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Abstract

Transglutaminase (TGase) is a 331-residue monomadmbial enzyme produced by recombinant
methods, easily available from a commercial soara well characterized in structural terms. TGase
catalyzes the reaction between thamido group of a protein-bound GIn residue (—CQNtHe
acceptor) and an amino group (—Nkhe donor) of an alkyl-amine. This enzymatic aggh appears
to be mild and specific for glutamine (GIn) andimgs (Lys) residues of a protein. Indeed, initial
experiments have already established that TGasbecased for an effective modification of proteins.
In this PhD project we have used microbial TGageHe site-specific modification of proteins at the
level of GIn or Lys residue(s) by using differenbstrates for the enzymatic reaction. In particular
aimed also to prepare protein derivatives contgirgavalently-bound peptide moieties capable of
chelating metals and radionuclides.
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TGase-mediated modification of a protein

Two approaches are possible, i.e., (1) a ligand (L) derivatised with a glutamine (Q)
residue can be coupled by TGase to a protein-bound lysine (K) residue or (2) a lysine-mimicking
ligand (e.g., a primary alkylamine) can be attached to a glutamine residue. The ligand can be
a fluorescent probe, a biotin derivative, a drug entity or even a polymer (e.g., PEG-NH,).

The TGase-mediated labelling of proteins has beemmed in detail using protein substrates of
known 3D structure and dynamics in order to unradkel conformational and dynamic features that
dictate preferential or specific protein modificatiby TGase. Avidin and apelactalbumin were
respectively modified with carbobenzoxy-glutamigiycine (ZQG) and dansyl-cadaverine. In both
cases, modified proteins were purified by RP-HPIb@ analyzed by mass spectrometry (MS) in order
to identify the sites of the modification. The ritswof these analyses indicated that in the case of
avidin there is a double modification of the protewhile in the case of apolactalbumin there is
only one site of modification. Interestingly, bqiloteins are derivatised by TGase at the levellof G
or Lys residues located at flexible regions of ttetiucture, as deduced from the crystallograplyical
determinedB-factor profile along the polypeptide chain of {m®tein. Moreover, it was shown that
there is a correlation between sites of TGaselatind sites of limited proteolysis, indicating thath
TGase and a protease require some local unfoldinthe protein substrate for their selective
enzymatic reactions.

We have also designed and synthesised two pepi@déscan function as suitable metal-chelating
agents. These chelating peptides contain a cyst€iy® residue at the C-terminus that can coordinat
metals as technetium (99mTc) or rhenium (186/188&R#) the thiol group and C-terminal carboxylic
group acting as ligands for the metal. Moreoveeséhpeptides contain a Lys or GIn residue that can
be exploited for their TGase-mediated conjugatmproteins. The complexes of these peptides with
99mTc and 185/187Re were purified and characterisederms of metal binding properties.
Experiments are now in progress in order to uses€@ar the site-specific conjugation of these metal
chelating peptides to proteins that can be usémaging agents.



RIASSUNTO

La transglutaminasi (TGase) microbica € un enzind3d residui amminoacidici prodotta
con metodi ricombinanti, facilmente reperibili daaufonte commerciale e ben caratterizzata
in termini strutturali. La TGase catalizza la rema tra il gruppa-ammidico di un residuo di
glutammina (GIn) (-CONK accettore) ed un gruppo amminico (-\NHlonatore) di una
alchil-ammina, ad es., il grupgeamminico di una lisina (Lys). Le reazioni medidee TGase
avvengono in condizioni blande ed inoltre con notespecificita, soprattutto per i residui di
GIn. La TGase puo0 essere utilizzata per la moddimmamatica di proteine a livello di GIn, ma
anche di Lys. Lo Schema illustra la possibilitaitiiizzare nella reazione di una proteina con
TGase un ligando in grado di mimare sia la cataberdle di GIn che Lys, potendo in tal
modo, con opportuni ligandi, introdurre covalentetee in una proteina un gruppo
fluorescente, un farmaco o anche un complesso low@ptide.
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TGase-mediated modification of a protein

In questa Tesi di dottorato la TGase e stata ysatda modifica di proteine modello, tra cui
a-lattalbumina, avidina ed apomioglobina (apoMb). dampo della ricerca e stato quello di
comprendere i motivi strutturali che determinanagpecificita di azione della TGase. Inoltre,
la modifica di proteine con TGase e stata conddtitezando substrati peptidici in grado di
legare metalli e radionuclidi.

La modifica di proteine con TGase é stata esamimatdettaglio utilizzando proteine di
struttura 3D e dinamiche note, al fine di individeide caratteristiche conformazionali e
dinamiche che determinano la modifica preferenzialespecifica. L'avidina e l'apo-
lattalboumina sono state modificate utilizzando oldnzoxy-glutaminyl-glicina (ZQG)
(donatore) e dansyl-cadaverina (accettore). Leepret modificate sono state purificate
mediante RP-HPLC ed analizzate mediante spettra@arditmassa (MS) al fine di individuare
I siti di modifica. | risultati di queste analisiahno indicato che le modifiche di queste
proteine avvengono a livello di residui di GIn eslgcalizzati in regioni flessibili della loro
struttura, come si deduce dai valori di fatt8réparametro di flessibilita) della loro catena
polipeptidica. Inoltre, e stato dimostrato che tesisna correlazione tra i siti di attacco di
TGase ed i siti di proteolisi limitata, indicandoecsia la TGase che una proteasi richiedono
una certa flessibilita del substrato polipeptidainche la reazione possa avvenire.

Sono stati anche progettati e sintetizzati dueigiept grado di fare complessi con metalli.
Questi peptidi, contenendo una cisteina (Cys) qued&luo al C-terminale, sono in grado di
coordinare metalli con il gruppo tiolo ed il grupparbossilico, tra cui tecnezio (99mTc) o
renio (186/188Re). Inoltre, questi peptidi contearey un residuo di Gln o Lys, ai fini di un

riconoscimento da parte della TGase per la lordugmzione covalente ad una proteina. |
complessi di questi peptidi con 99mTc e 185/1878wosstati purificati e caratterizzati in

termini di proprieta leganti per i metalli ed uttati per la modifica di proteine. Ulteriori

esperimenti sono in corso al fine di utilizzareTi®ase per la modifica sito-specifica di
proteine con questi metallo-peptidi, al fine dilgppare una strategia di produzione di
proteine marcate da usare per analigmndigin
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|. INTRODUCTION

1. Transglutaminase (TGase)

A transglutaminase (TGase; EC 2.3.2.13) is an enzijyrat catalyzes the isopeptide bond formation
between glutamine (GIn) and lysine (Lys) residuegrbteins, thus leading to protein crosslinkitg (
7). The term TGase was first introduced for the desmidating activity detected in the liver of guinea
pig. In numerous subsequent studies it has beemmsrated that the TGase-mediated crosslinking
occurs through an acyl transfer reaction betweeny-tarboxamide group of a protein/peptide bound
GIn residue and the-amino group of a protein/peptide bound Lys residue product of the reaction
being an e—(y-glutamyl) lysine isopeptide bond. The TGase-mediatreaction involves the
concomitant release of ammonia (A-CONH ;HN-B — A-CONH-B + NH;). The formation of
isopeptide bonds results in both intra-and intetemuar cross-linking of proteins, the inter-molu
one leading to protein polymerization,§). The side-chain amide group of a GIn residue astan
acyl-donor via the intermediate formation of a taac thioester, which in turn reacts with an
alkylamine as the-amino side chain of a Lys residue. Alternativelther nucleophiles can react with
the thioester, such as primary alkyl-amines or eweater. In this last case, the protein bound Gin
residue is deamidated to a glutamic acid (Glu)dwesiO—14. The Scheme in Fig. 1 illustrates the
various reactions catalysed by TGase.

Gln-residue
CONH,
Gase —SH + (CH)); — fTGase—S—CO + NH;
TGase-SH

Thioester intermediate

H-(cHy) —Eroten)

Lys-residue

Deamidation . o
+ CO-NH-® Protein crosslinking

TGase-SH Protein modification *
+ TGase-SH
TGase-SH

®-NH2, an alkylamine or an amino-probe

Figure 1. Scheme of the reactions catalysed by TGas&he critical step in the catalysis involves
formation of a reactive thioester moiety at theeleof a Cys residue, followed by reaction with a
nucleophile. Protein crosslinking results from thaction with the thioester of @aamino group of a
protein-bound lysine (Lys) residue. Alternativedyprimary alkyl-amine or an amino-probe can react,
leading to the incorporation into a protein of &afle probe. If an amino nucleophile is not avaliga
the thioester can be hydrolysed and deamidatiorureccso that a former glutamine (GIn) is
transformed into a glutamic acid (Glu) residue.

10



TGases are widely distributed in various organisimsluding vertebrates, invertebrates, plants and
microorganisms. They occur inside the cell, as aglin the extracellular milieu and consist ofrgda
family of enzymes. Various forms of TGase are pmese animals and are distributed in different
tissues such as liver, lung, intestine, epidermpigcenta and blood7£14. In plants, TGases have
been reported to be present in chloroplasts, mitedfia, cytoplasm and cell walls and they are
primarily involved in functions related to plantogvth, stress, differentiation and programmed cell
death 8-10.

Up to eight members of the mammalian TGase famigyewidentified from the genomic data, of
which six isozymes have been purified and charaetgras calcium- and thiol-dependent enzymes.
However, these TGases differ in their moleculargheiand biochemical properties. The human
TGases family consists of eight enzymes designiatetdr Xllla, TG1, TG2, TG3, TG4, TG5, TG6
and TG7, that catalyze a variety of¥Calependent post-translational protein-modifyingctiess. All
members of the mammalian TGase family are struitgunamologous and arise from different genes,
due to the rearrangement and duplication mechanismsell. The amino acid sequences
encompassing the Cys314 of the active site of T&ashighly conserved, while in other regions of
the chain there is little conservation of sequgiog. 2).

Cys314
F13A SENP
TGl TGY
TG2 GCQR
C GFSPp
TG4 TEKQP
TG5 GCQPF

TG6 RYKP
TG7 GGQP

305 3i0 3:=LS 3%0 3=25

Residue Number

Figure 2. Amino acid sequences near the active siteys314 of human TGasesThe conserved
residues are indicated as white letters in a re#tdraund, while the conservative replacementsdn re
letters in a white background. The active site argappears to be highly conserved, while in other
regions of the polypeptide chain there are largangbs in amino acid sequence. The data are taken
and adapted from ret5.

Mammalian TGases are comprised of four structurdiltyinct domains (an N-termin@ksandwich,
ana,f catalytic core and two C-terminBtbarrel domains) that adopt a compact conformatatme
absence of calciuml16-2Q. Two family members, FXllla and TGase-1, have afditional N-
terminal propeptide sequence that is cleaved tdym® the active enzyme. The TGase enzymatic
activity resides in an active site catalytic trazhsisting of a cysteine, histidine and asparteselue
(Cys-His-Asp), in analogy to a Cys-protease. Theralso a structural protein, named protein 4.2,
which shows structural homology with TGases, but ttacks catalytic activity. Protein 4.2 is
evolutionarily related to the other TGases, asident from its high degree of sequence consematio
(37-51% overall sequence similarity), but noneh® amino acid residues critical for catalysis is
conserved in this proteil).

Factor XIlII

Among the human TGases, the human blood coagul&aator XIll has been most studied and its
molecular and enzymological properties have beeaidysed in great detail. Factor Xlll is unique
among TGases in that it is a zymog0-+27. Factor Xlll is found both extracellularly in glaa and
intracellularly in platelets, liver and prostatssties. Plasma factor XllI is synthesized in therland
circulates as a tetramer of 320 kDa, composed of pairs of nonidentical subunits {8y). The
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concentration of Factor Xlll in plasma is approxietg 30 mg/ml. The intracellular forms are
synthesized in tissues, where they reside as di(dd& kDa) of two identical A chains §A The A
subunits of plasma and intracellular forms of Factdl are functionally identical. The A subunit
contains 6 free —SH groups, one of which is thevaaite. The conversion of plasma Factor XI}BA

to the active Factor Xllla results from hydrolybis thrombin of the Arg37-Gly38 peptide bond at the
N-terminus of the A subunit, leading to the actiactor Xllla. Full expression of activity is achesl/
only after binding C# (27).

Factor XllIl is a TGase that forms fibrin clots irrhostasis and wound healing by catalyzing the
crosslinking between fibrin molecules. It is thestlaf the zymogens to become activated in the
coagulation cascade and it is the only enzymeismdyistem that is not a serine proted®. (Factor
Xllla functions to stabilize the fibrin clot by aslinking the chains of fibrin. Other proteins knote

be substrates Factor Xllla which may be hemostaticaportant include fibronecting2-antiplasmin,
collagen, von Willebrand factor and thrombospor(@o+-26.

The three-dimensional (3D) structure of the zymogawctor XIll has been determined by X-ray
crystallography 17). The zymogen is a homodimeric protein which is fdldeto four structural
domains (Fig. 3). A catalytic triad Cys-His-Asp &gous to that observed in cysteine proteases, (
papain) has been identified in the core transamigatomain. The amino-terminal activation peptide
of each subunit crosses the dimer interface anihfparoccludes the opening of the catalytic cavity
the second subunit, preventing substrate bindingh& zymogen. The crystallographic structure
allowed to propose a mechanism of activation oftétaXlll by thrombin and calcium binding, both
being required for an active Factor XII25].

Factor XIlII
PDB code 1GGT

Figure 3. 3D structure of Factor XIlll. The protein model was prepared from the X-ray stmgcof

the protein using the software MBT (Molecular BigyoT oolkit; http://mbt.sdsc.edu) available in PDB
(code 1GGT). The 331-residue chain of TGase isctiegiin rainbow colours from the N-terminus
(blue) to the C-terminus (red). The 3D structurd-attor XllI clearly reveals the domain architeetur

of the protein, being formed by for rather well agpied domains. In the zymogen, the chain segments
1-8 and 38—43 are not visible in the electron dgmsap and thus are disordered. Of interest, #us f
explains the site-specific cleavage of the zymobggrthrombin occurring at Arg37-Gly38 peptide
bond and leading to the activation of Factor Xitltmomg Factor Xllla. Since the cleaved peptide
bond is embedded in a disordered region of thenghiaiidocuments the correlation between chain
flexibility and site(s) of limited proteolysis.

12



Transglutaminase-2 (TGase-2)

Human transglutaminase 2 (TGase-2) plays an importde in the extracellular matrix biology of
many tissues and is implicated in the gluten-indupathogenesis of celiac diseag8+39). The
human TGase-2 is secreted by an unknown non-caowahtmechanism, since it lacks a signal
sequence. Although potential glycosylation sites @resent, no evidence of glycosylation has been
reported. Crystallographic analysis has revealat TiGase-2 has four domains, i.e., an N-ternfiaal
sandwich domain (1-139), a transamidation core don40-454) and two C-termingd-barrels
(479-585 and 586—687, respectively). All four damsahave particular roles. For example, the N-
terminal domain interacts with fibronectin. Thensamidation core domain is involved in GTP
binding (Serl71 and Lys173), has an active trisel €ys277, His335 and Asp358) and a calcium
binding region. The C-terminal domain regulatesgeamidation activity, GTPase activity, as well as
blocking the active site from contact with possibiéstrates. Upon calcium binding, the interaction
between the active site and C-terminal domainseieased, allowing the onset of transamidating
activity of the enzyme. TGase-2 has been the niostiexl member of the human TGase family.
Indeed; much of our knowledge about TGase reactionges from the studies of TGasel®,(28-33,
besides Factor XII7).

A remarkably large conformational change accomaagtivation of TGase-2 and likely other TGase
family members 19). Upon binding of substrate, there is a large conhtional change from a
compact form to an extended ellipsoid structur¢é éxposes the TGase active site (Fig.es 4 andrb). A
inhibitor was found to stabilise TGase-2 in an edtr conformation that is dramatically different
from other TGases, including the Factor Xl sturet Upon binding the inhibitor, which acts
similarly to a substrate, a large domain movemeatl$ to the exposure of the active site. These
structural studies revealed that catalysis takasepin a tunnel, where stabilisation of the tettadle
reaction intermediate occurd9). The structure of the activated conformer of T&2sallowed a
clearer understanding of aspects of the cataly@ichanism of TGase-2.

N

\

Compact, inactive
TGase-2 conformation

Extended, inhibitor-bound
TGase-2 conformation

Figure 4. A large conformational change occurs in Gase-2 upon binding the inhibitor This
change leads to the exposure of the active sitdlargdof an active protein species. It is seentthat
C-terminalf3-domain covers the active site in the closed aadtive form of TGase-2. Arrows point
to the site of binding of GDP and inhibitor. Thigure is adapted from ret9.
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Closed, inactive Open, active
conformation conformation

PDB code 2Q3Z
PDB code 1KV3

TGase-2 suffers a large conformational change
from a compact to an extended form upon substrate binding

Compact

Extended

Figure 5. Schematic view of the large conformationthange of TGase-2The protein adopts an
open (active) and closed (inactive) conformatione Two conformations of the protein are observed
in the GDP-bound (closed) or inhibitor-bound (opstate. The two states of TGase-2 are shown at the
top of the figure,.e., the closed (PDB code 1KV3) and the open (PDB c2@aZ). Below a
schematic cartoon of the compact and extended faim§Gase-2 are shown. This figure is an
adaptation of data presented in fed.

Microbial TGase

TGase activity has also been reported in bacteriarticularStreptoverticilliumsp.,Streptomycesp.
andBacillus subtilis(34—4Q. The first microbial TGase was discoveredsineptomyces mobaraensis
and the amino acid sequence of its zymogen is shiowig. 6. Subsequently, other microbial strains
that produce TGase were identified. In contrashémy other TGases, the activity of microbial TGase
is Ca&*-independent. The optimum pH for TGase activitpésween 5 and 8, but the enzyme displays
some activity also at pH 4 or 9. The optimum terapae for enzymatic activity is 55°C (for 10 min at
pH 6.0) and the enzyme maintains full activity fdr min at 40°C, but looses activity within a few
minutes at 70°C. At variance from other mammali@a3es, including the well-characterized guinea
pig liver enzyme, microbial TGase is totally indegent of calcium ions. Heavy metals such a$'Cu
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Zn** and Pb2 are strong inhibitors of the enzyme, since theyllio the thiol group of the active-site
Cys64. Several molecular and functional charadtesisof microbial TGase, including calcium-
independence, protein stability, higher reactide end small molecular size, are advantageougdor i
applications for research and biotechnologi~44.

6&(\ Q\°Q Mature TGase

1| | | | 407

~
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~

GEETKSYAETYRLTADDVANI NALNESAPAASSAGPSFRAP 76

32

77 DSDDRVTPPAEPLDRVPDPYRPSYGRAETVVNNYI RKWQQVYSHRDGRKQQVITEE
QREWL SYGCVGVTWNSGQYPTNRLAFASFDEDRFKNEL KNGRPRSGETRAEFEG
RVAKESFDEEKGFQRAREVASVMNRAL ENAHDESAYL DNL KKEL ANGNDAL RNED
ARSPFYSAL RNTPSFKERNGGNHDPSRMVKAVI YSKHFWEGQDRSSSADKRKYGDP
DAFRPAPGTGLVDMSRDRNI PRSPTSPGEGFVNFDY GWFGAQT EADADKTVWI HG
NHYHAPNGSL GAMHVYESKFRNWSEGYSDFDRGAYVI TFI PKSWNTAPDKVKQGWP 407

Figure 6. Amino acid sequence of the zymogen of microbial 3&& he signal peptide comprises the
segment 1-31 and the propeptide the sequence 32h&Bnature enzyme is given by a polypeptide
chain of 331 amino acid residues. The amino aadwihg the catalytic triad are labelled in red. The
triad is analogous to that of Cys-protease as pap&e amino acid sequence of the zymogen is that
reported in PDB (code 11U0).

TGase (11U4)

Figure 7. Three-dimensional structure of microbialTGase from Streptomyces mobaraense. The
protein model was prepared from the X-ray structafethe enzyme using the software MBT
(Molecular Biology Toolkit; http://mbt.sdsc.edu)aalable in PDB (code 11U4). The 331-residue chain
of TGase is depicted in rainbow colours from théeNminus (blue) to the C-terminus (red). The
active site area of the enzyme is circled with diliree and the location of Cys64 is indicated by an
arrow. It is seen that the active site Cys64 ikamburied in a deep cleft, explaining the factt tha
microbial TGase often does not react with a globpfatein substrate or reacts with a strict selégti

at one (or very few) protein-bound GIn residue(s).
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Figure 8. Amino acid sequence of the 331-residue chain of mabial TGase The location of the
helical segments are indicated by a waved reddimtf3-sheets by yellow arrows above the sequence.
The sequence and the structural data are derived DB (code 11U4).

The 3D structure of microbial TGase isolated frdra tulture medium oStreptoverticillium spS-
8112, which has been identified as a variank omobaraensé-ig. 7), is very different from that of
other TGases3(7). The crystal structure of this microbial TGasegists of a compact domain with
overall dimensions 65 x 59 x 41 A. The cysteines)Qsidue in position 64 of the 331-residue chain
of the enzyme, essential for the catalytic actjvisylocated at the bottom of a deep cleft, itstdep
being 16 A. The crystal structure of microbial TEasvealed that the overall fold of this enzyme is
different from that of Factor XllI-like TGases. Natheless, a similar cysteine protease-like catalyt
mechanism for the microbial TGase has been propdedded, the Cys-His-Asp triad of cysteine-
proteases is conserved, being given in the mickdl@dase by Cys64, Asp255 and His274 residues. Of
interest, the catalytic triad of microbial TGasenast superimposes the same triad of Factor XllI,
implying a similar mechanism of catalysis. There amumber of acidic residues (Aspl, Asp3, Asp4,
Glu249, Asp255 and Glu300) in the TGase’s active sieft and aromatic residues (Trp59, Tyr62,
Trp69, Tyr75, Tyr278, Tyr291 and Tyr302) on thefaoe around the cleft. These characteristic
distributions of the acidic and aromatic residugsear to have an effect on the substrate spegififit
microbial TGase. Additional models of microbial T¥¢a(Fig.es 9 and 10), derived from the 3D
structure deposited in PDB (code 11U8YY, could help the reader to visualise some progeuf this
TGase, such as the location of secondary strueteraents or hydrophobicity along the 331-residue
chain of the protein.
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Figure 9. 3D models of microbial TGaseThe models highlight the secondary structure sssn
(left) and hydrophobicity (right) along the 3314idckge chain of the protein (PDB code 11U4).

