exploited the pl8 antigeniaver
generated by ELP-intein method in order to obthm €-
terminal site-specific biotinylation of the sametigen by
using the technique called “expressed protein ibgator
“‘intein-mediated protein ligation”. This technique/olves
the reaction between a recombinant protein with -a C
terminal thioester group (obtained through the esscof
intein self-cleavage) and a synthetic peptide dnimtg a
thiol group at the N-terminus and, in our caseysnk-
biotin at the C-terminus in order to obtain a Gxteral
site-specific modification (biotinylation) of targprotein.

(2.2.2)In the second case, we tried to obtain the N-teafrsite-
specific biotinylation of the pl8 antigen by usim
innovative technique that provides the genetic
incorporation of unnatural amino acids into targedgtein
directly in E. cali cells. In particular the incorporation of a
para-azido-phenylalanine at the N-terminal regidrthe
protein has been exploited to subsequently reali@&ain-
Promoted Azide-Alkyne Cycloaddition (SPAA@eaction
with a molecule of cyclooctyne-biotin with the réisof a
N-terminal biotinylated p18 antigen.

2.3_ Through an innovative procedure based ongketileucine
zipper (or “velcro”) peptides.
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(3) Development of the LIAISOR EBV VCA IgM immunoassay
“reverse” format.

Despite the DiaSorin LIAISON® EBV VCA IgM immunoass
has a good analytical performance, in order toinkda increase
of specificity, a new assay format was exploradrtiig from an
indirect format (which includes the p18 antigen iaimtization on
solid phase), we tried to develop a "reverse" farmmawhich anti-
human IgM antibodies, capable of catching the hungid
present in the sample, are used as a capture dlesnesolid
phase, while the pl8 antigen, linked to one or more
chemiluminescent molecules, is used as a tracgui@i30). For
the synthesis of this new tracer characterizedhieypresence of
the pl18 antigen, it was decided to use a highlgctigke and
efficient type of chemistry, the click chemistry.
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Materials and methods

REAGENTS

Tryptone, peptone were purchased by BD; IPTG washased by
Inalco; Sodium phosphate, potassium phosphateusodcetate, EDTA
(Ethylenediaminetetraacetic acid), NaCl and methamoe purchased by
Carlo Erba; Ampicillin, Kanamicin, ChloramphenicatArabinose, DTT
(Dithiothreitol), MESNA (2-mercaptoethanesulfonala), Urea, Trizma
base, SDS (Sodium dodecyl sulphate), APS (Ammonpersulfate),
TEMED (N,N,N',N'-Tetramethylethylenediamine), Glyei 2-
mercaptoethanol, BBF (Bromophenol Blue), Pyrofdtycerol, 4-Chloro-
1-naphthol, Hydrogen Peroxide {B) DMSO, Hepes, NDSB-195
(Dimethylethylammoniumpropane sulfonate), PhenollPEA (N,N-
Diisopropylethylamine), TIPS (triisopropylsilanepiperidine, diethyl
ether, tert-butyl-methyl ether, glacial acetic acigtre purchased by
Sigma-Aldrich. TFA (tri-fluoroacetic acid), CH3CNadetonitrile) and
Tween20 were purchased by Merck; pAzF (para-azitmplalanine)
was purchased by Bachem; BCN-PEO3-NHS and BCN-PBOA
were purchased by Synaffix; 40% Acrylamide/Bis soluwas purchased
by BIORAD; DMF (N,N-Dimethylformamide) was purchaseby
Sharlau; NMP (N-Methylpyrrolidone) was purchase Bigsolve; Hobt
and HBTU were purchased by GL Biochem Ltd; Aganess purchased
by IBI scientific; GelRed™ nucleic acid gel stainasvpurchased by
Biotium.

CLONING

- Plasmid extraction was performed with Wizard Pluy S
Minipreps kit (Promega).

- DNA purification (from agarose gel, PCR and digas$) was
performed with Kit Wizard SV Gel and PCR Clean-Ugstém
(Promega).

- High Fidelity Expand System Polymerase for PCR egldtive
buffer were purchased by Roche.

- Ndel, Nhel, Xhol EcoRI, Hindlll, BamHI endonucleases and
relative buffers , Quick T4 DNA Ligase and relativeffer were
purchased by New England Biolabs (NEB).
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CLONING OF EXPRESSION VECTORS
A) pTME-MCS expression vector

pTME vector is a modification of pET32 expressioector (Novagen,
Merck Chemicals Ltd) and includes the gene encodorgthe Trx-
MxeGyrA-ELP90 fusion protein; it was a gentle gift fmoProf. Chilkoti
(Duke University, Durham, NC, USA).

The expressed protein had the following amino aseguence, Figure
32:

VBDKI | HLTDDSFDTDVLKADGAI LVDFWAEWCGPCKM API LDEI ADEYQGKLTA
KLNI DONPGTAPKYG RG PTLLLFKNGEVAATKVGAL SKGQL KEFL DANLAGSGG
MRMCI TGDALVALPEGESVRI ADI VPGARPNSDNAI DLKVL DRHGNPVLADRLFHG
EHPVYTVRTVEGLRVTGIANHPLLCLVDVAGVPTLLWKLI DEI KPGDYAVI QRSAS
VDCAGFARCGKPEFAPTTYTVGVPGLVRFL EAHHRDPDAQAI ADEL TDGRFYYAKVS
VTDAGVQPVYSLRVDTADHAFI TNGFVSHATAL TGLNSGL HVHHHHHHSSGL VPRS
KEGVGVPGVGVPCEEVPGAGYPGVGVYPGVGVYPGVGYPCEGEVPGAGYPCEGVPGG
VPGVGVPCEGEVPGAGYPGVGVPGVGVPGVGVYPGEGVPGAGYPGEEGVPGYGVPGVGEP
GGGVPGAGYPGVGVYPGYGVYPGYGYPGEGYPGAGYPGEGYPGYGYPGYGYPGGEGVPA
GVPGVGVYPGVYGVPGVGYPGGEGVYPGAGYPGEGVYPGVGYPGYGVYPGEGVPGAGYPGYWY
PGVGVPGVGVPGGEGVPGAGYPGCEGVPGVGYPGYGVYPGEGVPGAGYPGYGVYPGVYGYG
VGVPGGEGVPGAGYPGEGVPGVGVPGVGVPGEGVPGAGYPGYGVPGVGVPGVGVYPGG
VPGAGVPGCEGVYPGVGVYPGYGVYPGEGVYPGAGYPGVGVPGYGYPGVGYPGGEGVPGAGP
GGGVPGVGVPGVGYPGEEVPGAGYPGVYGYPGYGYPGYGVYPGCEGYPGAGYPGEGVYPG
wp

Thioredoxin (11.805 kDa}Intein (MxeGyrA N198A)-ELP9O0 (- linkers)

Figure 32 Trx-MxeGyrA-ELP90 fusion protein sequence (799 amino acids
72.6 kDa) encoded by the pTME vector.

The main drawback of pTME vector was that the Texecould not be
replaced by other DNA sequences because no endaseckestriction
sites were anymore available at both the 5 antkeBhinus of the Trx
sequence.

94



Materials and methods

For this reason it was modified by replacing thg @ene with a multiple
cloning site according to the following protocdfsgure 33A:

1. pTME plasmid was digested witlidel, in order to excise the Trx-
Intein DNA sequence.

2. A multiple cloning site-Intein fragment was genedhtby PCR
amplification using as template the Intein sequeatgTME
vector. This fragment is characterized by stickgtisstoNdel.

The following primers were used:
Fw:

Ndel EcoRlI BamHIl Hindlll
5 AGCATATG GAATTCGGATCCAAGCTTAGATCTGGTTCTGGTTCTGG
CATGCGTATG_ 3

Rev:

Ndel
5 GCCATATG AGATCTGAGGCCTGAGTTCAGACCGGTGAG. &

3. Ligation of the open vector from stepl with the P@®Rduct of

step 2 digested witNdel gave the new expression vector pTME-
MCS.
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1 origin

bla {amp) sequence

pBR322 origin

TT terminator
\ His tag
___ Xhal (159)

ELP90

Noe | (1586)

\His-tag

pTME _Intein
7774bp
TT promoter s
Trx
Nde | (2566)

lacl

Trx-Intein sequence was excised Kglel and replaced by a MCS-Intein

sequence obtained by PCR

1 orig

bla {(amp) sequence

pBR322 origin

TT terminator
His tag
Xhol (159)

in

ELP90

Nefe 1 (1588)

His-tag

pTME-MCS

7480 bp

Intein

T7 promoter

MCS

Hindlll (2253)
BamHI (2259)
EcoRI (2265)

Nde | (2272)

lac |

Figure 33A. A schematic representation of the cloning stratefggTME-MCS

vector.
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pTME-MCS vector is characterized by the followingultiple cloning
site, Figure 33B

5 atg ga tt gpa tcc aag ct aga ct 3
M E S K L R
START EcoRI BamHI* Hindll* Bglll**

Figure 33B. Nucleotide sequence of the multiple cloning siftgpTME-MCS
vector. (*) Unique restriction sites usable forrahg. (**) The Bglll restriction
site is present twice in the pTME-MCS vector, befand after the Intein
sequence and cannot be used for cloning but forteaklintein deletion

The amino acid sequence of the MEReGyrA-ELP90 protein
encoded by pTME-MCS vector resulted then as shoviigure 34.

MEFGSKLRSGSGSGVRMCI TGDALVALPEGESVRI ADI VPGARPNSDNAI DLK
VL DRHGNPVLADRL FHSGEHPVYTVRTVEG-RVTGTANHPLL CL VDVAGVPTL
LVIKLI DEI KPAYAVI QRSAFSVDCAGFARGKPEFAPTTYTVGVPGLVRFLEA
HHRDPDAQAI ADEL TDGRFYYAKVASVTDAGVQPVYSLRVDTADHAFI TNGFV
SHATGELTALNSGL RSHVHHHHHHSSGL VPRGSGKGPGVGVPGVGVPGGEGEVPGA
GVPGVGVPGVYGVYPGVGYPGGEGVYPGAGYPGGEGYPGVGYPGYGYPGEGYPGAGYP
GVGVPGVGVPGVGVYPGGEEVPGAGYPGEGYPGVGEVYPGYGYPGEGYPGAGYPGYG
VPGVGVPGVGVPCEGVPGAGYPGEGVPGYGVYPGYGVPGEGVPGAGYPGVGVPG
VGVPGVGVPGEGVPGAGYPGEGEVPGVGVPGYGVPGEGVPGAGYPGYGYPGVGY
PGVGVPGEGVPGAGYPGGEGEVPGYGYPGVGYPGEEVPGAGYPGVGYPGVGVYPGY
GVPGEGVPGAGVYPGEGVPGVGYPGYGVPGEGVPGAGYPGVYGYPGVGVPGVYGVYP
GCGEVPGAGVPGEEGVPGYGYPGYGVPGGEGYPGAGYPGYGYPGYGYPGVGYPGEG
VPGAGVPGEGVYPGVGVYPGYGVPGEGYPGAGYPGYGVYPGYGYPGVYGYPGEGVPG
AGVPGGGVPGWP

MCS-Intein (MxeGyrA N198A)-ELP9O0 (- linkers)

Figure 34.Protein sequence encoded by the pTME-MCS vector.
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B) pET24-MCS-Intein-ELP(KV7F-36) vector

A synthetic gene encoding for a new ELP (ELP[KV/&)]8nked to the
MxeGyrA gene and a multiple cloning site was purchalsgdseneArt
(Regensburg, Germany) and cloned Wdel-Xhol in pET24a vector
(Novagen, Merck Chemicals Ltd) (Figure 35A).

Xhol (159)

f1 origin

ELP[KV7F-30]

BamHI (768) )
Intein

MCS

pET24-MCS-Intein-ELP[KV7F-36]

6319 bp NkeI (1419)

HindIII (1425)
Spel (1431)
ot EeRI (1437)

NdeT (1444)

Figure 35A. A schematic representation of pET24-MEReGyrA-
ELP[KV7F]36 vector.

The amino acid sequence of the M@IReGyrA- ELP[KV7F]36 protein
encoded by pET24-MCBxeGyrA-ELP[KV7F]36 vector resulted as
shown in Figure 35B:

MEFTSKLASGSGVRMCI TGDALVALPEGESVRI ADI VPGARPNSDNAI DLKVLDRH
GNPVLADRLFHSGEHPVYTVRTVEGLRVT GTANHPLL CLVDVAGVPTLLVWKLI DEI
KPGDYAVI QRSAFSVDCAG-FARCGKPEFAPTTYTVGVPCGLVRFLEAHHRDPDAQAI A
DELTDGRFYYAKVASVTDAGVQPVYSLRVDTADHAFI TNGFVSHAT GEGESGEEEGEE
GSGEEGSCEESEEESCEEEEEEVEVPGKGVPGYGVPGYGYPGYGYPGYGYPGYGYPG
VGVPGFGVPGVGVPGKGVPGVYGVPGVGVPGYGVPGVYGVPGYGVPGYGVPGFGVPGY
GVPEKGVPGVGVPGVGVPGYGVPGYGYPGYGYPGYGYPGFGVPGVGVPGKGVYPGVG
VPGVGVPGVGVPGVGVYPGVGVYPGVGVYPG-GVPG

MCS-Intein (MxeGyrA N198A)-ELP36 (- linkers)

Figure 35B. Protein encoded by the pET24-MCS-Intein-ELP]KV7F]36
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C) Cloning of p18 antigen

A synthetic gene encoding for EBV viral capsid geti pl8 was
purchased by GeneArt and cloned EeRI-Hindlll in:

- pPTME-MCS to obtain pTME-p18 vector
-pET24-MCSMxeGyrA-ELP(KV7F-36) to obtain pET24-p18xeGyrA-
ELP(KV7F-36) vector

pTME-p18 vector encodes for pMxeGyrA-ELP90 fusion protein (757
amino acids; 66.22 kDa, Figure 36).

MEFSTAVAQSATPSVSSSI SSLRAATSGATAAASAAAAVDT GSGGCEGEQPHDTAPRG
ARKKCKLRSGSGSGAVRMC! TGDALVALPEGESVRI ADI VPGARPNSDNAI DLKVLD
RHGNPVLADRL FHSGEHPVYTVRTVEGLRVTGTANHPLL CLVDVAGVPTLLWKLI D
El KPCDYAVI QRSAFSVDCAGFARGKPEFAPTTYTVGVPGLVRFLEAHHRDPDAQA
| ADEL TDGRFYYAKVASVTDAGVQPVYSLRVDTADHAFI TNGFVSHATATALNSG
L RSHVHHHHHHSSGL VPRGSGKGPGVGVPGVGVPCEGVPGAGVPGVGVPGVGVPGY
GVPGGEGEVPGAGVYPGGEGYPGVGYPGYGYPGEGVPGAGYPGYGYPGYGYPGVYGYPGEG
VPGAGVPGGGVPGVGVYPGYGVPGEGYPGAGYPGYGVPGYGYPGVGYPGEGVPGAGY
PGGEGVPGVGYPGVGVYPGGEEVPGAGYPGVGVYPGYGYPGYGVYPGEGYPGAGYPGEGVP
GVGVPGVGVPGEGVPGAGYPGVYGVPGYGYPGYGVPGEGEGVPGAGYPGGEGVPGYGVYPG
VGVPGGEGVPGAGVPGVGVPGVGYPGVGVYPGEGVPGAGYPGGEGVPGYGVYPGYGYPGG
GVPGAGVPGVGVPGVGYPGVGVYPGGEGEVPGAGYPGCGGYPGYGYPGYGVYPGEGYPGAG
VPGVGVPGVGVPGVGVYPGCEGEVPGAGYPCEGEVPGYGVYPGYGVYPGEGVPGAGYPGYGY
PGVGVPGVGVPGEGVPGAGYPGEGVPGAP

pl&Intein (MxeGyrA N198A)-ELP9O0 (- linkers)

Figure 36.p18MxeGyrA-ELP90 sequence.
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PET24-p18MxeGyrA-ELP(KV7F-36) vector encodes for pMxeGyrA-
ELP36 fusion protein (481 amino acids; 45.15 kDguFe 37).

MEFSTAVAQSATPSVSSSI SSLRAATSGATAAASAAAAVDT GSCEEEQPHDTAPRG
ARKKCKLASGSGVRMCI TGDALVALPEGESVRI ADI VPGARPNSDNAI DLKVLDRH
GNPVLADRLFHSGEHPVYTVRTVEGLRVTGTANHPLLCLVDVAGVPTLLVKLI DEI
KPGDYAVI QRSAFSVDCAGFARCKPEFAPTTYTVGVPGL VRFLEAHHRDPDAQAI A
DELTDGRFYYAKVASVTDAGVQPVYSLRVDTADHAFI TNGFVSHAT GEGESGEEEGEE
GSEEESEEEEEEESCEEEEEEVEVPGKGYPGYGYPGYGYPGYGYPGYGYPGYGVYPG
VGVPGFGVPGVGVPGKGVPGVYGVPGVGVPGYGVPGVYGVPGYGVPGYGVPGFGVPGY
GVPEKGVPGVGVPGVGVPGVGVPGYGYPGYGYPGYGYPGFGVPGVGYPGKGVYPGVG
VPGVGVPGVGVPGVGVPGVGVPGVYGVPG-GVPG

pl8-Intein (MxeGyrA N198A)-ELP36 (- linkers)

Figure 37.p18MxeGyrA-ELP36 sequence.

D) Cloning of MalEp18 antigen

A gene encoding for EBV viral capsid antigen pl8hwihe first six
amino acids of Maltose Binding Protein (MBP) at éMrhinus was
obtained by digestion witiNdel and Nhel endonucleases of pMA-ZE-
pl8-ZR template, purchased by GeneArt (Figure BBjs template was
designed to realize the constructs necessary &maiplication of velcro
peptides system described in the following pardggaprhis template
encodes the first 6 amino acids of MBP followedtly sequence of p18
antigen. MalEp18 gene was characterized by Mdel and Nhel
restriction sites at its 5’ and 3’ ends, respetyive
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Nl (407)

Ma]E-pl?%\

BanHI (541)
AmpR NdeT (560)

I

pMA-ZE-MalE-p18-ZR ZE-p18-ZR
2922 bp I
Nbhel (757
ol (931)

Col El ongin

1

MalEp18 sequence was isolated by the digestion Wdal and Nhel
endonucleases of pMA-ZE-p18-ZR template.

Figure 38. Schematic representation of pMA-ZE-p18-ZR tempfaten which
MalEp18 gene was isolated.
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MalEp18 was then cloned vildel/Nhel in pET24-MCSMxeGyrA-
ELP(KV7F-36) to obtain pET24-MalEpl8ixeGyrA-ELP(KV7F-36)
vector.

pET24-MalEp18MxeGyrA-ELP(KV7F-36) vector encodes for MalEp18-
MxeGyrA-ELP36 fusion protein (483 amino acids; 45.3ak Figure
39).

MKI EEGK

ASGSGVRMCI TCDALVALPEGESVRI ADI VPGARPNSDNAI DLKVLDRHGNPV
LADRLFHSGEHPVYTVRTVEGLRVTGIANHPLLCLVDVAGVPTLLWKLI DEI KPGCDYAV
I QRSAFSVDCAGFARGKPEFAPT TYTVGVPGLVRFL EAHHRDPDAQAI ADELTDGRFYY
AKVASVTDAGVQPVYSLRVDTADHAFI TNGFVSHAT GEGSGCEGESCEEEEEESCEESEEG
SGGEGSGEGVGEVPGKGVYPGYGVYPGVGYPGYGYPGVGYPGYGYPGYGYPGFGVPGYGYPGK
GVPGVGVPGVGVYPGVGVYPGVGVPGYGVPGVGVYPGFGVYPGVGYPGKGYPGVGVPGVGVYPG
VGVPGVGVPGVGVPGVGVPG-GYPGYGVPEKGVYPGVYGYPGYGYPGVGVPGVGYPGYGYP
GVGVPGFGVPG

MalE pl&-Intein (MxeGyrA N198A)-ELP36 (- linkers)

Figure 39.MalEp18MxeGyrA-ELP36 sequence.

E) Cloning of MalEp18(pAzF) antigen

A gene encoding for EBV viral capsid antigen pl8hwihe first six
amino acids of Maltose Binding Protein (MBP) at édmbiinus and
characterized by the presence of an amber stomdddG) at the level
of third amino acid position of MBP sequence, waseagated by PCR
site-directed mutagenesis using as template theepddl sequence of
PMA-ZE-p18-ZR vector. Therefore, the new generatgene was
characterized by the substitution of the third codmrresponding to
isoleucine residue (ATT) with the amber stop coBAG). Moreover it
was designed to contain tiNglel/Nhel specific restriction site at 5’ and
3’ends, respectively.

The insertion of an amber stop codon within theusege (third position)
was necessary for the genetically incorporation ef para-azido-
phenylalanine residue in the corresponding positdirectly in E.coli
cells, as described in detail in the introduction.
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The following primers were used:
Fw:

Ndel
5" TGCCATATG AAATAGGAAGAAGGTAAAAGCACCGCAGTTG. 3

Rev:

Nhel
5 GGAGCTAGCCTGTTTTTTACGTGCACCA 3

MalEp18 (TAG) was then cloned viddel/Nhel in pET24-MCS-
MxeGyrA-ELP(KV7F-36) to obtain pET24-MalEpl18(TAGXeGyrA-
ELP(KV7F-36) vector.

pPET24-MalEp18(TAG)MxeGyrA-ELP(KV7F-36) vector encodes for

MalEp18(pAzF)MxeGyrA-ELP36 fusion protein (483 amino acids;
45.38 kDa; Figure 40).

MK( pAz) FEEGK

ASGSGVRMCI TGDALVALPEGESVRI ADI VPGARPNSDNAI DLKVLDR
HGNPVL ADRL FHSGEHPVYTVRTVEGL RVTGTANHPL L CLVDVAGVPTLLWKL| DEI KP
GDYAVI QRSAFSVDCAGFARGKPEFAPTTYTVGVPGLVRFL EAHHRDPDAQAI ADELTD
GRFYYAKVASVTDAGVQPVYSL RVDTADHAFI TNGFVSHAT GGGSGGGSGEGSGEGESGG
GSGEGESGEGSEEGVGVPGKGVPGVGVPGVGVPGVGVPGVGYPGVGVPGVGVPGFGVPGY
GVPGKGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGFGVPGVGVPGKGVPGVGVPG
VGVPGVGVPGVGVPGVGVPGVGVPGFGVPGVGVPGKGVPGVGVPGVGVPGVGVPGVGVP
GVGVPGVGVPGFGVPG

MalE(pAzF) pl&-Intein (MxeGyrA N198A)-ELP36 (- linkers)

Figure 40.MalEp18(pAzF)MxeGyrA-ELP36 sequence.

F) pEVOL-pAzF vector

pPEVOL-pAZF vector encoding for the tRNA/aaRS papecific for the
para-azido-phenylalanine unnatural amino acid,asramercial plasmid
purchased by Addgene.
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G) Cloning of ZE-ELP(KV7F-36) antigen

The ZE-ELP(KV7F-36) construct characterized by thsion of genes
encoding for the ZE acidic velcro peptide and foe ELP(KV7F-36)
thermal responsive polypeptide was obtained witle tollowing
procedure (Figure 42):

1. pET24-MCSMxeGyrA-ELP(KV7F-36) plasmid was digested
with Ndel/BamH]I, in order to excise the Intein DNA sequence.

2. pMA-ZE-p18-ZR plasmid was digested witNdel/BamHI, in
order to isolate the ZE DNA sequence of interest.

3. Ligation of the open vector from stepl with theeditjon product
of step 2 gave the new expression vector pET24-FE(EV7F-
36).

pET24-ZE-ELP(KV7F-36) vector encodes for ZE-ELP38ibn protein
(245 amino acids; 21.55 kDa; Figure 41).

M_EI EAAFLEQENTALETEVAELEQEVCQRLENI VSQYRTRYGPL GSGEGESCEEEGEE
GSGEEESCEEVGEVPEKGYPGYGYPGYGYPGYGYPGYGYPGYGYPGYGYPG-GVPGYG
VP&KGVPGVGVYPGVGVPGYGVYPGYGYPGVGYPGYGVPG-GVYPGVGYPGKGVPGYGY
PGVGVPGVGVPGVGVPGVGVPGVGVPG-GVPGYGYPGKGVYPGVGVPGYGVPGVGVP
GVGVPGVGVYPGVGVPGFGVPG

ZE-ELP36 (- linker)

Figure 41.ZE-ELP36 sequence.
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N1 (407)
Digestion withNdel/BamH|I
_BawHL (541) ’ to obtain ZE sequence

AmpR MalE-plS Ndel (560)

~ -
PMA-ZE-MalE-pl18-ZR ZE-p18-ZR
2922 bp Nl (757
T XhI (931)

Xhol (159)

f1 origin

ELP[KV7F-36]
BanHI (768)

Col E1 ongin

Kan Intein

. . . MCS
Digestion withNdel/BamH|I

to excise Intein sequence

pET24-MCS-Intein-ELP[KV7F-36]

6319bp Nbe (1419)

HindIII (1425)
Spel (1431)
EcoRI (1437)

NdeT (1444)

f1 origin Xhol (159)

ELP[KNV7F-36]

BamHI (771)

ZE

Kan

Ndel (907)

" lacl

Figure 42. Schematic representation of the pET24-ZE-ELP(KV®lr-Bector
cloning strategy.
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H) Cloning of MalEp18-ZR antigen

The MalEp18-ZR construct was characterized by tls#oh of ZR basic
velcro peptide gene to the 3’ end of MalEp18 gene.

MalEp18-ZR construct was obtained with the follogvirprocedure
(Figure 44):

1. pET24-MCSMxeGyrA-ELP(KV7F-36) plasmid was digested
with Ndel/Xhol, in order to excise the Intein-ELP(KV7F-36) DNA
sequence.

2. pMA-ZE-p18-ZR plasmid was digested witdel/Xhol, in order
to isolate the MalEp18-ZR fragment of interest.