Color code for amino
acid residues

[vs

mek
phe

pro

|

Figure 10. 3D model of the 331-residue chain of mmmbial TGase with color-coded
amino acid residues.The arrow indicated the location of the buried &ysat the enzyme’s
active site. The model is derived from the crystaphic structure of the protein (PDB code
11U4).
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The 3D structure of the zymogen of microbial TG&sen Streptomyces mobaraen$as been
determined recently (Fig. 1138). The overall structure of the zymogen (for itgueence see Fig. 6) is
similar to that of the mature form, consisting ofiagle disk-like domain with a deep active cldft a
the edge of the molecule. A major portion of thepaptide (45-residues) folds into an extended N-
terminal segment linked with a one-turn short helnd a longen-helix. Two key residues in the
short helix of the prosequence, Tyrl2 and Tyr1é,lacated on top of the catalytic triad Cys-Asp-His
of the mature enzyme and thus block the accedseo$ubstrate acyl donors and acceptors. Removal
by proteolysis of the propeptide leads to the atitim of the enzyme (sse also legend to Fig. 12). O
interest, the selective cleavage of the propegiidproteolytic enzymes occurs at a disordereddite
the polypeptide chain of the zymogen.

TGase Zymogeni‘2 'e
PDB code 3I1UO0

Figure 11. Three-dimensional structure of the zymogen of micrbial TGase from Streptomyces
mobaraense. The protein model was prepared from the X-raycstme of the enzyme using the
software MBT (Molecular Biology Toolkit; http://mistdsc.edu) available in PDB (code 11U0). The
chain of TGase is depicted in rainbow colours ftbe N-terminus (blue) to the C-terminus (red). The
active site area of the enzyme is blocked by tlmogptide (colored in blue), interacting with the
active site Cys64 (yellow stick). The active sitelasion explains why the zymogen is inactive. The
sequences 1-9 and 33-43 of the propeptide areisibtevin the electron density map and therefore
are disordered.
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Figure 12. Analysis of the structural features of te propeptide in the zymogen of microbial
TGase. (A) 3D structure of the N-terminal region of the zygea (PDB code 11U0Q). Only the 9-33
region of the 46-residue propetide is structurByl.B-factor profile along the polypeptide chain of the
zymogen. There are two regions of disorder at tierhinus of the protein. The arrow indicate the
sites of proteolytic processing of the zymogenultexy in its activation. €) Sites of specific
proteolytic cleavages observed during the proteolgtocessing and activation of the zymogen by
chymotrypsin (Ch), trypsin (T) and dispase (Bp)( Proteolysis occurs selectively at a disordered
region of the protein chain, in keeping with thetiow that limited proteolysis sites occur at
flexible/disordered sites in proteins.

2. Biological role of TGase

The eight TGases encoded by the human genome cdistguished by their physical properties,
tissue distribution, localization and mechanismsaofivation, as well as by differences in their
substrates and, therefore, in the enzymatic reactibat they catalyze6{8, 14, 15, 28, 29 The
fibrin-stabilizing factor XlII is probably the mogrominent human TGase, since it functions in @luci
physiological processes such as haemostasis, wbaating and the maintenance of pregnancy.
Dysfunction of factor Xlll can cause life-threategi bleeding disorders. Human TGases play an
important role in biological processes which arg@eatelent on the rapid covalent crosslinking of
proteins,e.g. blood coagulation, skin-barrier formation and egéllular-matrix assembly. TGase-
mediated reactions result in supra-molecular pnosgiuctures with high rigidity and stability, sec
these enzymes catalyze covalent protein crosstinkiy forming isopeptide bonds between a Lys
donor residue of one protein and an acceptor Gidwe of another protein. All human TGases,
except plant and bacterial TGases, require fa activation.

3. Protein substrates
TGases are widely distributed in various organismeluding vertebrate, invertebrates, mollusks,

plants and microorganisms. Over the years numestoglies have been conducted on TGases with the
view to identify their protein substrates. A datsddor TGase substrate proteins, called TRANSDAB
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(http://genomics.dote.hu/wiki/index.php/Main_Pageas produced useful structural information on

all TGases and provides a list of previously idedi protein substrates (see Table 1) (seed&ffor

a presentation of this database). However, in gffithhese studies on the structural properties and
substrate specificity listed in TRANSDAB, the mecism of substrate recognition by TGases remains
poorly defined. Indeed, the amino acid sequencasthe GIn residue being site of TGase reaction in
several proteins4@) offer little information regarding possible consas sequences recognised by

TGase (see the list of GIn-sequences of proteistsaties given in Fig. 13).

Table 1 Protein substrates of TGases

Protein Substrates of Transglutaminase-2

40S ribosomial protein SA
Acidic proline rich protein
Aconitase

ACTH

Actin

Aldolase A

Alpha lactalbumin

Alpha synuclein

Alpha-2 macroglobulin
receptor

Alpha-2 plasmin inhibitor
Alpha-2-HS-glycoprotein
Alpha-ketoglutarate
dehydrogenase

Amyloid beta A4 peptide
Androgen receptor
Angiocidin

Ankyrin

Annexin |

Arginase |

AT-rich interactive domain-
containing protein 1A
Ataxin-1

ATP synthase

Band 3 anion transport
protein

Band 4.1 protein

Bcr - Breakpoint cluster
region

Beta casein

Beta endorphin

Beta tubulin
Beta-2-microglobulin
Betaine-homocysteine S-
methyltransferase

BiP protein

Bone sialoprotein
C-CAM

C1 inhibitor

Calbindin

Calpain

Envelope glycoprotein
gp4l

Ephrin A

Eucaryotic initiation
factor 4F (elF-4F)
Exendin 4
Ezrin-Radixin-Moesin
binding phosphoprotein
50

F-box only protein

Fatty acid synthase
Fibrinogen alpha chain
Fibrinogen gamma chain
Fibronectin

Filamin 1

Fructose 1,6-
bisphosphatase
Galectin 3

Gliadin

Glucagon

Glutathione S-transferase
Glyceraldehyde-3-
phosphate dehydrogenase
Hepatitis C virus core
protein

Histamine

Histatin

Histone H1

Histone octamer

HIV-1 aspartyl protease
Hsp 27

Hsp60

Hsp70

Hsp70/90 organizing
protein

Hsp90

Human Clara-cell 10 kDa
protein

Huntingtin

Hyphal wall protein—-1
Ig kappa chain C region

20

Nuclease sensitive element
binding protein-1
Nucleophosmin

Orexin B

Osteonectin

Osteopontin

Parkin

Periphilin

Periplakin
Phosphoglycerate
dehydrogenase
Phospholipase A2
Phosphorylase kinase
Plasminogen
Plasminogen activator
inhibitor-2

Plasmodium falciparum
liver stage antigen-1
Procarboxypeptidase B/U
Protein synthesis initiation
factor 5A

RAP-Alpha-2
macroglobulin related
protein

Retinoblastoma protein
Rho associated, coiled coil,
containing protein kinase 2
RhoA

S100A10

S100A11

S100A7

Seminal vesicle secretory
protein IV

Serotonin

SNAP-25

SP1 transcription factor
Spectrin

Statherin

Substance P

Suprabasin

Synapsin 1



Caspase-3

CD38

Clathrin heavy chain
Collagen

Crystallin

Cytochrome C
Deoxyribonuclease
Dihydropyrimidinase-like 2
protein

Dual leucine zipper-bearing
kinase (DLK)

EGF Receptor

Elafin

Elongation factor &
Elongation factor i
Enolase

Envelope glycoprotein
gpl20

e Importin 1 subunit
e Template:Infobox
e Insulin

e Insulin-like growth factor-

binding protein-1

e Insulin-like growth factor-

binding protein-3
(transglutaminase)
e Inter-alpha-inhibitor
e LaminA,C
e Latent transforming

growth factor beta bindir

protein
e Lipoprotein A
e Melittin

*  Microfibril-associated
glycoprotein (MAGP)

*  Midkine
e Myelin basic protein
e Myosin

* Neurofilament proteins

* Neuropeptide Y

* NF-kappa-B inhibitoix

e Synapsin |
e T-complex protein 4
subunit

e Tau protein
e Thymosin beta 4
e Thyroglobulin

e Troponin
e Tumor rejection antigen-1
e Ubiquitin

e Uteroglobin
e UV excision repair protein
RAD23 homolog B

* Valosin

* Vasoactive intestinal
peptide

» VEGFR-2

e Vigilin

* Vimentin

« Vitronectin

Protein Substrates of Transglutaminase FXIIIa

Actin .
Alpha-2 macroglobulin
Alpha-2 plasmin .
inhibitor .
AT1 receptor .
Coagulation factor V .
Collagen .
Fibrinogen alpha chain
Fibrinogen gamma .
chain .
Fibronectin

Fibronectin binding
protein A

Histidine rich glycoprotein
HIV-1 aspartyl protease
Inter-alpha-inhibitor
Laminin

Lipoprotein A

Myosin

Osteopontin
Phospholipase A2

Plasminogen
Procarboxypeptidase B/U
Protein synthesis initiation factor
5A

Semenogelin I, 1l
Thrombospondin

Uteroglobin

Vinculin

Vitronectin

Von Willebrand factor

Protein Substrates of Microbial Transglutaminase

Alpha lactalbumin
Bacteriorhodopsin
Dispase autolysis inducing
protein (DAIP)

e Gelatin

e Myosin heavy chain

subfragment 1
e Phaseolin

»  Streptomyces Subtilisin ar
TAMEP Inhibitor

®Adapted from TRANSDAB, the data base of protein stidtes of transglutaminases
(http://genomics.dote.hu/wiki/index.php/Main_Pad#de the presentation of Transdab in:

Cgsz, E., Meskd, B., and Fésils, L. (2008) TRANSDAKiwthe interactive transglutaminase
substrate database on web 2.0 surfAcgno Acids36, 615-617; DOI: 10.1007/s00726-008-0121-y.
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Transglutaminase

substrate protein Protein sequence
RhoA LAKMKCEPVEP
RhoA EVDGK|JVELAL
Vitronectin KGNPE|JTPVLK
Synapsin RPSLS|IODEVEA
Osteonectin VARED|CRPINY
Midkine NAQCIETIERV
Lipocortin IENEE|QEYVQT
IGFBP1 ALPGE[JOPLHA
Fibrinogen a GSTGNIONPGSPE
Elafin LIOEPVEG
Actin GRPRH|UGVMVG
a-Synuclein VTAVA|OJKTVEG
a-Synuclein FVKED(JLGKNE
Amyloid B A4 protein YEVHH|OKLVEF
(-Casein VLSLS|USKVLP
B-Endorphin TSEKS|IJTPLVT
«a-2 antiplasmin MORT.VLL
Phospholipase A2 ALWIJFRSMI
Bacteriorhodopsin QRIJITGRP
Glucagon HS|OGTFTS
Fibronectin EAIDIVM
B B3 crystallin AE|HSTPE

Figure 13. Amino acid sequences encompassing the reactivargine (GIn) residue in known
protein substrates of TGase. The GIn residueskattiloy TGase are shown in italic and are boxed in
red. The sequences presented here do not allowrteeda consensus sequence being recognised by
TGase. The data are taken from ##.

In the past, emphasis was given to the analysssmfo acid sequences near the reactive Gin residues
(47-53, but more recently it became clear that the sirecand dynamics of the protein substrate is
actually controlling and dictating the site of T@atack. One major observation that can be derived
from TRANSDAB data 45) is that TGase are very site-specific enzymesgnoétttacking a protein
substrate at one or very few GIn residues, defipdact that the protein substrate contains nuosero
GIn residues. If only one GIn is reactive amongotal of 20-50 GIn residues in a globular protein
substrate, it can be anticipated that the sequeeae GIn should play a very minor role and that the
tertiary structure of the protein instead is playam overhelming role in the TGase reaction(s).

It has been suggested that conformational prefeeemay be the most important factor and that the
GIn residues should be located in a flexible regirihe polypeptide chain, such as flexible loops
(54-56. Several proteins e(g, apomyoglobin, a-lactaloumin, human growth hormone and
interleukin-2) are specifically modified by TGasedahe modified GIn residues are located in regions
of unfolded or disordered regions of the polypeptithain of protein substrates. Interestingly, peli
(Pro) seems to play a role in the specificity ofaB&s. This can be rationalized by the fact thah@so

a structure-breaking effect on proteins and faadiecal unfolding of the protein chain.

Although considerable work has been done to exanfiaesequence specificity of TGase for GIn

residues in proteins, no conclusive amino acid sege embedding the reactive GIn residue has been
derived, nor a clear-cut proposal for explaining tfiten observed site-specificity of TGase-mediated
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reactions (see ref.ésl and 56, for a discussion). The TGase-mediated reactigolves the critical
step of formation of a thioacyl intermediate at kxeel of a deeply buried Cys-residue of the active
site, followed by an aminolysis of the reactiveotdster (see Fig. 1). This first step is the most
demanding for the protein substrate, since it megubinding and adaptation of the substrate at the
specific (and buried) stereochemistry of the TGasetive site. This is difficult to achieve with
globular protein substrates and, therefore, onligcally flexible or disordered polypeptide substrat
can bind to the TGase’s active site and form therimediate thioester.

4. Mechanism of catalysis

The mechanism of the reaction catalyzed by TGasasZdeen studied in the past by numerous authors
and more recently crystallographic analyses allotgedklineate the enzymatic process in great detail
The reactions catalyzed by TGases occur by a tem-shechanism (see also Fig. 1). The
transamidating activity of human TGases is activdie the binding of C&, which exposes an active-
site Cys residue, which in turn reacts with fhearboxamide group of an incoming GIn residue of a
protein/peptide substrate to yield a thioacyl-eneymtermediate (thioester) and ammonia. The
thioacyl-enzyme intermediate then reacts with deuphilic primary amine substrate, resulting in the
covalent attachment of the amine-containing donahé substrate GIn acceptor and regeneration of
the Cys residue at the enzyme’s active site. Ifpifimary amine is donated by themino group of a
Lys residue in a protein, ancNy-glutamyl)-lysine isopeptide bond is formed. On ttker hand, if a
polyamine or another primary amine.q, cadaverine) acts as the amine donoy;gtutamylamine
residue is formed. If there is no primary aminespre, water may act as the attacking nucleophile,
resulting in the deamidation of GIn residues tdaghic acid (Glu) residued-+{10, 15.

During the TGase reaction, if the attacking grosia iprimary amine (either a small biological amine
or thee-group of a peptide bound lysine), the reactioteited transamidation; if it is a water molecule
it is called deamidation (see Fig. 1). While TGaseeacts with significant selectivity towards Gin
residues, the enzyme is much less demanding facghacceptor, since a wide range of primary
amines can act as acceptosd)( Small lysine-mimicking primary amine.¢, 5-pentylamine or
cadaverine) can efficiently and covalently bindtlie acyl-enzyme intermediate and, in this case, a
pseudo-isopeptide bond with the Gln-containing girotis formed. Following aminolysis of the
reactive thioester intermediate, the SH group atadbtive site of TGase is formed again and the
enzyme is ready for another catalytic cycle.

Both human and microbial TGases have a Cys-Hiseasalytic triad, in analogy to a Cys-protease as
papain, even if there is no sequence homology theaamino acid residues flanking the catalyticdtria
within TGases. Nevertheless, the catalytic mechawmicrobial TGase is very similar to the one of
other TGases. It should be emphasised that theaf@mof the covalent acyl-enzyme intermediate
(thioester) is the rate-limiting step in TGase’aatons. Since the active site of microbial TGase i
deeply buried in groove3f) and TGase-2 requires a large conformational oldng binding a
substrate X9), it can be anticipated that binding of Gln-prat@ir peptide should be difficult. This
view would explain why TGases usually are very cele for specific GIn residues in a proytein
substrate. On the other hand, GIn-peptide reachmuare easilty with TGase, as expected from the
fact that relatively small peptiodes are sritruekeiss and thus able to bind and adapt to the T&ase’
active site.

5 TGase-mediated modifications proteins
Protein crosslinking is the most common modificatad proteins catalysed by TGases. In this case,

the acyl-acceptors are tlieamino groups of lysine residues within proteifsst leading to covalent
aggregates of proteins. In addition to protein slioking by transamidation, TGases are also capable

23



of catalyzing irreversible deamidation of glutamioeglutamic acid (Glr— Glu) with water serving
as the nucleophilic acyl acceptor substrate (sgelfi It is worth noting that the hydrolysing aitf

of TGase can cause a Gl Glu formation and that likely such a reactionthie case of the protein
gliadin present in wheat, can cause the formatioa protein of new antigenic epitopes, which are
responsible of immunological reactions during thkac diseased-6, 28, 32

Microbial TGase fromStreptomyces mobaraenss widely used in the food industrg,g, for the
crosslinking of proteins in meat and fish and tpmart gelling of yogurt and cheesé1¢43. The
incorporation of covalent cross-links with micrdbiEGase into food proteins, such as boiled fish
paste and sausage, improves their physical andirééxproperties. Microbial TGase-mediated
modification of proteins leads to improved physipabperties of food proteins, including legume
globulins, wheat glutens, egg yolk and albumin @irat, actins, myosins, fibrins, milk caseis,
lactalbumin B-lactoglobulin and other proteins. Enzymatic magdifion of proteins results in changes
in protein structure and may therefore result ianges of the functional properties, such as satybil
gelation, emulsion formation and stabilisation. Jédunctional properties are of importance to the
behaviour of proteins in a food matrix. Recent msichave suggested that TGase-mediated cross-
linking also has great potential for tissue engimeg textiles and leather processing, biotechnckig
tools and other non-food applications. Becausehef usefulness and generality of the enzymatic
reaction mediated by TGase, additional and novpliegtions of this enzyme in protein research and
technology are expected to be further explods). (

Fluorescent labelling

TGase has been often used for the enzymatic lagetlf proteins with fluorescent probes, as
alternative to chemical methods8-66. Most chemical probes developed over the yearkafelling
proteins involve the attachment of synthetic etgatilic moieties to the nucleophilic side chains of
amino acid residue®.g, -SH or -NH groups. However, these chemistries rarely aresgieific,
since there are multiple nucleophilic groups inratgin that can react with the labelling reagerdt,an
therefore, usually heterogeneous mixtures of pnaderivatives are produce6@l).

An enzymatic method for protein labelling basedttom use of TGase, as outlined in Fig. 14, can be
advantageous. This strategy involves the use dfimeric (fused) protein given by a tag or handle

Gln-peptide fused to the target protein. TGaseseduo ligate to the amide group of Gln an amino-

probe via an isopeptide bond and concomitant relehammonia. This technique has been used often
to attach covalently to proteins a fluorescent llaheh as dansyl, fluoresceine or Alexa-568. The
advantage of the TGase-mediated protein modifinatsides in the variability of useful probes that

can be attached to a protein and, in particulathersite-specificity of the reactiofid, 63.

CONH, CONH-(CH,)s
=" ©
] O—(CHz)s'NHz

GlIn-tag

A cadaverine-functionalised probe (red circle) can be linked
to a Gin-tag fused to a protein by TGase

Figure 14. TGase-mediated fluorescent labelling of a proteintémera. Th e scheme shows that the
strategy involves labelling a chimeric protein @ning a short peptide tag containing a Gln-residue
The tag can be linkjed to the N- or C-terminal efdhe target protein. The handle or tag is exmkcte
to lie outside the core of the globular protein @imas optimally exposed and flexible for actingaas
TGase substrate.
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TGase appears to offer several advantages foitéiemecific modification of target proteins, sinme
one side the TGase reaction can be specific fop#mtide only §3). It can be easily anticipated that
the peptide tag protrudes from the globular proseeffold, beings exposed to solvent and flexilnle a
not embedded in the protein core. Thus, the suadete TGase method of modification outlined in
Fig. 14 resides in the flexibility of the tag, thiasoring an easy and selective enzymatic reaction.

As an experimental proof of the proposal that thedte or tag attached to the N-or C-terminal end of
a globular protein should be exposed and flexilold #hus amenable to react with TGase, we can
recall the results of an experimental study coretlicin a chimera of lysozymé6). Recombinant
methods have been used to produce a chimera olveiiglysozyme (129-residues) linked at his C-
terminus to a 13-residue peptide containing thetihea Gin residue(s) of thechain of fibrinogen.
The authors were able to crystallise the proteirmeha and solve its 3D structure by X-ray
crystallography (PDB code 1LSG). It was found ttet C-terminal peptide lies outside the core of
lysozyme, while the protein chain is folded inte thative and catalytically active conformation.
Moreover, the C-terminal peptide was highly flegibas given by the high values Bffactor of its
chain. Of interest, the peptide tag attached tozysie was reactive towards Factor Xllla and was als
easily attacked by proteolytic enzymes.

PEGylation

Protein drugs may possess several shortcomings#ématimit their usefulness in therapy, including
susceptibility to degradation by proteases, rapidndy clearance and propensity to generate
neutralizing antibodies. Among the techniques s@&fplored for the development of safer and more
useful protein drugs, undeniably the protein swfanodification by covalent attachment of
poly(ethylene glycol) (PEG) became an extremelyuahle technique for producing protein drugs
more water-soluble, non-aggregating, non-immunagand more stable to proteolytic digestiéi-
70). The most used chemical methods for the PEGylaifgroteins involve the covalent conjugation
of PEG at the level of the-amino group of lysine residues by using acylaffeG derivatives. A
drawback of these procedures resides in multigkes sof conjugation and thus in the substantial
heterogeneity of the PEGylated proteins. Recerttlg, covalent binding of PEG by TGase was
reported as a promising method for protein surfaoéification to make better protein drugsi£56,

71, 7). It was shown that TGase can be successfully used to covalently link a PEG polymer to a
protein-bound GIn residue(s) by using an aminowdgiie of PEG (PEG-NE. The TGase-mediated
PEGylation of proteins of pharmaceutical interdsbves the advantages in being conducted under
physiological conditions and that the protein cgajies can be very homogeneous.

Metal-labelling

The TGase reaction allows a noteworthy versatiifyprotein substrates and ligands, since it is
possible to use, in theory, a large variety of bikyino ligands to be covalently bound to Gin ressl

of a protein by the enzymatic reaction (see FigAh)interesting possibility is to use a ligand etgi
capable of metal binding, so that it will be posito make a protein derivative capable to bind a
suitable metal ion. To this aim, a bifunctionalgeat (BFCA) should be used, containing both an
alkyl-amino group and a chelating moiety. Thisteigg based on the use of TGase has been recently
used with success for the enzymatic radio-labelihgntibodies 72 ,73. Indeed, it was possible to
prepare protein conjugates capable of binding radilides such as technetium or rhenium (99mTc or
186/188Re). These protein conjugates were pregdardatieir use in SPECT (Single-Photon Emission
Computed Tomography)/PET (Positron Emission Tomalgyadiagnosis and radiotherapy.

Previous chemical methods used for preparing riadieHed proteins mostly involved the use of
acylating agents, which suffer from the disadvaatimgreact with a variety of nucleophilic groups of
the protein, leading to heterogeneous mixturesratefn conjugates. Thus, the overall utility of sbe

chemical methods can be limited, since a well-gefimadio-labelled protein will be more easily
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characterized in terms of chemical identity andyd@stic or therapeutic efficacy. Consequentlysit i
evident that TGase can be considered a very uaafliversatile reagent for radio-labelling proteins,
since the enzymatic reaction can be performed updgsiological conditions and, moreover, the
reaction can occur selectively at one (or very fprofein-bound Gin residues.

6: Aims of the Thesis

The main aim of this PhD work is to examine thectieas mediated by microbial TGase using few
model proteins of known structure and dynamicsoriter to unravel the molecular features of the
protein substrate dictating the selective enzymataction at the level of glutamine (GIn), as vad|
lysine (Lys) residue(s). To this aim, experimenwravconducted on well-studied proteins such as
avidin, a-lactalbumin (LA) and apomyoglobin (apoMb). The B8anediated reactions made use of
primary amines as amino-donors, such as dansylkeada. Moreover, N-carbobenzoxy-GIn-Gly-OH
(ZQG) was used as acyl-donor for the TGase reatiorthis last case, we could analyse the reactive
Lys residues in a protein substrate. Indeed, thasEGeaction allows for permutation between acyl
donor and acceptors, so that it is possible to fyoaliprotein at the level of a GIn or Lys, as
schematically shown in Fig. 15.

TGase-mediated modification of a protein

(a) K + Q—@ Teﬂ, ‘KQ—@

Q0=

Two approaches are possible, i.e., (a) a ligand (L) derivatised with a glutamine (Q)
residue can be coupled by TGase to a protein-bound lysine (K) residue or (b) a lysine-mimicking
ligand (e.g., a primary alkylamine) can be attached to a glutamine residue. The ligand can be
a fluorescent probe, a biotin derivative, a drug entity or even a polymer (e.g., PEG-NH,).

Figure 15. TGase-mediated modification of a proteirat the level of a GIn or Lys residue

Microbial TGase will be used for all experimentspobtein modification. Preliminary data for the the
site-specific binding of metal-chelating moietias froteins has been also obtained. Since TGase
catalyses the formation of an amide bond betweersithe-chain of a protein-bound GIn residue and
an alkylamine moiety, in a protein a novel -CONH¥®iety can be introduced, where R can be an
amino-containing metal-chelating group. Peptidimpounds bearing the alkylamine moiety required
for the TGase reaction, as well as capable of thglanetals and radio-nuclides, will be synthesized
and used for the TGase-mediated metal- or radieiag of a protein. We plan to evaluate and test
the use apoMb as a model protein and to performs&@eactions under various reaction conditions
for efficiency and site-specificity of protein mdidation. The prospects of a successful outcome of
the proposed research are based on the fact that @xperiments conducted in our laboratory have
already shown that TGase reacts site-specificailly apoMb.
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The TGase reactions are being explored in our &bor using several protein models, as well as
proteins of therapeutic interest, such as humamwtrchormone (hGH), interferon (INF) and
granulocyte-colony stimalting factor (G-CSF). Tlesearch of this PhD Thesis was focused on the use
of a-lactalbumin, avidin and apomyoglobin (apoMb), pins that have been used before by us for
studying aspects of their structure, folding anabtity. Therefore, the idea was to take specific
advantage and benefit of our own knowledge andrexpee on these well-characterised proteins.
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1. Transglutaminase-mediated modification of
a-lactaloumin at the level of lysine and glutamine
residues: insights on the determinants of enzyme
specifity

INTRODUCTION

Structural features of a-lactalbumin a-lactaloumin  ¢-LA) is a globular
metalloprotein of low molecular weight (14178.1 Bxpressed exclusively in the mammary
gland secretory cells during lactation. It is orfetlee two components of lactose synthase,
which catalyses the final step in lactose biosysitheby transferring an UDP-galactose
residue on glucosél). a-LA possesses a single strong®Cainding site (2) and it is
frequently used as a simple model offChinding protein. The structure ofLA is also
stabilized by four disulfide bridges, between Cys20, 28-111, 61-77, and 73-91. The three-
dimensional structure of-LA consists of two domains: a largehelical domain and a small
B-sheet domain, connected by a calcium binding Igagure 1A). Thea-helical domain is
composed of four majax-helices A, B, C and D (amino acid residues 5-Bt32, 86-98 and
105-110) and two short;ghelices (amino acid residues 18-20 and 115-11B8&. dmallp-
domain is composed by a series of loops, a smiaktktranded antiparall@tsheet (amino
acid residues 41-44, 47-50 and 55-56) and a sheheBx between residues 77-89-4).

a-LA is able to bind several metal cations. It hasrayle strong calcium binding site,
situated in a loop between the two helices B andlt& calcium binding site is formed by
oxygen ligands from the carboxylic groups of thPesp residues (at positions 82, 87 and 88)
and from the two carbonyl groups of the peptidekbane of amino acid residues Lys79 and
Asp84. In addition, one or two water molecules tpke in direct coordinating a LA has
also several zinc binding sit€s) and it binds other physiologically significant icais, such
as Md*, Mn?*, Na" and K’, which can compete with &afor the same binding si{§). The
binding of C&" to o-LA is very important for the maintenance of theiveaconformation of
the protein. In particular, fluorescence and cacuichroism (CD) data showed that*Ga
binding causes marked changes in tertiary, butsegbndary structure. Calcium-binding
increases the thermo-stability afLA. From differential scanning calorimetry datdet
binding of C&" shifts the thermal transition to higher tempermsuby more than 40°(7).

The binding of metal cations also increases thalgiaof a-LA towards the action of
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Figure 1. Structure and amino acid sequence of bodidactalbumin. (A) Representation of the 3D
structure ofa-LA. The diagram was drawn using the PDB file 1H®#h the program WebLab
Viewer Pro 4.0 (Molecular Simulations Inc.). Theath segments corresponding dehelices are
colored in red anf-strands in blue. The four disulphide bonds areasgnted by violet sticks while a
solid grey sphere represents calcium ion. (B) Sehehthe secondary structure @fLA. The foura-
helices (A to D) along the 123-residue chain ofghetein are indicated by red boxes andstrands
by a blue box. The amino acid sequence of the alegiion 34-57 is explicitly shown and the sites of
limited proteolysis ofi-LA in its molten globule state by pepsin (P), thelysin (Th) and proteinase
K (K) are indicated by arrows. The sites of TGasalification are also indicated (GIn39, 43 and 54).
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denaturing agents like urea or guanidine hydroatdor(6). Therefore, any
denaturation transition LA (temperature/denaturant-induced) depends upotalmen
concentration, especially that of calcium ion. Thigght be related to some temperature
regulation ofa-LA stability and function in the mammary gland.€eThinding of other metal

ions induces similar, though smaller, protein dtred changes.

Analysis of partly folded statel recent years, numerous studies have been cauluct
on the partially folded or molten globule (MG) smithat proteins can adopt under specific
solvent conditions, such as at low pH, in the preseof moderate concentrations of
denaturants or after the removal of protein-boumdatmons or cofactor8-10) The interest
in MGs resides in the fact that they are considgnedein folding intermediates. The key
characteristics of a MG include a native-like set@y structure, lack of specific tertiary
interactions and a more expanded and flexible stradhan that of the native protgB+10)
The structural analysis of MGs was expected to ifewlt, since these states are not only
flexible but can also be an ensemble of conformatiso elucidating their structure by either
X-ray crystallography or NMR could be difficult ifiot impossible(11). Nevertheless,
developments in hydrogen/deuterium (H/D) exchangabined with two-dimensional NMR
spectroscopy, have provided quite detailed strattoformation for MGg11-13)

The limited proteolysis technique can be used @yae protein structure and dynamics
and, in particular, to identify disordered sitesregions within otherwise folded globular
proteins. The approach relies on the fact that greteolysis of a polypeptide substrate
requires its binding and adaptation at the proteasdive site and thus enhanced backbone
flexibility or local unfolding of the site of protdytic attack(14). In our laboratory, we have
shown that limited proteolysis experiments can beywseful in analysing the structural
features of MGs of several model proteins, suchu-&#\, lysozyme, apomyoglobin and
cytochromec. Overall, the chain regions identified as mobileumfolded by proteolysis
closely correlated with those detected by usingerofbhysicochemical and spectroscopic

measurements.

The molten globule af-lactaloumin.The conformational state ofLA exposed to acid
pH 2.0 (A-state) has been investigated in greatildeising a variety of experimental
approaches and techniques by numerous investiggtb+s8) As a result of these efforts,
nowadays the A-state ofLA is regarded as a prototype protein M&). Nuclear magnetic

resonance (NMR) and H/D exchange measurements |leevéaat a-LA in acid solution
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adopts a partly folded or MG state characterized ldjsordere@-domain, whereas the-
domain maintains substantial, albeit dynamic, la¢lsecondary structui@9-21)(see Figure
1).

The calcium-depleted form ofLA, as obtained by dissolving the protein at nalupH
in the presence of EDTA, also adopts a MG stateeatral pH, but a moderate heating is
required(17-18) There are discrepancies in the reported expetahessults and conflicting
proposals regarding the conformational state of-wpd, ranging from a classical MG
devoid of a cooperative thermal transition to atlpaiolded state with some native-like
properties and displaying instead cooperatiyify). Often it was assumed that apd-A, as
obtained for example by dissolving the proteinainn temperature in Tris buffer, pH 8.0,
containing a calcium chelating agent, adopts a NH¥es but this may not be true without
specifying ionic strength and temperature of thetgn solution. It became clear that the
conformational state adopted by aphA is strongly influenced by the specific solvent
conditions(17-18)

With the view to deduce conformational featuresi-4fA in its MG or partly folded state,
in our laboratory we have conducted a series oitdisnproteolysis experiments anLA
exposed to various mild perturbing conditions, sastexposing-LA in acid solution(22) or
at neutral pH in the presence of EDTA, trifluoraatbl or oleic acid23). The effect of the
fatty acid on the structural featuresocoL A was by us investigated, since it has been tegor
that an ill-defined oleic acidfLA complex displays the unusual, but interestipggperty of
killing tumour but not healthy cells by an apop$skke mechanisni24-25) It was found that
the various MGs ofr-LA obtained under different solvent conditions sllffered limited
proteolysis at a rather short portion of the 123ehee chain of the protein (see Figure 1B).
The conclusion reached from our studi@st, 22, 23, 26,)was that the chain region
approximately from residue 34 to 56, encompassingtrof the3-domain, was disordered,
while the rest of the protein chain remains fol@ded sufficiently rigid to resist proteolysis
(27-28) Therefore, proteolysis data are in agreement witle results of other
physicochemical measurements indicating that the dfGu-LA is characterized by an
unfolded-domain and a native-lika-domain(15, 19, 20, 2129). Since the protein in its
MG state retains a rather large portion of its pefgtide chain stable and rigid enough to
resist proteolysis, it was possible to remove sdely the 3-domain from the 123-residue
chain ofa-LA and to isolate a stable, folded “gapped” pnotgpecies given by fragment 1-34
covalently linked to fragment 54/57-123 by diswdfioridgeq27).
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Aims of the studyMicrobial transglutaminase (TGase) is able to lgatathe acyl
transfer reaction between thecarboxamide group of a protein-bound glutaminenjGind
the amino group of a protein-bound lysine (Lys).eCf the biotechnological applications of
this enzyme resides in its ability to produce anmresrely site-specific derivatization of
proteins at the level of GIn residues with diffdrgarimary amine containing substrates
(Figure 2a). The determinants of the exceptiopatsicity of TGase-mediated conjugation
of protein at the level of GIn residues seems aoéspond to sequence requirements but most
generally on the conformational features of thetgnosubstrate. In particular, we have
previously suggested that the main feature digdtme site-specific modification of protein-
bound GIn residues by TGase in a globular proteithe flexibility or local unfolding of the
chain region encompassing that resid{@®). However, TGase can also catalyse the
conjugation of GIn containing substrates to lysimésproteins but the selectivity of this
reaction and its potential biotechnological appimas have less been studied (Figure 2b).

Figure 2. Schematic drawing of the two possibilities (a abp of TGase-mediated protein

derivatization.

In this project, experiments of TGase-mediated lledgeboth at the level of Lys and
GIn residues were conducted on bouirkactalbumin, with the aim to compare the spediici
of TGase modification at the level of the two resisl.a-LA indeed contains a significative
number of GIn and Lys residues (6 and 12, respag)ithat can be potentially modified by
TGase (Fig. 3B). Moreover, it has long been studredur laboratory using the limited
proteolysis approach in order to unravel regionprofein disorder in its molten globule state
(see above). The TGase-mediated modification ofajh@ form ofa-LA has already been
extensively investigated under different experimmenbndition31-33) It was found that the
amino-donor dansylcadaverine was incorporated bgseGt GIn54 whea-LA was reacted
in its MG statg31-34) Oligomeric crosslinked-LA, obtained by incubating the apo-protein

with TGase in the presence of the disulfide-redyi@gent dithiothreitol, was shown to result
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from the covalent binding of GIn54 to several lysimesidues of the protein. In other studies,
it was found that the apo form @fLA was modified at GIn residues in position 39,81 54
(33) or positions 39, 43, 54 and 682). On the basis of these results reported in thealitire,
we have already commented that the GIn residuesfieshtby TGase occur a the same chain
region encompassing the sites of limited proteslysi several proteases @l A in its MG
state(30). In this study, we aim to analyse the reactivityin and Lys residues of the holo
and apo-form ofa-LA towards TGase under the same solution conditiosed in the
proteolysis experimen{23). Consequently, the sites of TGase-mediated deratain can be
compared with the sites of hydrolysis by proteaggsntified in limited proteolysis
experiments.

38



MATERIAL AND METHODS

Materials. TGase frontStreptomyces mobaraensigs purchased from Ajinomoto Co.
(Tokyo, Japan), whereas boviad A (a-LA, type |, calcium saturated) and V8-proteaserfro
Staphylococcus aureusere from Sigma-Aldrich (Milwaukee, WI, USA). Caflrenzoxy-L-
glutamyl-glycine (ZQG) and dansylcadaverine (DC)ravepurchased from Sigma while
porcine trypsin was from Promega (Madison, WI, USAJl other chemicals where
purchased from Sigma. The activity of TGase sohgtiwvas measured as described in Chapter
2 (Material and Methods).

TGase-mediated conjugation @fLA to DC and ZQGoa-LA was dissolved in buffer
20 mM Tris, 5 mM EDTA pH 7.5 for ape-LA and in 20 mM Tris, 8 mM CagGlpH 7.5 for
the holo from of the protein. The concentrationtled protein solutions (~ 0.9 mg/ml) was
measured on the basis of the absorbance at 280extimction coefficient of 2.1 mg/ml,
according to Gill and von Hippel, 19495)). The apo- and hola-LA solutions were mixed
with a solution 20 mg/ml of DC (in DMSOQO) at a motlatio of 1:30 while TGase was added
to the reaction mixture at an enzyme:substrate) (B&t# of 1/50 by weight. The reaction was
allowed to proceed at 37 °C and aliquots were cwtkafter 0, 1, 5, 10, and 20 min fro apo-
a-LA and 0, 30 min and 2 hours for haetA. The reactions were stopped by addition of an
equal volume of an aqueous solution of 1% TFA. éditp of the reaction were analyzed by
RP-HPLC using an Agilent series 1100 HPLC with aine UV detection from Agilent
Technologies (Waldbroon, Germany). RP-HPLC analysese performed on a C4
Phenomenex column (150 x 4.6 mm) applying a twpsstgadient of acetonitrile (AcCN),
0.085 % TFA and water, 0.1 % TFA: from 5 to 30 %AafCN in 5 min and from 30 to 50%
in 20 min. Fractions collected from the RP-HPLClgs@s were lyophilized and analyzed by
MS.

For the derivatization with ZQG, the same solutiohgpo- and hole-LA described
for the modification with DC were used. We addedhe two protein solutions ZQG (34
mg/ml in DMSO) at a molar ratio with the proteinTob0 and TGase at an E/S ratio of 1/50,
by weight. The reaction mixtures were incubated3atC and stopped by addition of a
solution of iodoacetamibe (final concentration 1M0). Aliquots were removed after 0, 5, 15,
30 min and 1 and 2 hours both for holo- and agdA and analysed by RP-HPLC as

described above for the reaction with DC.

Proteolytic digestion of modifiegtLA. Nativea-LA and DC- or ZQG-modifiedi-LA

were dissolved in 50 mM NMHCO; (final protein concentration ~ g#) and a stock

39



solution containing V8-protease and trypsin waseddb obtain final E/S ratios of 1/25 for
V8-protease and 1/50 for trypsin (by weight). Pobtses were let to proceed at 37°C
overnight and then acidified with an acqueous smhubf 1% formic acid, 7 mM TCEP to
obtain a final concentration of 2.5 mM TCEP. Samaplere then incubated for 3 hours at
37°C to allow the reduction of the disulphide borasl then analysed analysed by ESI-MS
and MS/MS.

Mass spectrometry analysédass spectrometry based analyses were performéd wit
a Micromass mass spectrometer Q-Tof Micro (ManamnestUK) equipped with an
electrospray source (ESI-MS). Samples were disdoived.1% formic acid in ACN: water
(1:1) and analyzed in MS and MS/MS mode. The measents were conducted at a capillary
voltage of 3 kV and at a cone and extractor volagfe35 and 1 V, respectively (positive ion
mode). Tandem MS (MS/MS) analyses of the modifiegtioles were conducted on the Q-Tof
Micro mass spectrometer at variable collision epergues and using argon as collision gas.
External calibration was performed using a soludr0.1% (v/v) phosphoric acid in 50%
(v/v) aqueous acetonitrile for peptide mass deteation, whereas for protein analysis a
solution of 10 uM horse heart apomyoglobin in 50#&)(aqueous acetonitrile, 0.1% (v/v)
formic acid was used. Instrument control, data &itjon and processing were achieved with
Masslynx software (Micromass).

40



RESULTS AND DISCUSSION

2.1.Derivatization at the level of GIn residues usiranslyl cadaverineThe presence
of GIn residues reactive towards TGase was analysed) dansylcadaverine (DC) as model
substrate since it contains a primary amine thatgeod amino donor (Figure 3A). The time
course of the reaction was followed by RP-HPLC sialof the reaction mixture at different
time of incubation followed by ESI-MS analysis diet protein material eluted in the
chromatographic peaks (Figure 4 and Table 1). & was incubated a 37°C with TGase
(E/S 1/50 by weight) in the presence of 30 molaress of DC. Under these conditions, the
derivatization of some GIn residues of the protiours very quickly as it can be observed
from the RP-HPLC analyses of the reaction mixtdterabone and ten minutes of incubation
(Figure 4, left). Indeed, already after ten minutes chromatographic peak corresponding to
the native protein disappeared and two new peaksletected. By ESI-MS analysis of the
protein material eluted in these peaks, we detexdhthe formation of mono-, bi- and three-
DC derivatives of the protein (Table 1). In orderdentify the first sites of modification, we
analysed by RP-HPLC the reaction mixture after omeute of incubation and we detected
the presence of native protein and of a mono-dévivaspecies eluting at a slightly higher
retention time. The-LA °© derivative collected after one minute of reactieas subjected to
trypsin and V8 protease hydrolysis. MS analysithefdigest followed by MS/MS analysis of
the modified peptides allowed to identify the fisgies of TGase modification in GIn39 and in
much lower percent in GIn54 (Table 2; Figure 5)e Bame analysis was performed on the bi-
and tri-DC derivatives isolated after 10 minutesreéction and GIn43 and GIn65 were
identified as secondary sites of modification (Eab).

Clearly, the TGase-mediated derivatization of @ia residues of apa-LA is quite
site-specific and most interestingly, the modifiedidues are all located in the same chain
region encompassing the sites of limited proteslysi several proteases @i A in its MG
state (Fig. 1B). We investigated under the samalitions the reactivity to TGase of the
calcium bound form of the protein (hodeLA). Holo-aLA is resistant to protease hydrolysis
and as expected it is also resistant to modificatip TGase at the level of GIn residues since
after 10 minutes of reaction we did not observes ghoduction of any derivative (data not
shown). Therefore, a mechanism of local unfoldirigthee B-domain ina-LA appears to

strongly facilitate both proteolysis and TGase tieas.
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Figure 3. Substrates of TGase used in this study. (A) Chalmstructures of carbobenzoxy-L-
glutamyl-glycine (ZQG) anddansylcadaverine (DC). (B) Amino acid sequence a¥ire o-LA
(Swiss-Prot entry PO0711). Lys and GIn residuesmg@l sites of the TGase-mediated derivatization
are shown in bold black. The fouthelices along the 123-residue chain of the pragegnindicated by
red boxes and the thr@estrands that are destabilized in apbA by dashed blue boxes.
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Figure 4. TGase-mediated conjugation at Gln and Lys residfiepo-LA. RP-HPLC analyses of the
TGase-conjugated derivatives of apbA. A dash-dotted line indicates the chromatograrhaative
apoa-LA, the straight line the DC- and ZQG-conjugatpades at the different times of reaction. *
The derivatization of GIn54 after 1 minute of reéacthas been detected by MS at trace level.