3. Ligation of the open vector from stepl with theeditjon product
of step 2 gave the new expression vector pET24-MEBEZR.

pET24-MalEp18-ZR vector encodes for MalEp18-ZR dasprotein (121
amino acids; 12.24 kDa; Figure 43).

MKI EE&K
ASGCEGSGEEESGEEG

MalEp1&-71= (- linker)

Figure 43.MalEp18-ZR sequence.
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Nl (407)

 BanHI (541) Digestion withNdel/Xhol to

N1 (560) > obtain MalEp18-ZR sequence
ZE-p18-ZR

Nl (757)

AmpR

PMA-ZE-MalE-p18-ZR

2922 bp

Xl (931)

X (159)

f1 origin

ELP[KV7F-36]

BamHI (768)

Col E1 origin Kan Intein

MCS

pET24-MCS-Intein-ELP[KV7E-36]
6519 bp

Digestion withNdel/Xhol to excise ¢

Intein-ELP(KV7F-36) sequence NeT (1419)

HindIII (1425)
Spel (1431)
EcoRI (1437)

orl

NdeI (1444)

T7 termmator (ol (159)

ZR

fl ongn

2t 333 MalE-pl8

i/\I (332)
kan sequence et
lac operator

T7 promoter
pET24-MalE-p18-ZR
5607 bp | lact

P

ColE1 pBR322 ongin

Figure 44. Schematic representation of the pET24-MalEp18-Z&orecloning
strategy.
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STRAINS

E. coli XL1-Blue strain (Stratagene, Agilent Technologi8snta Clara,
USA) was used for mutagenesis and cloning opematamd plasmid
maintenance.

E. coli BL21(DE3) strain (Novagen, Merck Chemicals Ltd) weed for
protein expression.

E. coli BL21 Star™ (DE3) pLysS (Innovagen) was used for-pl8
MxeGyrA-ELP90 and p1&4xeGyrA-ELP36 target proteins expression.

E. coli Rosetta (DE3) pLysS (Novagen, Merck Chemicals wd¥ used
for pl8MxeGyrA-ELP90 and pl84AxeGyrA-ELP36 target proteins
expression.

FERMENTATIONS

Pre-inoculum few uL of glycerinated BL21(DE3), BL21 Star™ (DE3)
pLysS or Rosetta (DE3) pLysS cells were poureddnmi of culture
medium (LB) supplemented with antibiotics (ampinill50 pg/ml,
kanamycin 30pg/ml, chloramphenicol 34.g/mL, depending on the
vector), and left on oscillating device (180 rprhi3@°C, overnight.
Inoculum the following day the sample was diluted (1:50r fo
fermentations performed at 30-37°C or 1:30 for femtations performed
at 15-25°C). Bacterial cells, grown in the same iomadof pre-inoculum
(LB with specific antibiotics), were induced with.10 mM (for
fermentations performed at 15-25°C) or 1 mM IPTGr fiermentations
performed at 30-37°C) when the absorbance at 60@eached usually a
value of 0.6, but in some cases a value of 1.% (lauction). Protein
expression was continued for 3 hours for fermeonatiat 30-37 °C or for
16-24 hours for fermentations at 15-25 °C.
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Fermentation for the expression of MalEp18(pAzAYIxeGyrA-ELP36
protein (Amber codon suppression system).

1- w/o pre-induction

Pre-inoculum few uL of glycerinated BL21(DES3E. coli cells carrying
the expression plasmid (pET2MlalEp18(TAGMxeGyrA-ELPKV7F36)
and the suppress@asmid (pEVOL-pAzF) were grown ihB medium
supplemented with kanamycin 3@ /ml and chloramphenicol 34y/mL,
and left on oscillating device (180 rpm) at 37°@emmight.

Inoculum Bacterial cells diluted 1:50 or 1:30 (dependimgamnditions)
in LB medium supplemented with kanamycin 30g/ml (w/o
chloramphenicol), were grown until the optical dgnsat 600 nm of
wavelength reached a value of 1.5 (late inductigxt).this point the
expression of the target gene and the tRNA/aaRSw=ie co-induced
with 1 mM IPTG and 0.01% L-arabinose, respectivelhe pAzF
unnatural aminoacid was also added at this poiiat fioal concentration
of 1 mM. Protein expression was continued for 2 BR0°C, 25°C, 30°C
or 37°C.

2- with pre-induction

Pre-inoculumin the same conditions described for fermentatvém pre-

induction.

Inoculum Bacterial cells diluted 1:50 or 1:30 (dependingamnditions)
in LB medium supplemented with kanamycin 3@g/ml (w/o

chloramphenicol) and with half dose of L-arabinosed pAzF

concentration (0.05% and 0.5 mM, respectively) wgrewn until the
optical density at 600 nm of wavelength reachedales of 1.5 (late
induction). At this point cells were induced witRTIG (1 mM; entire
dose) and with the other half dose of L-arabinas® @AzF (0.05% and
0.5 mM, respectively). Protein expression was cwail for 20 h at 20°C,
25°C, 30°C or 37°C.

PROTEIN INDUCTION TEST PROTOCOL

Aliquots of a fermentation culture corresponding)té optical density at
600 nm of wavelength per ml of cellular culture wevithdrawn at the
moment of protein induction (TO), after fixed timdsom protein
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induction (e.g. 1 hour, 2 hours), and at the endhef fermentation.
Samples were spinned-down at 10.000xg in a benglceatrifuge and
the related bacteria pellets treated with 100f reducing loading buffer
at +99°C for five minutes and then analyzed by $IA&E.

SOLUBILITY TEST PROTOCOL

At the end of fermentation, 15 milliliters of theelc colture were
centrifuge (2000xg at 4°C). Then, the following Wiog scheme was
performed:

[ Pelletresuspension in 1ml of PBS buffer ]

[ Sonicationonice (lysis) ]

——>[ Total Lysate (TL) ]

[ Centrifugation at 14000 rcf x 20’ 4°C ]

—>[ Supernatant:solublefraction (SF) ]

Pelletwas resuspended in 1 mL of 4M Urea buffer
Centrifugationat 14.000 rcf x 20’ RT

l—>[ Supernatant:solublein 4M urea (4M) ]

Pelletwas resuspended in 1 mL of 8M Urea buffer
Centrifugationat 14.000 rcf x 20’ RT

l—>[ Supernatant:solublein 8M urea (8M) ]

[ Pellet was resuspended in 100 pL of SDS PAGE sample buffer (SDS) ]

50 uL of each collected fraction (TL; SF; 4M; 8M, sdggre treated with
50 uL of reducing loading buffer (1:1) at +99°C fordivwninutes and then
analyzed by SDS-PAGE.
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SDS-PAGE PROTOCOL

Electrophoresis on polyacrylamide gels was perfarmsing the Mini-
PROTEAN® Il electrophoresis cell apparatus from OBRAD.
Separation gels were home casted following theeeci

Compound 10% 12.5% Stacking gel
Acrylamide/Bis 19:1 2.0 mL 2.5mL 0.75mL
MilliQ water 2.6mL 2.1mL 3.71mL
Tris 1M pH 8.7 3mL 3mL -
Tris pH 6.8 - - 0.625 mL
SDS 20% 40 pL 400 pL 25 uL
APS 10% 70 pL 70 L 50 uL
TEMED 8 uL 8 uL 6 pL

Running buffer composition:

Compound Concentration
Tris base 25mM
Glycine 192 mm
SDS 0.1 (w/v)

Reducing loading buffer:

Compound Concentration
Tris base 125mM (pH 6.8)
Glycerol 22 % (v/v)

B-OH 2.5 % (v/v)

SDS 2.5 % (w/v)
Bromophenol Blue 0.0025 (w/v)
Pyronin 0.0025 (w/v)
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Electrophoresis condition: 100 Volts for 1.5 howrsing the power
supplier Power-Pac 3000 from BIO-RAD.

Staining solution: Coomassie blue G250 3 g/Liteetihnol 50 % (v/v),
Acetic acid 10 (v/v).

Destaining solution: Methanol 20 % (v/v), AcetiagcatO (v/v).

WESTERN BLOT PROTOCOL

After electrophoresis separation on a polyacrylangel, protein bands
were transfer to a PVDF membrane (Immobilon-P, MRQRE) using
the Mini Trans-Blot Electrophoretic Transfer Cethrin BIO-RAD.

Western Blot conditions

Transfer conditions :

Voltage (V): 100 time: 1,0 hour

Membrane: Immobilon-P (Millipore)

Buffer composition: H20 / SDS-PAGE running buffer 10% / Glycerol 8.5%

Blocking:
Buffer composition: PBS / BSA 0,5%
Incubation temp: RT Incubationtime: about 1h

Tracer: Polyclonal rat anti-p18 HRP
Dilution: 1:5000

Dilution Buffer: PBS / BSA 0,5%
Incubationtemp : RT  Incubationtime: 1h

Washing:
Buffer composition: PBS/ TWEEN20 0,1%
Incubation temp: RT  Incubationtime: 10 min for three time

Coloration/Development :
5 mL of 4-chloro naphtol
20mL of PBS

20 pL of HO;

112



Materials and methods

PROTEIN PURIFICATION

Chromatographic steps were carried out using ara™kExplorer 100

HPLC system and the Unicorn™ software from GE Hiealte.

MalEp18-MxeGyrA-ELP36 and MalEpl8(pAzF)-MxeGyrA-ELP36

purification protocol

{ Cell pellet resuspension with 10 mL/g Buffer A, +4°C}

v

[ Sonication on ice ]

J

[ Centrifugation 10000rpm, +4°C, 30min ]

Supernatant undergoes 15t HS precipitation by Buffer B
addition (final [NaCl]: 2,5 M) for 20min, RT, with stirring; then
centrifugation 10000rpm, RT, 20min

J

( Pellet resuspended in cold Buffer A and placed under stirring in\
the cold room for 10 min; then centrifugation (15t CS)
10000rpm, +4°C, 20min

y

Supernatant undergoes 2 " HS precipitation by Buffer B
addition (final [NaCl]: 2,5 M) for 20min, RT, with stirring; then

L centrifugation 10000rpm, RT, 20min )

( Pellet resuspended in cold Buffer A and placed under stirring h
in the cold room for 10 min, then centrifugation (2" CS)
10000rpm, +4°C, 20min

)

Intein cleavage by buffer C addition
(final [DTT]: 50 mM) RT, with stirring, ON

\. J

J

MalEp18 /MalEp18(pAzF) isolation by reversed phase

chromatography in Buffers D and E

L J

Figure 45A. MalEp18/MalEp18(pAzF) purification scheme from MplBB-

MxeGyrA-ELP36/ MalEp18(pAzFMxeGyrA-ELP36.
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Buffer Composition
A 50mM Na2HPO4*2H20; 5mM EDTA; pH 8
B NaCl 5M
C DTT 1M
D H20, Trifluoroacetic acid 0.1% (v/v)
E CH3CN, Trifluoroacetic acid 0.1% (v/v)

Table 2A. List of buffers used in purification protocol of Map18MxeGyrA-
ELP36/MalEpl18(pAzFMxeGyrA-ELP36.

Chromatographic conditions:

- Column: Sourcel5RPC jifm 8.5x100mm ; CV=6.7 mL (GE)
- Flow rate: 2.5 mL/min

- Wavelengths: 214 nm

- Starting conditions: 90% buffer D, 10% buffer E

- Sample loading and washing: 90% buffer D, 10%dyE

- Gradient: 10-60% buffer E in 70 mL
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MalEp18-MxeGyrA-ELP36 purification protocol for the subsequent
EPL reaction (C-terminal site-specific biotinylation)

[ Cell pellet resuspension with 10 mL/g Buffer A, +4°C]

!

[ Sonication on ice ]

[ Centrifugation 10000rpm, +4°C, 30min ]

v

Supernatant undergoes 15t HS precipitation by Buffer B
addition (final [NaCl]: 2,5 M) for 20min, RT, with stirring; then

L centrifugation 10000rpm, RT, 20min )

s ™
Pellet resuspended in cold Buffer A and placed under stirring in
the cold room for 10 min; then centrifugation (15t CS)
10000rpm, +4°C, 20min

v

Supernatant undergoes 2 " HS precipitation by Buffer B
addition (final [NaCl]: 2,5 M) for 20min, RT, with stirring; then

L centrifugation 10000rpm, RT, 20min )

( Pellet resuspended in cold Buffer A and placed under stirring )
in the cold room for 10 min, then centrifugation (2" CS)
10000rpm, +4°C, 20min

'

Intein cleavage by buffer C addition
(final [MESNA]: 50 mM) RT, with stirring, 3.5h

y

MalEp18-thioester isolation by reversed phase
chromatography in Buffers D and E

. /

Figure 45B. MalEp18-thioester purification scheme from MalENI&eGyrA-
ELP36 for the subsequent EPL reaction (C-termiitedspecific biotinylation of
MalEp18 antigen).
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Buffer Composition
A 50mM Na2HPO4*2H20; 5mM EDTA; pH 8
B NaCl 5M
C MESNA 1M
D H20, Trifluoroacetic acid 0.1% (v/v)
E CH3CN, Trifluoroacetic acid 0.1% (v/v)

Table 2B. List of buffers used in purification protocol of Map18-MxeGyrA-
ELP36 to obtain MalEp18-thioester for the subsey& reaction.

Chromatographic conditions:

- Column: Sourcel5RPC i 8.5x100mm ; CV=6.7 mL (GE)
- Flow rate: 2.5 mL/min

- Wavelengths: 214 nm

- Starting conditions: 90% buffer D, 10% buffer E

- Sample loading and washing: 90% buffer D, 10%dyE

- Gradient: 10-60% buffer E in 70 mL
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MalEp18-biotin purification protocol

Procedure

After biotinylation reaction through EPL (ExpressBdotein Ligation)
with (Cys)-GGE-(Lys-Biotin) peptidedescribed in detail in the following
paragraphs sample was loaded onto the column HilLoad 16/
600 Superdex 30 pg (1 CV = 120.6 mL). This columas vequilibrated
with PBS buffer. Protein elution is done with adsadic gradient of the
same buffer at a flow rate of 1.3 mL/min.

Chromatographic conditions:

- Column: HiLoad 16/600 Superdex 30 pg; CV=120.6 (GE)
- Flow rate: 1.3 mL/min

- Wavelengths: 214 nm

- Gradient: isocratic in PBS buffer
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ZE-ELP[KV7F-36] purification protocol

[ Cell pellet resuspension with 10 mL/g Buffer A, +4°C]

v

[ Sonication on ice ]

[ Centrifugation 10000rpm, +4°C, 30min ]

v

Supernatant undergoes 15t HS precipitation by Buffer B
addition (final [NaCl]: 1-1,5-2-2,5 M *) for 20min, RT, with
stirring; then centrifugation 10000rpm, RT, 20min

v

4 . R
Pellet resuspended in cold Buffer A and placed under stirring in
the cold room for 10 min; then centrifugation (15t CS)
10000rpm, +4°C, 20min

v

Supernatant undergoes 2 " HS precipitation by Buffer B
addition (final [NaCl]: 1-1,5-2-2,5 M *) for 20min, RT, with
stirring; then centrifugation 10000rpm, RT, 20min

v

( Pellet resuspended in cold Buffer A and placed under stirring
in the cold room for 10 min, then centrifugation (2" CS)
10000rpm, +4°C, 20min

g

\. J
, | \
ZE-ELP36 isolation by gel filtration chromatography in PBS
L buffer )

Figure 46.ZE-ELP36 purification scheme. * Various NaCl cortrations used
in setting conditions to find the lowest NaCl comication able to completely
precipitate the ZE-ELP36 fusion protein. The bdgisen condition was 1.5 M
NaCl concentration.
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Chromatographic conditions:

- Column: HiLoad 16/600 Superdex 200 pg; CV=120l6(@E)
- Flow rate: 1.3 mL/min

- Wavelengths: 214 nm

- Gradient: isocratic in PBS buffer

MalEp18-ZR purification protocol

[ Cell pellet resuspension with 10 mL/g Buffer A, +4°C]

v

[ Sonication on ice ]

|

[ Centrifugation 10000rpm, +4°C, 30 min ]

v

( A

MalEp18-ZR isolation by cation exchange chromatography in
buffers A and B (15t chromatographic step)

Pool of CEC fractions containing MalEp18-ZR protein was
subjected to a reversed phase chromatography in buffers C
and D (2" chromatographic step)

Figure 47.MalEp18-ZR purification scheme.

Buffer Composition
A 25mM NaOOCCHs;; pH 5
B 25mM NaOOCCH3; 1M NaCl; pH 5
C H20, Trifluoroacetic acid 0.1% (v/v)
D CH3CN, Trifluoroacetic acid 0.1% (v/v)

Table 3. List of buffers used in MalEp18-ZR purification poool.

119



Materials and methods

CEC (Cation Exchange Chromatography) chromatogecagimditions:

- Column: Ceramic_HyperD_F_XK_16/5.5; CV=12 mL (PAL
- Flow rate: 2.0 mL/min

- Wavelengths: 214 nm

- Loading and washing buffer: buffer A

- Gradient: 0-100% buffer B in 60 mL

RPC (Reversed Phase Chromatography) chromatogreghdttions:

- Column: Sourcel5RPC i 8.5x100mm ; CV=6.7 mL (GE)
- Flow rate: 2.5 mL/min

- Wavelengths: 214 nm

- Starting conditions: 90% buffer C, 10% buffer D

- Sample loading and washing: 90% buffer C, 10%dvud

- Gradient: 10-60% buffer D in 35 mL

Purification protocol for HTLVI/II tracers, pl18 tra cer and scaffold-
ABEI 6x-BCN intermediate

Procedure

After synthesis reactio@escribed in detalil in the following paragraphs
samples were loaded onto the column HiLoad 16/6Gie&lex 200 pg (1
CV = 120.6 mL). This column was equilibrated witB$ buffer. Protein
elution is done with a isocratic gradient of thensabuffer at a flow rate
of 1.3 mL/min.

Chromatographic conditions:

- Column: HiLoad 16/600 Superdex 200 pg; CV=120l6(f&E)
- Flow rate: 1.3 mL/min

- Wavelengths: 260-280-329 nm

- Gradient: isocratic in PBS buffer

120



Materials and methods

SOLID PHASE PEPTIDE SYNTHESIS (SPPS)

The peptides presented in this work were prepayedutomated SPPS
using Fmoc chemistry on an APEX396 synthesizer (RAEC). The

starting resin was a polystyrene Rink amide resth @& functionality of

0.33 mmol/g. Each coupling step was achievethtgitu activation of the

aminoacidic carboxylic function using HBTU/HOBt astivator agents
and DIPEA (N, N-diisopropylethylamine) as baseDPMF. 5-fold molar

excess of amino acid/ HBTU/ HOBt and 10-fold exceS®IPEA, over

the resin functional groups, were used, with a Gogpime of 45 min.

After each coupling, Fmoc cleavage was accomplighedreating the

peptidyl-resin with 20% piperidine in DMF for 10 miAt the end of the
synthesis, the resin was washed with diethylethed dried under
vacuum. The final cleavage of the peptides from tlesin and

simultaneous side-chain deprotection was achiewediréatment for

1h30’ with a cleavage mixture consisting in 88% TF& phenol, 5%
water, 2% triisopropylsilane. The peptides werentipeecipitated from

ice-cold tert-butyl-methyl ether, centrifuged anbjected to three ether-
washing/centrifugation cycles to remove the scaeengThe crude
peptides dried from ether were then lyophilized ahéracterized by
UPLC-MS. Afterwards they were purified by reverggthse HPLC.

The following peptides were synthesized:
- peptide for MalEp18 biotinylation through EPL.
Sequence: CGGEK-Biotin; MW: 687 Da;
- peptide 1 for the study of click chemistry basiaatgon.
Sequence: K(N3)-TtdsLLPHSNLDHILEPSIPWKSK; MW: 27B@;
- peptide 2 for the study of click chemistry basiaatgon.
Sequence: BCN-S-Ttds-AGGTGPEGSRPWARFI; MW: 246 Dal
- HTLVI-N3 peptide.
Sequence: K(N3)-TtdsLLPHSNLDHILEPSIPWKSK; MW: 27B@;
- HTLVII-N3 peptide.
Sequence:
K(N3)-TtdsTQPPPTSPPLVHDSDLEHVLTPSTSWTTKILKF;
MW: 4223.3.

121



Materials and methods

pl8 peptide with N-terminal azido-group for the thesis of p18-tracer
was purchased by Polypeptide.
Sequence:K(N3)STAVAQSATPSVSSSISSLRAATSGATAAASAAAA
VDTGSGGGGQPHDTAPRGARKKQ;

MW: 5589.8 Da.

UPLC/MS analysis (peptides synthesis)

UPLC-MS analyses were performed using a Waters #ggLsystem on
a reverse phase Acquity UPLC® BEH C18 1.7um 2.1x1®0 column
heated at 45°C. Eluents: H20, Trifluoroacetic a0i02% (v/v) (A),
CH3CN, Trifluoroacetic acid 0.02% (v/v) (B). Flowd.4 mL/min.
Absorbance read at 214 nm.

Gradients used:

- peptide 1 and 2 (click chemistry basic reaction)nih isocratic
condition at 20% B, then to 50% B in 4 min, afterdgto 80% B
in 0.2 min followed by 0.5 min isocratic run andum to the
starting conditions.

- HTLVI/II-N3 peptides: 1 min isocratic condition 20% B, then
to 50% B in 4 min, afterwards to 80% B in 0.2 matidwed by
0.5 min isocratic run and return to the startingditions.

- peptide for MalEp18 biotinylation through EPL: 1nmsocratic
condition at 5% B, then to 15% B in 4 min, afterdsato 80% B
in 0.2 min followed by 0.5 min isocratic run andum to the
starting conditions.

HPLC purification

The peptides were purified through reversed phd3eCHusing a Waters
preparative system on a XBridge™ Prep C1&530 x150 mm column
(Waters). H20, Trifluoroacetic acid 0.1% (v/v) (A)CH3CN,
Trifluoroacetic acid 0.1% (v/v) (B). Absorbance dest 214 nm.
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Gradients used:

- peptide 1 and 2 (click chemistry basic reactio@e2eluent B for
5 min, 20 to 50% eluent B in 20 min, to 80% eluBnh 5 min,
flow rate 30 mL/min.

- HTLVI/II-N3 peptides: 20% eluent B for 5 min, 20 §% eluent
B in 20 min, to 80% eluent B in 5 min, flow rate 8M/min.

- peptide for MalEp18 biotinylation through EPL: 5%ent B for 5
min, 5 to 15% eluent B in 20 min, to 80% eluennBsimin, flow
rate 30 mL/min.

The collected fractions were analyzed by UPLC dm$e¢ containing the
target species with high purity grade were pooledether and
lyophilized. The analytical characterization of tiparified pools by
UPLC/MS was finally carried out.

UPLC/MS analysis (reactions monitoring)

In order to monitor the following reactions:

- formation of MalEp18-thioester (addition of MESNA);

- biotinylation of MalEp18 with CGGEK-Biotin throudBPL,;

- SPAAC reaction between MalEp18(pAzF)/pepl and B@itirly
- click chemistry basic reaction between pepl an@pep

UPLC-MS analyses were performed using a Waters iegsystem on
a reversed phase Acquity UPLC® BEH300 C4uin7 2.1x100 mm
column heated at 45°C. Eluents: H20, Trifluoroaceitid 0.02% (v/v)
(A), CH3CN, Trifluoroacetic acid 0.02% (v/v) (B)Idw: 0.4 mL/min.
Absorbance read at 214 nm. Gradient used: 1 mgraso condition at
10% B, then to 60% B in 4 min, afterwards to 80%®.2 min followed
by 0.5 min isocratic run and return to the startngditions.

THIOLYSIS REACTION WITH MESNA: MalEp18-THIOESTER
FORMATION

For the cleavage of MalEp18 target protein frMreGyrA-ELP36 tag
and the formation of thioester on the same targetem, MESNA
reactive (stock solution 1M in water) was addeth®ssample, at the end
of ITC process, at a final concentration of 50mMeTreaction was
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carried outin phosphate buffer at room temperature and readiioe
course was followed by UPLC/MS analysis: 3,5 hafreeaction was the
time to completely convert MalEp184AxeGyrA -ELP KV7F36 into the
MalEp18-thioester.

Phosphate buffer: 50mM Na2HPO4*2H20; 5mM EDTA; pH 8

BIOTINYLATION OF MalEp1l8 ANTIGEN THROUGH
EXPRESSED PROTEIN LIGATION TECHNIQUE

The EPL reaction between MalEp18-thioester (statiton 4 mg/ml in

phosphate buffer) and (Cys)-GGE-(Lys-Biotin) peet{@tock solution 8
mg/ml in phosphate buffer) was carried out in plase buffer, over
night, at room temperature, in presence of 8 fololamexcesses of
peptide. The reaction was monitored by UPLC/MS ysigl

MalEp18-thioester MW: 7055 Da; (Cys)-GGE-(Lys-Bitpeptide MW:
687 Da; MalEp18-biotin (product) MW: 7760 Da.
Phosphate buffer: 50mM Na2HPO4*2H20; 5mM EDTA; pH 8

CLICK CHEMISTRY BASIC REACTION: peptidel-N3 + pepti de2-
BCN

Peptide1-N3 and peptide2-BCN were resuspended fiareht buffers
(PBS pH 7.4; Hepes pH 6.8; Borate pH 8.3; DMSO) aatfinal
concentration of 10 mg/ml and 2,5 mg/ml, respetyive

The click chemistry reaction was performed in thffecent buffers
mentioned above (PBS pH 7.4; Hepes pH 6.8; Bordt8.8; DMSO), at
different temperatures (-20°C; 4°C; RT; 15°C and@7and different
molar ratios (1:1; 1:2; 1:3—» pep2-BCN:pepl-N3), in combination
between them. In particular, the following reactimoncentrations were
used: 0,15 mg/ml for peptide2-BCN in presence ¢0,176 mg/ml), 2
(0,35 mg/ml) or 3 (0,53 mg/ml) fold molar excessépeptidel-N3.The
kinetic of each reaction (t0; t1h; t2,5h; t4h; t2¢48h) was monitored by
UPLC/MS analysis.

Peptide1l-N3 MW: 2780 Da; peptide2-BCN MW: 2467.54; product
(pepl+pep2) MW: 5247.51 Da.
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SPAAC REACTION BETWEEN MalEp18(pAzF) ANTIGEN OR
PEPTIDE1-N3 AND BCN-BIOTIN

MalE-p18(pAzF) protein or peptidel-N3 were resusigehat a final

concentration of 2 mg/ml in different buffers: (@hosphate buffer, (2)
phosphate buffer with the addition of sulfo-betaifdDSB-195), (3)

phosphate buffer with the addition of UREA 8M add DMSO. BCN-

biotin reactive was solubilized in DMSO at a fir@ncentration of 50
mg/ml.

SPAAC reactions (MalEp18(pAzF)+BCN-biotin and pdpti-N3+BCN-

biotin) were carried out in the different bufferemioned above, over
night, at 37°C, and in presence of 8 fold molaresses of BCN-biotin.
Reactions were monitored by UPLC/MS analysis.

MalEpl18(pAzF) MW: 6981 Da; peptidel-N3 MW: 2780 B N-biotin
MW: 550.71 Da; MalEp18-biotin (product) MW: 7531.Ma; pepl-
biotin (product) MW: 3330.71 Da.

Phosphate buffer: 50mM Na2HPO4*2H20; 5mM EDTA; pH 8

SCAFFOLD-ABEI-BCN INTERMEDIATE SINTHESYS (for p18-
tracer and HTLVI/II tracers)

10 mg of scaffold (stock solution 10 mg/mL in DMS@®as reacted with
1,12 mg of ABEI cyclic (stock solution 2 mg/mL BMSO) at a molar
ratio of 1:6. This reaction was performed in preseof DIPEA as base at
a final concentration of 1% (v/v). Sample was tsdrand allowed to
react overnight, at RT, in the darkness. 2,68 mMB®N-NHS reactive
(stock solution 50 mg/mL in DMSO) were added to fiedd-ABEI
conjugate (molar ratio = 1:10). The reaction wadgemed for 2 hour, at
RT, in the darkness. Final Scaffold-ABEI-BCN coratgywas purified on
a gel filtration column type Superdex 200 16/60a0AKTA system, as
described above.

p18-TRACER AND HTLVI/II-TRACERS SINTHESYS

0,8 mg of scaffold-ABEI-BCN intermediate previougbyrified (stock
solution 0.47 mg/mL in PBS), was reacted with Oni@ of HTLVI-N3
peptide or with 1,17 mg of HTLVII-N3 peptide or Wwitl,55 mg of p18-
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N3 peptide, at a molar ratio of 1:8 in each caseckssolution for all
three peptides: 10 mg/mL in PBS).

Samples were swirled and allowed to react overnight37°C, in the
darkness. Final scaffold-ABEI-HTLVI/Il or scaffoldBEI-p18 conjuga-
tes were purified on a gel filtration column typep8rdex 200 16/60 on a
AKTA system, as described above.

LIAISON ® EBV VCA IgM AND IgG ASSAYS

As already described in the introduction, these imaassays permit to
obtain the determination of specific IgM or IgG EBV viral capsid

antigen (VCA) in human serum or plasma samplegpdrticular, both

immunoassays provide an indireftrmat in which the pl8 synthetic
peptide acts on solid phase (magnetic particle® wosyl groups) as
capture binder for specific anti-p18 IgM or IgG, ilgha monoclonal

antibody anti-human IgM or 1gG linked to isolumiragrivative (ABEI),

is used as chemiluminescent tracer.

Coating protocol

The PMPs used for the coating of EBV viral capsitigen (VCA) pl18
were the Dynabeads® M-280 Tosylactivated. The ngatvere made
following the procedure recommended by DYNAL:

1. Resuspension of microparticles in resuspensionebuf.1 M
Borate, pH 9.5) at 1% of concentration
Addition of the VCA p18 antigen (1Q@y/ml)
18 hat 37°C
Washing twice with 0.2 M Tris, 0.1% BSA (w/v), pkb3
18 hat 37°C
Washing with 10 mM PBS, 0.1% BSA (w/v), pH 7.4
Resuspension in 10 mM PBS, 0.1% BSA (w/v), pH .4 &nal
concentration of 0.25%

NogobhownN

Assay protocol

In the first step (first incubation) EBV IgM or Igé@ntibodies present in
calibrators, samples or controls bind to the sqlichse (p18 synthetic
peptide coated on magnetic particles). During #@8d incubation, the
antibody linked to isoluminol-derivative (ABEI) rets with EBV IgM or
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IgG that is already bound to the solid phase. ABach incubation,
unbound material is removed with a wash cycle. 8gbently, the starter
reagents (hydrogen peroxide and 800 ng/ml deuteiloéene in 1M
NaOH) are added and a flash chemiluminescence ioracs thus
induced. The light signal, and hence the amounsatiminol-antibody
conjugate, is measured by a photomultiplier agiveldight units (RLU)
and is indicative of the presence of EBV VCA IgGIgM antibodies
present in calibrators, samples or controls.

MalEp18 recombinant antigen obtained through the aofs ELP-Intein
system was tested with the same coating protooaitifty concentration:
100pg/ml) and with the same assay protocol describegeab

For MalEp18-biotin recombinant antigen, obtainewtigh the Expressed
Protein Ligation (EPL) technique, both the coafimgtocol and the assay
protocol presented some differences described below

Coating protocol

In this specific case the M-280 Streptavidin-codpl®ynabeads®
microparticles were used as solid phase at a fimatentration of 0.25%.
The MalEp18-biotin recombinant antigen was dilutatl a final
concentrations of 2hg/ml or 1pg/ml in the assay buffer that was added
as an additional component in the first incubapoovided by the assay
protocol described below.

Assay protocol

In the first step (first incubation), MalEp18-biotrecombinant antigen
diluted in the assay buffer, binds to the solid gghdstreptavidinated
magnetic particles) and then EBV IgM or IgG antilesdpresent in
calibrators, samples or controls react with MalEpi@in coated on solid
phase. During the second incubation, the antibodged to isoluminol-

derivative (ABEI) reacts with EBV IgM or 1gG thas already bound to
the solid phase. After each incubation, unbounceradtis removed with

a wash cycle. Subsequently, the starter reageptsd@en peroxide and
800 ng/ml deuteroferrihneme in 1M NaOH) are added an flash

chemiluminescence reaction is thus induced. THa bggnal, and hence
the amount of isoluminol-antibody conjugate, is sugad by a photomul-
tiplier as relative light units (RLU) and is indtoae of the presence of
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EBV VCA IgG or IgM antibodies present in calibratprsamples or
controls.

LIAISON ® EBV VCA IgM ASSAY WITH VELCRO PEPTIDES

Velcro peptides system was used as indirect imnzaltibn method for
the p18 antigen on solid phase in LIAISGEBV VCA IgM assay.
Two different coating protocols were explored:

1 with pre-incubationZE-ELP36 was coated on tosyl beads, then a off-
line pre-incubation was performed with the MalE@R-construct for 2
hours at RT (the molar ratio used for the two camstwas 1:1; see
coating protocol below). The paramagnetic beads thained (with the
pl8 antigen indirectly immobilized through the velpeptides system),
were then used in the current assay following #saw protocol described
above.

Coating protocol
1. Resuspension of microparticles (Dynabeads® M-28GylFo
activated) in resuspension buffer (0.1 M Borate,P5) at 1% of

concentration
2. Addition of the ZE-ELP36 protein (5@g/ml)
3. 18 hat37°C
4. Washing twice with 0.025 M Tris, pH 6.8
5. 18 hat 37°C
6. Washing with 10 mM PBS, pH 7.4
8. Resuspension in 10 mM PBS, pH 7.4 at a final comagaon of

0.25%. The ZE-ELP36 protein (MW 21,55 kDa) was tbhaated
at 12,5ug/ml
7. Addition of MalEp18-ZR antigen (7.0gy/ml).
The MalEp18-ZR antigen (MW 12.24 kDa) was reactéith WE-
ELP36 protein at molar ratio 1:1
2h at 37°C
Washing twice with 10 mM PBS, pH 7.4

© ©
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2_ without pre-incubatianZE-ELP36 was coated on tosyl beads (see
coating protocol below) and MalEpl18-ZR constructswdiluted to a
suitable concentration (in order to have the moddio 1:1 between the
two constucts) in the assay buffer. This last wdded as an additional
component in the first incubation provided by thesay protocol
described below. In detail, 0.2% of ZE-ELP36 protein (MW 21,55 kDa;
coated at 12,ng/ml) were reacted with 0.14g of MalEp18-ZR antigen
(MW 12.24 kDa; stock solution 14g/ml) during the first step of assay
protocol. In this way the interaction between thwe tonstructs occured
during assembly steps of the assay directly ol tAESON® instrument.

Coating protocol

1. Resuspension of microparticles (Dynabeads® M-28GylFo
activated) in resuspension buffer (0.1 M Borate,P5) at 1% of

concentration
2. Addition of the ZE-ELP36 protein (5@g/ml)
3. 18 hat37°C
4. Washing twice with 0.025 M Tris, pH 6.8
5. 18 hat 37°C
6. Washing with 10 mM PBS, pH 7.4
7. Resuspension in 10 mM PBS, pH 7.4 at a final comagon of

0.25%. The ZE-ELP36 protein was thus coated at (1g/%l.

Assay protocol

In this case, in the first step (first incubatioMalEp18-ZR antigen
diluted in the assay buffer , reacts with ZE-ELRB6tein coated on solid
phase (tosyl magnetic particles), and then EBV kgilbodies present in
calibrators, samples or controls bind to the sqgithse (pl8 antigen
indirectly coated on magnetic particles throughcrelpeptides system).
During the second incubation, the antibody linkem isoluminol-

derivative (ABEI) reacts with EBV IgM that is aleyabound to the solid
phase. After each incubation, unbound materiaémsaved with a wash
cycle. Subsequently, the starter reagents (hydrqumoxide and 800
ng/ml deuteroferriheme in 1M NaOH) are added andflash

chemiluminescence reaction is thus induced. THa bggnal, and hence
the amount of isoluminol-antibody conjugate, is sugad by a photomul-
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tiplier as relative light units (RLU) and is indicae of the presence of
EBV VCA IgM antibodies present in calibrators, sdaspor controls.

LIAISON ® EBV VCA IgM REVERSE FORMAT

In the reverse format of LIAISOR EBV VCA IgM, the anti-human IgM
antibodies, able to recognize the human IgM presetlhe sample, are
used as a capture element on solid phase, whileliB@ntigen is used as
a tracer.

Coating protocol

The M-280 Streptavidin-coupled Dynabeads® micrapiad were used
as solid phase at a final concentration of 0.25%e Biotinylated mAbs
anti-human IgM were diluted at a final concentrmatad 500 ng/ml in the
assay buffer that was added as an additional coempoim the first
incubation provided by the assay protocol descritmtdw

Assay protocol

In the first step (first incubation) biotinylatedtehuman IgM antibodies,
diluted in the assay buffer, binds to the solid gghdstreptavidinated
magnetic particles) and then EBV IgM antibodiesspre in calibrators,
samples or controls react with biotinylated antidaum IgM antibodies
coated on solid phase. During the second incubattenpl18-tracer linked
to more ABEI molecules (scaffold-ABEI-p18 conjugateacts with EBV

IgM that is already bound to the solid phase. Agach incubation,
unbound material is removed with a wash cycle. 8gbently, the starter
reagents (hydrogen peroxide and 800 ng/ml deuteiloéene in 1M

NaOH) are added and a flash chemiluminescence iogacs thus

induced. The light signal, and hence the amounsatiminol-antibody

conjugate, is measured by a photomultiplier agiveldight units (RLU)

and is indicative of the presence of EBV VCA IgMibadies present in
calibrators, samples or controls.
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LIAISON ©® EBV VCA IgG REVERSE FORMAT (mouse sera
screening)

In the reverse format of LIAISOR EBV VCA IgG, the anti-mouse IgG
antibodies, able to recognize the IgG present & déra derived from
mice immunized with p18 antigen, are used as aucagtiement on solid
phase, while the p18 antigen is used as a tracer.

Coating protocol

The M-280 Streptavidin-coupled Dynabeads® micropiadt were used
as solid phase at a final concentration of 0.25%e Biotinylated mAbs
anti-mouse 1gG were diluted at a final concentratwd 500 ng/ml in the
assay buffer that was added as an additional coempom the first
incubation provided by the assay protocol descrhieddw

Assay protocol

In the first step (first incubation) biotinylatedtamouse 1gG antibodies,
diluted in the assay buffer, binds to the solid gghdstreptavidinated
magnetic particles) and then EBV IgG antibodies@nt in mouse sera
react with biotinylated anti-mouse 1gG antibodiesited on solid phase.
During the second incubation, the pl8-tracer linkedmore ABEI
molecules (scaffold-ABEI-p18 conjugate) reacts wWHBV IgG that is
already bound to the solid phase. After each intoibbaunbound material
is removed with a wash cycle. Subsequently, thetestareagents
(hydrogen peroxide and 800 ng/ml deuteroferrihemé&M NaOH) are
added and a flash chemiluminescence reaction sitiduced. The light
signal, and hence the amount of isoluminol-antibathnjugate, is
measured by a photomultiplier as relative lighttsinfRLU) and is
indicative of the presence of EBV VCA IgG antibal@esent in mouse
sera.
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p18 ANTIGEN PRODUCTION WITH ELP-INTEIN SYSTEM

The Elastin Like Polypeptides (ELP)-intein systeaséd on the use of a
self-cleavable temperature responsive tag, as idedcin detail in the
introduction, was explored as an alternative priadacmethod for the
pl8 peptide, in order to solve the problems reldatethe complexity of
the synthetic process of the same antigen.
The gene corresponding to the pl8 antigen was dldanevectors
encoding the fusion tag ELP-Intein; in particular the expression of the
resulting pl8vVixeGyrA-ELP fusion protein different constructs were
tested in order to select the best one. In liteeatinere are some examples
in which the variation of the guest residue (“X’sidue) in the ELP
sequence can help to lower the total number ofategemotifs with a
consequent shortening of the ELP-fusion proteinueege (210,211).
Among these variants, one of the most promising @setl sequences is
the following: [KV7F]. The main difference of this sequence, comp&red
traditional motif [VsA,G3), lies in the nature of the guest residue; in
particular the presence of a polar residue of b/$tnable to increase the
salt sensitivity of the entire ELP sequence, bttthea same time, the
polarity of the same residue obstructs the hydrbmheollapse of the
polypeptide. To solve this aspect, a highly hydapb residue (Phe) was
inserted in the motif in order to promote hydropicoimteractions and
thus the ELP precipitation process. The sequende [EN;F] requires a
smaller amount of salt to precipitate than the saga [\A,G3] with the
same length. Consequently, ELP [KY sequence can be used for the
precipitation process of ELP-fusion proteins at th@me transition
temperature used for ELP{X,G3] sequence but with a lower number of
repetitions: 36 repetitions of the ELP [KY pentapeptide, instead of 90
of [VsA,G3] were enough to have an almost equal transitionp&zature
(211; internal data not shown).
On the basis of this background, we transformedBh21(DE3) E.coli
strain with two different plasmids: the first is ME-p18 which encodes
for the p18MxeGyrA-ELP9O0 fusion protein characterized by the pres
of 90 pentapeptide BA,Gs] ELP repeat; the second is pET24-pl18-
MxeGyrA-ELP36 which encodes for the pMxeGyrA-ELP36 fusion
protein with 36 pentapeptide [K¥] ELP repeat. Table 4 shows the
different expression conditions explored for badhstructs.
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Temperature | Induction | [IPTG]
Fermentation Vector (°C) Time (h) | (mM)
A pTME-p18 37°C 3 1
B pET24-p18-MxeGyrA-ELP36 37°C 3 1
C pTME-p18 15°C 20 0,1
D pET24-p18-MxeGyrA-ELP36 15°C 20 0,1

Table 4. Different conditions used for p1@xeGyrA-ELP fusion proteins
expression.

No expression is detected in BL21 (DEB) coli strain, fermented at
37°C, for any of the two constructs: plB«eGyrA-ELP90 (A) and pl18-
MxeGyrA-ELP36 (B) (Figure 48). Instead, for fermentat performed at
15°C, SDS-PAGE analysis shows the expression at lesv levels of
both proteins: p184AxeGyrA-ELP90 (C; black arrow; expected molecular
weight of 67,22 kDa) and p18xeGyrA-ELP36 (D; gray arrow; expected
molecular weight of 45,15 kDa).

A B C D
r A N A N M/ /M
TO T2 T3 TO T2 T3 TO TZO TO T20
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e e,

Figure 48 SDS-PAGE analysis showing the induction test a2BDE3)
pTME-p18 and BL21(DE3) pET24-pl@xeGyrA-ELP36, fermented at 37°C
and 15°C: see table 4 for experimental conditi@lack arrow indicates p18-
MxeGyrA-ELP90 target protein and gray arrow indicgié8-MxeGyrA-ELP36
target protein.
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In addition, a western blot analysis (Figure 49k \wwarformed in order to
confirm the expression of both target proteins L2BDE3)E. coli cells
fermented at 15°C. The presence of bands at lovedéeaular weight in
addition to that relative to the entire target pmot(black arrow for p18-
MxeGyrA-ELP90 and gray arrow for pl8xeGyrA-ELP36), indicates
that the fusion proteins undergo a partial degradatduring the
fermentation process.

D C
— —
TO T20 TO T20
v | 75 kDa
ey T 50 kDa
—s 37 kDa
—_— —— 25 kDa
20 kDa

Figure 49. Western Blot analysis of BL21(DE3) pTME-p18 and2B(DE3)
PET24-p18MxeGyrA-ELP36, fermented at 15°C. Black arrow indicaf&l8-
MxeGyrA-ELP90 target protein and gray arrow indicgté8MxeGyrA-ELP36
target protein. The staining was performed with aati-p18 HRP probe (see
Materials and Methods).
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To try to improve the low level of expression okethwo ELP-fusion
proteins, the next step was the use of diffefentoli strains: BL21
Star™ (DE3) pLysS and Rosetta(DE3) pLysS.

The first strain (BL21 Star™ (DE3) pLysS) is idefr high-level
expression of toxic recombinant proteins. The esgion system is based
on T7 promoter; all BL21(DE3) strains contain th&®lysogen that
carries the T7 RNA polymerase gene under control of
thelacUV5 promoter, and IPTG is required to induce exgigs of the
T7 RNA polymeraseand then of genes under the control of the T7
promoter. The pLysS Cdhfchloramphenicol resistance) plasmid carried
by the BL21 Star™ (DE3) pLysS strain expresses ysbdyme, a T7
RNA polymerase inhibitor that prevents leaky expi@s in uninduced
cells. The presence of T7 lysozyme lowers the backyl expression
level of target genes under the control of the Tahmter but does not
interfere with the level of expression achievedoieing induction by
IPTG. Moreover, the absence of some protedsesadOmpT) reduces
degradation of heterologous proteins. Finally, ¢iigtem offers enhanced
MRNA stability thanks to a mutation in the RNase&laeg (nel31), which

is involved in mMRNA degradation.

The second type of cells, Rosetta(DE3) pLysS, at@1Bderivatives
designed to enhance the expression of eukaryotiteips that contain
codons rarely used . coli. Thus the Rosetta strains provide for
“universal” translation which is otherwise limitdny the codon usage
of E. cali. The tRNA genes are driven by their native promso#and these
rare tRNA genes are present on the same plasmédscéries the T7
lysozyme gene. As BL21 Star™ (DE3) pLysS, also RadeE3) pLysS
strain expresses T7 lysozyme, which further suggedasal expression
of T7 RNA polymerase prior to induction, thus skaimg pET
recombinants encoding target proteins that affeel growth and
viability.

Also in this case, for each strain, we used the esdarmentation
conditions previously listed for BL21(DE3) (Tablg 4
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- BL21 Star™ (DE3) pLysS strain
A B c D
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Figure 50. SDS-PAGE analysis showing the induction testio2 BStar™ (DE3) pLysS
pTME-p18, at 37°C (A) and 15°C (C) and BL21 StarDEB) pLysS pET24-p18-
MxeGyrA-ELP36, at 37°C (B) and 15°C (D).

- Rosetta(DE3) pLysS strain
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Figure 51 SDS-PAGE analysis showing the induction test obd&ta (DE3) pLysS
pPpTME-p18, at 37°C (A) and 15°C (C) and Rosetta (PR3ysS pET24-p184xeGyrA-
ELP36, at 37°C (B) and 15°C (D). Black arrow indésapl18MxeGyrA-ELP90 target
protein and gray arrow indicates pB«eGyrA-ELP36 target protein.
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The induction test performed in BL21 Star™ (DE3)g&E. coli strain,
at 37°C and 15°C (Figure 50), shows the lack ofresgion for both
target proteins (pl8xeGyrA-ELP90 and pl&ixeGyrA-ELP36).
Whereas, the induction test performed in Rosett@3)DpLysSE. coli
strain (Figure 51) shows the expression, but ay \@w levels, of both
proteins pl8vixeGyrA-ELP90 (C; black arrow; expected molecular
weight of 67,22 kDa) and p18xeGyrA-ELP36 protein (D; gray arrow;
expected molecular weight of 45,15 kDa), only farnfientations
performed at 15°An fermentations carried out at 37°C (A and B; Fegu
51), none of the two target proteins is expressed.

The use of different. coli strains (BL21 Star™ (DE3) pLysS and
Rosetta (DE3) pLysS) with characteristics aimed itoprove the
expression of heterologous proteins, however, didot allow an
increase of expression for our specific ELP fugooteins.

Therefore, we tried to optimize the expression of €usion proteins
working on the design of the related constructevidus constructs
encoding for fusion proteins which include the sawe of the pl8
peptide, developed in the past in our laboratoshswed a good level of
expression irE. coli cells if the p18 antigen sequence was positiorted a
the C-terminus than the fusion partner sequenceaavety low level of
expression in the opposite case (positioning atNHerminus), as in our
current fusion proteins (p18xeGyrA-ELP). Assuming that in our
constructs we have available a C-terminal mutatgdin (MxeGyrA
N198A) and therefore an intein able to perform atefninal cleavage
(as described previously in detail), it is not ploigsto change the position
of the p18 antigen which must necessarily remaiiN-#rminus, to be
separated by ELP tag after purification throughdhto-cleavage activity
of the above mentioned intein. Other strategiegryoto improve the
expression of our fusion proteins rely on the optation of N-terminal
nucleotide sequence. In literature it is widelyaeed that initiation of
protein biosynthesis is a determinant for the edfficy of gene expression
at the translational level; in particular some pag212) have shown that
the characteristics (in terms of codon type) ofl@otide sequence at N-
terminal region (in particular the codon that felkthe AUG initiation
triplet) affect gene expression i coli: a difference up to 20-fold can be
detected in gene expression on the basis of therelft sequences used.
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The authors are not, however, arrived at a find moncerning the
optimization of the N-terminal sequence to amet®ugarotein expression
at the translational level and even at a conclugxplanation of the
process: in fact the effects of this optimizatiod dot correlate with the
levels of intracellular cognate tRNA, with putatigecondary mRNA
structures, or with mRNA stability. Consequentlyigtdifficult, on the
basis of this information, to perform an optimipatiof the N-terminal
region of the nucleotide sequence of our target-kisibn protein, also
considering that a similar type of sequence option was already
performed on the entire sequence of the pl18 tgygwein during the
preparation of the synthetic gene. During this pss¢ in fact, a specific
software generates several optimized variants m@fetasequence in an
evolutionary approach that addresses the most amorsequence
parameters in parallel (identification of the besty to incorporate the
requested sequence elements; elimination of crgplice sites and RNA
destabilizing sequence elements for increased RigBilgy; addition of
RNA stabilizing sequence elements; codon optimiratind G/C content
adaptation for the expression system; intron ref@xeidance of stable
RNA secondary structures). At the end, the softwaetects one
optimized DNA sequence that best suits specificiregqnents.

Therefore, to optimize the expression of our ELBidn proteins, we
decided to adopt the following strategy conceivedrider to support the
translation process in the initial steps: the strgtrelies on the addition at
N-terminus of our constructs (before the sequemtleopl8 antigen) of a
short sequence (the first 6 amino acids) of malloiseling protein, a
protein often used as fusion tag for the purification otenelogous
proteins inE. coli cells. It is always well expressedhncoli cells and for
this reason the presence of its first 6 amino aeiddl-terminus could
promote the initiation of translation of our fusioproteins and
consequently of the whole process.

Only the construct containing 36 repetitions of tE:P [KV/F]
pentapeptide has been cloned with this new typ&trategy; the cloning
of this construct named MalEpI8xeGyrA-ELP36 is described in detall
in materials and methods section.

Even for MalEp18MxeGyrA-ELP36 fusion protein, the same expression
conditions used for the previous constructs wepaezd (Table 5).
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Fermentation | Temperature ( °C) | Induction Time (h) [IPTG] (mM)
A 37°C 3 1
B 15°C 20 0,1

Table 5 Different conditions used for MalEpI8xeGyrA-ELP36 fusion
protein expression.
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Figure 52 SDS-PAGE analysis showing the induction test &2B (DE3)
pPET24-MalEpl18MxeGyrA-ELP36, fermented at 37°C and 15°C. Black agow
indicate MalEp18vixeGyrA-ELP36 target protein.

The induction test (Figure 52) shows that the tapgetein MalEp18-
MxeGyrA-ELP36 (expected molecular weight of 45,31 kDg)well
expressed in both conditions (37°C; panel A andCi55anel B). The
strategy, which involves the placement of the fgst amino acids of
MBP (Maltose Binding Protein) at the N-terminusfdre the sequence of
the p18 antigen, had proven to be successful.

Before proceeding to the purification step by usingerse Transition
Cycling (ITC) process, we verified the solubility the fusion protein in
both conditions (37°C and 15°C) as detailed in Male and Methods
section.