2.2.Derivatization at the level of Lys residues usiagoobenzoxy-L-glutamyl-glycine.
In order to identify Lys residues in theLA sequence that can be modified by TGase, the
protein was incubated at 37°C with TGase (E/S 1/0,weight) and carbobenzoxy-L-
glutamyl-glycine (ZQG) at a 50 molar excess in eztgoa-LA. ZQG is a GIn containing
substrate that is efficiently conjugated to Lysidess by the TGase catalysed reaction. RP-

HPLC analysis of the reaction mixtures indicatedt tthe derivatization of ap@LA with
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TGase in the presence of ZQG proceeds much mondysiben with DC. Indeed, after five
minutes of reaction a new chromatographic peak \itklightly higher retention time in
respect to the native protein is detected butaingha low intensity (Fig. 4, right). This peak
was shown by ESI-MS analysis to contain a monodavig ofa-LA with ZQG (Table 1).

Table 1. Molecular masses @fLA anda-LA derivatives.

molecular mass (Da)

protein species

found® calculated
o-LA 14178.84 14178.06
0-LA1#QC 14498.85 14498.36
a-LA%4R¢ 14819.45 14818.66
o-LA 3R 15139.58 15138.97
o-LAPMER 28340.69 28339.09
o-LAPMER.12QC 28660.93 28659.42
o-LA PMER.22QC 28980.50 28979.75
o-LA PMER.32QC 29301.52 29300.08
a-LAPC 14496.48 14496.50
a-LAZPC 14815.19 14814.94
o-LA3PC 15133.18 15133.25

2 Experimental molecular masses determined by ESI°M&lculated molecular masses.

Interestingly, trypsin and V8 protease digestiorihi$ conjugation product and MS analysis
of the digest allowed to identify four differentitial sites of modification and in particular
Lys16, Lys58, Lys114 and Lys122 (Table 2). The RP-B chromatogram of the reaction
mixture after 2 hours of incubation showed sti# firesence of the peak corresponding to the
native protein and four more poorly separated p#akisby MS were shown to contain mono-,
bi and tri-ZQG derivatives ai-LA (Table 1). After this time of incubation, wesal detected
the presence of dimers of the protein and dimecispeonjugated to one to three molecules
of ZQG.

Overall, the TGase-mediated derivatization soEA at the level of Lys residues
proceeds much more slowly and with low specifigityrespect to the derivatization at the
level of GIn residues. The reason of these resaltsbe envisaged in the absence of lysines in
the amino acid sequence encompassing the denatfrateet region. Indeed, among the Lys

residues that are modified by TGase, only Lys 38dated nearby th@gsheet region of the
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Table 2. Molecular masses of the fragments obtained upgestion with trypsin and V8
protease and reduction with TCEPweEA and its derivatives.

i molecular mass (Da
LA derivative fragmerit site of (Da)
conjugation found calculatefl
a-LA 26-49 2716.27 2716.17
32-49 1979.05 1978.85
50-58 1095.61 1095.57
59-79 2419.28 2419.04
63-79 1888.95 1888.77
115-123 1146.61 1146.57
14-25 - 1233.62
50—62 - 1625.84
109-122 - 1664.79
Apo-o-LA*P¢ 26-49 GIn39°¢ 3034.62 3034.31
32-49 GIn39° 2297.22 2296.99
50-58 GIn54° 1413.90 1413.71
Apo-a-LAZP¢
(a-LAPC, o- 26-49 GIn39° 3034.53 3034.31
LASDC)
50-58 GIn54° 1413.82 1413.71
GIn39°,
32-49 ainaPC 2615.35 2615.13
59-79 GIn65°© 2737.40 2737.18
63-79 GIn65°© 2207.07 2206.91
Holo-o-LA Q€ 115-123 Lys12°C 1466.77 1466.68
Apo-o-LA Q¢ 14-25 Lys16¢ 1553.79 1553.72
50-62 Lys58°° 1945.97 1945.94
109-122 Lys114° 1984.95 1984.89
115-123 Lys12°C¢ 1466.74 1466.68

% Only the molecular masses of the fragments whightain the GIn and Lys residues
derivatised with DC or ZQG are reportédExperimental molecular masses determined by
ESI-MS.© Monoisotopic molecular masses calculated fromatihéno acid sequence @fLA.
4The site of derivatization was determined by MS/Mlysis due to the presence of two Gln
residues in this fragment (data not shownfragment 32-49 ofi-LA is generated by
aspecific cleavage of trypsin at the level of tleptmle bond Phe31-His32. The identity of
this fragment has been confirmed by MS/MS analydie site of derivatization was also
determined by MS/MS analysis due to the presente®fGIn residues in this fragment (Fig.
5). ' Since this fragment is isobaric with fragment 8+h6dified with ZQG at Lys13, its
identity has been determined by MS/MS (Figure 8).
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Figure 5. Electrospray MS/MS mass spectrum of peptide 3244&1oA modified with DC (Top).
Fragments of the series b and y that were idedtifiethe MS/MS spectrum are indicated on the
sequence of the peptide. GIn39 is indicated inagdyc. (Bottom) In the MS/MS spectrum, ions
assigned to fragments of the series y and b aieatedl. The fragment’ly indentified in the MS/MS
spectrum contain GIn39 and show a mass increnoerésponding to the conjugation with DC.

protein. The other modified Lys residues are dsted along the sequence wLA albeit
outside regions ofi-helical structure (Figure 3B). We suggest thamngeapoe-LA in a
relaxed and flexible conformational state, TGase darivatise Lys residues outside the
denaturated3-sheet region but with low efficiency. Interestipglwe performed a limited
proteolysis experiments on ape-A with trypsin, a protease that specifically hghyrses
polypeptide chains at the level of Lys and Argdess (Figure 6, Table 3)). Even with trypsin,
we identified seven different initial sites of nicg that are distribute at random along the
polypeptide chain ofi-LA and we can explain this results with the oba&pbn that Lys and
Arg residues are absent in the most flexible deedtgsheet region. We can conclude that
even in the case of the derivatization of Lys neeg] TGase shows a specifity similar to that

observed by proteases.
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Figure 6. Limited proteolysis of apa-LA with trypsin. RP-HPLC analysis of the reactiomxture of
apoa-LA with trypsin after 15 min of incubation. In tlehromatogram, the identities of the different
nicked species are indicated.

Table 3. Molecular masses measured for the nicked forms-bfA produced by limited
proteolysis with trypsin after reduction with TCEP.

nickel species reduced molecular mass (Da)
fragment found? calculatef

1-10/11-123 11‘_123 112%2117-.}5% 1122;511.§:8
1-13/14-123 1}{_33 112%2716-%2 112652811.§zs3
1-16/17-123 1%‘_123 11292722-'7991 1129;2549:1
1-93/94-123 9}1'_?23 1305%?-7986 13%654?.8%8
1-94/95-123 9?323 13(1172783.-1182 13(11722375005
1-10/17-123 1%‘_123 112224;%%51 1122;224?1

e
1-58/59-123 5;:?23 ggég:gi ggéggg
1-10/11-123 11‘_1(2’3 1123317-23(% 11225511.?8
1-13/14-123 1}1'_123 112%2716-'%2 11265281i§253

2 Experimental molecular masses determined by ESI-MSalculated molecular masses
considering the cysteine residues in a reduced.fofiime 4 Da difference of the found mass

in respect to the calculated mass is due to theepoe of 4 cysteine residues in an oxidised
form.
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We tested also the reactivity of hatel-A towards the TGase mediated derivatization
of Lys residues. Interestingly, incubation of hald-A with ZQG and TGase leads to the
quantitative modification of the protein, as sholnthe RP-HPLC analysis of the reaction
mixture after 2 hours of incubation (Fig. 7A). B88 analysis allowed to confirm that the
product of the reaction is a mono-ZQG derivativeadfA (Table 1). Mass fingerprinting
analysis of thisa-LA € derivative allowed to identify in Lys122 the si®é modification
(Table 2, Fig. 8). Hola-LA is the native stable conformational state @& gnotein. However,
the reactivity of Lys122 can be explained in ligiithe B-factor profile derived from the X-
ray structure of the holo-protein (Fig. 78)). Indeed, the B-factor values of the polypeptide
backbone are very high in proximity of the C-terosn(residues Lys122-Leul23) indicating
that the polypeptide chain is highly flexible. Weanc conclude that similarly to the
derivatizaion of GIn residues, also the selectialification of holoe-LA at the level of Lys
residues is dictated by the presence of Lys122 imrdolded/disordered region of the protein.

In conclusion, in this study we demonstrated thatilarly to the specificity of
protease hydrolysis in limited proteolysis expenmise also the TGase-mediated site-specific
derivatisation of GIn and Lys residueswtA depends on the presence of these residues at
the level highly flexible or unfolded regions ofetipolypeptide chain of the protein. Indeed,
when this requirement is not fulfiled we observe derivatization, as in the case of the
resistance of hole-LA to GIn modification. On the other end, in hala:-A the presence of
only one Lys at the level of the highly flexible t€minus of the protein leads to the
quantitative production of a mono-ZQ&LA derivative. This result in particular suggests
that TGase can be used to selectively modiitd\ at the level of Lys residues. On this basis,
in general we suggest that also the derivatizatbrtysine residues by TGase can have
important biotechnological applications since ihdae exploited for site-specific protein
labelling.
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Figure 7. TGase-mediated conjugation at GIn residues of-hdlé. (A) RP-HPLC analyses of the
TGase-conjugated derivatives of hald-A with ZQG after 0 (dashed line) and 2 (straighe) hours
of reaction. (B) Plot of the backbomefactor along the 123-residue polypeptide chaimab-o-LA
(PDB file 1HFZ; Pike et al., 1996). The positionlgfs122 is indicated by an arrow.
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Figure 8. Electrospray MS/MS mass spectrum of the doublegethion at 734.32 m/z of peptide
115-123 ofa-LA modified with ZQG. (Top) Fragments of the s=ib and y that were identified in

the MS/MS spectrum are indicated on the sequendéeopeptide. Lys122 is indicated in bold as
K125%C. (Bottom) In the MS/MS spectrum, ions assignedrémments of the series y and b are
indicated. The fragment,ypdentified in the MS/MS spectrum contain  Lysl1@&2d show a mass

increment corresponding to the conjugation with ZQG
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2. Site-specific avidin-protein conjugation
using microbial transglutaminase

INTRODUCTION

Avidin: structural features and biotin binding pregpies. Avidin is a homotetrameric
glycoprotein found in the chicken egg-white and sdnaame originates from the high affinity
of this protein for biotin(1). The avidin tetramer (molecular weight ~ 64 kBDagomposed of
four identical polypeptide chains of 128 aminoacidth a disulphide bond between residues
Cys4 e Cys83 and glycosylated at the level of AsfFig1A). Each subunits can bind biotin
with the highest affinity known in nature for a feim-ligand interactiond ~10*°M) and
under physiological conditions, the binding caneesally be considered irreversible (2-3).
This interaction is indeed unaffected by extremkeghh, temperature, organic solvents and
other denaturing agents requiring 6-8 M guanidinchtoride pH 1.5, 120°C for 15 minutes
in order to be dissociate@d). This tight interaction has been utilized during thast three
decades for various applications in life sciencepurify, probe, and target various materials
bothin vitro andin vivo (5).

X-ray structures of both the apo for(@-8) and the holo form of avidi6, 9) are
known at high resolution. The 3D crystal structaféhe avidin monomer is characterised by
the presence of eight antiparallel succesghgtrands and the overall shape is that ¢ a
barrel (Fig. 1B). The quaternary structure of avidnd its bacterial analogue streptavidin
consists of a dimer of dimers (Fig. @0). Each avidin dimer is stabilised by an intimate set
of intramolecular interactions that occur at theeiface between two monomers, referred to
as the 1-4 monomer—monomer interaction. The sthotggaction at the 1-4 interface is a
product of the cooperativity between extensive paad hydrophobic interactions, in
particular between residues Asn54 and Asn69, each dpposite monomers. In contrast, the
dimer—dimer interface is less intricate and invelvevo types of monomer—monomer
interfaces, named the 1-2 and 1-3 interfaces. iiteeface between monomers 1 and 3 in
avidin is maintained by only three interacting desis from each monomer (Vall1l5, Met96

and lle117), while the 1-2 interface involves mgififp110 contributed by each
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Figure 1. Sequence and 3D structure of chicken avidin. (A)ifoacid sequence of chicken avidin
(Swiss-Prot entry P02701). Residues potential sitdlse TGase-mediated derivatization are shown in
bold black for Lys residues and in bold blue fon@sidues. Lys58 and Lys127 that are the sites of
TGase modification are underlined. Asnl17 whichhis site of glycosilation is indicated in bold red.
The eightp-strands along the 128-residue chain of the praieinindicated by grey arrows. (B) 3D
structure of Avidin (PDB file 1AVD, Pugliese et ,al993). The biotin molecule is shown in green,

while Lys58 and Lys127 are coloured in blue. (Ce@ital structure of biotin.
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monomer and located on loop between strands 7 amti$ last interaction becomes
stronger upon interaction of the avidin tetramethwbiotin, stabilising the quaternary
structure of the protein. Introducing mutation WK18nd N54A in the avidin sequence
produced a monomeric avidin form that binds bidtira reversible manner (-10%M) and
that can be usefull in some applicati¢hs).
The biotin binding site is positioned at one endtlo¢ avidin barrel (Fig.1B) and is
characterised by several aromatic and polar resith@ are involved in the tight binding.
This binding pocket maintains a strong shape comeigarity for the ligand also in the apo
form of the protein, a characteristic that is comnb@ many high affinity interaction®, 10).
Indeed, in the absence of biotin five water molesidre situated in the biotin-binding pocket
that are then replaced by the ligand. After bibimding, some modulations of the tertiary and
quaternary structure of avidin also take placepdrticular, the loop between strands 3 and 4
(residues 36—44) that is flexible in the apo-forith@ protein becomes ordered and locks the
ligand in the binding sit€6) since three aminoacid residues of this loop pmadditional
interactions with biotin. Interestingly, limited qieolysis experiments confirmed this
conformational change. Indeed, hydrolysis of apaiawvith the fungal proteinase K occurs
at this loop betweef-strands 3 and 4, specifically cleaving peptidedsomhr40—Ser41 and
Asn42-Glu43(12), while biotin binding makes the protein fully resist to proteolysis.
Overall, binding of biotin does not lead to majdteations of protein structure, but it
significantly protects avidin against the actiondeinaturing agents. In particular, the heat
stability of the avidin-biotin complex is signifioly enhanced (Tm 132°C) in respect to that
of the apo form (Tm 85°Q(L3).

Biotechnological applications of the avidin-biotimteraction. Avidin and its bacterial
analogue streptavidin are widely used protein ffedént fields of biotechnology where their
extremely high affinity toward biotin is exploited4). The avidin-biotin technologyas
indeed several applications due to the ease witltchwhiotin can be coupled to several
molecules without compromising the avidin-biotirteiraction or the function of the target
molecule (Fig. 3A). Among the diverse applicatiafighis protein-ligand interaction there is
affinity chromatography where avidin is immobilsed a matrix and it allows to selectively
purify biotinilated peptides and proteins. Seveapplications are also in protein detection
since biotinylated primary or secondary antibodias be detected
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Figure 2. Scheme of the homotetrameric structure of avidine ribbon diagram (top,) and the
cartoon (bottom) show the relative arrangementh&f tour monomers in the avidin quaternary
structure. The tetramer at right is rotated clogenvby 90° along the vertical axis. The intimate
interaction of the 1-4 monomer-monomer interfacelésrly visible in the figure at left. The contact
surface at the dimer-dimer interface is shown @nripght (this image is from Eisenberg-Domovich et
al., 2005)

with avidin conjugated to either fluorescent or ynatic detection reagents (Fig. 3B).
Common assays using this format include immunobisgmistry, Western blotting and
ELISA. The main advantage of this approach is thesbility to amplify the signal of the
original protein enabling the detection of protexpressed at low levels. Nowadays, avidin
has also clinical applications(15). For example it is usedfor pre-targeted
radioimmunotherapy, whichs based on the injection in patients of avidinizody
conjugates, following by injection of biotinilateddionuclide complexl16).

Aims of the studyln this PhD project we aimed to study the reastiaf avidin
towards TGase. Clearly, the possibility to seledtivmodify avidin at the level of GIn and
Lys residues can have important implications fa $keveral biotechnological applications of
this protein. Nowadays, the production of avidioipin conjugates is achieved by chemical
methods based on the use of bifunctional reagertig molecular biology techniqués7-20).

While chemical methods are not specific and theégrofead to heterogeneous products with
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lowered activity, the DNA based techniques are taoesuming and they need a great effort
in their optimization. The site-specific modifiaati of avidin mediated by microbial TGase
can thus be an alternative and usefull methodHerdonjugation of avidin to proteins and

small molecules.

A*_I_x‘l‘
.

Avidin Biotin conjugate Avidin-Biotin Complex

5 * e * P & Anyreporter
® B Icg S Biotinylation
*“1% %H‘ o,ﬂé nl * x Avidin/Streptavidin

,,w* .b *W‘ A Secgndan

A fime
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Figure 3. Avidin-biotin technology. (A) Schematic of the dn-biotin interaction. Avidin can bind up
to four biotin molecules, which are normally corated to an enzyme, antibody or target protein to
form an avidin-biotin complex. T denotes that avidi also often conjugated to an antibody, target
protein or immobilized support. (B) Schematic ofjr&l amplification by avidin-biotin complex
fromation. This image is taken from Pierce web@ite/w.piercenet.com).
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MATERIALS AND METHODS

Materials. Transglutaminase (TGase) (1000 units/mg proteimlaisd from
Streptoverticillium mobaraenseas purchased from Ajinomoto Co. (Tokyo, Japan)@ase
MP. Carbobenzoxy-L-glutamyl-glycine (ZQG) and ddonagaverine (DC) were purchased
from Sigma-Aldrich (Milwaukee, WI, USA). Porcineypsin was from Promega (Madison,
WI, USA). All other chemicals were of analyticalageent grade and were obtained from
Sigma or Fluka. Avidin was purchased from Belovag®gne, Belgium).

Activity of TGase solutionsThe activity of the solutions of TGase was deteediby
hydroxamate formation in the enzyme catalysed i@adbetween the substrate ZQG and
hydroxylamine. Prior to the assay, the concentnattd TGase was determined from its
absorbance at 280 nm according to Gill and von &ligpl) (extinction coefficient of 1.89
mg/ml). The assay was performed in a total 0.5 fnalnoenzyme-substrate solution containing
0.1 M hydroxylamine, 0.1 ml of enzyme and 30 mM Z@®.1 M phosphate buffer pH 7.0.
Reaction was kept at 37 °C for 10 minutes and €dpysing an equal volume of a solution
obtained upon mixing a solution of 5% FeGh 0.1 N HCI and a solution of 12 %
trichloroacetic acid in kD at a ratio of 1:3 by volume, respectively. Ogtidansity was
recorded with a Perkin Elmer spectrofometer at 25 which measures the formation of the
colored F&- hydroxamate complex. A standard plot was preparsidg different known
concentrations of L-glutamic acidmonohydroxamate. One unit of TGase was defindtiexs
formation of 1 micromole of hydroxamate per mir8at°C.

Mass spectrometry analysédass spectrometry based analyses were performéd wit
a Micromass mass spectrometer Q-Tof Micro (Man&mnestUK) equipped with an
electrospray source (ESI-MS). Samples were disdoined.1% formic acid in ACN: water
(1:1) and analyzed in MS and MS/MS mode. The measents were conducted at a capillary
voltage of 3 kV and at a cone and extractor vokagfe35 and 1 V, respectively (positive ion
mode). Tandem MS (MS/MS) analyses of the modifieptioles were conducted on the Q-Tof
Micro mass spectrometer at variable collision epergjues and using argon as collision gas.
External calibration was performed using a solutdr0.1% (v/v) phosphoric acid in 50%
(v/v) aqueous acetonitrile for peptide mass deteation, whereas for protein analysis a
solution of 10 uM horse heart apomyoglobin in 50#&)(aqueous acetonitrile, 0.1% (v/v)
formic acid was used. Instrument control, data &gitjpn and processing were achieved with

masslynx software (Micromass).
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TGase-mediated conjugation of avidin to DC and Z@@idin was dissolved in
buffer 0.1M NaH2PO4 pH 7.0 and the concentratiothefprotein solution was measured on
the basis of the absorbance at 280 nm (extinctefficient of 2.01 mg/ml, according to Gill
and von Hippel(21)). The avidin solution was mixed with a solution 2@/ml of DC (in
methanol) at a molar ratio of 1:50 and to obtaiimal protein concentration of 0.8 mg/ml.
TGase was added to the reaction mixture at an ezsyistrate (E/S) ratio of 1/25 by weight
and the reaction was allowed to proceed at 37 t{Q4ohours. Aliquots of 150 pug were
collected after 0, 6 and 24 hours and the reactias stopped by addition of an equal volume
of an aqueous solution of 1% TFA. Since DC int&$ewith the RP-HPLC analyses, it was
partially removed from the reaction mixture using/XXSPIN 500 with a membrane cut-off
of 3000 MW (VIVASCIENCE, Stonehouse, UK). Aliquod$ the reaction were analyzed by
RP-HPLC using an Agilent series 1100 HPLC with aine UV detection from Agilent
Technologies (Waldbroon, Germany). RP-HPLC analysege performed on a C4
Phenomenex column (150 x 4.6 mm) applying a thtegssgradient of acetonitrile (AcCN),
0.085 % TFA and water, 0.1 % TFA: from 5 to 22 %AcfCN in 5 min, from 22 to 50% in 17
min and from 22 to 95% in 3 min. Fractions collecfeom the RP-HPLC analyses were
lyophilized and analyzed by MS.

For the derivatization with ZQG, a solution of amidn 0.1M NaH2PO4 pH 7.0 was
mixed with a solution 34 mg/ml of ZQG (in DMSO)aimolar ratio of 1:50 obtaining a final
concentration of avidin of 0.7 mg/ml. The reactimixture was incubated at 37 °C with
TGase at an E/S ratio of 1/5, by weight. Aliquot4.00 ug were removed after 0 and 5 hours
of incubation and the reaction was stopped by smudiof an equal volume of 100 uM
iodacetamide aqueous solution. RP-HPLC analys#éseafeaction aliquots were performed as
described above for the reaction with DC.