142



Results
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50 kDa

37 kDa
37 kDa

25 kDa
25 kDa 20 kDa
20 kDa

Legend:

TL= Total Lysate
SF= Soluble Fraction
4M= 4M UREA

8M= 8M UREA
SDS= SDS Sample buffer

Figure 53 SDS-PAGE analysis showing the solubility testBif21 (DE3)
pPET24-MalEpl18MxeGyrA-ELP36, fermented at 37°C and 15°C. Black agow
indicate the MalEp18AxeGyrA-ELP36 present in soluble fraction.

As suggested by the SDS PAGE of solubility testyyFé 53), the
MalEp18MxeGyrA-ELP36 target protein is completely solublekath
conditions of fermentation (37°C and 15°C). In fadhe band
corresponding to MalEp1BxeGyrA-ELP36 (expected molecular weight
of 45,31 kDa) is visible, in both cases, in thatdgsate (TL lane) and in
the soluble fraction (SF lane), but it is not predae fractions containing
urea or SDS sample buffer (insoluble fractions).
For the purification we chose to use the fermentatiarried out at 15°C;
normally the amount of cell paste obtained at the @ the fermentation
process performed at 15°C is greater than thatirdstaat the end of
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fermentation at 37°C, and therefore potentiallyatgeis also the amount
of target protein to be purified.

For purification of the MalEpl8AxeGyrA-ELP36 fusion protein, we
exploited the aggregation and solvation propemieELPs by using the
Inverse transition Cycling (ITC) process, as ddssdiin the introduction
and as shown schematically in Figure 54. The plrassition can occur
by varying the temperature of the solution contanthe ELP-fusion
proteins depending on ELP sequence, or in isothHeooaditions by
varying the salt concentration in the buffer. Weided to promote the
ELP-fusion proteins precipitation (phase transititirough the addition
of NaCl, in order to obtain the precipitation ofrdarget protein avoiding
to overcome the room temperature and thus avoipossible problems
of protein denaturation.

In order to determine the best NaCl concentratorbé used in the
purification process, we explored a range of Nafticentrations between
1.0 and 2.5 M. The optical analysis of solutionsitaming the target
ELP-fusion protein (turbidity of the ELP-fusion pean solution) has
shown that, at room temperature (~25°C), only witkalt concentration
of 2.5 M, the fusion protein undergoes to the rseephase transition
(precipitation). For this reason, in steps of Ip@ification that provide
the ELP-fusion protein precipitation, we workedaaaCl concentration
of 2.5 M, as indicated in Figure 54. One round B€ Iprocess (salt-
induced precipitation of ELP followed by a hot spimd resuspension in a
low ionic buffer followed by a cold spin) was repegh twice, with the
aim to obtain a good purity degree of the ELP fupootein (Figure 54).
At the end of ITC process, the adding of DDT witkef thiol groups,
promoted the self-cleavage activity MikeGyrA intein and therefore the
release of the MalEp18 antigen from the ELP-Intamp (Figure 54). The
reaction was performed overnight at room tempeeatur the low ionic
strength buffer used for the resuspension of Eldffu protein and in
presence of a large excess of DTT (50 mM).
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A
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Figure 54. ITC purification scheme and cleavage with DTT.

The SDS-PAGE analyzing the ITC process describedels shown in
Figure 55.HS (Hot Spin) lanes represent the supernatant radrtaafter
precipitation process and centrifugation at roommperature; in these
lanes the ELP-fusion target protein is thereforé present. CS (Cold
Spin) lanes represent the supernatant obtainedraftaspension process
and centrifugation at +4°C; in these fractions Hid>-fusion protein is
present. After the first precipitation-solvationurm (£' CS lane), the
MalEp18MxeGyrA-ELP36 target protein reached a good puritydgra
which was further increased by a second precipitatesuspension cycle
(2" CS lane). DTT lane indicates the sample aftervelga with DTT. As
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clearly shown in the SDS-PAGE analysis, the cleavagction occurred
successfully (both cleavage products, MalEpl8 targeotein and
MxeGyrA-ELP36 tag, are visible) and only a small antooithe entire
precursor protein (MalBAxeGyrA-ELP36) remains.

TL SF 1°HS 1°CS 2°HS 2°CS DTT

75 kDa l:__', !

50 kDa | ¢ ‘
37 kDa, '
20 kDa
MalEp18-MxeGyrA -ELP36 Qi CCYTA-ELP36
15 kDa :
i S
10 kDa '\

MalEp18

Legend:

TL= Total Lysate

SF= Soluble Fraction

1°HS= F'Hot Spin supernatant
1°CS= f' Cold Spin supernatant
2°HS= 2 Hot Spin supernatant
2°CS= 29 Cold Spin supernatant
DTT= cleavage with DTT

Figure 55 SDS PAGE analysis monitoring ITC purification pess and
cleavage with DTT.

To separate the cleaved tag from the target proteithird round of
inverse transition cycling was performed. The addibf salt (NaCl 2.5
M) at this level of the purification process, praesthe intein-ELP tag
precipitation, while the MalEp18 target protein gns in solution.
Figure 56 shows the SDS PAGE analysis monitorirg 3 inverse
transition cycling round after cleavage with DTT.
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In 3°HS lane is present a band corresponding tostteble MalEp18
protein, while in 3°CS lane is present thMxeGyrA-ELP36 tag after
precipitation and resuspension.

2°CS DTT 3°HS 3°CS

==
75 kDa pu
50 kDa

700 .b' &
20 kDa

MxeGyrA-ELP36

15 kDa

% <+—— MalEp18
10 kDa -

Legend:

2°CS= 29 Cold Spin supernatant
DTT= cleavage with DTT
3°HS= 3 Hot Spin supernatant
3°CS= 3“Cold Spin supernatant

Figure 56. SDS PAGE analysis monitoring th813C round after cleavage with
DTT.

With this third cycle of ITC purification, the twgpecies (MalEp18 target
protein andVixeGyrA-ELP36 tag) were separated quite well, as shbyn
the SDS-PAGE analysis (Figure 56; 3° HS and 3° &f&d).However,
the fraction containing the purified target proté®t HS lane) showed a
slight contamination oMxeGyrA-ELP36 tag; at the same time, this step
resulted in a considerable loss of the target pr¢& HS lane). For these
reasons, we decided to isolate the MalEpl8 targeteipm from the
MxeGyrA-ELP36 tag, after cleavage with DTT, through a
chromatographic step. In particular, we performedReversed Phase
Chromatography (RPC) to try to optimize the pudtd the yield of the
purified target protein. The choice of this chroographic technique was
determined by peptidic nature of the MalEp18 tapgetein.
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After cleavage with DTT, the sample was loaded oreversed phase
column (Source 15RPC, see materials and method®rsepreviously
equilibrated with water/TFA 0.1% and CH3CN/TFA 0.1#ution was
performed with a linear gradient of 10-60% CH3CNAT®1% in 70 mL.
A good separation of the MalEpl8 target proteimifrthe MxeGyrA-

ELP36 tag was achieved (Figure 57).

_ UV214nm ___ Cond _ Fractions __Inject __Edited baseline
MalEp18
(1st peak) MxeGyrA-ELP36
+ (2"peak)
\\
I TEStetrE Y EnSnar \R}X/
1 2 3 4 5 6 7 89
y ‘ |
75 kDa s ) - _
50 kDa e . Legend:
37 kDa gy *AWSEMAGELP3S6 1= Flow through
(2" peak) ~ 2= Fr.A2 (' peak)
- 3= Fr.A3 (' peak)
25 kDa ww MalEp18 . 4= Fr.A4 (£'peak)
20 kDa e 5= Fr.A5 (F' peak)
N 6= Fr.A7 (29 peak)
15 kDa \ 7= Fr.A9 (29 peak)
8= Fr.A10 (23 peak)
. - 9= Fr.A12 (2° peak)
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Figure 57. Chromatographic profile of reversed

phase purificatof the
cleaved MalEp18 target protein anblixeGyrA-ELP36 tag (above) and

corresponding SDS-PAGE analysis of eluted fract{tetow).
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The pool of fractions corresponding to the MalEgasyet protein (%
peak of RPC chromatographic profile) was then sibge to
lyophilization and quantified. The complete processs repeated three
times, and as illustrated in Table 6, showing thadegarding the yield
of purification, the ELP-Intein system has proverbe a good and quite
reproducible method for the production of the pa&igen.

Final amount
Liter of Bacterial pellet of purified
Batch fermentation weight (g) protein (mg) | mg/g cell pellet
A 1 3,95 12,1 3.06
B 1 3,75 10,5 2,8
C 0,5 1,15 2,8 2,43

Table 6. Data regarding the yield of three different badthpurification for the
production of the p18 antigen through ELP-Inteisteyn.
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SITE-SPECIFIC BIOTYNILATION OF p18 ANTIGEN THROUGH
INTEIN-MEDIATED PROTEIN LIGATION TECHNIQUE

As described in the introduction, a C-terminal muitaersion of the
splicing protein (e.gMxeGyrA(N198A) intein) has been demonstrated to
be defective in completion of the splicing reactiomt still capable of
thioester intermediate formation (step 1 of inteiadiated protein
splicing mechanism). Proteins expressed as in-frilaterminal fusions
to such mutant inteins can be cleaved by thiolgite the corresponding
protein-thioester derivatives. In the expressedemmdigation technique,
the nucleophilic attack on this thioester by théelminal cysteine of a
synthetic peptide leads to the ligation of the tmactants through a
native peptide bond.

The C-terminal thioester variant of the p18 antigesulting from the
intein-auto-cleavage activity at the end of puafion process through
ELP-intein system, was used in the expressed prdigation technique
(or intein-mediated protein ligation technique)diotain the site-specific
biotinylation of the same pl8 antigen. In particudasynthetic peptide
containing a thiol group (Cys residue) at the Nwiaus and, a lysine-
biotin at the C-terminus was used for the reactiaih the recombinant
C-terminal thioester p18 in order to obtain a CGnieal site-specific
modification (biotinylation) of our target protein.

[N

' \J 1\

Peptide with N-terminal Cys and ‘w{
biotinylated Lys at C-terminus,_.{_ ﬂ ”

) &
Cys - @ - Lys(biotin) —» ‘ K

~~

Site- specific biotinylated p18
(C-terminus)

Figure 58. Schematic representation of pl8 antigen C-termgii@-specific
biotinylation through expressed protein ligatiooheique.

C-terminal-thioester p18
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Therefore, we carried out the MalEpiB«eGyrA-ELP36 protein
purification by using the Inverse transition Cydli(iTC) process, exactly
as described above (scheme in Figure 54). The diffgrence is related
to the reagent used to induce transthioesterifinaéind then to promote
the C-terminal thioester formation. A variety of lexules can be used to
induce thiolysis of intein fusion proteins, the ™®ois based on two main
factors: the formed protein thioester should bélstdo hydrolysis in
order to be isolated and the thioester should la¢seactive enough in the
subsequent expressed protein ligation (EPL) reaclibe majority of the
molecules used, including DTT, guarantees the Igtabif the thioester
but simple alkyl thioesters are not very reactiv&PL. Other molecules,
such as 2-mercaptoethanesulfonic acid (MESNA),eadst permit to
generate more reactivethioesters in situ through transthioesterification
For these reason, we performed the cleavage reaatithe end of ITC
process with MESNA. The transthioesterificationctean was monitored
by UPLC/MS analysis until the completeness; in Wy we avoided that
the reaction proceeded for an excessive time,grgmto limit or exclude
any phenomena of hydrolysis of the thioester, ttebikty of which
appears to be necessary for the subsequent EPioredeéigure 59 shows
the SDS-PAGE analyzing the ITC process and thislysth MESNA,
whereas in Figure 60 is reported the UPLC analysaitoring the
cleavage reaction of the MalEpMeGyrA-ELP36 fusion protein with

MESNA.
TL SF 1°HS 1°CS 2°HS 2°CS MESNA

5 T Legend:
TL= Total Lysate

75 kDa | e 10 |
50 kDa [
37 kDa

MxeGyrA-ELP36 | SF= Soluble Fraction
20 kDa opyq= Bt ;
1°HS= F£'Hot Spin sup.
MalEp18-MxeGyrA -ELP36 1°CS= £' Cold Spin sup.
15 kDa / 2°HS= 29 Hot Spin sup.

2°CS= 2% Cold Spin sup.
] MESNA= cleavage with
10 kDa MalEp18-thioestet ——» MESNA

Figure 59 SDS PAGE analysis monitoring ITC purification pess and
cleavage with MESNA.
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Figure 60. UPLC analysis monitoring thiolysis reaction WNHESNA.
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UPLC analysis (Figure 60. Column Acquity UPLC BEI304 1.7um,
2.1x100 mm, Waters; buffer A: H20/TFA 0.1% v/v, fauf B:
CH3CN/TFA 0.1% vl/v; gradient 10-60% buffer B in 4nutes) showed
that the cleavage reaction with MESNA occurs alyeaftier 1 hour with
the appearance of the peak related to the MalEatdfet protein (peak
with retention time of 2.95 min) and to that ralatito the MxeGyrA-
ELP36 tag (peak with retention time of 4.15/4.16)miThe reaction is
complete approximately after 3.5 hours (complesaplpearance of the
peak at 4.07 min, relative to the entire proteinIBpd8MxeGyrA-
ELP36). Mass analysis, for the identification oé thpecies involved in
the reaction, was performed only for the peak ngdato the MalEp18
thioester (MW 7055.98 Da; data not shown). MalEpb&GyrA-ELP36
precursor andxeGyrA-ELP36 tag have masses too high to be idedtifie
through the used mass analysis system.

After cleavage reaction with MESNA, to separate ttleaved tag
MxeGyrA-ELP36 from the target protein MalEpl8-thioestewe
performed a Reversed Phase Chromatography (RPChhensame
conditions described above (see pag. 15). Figure sBaws the
chromatogramic profile of purification and Figur2 the corresponding
SDS-PAGE analysis of eluted fractions.

UV 214 nm Cond Fractions __ Inject __Edited baseline

MxeGyrA-ELP36

o (@ peal

MalEp18 thioester

(1st peak)
\

Figure 61. Chromatographic profile of reversed phase puriiﬁxmmtof the
cleaved MalEpl8 target protein amdxeGyrA-ELP36 tag (Column: Source
15RPC; Gradient: 10-60% CH3CN/TFA 0.1% in 70 mL).
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Figure 62. SDS-PAGE analysis of Reversed Phase Chromatogrepligd
fractions.

Fractions corresponding to the MalEp18 target jmot#" peak of RPC
chromatographic profile) were then pooled togetHgophilized and
quantified.

Once obtained the MalEpl8-thioester purified targebtein, we
performed the reaction between the purified MalEgfi8ester and the
(Cys)-GGE-(Lys-Biotin) peptide, synthesized ad Hoc EPL reaction.
The reaction was carried out in a phosphate buffeer night at room
temperature, and in presence of 8 fold molar exoégseptide (more
details are provided in the Materials and Methagtdisn).

The EPL reaction aimed to the C-terminal site-dpediotinylation of

the p18 antigen, like that of the thiolysis with BIRA previously carried
out, was monitored by UPLC/MS analysis under thmesaonditions
used above (Figure 63).
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Figure 63 UPLC analysis monitoring the C-terminal site-sfiediotinylation
of p18 antigen through Expressed Protein Ligatemhique.
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Figure 64. MS analysis monitoring the C-terminal site-spiedifiotinylation of
p18 antigen through Expressed Protein Ligationrtiegte.
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The UPLC/MS analysis (Figure 63 and Figure 64. @oluAcquity
UPLC BEH300 C4 1im, 2.1x100 mm, Waters; buffer A: H20/TFA
0.1% v/v, buffer B: CH3CN/TFA 0.1% v/v; gradient-60% buffer B in
4 minutes) showed that the biotinylation reacti®@alimost complete after
3 hours and it is complete after 24 hours. The peittk a retention time
of 2.92 min, relative to the active product (wilie tC-terminal thioester),
disappears after 24 hours of reaction and, in spoedence, there is the
increase of the peak at 2.87 min correspondinght® hiotinylated
product.

The significant difference between the molecularighes of the
biotinylated pl18 antigen (7760 Da) and the peptided for the
biotinylation (687 Da) has allowed to performe al Qdltration
Chromatography (GFC) purification step (Column Hiddo 16/60
Superdex 30 prep grade, GE; see materials and deetsxtion for more
details) in order to remove the excess of peptiggesent in the
preparation (Figure 65).

UV 214 nm ___ Cond __Inject __Edited baseline

Salts

- (3" peak)
Cys-GGEK-Lys(biotin)

(2" peak) \ /

Biotinylated MalEp18
(1st peak

\ soes

j k j P Tl .
& =0 190 D

Figure 65. Chromatographic profile of GFC purification perfadhafter EPL
reaction in order to remove the excess of syntheeptide (Cys-GGE-
Lys(biotin)) used for the biotinylation of MalEp1Bioester target protein.
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The fractions corresponding to the MalEp18 targetgin biotinylated in
a site-specific way at the C-terminal(fieak of GFC chromatographic
profile) were then pooled together and quantifiesbigh densitometric
analysis of bands corresponding to the purifiegetiprotein on SDS-
PAGE (Biorad Image Lab software; data not shown).

p18 RECOMBINANT ANTIGENS ACTIVITY TEST

MalEp18 (non-biotinylated derivative) and MalEpli&tm (biotinylated
derivative) recombinant antigens, obtained in ihs tase through ELP-
Intein method and in the second exploiting the esped protein ligation
(EPL) technique, as previous explained, were sulesdty tested in the
current LIAISON® EBV VCA IgG and IgM assays (Figure 66). Their
performance was then directly compared with thahefsynthetic peptide
currently in use in the immunoassays. Whereas riraobilization on
solid phase of the MalEp18 antigen was performetth @irect covalent
coating (interaction of the lysines amino groupsspnt on the MalEp18
antigen with the tosyl groups of paramagnetic bgdte immobilization
of the MalEp18-biotin antigen was performed witk 8treptavidin-biotin

complex.
jés ABEI
\
/,/ahlgG/hIgM

O’\\__

(
Synthetic p18
(current assay; reference)

, /4
IgG/IgM @ p18

Recombinant [ 4

MalEp18

\

Recombinant Tosyl
MalEp18-biotin Beads

Figure 66. Different p18 antigen variants obtained with inntbx@ techniques
(ELP-Intein and EPL methods) were tested in thel8@N® EBV VCA IgG and
IgM assays and compared with p18 synthetic peptideently in use.
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Initially the different variants of p18 antigen \eetested on a standard
curve composed by a high positive human serum sampdilution. In
this curve, therefore, there are known increasiogcentrations of
antibodies (IgG or IgM) directed specifically agstirthe p18 antigen.
Each test was conducted in triplicate and the mespoin RLU, was
plotted versus the increasing concentration (U/oflp pl8 antibodies
present in the standard curve.

Figure 67 shows the direct comparison between ti@unochemical
activity of the synthetic p18 peptide (gray) and thcombinant MalEp18
antigen (blue) used at the same concentration @fugyinl (concentration
of current kit) in the EBV VCA IgG immunoassay.

3000000
2500000 —aA
/ == synt. P18
2000000 / / (currentkit)
100ug/ml
> 1500000 &
= /
1000000 A rec.
/‘ / MalEp18
500000 +°Z* 100ug/ml
0 &/ . . :
0 200 400 600 800 1000
U/ml
500000
400000 /
/ == synt. P18
300000 (currentkit)
100ug/ml

RLU

200000

100000

0

0 10

30 40 50
U/ml

== rec. MalEp18
100ug/ml

Figure 67. Comparison between synthetic p18 and recombinantEpis
antigen immunochemical activity in LIAISONEBV VCA IgG immunoassay on

a standard curve (both antigens were used at the sanc. of 10Qug/ml).

159



Results

Results showed that MalEp18 recombinant antigemisunoresponsive:
the RLUs in fact followed the concentration inceeasf IgG o pl8
antibodies of standard curve. Furthermore, the omesp given by the
recombinant antigen was considerably higher thahdbtained with the
use of the synthetic peptide, with a consequentease in the assay
sensitivity (detection of low antibodies concentmas with RLUs higher
than those of the current assay). Using a condeorird times lower than
the previous one (28g/ml; Figure 68), the MalEp18 recombinant antigen
(blue) showed again a good immunochemical actstsnparable, if not
slightly better, than that of the synthetic pepf{igey) currently in use.

2500000

A
1500000 / == synt. P18
(currentkit)
100ug/ml
1000000 y>
/)(/ == rec. MalEp18
f 25ug/ml

2000000

RLU

500000
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150000

== synt. P18
(currentkit)
100ug/ml

2 100000

== rec. MalEp18
25ug/ml

50000

0 10 20 30 40 50 60

U/ml
Figure 68. Comparison between synthetic p18 and recombinaniEpi8
antigen immunochemical activity in LIAISONEBV VCA IgG immunoassay on
the standard curve (p18 recombinant antigen was aisa concentration 4 times
lower than synthetic p18 antigen).
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Similarly to the MalEp18 recombinant antigen obgairthrough the use
of ELP-intein method, also the biotinylated reconaint antigen obtained
by EPL technique (MalEp18-biotin), has shown toilmenunoreactive
and to possess an immunochemical activity much dnigihan the
synthetic pl8 peptide (Figure 69). The MalEpl8ihiotecombinant
antigen worked at a concentration 100 times lowantthe synthetic
peptide of current kit, ig/ml versus 10@ug/ml. Probably, the C-terminal
site-specific biotinylation of the pl8 antigen alled an oriented and
specific immobilization of the same pl8 on solidapéd and then
permitted to work at much lower concentrationsrufgen.
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2000000 /4
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0 ; . . . .
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Figure 69. Comparison between synthetic p18 and recombinafipAs-biotin
antigen immunochemical activity in LIAISONEBV VCA IgG immunoassay on
the standard curve (MalEpl8-biotin recombinant genti was used at a
concentration 100 times lower than synthetic pi&ide).

RLU
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The different variants of the p18 recombinant amtigvere then tested for
their ability to bind IgG antibodies p18 (EBV VCA IgG immunoassay)
on a panel of positive and negative sera (Figurg WD the same
conditions previously used for the standard cuRmeal evaluation of the
immunochemical activity of the p18 antigen variamtas done on the
average of the signals obtained for the panelsositipe and negative
samples. The MalEp18 antigen (non-biotinylated ivajsshowed a slight
increase of the signal relating to the positive gas (panel B; blue bar)
compared to the synthetic peptide (panel B; gray; lzd the same time
the signal of negative samples (panel A; blue k&3 much lower than
that detected for the synthetic peptide (panelraydyar). The result was
an increase of the ratio between the signal ofpih&tive and negative
samples; this last parameter is an index that ptigpally correlates with
the good performance of an immunodiagnostic asEag.data obtained
from the use of the biotinylated recombinant amtigMalEp18-biotin)
showed a great increase of the signal relativeh&o gositive samples
(panel B; green bar) compared to the syntheticigepipanel B; gray
bar); also in this case the background (signalhef negative samples;
panel A; green bar), was found to be lower thart tiathe synthetic
peptide (panel A; gray bar) with a resulting betteeparation
positive/negative signal samples.

A B
20000 1000000
M synt. p18
800000 (currentkit)
15000 " 100ug/ml
600000 M rec. MalEp18
= 10000 =)
o« = 25ug/ml
400000
5000 -
200000 M rec. MalEp18-
biotin 1ug/ml
0 - 0
Average of negative Average of positive
samples

samples

Figure 70.Immunochemical activity of three variants of p18igen (synthetic,

recombinant non-biotinylated, recombinant biotitgt) was tested in the
LIAISON® EBV VCA IgG immunoassay on a panel of negative and positive
samples.
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The same type of analysis was performed in the 8@\° EBV VCA
IgM immunoassay only for the non-biotinylated p&8ambinant antigen
(Figure 71). The results obtained from the analg$ithe standard curve
showed a performance almost comparable betweenrgbembinant
MalEp18 (blue; panel A) and the synthetic p18 mhpiigray; panel A).
These data were confirmed by the analysis of alpaihaegative and
positive samples for IgM antibodiespl18 (panel B); the two antigens
showed in fact very similar values regarding thegbaf positive samples
(panel B, right). The positive aspect was that glgnal relative to the
negative samples (panel B, left) appeared to berddar the recombinant
antigen, whose use in this immunoassay then allcavexivering of the
background with a consequent optimization of treagperformance.
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Figure 71.Immunochemical activity of synthetic p18 and recamaht MalEp18
antigen was tested in the LIAISGEBYV VCA IgM immunoassay on a standard
curve (A) and on a panel of negative and positarafes (B).
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SITE-SPECIFIC BIOTYNILATION OF p18 ANTIGEN THROUGH
GENETIC INCORPORATION OF UNNATURAL AMINO ACIDS

Once obtained the C-terminal site-specific biotatgtl p18 variant and
verified the good reactivity of the same, we trtedget the N-terminal
biotinylated version of the same antigen. The aias v determine if the
biotinylation on a different site could have betgefin terms of
immunochemical activity of the p18 antigen. Fosthurpose, the genetic
incorporation of Unnatural Amino Acids (UAA) into &arget protein
directly in E. coli cells was used as a strategy; in particular the
incorporation of a para-azido-phenylalanine (pAafF}he N-terminus of
the pl8 protein has been exploited to subsequegtlize a Strain-
Promoted Azide-Alkyne Cycloaddition (SPAACreaction with a
molecule of cyclooctyne-biotin with the potentiakulting formation of a
N-terminal biotinylated p18 antigen.