Trypsin digestion of avidin modified with ZQ@®vidin modified with ZQG was
dissolved in 50 mM Tris-HCI pH 8.5, 8 M urea, 5 MIMEP at a concentration of 2.5 mg/ml
and incubated for 15 min at RT. lodacetamide wakeddit a final concentration of 25 mM
and the solution was further incubated in the dark2Z0 min at RT. The avidin sample was
then diluted with 50 mM NH4HCO3 pH 8.5 to obtairfimal urea concentration of 2 M.
Trypsin was added at an E/S 1/100 and the digestias allowed to proceed at 37° C
overnight. The proteolysis reaction was stoppedatlging an equal volume of an agueous
solution of 1 % TFA and analyzed by RP-HPLC as diesd above for the reaction with DC.
The peptide material collected from the chromatphi@separation was analysed by ESI-MS
and MS/MS.
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TGase mediated conjugation of avidin to GM-CSM-CSF was dissolved in buffer
0.1M NaH2PO4 pH 7.0 and protein concentration wasasured on the basis of the
absorbance at 280 nm (extinction coefficient 088.9ng/ml (Gill and von Hippel21))). A
solution of avidin in 0.1M NaH2PO4 pH 7.0 was mixedh a solution of GM-CSF in the
same buffer at a molar ratio of 1:2 obtaining finahcentrations of 1 mg/ml for avidin and 2
mg/ml for GM-CSF. After addition of TGase at an E#fo of 1/20, by weight, the reaction
mixture was incubated at 37 °C. Aliquots of 8§ (total protein content) were removed from
the reaction mixture after 0, 1 and 5 hours andtell with an equal volume of an aqueous
solution of 1% TFA. 5ug of each aliquots were analyzed by SDS-PAGE uairig% gel
prepared according to Laemn{2).

Coomassie-stained protein bands were excised awglinligested, as previously
described(23). Protein digests were resuspended in 0.1% formid @and analysed by LC-
MS/MS. LC-MS/MS analyses were performed on a Miaesm CapLC unit (Waters)
interfaced to a Micromass Q-Tof Micro mass specatmn (Waters) equipped with a
nanospray source. Tryptic digests were loaded fadvwarate of 20 pl/min onto an Atlantis
dC18 Trap Column. After valve switching, the samplas separated on an AtlantigsC
column (150 x 0.075 mm, 3j&m particle size) (Waters) at a flow rate of 4.8niff using a
gradient from 5% B to 55% B in 37 min and from 5&8/@5% B% in 5 min (solvent A: 95%
H.0, 5% acetonitrile, 0.1% formic acid; solvent B: 3940, 95% acetonitrile, 0.1% formic
acid). Instrument control, data acquisition andcpesing were achieved with MassLynx V4.1
software (Waters). MS/MS data were analysed byadhiene MASCOT software (Matrix

Science, http:ww.matrixscience.cojn against the entire Swiss-Prot database (release

2011_10). The following parameters were used inMASCOT search: trypsin specificity;
maximum number of missed cleavages: 3; fixed medlibn: carbamidomethyl (Cys);
variable modifications: oxidation (Met); peptide ssatolerance: = 0.5 Da; fragment mass
tolerance: £ 0.5 Da; protein mass: unrestrictedssnalues: monoisotopic.

Analysis of the aggregation state of avidin modifrath ZQG.The quaternary status
of avidin and avidin conjugated to ZQG was deteadiby fast-flow liquid chromatography
(FPLC) performed on a Superd®x 75 HR10/30 (Pharmacia) a using an AKTA FPLC
instrument (Amersham Biosciences, Sweden). Saniptegg) of avidin and avidin modified
with ZQG with or without biotin were loaded on thgel filtration column and
chromatography was performed at a flow rate off@/min in 0.65 M NaCl. The column was
calibrated using bovine serum albumin, ovalbumarbonic anhydrase andlactalbumin as

molecular weigth markers. In order to analyze awvigbund to biotin, samples of avidin and
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the avidin-ZQG reaction mixture after 5 hours o€tubation were mixed with an equal
volume of 0.22 mg/ml of biotin solution in 0.1M NgPO, pH 7.0, followed by incubation at
RT for 20 min under shaking.

Heat stability experiments were performed accordmd@ayer et al(24). Briefly,
samples of fug of avidin and of the reaction mixture containegdin modified with ZQG
with and without biotin were lyophilized and theissblved in Laemmli sample buffer. The
protein solutions were incubated a 100°C for 20 bwfore being analyzed by SDS-PAGE
(22).

Biotin-binding assaysI'he HABA colorimetric assay for avidin was perfoun&ccording to
Green et al(25).
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RESULTS

2.1. Characterization by ESI-MS of avidin from eglite. Avidin purify from egg
yolk is glycosilated and analysis of the carboht@lrandicated an extensive glycan
microheterogeneity26). We analysed by ESI-MS the sample of avidin usethenTGase
derivatization reactions (Fig. 4). The mass spectconfirmed the heterogeneity of the avidin
sample since several different molecular masselsl dmumeasured. Neither the less, we took
as reference the three main isoforms of avidinfdisos A-C), whose mass values can be
assigned to a specific glycan composition in maenand N-acetylglucosamine (Table 1)

(26). No m/z signals of deglycosilated avidin were dietec

T (APPSO PORMLARAS o Rl LR POARLAAAS ISARLARN-) 400

Figure 4. ESI mass spectrum (A) and deconvoluted spectrgnof(Bhe sample of chicken avidin used
in the present study. The main components of thesmspectrum are indicated with the letters A-C

(see Table 1).
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Table 1.Molecular masses of the main avidin glycosilatafarms.

. . Carbohydrate molecular mass (Da)
Avidin species o
composition foundf calculatef
Avidin — — 14341.19
AS MargGIcNAczd 15558.70 15558.29
B Man,GIcNACc, 15882.92 15882.58
C MansGIcNACc, 15964.96 15964.68

2 Experimental molecular masses determined by ESI'MSalculated molecular massés.
The different glycosilated isoforms are labeledoading to the Components Table of the
ESI-MS analysis reported in Figure %.Carbohydrate composition of the N-glycosilated
avidin isoforms. Man is mannose while GIcNAc stiysN-acetylglucosamine.

2.2. Derivatization of avidin at the level of Glasidues using dansyl cadaveriiée
presence of GIn residues reactive towards TGaseanalysed using dansyl cadaverine (DC)
as model substrate since it contains a primary arthat is a good amino donor (Fig. 5A).
The time course of the reaction was followed byHA-C analysis of the reaction mixture at
different time of incubation followed by ESI-MS dysis of the protein material eluted in the
chromatographic peaks. Avidin was incubated witha3é& (E/S 1/25 by weight) in the
presence of 50 molar excess of DC and aliquoteeofeaction mixture were collected after O,
6 and 24 hours. The RP-HPLC profile of native avidi the presence of DC (Fig. 5B, dashed
line) shows the presence of three main protein pé#akt by ESI-MS showed identical mass
spectra corresponding to those of native avidimg.(Bj). We suggest that the three peaks
originate from different association state of thetgin (e.g avidin is separated in the RP-
HPLC analysis as tetramer, dimer and monomer).rA#tehours of incubation, the reaction
mixture shows a RP-HPLC chromatographic profile teadentical to the time zero of the
reaction (Fig. 5B, straight line). ESI-MS analysfghe eluted protein material confirmed that

the conjugation of DC to avidin did not occur.

2.3. Derivatization of avidin at the level of Lyssidues using carbobenzoxy-L-
glutamyl-glycineln order to identify Lys residues in the avidin gseqce that can be modified
by TGase, the protein was incubated with TGase (E3Sby weight) and carbobenzoxy-L-
glutamyl-glycine (ZQG) at a 50 molar excess in sgsgo avidin. ZQG is a GIn containing

substrate that is efficiently conjugated to Lysdass by the TGase catalysed reaction (Fig.
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Figure 5. TGase-mediated conjugation at GIn residues ofimwidgth DC. (A) Chemical structure of
DC. (B) RP-HPLC analyses of the reaction mixtureswadin in the presence of TGase and DC. A
dash-dotted line indicates the chromatogram a#eo hours of reaction, while the straight line the
chromatographic profile after 24 hours of incubatio

6A). The reaction mixture was analysed by RP-HPHt€Eralifferent time of incubation (Fig.

6B). After 5 hours of reaction, the chromatograpbricfile of avidin is changed in respect to
that of the native protein (Fig. 6B). Analysis difet chromatographic peaks by ESI- MS
indicated that avidin present in the reaction nmxtwas quantitatively conjugated to ZQG
and that up to two molecules of this Gln-containsupstrate were bound to the protein.
Indeed, the mass spectrum of avidin eluted from RiReHPLC analysis showed for the
isoforms A-C of the protein a mass increment cqoesing to the addition of 1 and 2
molecules of ZQG (Figure 7, Table 2). On the basisthe MS analysis, the three
chromatographic peaks of avidin conjugated to Z@@wsidentical composition in mono-

and bi-derivatives.
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In order to identify the Lys residues that are rfiedi by TGase, native avidin and
avidin???¢ purified by the RP-HPLC analysis of the reactionixtore were
carbamidomethylated and then digested with trypEi&I-MS analysis of the two tryptic
digests and comparison of their mass spectra afloiweidentifiy two peptides that are
conjugated to ZQG in the avidiff°® sample. Indeed, the m/z signals of peptides 4G50
125-128 showed a mass increment correspondingetontdification with ZQG and indeed
they both contain one Lys residue, Lys58 and LysEapectively (Table 3). MS/MS spectra
were acquired on the m/z signals of the modifiegtides 46-59 and 125-128 and they

allowed to confirm the sites of modification (F&yand 9, respectively).

Avidin!=26

Relative Absorbance at 226 nm

10 15 20 25 30 35 40
Retention Time (min)
Figure 6. TGase-mediated conjugation at Lys residues ofiawiith ZQG. (A) Chemical structure of
DC. (B) RP-HPLC analyses of the TGase-conjugatedvatéres of avidin. A dash-dotted line

indicates the chromatograms of native avidin, ttnaight line the ZQG-conjugated species after 5
hours of reaction
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Table 2. Molecular masses of the main avidin glycosilasafarms conjugated to ZQG.

molecular mass (Da)

Avidin species Numbers of ZQG found calculatel
K 1ZQG 15878.85 15878.59
272QG - 16198.89
5 1ZQG 16201.47 16202.88
27QG 16524.40 16523.18
c 1ZQG 16285.28 16284.98
27QG 16606.18 16605.28

2 Experimental molecular masses determined by ESI‘MSalculated molecular massés.
The different glycosilated isoforms are labeledoading to Table f The charge state series
of Isoform A*“?€is expected to have m/z values close to thosseaibim B“<€ and the two
m/z series can not be resolved in the mass spectrum

2.4. Effect of the modification of Lys58 and Lys127avidin?“?® on the biotin-
binding properties and on the aggregation statehef protein.The use in biotechnological
applications of the TGase-mediated conjugationvidia at the level of Lys58 and Lys127
residues requires that modification of these ananml residues does not alter the biotin-
binding properties of the protein. We used the HAB#say to determine the number of
functional binding sites in avidif“?® (25). This dye-binding method exploits the spectral
changes occurring upon binding of the dye 4-hydaawpenezene-2’-carboxylic acid
(HABA) to avidin. Indeed, the binding of HABA to @hn is accompanied by a red shift of
the maximum of absorbance of the dye from 350nfm0@nm. If biotin is then added to the
avidin-HABA complex, the dye is stoichiometricalliysplaced by biotin and its UV-Visible
spectrum returns to be that of unbound HABA. Measwnt of the variation in the
absorbance of HABA at 500 nm after biotin additadlows to estimate the number of biotin
binding sites present in the avidin sample and @®resequence the concentration of the
protein. We determined the concentration (mg/miyhef protein in a sample of native avidin
and in one containing avidif“®® by measuring the absorbance of the protein ar28@nd
by using the HABA colorimetric essay and then wenpared the two values obtained for
each of the two samples (Table 4). Both for natvedin and for the sample containing
avidin®?“?¢ there was a consistency between the values mehsiite the two different
methods. This result is an indication that in avidf°®the number of functional binding sites

iS maintained.
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Figure 7. ESI mass spectrum (A) and deconvoluted spectrumofBavidin conjugated to
ZQG. The ZQG-derivatives of avidin were purified RP-HPLC (Fig. 6) and the mass spectrum here
reported corresponds to the protein material elded retention time of 34 minutes. The main
components of the mass spectrum are indicated thvitHetters A-E (see Table 2), where D and E
indicate the found molecular masses of isoform&i€CEB conjugated to two ZQG, respectively.

Modification of Lys58 and Lys 127 of avidin coultba affect the quaternary structure
of the protein by destabilizing the homotetramdre ggregation state of avidfif®® was
analyzed by gel filtration chromatography both e fpresence and in the absence of free

biotin and compared with a sample of native avidhig. 10A). As it can be observed, avidin
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and avidir**?® have similar elution volumes both with and withaddition of biotin.
Moreover, their migration is consistent with theedhetical molecular mass of the
homotetramer of avidin (64 kDa) since the obsemwedses range from 67.3 kDa (avidin in
the absence of biotin) to 60.7 kDa (avitifi*®in the presence of biotin).
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Figure 8. Electrospray MS/MS mass spectrum of the triplyrghd ion at 638.98 m/z of peptide 46—
59 of avidin modified with ZQG. (Top) Fragmentstbe series b and y that were identified in the
MS/MS spectrum are indicated on the sequence opépéide. Lys58 is indicated in bold ags#€°.
(Bottom) In the MS/MS spectrum, ions assigned tmifinents of the series y and b are indicated.
Fragments containing Lys58 show a mass incrememesmonding to the conjugation with ZQG
without the CBZ moiety since the-Nrotecting group dissociates in the MS/MS anal{£i87). For
some fragments, the products of the dissociaticf@b were also detected and indicated as -ZQG.
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Figure 9. Electrospray MS/MS mass spectrum of the singlyagdrhion at 825.40 m/z of peptide 125-
128 of avidin modified with ZQG. (Top) Fragmentstbé series b and y that were identified in the
MS/MS spectrum are indicated on the sequence gfepéde. Lys127 is indicated in bold agK3°.
(Bottom) In the MS/MS spectrum, ions assigned &gifinents of the series y and b are indicated. The
two fragments indentified in the MS/MS spectrum @nd B) contain Lys127 and show a mass
increment corresponding to the conjugation with ZQG

Table 3. Molecular masses measured for the tryptic peptiesidin conjugated to ZQG.

Tryptic Peptide sequence Number molecular mass (Da)
peptide P a of ZQG found® calculate@
1593.95 1593.82
46-59 “ESPLHGTONTINK 5gR>®
Q >8 1ZQG 1913.94 1913.92
- =€ 504.25
125-128 125TQOK 1, E1%8
QK12 1ZQG 824.48 824.36

2 Experimental molecular masses determined by ESI-MSalculated molecular massés.
Molecular mass measured in the tryptic digest adiav® Molecular mass measured in the
tryptic digest of avidih?“?% © This very short and rather hydrophilic peptide wasdetected
since likely it was lost in the desalting steplod sample digest (see Materials and Methods).
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Table 4. Concentration of avidin measured using the coletita HABA assay on samples of
native avidin and avidirf“?¢

Sample Concentration (mg/ml) Concentration (mg/ml)

based on Agonm based on HABA assay
Avidin 0.23 0.22
Avidin#%Q¢ 0.27 0.28

The thermal stability of the tetrameric form of éim"*“*“was also analyzed by SDS-
PAGE (24) (Fig. 10B). Avidin is a positively charged glycopein (d ~ 10.5) and it
aggregates extensively when mixed with anionicrdet@s as sodium dodecyl sulfate (SDS)
leading to aggregated tetramers that remain instheking gel of SDS-PAGE analyses.
However, it has been demonstrated that when avgdincubated in the presence of SDS at
100°C, it migrates as a monomer (Fig. 10B, lanevBjle avidin bound to biotin forms
aggregated tetramers in the presence of SDS thdbfanter the separating gel even after
boiling (Fig. 10B, lane 327)). Similarly to native avidin, avidirt“°® migrates as a monomer
when it is incubated at 100°C in the presence ofSSPig. 10B, lane 4). However,
avidin*#“2® bound to biotin forms a tetramer that do not aggte after incubation at 100°C
in the presence of SDS (Fig. 10B, lane 5). Thiseolaion can be explained in light of the
fact that derivatization of avidin with TGase maekftwo Lys residues of the protein that are
not anymore available for SDS binding. Indeed,ai$ lheen demonstrated that acetylation of
avidin inhibits the aggregation of the biotin-bouwettamer when it is boiled in the presence
of SDS (24). We can conclude that avidiff®® forms tetramers that display stability

characteristics similar to those of native avidin.
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Figure 10. Analysis of the aggregation state (A) of avidin avidin"?“?® and of its thermostability
(B) in the presence or in the absence of biotin). @&l filtration profiles ofavidin and avidih®?*€in

the absence (-B) and in the presence of biotin.(ABjuperdex 75 column was used for the analysis.
Serum albumin (66 kDa), ovalbumin (43 kDa), carbamhydrase (29 kDa) and lactalbumin (14 kDa)
were used as molecular weight standards to caditthet column. The logarithm of molecular weight
(MW) is plottedversusVdV, (Ve is the elution volume and Mhe void volume of the column). (B)
Native avidin and avidir“?® (the reaction mixture of avidin with ZQG and TGaster 5 hours of
incubation) were preincubated for 20 min at 100ACpiesence of SDS without and with biotin (-B
and +B, respectively) and analysed by SDS-PAGEteRrcsamples were loaded in the following
order: MW standards (lane 1); avidin —B (lane 2)idm +B (lane 3); avidih®*?® —B (lane 4);
avidin"#*©+B (lane 5); TGase (lane 6).
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2.5. Production of an avidin-GM-CSF conjugate usmigrobial transglutaminaseSeveral
biotechnological applications require conjugatiéraadin to another protein by recombinant
techniques or chemical methods. TGase providestamative method to produce avidin-
protein conjugates since it can catalyse the drdssy reaction between reactive Lys
residues of avidin and GlIn residues of anothergmotVith the aim to test this application,
we studied the possibility to conjugat TGase avidin to granulocyte-macrophage colony-
stimulating factor (GM-CSF). GM-CSF is cytokine tHanctions as a hematopoietic growth
factor and is used in therapy after bone marrowsjpantation and in some forms of
leukemia (Fleetwood et al., 2005).
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Figure 11. TGase-mediated production of an avidin-GM-CSF fusmrotein. (A) Aminoacid
sequence of GM-CSF. The fouthelices along the 127-residue chain of the pragée@indicated by
grey boxes and the twgstrands by grey arrows. The GIn and Lys residugsngial sites of TGase
conjugation are shown in bold, while GIn126 is alswderlined. (B) SDS-PAGE analysis of the
conjugation reaction between avidin and GM-CSFlgs¢a by TGase. Protein samples were loaded
in the following order: MW standards (lane 1); amidlane 2); GM-CSF (lane 3); Reaction mixture
containing avidin, GM-CSF and TGase after 0, 1 &ntiours of incubation (lane 4, 5 and 6,
respectively); GM-CSF after 5 hours of reactiorhvilitGase (lane 7).
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Experiments conducted in our laboratory demonstrateat GM-CSF has only one GIn
residue that is reactive towards TGase and weiftehit as GIn126 (unpublished results, Fig.
11A). Moreover, GM-CSF has no reactive Lys residaed thus in the presence of TGase it
can not form dimers that could complicate the ieagbattern.

Analysis by SDS-PAGE of the reaction between aviaind GM-CSF catalyzed by
TGase after one and five hours of incubation (EB, lanes 5 and 6 respectively) indicated
the formation of only one product that migratesaatolecular weight consistent with the
formation of an avidin~-GM-CSF conjugate. In gelediion of this protein band followed by
LC-MS/MS analysis of the peptide mixture and MASC&8arch of the MS data allowed to
identify the presence both of avidin and GM-CSHx(&&), thus confirming the formation of
the conjugation product. In order to determinedites of crosslinking, LC-MS/MS data were
manually inspected and m/z signals were found spmeding to the formation of isopeptide
bonds between peptides 112-t2TGM-CSF and 46-59 @ividin and 112-127 of GM-CSF
and 125-128f avidin (Table 6). Analysis of the MS/MS fragmatidn patterns of these two
peptides (Figures 12 and 13) allowed to confirnt trasslinking occurs between residues
GIn126 of GM-CSF and either Lys58 or Lys127 of avjdh agreement with previous data on
the reactivity of these proteins to TGase. Intémgbt, these results also suggest that Lys58
and Lys127 are both primary sites of TGase dedatitn of avidin.

Table 5. List of the proteins identified by LC-MS/MS analy®f the triptic digest obtained
from the band at 30kDa in lane 6 of the SDS-PAG#\ais reported in Fig. 13.

Achec')s.smn Protein name C?vi?gggc(i/o ) Sequences of the tryptic peptides
P02701 Avidin 69.5 GEFTGTYITAVTATSNEIK
(Gallus gallus) ESPLHGTQNTINKR
TQPTFGFTVNWK
FSESTTVFTGQCFIDRNGK
TMWLLR
SSVNDIGDDWK
VGINIFTR
P04141 Granulocyte- 51.2 SPSPSTQPWEHVNAIQEAR
macrophage S'II_'I,&’XLESMRNETVEVISEMFDLQEPTCLQTR
colony-stimulating CPLTMMASHYK

factor (GM-CSF)
(Homo sapiens)

& For the electrophoretic band at 30kDa in lane hefSDS-PAGE analysis reported in Fig.
11, the identified proteins with their accessiomivers are listed. Protein identification was
performed with the MASCOT software searching LC-MS/data against the sequences of
the SwissProt database (release 2011 10). Thehfoaltmn contains a list of the peptides
that were sequenced by MS/MS.
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Table 6. Molecular masses measured for peptide 112-12M0SF conjugated to peptides
46-59 or 125-128 of avidin (AVI).

molecular mass (Da)

Species
P foundf calculate8
112-12P"CSh46-58V! 3582.99 3582.74
112-12FPMCSF125-128V 2493.33 2493.17

& Experimental molecular masses determined by LCM&Sanalysis of the tryptic digest of
the avidin/GM-CSF fusion proteifi Calculated molecular masses.
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Figure 12.Electrospray MS/MS mass spectrum of the fourthigrghd ion at 896.69 m/z of the avidin
tryptic peptide 46-59 conjugated to the tryptic tmbp 112-127 of GM-CSF. (Top) Sequence of the
two peptides. A line connecting Lys58 of avidin a@Gth126 of GM-CSF represents the TGase-
catalysed formation of an isopeptide bond betweenresidues. Fragments of the seriegnid yof
peptide 112-127 of GM-CSF that were identified e tMS/MS spectrum are indicated on its
sequence. (Bottom) In the MS/MS spectrum, ionsgassi to fragments of the seribsand y of
peptide 112-127 of GM-CSF are indicated. Fragmens iof the y series show a mass increment
corresponding to the conjugation to peptide 464%8vwlin (indicated as +AV]).
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Figure 13. Electrospray MS/MS mass spectrum of the doubly gddiion at 1247.59 m/z of the
avidin tryptic peptide 125-128 conjugated to tlyptic peptide 112-127 of GM-CSF. (Top) Sequence
of the two peptides. A line connecting Lys127 ofdav and GIn126 of GM-CSF represents the
TGase-catalysed formation of an isopeptide bonddxt two residues. The carbamidomethylation of
the cysteine residue of peptide 112-127 of GM-GSiRdicated as Cyav. Fragments of the series b
and yof peptide 112-127 of GM-CSF that were identifiedtie MS/MS spectrum are indicated on its
sequence. (Bottom) In the MS/MS spectrum, ionsgassi to fragments of the seribsand yof
peptide 112-127 of GM-CSF are indicated. Fragmens iof the y series show a mass increment
corresponding to the conjugation to the peptide-128B of avidin (indicated as +AVI).

DISCUSSION

Structural determinants of the TGase site spenifciification of avidinin this study,
we demonstrated that avidin purified from egg ycdk be specifically modified at the level
of only two Lys residues, namely Lys58 and LyslAilevno GIn residue was found to be
reactive towards TGase. We can discuss the satgabivthe TGase mediate reaction based
on our knowledge of the determinants of TGase 8eigc We have proposed that TGase
selectivity at the level of both GIn and Lys resdysee Chapter 2) is determined mainly by
the flexibility of the polypeptide chain since des#ive modification is observed when Gin
and Lys residues are embedded in flexible-unfoldeadn segments of the protein. Avidin is a
tightly structured protein since even in the aporoits Tm is of 85°C(13). Limited
proteolysis experiments also demonstrated its tstralcstability. Indeed, the apo-form of the

protein is hydrolyzed by proteinase K only uponuipation at an E/S of 1/1 which is
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extremely high for limited proteolysis experimerasd considering the high activity and
broad specificity of this proteagg?).

Several 3D structures of avidin in the apo-and h&om have been published with
similar result6, 8, 9) They indeed indicate that the most flexible regian the apo-form of
the protein are located at level of the loop cotingcstrands 3 and 4 (residues Ala36-1le44),
at the N-terminus (Alal-Arg2) and C-terminus (TH@&lul28) of the protein and in the
Asp86—Arg88 segment (8). Avidin sequence containg hys residues and four GIn residues
(Fig.1A). Among these residues, only Lys127 andl@6are located at the disordered C-
terminal region of the protein and indeed Lysl127medified by TGase. GIn126 is not
substrate of the enzyme and we can explain thigeredson considering the sequence
flanking this residue (—Th#GIn2elysio7-). Indeed, its has been reported that Gin residues
that have at the C-terminus positively charged tggdues are not reactive to tissue TGase
(28-29) and this is the case also of GInl26 in the avisiaguence. However, further
experiments on model peptides are needed to coiffiliis sequence rule on the reactivity of
GIn residues is valid also for microbial TGase. Agdhe other Lys and GlIn residues of
avidin, no one is present in one of the disordeegons of the protein as predicted from the
X-ray structures. However, Lys58 which is modifieg TGase is located in the middle of a
loop region (residues 54-62) connecting strandeidt 3 that is expected to display some
level of flexibility.

TGase derivatization does not affect the biotindimig properties and quaternary
structure of avidin Avidin modified with ZQG at the level of both Lyshd Lys126 still
displays biotin binding properties and maintairss tétrameric quaternary structure. This is
expected since residues that participate to theifgnof biotin are located on the opposite end
of the avidin barrel in respect to the two reactiys residues (Fig. 1B(6). Moreover, the
interactions that stabilize avidin quaternary due are not affected by the modification
since Lys58 and Lys126 are not among the residuwesivied in tetramer formation and
outside the surfaces of interaction between monsniéris is demonstrated also by the fact
that a circular permutated form of avidin where tlev N- and C-termini are located at
Arg59 and Lys58, respectively maintains the bidtinding properties of the native protein
and forms a quaternary structure resembling thatt@vidin (30).

In conclusion, we demonstrated that avidin candmngtatively modified by TGase at
the level of two Lys residues without affecting li®tin-binding property and its quaternary
structure. This reaction can be used to producgugation products of avidin with other

proteins, as demonstrated for GM-CSF or with smmadlecules. Our study is the first report
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on the possibility to produce avidin conjugatesusyng microbial TGase and we believe it
will open to several applications of this reactiorthe avidin-biotin technology.
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Transglutaminase-mediated modification of proteins:
Molecular mechanisms and metal-labelling of praein

Results
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3. Site-specific radiolabelling of proteins using Gase

INTRODUCTION

Nuclear imaging techniqueb order to obtain a structural and functional morasive
evaluation in a living subject severalvivoimaging techniques can be used as single photon
emission computed tomography (SPECT) and positneissgon tomography (PET). SPECT
and PET are imaging techniques that use a radilidgbbiochemical compound injected into
a patient (Figure 1). These techniques detect pisotbat are emitted by the radioisotope
during its decay from the patient body where thdialabelled compound was injected,
allowing to produce an imagine of the distributiminthe radiotracer in the body. The main
difference between SPECT and PET is the type @ctiet that is used to acquire the photons
produced by radionuclides decay and the choicheofadionuclide itself. In SPECTemitter
radionuclides are used and the photons are ddtaotk recorded from different projections.
The detector needs to acquire 180° of projecticegies(1). Instead, in PET positron emitters
radionuclides are used. The positron emitters radilbdes have a particular decay
characteristic that results in the simultaneousseimin of twoy rays in opposite directions. In
this casey rays are acquired by two opposing detec{@8). A SPECT disadvantage, in
respect to PET, is that spatial resolution andigeityy decrease while the dept in the body
increases, due to the fact that theay amount produced by emitters is half than that
produced byp emitters. An advantage of SPECT is that equipnaewat radionuclides are
readily available in every nuclear medicine deparitand radionuclides can be eluted from a
generator, while in the case of PET, radionuclidlese to be produced with an on-site
cyclotron. Moreover, while in SPECT radionuclides/é a long half-life, in PET they have a
short half-life(2).

SPECT and PET primarily provide functional and noalar information(4). The
radiotracer imaging has the main characteristit ithdoes not alter or perturb the biological
system under investigation. An advantage of theoradtlide imaging is also the possibility
to study in real time the living subject in ordey increase the knowledgement on
physiological mechanisms and to understand thetsfigf drug administratio(b). By using
different tracers it is possible to measure diffiérephysiological, biochemical and
pharmacokinetic parameters as well as blood fldagdvolume, oxygen utilisation, pre- and
post-synaptic receptor density and affinity, glecasetabolism, neurotransmitter release,

drug delivery and uptake, enzyme activity, gengression, et¢2).
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SPECTor PET Images

Figure 1. Schematic representation of SPECT and PET imagictiniques.

Proteins radiolabelling. For the development oin vivo imaging techniques
fundamental is the design of suitable imaging pscdoed the choice of the radionuclides. The
most utilized radionuclides fdn vivo imaging are®*™Tc (y emitter with a half-life of 6
hours) used for SPECT, aftCu (3" andp™ with a half-life of 12.7 hours) used for PET and
radiotherapy. An ideal imaging probe should exhdgveral characteristics as high binding
affinity toward its cellular target, specific upgkdiscrete retention in the target, rapid
clereance from nontargeted tissue and high stabifit vivo. Proteins as monoclonal
antibodies are thus ideal to direct the radionectmvards the target tissue or cells. In order
to modify a protein with a radionuclide, particutdrelating agents must be designed. Indeed,
once the radionuclide is chosen an important agpeitte synthesis of suitable bifunctional
chelating agent (BFCA). BFCA are constituted by tdifierent moiety: a metal chelating
group and a second functional group that enablesrporation into a targeting prote{f).
The efficient bindingof the radionuclide is achidvé the following requirements are
fulfilled: charge, matching of cavity size of thbetator with the radius of the radionuclide,
chelate denticity or number of donor binding grqugrsd the character of the donor binding
groups (7). Since dissociation of the radiometal is relatedtdxic effects in the case of
therapeutic radiometal complexes and poor imagelitquéor diagnostic radiometal
conjugates, the stability of the metal complexnambiguously the most important parameter
that we have to consider during the design andhegnt of suitable BFCA to be used in

medicine(7).
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The development of methods of conjugation of BF@Aptoteins is nowadays of
paramount importance for the practical use of pmstean diagnostic and therapy. The
chemical procedures developed so far for the radeling of proteins are not site-specific
and usually several amino acid side chains arelvedoin the covalent modification. Thus,
the overall utility of these chemical methods carimited, due to the heterogeneity and even
decreased bioactivity of the radiolabelled proteidswell-defined radiolabelled protein is
highly desirable, since this will be more easilacterized in terms of chemical identity and
diagnostic or therapeutic efficacy. Few examplesibé-specific protein radiolabelling are
reported in literature as the site-specific laingllof nanobodies at the level of a His-tag with
9™re complexes for SPECT imagitig). The site-specific radiolabelling mediated by T&as
was also reported for a mutant of a monoclonabadiy (chCE7agl) (mutation is N297(®).
This mutation removes the glycosylation site of #émtibody and increases the mobility on
loop region between residues GIn295-Thr299, makahgP95 reactive towards the TGase
mediated reaction. Modification of this antibodythvimicrobial TGase yielded a highly

homogeneous and site-specific radiolabelled pro¢kigure 2).

chCE7agl chCETagl-(subsirate),

Figure 2. Scheme of site-specific radiolabelling of monoelbantibody by Tgase mediated reaction

(9).

Protein radiolabelling can be obtained by followitwgp different approaches: direct
and indirect radiolabelling.

Direct radiolabelling It is a relatively easy procedure for labelingppdes, its
popular appeal stems from simplicity of executionce it does not require peptide
conjugation with a bifunctional chelator, a wayttheay need considerable synthetic expertise.
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The technique is based on the coordination of sldgnuclide to thiolate groups of cysteine
side chains previously generated by reduction ®il|2 of a disulfide linkage that should be
present in the targeting molecule. This approadass to perform on antibodies or antibody
fragments(10-15) but many small peptides do not have disulfide somdcannot be reduced
without loosing the biological activity.

Indirect radiolabelling: The indirect radiolabelling entails the use of r@fprmed
BFCA to firmly conjugate the peptide to the radidahelt is important that the labeling
conditions do not affect the binding activity oketpeptide toward the target receptor. There
are two main modalities to conduct the indirecelaly of a peptide: pre-radiolabelling and
post-radiolabelling(16). The pre-labelling approach implies the initiaknf@ation of the
BFCA chelate, followed by its conjugation the pioti& a separate step. In the post-labelling,
the BFCA is initially attached to the protein tarfothe BFCA-protein conjugate. Once the
BFCA-protein conjugate is preparated, radiolabgllis performed by ligand exchange
reaction (Figure 3).

[0}
°§0H O_OH O._NHS =y Of 0., NHS
@ 6? @é @
Chelation {ﬁ:? Activation ﬁ? Activation
— . —_—
Conjugation
CcmjugaV
Oq.): NH O, NH
H

o e D

& @ =0

Figure 3. Schematic representation of two different radieltibg approaches. In pre-labelling the
formation of the®™Tc-BFCA chelate is followed by its conjugation kettarget molecul@d). in post-
labelling the BFCA is conjugated to the target male and then the radiolabelling is perforngBgl

BFCA for®™c and®*Cu radiolabelling via TGaseln this project, we propose to use
the TGase mediated reaction to perform the sitefspeadiolabelling of a target protein
using two new generation of BFCA complexes thatdBifi'Tc and®‘Cu. These BFCA were
design to chelate the specific radionuclide and sscontain a peptide sequence or a primary
amine that allow their TGase-mediate conjugatioa pwotein substrate.

9Mrc complexesA new class of complexes to be used forvivo imaging is
represented by asymmetrical nitrido complexes, dase the chemical properties of the

substitution labile [Tc(N)X2(PNP)] complex (PNP=amoidiphosphine), which represent an
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interesting opportunity in design receptor-specifi®Tc agents. The strong electrophylic
[Tc(N)(PNP)F* moiety efficiently reacts with bifunctional ligasdL) carryingn-donors as
coordinating atoms to afford asymmetrical nitridoetdrocomplexes of the type
[Tc(N)(L)(PNP)* (17). It was found that the [Tc(¥)N]2+ core exhibits very high stability
under a wide range of experimental conditions amsdable to confer a particular
thermodynamic/kinetic stability and a remarkablsigence to red-ox processes to the
complexes where it is present. Based on these demagions, extensive studies have been
carried out on the synthesis and biological evanadf different classes of symmetrical and
dissymmetrical nitrido technetium complexes. Intespof this, the application of this
technology to radiopharmaceutical preparation stithains less investigated, probably due to
incorrect beliefs that they are not suitable, foe development of imaging probes using
traditional instant kit technologies.

In this project the chelator of Tc was modified twitvo different peptides with the
following sequences: Biotin-GKGC and Biotin-GQGQeBe peptides contain a Gln or a Lys
residue that can be exploited for the TGase-matliedmjugation to proteins, while the Cys
residue on the C-terminus acts aslonor ligand for P"Tc(N)CL(PNP)F* with its free
carboxylic group and the thiol group [S] thus forming an asymmetrical nitride complexes.
These peptides contain also a biotin moiety atNtterminus that can be used for a fast and

easy purification of the radiolabelled protein (g 4A).

®Cu complex.N2-S2-type bis(thiosemicarbazone) ligands fornblstaneutral and planar
complexes with Cu(ll) ions. This type of complexshHzeen investigated extensively for the
imaging of hypoxia in the form of copper(ll)-diagkbis(N-4- methylthiosemicarbazone),
CUu[ATSM]. Radiolabeling occurs instantly at roonmigerature and near physiological pH
(18-20) This enables an easy labeling after protein agatjon and avoids multi-step
radiosynthesisAnother BFCA that we synthesized is a bis(thiosaniazone) H2ATSM
modified with 6-aminocaproic acid at the level f azide group, leading to a product named
H2ATSM/C (21) (Figure 3B). In this BFCA the bis(thiosemicarbagpmplays the role of
chelator for*Cu, while the free amino group of the conjugateahnocaproic acid is used as

acyl acceptor for TGase mediated reaction (Figi¥e 4

86



NS NH LyS
o

\
e, /p’% 0 o

HsC

B \_{

HN
; M
NH o

Figure 4. Structure of the BFCA used in the present studiuucBire of the'®™*®Re complexegA).
Circles indicate essentials moieties of the desigBleCA. A red circle shows the Cys residue that act
as chelator toward™Tc. A blue circle shows the GIn or Lys residues {Rjt can be exploited in
TGase mediated reaction, while a black circle iatis the biotin moiety, that can be used for a fast
purification of the modified proteins by using &ffinity for avidin. Structure of H2ZATSM modified
with 6-aminocaproic aci¢B). A red circle shows the N2S2-type cheletor sysi@mi'Cu, while a blue
circle the free amino group that acts as acyl aocep TGase mediated reactions.
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Apomyoglobin, a model to study protein radiolalmgli mediated by TGase.
Apomyoglobin (apoMb), myoglobin without the hemewgp, was chosen as model protein to
test the reactivity toward TGase of tA&"Tc and ®‘Cu binding BFCA described above.
ApoMb is a small protein constituted by 153 amaead residues without disulphide bonds. It
has long been studied as a model protein for pratgucture, folding and stabili22-23)
While the holo form (containing the heme group) hasecondary structure characterised by
eighta-helices (named A through H) arranged into a glabteértiary structure, the apo form
display a slightly reduced helical content due tdolding of the polypeptide chain at the
level of helix F (residues 82-9724-25) as demonstrated by spectroscopic studies and NMR
measurements (Figure §32). The high flexibility of the polypeptide chain empassing
helix F was also demonstrated by limited protealysiperiments conducted on apoMb since
they indicated as this region is selectively hygsel by proteasd26-27).

The reactivity of apoMb towards TGase has alreasBnkreported. Indeed, apoMb is
site-specifically conjugated by TGase to a monaghsp amino-derivative of PEG and the site
of derivatization was identified in GIn91, which liscated in the region of helix 28).
Studies on the modification of apoMb at the levieLys residues by TGase have also been
performed in our laboratory and they demonstrated only two Lys residues among the 19
residues of the protein sequence were modifiecréstingly, the derivatization of apoMb
occurs at the level of the Lys96 and Lys98 thatadse located in the region of helix(Z9).
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Figure 5. Three dimensional structure of horse heart mymigl@as obtained from the PDB file
1YMB by using PyMOL (A). Helical elements are indicated. Chain segmergidues 82-97)
corresponding to the disordered helix F is showrethdotted circle. Sequence of helix F is shown in
(B) and the sites of the specific TGase mediated noatibn are indicated by a red arrow. The
sequence of apoMb is shown (@), where the red rectangles indicate thhelice and the black
rectangle indicates the helix F. The Lys and Ghidues along the polypeptide chain of myoglobin
are indicated in bold.
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MATERIALS AND METHODS

Materials. Fmoc protected amino acids and resin for solid @haeptide synthesis
were purchased from NovaBiochem (Laufelfingen, GPP is a gift of ICIS-CNR. Saline
solution was purchased from Novaselect (Tito SCBR) Italy). SepPak was purchased from
Waters (Manchester, UK). Trypsin was purchased fRnomega (Madison, WI, USA). V8
protease and AEBSF were purchased from Sigma-@kd(Milwaukee, WI, USA) The
acetonitrile used for reverse phase HPLC chromapdgr is from Carlo Erba Reagenti (Italy).
Trifluoroacetic acid (TFA) and the other high purdalts used for spectroscopic analyses
were obtained from Fluka (Buchs, Switzerland). Ather chemicals were of analytical
reagent grade and were obtained from Sigma or Fluka

Mass spectrometry analysigass spectrometry based analyses were performéadawit
Micromass mass spectrometer Q-Tof Micro (Manche&t&) equipped with an electrospray
source (ESI-MS). Samples were dissolved in 0.1%nioracid in ACN: water (1:1) and
analyzed in MS and MS/MS mode. The measurements emrducted at a capillary voltage
of 3 kV and at a cone and extractor voltages c&i3% 1 V, respectively (positive ion mode).
Tandem MS (MS/MS) analyses of the modified peptidtese conducted on the Q-Tof Micro
mass spectrometer at variable collision energy esmland using argon as collision gas.
External calibration was performed using a solutdr0.1% (v/v) phosphoric acid in 50%
(v/v) aqueous acetonitrile for peptide mass deteation, whereas for protein analysis a
solution of 10 uM horse heart apomyoglobin in 50#&)(aqueous acetonitrile, 0.1% (v/v)
formic acid was used. Instrument control, data &itjon and processing were achieved with
Masslynx software (Micromass).

Activity of TGase solutionsTGase (1000 units/mg protein) isolated from
Streptoverticillium mobaraenseas purchased from Ajinomoto Co. (Tokyo, Japan)@ase
MP. The activity of the solutions of enzyme wasedetined by hydroxamate formation in the
TGase catalysed reaction between the substrateolmrboxy-GIn-Gly (ZQG) and
hydroxylamine. Prior to the assay, the concentnattd TGase was determined from its
absorbance at 280 nm according to Gill and von &ligp0) (extinction coefficient of 1.89
mg/ml). The assay was performed in a total 0.5 nalnoenzyme-substratesolution containing
0.1 M hydroxylamine, 0.1 ml of enzyme and 30 mM Z@®.1 M phosphate buffer pH 7.0.
Reaction was kept at 37 °C for 10 minutes and €dpsing an equal volume of a solution
obtained upon mixing a solution of 5% FeCI3 in0.1HCI and a solution of 12 %

trichloroacetic acid in H20 at a ratio of 1:3 bylwne, respectively. Optical density was
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recorded with a Perkin Elmer spectrofometer at 25 which measures the formation of the
colored F&- hydroxamate complex. A standard plot was preparsidg different known
concentrations of L-glutamic acidmonohydroxamate. One unit of TGase was defindtiexs
formation of 1 micromole of hydroxamate per mir8at°C.

Apomyoglbin preparationHorse heart myoglobin was purchased commerciatignfr
Sigma-Aldrich Milwaukee, WI, USA). For the remowaf heme group, 25 mg of myoglobin
were dissolved in 10% acetic acid and kept on284.HCI in acetone was added drop wise
until precipitation of apoMb occurs. The tube wagtkon ice for 30 min and then centrifuged
at 3000 rpm for 10 min. The pellet was collectedsked three times with
2M HCI in acetone and then dissolved in 3 ml of Saéetic acid. The concentration of this
solution of apoMb was determined from its absorkaaic280 nm according to Gill and von
Hippel (30) (extinction coefficient of 0.825 mg/ml). Aliquotsf 1 mg of the solution of
apoMb were prepared by lyophilization. For expentaé use, the aliquots were first
dissolved in 5Qul of 0.1 % TFA and then reaction buffer was addedbtain the desired
concentration.