In order to express the target protein containimg desired UAA at a
specific site IinE. coli cells, as extensively described in the literatmd
in the introduction, BL21 (DE3E. coli cells were co-transformed with
two plasmids. The first expression plasmid contdires MalEp18 gene
with a stop codon (TAG; amber codon) in third positand the gene
encoding for the ELP-Intein tag (pET24-MalEpl8(TAKXeGyrA-
ELP36; see materials and methods for cloning dgtailhe second
plasmid was a commercial suppressor plasmid (pEY®:F) that
harbors the tRNA/aaRS pair, specific for the pAE6t the expression of
MalEp18(pAzF)MxeGyrA-ELP36 mutated protein, this system requires
a double induction: IPTG for the target proteingamt in the pET24
expression plasmid and Arabinose for the expressidRNA/aaRS pair
present in the pEVOL suppressor plasmid. It is alscessary add in the
culture medium (LB), at the time of induction, thenatural amino acid
(pAzF) to be incorporated in the target proteire(s&terials and methods
section). Initially, we explored some of the -clasdiermentation
conditions (in terms of temperature, induction timed O.D, IPTG
concentration) that are generally used for the esgion of heterologous
proteins inE. coli cells (Table 7).
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Temperature | Induction |Induction | [IPTG] | [Arabinose] | [pAzF]
Fermentation (°C) Time (h) 0.D. (mM) [ (%m/v) | (mM)
A 37°C 3 0,6 1 0,1 1
B 37°C 3 1,5 1 0,1 1
C 30°C 3 0,6 1 0,1 1
D 20°C 20 0,6 0,1 0,1 1

Table 7. Different conditions used for MalEp18(pAzMxeGyrA-ELP36 fusion
protein expression.
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Figure 72 SDS-PAGE analysis showing the induction test a2BDE3)

PEVOL/pET24-MalEp18(TAGMxeGyrA-ELP36, fermented in different
conditions reported in Table 7. Black arrow indésatMalEpl18(pAzF)-
MxeGyrA-ELP36 target protein.

SDS PAGE analysis (Figure 72) shows that MalEpl12fAxeGyrA-
ELP36 target protein (expected molecular weight4bf3 kDa; black
arrow) is expressed at low levels only in condisiarsed in fermentation
D (20°C, 20 hours of induction time, 0.6 of indoctiO.D., 0.1 mM
IPTG, 0.1% arabinose and 1mM pAzF). In other cood#
(fermentations A,B,C) no expression is detected.
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In order to improve the levels of expression of thgget protein, we

decided to follow the fermentation conditions reépdrin literature for

this particular expression system which involves tise of suppression
plasmids (160-162). These conditions provide a iladeiction (in terms

of cells O.D.), long induction times both at lowdaat high temperatures;
concentrations of the inductors and of unnaturainanacid remained

unchanged (1 mM IPTG, 0.1% arabinose and 1% pAaB|€ers).

Temperature | Induction |Induction | [IPTG] | [Arabinose] | [pAzF]
Fermentation (°C) Time (h) 0.D. (mM) [ (% m/v) | (mM)
A 20°C 20 1,5 1 0,1 1
B 25°C 20 1,5 1 0,1 1
C 37°C 20 1,5 1 0,1 1
D 30°C 20 1,5 1 0,1 1

Table 8 Other conditions used for MalEp18(pAZWxeGyrA-ELP36 fusion
protein expressio(similar to those reported in literature).
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Figure 73 SDS-PAGE analysis showing the induction test a2BDE3)

pPEVOL/pET24-MalEp18(TAGMxeGyrA-ELP36, fermented in different
conditions reported in Table 8. Black arrows intécavalEp18(pAzF)-
MxeGyrA-ELP36 target protein.
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Figure 74. Western Blot analysis of BL21(DE3) pEVOL/pET24-
MalEp18(TAG)MxeGyrA-ELP36 fermented in different conditions regattin
Table 8. Black arrows indicate MalEp18(pAZRAxeGyrA-ELP36 target protein.
The staining was performed with rat anti-p18 HRBbpr (see Materials and
Methods).

SDS-PAGE analysis (Figure 73) and WB analysis (f6gi#) show that
the target protein MalEp18(pAzMxeGyrA-ELP36 (expected molecular
weight of 45.3 kDa) is expressed in all conditioas low levels
(fermentations A, B, C, D; black arrows in Figuré8 and 74). The
presence of bands at lower molecular weight, \asisbom the WB
analysis (Figure 74), in addition to that relativethe entire target protein
(black arrows)as seen above for the plB«GyrA-ELP36/90 constructs,
indicates that also the MalEp18(pAzZMxeGyrA-ELP36 target protein
undergoes a partial degradation during the fernientarocesses.

Finally, to try to increase the expression degrethe target protein, we
decided to carry out a final test of expressiof different temperatures:
25°C and 30°C (Table 9; Figures 75 and 76). Congptoeéhe previous,
the difference is the following: for each of thetseo conditions, we
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performed a pre-induction of the cells with halfsde of arabinose and
pAzF. We then induced at time 0 with IPTG (entiese) and with the
other half doses of arabinose and pAzF. The id&aaisthe pre-induction
would give a way for the cells to express the tRANS pair specific for
pAzF and to have part of para-azido-phenylalanmeuwnt to be loaded
onto tRNA molecule before the induction of the @rgrotein. This

strategy could lead a potential positive effecttba levels of protein

expression.

Temp. | Induction | [IPTG] | [Arabinose] | [pAzF] pre-
Fermentation (°C) | 0.D./Time| (mM) (% m/v) (mM) |induction
A 30°C 1,5/20h 1 0,05+0,05 | 0,5+0,5 yes
B 30°C 1,5/20h 1 0,1 1 no
C 25°C 1,5/20h 1 0,05+0,05 | 0,5+0,5 yes
D 25°C 1,5/20h 1 0,1 1 no

Table 9 Different conditions (with and without pre-indimt) used for
MalEp18(pAzF)MxeGyrA-ELP36 fusion protein expression.
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Figure 75. SDS-PAGE analysis showing the induction test a2BDE3)

PEVOL/pET24-MalEp18(TAGMxeGyrA-ELP36, fermented in different
conditions reported in Table 9. Black arrows intécavalEp18(pAzF)-
MxeGyrA-ELP36 target protein.
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Figure 76, Western Blot analysis of BL21(DE3) pEVOL/pET24-
MalEp18(TAG)MxeGyrA-ELP36, fermented in different conditions rejeakr in
Table 9. Black arrows indicate MalEp18(pAZRAxeGyrA-ELP36 target protein.
The staining was performed with rat anti-p18 HRBbpr (see Materials and
Methods).

SDS-PAGE analysis (Figure 75) and WB analysis (fédi6) show that
the MalEp18(pAzFMxeGyrA-ELP36 target protein (expected molecular
weight of 45.3 kDa) is expressed in all conditiatssatisfactory levels
(fermentations A, B, C, D; black arrows in Figui&sand 76). At 25°C
(fermentations C and D in Figures 75 and 76), éwvell of expression of
the target protein appears to be higher than tHafeomentations
performed at 30°C (fermentations A and B in Figurésand 76). In
particular, between the two fermentations carriati ai 25°C (with and
without pre-induction, fermentations C and D respety), the condition
in which the target protein expression level appdarbe little higher
(Figure 76; WB analysis) seems to be the fermemtdi (25°C with pre-
induction). All subsequent fermentations were performed usihg t
parameters of the fermentation C (Table 9).

Before proceeding with the purification of the &irgrotein, we wanted
to check two different aspects: 1_ the ability eli<transformed with the
pET24 expression vector only (and not with the pEV&uppression
plasmid encoding for tRNA/aaRS pair) to expressténget protein with
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a stop codon in third position. 2_ The specifiofythe tRNA/aaRS pair
for the pAzF unnatural amino acid; for this purpose carried out
fermentations in presence and absence of pAzF uratagmino acid in

the culture medium.
The conditions in which we performed the fermenptatiests described

above are listed in Table 10.

Temp. | Induction | [IPTG] |[Arabinose]| [pAzF]
Fermentation Vector (°C) |0.D./Time| (mM) (% m/v) (mM)
A pET24 only | 25°C 1,5/20h 1 / /
B pEVOL+pET24 | 25°C 1,5/20h 1 0,05 + 0,05 /
C pEVOL+pET24 | 25°C 1,5/20h 1 0,05+0,05(0,5+0,5

Table 1Q Different fermentation conditions used to teddifferent aspects of
MalEp18(pAzF)MxeGyrA-ELP36 fusion protein expression: the ability o
BL21(DE3) cells transformed with the pET24 expressiector only to express
the target protein (fermentation A) and the speityfiof the tRNA/aaRS pair for
the pAzF (fermentations B and C).
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Figure 77. SDS-PAGE anaIyS|s showing the induction test a2BDE3)
pET24-MalEp18(TAG)MxeGyrA-ELP36 and BL21(DE3) pEVOL / pET24-
MalEp18(TAG)MxeGyrA-ELP36, fermented in different conditions refear in
Table 10. Black arrow indicates MalEpl18(pAZxeGyrA-ELP36 target
protein.
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Figure 78 Western Blot analysis of BL21(DE3) pET24-MalEpPL8G)-
MxeGyrA-ELP36 and BL21(DE3) pEVOL / pET24- MalEp18(TA®IxeGyrA-
ELP36, fermented in different conditions reportedTiable 10. Black square
indicates MalEp18(pAzFMxeGyrA-ELP36 target protein. The staining was
performed with rat anti-p18 HRP probe (see Materdadd Methods).

SDS PAGE analysis (Figure 77) shows that the BLEBD cells
transformed with the pET24 expression vector onlg aot able to
express the target protein (A; T20h); in additi&h,21(DE3) cells co-
transformed with both vectors (pET24 and pEVOL)nsde be not able
to express the target protein in absence of pAzkarculture medium (B;
T20h) but only in its presence (C; T20h; black afxoGiven the low
expression levels of the target protein, beforeaading concluding
remarks, it was needed to perform a WB analysigufléi 78).This
analysis revealed that the target protein MalEpABE)-MxeGyrA-
ELP36 is expressed, even if at low levels, in BIDHB) cells
transformed with pET24 plasmid only (A; T20h). Timslicates that the
cells are able to express the target protein evehea absence of specific
aminoacyl tRNA synthetase and tRNA pair necessaryntorporate
unnatural aa (pAzF) and in the absence of pAzhéndulture medium.
ProbablyE. coli cells are able to circumvent the problem by inooaging
another amino acid at the position of the pAzF gr dhifting the
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translation reading frame. In BL21(DE3) cells carsformed with both
plasmids (pEVOL and pET24), the target protein Md&EpAzF)-
MxeGyrA-ELP36 is expressed only in the presence offpiazthe growth
medium (C; T20h). In the absence of this latteg, ¢klls are not able to
express the protein except at very low levels (BOH). This result
indicates that the tRNA and the aminoacyl tRNA bgtdéise pair is
specific for the pAzF unnatural aminoacid. In thsence of pAzF in the
medium, the cells are not able to bypass the pnolidg incorporating
another amino acid or by shifting the translatieading frame as happens
instead for the BL21(DE3) cells transformed withT@2& plasmid only.
The next step was the purification of the MalEpZ&(B)-MxeGyrA-
ELP36 target protein. Being expressed as a fusimteip with the
MxeGyrA-ELP36 tag, we exploited the ELP-Intein systdor the
purification process, exactly under the same candt used for the
MalEp18MxeGyrA-ELP36 protein. Therefore, we made the inverse
transition cycling (ITC) process followed by clegeawith DTT (Figure
54); then to separate the cleaved teixeGyrA-ELP36) from the target
protein (MalEp18(pAzF)), a reversed phase chromapy (RPC) was
performed. The ITC process and the cleavage reaetith DTT were
monitored by SDS-PAGE analysis (Figure 79); Fig8@eshows instead
the chromatographic profile of RPC purification ¢ab) and the
corresponding SDS-PAGE analysis of eluted fractitesow).

TL SF 1°HS 1°CS 2°HS 2°CS DTT

75 kDa q
50 kDa sl -— | —
37 kDa - b Legend:
L= . TL= Total Lysate

T SF= Soluble Fraction
25 kDa " 1°HS= F'Hot Spin sup.
1°CS= £'Cold Spin sup.
20 kD2, - MalEp18(pAzF)-  MxeGyrA-ELP36 | 2oHS= 29 Hot spﬁn SUFI,O,
MxeGyrA-ELP36 2°CS= 2% Cold Spin sup.
15 kDa f ! DTT= cleavage with DTT

MalEp18 (pAzF) —» Bl
10 kDa 4

Figure 79 SDS PAGE analysis monitoring ITC purification pess and
cleavage with DTT.
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Figure 80. Chromatographic profile of reversed phase purificatof the
cleaved MalEpl8(pAzF) target protein amiixeGyrA-ELP36 tag (Column:
Source 15RPC; Gradient: 10-60% CH3CN/TFA 0.1% Onn1L.) (above) and
corresponding SDS-PAGE analysis of eluted fract{twetow).

The pool of fractions corresponding to the MalEpE&(F) target protein
(1*" peak of RPC chromatographic profile) was then estbf to
lyophilization and quantified for subsequent aniglys
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In order to verify the incorporation of pAzF at BHiinus of our target
protein (third position), we commissioned in outsing (CNR ISPA
Colleretto Giacosa (T0)) a N-terminal sequencinghaf first six amino
acids of the MalEp18(pAzF) and of the wild type Hpl8 proteins. The
following sequences were identified:

- MalEp18(wt): MKIEEG

- MalEpl8(pAzF): MKXEEG
In particular, the results obtained have revedhad MalEp18(wt) protein
presents correctly an isoleucine residue at thelle¥ third position,
while MalEp18(pAzF) protein shows at the level bird amino acidic
residue a signal not attributable to anyone of kmemwino acid (indicated
in sequence with “X”). This finding potentially ctirms the insertion of
para-azido-phenylalanine unnatural amino acid éntktird position of the
MalEp18 (pAzF) sequence.

Once the incorporation of pAzF at the N-terminustloé protein was
confirmed, this unnatural aminoacid was exploitedrealize a Strain-
Promoted Azide-Alkyne Cycloaddition (SPAACreaction with a
molecule of cyclooctyne-biotin; the scope was tdaaoba N-terminal
biotinylated p18 antigenThe SPAACreaction consists in the use a new
type of highly selective and efficient chemistryled click chemistry. As
described in the introduction, this type of chenyigirovides a 1,3-dipolar
cycle-addition between an azido group and an alkgngive a stable
triazole ring. Having our laboratory any previousgperience with this
particular type of chemistry, as a first step, weliminary studied the
basic reaction conditions through the evaluatiordifferent parameters
(pH, temperature, buffers, reagent concentrationi) @nd through the
evaluation of the reaction efficiency (yield, reguaibility, etc.). For this
purpose, two peptides were synthesized as modwsgs(see appendix
section for experimental details of these analyses)

The data obtained revealed that the SPAAC readti@imple to handle;
another positive feature is its robustness, in 8AAC reaction takes
place efficiently in a wide range of conditions (pidmperature, buffers,
molar concentration of the reagents). Howeves itdt an extremely fast
reaction: the time necessary to reach the commsteis approximately
24 hours. In summary, the best conditions in whigh reaction kinetic
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appears to be favored are aqueous buffers insteamrganic media,
temperatures around at 37°C than room temperatm@eover the
presence of a slight molar excess (2-3x) of on¢hef2 components
(azide or alkyne) seems to improve the reactioptién

Once identified the best reaction conditions, wpliad those conditions
to carry out the reaction of click chemistry (SPAAGetween the
MalEp18(pAzF) protein and the molecule of cyclooesbiotin (BCN-

biotin), as shown schematically in Figure 81.

Site-specific biotinylated p18
(N-terminus)

p18(pAzF) MW: 7531.71 Da
MW:6981 Da
o
H
O’Lk/\/ s
o0 AzPhe |+ H y—z C:> a‘uP]mf_B
20. N HN __NH Po.
‘g’ Ns Biotin
BCN-Biotin
MW: 550.71 Da

Figure 81. Schematic representation of SPAAC reaction betwien para-
azido-phenylalanine residue of MalEp18(pAzF) proteid a cyclooctyne-biotin
molecule.
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The reaction was carried out in a phosphate buffeer night at 37°C,
and in presence of 8 fold molar excess of BCN-bidtnore details are
provided in the Materials and Methods section). BRAAC reaction,
aimed to the N-terminal site-specific biotinylatiohthe p18 antigen, was
monitored by UPLC/MS analysis (Figure 82).

As a positive control, we performed in parallelliakcchemistry reaction
between the peptidel (the same one used for tHgsanaf the click
chemistry basic reaction; see appendix) contaiaimgzido-group at N-
terminal and the BCN-biotin reactive (Figure 83).

The UPLC/MS analysis (Figure 82 and Figure 83. @wluAcquity
UPLC BEH300 C4 1dm, 2.1x100 mm, Waters; buffer A: H2O/TFA
0.1% v/v, buffer B: CH3CN/TFA 0.1% v/v; gradient-60% buffer B in
4 minutes) showed that both reactions have the sam@matographic
profile at time O and after 24 hours; however, itiess analysis revealed
that the reaction between the peptide 1 and the -BiGth (Figure 83;
positive control) occured: in fact a change wa®cded for the molecular
mass of peak relative to peptide 1 (MW 2780 Da)s Hifiter 24 hours of
reaction resulted to have a mass exactly coinciaétit that of the
product (MW 3331 Da), indicating a co-elution bedwehe peak of the
peptide itself and that of the product. In the aafSeeaction involving our
target protein MalEp18 (pAzF) and the cyclooctymnatib (Figure 82) not
only the chromatographic profile did not changet blso the masses
relative to the peaks remained unvaried, indicathg the reaction did
not take place.
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Figure 82 UPLC/MS analysis monitoring the N-terminal sifgesific
biotinylation of p18 antigen through SPAAC reactimetween MalEp18(pAzF)
and BCN-biotin.
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Figure 83 UPLC/MS analysis monitoring the SPAAC reactiotw@zn peptide

1 and BCN-biotin (positive control).
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In order to promote the reaction between the MaBfpAzF) target
protein and the BCN-biotin reactive, we then exptbnew conditions:

1. in organic buffer (DMSO) at low temperature (-20°CGAhs
demonstrated by the experimental data reported piperadix
relative to the study of click chemistry basic te&ag this
condition, that provides a freeze and taw process,promote the
conjugation reaction.

2. In the presence of sulfo-betaine (NDSB-195) in jphase buffer.
These zwitterionic detergents appear to improve wery efficient
way the solubility of molecules in solution and shpromote the
interaction between them (214).

3. Under denaturing conditions (8M Urea). This strategas
explored in the case in which the lack of reagfiwf the azido
group present on our target protein was due toqodat structural
conformations that prevent the exposure of the sameo
functional group on the surface of the protein.

For each of these conditions, the reaction betwmsptide 1 and BCN-
biotin was set up in parallel (positive controlg)so in this case, all
reactions were carried out over night at 37°C angresence of 8 fold
molar excess of BCN-biotin (see Materials and Mdghasection).
Moreover, the reactions were monitored by UPLC/Mfalgsis in the
same conditions described above.

Figure 84 and Figure 85 respectively show the clatographic profiles
of the reaction between MalEp18 (pAzF) target proteBCN-biotin and
peptide 1 + BCN-biotin conducted in the three tdstbove conditions.
Tables present in the same figures show insteadntsses obtained by
mass analysis of the peaks present in the corrdspgpneaction at time 0
and after 24 hours.
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Figure 84. UPLC/MS analysis monitoring the SPAAC reactiontween
MalEp18(pAzF) and BCN-biotin in three dfferent cdiahs (DMSO -20°C; in
presence of sulfo-betaine and UREA 8M).
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Figure 85 UPLC/MS analysis monitoring the SPAAC reactiotwi@en peptide
1 and BCN-biotin in three dfferent conditions (DMS@0°C; in presence of
sulfo-betaine and UREA 8M).
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The results shown in Figure 84 indicate that trectien did not occur
also in these conditions. In all three cases, trernatographic profile at
time O was identical to that observed after 24 &oof reaction.
Furthermore, the mass relative to the peaks présehé reaction did not
vary indicating the inability of the MalEp18(pAz)otein to react with
the cyclooctyne-biotin. Only in the reaction cadrieut under denaturing
conditions (8M UREA) was identified, after 24 houo$ reaction, a
chromatographic profile slightly different than tHfaund at time 0 and
the appearance of a different mass that coincidesever, with the
adduct of the target protein with urea presenhetuffer.

The reactions carried out with the peptide 1 irdteecurred in all three
cases: the mass relative to the peak of peptiggpéaaed to be coincident
with that of the product after 24 hours of reactiéiso in this case, we
noted the formation of the adduct with urea in thaction carried out
under denaturing conditions. These reactions aoefir the characteristic
of robustness of the click chemistry reaction whilmowed a good
efficiency in a variety of conditions.

Regarding the protein MalEp18(pAzF) and the proce$sgenetic
incorporation of unnatural amino acids will be resagy to perform
future investigations aimed to understand the latkeactivity of our
target protein containing a residue of para-azidenylalanine with the
alkyne reagent.

The tests of expression in the absence of pAzFturadeamino acid in
the growth medium and the results of N-terminaluseging of the
purified target protein had led to believe that fm®cess of pAzF
incorporation into MalEpl18 was successful. Now st necessary to
understand the cause of the unresponsiveness ofporated azido
functional group. A MALDI-TOF analysis after tryptdigestion will be
necessary to confirm the presence of pAzF in tpwdition and later it
will be useful to re-start from the optimizationtbe constructs design.
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pl8 ANTIGEN IMMOBILIZATION ON SOLID PHASE
THROUGH THE USE OF LEUCINE ZIPPER (OR "VELCROQO")
PEPTIDES

Immobilization of proteins in a functionally activierm and proper
orientation is crucial for effective surface-basathlysis of proteins, such
as Diasorin LIAISON immunoassays based on immobilization of
antigens or antibodies on paramagnetic microbeaadisthis reason we
explored a new technique of immobilization on sqiitase for the pl18
antigen to be applied in LIAISONEBV VCA IgG/IgM immunoassays.
This technique is based on the use of leucine eippévelcro” peptides,
as described in detail in the introduction. Forsthpurpose two
recombinant constructs were created; in the firatned ZE-ELP36, that
represents the capture domain of the target prothem acidic partner
velcro, named ZE, was fused with the ELP[KV7F36]quence,
previously described for the ELP-intein purificatiomethod. The Elastin
Like Polypeptides (ELP) sequence is the regionha&f tonstruct that
allows the interaction with the solid phase, intfads able to interact
effectively with the tosyl groups present on pargneic microbeads
thanks to the presence of several lysine residmestsi sequence.
Furthermore the ELP sequence can be exploitedh&purification of the
construct itself, through the use of Inverse Tramsi Cycling (ITC)
method. In the second construct, named MalEpl18tAR basic partner
velcro, called ZR, was fused to the target prodalEp18 as affinity tag.
As previously illustrated, the idea of this systas based on the
interaction of the two velcro peptides, through fibrenation of coiled coil
structures, to enable the indirect immobilizatidntiee target protein on
solid phase, in a oriented and stable way (Fig6je 8
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Figure 86. Schematic representation of p18 antigen indirechatnilization on
solid phase through the use of velcro peptides.

Once the cloning was carried out for both conssru(iET24-ZE-
ELP[KV7F36] and pET24-MalEpl8-ZR; see materials amethods
section for more detailsyye transformed the BL21(DEJ}.coli strain
with the two different plasmids.

Table 11 shows the different expression conditierplored for both
constructs.

Temperature | Induction | [IPTG]
Fermentation Vector (°C) Time (h) | (mM)
A pET24-ZE-ELP[KV7F36] 37°C 3 1
B pET24-ZE-ELP[KV7F36] 15°C 20 0,1
C pET24-MalEp18-ZR 37°C 3 1
D pET24-MalEp18-ZR 15°C 20 0,1

Table 11 Different conditions used for ZE-ELP36 and MalB@AR fusion
proteins expression.

The ZE-ELP36 (expected molecular weight of 21,5%kbBlack squares)

and MalEp18-ZR (expected molecular weight of 12@2a; gray
squares) target proteins are well expressed roalflitions (Figure 87).
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Figure 87. SDS-PAGE analysis showing the induction test &2BDE3)
pET24-ZE-ELP[KV7F36] and BL21(DE3) pET24-MalEp18-ZRermented at
37°C and 15°C. Black squares indicate ZE-ELP36etafyotein and gray
squares indicate MalEp18-ZR target protein.

After ensuring the expression, we verified the bibity of the two fusion
proteins in both conditions (37°C and 15°C) as itketan Materials and
Methods section.
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TL= Total Lysate
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D N 8M= 8M UREA
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Figure 88 SDS-PAGE analysis showing the solubility test Rif21(DE3)
pET24-ZE-ELP[KV7F36] and BL21(DE3) pET24-MalEp18-ZRermented at
37°C and 15°C. Black arrows indicate ZE-ELP36 amaygarrows indicate
MalEp18-ZR fusion protein present in soluble franti

186



Results

The SDS PAGE analysis of solubility test (Figure 88ows that the ZE-
ELP36 and MalEp18-ZR target proteins are compleselyble in both
conditions of fermentation (37°C and 15°C). In fathe band
corresponding to ZE-ELP36 (expected molecular we@h21,55 kDa;
black arrows) and also that corresponding to Maf=gR (expected
molecular weight of 12,24 kDa, gray arrows) ishlis, in both cases, in
the total lysate (TL lane) and in the soluble fiati{SF lane), but it is not
present, except in small part, in fractions corntgjrurea or SDS sample
buffer (insoluble fractions).

Also in this case (as for the MalEpM«eGyrA-ELP36 fusion protein),
we chose to use the fermentation carried out a€ X6f the purification
of both target proteins.

For purification of the ZE-ELP36 fusion protein, wexploited the

aggregation and solvation properties of ELPs byngisihe Inverse
transition Cycling (ITC) process, as previouslyadsed.

First, in order to find the lowest NaCl concenwatiable to completely
precipitate the ZE-ELP36 fusion protein, a largenga of salt

concentrations was explored: 2.5 M, 2.0 M, 1.5 M 40 M of NaCl

(Figure 89).0nly the lowest NaCl concentration (1.0 M) deteradirthe

loss of the ZE-ELP36 protein (the presence of #iget protein also in
the supernatants obtained after the hot spin st&pdS and 2°HS lanes -
indicates that the concentration of salt addedint®n was not sufficient
to promote efficient precipitation of the ELP-fusigrotein), while a
complete recovery of protein was obtained at 1.50Mhigher NaCl

concentrations. Therefore, all subsequent precipitation steps were

performed at 1.5 M salt concentratidiwo ITC rounds were performed
for every purification batch, as illustrated in &ig 90.
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Figure 89. Precipitation tests of ZE-ELP36 fusion proteindiferent NaCl
concentrations. Red squares indicated the ban& dflA°36 target protein.
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Figure 90. (A) ITC purification scheme and (B) SDS PAGE aséd monitoring
ITC purification process.
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After ITC process, a chromatographic step of pcaitfion was performed.
The sample was loaded on a GFC column (SuperdexHdéad 16 60,
see materials and methods section) previously ibcatiéd with PBS
buffer. Elution was carried out with a isocrati@adient of the same PBS
buffer. The ZE-ELP36 target protein was obtainethwsi good purity and
yield (Figure 91).