Synthesis of Biotin-GQGC and Biotin-GKGSolid phase synthesis of biotinilated
peptides was performed by using an automated syiztreApplied Biosystems mod. 431A
(Foster City, CA). Amino acids used for the synthegere protected on the N-terminus with
9-fluorenylmethyloxycarbonyl (Fmoc), while the siddain of Lys, GlIn and Cys were
protected by trityl. The C-terminal residue (Cys)hbound to a 4-benzyloxybenzyl ester
polimer (Wang resin). The successive coupling reastwere based on the activation of the
carboxylic group of the next amino acid by using(®azabenzotriazole-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HATU) wéhmolar ratio amino acid:HATU of
1:1 and N,N-diisopropylethylamine (DIPEA) with a laoratio of 1:2 (amino acid:DIPEA).
To add the biotin moiety (not soluble) we proceeahmally. To the biotin were added 10 eq.
of DIPEA and 5 eq. of HATU (both dissolved in NMmR)ter the activation step all amount
of activated biotin became soluble. This soluticaswhen added to the peptides. The solvent
used to dissolve amino acid residues was dimethyHomide (DMF), while to wash the
reactors in each reaction step dichloromethane (P@& used. The cleavage to remove the
insoluble resin and the protecting groups on theamide chain was performed by using a
95% TFA, 3% of triethylsilane and 2% of H20O. Thesction proceed for 3 hours under stir at
room temperature. Then, the solution was filtened precipited in cold Et20 for 20 minutes.
The tube containg the precipitate was then cegeifufor 5-10 minutes at 3500 rpm and
washed 3 times with cold Et20. The precipitate Waesn liofilised. The product was
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dissolved in an aqueous solution of 1% TFA andyamal by RP-HPLC using a C18 Vydac
218TP1010 (10 x 260 mm) column. The separation pegformed with a gradient of ACN
containing 0.85 % TFA from 15 to 40 % in 35 min anflow of 2 ml/min. Characterization
of the product was performed by MS analysis of ¢bkected peaks by RP-HPLC. HPLC
system used for the RP-HPLC analysis was an Agdenes 1100 HPLC with an online U.V.
detection from Agilent Technologies (Waldbroon, @any). The system operation and data
analysis was controlled with the software Agilehie@station.

Synthesis of**®RecomplexesA solution of PNP (1.58 mg, 0.0032 mmol, 1.3 éq|.)
degassed CH3CH20OH (0.5 ml) was added to a suspeas[®e(N)CI2(PPh3)2] in degassed
DCM (1 ml) under nitrogen atmopsphere. Mixture \dsin reflux for a time of 1.5 h (under
nitrogen atmpsphere). To the obtained solutionais wdded a biotinilate peptide solution (2.9
mg in 1 ml of degassed di CH3CH20H /H20 1:1) antD&drops of Et3N and left to react
for 2 h. The reaction mixture was cooled and theesa eliminated by nitrogen flow. Then
the solid was resuspended in n-esane/Et20 1:1 X%amal left under shaking for 30 min. The
pellet was settled overnight at 4 °C, centrifugad the liquid phase eliminated. Synthesis of
[Re(N)CI2(PPh3)2] is reported in literatu¢@l). The product was dissolved in DMSO and
analyzed by RP-HPLC using a C18 Vydac 218TP101® 1260 mm) column. The
separation was performed with a gradient of ACNtaming 0.85 % TFA from 15 to 40 % in
35 min and a flow of 2 ml/min. Characterization tbe product was performed by MS
analysis of the collected peaks by RP-HPLC. HPi€§lesn used for the RP-HPLC analysis
was an Agilent series 1100 HPLC with an online Ud€tection from Agilent Technologies
(Waldbroon, Germany). The system operation and datdysis was controlled with the
software Agilent Chemstation.

Synthesis of’™Tc complexesn a vial containing 5 mg of SDH, satured with ogen,
we added 0.1 mg of SnCEH20 suspended in 0.1 ml of aqueous solution dCINA9%
(saline solution) , 0.680 ml of saline solution a@50 ml of Na{’"TcO4) (obtained by
PMo/**™c generator (Elumatic Ill, IBA CIS bio, France)) $aline solution (2-3 mCi). The
solution was kept at room temperature for di 15.mimen, we added PNP (1.0 mg dissolved
in 0.5 ml ofi-ciclodestrine 2 mg/ml in saline solution), 0.2 ofl0.2 M phosphate buffer pH
7.4 and the biotinilated peptide dissolved in*M HCI (0.32 mg in 0.32 ml). The reaction
mixture was kept at 100°C for 30 min.

Purification by SepPak and RP-HPLC analysis*8f'c complexesThe reaction mixtures
were purified by SepPak in order to eliminate re@cted ligand. The reaction mixtures were
diluted with 10 ml of deionized H20 and loaded orSepPak (activated with 5 ml of
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CH3CH20H and 5 ml of H20), washed with 20 ml of Ha@d 5 ml of 25% CH3CH20H.
Elution was performed with 1.5 ml of 50% CH3CH2@hkd 1 ml of 90% CH3CH20OH. The
two different fractions were mixed. The purifiedogucts were then injected in RP-HPLC.
The HPLC system used for the RP-HPLC analysis w&eekman System Gold with a
double pump system Model 126, valve injector 210/, detector Module 166 and radio
detector Model B-FC-3200 Bioscan. Samples wereh&uranalyzed by RP-HPLC using a
C18 Vydac 218TP (250 x 4.6 mm) column. The sepamatias performed with a gradient of
ACN containing 0.85 % TFA from 15 to 28 % in 18 m28% for 3 min, from 28 to 90% in 2
min, from 22 to 95% in 3 min.

Synthesis and analysis of H2ATSMIQe synthesized H2ATSNB2) was modified
with 6-aminocaproic acid in correspondence of thielea group in order to add a primary
amine to be used in TGase mediated react{@fy H2ATSM, Fmoc-6-aminocaproic acid,
DIPEA and HATU were dissolved in DMF and mixed @nmolar ratio of 1:1:1:1). The
precipitate was then stirred in hot CH3CH2OH betwemng filtered off and washed with cold
Et20 to unblock the primary amine (protected by Em@®he product was stirred in DMF and
piperidine (in a molar ratio of 1:40 product:pigbne) for 45 min. the solution was
concentrated and H20 was added until precipitatibhe aqueous phase was then
concentrated and Et20 was added until precipitafidre product was dissolved in DMSO
and analyzed by RP-HPLC using a C18 Vydac 218T@XQ0 x 260 mm) column. The
separation was performed with a gradient of AcCRtaming 0.85 % TFA from 15 to 40 %
in 35 min and a flow of 2 ml/min. HPLC system uded the RP-HPLC analysis was an
Agilent series 1100 HPLC with an online U.V. detaat from Agilent Technologies
(Waldbroon, Germany). The system operation and datlysis was controlled with the
software Agilent Chemstation. Characterizationhaf product was performed by MS analysis
of the collected RP-HPLC peaks.

TGase mediated conjugation of apoMb with ReQ an. Resolution of apoMb in
0.1M NaH2PO4 pH 7 was mixed with a solution 10 mgdmReQ or ReK (in DMSO) in a
molar ratio of 1:10 with a final concentration qdaMb of 0.4 mg/ml. The reaction mixture
was incubated with TGase at an enzyme:substrateafil:50 by weight. The reaction was
allowed to proceed at 25 °C. Sample aliquots of p§Owere removed after 0, 1, 2 and 4
hours and the reactions were stopped by additianaéqual volume of an aqueous solution
of 1% TFA. Aliquots were further analyzed by RP#dPusing a C18 Phenomenex (150 x
4.6 mm) column. The separation was performed witimear gradient of ACCN containing
0.85 % TFA from 5 to 40% in 5 min, from 40 to 50i#25 min. HPLC system used for the
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RP-HPLC analysis was an Agilent series 1100 HPL@ wain online U.V. detection from
Agilent Technologies (Waldbroon, Germany). The eystoperation and data analysis was
controlled with the software Agilent Chemstatiomaétions collected from the RP-HPLC
analysis were collected, lyophilized and analyzed/li$.

Proteolysis of apoMt*?*Qand apoMB®¥ with trypsin and V8 proteasé solution of
modified apoMb (0.7 mg/ ml) 0.1 M NH4HCO3 pH 8.asvmixed withtrypsin and V8 (in a
weight ratio of 1/100 E/S). The reaction mixtureswiacubated at 37° C overnight. The
proteolysis reaction was stopped by adding an aguesolution of AEBSF (4-(2-
aminoethyl)benzenesulfonyl fluoride hydrochloridedh a final concentration of 0.1 mM and
upon lowering the pH of the reaction mixture to pHby adding HCOOH. Identification of
the sites of conjugation on the modified peptides werformed by MS.

TGase mediated conjugation of apoMb WitTc complexes. Pre-radiolabelling in
carrier out: in a vial containing 209 pl of{"Tc(N)(PNP) (peptide)] (3.5 mCi) we added a
solution of ReQ or ReK (dissolved in 5 ul PBS) 1&hof apoMb (dissolved in 33.35 pl of 0.1
M phosphate buffer at pH 7) and 2.5 pug of TGasssf@ived in 2.5 pl of 0.1 M phosphate
buffer at pH 7). The reaction mixtures were incedatat 37 °C for 20 hoursPre-
radiolabelling in carrier free:in a vial containing 214 pl of 1"Tc(N)(PNP) (peptide)] (3.5
mCi) we added 25 pg of apoMb (dissolved in 0.1 Mg@hate buffer at pH 7) and 2.5 pg of
TGase (dissolved in 0.1 M phosphate buffer at pH g reaction mixtures were incubated at
37 °C for 20 hoursPost-radiolabbeling:100 pl of P*"Tc(N)(PNP)f* (15mCi) were added to
25 ul of PBS solution containing 43 pg of apoMimjogated with Biotin-GQGC or Biotin-
GKGC. Reaction mixtures were incubated at 37 °Qfbhours.

TGase mediated conjugation of apoMb with H2ATSM/Eolution of apoMb in 0.1M
NaH2PO4 pH 7 was mixed with a solution 1.3 mg/mHZATSM/C (in DMSO) in a molar
ratio of 1:10 with a final concentration of apoMb @4 mg/ml. The reaction mixture was
incubated with TGase at an E/S ratio of 1/20 bygheiThe reaction was allowed to proceed
at 25 and 37 °C. Sample aliquots was removed @ftér5, 1, 2 and 5 hours and the reaction
was stopped by addition of an equal volume of ameaqgs solution of 1% TFA. Aliquots
were further analyzed by RP-HPLC using a C18 Phemex (150 x 4.6 mm) column. The
separation was performed with a linear gradielA@CN containing 0.85 % TFA from 5 to
40% in 5 min, from 40 to 50 % in 25 min. HPLC systased for the RP-HPLC analysis was
an Agilent series 1100 HPLC with an online U.V. adtion from Agilent Technologies
(Waldbroon, Germany). Fractions collected from RE-HPLC analysis were collected,

lyophilized and analyzed by MS.
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RESULTS AND DISCUSSION

3. 1. Development of"™Tc complexes to use in TGase mediated reactiBhs.
development of a methodology that allow to carry the site-specific radiolabelling of
proteins mediated by TGase require the synthesmiitdble complexes of the radionuclide
(see introduction). In this study we have chosedmnuclide thé°™Tc that is ay emitter and
can be used in SPECT diagno3ise complexes will be constituted by a complex adrthe
radionuclide and a BFCA that will play a doubleeralf chelator agent toward the metal ion
and substrate for TGase. On the basis of theséreegents, we designed BFCA that contains
a Cys residue on C-terminus that acts aslonor chelating agent and a GlIn or Lys residues
as acyl donor or acceptor respectively, as sulestrftr TGase. The development of these
complexes need also the synthesis of analogous leragpof a not radioactive metal ion in
order to characterize on macroscopic scale thevimhaf the complexes and to implement
the enzymatic reactions catalyzed by TGase. Ferrdason, we carried out the synthesis and
characterization of analogous complexe&®8t®Re (Figure 6). SincE*'®Re is chelated by
the designed BFCA similarly 6™Tc.
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Figure 6. Structure of thé®*'®Re complexes. These complexes are constitutedlyp aesidue on C-
terminus the act as chelatating agent toward'fié®Re(N)(PNP)}* complex, a Lys or GIn residue as
acyl acceptor and donor respectively (indicate agdrip) and a biotin moiety to use for a fast and
easy purification of modified proteins.
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3.2. Synthesis and characterisation of Re and Btating peptidesThe synthesis of
the peptides Biotin-GQGC and Biotin-GKGC, as sugabtBFCAs for'®®Re and®™c
complexes, was performed by classical solid phgs¢hesis. After the cleavage and the
precipitation , these peptides were purified by RP-C and analyzed by ESI-MS and ESI-
MS/MS in order to confirm their sequences. In bo#ises, the chromatograms show the
presence of two different peaks that we have aedly®y MS and MS/MS. The MS analysis
of the peptide material eluted by RP-HPLC relatethe synthesis of Biotin-GQGC indicated
the presence of two species, one that correspantisetdesired peptide (calculated mass=
589.19 Da, experimental mass= 589.30 Da) whilesdw®nd has a higher mass of about 106
Da (695.40 Da). Both species were analyzed by MS@d&irming their sequences. The
same result was obtained in the case of the peBime-GKGC, where the desired peptide
has a mass of 589.25 (theretical mass= 589.23pv@hdecond species gave a mass of 695.38
Da. Interestingly, MS/MS analysis of the adduct(8Da) gave an identical sequence to that
of the peptide because the modification is veryiléabwhen subjected to MS/MS
fragmentation.

From the literature it is known that the presentcaroincreased mass value of 106 Da
during peptide synthesis it could be due #o thioanisyl adduct or the combination of
oxidation and an anisyl addu@3). Since it was present thioanisol in the cleavageti®on,
the idea was to remove this scavenger in ordevéocome this drawback and obtain a higher
yield of peptides by using different scavangersval as triethylsilane. The cleavage of these
two peptides was repeated by using this new camditind a RP-HPLC was performed to
analyze the resulting peptides. Despite the thgmmwas replaced by triethylsilane, we still
observe the presence of two species, even if trratof the undesired species is decreased,
in the case of the peptide Biotin-GQGC, as showthbyRP-HPLC chromatograms in Figure
7. Moreover, RP-HPLC was repeate at 210 nm in otdedecrease the signal of some
hypothetical aromatic group bound on the synthéspaptides and in fact we can observe an
its decrease but not an absolute absence of msls{data not shown). This analysis could
confirm the presence of an aromatic group on tisérele peptides but more detailed analysis
are necessary to establish the nature of thisaf/peodification.
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Figure 7. RP-HPLC chromatograms of the peptides Biotin-GQ&and Biotin-GKGC(B) after the
cleavage with triethylsilane as new scavengethéncase of the peptide Biotin-GQGC is observed a
decrease of the signal that corresponds to thefradglieptide with a higher mass of 106 Da.
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3.3. Synthesis of thé®'®Re complexesThe synthesis of the complexe&®(
18’Re(N)CI2(PNP))(Biotin-GQGC) and*®**Re(N)CI2(PNP))(Biotin-GKGC) (Figure 6)
that we rename ReQ and ReK respectively, were aedlpy RP-HPLC and ESI-MS. The
chromatograms of each complex show more peakswieat analyzed by ESI-MS. The
analysis of the complex with the GIn containing t shows that the reaction mixture
contains mainly the desired product (Figure 7) &lgb not reacted biotinilated peptide and
species that it is possible to consider as a dagmad product of the complex (Table 1)
(Figure 8A). In fact, these last species presemttypical isotopic pattern of tH&®¥Re but
on the basis of its mass it seems not containititenivated peptide (Figure 8). The RP-HPLC
chromatogram of ReK reaction mixture contains twgnals at 20.47 min and 21.30 min
(Figure 7B). These two signals give the same mgnads by ESI-MS analysis. It seems
reasonable that they represent two different comddional isomers of ReK. Other signals
around 30 minutes are due to not reacted aminadjgfine used to synthesize the complex
[18>18Re(N)CI2(PNP)".

Once purified by RP-HPLC, the stability of compleXeeQ and ReK were tested at
different incubation times and at different pH \edu Stability tests were performed in the
conditions used for the TGase mediated conjugatifgoroteins and the degradation patterns
were analyzed by RP-HPLC (Figure 9). The chromaogishows that after 24 hours
incubation at pH 7 and at pH 2 the complexes atedegradated, confirmed by ESI-MS

analysis of the material eluted in the peaks cordd this result.

Table 1. Observed and calculated molecular weightM$& analysis of the RP-HPLC
collected peaks of the Re complexes

Molecula weight (Da)

species
observed calculated
1271.60 1271.46 ReQ
589.20 589.30 Biotin-GQGC
1271.52 1271.54 ReK
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Figure 7. MS analysis of ReQ. It is shown a double chasigdal due to ReQ, where it is possible to
observe the isotopic pattern of ti&**Re.

3.4. Synthesis of the”®™c complexes. The synthesis of the complexes
(*"Tc(N)(PNP))(Biotin-GQGC) and *{™Tc(N)(PNP))(Biotin-GKGC) were carried out by
following a two steps reaction (see Materials andtidds). The chemical identity of the
synthesized complexes was established by compaakdheir RP-HPLC chromatograms
with the chromatograms of the analogous complexes®d®Re. The**™Tc complexes
showed chromatographic peaks with a retention tiamiéted toward little higher times if
compared with **®Re complexes, showing a higher hydrophobicity. RR-6
chromatograms of*™Tc complexes show the presence of two peaks thatdcbe
representative of two different conformational igmen(Figure 10) and are indicated as isomer

a (first eluted peak) and isomer b (second eluesk)p
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Figure 8. RP-HPLC chromatogram of the complex ReQ . Thezdlaee different species: not reacted
biotinilated peptide (6.10 min), the ReQ comple®.22 min) and a degradation product of the
complex (32.42 minfA). RP-HPLC chromatogram of the complex ReK reactiixture. There are
two peaks at retention time 20.47 min and 21.30 that represent two different conformational
isomers (syn and anti) of the complex ReK. Aminghdisphine elutes at higher retention tir(ies
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Figure 9. RP-HPLC chromatogram of the complex ReQ after cfbline) and 24 hours (red line) in
0.5% TFA and 0.1 M Na2HPO4, pH(&). In (B) it is shown the chromatogram of the complex ReK.
The chromatogram does not show difference betweercomplex after O hours (black line) and 24
hours (red line) in 0.5% TFA and 0.1 M Na2HPO4, pH
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Figure 10. RP-HPLC chromatograms of *™T¢(N)(PNP)(Biotin-GKGC)] (A) and
[**™Tc(N)(PNP3)(Biotin-GQGC)] (B) obtained with a radio detector. In blue are shothe
chromatograms of the anolougs complexe$*0fRe (obtained with a UV detector).

The yield of synthesis of these complexes wereuatatl at different conditions of
temperature, time of reaction and biotinilated mkgs concentration. Data are shown in

Tables 2, 3 and 4.

Table 2 Effect of the biotinilated peptides concentratmmthe reaction yield. The reaction
was performed at 80°C for 30 min.

PNP/ peptide RCY%

Isomer “a” Isomer “b” Tot.

25.75 11.96 25.25 37.21
12.87 9.41 62.81 72.22
3.81 10.43 63.18 73.61
1.87 15.09 67.22 82.31
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Table 3. Effect of temperature on the reactiondyielhe reaction was performed for 30
minutes.

PNP/ Temp RCY%
peptide °O)

Isomer “a” Isomer “b” Tot.

12.87 80°C 941 62.81 72.22
12.87 100°C  9.97 56.81 66.78
3.81 80°C 10.43 63.18 73.61
3.81 100°C  11.04 71.68 82.72

Table 4. Effect of the time on the reaction yidltie reaction was performed at 100 °C

PNP/ Time RCY%
peptide (min)

Isomer “a”  Isomer Tot.
“b
5.57 30 9.61 69.47 79.08
5.57 60 9.59 70.04 79.63
3.81 30 10.28 73.59 83.87
3.81 60 10.33 73.92 84.25

As expected, the reaction yield shows a dependeocethe concentration of the biotinilated
peptides and from the temperature, while the tilmeaubation is not important to determine
a high yield of these complexes, underlining thgt fanetic of the reaction. These results
show that it is possible to obtain a reasonablkel yiethe**™Tc complexes at 100 °C after 30
minutes of incubation. In fact, in these conditidhe yield is around 84%. Moreover, it is
important to observe that complex formation is teldiftoward one of the two different
conformational isomers. In fact, after 30 minuted@0 °C and with a ratio PNP/peptide of
3.81, the yield of the isomer a is 10.28%, while yield of the isomer b is 73.59% . For the
specific aim of this Project, we are not interedtethe characterization of these isomers, but

to the reactivity of the complexes toward TGase.
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3.5. Site-specific derivatization of &fio with ReQ and ReKThe TGase mediated
reaction with apoMb and®"®Re complexes was performed at 25 °C with a moldo ra
apoMb/ReQ(K) of 1/10, while the weight ratio apoWG/ase was 50/1. Different time of
reaction were analyzed in order to determine tlwibation time that yielded the higher
amount of modified protein. In this paragraph, wi# giscuss separately the modification of
apoMb at the level of Lys residues with ReQ anthatlevel of the GIn residues with ReK.
Figure 11 shows the RP-HPLC chromatogram of thaseEGnediated conjugation of apoMb
at level of Lys residues with ReQ. The chromatogsfiows the presence of three peaks with
a retention time higher than that of the wild typwetein. This result suggests the formation of
different derivatives of apoMb with a longer rdten time due to the presence of a
hydrophobic moiety represented by PNP3 on the cexngeQ. The peaks collected from the
RP-HPLC analysis were analyzed by MS in order émiifly these three different species and
the results are shown in Table 5. The mass valleasly demonstrated the incorporation of
ReQ in apoMb at two locations. The first and theosel peaks correspond both to a
monoderivative of apoMb, but the different retentitmes suggest that the modification
occurs at two different Lys residues. MS analydishe peak at 19.52 min shows that this
species corresponds to the biderivative of apoMbrevtinoth Lys residues are modified. The
peaks collected from the RP-HPLC analysis werestiggewith trypsin and V8 protease and
then analyzed by MS in order to identify the sibdésonjugation of apoMb. The results are
summarized in Table 6 and the MS spectra are shmwigure 12. MS analysis indicated that
the two monoderivatives of apoMb with ReQ collecatdetention time 17.18 min and 18.18
min are modified at the level of Lys96 and Lys@&pectively. While both these residues are
modified in the biderivative species.

The main result of these experiments is that thelification of apoMb with ReQ
mediated by TGase gives as prevalent product theodesivative of apoMb, while the
biderivative is producted with a very low yield. Bwytegration of the areas of the
chromatographic peaks we calculated the % yielth@feaction products. For apoiB?the
yield is of 56.5% while for apoMB?the yield is of 4.4%.