_UV214nm ___ Cond ___ Fractions Inject __Edited baseline

ZE-ELP36

<

/\ o
Z

.
13 dhel byl kel b kol £d kel EAFA ditidad did bd
a0 a0 "

A6 B9 B8 B7 B2 Bl C1 D10
> -
75 kDa s
50 kDa  ww
37kDa «

. Legend:
25kDa o | A6—D10 = GFC
20 kDa eluted fractions

15 kDa T

ZE-ELP36

10 kDa

Figure 91. GFC chromatographic profile of ZE-ELP36 target piot(above)
and corresponding SDS-PAGE analysis of eluteditmast(below).
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Fractions corresponding to the ZE-ELP36 targetgmofFigure 91) were
then pooled together and quantified through demstdc analysis of
bands corresponding to the purified target proteirt6DS-PAGE (Biorad
Image Lab software; data not shown).

For purification of the MalEp18-ZR fusion proteime performed a
Cation Exchange Chromatography (CEC) exploiting ligh isoelectric
point of the protein (pl:11.47Yhe samplavas loaded on a CEC column
(CM_Ceramic_HyperD_F_XK_16/5.5, see materials ancethods
section). This column was activated with buffer B (25mM Sodium
acetate, 1M NaCl; pH 5) arfthally equilibrated with buffer A CEC
(25mM Sodium acetate; pH 5). Protein elution wasedwith a linear
gradient from 0% to 100% of buffer B CEC in 60 nHigure 92).

UV2l4nm  Cond Fractions __ Inject __Edited baseline

- r‘M | : —

- \ MalEp18:ZR \

—

Figure 92. CEC chromatographic profile of MalEp18 target pimate
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Figure 93. SDS-PAGE analysis monitoring CEC purification of IHjpl8-ZR.
Gray arrow indicates MalEp18-ZR target protein preesn flow through.

As the SDS-PAGE analysis shows (Figure 93), théomaéexchange
chromatography as a method of purification did p@tmit to obtain the
target protein with a good purity degree and yidld.the fractions
containing the protein of interest, in fact, thevere many bands of
contaminating proteins (Figure 93; fractions A:2B11); moreover, a
large amount of protein was lost during the prodpsssence of a band
corresponding to the target protein in the flowetigh; Figure 93; FT
lane, gray arrow).

For this reason, and due to the peptidic naturthefconstruct MalEp18-
ZR, we decided to perform a Reversed Phase Chrgnagoy (RPC) as
purification method. The sample was loaded on arsmd phase column
(Sourcel5RPC 1bBn 8.5x100mm, see materials and methods section)
previously equilibrated with water/TFA 0.1% and CH¥TFA 0.1%.
Elution was performed with a linear gradient of @@% CH3CN/TFA
0.1% in 35 mL. A good purity degree and yield wéddamed for the
MalEp18-ZR target protein (Figure 94) and the padl fractions
corresponding to the target protein was then stdgjeto lyophilization
and quantified.
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Figure 94.RPC chromatographic profile of MalEp18-ZR targettpm (above)
and corresponding SDS-PAGE analysis of elutedifrast(below).
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Once expressed, purified and biochemically charaet, the ZE-ELP36
and MalEp18-ZR fusion proteins were tested in tfesrin LIAISON®
EBV VCA IgM immunoassay for their ability to immdize the pl18
antigen on solid phase. This new method of coatiag then compared
with that currently used (Figure 95).

Direct covalent coating Coating with velcro
(current assay) peptides
ABEI ABEI
\ \

AN
. VAL
SAD IgM a p18 0 IgM a p18
JIE
¢
Tosyl
Tosyl
Beads Beads

Figure 95. Schematic representation showingmparison between different
techniques for pl8 antigen immobilization on sofidase: direct covalent
coating and through the use of velcro peptides.

In order to set up the immobilization system ondsphase that involves
the use of Velcro Peptides (VP), two different gsgaotocols were
explored. The first protocol provided a pre-incudat of the two

constructs to allow the interaction of two velcrepfides before the
reaction with the other bioreagents of the immueaggincubation off-

line). The second protocol (incubation on-line)\pded instead that the
interaction between the 2 velcro peptides occuringuhe assembly of
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the reaction directly on the LIAISONnstrument (more details about the
two protocols are described in materials and meths®ttion). For the
evaluation of these two protocols, two calibratarsl the positive and
negative controls present in the current kit waralyzed (in duplicate).
In parallel, the current assay was run (Figure 96).

450.000

400.000 T

350.000

300.000

250.000

W kit call
200.000 M kit cal2

RLU

M Neg KC
W PosKC

150.000

100.000

50.000 A

0 A T
Direct coating VP(incub. on-line) VP (incub. off-line)

Figure 96. Comparison between direct covalent coating (curassty) and two
different immobilization protocols on solid phadedugh the use of Velcro
Peptides (VP) system. The different methods westedeon negative (Neg. KC)
and positive (Pos KC) controls and two calibraf&iscall and kit cal2) present
in the current kit.
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Experimental data (Figure 96) revealed that theyagsotocol which
provides the pre-incubation off-line of velcro peps is not responsive.
Using this type of protocol, in fact, neither theot calibrators nor the
positive control were detected. The other protoablaracterized by
incubation on-line of the two constructs, was fotade promising with
signals relative to the positive control and calibr 2 (kit cal2) much
higher than those detected by the currentHit.this reason, this protocol
was selected to perform the next experiments. énfellowing test, the
immunochemical activity of the p18 antigen immatelil on solid phase
through the velcro peptides system or through ticewalent coating
(current assay) was tested on a standard curve asmdpby a high
positive human serum sample in dilution. As desdilabove for the
different variants of the pl8 antigen, in this @rthere are known
increasing concentrations of antibodies (IgM) diedcspecifically against
the p18 antigen. Each test was conducted in taf@iand the response, in
RLU, was plotted versus the increasing concentrafld/ml) of a p18
IgM antibodies present in the standard curve. @i shows the direct
comparison between the analytical performance o8B pntigen
immobilized on solid phase through direct covaleoating (gray) and
through velcro peptides system (blue) in the EBV A/QgM

immunoassay. ...

500.000

400.000 =o—Direct covalent
coating (current
2 300.000 assay)

==\/elcro peptides

0 100 200 300 400
U/ml

200.000

100.000

Figure 97. Comparison between the analytical performance & pftigen
immobilized through direct covalent coating (gray)d velcro peptides system
(blue) in the LIAISON EBV VCA IgM immunoassay on a standard curve.
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The immobilization of the p18 antigen on solid phésrough the use of
velcro peptide system had proven to be immunorespenthe signal
values (RLUSs) in fact follow the concentration iease of IgMo p18
antibodies of standard curve. Furthermore, theorsp given by the p18
antigen immobilized through velcro peptides systeas considerably
higher than that obtained with the p18 antigenatliyecoated on solid
phase.

In order to evaluate the robustness of velcro peptiimmobilization
method, a panel of negative and positive samplestested (Figure 98).
In parallel, the current assay was run as referefical evaluation of the
pl8 antigen performance immobilized on solid phéseugh different
technigues was expressed as the average of trEssmreach panel. The
pl8 antigen immobilized on solid phase through reefeeptides system
showed a slight increase of the signal relatinght® positive samples
(panel B; black bar) compared to the synthetic idepdirectly coated on
solid phase (panel B; gray barhe negative aspect of the velcro peptides
system was that also the signal of negative sanfpkasel A; black bar)
was much higher than that detected for the direcalent coating (panel
A; gray bar). The result was an increase of thekdgpamzind with a
consequent decrease of the ratio between the sajntide positive to
negative samples. Unfortunately the lowering of fusitive/negative
signal ratio correlates with the reduction of immassay performance.
Probably the high background related to the useetifro peptides was
provided by the presence of numerous charged resiguthe sequence
of the same peptides, that promotes the formati@specific interaction
with other components present in the sample dnerassay itself.

197



Results

A B
18.000 450.000
16.000 400.000
14.000 - 350.000 —=— -
12.000 - 300.000
W Direct coating
> 10.000 - 5 250.000 -
= |
& 8.000 - & 200.000
6.000 - 150.000 - mVelcro peptides
4.000 - 100.000 -
2.000 - 50.000
0 A o -
Average of negative samples Average of positive
samples

Figure 98. Comparison between the analytical performance & pftigen
immobilized on microbeads through direct covalemating (gray) and velcro
peptides system (blue) in the LIAISGNEBV VCA IgM immunoassay on a
panel of negative and positive samples.

This innovative system of immobilization has prowenbe responsive;
however the problem of high background needs furdnalyses in order
to find strategies for its resolution, such asuke of specific detergents
in the assay buffers or the sequence optimizatiéncanstructs
themselves.
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LIAISON ®EBV VCA IgM REVERSE FORMAT

Despite the DiaSorin LIAISON® EBV VCA IgM immunoass has a
good analytical performance, in order to obtainramease of specificity
and therefore to exclude potential false positieengles, a new assay
format was explored. Starting from the current riedi format (which
includes the pl8 antigen immobilization on solidagd), we tried to
develop a "reverse" format, in which anti-human Ightibodies, able to
recognize human IgM present in the sample, are @wsed capture
element on solid phase, while the p18 antigen &l @s a tracer (Figure
99). In this case the aim was to synthesize anmaoéecule characterized
by the presence of the p18 antigen (p18 tracerdrdier to optimize the
emission of the signal relative to the tracer moleand therefore the
sensitivity of immunoassay, we used a particulan-pmteic scaffold
with a structure able to bind several chemilumieesenolecules (ABEI)
together with the antigen of interest. In addititor, the synthesis of this
tracer, we decided to applied the click chemiswiich, as described
above, has proven to be a highly efficient and sblshemistry.

CURRENT ASSAY NEW PROTOTYPE
(indirect format) (reverse format)
% ABEI % ABE
\ \

y o O

Z "~\ \

® J4
N IgM a pl18
OAL
L A A
OADL IgM a p18
Q/

o [~
PMPs PMPs

Figure 99. Schematic representation of LIAISGNEBV VCA IgM
immunoassay format change. Starting from the ctiirgtirect format, we tried
to develop a "reverse" format, in which the pl8gent is used as a tracer.
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The p18 tracer, necessary to perform the DiaSd@iSON® EBV VCA
IgM immunoassay in its reverse format, was syn#sesaccording to the
following reaction steps (Figure 100). Figure 10®téad shows the
chromatographic profiles of the GFC purificationsarreed out
respectively in step 3 and in step 5 of process.

Briefly, in the first step the scaffold was labeleith a multiplicity of
ABEI molecules; the reaction occured in an orgamiedium (DMSO)
overnight. In the second step the other functidiesliof the scaffold
molecule were derivatized with the bicycle nonyr2CK) reagent,
necessary to carry out the subsequent reactioniad chemistry. This
step which involved the reaction between the amgnooips present on the
scaffold and the NHS-ester group of the BCN moleculas carried out
in DMSO for 2 hours. The third step was represeiga gel fitration
chromatography (GFC) to remove the excess of ABtel RCN present
in reaction (Superdex 200 Hiload 16 60 column, RB&er, isocratic
gradient; see materials and methods section).drfdatirth step the click
chemistry reaction between the modified ABEI-BCMaffald and the
azido-p18 peptide (p18-N3), synthesized ad hoadermto possess an N-
terminal azido group (azido-lysine), was perforn{ede materials and
methods session). The reaction was carried oun@tdrin PBS buffer.
The final product (scaffold-ABEI-p18) was then sedipd to an
additional purification process to remove the ezaefsazido-pl8 peptide
(Superdex 200 Hiload 16 60 column, PBS buffer, igbc gradient; see
materials and methods section).

The immunoreactivity of these particular type @icers, that includes the
use of a non-proteic scaffold molecule as carr@r deveral chemi-
luminescent probes and for the antigen of interesis previously
demonstrated in a model system that deviates fremmain topics of the
thesis, as a proof of concept. The model systetimeid IAISON® Murex
recHTLV-I/1l prototype assay used for the detectidrantibodies specific
for the Human T-lymphotropic Virus type | and Il THV-I/Il). The
experimental details and the correlated resultslatailed in the appendix
session.
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Figure 100.Schematic representation of p18-tracer syntheticgss.
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Figure 101. Chromatographic profiles of GFC purifications penfied at the
level of step 3 and 5 of pl8-tracer synthetic psscdhe first chromatogram
refers to scaffold-ABEI-BCN intermediate, while teecond refers to scaffold-
ABEI-p18 product.

202



Results

The new pl8-tracer thus obtained, was then testeal rieverse format
assay and compared to the current one (indirentdrThe analysis was
performed in duplicate on the negative and positiv&rols present in the
current kit and on a panel of negative (only 2) poditive samples (8 in
total) (Figure 102).

The results indicated that this new type of formas not responsive, it
was not able to detect neither the positive comtaolthe positive samples
for EBV IgM. The signals (RLUSs) related to the g control (panel
A) and to the positive samples (panel C) were @t iiadistinguishable to
those obtained for the negative samples (panel Bpbably the
immobilization of anti-human IgM antibodies on sbkphase, which
capture all of the IgM present in the sample andomdy those specific to
the pl8 antigen, disadvantages the system and makegffective.
Moreover, the system could be disadvantaged by féte that the
immunoglobulins of type M are characterized by atqunary structure
with a high steric hindrance, and thus the intéoacbetween anti-human
IgMs coated on solid phase and other anti-p18 IgiWssent in the
samples is not favor.
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Figure 102. Comparison between the analytical performance diréat format
(current assay; gray) and reverse format (new fyéo blue) of LIAISON EBV
VCA IgM immunoassay on controls of current kit (N&C and Pos. KC; panel A)
and on a panel of negative (panel B) and positwvepes (panel C).

We are confident that the problem of lack of regimness of the p18-
tracer is not related to the nature of the sameetrabut to the type of
assay format, specifically used for the detectibigM antibodies to the

pl8 antigen. In fact, the same tracer was usedsimdar reverse assay
format for the detection of IgG in sera of mice iomzed with the p18

antigen for other purposes, showing good resulisrellver, mouse sera
before immunization shown the absence of react{d&a not shown).
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Discussion

In the last years there have been great advancesnminodiagnostics.
Despite the numerous advances in the field, ther@ critical need for
rapid and cost-effective immunoassay procedures reowvel diagnostic
solutions in order to increase the potentiality aih@ outreach of
immunodiagnostics. Improvements in immunodiagnoséchnologies
and the exploration of new techniques provide tasidfor developing
immunoassays capable of meeting stringent requimsrfer sensitivity,
specificity, robustness, and simplicity.

For this purpose and then with the objective toettgy more performing
bioreagents and to find new solutions for the improent of
immunodiagnostic assays performance, in this warkerous techniques
and innovative procedures were explored and deedlof\s model
systems for the application of these new technekgithe assays
designated for the determination of antibodies i@ specifically
against the Epstein-Barr virus (Diasorin LIAIS®EBV VCA IgM and
IgG assays) were selected.

EBV is the causative agent of infectious mononuwsikand is one of the
most successful viruses, it is estimated that pe@8% of the adult
population worldwide is seropositive for EBV. Moy, it is associated
with a still growing spectrum of clinical disorderanging from acute and
chronic inflammatory diseases to lymphoid and eghigh malignancies;
for this reason it is necessary to develop diagnas$says for EBV
detection with high specificity and sensitivity. @ minor viral capsid
protein VCA p18 is one of the most important amgéor the diagnosis
of EBV and for this reason it is a key bioreagemt fIAISON® EBV
VCA IgM and 1gG assays. The several methods exploretiignthesis
allowed to obtain different variants of the p18igem with the aim to
improve the performance of immunoassays for the E&Atection
mentioned above.

The first point on which we focused was the exploraof the ELP-intein
system as an alternative production method for gh® antigen. This
method is based on the combination of two techncébdools, the ELP
aggregation ad solvation properties (physico-chahtaol) and the intein
auto-cleavage activity (biochemical tool). ELPs #rermally responsive
polypeptides that undergo an inverse temperatusehransition in
response to thermal changes. The temperature-depemdversible self-
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aggregation of ELPs is exploited for proteins paaifion, in particular in
a non-chromatographic protein purification methodmed inverse
transition cycling (ITC). ITC protein purificatioprovides the use of
ELPs as tag, in this way the target protein fugedrt ELP sequence can
be purified through repeated cycles of precipitattmd re-solubilization
in response to thermal and buffer salt concentnativzanges, exploiting
the ELPs properties. The ELP-Intein system alsgesebn the self-
cleaving properties of inteins: the insertion of @tein at the right
position in the ELP fusion construct gives the apyaty to isolate the
target protein from the ELP tag at the end of ITfGcpss. Therefore, this
new non-chromatographic method is characterizethbyuse of a self-
cleavable temperature responsive tag and offeldtamative option for
protein purification.

The considerable length (57 amino acids) of the gji@hetic peptide,
used as capture element coated on solid phaseAtSON® EBV VCA
IgM and 1gG assays, makes its synthetic processa@nplex. Moreover
the production of the same antigen in recombinaay,valone or as a
fusion construct with classical fusion partnersgy(eViBP; GST; Trx),
carried out in the past in our laboratories, did alkow to obtain good
results in terms of efficiency and yield of purdiantigen. For all these
reasons we decided to apply the ELP-Intein systanthie production of
the p18 antigen. We first optimized the designref tonstruct for the
expression of the ELP-Intein-fusion protein witke thddition of the first
six amino acids of the maltose binding proteinhat N-terminus and we
then determined the best conditions for the Inv@rsmsition Cycling
(ITC) purification process in terms of salt concation necessary to
completely precipitate the ELP-fusion protein andarms of ITC rounds
numbers.Once obtained the ELP-fusion protein with a gooditpu
degree, the adding of DDT with free thiol groupHpwed the self-
cleavage activity of intein and therefore the reéeaf the pl18 antigen
from the ELP-Intein tag. Finally, to separate theaced tag from the
target protein, we performed a chromatographic siémurification
(reversed phase purification). At the end of thérerprocess, the p18
recombinant antigen was successfully obtained tigh purity and yield
and the ELP-Intein method has proved to be an kextetystem for the
preparation of the same antigen. Numerous advastagelinked to the
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use of this system: it is technically simple, fastl economical, in fact it
avoids the expense associated with traditional rohtographic
separations and requires no specialized equipmeaeiagents. Moreover,
it is a very easy to scale-up process, from bewgaledo industrial scale
production. Furthermore, the intein insertion ire tfusion construct
allowed the avoidance of any protease for targetepr release from the
tag, differently from standard purification methaalgh affinity. Protease
use correlates with increased process cost and tintreducing also the
risk of undesired aspecific cleavage. For all thressons and on the basis
of the results obtained for the p18 antigen, ELfeiimsystem appeared to
be a very good alternative to currently used peatfon procedures that
are generally more expensive, difficult to scaleang that require several
days to obtain a purified protein.

The use of inteins, and in particular the use GfHarminal mutated intein
(MxeGyrA N198A) in the fusion construct, allowed usdbtain another
pl8 antigen variant characterized by a C-termindé sspecific
biotinylation. In fact p18-thioester derivative,talmed through the thiols
induced N-terminus cleavage activity of a mutatetgin, was exploited
in expressed protein ligation technique, in whioé teaction between the
recombinant pl8 antigen with a C-terminal thioestgoup and a
synthetic peptide containing a thiol group at théeNninus and a lysine-
biotin at the C-terminus permitted to obtain a @rieal site-specific
biotinylation of target proteinThe critical step of this reaction was the
choice of reagent for the thiotransesterification #hus for the induction
of intein-self cleavage reaction. A variety of nmlkes can be used to
induce thiolysis of intein fusion proteins; the ow® of MESNA (2-
mercaptoethanesulfonic acid) allowed to obtain @igen with a highly
stable and sufficiently reactive for the reactioh expressed protein
ligation C-terminal thioester.

In general this technique has proved to be simpMolving a single
chemical step, and therefore a powerful tool fer themical engineering
of proteins.

p18 recombinant antigens (biotinylated and noniiytdted derivative),
obtained in the first case through ELP-Intein mdtlamd in the second
exploiting the expressed protein ligation technjquevere
immunometrically characterized. The immunochemaxivity of both
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antigens, tested in the Diasorin LIAISGNEBV VCA IgM and I1gG
assays, was considerably higher than that assdctatehe synthetic
peptide currently in use; this improvement in immcimemical activity
wasespecially more evident for the biotinylated variarhe C-terminal
site-specific biotinylation of p18 antigen, in fadramatically improved
its immunochemical activity, most likely due to tbeented exposure of
the antigen on solid phase, provided by the siezifip modification. In
addition, the results obtained on a panel of reah@es for both
recombinant antigens showed an increase of the batween the signal
of the positive and negative samples when comptoethe synthetic
peptide of current kit; the result was a great mnpment of performance
of immunoassays for EBV detection. Therefore bo#tombinant
derivatives of pl8 antigen represent potentialgamticandidates for the
re-development of the current Diasorin LIAISOEBV VCA IgM and
IgG assays with improved analytical performancee Uike of biotinylated
variant would also have the important advantage tha amount of
antigen to be used in the immunoassay would be rfaweér than those
necessary for the non-biotinylated antigen withignificant positive
effect on the costs of production of the bioreageasisays.

The genetic incorporation of Unnatural Amino Acid$AA) into target
protein directly inE. coli cells was another technique explored to achieve
the N-terminal site-specific biotinylation of th&$antigen. The aim was
to determine if the biotinylation on a differentestould have benefits in
terms of antigen immunochemical activity. The u$ehis technology
offers considerable advantages over both chemicadl @ vitro
biosynthetic strategies, such as the site-speafid homogeneous
modification of recombinant proteins under physgital conditions, and
then the possibility to chemoselective modify thret@in preserving its
structure, functionality and reactivity. In pattiar, we applied this
strategy to incorporate a para-azido-phenylalar(ipgézF) at the N-
terminal region of the p18 protein. This particulsematural residue was
then exploited to realize a Strain-Promoted AzidieyAe Cycloaddition
(SPAAQ) reaction with a molecule of cyclooctyne-biotin imder to
obtain the N-terminal site specific biotinylatiohtbe p18 antigen.

We first optimized the target protein expressiomditions for this
particular system which provides the concomitargression of the pl18
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antigen with a stop codon at the level of unnatuaahtino acid
incorporation site and the tRNA/aaRS pair speddicthe introduction of
pAzF. We then purified the p18 antigen containing N-terminal azido-
group using the previously set-up ELP-Intein systéimfortunately, the
subsequent reaction of click chemistry (SPAAC rieagtbetween the
pl8 antigen containing the pAzF residue and thdoogtyne-biotin
reagent did not occur, despite the various conastiexplored to optimize
the reaction. The various expression tests cawigdas controls in the
absence of pAzF in the growth medium and the resafitN-terminal
sequencing of purified target protein have confilrtiee incorporation of
the pAzF into p18 antigen, but future analyses diteeunderstand the
lack of reactivity of incorporated azido functiongiroup will be
necessary, as well as will be useful to re-starnfthe optimization of the
constructs design.

The antigens’ immobilization on solid phase was ohthe other aspects
investigated in order to improve immunoassays perémce.
Immobilization of proteins in a controlled and otied manner is a
critical step in the surface-based analysis, such LAAISON®
immunodiagnostic assays. We explored a new techniqof
immobilization on solid phase for the p18 antigexsdd on the use of
velcro peptides to be applied in Diasorin LIAIS®EBV VCA IgM
assay. The first part of this exploration was basedhe development of
expression and purification conditions, and then tba biochemical
characterization, of the two key constructs ofglistem (capture binding
domain of target protein - ZE-ELP36 - containing ®E acidic partner
velcro, and affinity tag fused to the target protei MalEp18-ZR -
characterized by the presence of ZR basic partelera). The principle
of this system is based on the formation of staoléed coil structures
between the two velcro peptides, to permit theraaiimmobilization of
the target protein on solid phase. The advantagéhisf technique is
provided by the oriented and stable immobilizatainantigen on solid
phase. The efficiency of this new system for the8 pantigen
immobilization was tested in the current DiasoriAISON® EBV VCA
IgM and compared with the direct covalent coatingrently used: the
results obtained showed a good responsivenes® alytem but, at same
time, revealed a problem of high background intoadliby the system
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itself. As already discussed in the results sessios problem is probably
due to the presence of numerous charged residuée isequence of the
two velcro pepides that facilitates the interacti@miween themselves but
which promotes, at the same time, the aspecifieraations with other
immunoassay components. Due to the good resporssaf the system,
the problem of aspecific interactions and then pheblem of high
background, can be solved through the exploratiamew strategies. For
example the use of new buffers characterized byifspeetergents able
of minimizing these undesired interactions, or tigio the optimization of
constructs sequences with the aim to reduce thebeurof charged
residues without however affecting the electrostatieractions of the
two peptides, fundamental for the formation of hygtable leucine
zipper domains.

Finally the last exploration was performed on tleenfat of Diasorin
LIAISON® EBV VCA IgM immunoassay in order to reach a greater level
of specificity. The development of a reverse forrfraim the indirect
current format has required the synthesis of a traser constituted by
the presence of the pl8 antigen. For this purposkta improve the
sensitivity of the assay (in terms of signal potgneve synthesized a
particular tracer composed of a non-proteic scdffololecule carrying
the p18 antigen and a multiplicity of chemiluminestcmolecules, aimed
to enhance the signal emission of the moleculd.iSer the synthesis of
this molecule, we wanted to explore the use of m-traditional type of
chemistry, the click chemistry, which in previotgdies had proved to be
highly stable and selective. The tracer thus switled and tested in the
Diasorin LIAISON® EBV VCA IgM assay was found to be completely
not-responsive. The next test of reactivity of thew tracer molecule
made in the reverse format of EBV VCA IgG assay lfaouse sera
screening, however, revealed that the lack of respdn the LIAISON®
EBV VCA IgM reverse prototype of tracer moleculenst attributable to
the reactivity of the p18-tracer but to the reveyge of format that is not
functional and therefore not suitable for this sfi@cimmunoassay.
Despite the negative results, with this latter erqion we were able to
set up the best conditions for the use of a newe ypchemistry, the
“click chemistry”, and we developed a protocol foe synthesis of tracer
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molecules potentially able of amplifying the sigreaid thus potentially
able to improve the sensitivity of the system.

In general through the exploration of all the teghes reported in this
thesis, we obtained, in some cases, results tmdirmed the potential of
these methods in improving the immunodiagnosti@gsgerformance
and in other cases, characterized by negative tsesule acquired
information for the optimization of these same tegbhes and for the
possible application in other more suitable immesags.
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Introduction

Antibodies have been proved to be useful reagemtthe detection and
quantification of many types of analytes bathvitro andin vivo and
have, therefore, found wide application in resedabloratories and in the
diagnostic or pharmaceutical industry. In particulanonoclonal
antibodies (mAbs) have long been a potent tool twetheir high
specificity and affinity for target antigens andredeen extensively used
as carriers of fluorophores, radioisotopes, cytat@gents, and enzymes,
yielding conjugates that find utility in therapeuand diagnostic fields,
and in basic research, as well.

In diagnostic field, immunoassays are carried owdtect the presence of
a particular antigen or antibody in human bodydtu{e.g. blood, urine,
saliva); the use of mAbs allows a potentially uried supply of identical
reagent which can be selected from a number oéreift clones to have
the optimal characteristics for the intended assgveral approaches
have been investigated to improve the sensitivitynranunoassays by
manipulation of the detection system. One of the &spects to improve
the sensitivity of an immunodiagnostic assay is tpimization of
bioconjugation reactions necessary to label antdsodvith a specific
probe. The methods employed for making mAb-baseqgugates can be
classified in two general categories: those thatolire the random
modification of mAb amino acid residues, and thalsat are highly
regioselective. Examples of random modificationcedures include the
acylation of lysines-aminogroups (185), alkylation of tyrosines (186),
and amidation of carboxylates (187). Traditionallgonjugation of
labeling molecules to an antibody takes place sihgs solvent accessible
reactive amino acids. Lysine conjugation results OW8 conjugated
molecules per antibody, and peptide mapping haerméied that
conjugation occurs on both the heavy and light rehati ~20 different
lysine residues (40 lysines per mAb). The biologiaad functional
properties of these conjugates are often acceptdloever, random
modification of mAbs may impair antigen binding artus the
immunoreactivity of antibody (in fact random lalogjican take place at
the level of the antigen binding site thus affegtithe reaction of
recognition between antibody and antigen) and letwsconjugate
heterogeneity (Figure 1; panel A). In the last gea number of site-
specific and selective methods have been descritmedntroduce
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molecules of interest onto mAbs. The ability to ttohthe location and
stoichiometry of conjugation can significantly impe the performance
of mAb conjugates in applications such as the inmdiagnostic assays.
The greatest selectivities are obtained using réatant technologies
(188,189). Recently, the innovative techniques pi®vhe site-specific
conjugation of antibodies through engineered cystaiesidues (190),
through the incorporation of unnatural amino aditidl), as described
above for recombinant proteins, or through the afsgpecific enzymes:
glycotransferases (192) and transglutaminases .(88yever, selective
modification has also been reported for chemicalased methods as
reductive amination of oxidized mAb carbohydrat&94(), photoaffinity
labeling of unconventional mAb binding sites (198nd reduction-
alkylation of antibody interchain disulfides (1987). In this last case
conjugates are formed through partial reductionntérchain disulfide
bonds at the level of antibody hinge region, fokalby alkylation with
thioreactive labeling molecule (Figure 2). Conjugatof thioreactive
probes to proteins through cysteine residues hag been a method for
protein labeling, and it has been applied to theegation of antibody-
probe conjugates. In this particular case (pargaluction of disulfide
bridges), the resulting mAb-probe conjugates ariéeduomogeneous in
composition, with a controlled number of labelinglatules introduced
for mAb (Figure 1; panel B). In fact, the reductiohdisulfide bridges
can be performed in a controlled way by changirffgidint parameters of
reaction (molar excess of reductant, antibody coinagon, temperature,
pH, time of reaction, etc.). Therefore, this typle poocess allows to
introduce a specific number of labeling moleculiepending on the used
reaction conditions. Moreover, since mAb interchdisulfides are distant
from the antigen binding site and are generally essential to maintain
mMAD integrity (198), this site-specific conjugatistrategy allows to have
conjugates that are potent and selective.
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Conjugation
through lysine
residues

0 1 2 3 4 5 6 7 @8
Number of Probes/Antibody

B TR Conjugation through

reduced inter-chain
80[ disulfide bonds

201

6 1 273 4 5 6 7 8
Number of Probes/Antibody

Figure 1. Conjugation methods for antibody-probe conjugaté3.Traditional
conjugation through lysine residues &) (conjugation through reduced inter-
chain disulfide bonds.

In the second cas8), the site-specific conjugation decreased therbgemeity
in both probes to antibody ratio and location dfijaogation site.

221



Introduction

1% STEP

Reduction of interchain disulfide bridges

ii Reducing agent (e.g. DTT; TCEP)

2" STEP Alkylation with labeling molecule

Labeling molecule with
sulfhydryl-reactive chemical
groups (e.g. maleimide group)

Figure 2. Scheme of conjugation through reduced inter-chiunlfide bonds.
The procedure is based on two different steps:fitisé provides the partial
reduction of interchain disulfide bonds at the lewk antibody hinge region
through the use of a reducing agent (e.g. DTT; TCRMile the second step
provides the alkylation of free thiol groups of wedd cysteines with the
labeling molecule possessing sulfhydryl-reactiveemital groups (e.qg.
maleimide group).

As model systems to explore this new site-specifinjugation method
two different monoclonal antibodies of solid phagge selected: the first
belongs to the LIAISON® XL Murex HIV Ab/Ag HT immuwdiagnostic
assay and it is specifically direct against the pi#dl antigen of HIV
virus; the second antibody of interest, insteathriys to the LIAISON®
chemiluminescent prototype for FGF23 detection.
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THE LIAISON © Murex HIV Ab/Ag HT ASSAY

The LIAISON® XL Murex HIV Ab/Ag HT assay uses
chemiluminescence immunoassay (CLIA) technologytha combined
qualitative determination in human serum or plassamples of p24
antigen and specific antibodies of human immunaetkicy virus (HIV).
The human immunodeficiency virus (HIV) is a lentis (a subgroup of
retrovirus) that causes the acquired immuno-def@ie syndrome
(AIDS), a pathology in humans in which progressiegdure of the
immune system allows severe opportunistic infestiand cancers. HIV
is transmitted by sexual contact between HIV-irddctindividuals,
exposure to contaminated blood or blood products, @enatal infection
of a foetus or perinatal infection of a newbornniran infected mother.
Within these bodily fluids, HIV is present as bdtke virus particles and
virus within infected immune cells. HIV infects &itcells in the human
immune system such as helper T cells (specifical4+ T cells),
macrophages, and dendritic cells (200). HIV infectieads to low levels
of CD4+ T cells through a number of mechanismduttiaog apoptosis of
uninfected bystander cells, direct viral killingiofected cells, and killing
of infected CD4+ T cells by CD8 cytotoxic lymphoegtthat recognize
infected cells. When CD4+ T cell numbers declineWwea critical level,
cell-mediated immunity is lost, and the body becemegressively more
susceptible to opportunistic infections.
HIV is different in structure from other retrovies (Figure 3). It is
roughly spherical with a diameter of about 120 2®1{. It is composed
of two copies of positive single-stranded RNA thatles for the virus's
nine genes enclosed by a conical capsid compos2aQff copies of the
viral protein p24. The single-stranded RNA s tlghtoound to
nucleocapsid proteins, p7, and enzymes needechéodévelopment of
the virion such as reverse transcriptase, proteasesnuclease and
integrase. A matrix composed of the viral proteiti/ psurrounds the
capsid ensuring the integrity of the virion pagi¢R02). This is, in turn,
surrounded by the viral envelope that is composédiwm layers
phospholipids taken from the membrane of a humdinndeen a newly
formed virus particle buds from the cell. Embeddethe viral envelope
are proteins from the host cell and about 70 copfea complex HIV
protein that protrudes through the surface of tiresvparticle. This
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protein, known as “Env”, consists of a cap madthode molecules called
glycoprotein (gp) 120, and a stem consisting of¢hgp41 molecules that
anchor the structure into the viral envelope (203)is glycoprotein
complex enables the virus to attach to and fusk taitget cells to initiate
the infectious cycle. Two types of HIV have beemretterized: HIV-1
and HIV-2. HIV-1 is the virus that was initially stiovered. It is
more_virulent more_infective and is the cause of the majority of HIV
infections globally. HIV-1 is classified by phylagetic analysis into
groups M (main or major), N (new, non-M, non-O),(Qutlier) and P
(Plantier et al., Nat. Med. 2009). The global Alp&demic was mainly
caused by group M viruses, while group N and Osaruare relatively
rare and endemic to West Central Africa. Howeveoug O infections
have been identified in Europe and the USA. Hunmamunodeficiency
virus type 2 is similar to HIV-1 in its structurahorphology, genomic
organization, cell tropism, in vitro cytopathogetyictransmission routes,
and ability to cause AIDS. HIV-2 is less pathogethan HIV-1, and
HIV-2 infections have a longer latency period wslbwer progression to
full-blown disease, lower viral titers, and loweates of vertical and
horizontal transmission. HIV-2 is endemic to Wedtida, but HIV-2
infections, at a lower frequency compared to HI\kdye been identified
in the USA, Europe, Asia, and other regions of &«ri

gp120
gp41 I1p|d layer

host cell protElns ‘ '8 , » p17 matrix antigen
mtegrase k -

HIV-RNA

p24 core a_rifiéén | V
! ) -~
—__ reverse

p7 gag / ( /J 1% » 7 transcriptase
pY ‘
e

P9 gag
Figure 3. Structure of HIV virion.
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Early after infection with HIV, but prior to seroceersion, HIV antigens
may be detected in serum or plasma specimens. TKeskluctural
protein most often used as the marker of antigersenthe core protein,
p24. The LIAISON® XL murex HIV Ab / Ag HT assay wséllV p24
monoclonal antibodies to detect HIV p24 antigempto seroconversion,
thereby decreasing the seroconversion window angrowng early
detection of HIV infection.As mentioned above, this immunoassay
permits to obtain the simultaneous detection oi-ldi¥ antibodies and
HIV p24 antigen. In particular, the part of the asdor qualitative
determination of HIV p24 antigen provides a santhemat in which a
biotinylated monoclonal antibody anti-p24 acts owlids phase
(streptavidinated magnetic particles) as captureldsi for the p24 viral
antigen, while a second monoclonal antibody andi-pihked to
isoluminol-derivative (ABEI), is used as chemilumscent tracer (Figure

4).
{I‘Vi} ABEI
\
/,// MoAb a p24 (tracer)

o\
&/
l‘( MoAb «a p24 (solid phase

MOUn

StAv
Beads

Figure 4. Schematic representation of the assay format Herqualitative
determination of HIV p24 antigen ihIAISON® XL murex HIV Ab/Ag HT
assay.
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THE LIAISON ® FGF23 PROTOTYPE ASSAY

Fibroblast Growth Factor 23 (FGF23) is a secretednomeric protein,
belonging to the FGF family. The FGF23 gene is tedaon Chrl2pl3
and is phylogenetically grouped with FGF19 and FG§&ne products. It
plays a pivotal role as key regulator of phosphateneostasis and
vitamin D metabolism. It is able to induce uringtyosphate excretion by
suppressing the expression of NaPi-2a and NaPo&artsporters either
directly or through affecting parathyroid hormonsity (204). It also
suppresses 1,25(0OH)2D by inhibition of 1a-hydrogglghat converts 25-
hydroxyvitaminD (25(OH)D) to 1,25(0OH)2D and stimiken of 24-
hydroxylase that converts 1,25(0OH)2D to inactivetabelites in the
proximal tubule of the kidney.

A considerable number of metabolic bone diseasesassociated with
increased FGF23 levels; examples are vitamin-Dstast rickets, tumor-
induced osteomalacia (TIO) or chronic kidney dissafkeduced FGF23
activity can also cause diseases in humans; exangpée patients with
familial tumoral calcinosis (FTC) (205). Since F@F2s a major
etiological factor in several diseases of phospHaimeostasis, it is
important to develop informative assays for FGF2&8ma or serum
levels that will be clinically and diagnosticallgeful.

FGF23 is an approximately 32-kD (251 amino aciaejein with a signal
peptide necessary for its secretion (first 24 mesjdfollowed by an N-
terminal region that contains the FGF family honggiodlomain and a 71—
amino acid C-terminus that is characterized byiguenC-terminal motif
with a specific three-dimensional configuratiore (j.disulfide bound and
B sheet) (206). FGF23 activity is regulated by atewlytic cleavage
which occurs immediately after thgesRXXRi79 consensus sequence,
sequence that is located at the boundary betweeRGF core homology
domain and the 72-residue-long C-terminal tail @&6H23 (207,208)
(Figure 5). The proteolytic cleavage generates riwiteal (25-179) and
C-terminal fragments (180-251). Neither of the pss=d N- or C-
terminal fragments of FGF23 can exert its hormoaHects (209).
Several studies have shown that the destructioolesfvage consensus
sequence by missense mutations results in an serea cleavage-
resistant population of recombinant FGF23 in vitrammalian cell

culture systems (207-209). This leads to diseased @s autosomal
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dominant hypophosphatemic rickets/osteomalacia (RRHX-linked
hypophosphatemic rickets (XLH) and tumor-inducettoshalacia (T10),
mentioned above. In all these conditions, the @med FGF23 function
that is predominantly characterized by elevatediraeconcentrations of
FGF23 accounts for a pathogenic mechanism. Thtexnal cleavage is
an important event to affect the specific biologmetivity of FGF23.

'y FGF-like sequence
24 %25 (p-trefoil structure?)

1 f180 251

By, ] Ferxs
| Proprotein t——
- convertases L .
o (Furin)
/ [ ™~ | | \
N o r I—
. Inactivation /_/

Figure 5. Schematic structure of hFGF23. FGF23 has a disuliond in the
FGF23 like sequence and an internal cleavagemiteediately after the RXXR
consensus sequence.

The automatic chemiluminescent prototype for FG&2&ction relies on
the use of high-affinity monoclonal antibodies thatognize the intact
FGF23 molecule exclusively.

Since the cleaved fragments are inactive, it isortgmt to distinguish the
bioactive intact species of FGF23 protein from thactive cleaved
fragments. This requires two families of antibodiest recognize the N-
and the C-terminal regions of the protein respetfivaccording to the
scheme of immunoassay described in Figure 6. laildethe prototype
provides a sandwich format in which a mouse mon@l@ntibodies
recognizing the N-terminal of FGF23 is used as wa&pbinder coated on
solid phase, while a mouse monoclonal antibodyctiek to the C-
terminal of FGF23, linked to isoluminol-derivati{&BEI), is used as
chemiluminescent tracer.

227



Introduction

% ABE
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Tosyl
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Figure 6. Prototype assay format for FGF23 detection.
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Aim of the project

As mentioned in the introduction, the site-specliéibeling of antibody
molecule is one the most promising strategy to owerthe sensitivity of
an immunoassay. In fact, site-specific labeling rapphes provide a
means for both directing chemical modification fedfic sites on the
antibody molecule, located away from the antigemdinig-site, and for
controlling the stoichiometry of the reaction. Angorthe different
strategies recently developed, one the most promiss based on
reduction-alkylation of antibody interchain disdiis. This last approach
is a simple method that provides a selective anatralted partial
reduction of interchain disulfide bridge at the dewf antibody hinge
region using thiol-specific reagents (reductantsljpwed by alkylation
with the thioreactive labeling molecule; it allows introduce a specific
number of labeling molecules, depending on the wsadtion conditions.
Due to these characteristics, the reduction-allgfatof antibody
interchain disulfides represents a very powerfull @elective tool for
bioconjugation reactions. The aim of the last pdrthis thesis was to
explore this innovative conjugation method in ortdeobtain a controlled
and site-specific biotinylation of two different tdvodies of solid phase
belonging to the LIAISON® XL murex HIV Ab/Ag HT
immunodiagnostic assay and to the LIAISON® chemiheacent
prototype assay for FGF23 detection, respectivEhe purpose was to
verify if, in these two specific case, a selectased oriented labeling
promotes an increase of antibody performance aed ti the related
immunoassay. Both these type of diagnostic assaysire a very high
sensitivity (detection of antigens in order of f@g/ml) and specificity,
therefore the optimization of principal bioreagenteluding antibodies
of solid phaseis needed to improve the characteristics of thayssand
make them more powerful.
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Materials and methods

REAGENTS

Boric acid, DTPA (diethylene triamine pentaacetad® MES (2-(\-
morpholino)ethanesulfonic acid), TCEP (tris(2-canethyl)phosphine),
NEM (N-ethyl maleimide) were purchased by Sigmaritid; EDTA
(Ethylenediaminetetraacetic acid) and NaCl werecipased by Carlo
Erba; EZ-link-Maleimide-PEG2-Biotin reagent was ghased by Thermo
Scientific, PD-10 desalting columns were purchdse®GE Healthcare.

PROCEDURE FOR REDUCTION-ALKYLATION OF ANTIBODY
INTERCHAIN DISULFIDES (HINGE REGION LABELING)

A) 1 mg of mAb (anti-p24 or anti-hFGF23) was thaweaim -30°C
freezer in a ice bath. An aliquote of TCEP 10mM wigsted 1:10 in
reduction buffer (25mM Boric acid; 25mM; NaCl; 1mDTPA; pH 8) to
obtain a 1 mM stock solution. 10 or 20 fold molacessesf TCEP over
the mAb were added and left reacting for 2 houz7aC

B) Reaction sample was desalted using a PD-10 colwewiously pre-
equilibrated in MES buffer (50mM MES; 5mM EDTA; p&15). Elution
of 0,5-1 mL fractions of volume were collected aadalyzed by
Nanodrop (Thermo Scientific). Fractions containimggher protein
concentration were joined together.

C) Sample concentration was determined spectrofdtocaty at 280 of
wavelength in triplicate; MES buffer was used amnkl

D) At this point, 20 fold molar excesse$ EZ-link-Maleimide-PEG2-
Biotin over reduced mAb were added and left regdiim 1 hour at 4°C
E) 5 fold molar excessesf N-Ethyl-Maleimide were then added to
quench any unreacted, free cysteines and leftingafdr 30 minutes at
RT.

F) Final mAb-biotin conjugate was purified on a dékation column
type Superdex 200 10/300 on a AKTA system (GE ktzak).
Chromatographic conditions:

- column: Superdex 200 10/300 GL (CV ~ 24ml)

- flow rate: 0.5 mL/min

- isocratic elution in MES buffer
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Eluted fractions containing the biotin-labeled mAbre pooled together
and the conjugate concentration was determinedtrspdotometrically:

absorbance values were measured 3 times at 260ndmata280 nm

wavelengths, respectively. Blank was made with Nbfer pH 6.5.

LIAISON® XL MUREX HIV Ab/Ag HT ASSAY

This immunoassay permits to obtain the simultaneteisction of anti-
HIV antibodies and HIV p24 antigen. In particuldre part of the assay
for qualitative determination of HIV p24 antigenopides a sandwich
format in which a biotinylated monoclonal antibaaiyti-p24 acts on solid
phase (streptavidinated magnetic particles) asucagtinder for the p24
viral antigen, while a second monoclonal antiboadyi-p24 linked to
isoluminol-derivative (ABEI), is used as chemilumstent tracer.

Coating protocol

1. Resuspension of microparticles (M-280 Streptaviiopled
Dynabeads®) in resuspension buffer (10 mM PBS, pghl & 2%
of concentration

Addition of the mAba p24- biotin (40.9/ml)

18 h at 24°C

Blocking with 10 mM PBS, 0.1% BSA (w/v), pH 7.4
5hat37°C

Washing with 10 mM PBS, 0.1% BSA (w/v), pH 7.4
Resuspension in PBS 10 mM, 0.1% BSA (w/v), pH %.4iral
concentration of 0.15%

NookwhN

Assay protocol

During the first incubation, HIV p24 antigen presan calibrator,

samples or controls binds to the solid phase (stveginated magnetic
particles coated with biotinylated monoclonal antiles anti-p24).
During the second incubation monoclonal antibodies-p24 linked to
the isoluminol derivative (ABEI-mAb conjugate) réaeith HIV p24

antigen already linked to the antibodies of solidage. After each
incubation, the unbound material is removed withwash cycle.
Subsequently, the starter reagents (hydrogen pkroand 800 ng/ml
deuteroferrineme in 1M NaOH) are added and a fthgmiluminescence
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reaction is thus induced. The light signal, andceethe amount of
isoluminol- monoclonal conjugate, is measured byhatomultiplier as
relative light units (RLU) and is indicative of pZhtigen presence in
calibrator, samples or controls.

STABILITY TESTS

The mAbs-biotin conjugates, obtained through rdduaealkylation of
interchain disulfides at the level of antibody hengegion were tested in
Diasorin LIAISON® XL Murex HIV Ab/Ag HT assay as deribed
above, at time O (reference) and after 5 and 18 d&ay7°C, and 3 and 5
days at 45°C. The immunochemical activity of thegte tracer was then
compared in the different conditions to determihe stability of the
molecule reactivity after thermal stress.

LIAISON ® FGF23 PROTOTYPE ASSAY

The automatic chemiluminescent prototype for FG&2&ction relies on
the use of high-affinity monoclonal antibodies thatognize the intact
bioactive FGF23 molecule exclusively, since theaetzl fragments are
inactive. The immunoassay provides a sandwich formahich a mouse
monoclonal antibodies recognizing the N-terminalF@8F23 is used as
capture binder coated on solid phase, while a mows®clonal antibody
directed to the C-terminal of FGF23, linked to isalnol-derivative
(ABEI), is used as chemiluminescent tracer.

Coating protocol

The M-280 Streptavidin-coupled Dynabeads® micrapiad were used
as solid phase at a final concentration of 0.25%e Biotinylated mAbs
anti-FGF23 (N-terminal region) were diluted at mafi concentration of
400 ng/ml in the assay buffer that was added asdditional component
in the second incubation provided by the assayopobtdescribed below.

Assay protocol

During the first incubation monoclonal antibodiegi&C-terminal region
of FGF23 linked to the isoluminol derivative (ABEIAb conjugate)
react with FGF23 antigen present in calibrator, gams or controls.
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During the second incubation, biotinylated monoalcamtibodies anti-N-
terminal region of FGF23, diluted in the assay éyfbind to the solid
phase (streptavidinated magnetic particles) andh tR&F23 antigen
already linked to the ABEI-mADb conjugate reactshwbiotinylated mAb
coated on solid phase. After each incubation, thieound material is
removed with a wash cycle. Subsequently, the stegtegents (hydrogen
peroxide and 800 ng/ml deuteroferriheme in 1M Na@H) added and a
flash chemiluminescence reaction is thus inducds light signal, and
hence the amount of isoluminol- monoclonal conjag& measured by a
photomultiplier as relative light units (RLU) ansl indicative of FGF23
antigen presence in calibrator, samples or controls
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Results and discussion

As extensively discussed in the introduction, thée-specific
modification of antibodies results to be advantageo the context of an
immunodiagnostic assay; a controlled and locatealydnom the antigen
binding-site labeling significantly improves therfgemance of antibody
molecule promoting the reaction of antigen recagnitA simple and
promising method to site-specifically modify antities is represented by
reduction-alkylation of interchain disulfides aetlevel of antibody hinge
region. We then tried to apply this technology the site-specific
biotinylation of two different antibodies currenthged in immunoassays
for the HIV p24 viral protein and for the human FX3Fprotein detection
(Figure 7).
Current assay

% ABEI

N

/MoAb ap24/ o C-term hFGF23 (tracer)

Biotin Biotin
StAv Hinge region labeling with
Beads biotin

Figure 7. Schematic representation of site-specific bidéitign by reduction-
alkylation of interchain disulfides of two differeantibodies belonging to the
LIAISON® XL Murex HIV Ab/Ag HT immunoassay and tdhe LIAISON®
prototype assay for hFGF23 detection.
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Figure 8 shows in detail the procedure used toimlte hinge region
site-specific biotinylation of the two antibodiesentioned above (more
information are provided in the materials and mdghsession). The first
step involved the partial reduction of the inteiohdisulfide bridges
present at the level of the antibody hinge regidth whe reducing agent
addition (TCEP - Tris (2-CarboxyEthyl) Phosphinén-our case). The
reaction was conducted in borate buffer at pH &ftwours at 37°C. The
excess of TCEP to be added in the reaction is wu endtical parameter
because it influences the degree of labeling imseof number of label
molecules introduced per molecule of antibody. A&tdd different molar
excesses of TCEP in reaction (data not shown) andlentified the best
conditions for our purposes: the addition of anesscranging from 10 to
20 molar excesses of TCEP allowed us to obtainddsred degree of
biotinylation. In the second step a desalting pssceas performed (see
session material and methods) in order to remoeeetttess of TCEP
present in reaction and to perform a change ofebufecessary for the
subsequent alkylation reaction (from borate budtepH 8 to MES2-(N-
morpholino)ethanesulfonic acid] buffer at pH 6.9)he third step
consisted in the alkylation reaction between tlieiced cysteine residues
and the biotin-maleimide reagent; in particularthis step the reaction
took place between the reduced thiol groups ofemystresidues of the
hinge region and the maleimido-group of the reactithe reaction was
performed in MES buffer at pH 6.5 for 1h at 4°Che fourth step
involved a quenching reaction with N-ethyl-maleimiNEM) to block
free thiol groups that may lead to oxidation reawsi with other reduced
cysteine residues and thus to undesired structaeatangements of the
antibody molecule (aggregation). The reaction wasied out with 5
molar excess of NEM at room temperature for 30 meisuFinally, the
fifth step provided a GFC purification in order temove the excess of
biotin maleimide and NEM and to obtain a pure fipedduct (Superdex
200 Hiload 10 300 column, MES buffer pH 6.5, isticrgradient; see
materials and methods section).

For the antibody of solid phase directed specifycatjainst the p24 viral
protein (LIAISON® XL Murex HIV Ab/Ag HT assay), weealized two
different conjugates using two different conditiasfsreduction (10 and
20 molar excesses of TCEP). For the antibody ofl gdlase belonging to
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the prototype assay for the detection of hFGF28spmpwe made a single
conjugate; in this case the reduction reaction easied out with 20
molar excesses of TCEP. Figure 9 shows the GFCfigaton
chromatographic profiles carried out at the endemfuction/alkylation
process of the three different conjugates.

1*'STEP: reduction with TCEP

TCEP 10/20x

»
»

Borate pHS; 2h, 37°C

2" STEP: desalting (MES pH 6.5)

3" STEP: biotinylation (alkylation with biotin-maleimide)

Biotin-maleimide 20x

»

Biotin

Biotin

MES pH 6.5; 1h, RT

4™ STEP: quenching with N-ethyl-maleimide (NEM 5x; 30’ RT)

5™ STEP: GFC purification

Figure 8. Schematic representation of hinge region site-fipebiotinylation
procedure.
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p24-biotin (reduction with TCEP 10x)
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C_mAba hFGF23(N-term)-biotin (reduction with TCEP 20x)

L -uv 260nm --UV280nm --Cond --Fractions --Inject

Figure 9. Chromatographic profiles of GFC purifications penmed at the end
of reduction/alkylation process. The first and set@hromatograms refer to
mAb o p24-biotin conjugates (reduction with TCEP 10x ah@EP 20x
respectively), while the third chromatogram refersnAb a hFGF23 (N-term)-
biotin (reduction with TCEP 20x) conjugate. mAbmonoclonal Antibody.

LIAISON® XL Murex HIV Ab/Ag HT assay: mAb a p24-biotin

The two biotinylated preparations of the monocloaatibodieso p24
obtained by reduction-alkylation of interchain digles at the level of the
hinge region, were then tested in the LIAISON® Xluidx HIV Ab/Ag
HT immunodiagnostic assay. As reference was takercairrent HIV test
which uses the same antibody, but biotinylated \itihaditional random
method on lysine residues. The analysis was peddrim duplicate on a
panel of negative and positive samples. Antibodiasalytical
performance was expressed as the average of thalsigf each panel
(Figure 10).
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1600 40000
1400 35000 -
1200 30000 -
W mAb a p24-biotin
1000 - 25000 - (current assay)
) )
800 - 1
3 Z 20000 m mAb a p24-bictin
600 - 15000 - R obeting)
400 10000 - W mAb a p24-biotin
HR labeli
200 - 5000 - T aon
0 - 0 -
Average of negative Average of positive
samples samples

Figure 10. Comparison between the immunochemical activity éfonu p24 -
biotin currently used in LIAISON® XL Murex HIV Ab/g4 HT assay obtained
through traditional method of biotinylation on Igsiresidues (gray) and mAbs
p24-biotin conjugates obtained through Hinge RedidR) labeling (blue—
reduction with TCEP 10x; green reduction with TCEP 20x).

The results indicated that the new anti-p24 coripsyaobtained through
reduction and alkylation of cysteines located at l#vel of hinge region,
have a much better performance than that currémtlyse. In particular
the new conjugates showed a great increase ofighal gelating to the
positive samples (panel B; blue and green bars)eoed to the mAlx
p24-biotin of current kit (panel B; gray bar). Moxer, the signal of
negative samples for both new biotinylated mAbp24 (panel A; blue
and green bars) was comparable to that detectenifoent biotinylated:
p24 mAb (panel A; gray bar). The result was a gmeatease of the ratio
between the signals of the positive and negativeptss and therefore a
great increase of immunodiagnostic assay performanc

Since the technique used for the site-specificifppttion of antibodies
involves the cleavage of interchain bonds, stabiéists were carried out
on these new conjugates to understand if this bfpeodification may
alter the structure of the antibody molecule andsequently its
immunochemical stability. In particular the two nessnjugates were
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subjected to thermal stress (37°C and 45°C) foh@tsperiod of time
(from 3 to 10 days). The results of the analysessdmown in Figure 11.

Average of negative samples

2500
2250
2000
1750
_ 1500 W TO (reference)
zZ 1250 W5 daysat37°C
10d t37°C
1000 m10daysa
3 daysat 45°C
750
5 daysat 45°C
500
250
0
mAb a p24-biotin  mAb a p24-biotin (HR mAb a p24-biotin (HR
(current assay) labeling) TCEP 10x  labeling) TCEP 20x
Average of positive samples
50000
45000
40000
35000
30000 _| W70 (reference)
Hm5d t37°C
3 25000 — aysa
miod t37°C
20000 . e
3 daysat45°C
15000
5 daysat 45°C
10000
5000
0

mAb ap24-biotin  mAb a p24-biotin (HR mAb a p24-biotin (HR
(current assay) labeling) TCEP 10x  labeling) TCEP 20x

Figure 11. Short stability test of new and currently used mAbp24-biotin
conjugates on a panel of positive and negative ksmp
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The new conjugates mAbg p24-biotin showed, when subjected to
thermal stress for a few days, a slight higher ts®activity (especially
for positive samples; ~ 15% of loss) compared &t thbserved for the
conjugate currently used. However, this loss ofctiesy is still
acceptable. Therefore the site-specific labellibgha level of disulfide
bonds of the hinge region does not seem to aleestituctural stability of
the antibody molecule and thus does not seem tectaffits
immunochemical activity and the consequent perfocea of
immunodiagnostic assay.

LIAISON® prototype assay for hFGF23 detection: mAba hFGF23
(N-term)-biotin

The biotinylated monoclonal antibodyhFGF23 (N-term), obtained by
reduction-alkylation of interchain disulfides, wéssted on a standard
curve composed by a high positive human serum sampdilution. In
this curve there are known increasing concentratimnFGF23 protein.
Each test was conducted in triplicate and the mespoin RLU, was
plotted versus the increasing concentration (pg/ofl)FGF23 antigen
present in the standard curve.

Figure 12 shows the direct comparison between ti@unochemical
activity of monoclonal antibodyx hFGF23 (N-term) biotinylated on
lysine residues (traditional random method; grayid amonoclonal
antibody o hFGF23 (N-term) biotinylated in a site-specific ywat the
level of hinge region (blue).
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A
600.000
500.000
/; —4—mAb a
400.000 hFGF23-biotin
Current assay
3 300.000 mAb a
o /§ hFGF23-biotin
200.000 HR labeling
/ (TCEP 20%)
100.000 e
0 . . . .
0 2000 4000 6000 8000
\ pg/ml
B
40.000
35.000 /%
30.000 I T
{_ —4—mAba
25.000 2 hFGF23-biotin
3 20.000 Current assay
-4

15.000 V +— MADb a
ﬁi/i/ hFGF23-biotin

10.000 HR labeling
(TCEP 20x)
5.000
0 T .
0 100 200 300

pg/ml

Figure 12. Comparison between the immunochemical activity ofbma

hFGF23 (N-term) biotinylated with traditional methdgray) and through
reduction-alkylation of interchain disulfides (bjuen LIAISON® prototype
assay for hFGF23 detection on a standard curve.
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Results showed that the response given by mondclantbody o
hFGF23 (N-term) biotinylated in a site-specific watythe level of hinge
region (blue) was considerably higher than thatioled with the use of
monoclonal antibody. hFGF23 (N-term) biotinylated with a traditional
method (Figure 12; panel A), with a consequentdase in the assay
performance.In addition, the site-specific biotinylation allodeto
achieve a greater degree of sensitivity, in faet ke of a site-specific
biotinylated monoclonal antibody hFGF23 (N-term) permitted a better
separation between the first points of the standarge with the lowest
FGF23 concentration (Figure 12; panel B). Theretbre new conjugate
was also able to differentiate between samplesagung a very low
concentration of antigen. The antibody biotinylatedh a traditional
random method was not able to discriminate thesgkes that were all
detected with the almost same RLU value (Figurepd2el B).

In immunodiagnostic assays such as that for the 28Gdetection is
essential to optimally detect and distinguish sasptontaining a low
concentration of antigen. The results described/@aliave revealed that
the biotinylation, and more generally the site-gp=anodification of
antibodies at the level of the hinge region, app¢arbe a powerful tool
to significantly improve the immunoassay sensiiviEven the data
obtained for the antibody p24 of solid phase belonging to LIAISON®
XL Murex HIV Ab/Ag HT assay showed the ability dfi$ site-specific
labeling technique to enhance significantly thenalgpf positive samples
leaving unchanged at low levels the signal of bamligd (negative
samples). As widely discussed above, the resaltgeat improvement of
immunodiagnostic assay performance. Therefore, tiype of
methodology, simple to set up and to realize, hasgn to be applicable
on a wide variety of immunodiagnostic assays thatuire an
improvement of sensitivity and in general an imgnoent of
performance.
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Appendix

SITE-SPECIFIC BIOTYNILATION OF p18 ANTIGEN THROUGH
GENETIC INCORPORATION OF UNNATURAL AMINO ACIDS

STUDY OF CLICK CHEMISTRY BASIC REACTION

In order to set the best conditions of click chergisto use in

bioconjugation reactions, we studied the basic ti@acthrough the

evaluation of different parameters (pH, temperatureffers, reagent
concentration) and efficiency of reaction (timeelgli reproducibility).

Two peptides were synthesized as model systemghfse analyses
(Figure 1): the first (peptide 1) was characteribgdpossessing an N-
terminal azido group and in particular a residueanflolysine, and the
second peptide (peptide 2) was synthesized andgated to a molecule
of BCN (bicyclo nonyne).

Peptide - Peptide :
) o
2 " v g ;’
‘ - BCN @
A ; 4
- Q__;‘// . + ® ® - \ .
“e * -
K(N3)-TtdsLLPHSNLDHILEPSIPWKSK  BCN-S-Ttds-AGGTGPEGSRPWARFI
MW 2780 Da MW: 2467.51 Da

\ ) BCN (bicyclo nonyne)
H’\7<H0 .

o}

2 1

\O,M_ﬁ /\’O‘J\OA“NY\/\( o_N,1>
o] o} 0}&

Figure 1. Schematic representation, sequence and molecaightv(MW) of
the two peptides (peptide 1 and peptide 2) usedraedel system for the study
of click chemistry basic reaction. The chemicalusture of BCN (bicyclo
nonyne) is reported below.

The reaction between two peptides was monitoredPlyC/MS analysis.
In particular, since the peak relative to the rneacproduct overlaps with
that relating to peptide 1, to follow the progresfsthe reaction, we
analyzed during the time the lowering of the peallative to peptide 2,
put into the reaction as limiting reagent (Figure n@ore details are

reported in materials and methods section).
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Figure 2. Example of UPLC/MS analysis of click chemistry it reaction between peptide 1
and peptide 2. In order to follow the progressha teaction, we analyzed the lowering of the
height of the peak relative to peptide 2 (gray sguaColumn Acquity UPLC BEH300 C4 Lin,
2.1x100 mm, Waters; buffer A: H20O/TFA 0.1% v/v, fanfB: CH3CN/TFA 0.1% v/v; gradient
10-60% buffer B in 4 minutes.
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The following graphs show the results obtained ftbmreaction of click
chemistry between peptide 1 and peptide 2 at éiftermolar ratios
(Figure 3), at different temperatures (Figure 4) andifferent pH (Figure
5).

120,0
100,0
80,0
60,0
40,0
20,0
0,0

=&=pepl:ipep2->1:1

pepl:pep2->2:1

K 3

»

pepl:pep2->3:1

Height of peptide 2 peak (%)

0 1 2,5 4 24
Time (h)

Figure 3. Analysis of influence of the reagents concentratin the click
chemistry basic reaction between peptide 1 and igepf. Only the
concentration of peptide 1 was varied (from 1 tm@ar excess) compared to
that of peptide 2, which remained unchanged (ligitreagent).The reaction
was carried out at a concentration of 0,15 mg/mipleptide2-BCN in presence
of 1 (0,176 mg/ml), 2 (0,35 mg/ml) or 3 (0,53 mgyrfdld molar excesses of
peptidel-N3.

The variation of reagents concentration seems tectathe reaction

kinetic. In fact, the increase of concentration afe of the two

components involved in the click chemistry reactidm our case the
peptide with azido group; peptide 1) determinesaaceleration of the

reaction kinetic (Figure 3). For this reason, albsequent reactions were
performed using 3 fold molar excesses of peptid81@Xolar ratio 1:3

between peptide2-BCN and peptide1-N3).
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Figure 4. Analysis of influence of the temperature in thiekcchemistry basic
reaction between peptide 1 and peptiderBree different temperatures were
tested (4°C; 15°C; 37°C) in combination with fouffetent buffers (Hepes pH
6.8; PBS pH 7.4; Borate pH 8.3 and DMSO). The feactvas carried out at a
concentration of 0,15 mg/ml for peptide2-BCN in g@ece of 3 (0,53 mg/ml)
fold molar excesses of peptide1-N3.

The temperature also affects the reaction of atoémistry. The kinetics
of the reaction appears to be improved at highapé&gatures in aqueous
buffers: at 37°C, the click chemistry reaction gtesompleteness much
faster than at 15°C or 4°C (Figure 4). A separageussion must be made
for the reaction carried out in organic medium 8C.4In DMSO

(dimethyl sulfoxide) in fact, the reaction is fashat 4°C than at 37°C or
15°C. At 4°C, the DMSO undergoes freezing and gnse that this

phenomenon can promote the interaction between cuele In the
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Height of peptide 2 peak (%)

literature is reported a work (213) that explainsvHreeze-thawing of the

reaction solution substantially increases the aatjon rate possibly

because of the reactant concentration at the nmenmament scale with

a consequent increase of collision opportunitigsveen the reactants in
the reaction solutions. Authors explain how theefing of the reaction

solution results in the phase separation of thetsalch phase and solute-
poor phase. The solute-rich phase is a highly rea@nvironment that

accelerates the conjugation reaction.
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Figure 5. Analysis of influence of the pH in the click chisiny basic reaction
between peptide 1 and peptide 2. Four differentebsifwere tested (Hepes pH 6.8;
PBS pH 7.4; Borate pH 8.3 and DMSO) in combinatisith three different
temperatures (4°C; 15°C; 37°C). The reaction wakezhout at a concentration of
0,15 mg/ml for peptide2-BCN in presence of 3 (0y@@ml) fold molar excesses of
peptidel-N3.
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The pH seems to affect the reaction in a less feignit way (Figure 5).
The profiles of the reaction kinetic are in factywsimilar at pH 7.4 and
8.3; only at pH 6.8 the reaction seems to be fasdpecially in the first
points of the kinetic (0 to 4 hours). Moreover,ddast graphs clearly
show how the reaction kinetic is much slower in trganic medium
(DMSO) than in an aqueous buffer (Hepes pH 6.8; PBS/.4; Borate
pH 8.3). Even in this case, however, the peculiaetic of the reaction
carried out in DMSO at 4°C, which is faster thaost conducted at 15°C
or 37°C in the same buffer, is confirmed.

In this regard, on the basis of information obtdiney the paper
mentioned above (213), we have conducted studiéseatlick chemistry
reaction kinetics at low temperatures in organicion@ (Figure 6).In
parallel to the reaction carried out at room terapege for 24 hours, a
reaction subjected to a freeze and thaw treatmastset up: the reaction
was frozen at time O (at 4°C, left panel or -20fight panel), and thawed
at room temperature after 24 h (time zero); at pumt the kinetic was
monitored for 24 hours at room temperature.
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100,0 _N
80,0 1

1
1
\
1
i
60,0 :
1
1
1
1
1
1

Height of peptide 2 peak (%
Height of peptide 2 peak (%

60,0

40,0 ; ; ‘ 1 40,0

20,0 =+ T \; 20,0 -Li_i_%

0,0 ! ! ! ! 0,0 T T T T |
0 1 2,5 4 24 0 1 2,5 4 24
e °C . === _20C .
Time (h) Time (h)

e RT e RT

Figure 6. Comparison between the kinetic of click chemisegction carried
out at room temperature (pink line) and after feeamd thaw treatment (green
line — 4°C; blue line— -20°C).The reaction was carried out at a concentration of
0,15 mg/ml for peptide2-BCN in presence of 3 (@@ml) fold molar excesses of
peptidel-N3.
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The graphs illustrated in Figure 6 show that aftérhours of freezing
(both at 4°C and at -20°C), the reaction reachesngpleteness degree of
80% and it then remains at this constant levelhm dther 24 hours at
room temperature. This characteristic offers atgadaantage in the case
of reactions that must necessarily be conductentganic medium. These
latter are in fact characterized by a very slowekimat room temperature,
as shown in the previous graphs (Figures 4 andhB)freeze and thaw
treatment of these reactions allows to reach atgremmpleteness and
then to obtain a good degree of efficiency eveocomditions in which the
reaction is not favored.
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LIAISON ®EBV VCA IgM REVERSE FORMAT

SYNTHESIS OF HTLV-I/Il TRACERS THROUGH CLICK CHEMIERY

DiaSorin  LIAISON® Murex recHTLV-I/Il immunoassay isan
immunoassay used for the detection of antibodiesip for the Human
T-lymphotropic Virus type | or Il (HTLV-I/Il). HTLVI is a group of
human retroviruses that are known to cause a typarxer called adult
T-cell leukemia/lymphoma and a demyelinating diseealled HTLV-I
associated myelopathy/tropical spastic parapa(es/TSP). HTLV-II

is associated with rare lymphoproliferative dissasand neuro-
degenerative disorders, although its etiologicd m@mains to be fully
established. The current assay is characterizec thygh complexity
(Figure 7) and, among the various componentsyilues the use of two
peptidic tracers (Figure 7, red arrows) consistofga proteic carrier
conjugated to several molecules of ABEI (Amino BiEshyl isoluminol)
cyclic and peptide molecules of HTLV-I (tracer Y)HTLV-II (tracer 2).
Since the production of the carrier protein is ayveomplex process, a
prototype of immunoassay that involves the use wbm-proteic scaffold
for the synthesis of two tracers, is under develpmEven these tracers,
like those present in the current assay, are sygizibe through the use of
a classical chemistry (thiol-chemistryyve explored the possibility to
synthesize these two new HTLV-I/ Il tracers switghifrom a thiol-
chemistry (traditional chemistry) to a more innavattype of chemistry,
the click chemistry.
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Figure 7. Schematic representation of DiaSorin LIAISON® kxirecHTLV-
I/ll immunoassay

Figure 8 shows in detail the procedure used toilitee new HTLV-1/1I
tracers. In the first step the scaffold was labelgth a multiplicity of
ABEI molecules; the reaction occured in an orgamedium (DMSO)
overnight. In the second step the BCN (bicyclo m@)yreagent was
added for the derivatization of the other functidies present on the
scaffold. This step which involved the reactionviEtn the amino groups
present on the scaffold and the NHS-ester grouth@fBCN molecule,
was carried out in DMSO for 2 hours. Subsequerttird step) a GFC
purification was carried out to remove the exce8GN and ABEI
molecules present in the reaction (Superdex 200aHdill6 60 column,
PBS buffer, isocratic gradient; see materials aethods section). In the
fourth step, an excess of HTLVI-N3 or HTLVII-N3 pege (previously
synthesized ad hoc with an N-terminal azido-lyswep added in order
to promote the click chemistry reaction betweendhme azido-peptides
and BCN molecules present on the scaffold. Thetimawas carried out
overnight in PBS buffer. In the fifth step, the dinproduct (scaffold-
ABEI-HTLV-I/1l) was then subjected to an additionarification process
to remove the excess of azido-peptides (Superdéx Hilbad 16 60
column, PBS buffer, isocratic gradient; see maleriand methods
section). Figure 9 shows the chromatographic mefibf the GFC
purifications carried out respectively in step 8 amstep 5 of process.
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1% STEP: labeling with ABEI

o~ 1
o ®

DMSO; RT, Over night
Scaffold Scaffold-ABEI

2" STEP: derivatization with BCN

r,:\\
q /‘ HBV\(HJOK B s o B Jf BCN\Q ,‘
’. "W 01O)< E 0 og") ’.
A -
- ‘o DMSO;RT,2 h o' ‘o
. ; RT, 2 hours BCN .
Scaffold-ABEI Scaffold-ABEI-BCN

3™ STEP: GFC purification

4™ STEP: click chemistry reaction with HTLVI/II-N3

BCN3 ,. N o q ®
-@ HTLVI/I |—=N; HTLVI/I | \ A 'S

B
. Ve I’\' 8x .’/ I'\
BCN @

PBS; RT, Over night HTLVI/N .
Scaffold-ABEI-BCN Scaffold-ABEI-HTLV I/II

5" STEP: GFC purification
Figure 8. Schematic representation of HTLV-I/lI-tracer syntbgrocess.
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A_Scaffold-ABEI-BCN
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B_Scaffold-ABEI-HTLV-I
--UV 260nm --UV280nm --329nm --Cond --Iractions --Inject

man

7957

S

EL____+__________

mais

263



Appendix

C_Scaffold-ABEI-HTLV-II

--UV 260nm --UV280nm --329nm --Cond --Inject

i
r” '\
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e
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| kel Jad did dod hol bel ESMWWQ =

Figure 9. Chromatographic profiles of GFC purifications penfied at the level
of step 3 and 5 of HTLV-I/ll-tracer synthetic praese The first chromatogram
refers to scaffold-ABEI-BCN intermediate, while teecond and third refer to
scaffold-ABEI-HTLV-I and scaffold-ABEI-HTLV-II prodicts respectively.

The new HTLVI/II tracers obtained as described &yavere then tested
in the LIAISON® Murex recHTLV-I/Il chemiluminescentmmunoassay
and compared with the tracers currently in usehi@ prototype. The
analysis was performed in duplicate on a panelegfative and positive
samples and the final evaluation of analytical genfance of tracer
molecules was done on the average of the signatéadi panel (Figure
10). As suggested from the LIAISON® Murex recHTLV-l/lugent Kit,
the tracers currently used in the prototype westeteas a mix (HTLV-I
tracer + HTLV-II tracer)in order to detect positive samples for both
HTLV-I and HTLV-II; the new tracers, obtained thgiuthe use of click
chemistry, instead, were individually analysed idey to verify the
immunochemical activity of each of the two molesuf{for this purpose a
panel of HTLV-I positive samples only for the fitsacer and a panel of
HTLV-II positive samples only for the second traeere then selected).
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A B
600 60000
500 50000 M Current
prototype
400 40000 (HTLVI+HTLVII)
MW New tracer HTLM
= 300 - = 30000 -
200 A 20000 A M New tracer
HTLVII
100 A 10000 -
0 - 0 -
Average of negative Average of positive samples

samples

Figure 10. Comparison between the immunochemical activity Hcers

currently used in LIAISON® Murex recHTLV-I/Il protgpe obtained through
classical chemistry (gray; mix HTLV-I+HTLV-II) andchew tracers obtained
through click chemistry (blue> HTLV-I; green— HTLV-II).

The results obtained indicated that the tracerthegized through the use
of click chemistry have a performance comparalfl@ept slightly better
than that of the tracers currently in use in pigaet In particular the new
HTLV-I tracer showed a great increase of the sigreéting to the
positive samples (panel B; blue bar) compared ® rthx of current
tracers of prototype (panel B; gray bar), while peeformance of the new
HTLV-II tracer (panel B; green bar) on the detectaf positive samples
was almost comparable to that of the current teaddoreover, the signal
of negative samples for both new tracers (pandblde and green bars)
was lower than that detected for the mix of curteaters of prototype
(panel A; gray bar). The result was an increasthefratio between the
signal of the positive and negative samples ancetbee an increase of
immunodiagnostic assay performance.
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RLU

In addition to the analysis of immunochemical atyiof tracers, also the
stability of the same molecules was tested. Ini@dar a short stability
test (5 days at 37°C; for HTLV-I new tracer only)dalong stability test
(6 months at -20°C) were carried out (Figure 11).

A Short stability test
Negative samples
500 75000
400 M Average of 60000
negative
samples; TO
300 - 45000
3 3
e« 200 - M Average of e 30000
negative
samples;
100 5days37°C 15000
0 - 0
New tracer HTLVI
B Long stability test
Negative samples
500 60000
HAverage
400 of 50000
negative
samples; 40000
300 10
230000
W Average
200 of
negative 20000
samples;
100 6months 10000
-20°C
0 0

New tracer New tracer

HTLVI HTLVII

Positive samples

—

New tracer HTLVI

Positive samples

Average of
positive
samples; TO

Average of
positive
samples;
5days37°C

M Average

—H

of
positive
samples;
TO

Average
of
positive
samples;
6 months
-20°C

New tracer New tracer
HTLVI HTLVII

Figure 11. Short stability test (5 days at 37°C; only for HTALl\hew tracer;
panel A) and long stability test (6 months at -20f@ both new HTLV-I and

HTLV-II tracers; panel B) on a panel of positivedamegative samples.

266



Appendix

As illustrated in Figure 11, the stability testowsted that the new tracers
analyzed on a panel of positive and negative sa(gleo in this case the
final evaluation of analytical performance of traceolecules was done
on the average of the signals of each panel), godan almost irrelevant
loss of immunochemical activity whether they aréjscted to thermal
stress for a short period of time (5 days at 3F&el A. Data carried out
only for the new HTLV-I tracer) or after storage-a0°C for 6 months
(long stability test; panel B). The data thus aldi demonstrated that the
new tracers synthesized through the use of amalige chemistry (click
chemistry) retained their immunochemical reactividyer time and
therefore they resulted to be stable molecules.
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