We also studied the TGase mediated conjugationpoMé with ReK in order to
modify the protein at the level of GIn residueseTRP-HPLC of the reaction mixture after 4
hours of incubation shows the presence of one meantion product with a retention time
higher than the wild type protein. MS analysisioé eluted protein material indicated that in
analogy with the chromatogram of the apoMb-ReQtreacanixture, this peak corresponds to

the monoderivative of apoMb (Table 7).
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Figure 11. TGase mediated conjugation of apoMb with ReQ. FRR-El analysis of the reaction
mixture after O hour (dotted line) and 4 hoursitsbhe) of incubation. Analyses were performedaon
C18 Phenomenex column using a linear gradient @Mcontaining 0.085 % TFA from 40 to 50 %
in 25 min. The absorbance of the effluent from¢bkimn was monitored at 226 nm and identities of
the eluting protein material were confirmed by Mtalgsis

Table 5. Molecular masses of apoMb conjugated R&k) observed from the MS  analysis
of the RP-HPLC collected peaks.

Molecula weight (Da)

RT (min) species
observed calculated
16.87 16951.21 16951.50 apoMb
17.78 18205.99 18205.96 apoiVip-
18.18 18206.14 18205.96 apoivie*
19.52 19461.99 19460.42 apofVip-
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Table 6. Molecular masses as observed from the \§sis of the apoMb-ReQ
Digestion mixture with trypsin and V8 protease.

' Molecular weight (Da) Fragment
RT (min) . .
observed calculated (modified residue)
1778 2712.48 2712.30 86-98 (K96)
3163.92 3164.81 86-102 (K96)
18.18 1989.14 1988.94 97-102 (K98)
' 1987.17 1988.94 97-102 (K98)
19.52 4417.60 4419.28 86-102 (K96-K98)
' 2712.57 2712.30 86-98 (K96)

Collected peaks were digested with trypsin and YW&egase in order to identify the

sites of the modification at the level of GIn resd by MS analysis (Table 8) (Figure 13).
Moreover, a second very small peak is present 3t vigh retention time and it corresponds
to the apoMb dimer, formed by one or two Lys-Giosslinks. Indeed, as indicated by the
MS measurements, the dimer species display two wasss that differ of 17 Da, the weight
of the ammonia molecule that is released during Tiigase mediated reaction. The
monoderivative apoMEB is derivatized at the level of GIn91, but a litdenount of

monoderivative where apoMb is modified at the leeél GIn152 is also present. The
integration of the chromatographic peaks of thectrea mixture gave an yield of 75% in

monoderivative, while less than 5 % it correspadiodhe formation of the apoMb dimer.
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Figure 12. Mass spectra of apoMb-ReQ derivatives digestedrypsin and V8.A: digestion of
apoMBRe? collectedat RT 17.78 min;B: digestion of apoMI5? collected atRT 18.18 min;C:
digestion of apoM¥*?collectedatRT 19.52 mi
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Figure 13. TGase mediated conjugation of apoMb with R&. RP-HPLC analysis of the reaction
mixture after O hour (dotted line) and 4 hoursitsbhe) of incubation. Analyses were performedaon
C18 Phenomenex column using a linear gradient @Mcontaining 0.085 % TFA from 40 to 50 %
in 25 min. The absorbance of the effluent from¢bkimn was monitored at 226 nm and identities of
the eluting protein material were confirmed by MBalgsigB). Mass spectra of the collected
chromatographic peak of apof#f8 after digestion with trypsin and V8. This spectrstiows the
modified peptides m/z value.
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Table 7. Molecular masses of apoMb conjugated R&K observed from the MS  analysis
of the RP-HPLC collected peaks.

Molecular weight (Da)

RT (min) species
observed calculated
18205.61 18205.98 apoMpReK
17.17 17523.75 17523.93 apoMp?otn-eKGE
16950.90 16951.50 apoMb
2014 33883.18 33886.00 apoMb dimer (-17 Da)
' 33867.63 33869.00 apoMb dimer (-34 Da)

Table 8. Molecular masses as observed from the W§sis of the apoMb-ReK
digestion with trypsin and V8 protease.

RT Molecular weight (Da) Fragment
(min) observed calculated (modified residue)
16.82 2447.52 2447.19 86-96 (Q91+ReK)
1765.12 1765.16 86-96(Q91+Biotin-GKGC)
2447.52 2447.19 86-96 (Q91+Biotin-GKGC)
17.17 1765.12 1765.16 84-96 (Q91+ReK)
1774.96 1774.68 149-153 (Q152+ReK)

3.6. Derivatization of apoMb with tH&™Tc complexesThe results of the experiments
of conjugation of apoMb with ReQ and ReK demonstidhat it is possible to obtain the site-
specific conjugation of apoMb witi>**Re complexes. We thus transfered this methodology
to modify the apoMb with the analogous complexes°Bfc. Since reaction conditions to
modify apoMb with®*™Tc are much more diluted due to the need of useit@iamount of

9mre, we repeated the site-specific conjugation afMip with ReQ and ReK in respect of
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these new conditions. Initially, we used the sanodanratio protein-substrate that were used
for preliminary experiments and the same tempegatbut at a 50 fold diluition of the
reactants. There was no derivatization but a |éggaieic material. Then, we increased the
molar ratio protein/substrate until 1.2/2 and tperature of reaction from 25 to 37 °C and
carried out the reaction under stirring. In spitetteese reaction conditions, results of the
reaction were not satisfactory as shown by the RREchromatograms (Figure 14).

In order to modify apoMb witA°™Tc (see introduction) two different approaches were
followed: pre-labelling and post-labelling. In dedelling approach firstly we form the
9mrc-BFCA chelate then, we proceed with its conjugratio the protein in a separate step. In
the post-labelling the BFCA is conjugated to thet@in and then the radiolabelling is
performed by ligand exchange reaction with T8¢ complex BFCA-protein conjugated.
The pre-labelling approach was carried out withofeing two strategies: the carrier added
reaction and the carrier free reaction. The cawmtited reaction was performed by adding
ReQ or ReK complexes to the solution containing®®f&c complexes in order to increase
the total concentration of the substrate and mienthe formation of the apoMb dimer. The
carrier free approach it was performed by addimigteiy the**™Tc complexes to the apoMb
solution. In both these approaches the reaction® warried out at 37 °C and for an
incubation time of 20 hours but no modification wasserved. The post-labelling approach
was performed by adding t&"Tc complexes to the apoMb conjugated with Biotin@&®
or Biotin-GKGC chelating agents and incubating 20rhours at 37 °C. Only analysis it was
possible to perform in order to identify the speqeoducted during these reactions it was the
RP-HPLC where the eluted species were detected@gia detector. In both the reactions the
presence of three chromatographic peaks is obsefVedsecond and third chromatographic
peaks are represented by i&Tc complex and the radiolabelled apoMb respectivetyile
the first is probablily due to the degradation oé ¥°"Tc complex (Figure 15). It was not
possible to perform MS analysis due to the low eotr@tion of the species to analyze and the
radioactivity of the’®*™Tc complexes. The result of these experiments sheadiochemical
yield (RCY) of 27.22% for the radiolabelling of @db conjugated with Biotin-GQGC,
while in the case of apoMb conjugated with BiotikGC the RCY is 23,97%.
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Figure 14. TGase mediated conjugation of apoMb with R&Q RP-HPLC analysis of the reaction
after O hours (dotted line) and 2 hours (solié)iat 37 °C and with a molar ratio protein-substiaft
1.2:1.. With the new reaction conditions the yiefdeaction is considerable decresed. The idestitie
of the eluting protein material were confirmedM$ analysis(B) Chromatographic peaks of apoMb
and apoMB**“ are overlapped. RP-HPLC analysis of the reactiter & hours (dotted line) and 2
hours (solid line). To estimate the yield produstid apoMB®® we consider the relative intensity of
deconvoluted MS analysis signal. About ¥4 of thaltamount of apoMb result to be modified.
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Figure 15. RP-HPLC of the post-labelling reaction of apoMbKReonjugated with®™Tc complex
(A) and apoMb-ReQ conjugated with'Tc complex(B) obtained with a radio detector.
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3.7. Synthesis and characterisation of H2ATSMAhother type of BFCA that we
synthesized it is represented by H2ATSM modifiethvé-aminocaproic acid (H2ATSM/C).
This modification allows to obtain a chelator waHree primary amino group that can act as
acyl acceptor in TGase mediated reactions. TheattteH2ATMS was reacted with Fmoc-6-
aminocaproic acid (H2ATSM/C) and the product of ttemction was deprotected and
analyzed by RP-HPLC and ESI-MS. Chromatogram shavissgh purity of the derivative
since only one species is present in solutionufi@gl6A). The collected peak was then
analyzed by MS spectrometry in order to confirm ighentity of the synthesized compound
(Figure 16B). The mass spectrum of the RP-HPLGect#d peak shows m/z signals that are
correlated to the modified and unblocked chela®@5(23 m/z and 218.58 m/z) or to the'Cu
complex of H2ATSM/C (436.15 m/z). The signal 270/1& seems to be generated by
fragmentation of the chelator, since the same sigrabserved in the MS/MS spectrum of the
signal 375.23 m/z (data not shown), while the dig28.05 m/z is correlated with €u
complex of not modified H2ATSM (obtained by fragntegion during MS analysis) (Table 9).

Table 9. Observed and calculated molecular weightes of H2ZATMS/C species purified by
RP-HPLC.

Molecular weight (Da) _
species

observed calculated

374.23 374.17 H2ATMS/M
435.15 435.07 H2ATMS/M+Cu
322.05 321.99 H2ATMS+Cu

Overall these results indicate that we obtainedHBATSM/C with good level of purity. The
high avidity of the compound toward Cu is demornsticby MS analysis, since we observed
m/z values corresponding to the complex ATSM/C+ Ruspite of Cu was not added to the
solution. It is possible that the chelator bound thetal from metallic parts of the mass
spectrometer or HPLC instrument.

We also studied the stability of H2ZATMSh phosphate buffer at pH 7. The kinetic of
stability was followed by RP-HPLC (Figure 17). Toleromatograms of the solution after 1

hour of incubation showed the presence of two diffepeaks that by MS analysis gave m/z
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Figure 16. Analysis of H2ATMS-6-aminocaproic acid. IifA) it is shown the RP-HPLC

chromatogram of the synthesized compound after dpradetion of the amine group and its
purification via precipitation. Loaded compounddissolved in DMSO. InB) it is shown the MS

analysis that confirmed the presence of the mattiba.
values both correspond to H2ATMS/C. The presencéewof different peaks for the same

compound is likely due to the formation of isomefshe complex in agueous solution.
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Figure 17. Stability test of H2ZATMS/M. Phosphate buffer at fHvas added to the DMSO solution
of the compound ( final concentration was 0.1 my/ffihe kinetic of stability was followed by RP-

HPLC. The RP-HPLC chromatograms after o hours édoline) and 1 hour of incubation (solid line)
are shown.

3.8. Site-specific modification of apoMiibth H2ATSM/C mediated by TGase.order
to modify apoMb at the level of GIn residuesth H2ATSM/C, we carried out the TGase
mediated reaction using the Cu chelad4@ATSM/C which contains a free amino group that
can act as acyl acceptor. The TGase mediated araofi apoMb with H2ATSM/Cwas
performed at 25 °C with a molar ratio protein/sudast of 1/10, while the weight ratio
apoMb/TGase was 20/1. Different time of reactionrevanalyzed. Since the RP-HPLC
chromatograms did not show a nice separation betwee reacted apoMb and its modified
form, the yield of reaction was extimated on theibaf MS measurements of the eluted peak
(Figure 18) .The MS spectrum of the modified aposfiows mass values corresponding to
the native protein and to its derivative with H2AM& both in complexed form with Cu and
not (Table 10). Some species originated from thgrfrentation of the H2ZATSM/C moiety in
the mass spectrometer are also present. The yesddcalculated on the basis of the relative
intensities and it was found to be around the 50%.
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Table 10. Molecular masses of apoMb conjugated WRATSM/C observed from the MS
analysis of the RP-HPLC collected peaks.

Molecula weight (Da)

specie
observed calculated
16950.93 16951.50 apoMb
17309.63 17308.67 apoMb+ H2ATSM/C
17371.16 17370.67 apoMb+ H2ATSM/C+Cu
100 - 16950.93
. 17371.16
=

17309.63
U ,T/J“ T T T T 1
16800 17000 17200 17400 17600 17800

m/z

Figure 18. Deconvoluted MS spectra for the RP-HPLC fractiomesponding to the
reaction time 5 h of the TGase mediated conjugaifapoMb with H2ATSM/C.

DISCUSSION

The modification of proteins, including antibodies,nowadays of great interest in
biochemical and biomedical research, since modiffgdteins can display improved
physicochemical and functional properties. In pattr, labelled proteins with fluorescent
probes or radionuclides can be used for the imaginignolecular processes, as well as for
diagnostic and therapeutic applications. Today,ntleelification of proteins is predominantly
achieved by using chemical methods, but these rdstlave often difficult to control and

usually can attack different amino acid side chaofsa protein. Thus, the risk of
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heterogeneous modification and over-labeling igiaht, leading to deleterious effects on the
native structure and biological activity of the {@ia. Therefore, the development of
alternative approaches for the controlled modifaabf proteins is of significant and timely
interest.

In this Project, we evaluated TGase-mediated sfiegefor the radiolabeling of
proteins. These procedures require the design gnthesis of suitable and novel metal-
chelating agents. To this aim, the reagents prelyoused for technetium-99m labeliftj7)
were newly synthesized with the view that thesgeats should contain a Lys or Gln amino
acid to be used in the TGase-mediated reactionTG@se-mediated derivatization of apoMb
using as substrate thE*®*Re complexes (ReQ and ReK, the GIn and Lys comtgini
complexes respectively) resulted in a very sitez$igemodification of the protein both at the
level of GIn residues (by using ReK) and at levElLgs residues (by using ReQ). The
specificity of the modification is very high if wednsider that apoMb contains 6 GIn residues
and 19 Lys residues but only GIn91 (GIn152 is asdary site of modification) and Lys96
and Lys98 are modified by TGase. These resultsnasgreement with the observation that
TGase modifies preferentially residues that areatledt at the level of flexible/disordered
regions of protein§34). Indeed, GIn91, Lys96 and Lys98 are located atethel of the region
of helix F, that results more flexible in apoMb demonstrated by limited proteolysis
experiments and NMR measuremeli®l-27) Moreover, the TGase reaction gave good
yields of the ReQ- and ReK-apoMb derivatives (5h8 75%, respectively) indicating that it
is a promising approach for the radiolabelling aitpins.

This methodology was then transferred to the labgebf apoMb with the®™™Tc
containing complexes. Radiolabeling was performiedprelabeled BFCA with subsequent
covalent binding to apoMb mediated by TGapee{abelling approachr first binding of
BFCA to the protein and then radiolabeling of thetgin bioconjugate post-labelling
approach) The post-labelling approach gave the best resukts & the yields of radiolabelled
protein were low while the pre-labelling approadth mbot yield any derivative. . These results can
be explained with the reaction conditions that wese for the labelling witF*™Tc. Indeed, in the
pre-labelling approach the substrate was not ieg€xover the protein with the consequence that
the main product of the TGase mediated reactionth@spoMb dimer. In the case of the post-
radiolabelling approach, binding 81"Tc to the BFCA-apoMb derivative was performed at a
temperature much lower that required for an hidicieht metal binding. Indeed, the formation of
the asymmetrical nitride complexes Bf'Tc gives optimal yields by using a temperature ®f 8

100°C (16, 17, 31).Proteins generally can not be exposed to thespeture conditions since
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they can cause their irreversible denaturationggregation. We thus decided to perform metal
binding at 37°C but we obtained an yield 8f'Tc-labelled apoMb too low to propose the
application of this method fatiagnostic purposes.

We also studied another approach of protein rao@liag via TGase using a BFCA that
can coordinate®Cu. This radionuclide has indeed interestidiggnostic and therapeutic
applications (REF). The BFCA was designed to corgabis(thiosemicarbazone) moiety that has
an high affinity toward§*Cu and it can bind this radionuclide at room terapee thus allowing
to perform a post-labelling approach without hegtifihe avidity of this chelating system toward
Cu is demonstrated by the results of the MS analgsee we identified a Cu-bound form of the
BFCA that originates from the binding of environrt@@nCu. The bis(thiosemicarbazone) was
modified with 6-aminocaproic acid (H2ATSM/C) in edto introduce an amino donor for the
TGase-mediated reaction. Importantly, a derivatteapoMb modified with H2ATSM/C was
producedvia TGase with good yield (~50%). We feel that thistahehelating system can be
usefully employed for the site-specific labellingpooteins to be used as imaging and therapeutic
agents. Experiments are now in progress in orderatasfer this approach at tracer level with
®Ccu and to extend its application to the preparatibradiolabeled proteins useful for diagnostic

or therapeutic purposes .
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V. GENERAL DISCUSSION AND OUTLOOK

The main aim of this study was to deduce molecidatures of the TGase-mediated reactions using
well characterised protein substrates, sucki-fectalbumin, avidin and apomyoglobin (apoMb). At
the same time, we were willing to conduct initialperiments to develop suitable procedures for
covalently linking to proteins a few peptide magstiable to bind metal ions, including radionuclides
Using both amino- and amido-ligands mimicking #iamino group of lysine (Lys) and glutamine
(GIn) residues, respectively, it was possible talgge the TGase-mediated reactions in terms of
molecular and dynamic properties of the investiggieotein substrates. The Scheme shown below
(Fig. 1) illustrates the permutations of substratethe TGase reactions herewith investigated. s a
amino-donor we used dansyl-cadaverine (DC) andtgsdanor N-carbobenzoxy-glutaminyl-glycine
(ZQG). Therefore, it was possible to identify bdi@ase-reactive GIn and Lys residues in a protein
and to relate the observed reactive residuesmmstef molecular properties of the protein substrate

e}

Lys Gl —=222 {:}—Gln-LyS GIn-Lysﬂ
Lysﬂ

TGase-mediated modification of proteins

Two approaches are possible: either a ligand derivatised with GIn-residue can be coupled
to a Lys-residue of the protein or a Lys-mimicking ligand can be attached to a Gln-residue.
The ligand can be a fluorescent probe, biotin, a drug entity or a chelating agent.

Figure 1. Scheme of the TGase-mediated reactions.

TGases attack proteins at flexible sites. The results presented in this Thesis and preljidus our
laboratory (-3 have convincingly shown with a number of TGasactens, performed under
different experimental conditions and various proteubstrates, that local flexibility or even local
unfolding dictates the site-specific modificatioha GIn residue in a protein, while a less stringen
specificity was observed for Lys residues. In gaitr, it is here shown that the apo-form of bovare
lactalbumin in its partly folded or molten globudeate at neutral pH reacts primarily at GIn39 with
TGase in the presence of DC as the amino-donolewioine of the six Gin residues of the protein
reacts when the native, folded and calcium-loadetem is used as substrate for TGase. Of interest,
TGase selectively incorporates DC at the level bf @sidues encompassed by the chain segment
which was shown, by means of spectroscopic measuamto be disordered in the molten globule
state ofa-lactalbumin 4, and references cited therein). Moreover, the sanaén region acting as
substrate for TGase is also selectively hydrolylagdeveral proteases, thus demonstrating that both
TGase and proteases act on the flexible/disordmaéin regions ofi-lactalbumin.

Also the 153-residue chain of apoMb reacts selelstiwith TGase at the level of a GIn91, a residue
encompassed by the chain segment which has beem shde disordered by NMR and proteolysis
experimentsg). Instead, in the case of the well-structured iagid avidin molecule, none of the GIn
residues of the protein is reactive towards TGabat chain flexibility is dictating the site-specif
TGase reaction(s) is also demonstrated by thetlfiattnative globular proteins usually are very poor
substrates for TGases, while a variety of natielyntrinsically disordered proteins are substrébes
TGasein vivo, including synuclein, tau protein and huntingtidith these proteins, as expected, the
TGase-mediated reactions are not site-specific savéral Gln residues are modified. Since these
disordered proteins are involved in severe diseas#isose of Alzheimer, Parkinson and Huntington, a
role of TGase in these diseases has been props=eR] for references).
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The TGase-mediated reactions involve the initipsbf formation of the reactive thioester
intermediate at the level of the Cys residue atetheyme’s active site (see Introduction). Consitgri
that Cys64 in microbial TGase is located in a ddefi of the protein fold (see Introduction), itche
anticipated that the most critical step in the Tésamdiated reaction(s) is the difficult formatidrttoe
covalent reactive intermediate involving on oneeditk buried Cys residue and on the other a protein
bound GIn residue. This intermediate is difficdtlie formed with a GlIn-protein, while it is formed
much more easily with flexible and structurelesgtjokes, including the small ZQG substrate. It can b
anticipated that the reactive intermediate cantreéh a variety of nucleophiles, besides thamino
group of a protein-bound Lys-residue. Indeed, i leeen found that a large variety of small
nucleophiles can react with the intermediate, idiclg water, hydroxylamine, alkyl amines and others.
On the other hand, when the nucleophile issthenino group of a Lys residue embedded in a protein
substrate, it can be anticipated that steric reguénts, surface accessibility, nucleophilicityywedl as
mobility of the e-amino group of Lys residues can play a role in #inginolysis of the reactive
thioester.

The requirement of a flexible polypeptide chaintfoe TGase’s reaction is consistent with the flaat,t
on one side, it can explain the often observedgrit specificity for protein bound GIn residues as
acyl-donors and, on the other, that in generaletheronly a moderate specificity for protein-bound
Lys residues as amino-donors (see the resultsngatavitha-lactalbumin). This can be explained by
considering that the-amino group of a protein-bound Lys residue is aaywather exposed and
flexible due to the relatively long arm (spacer}iwé -(CH),- alkyl chain. Nevertheless, here we have
shown that even the reactivity of a Lys residue banvery selective, as shown by the specific
modification of a single Lys residue when the maticalcium-loadedx-lactalboumin was used as
substrate. The modified Lys is located at the @Giteal end of the protein and thus it is expectedeao
flexible, since in general the N- and C-terminagreents of globular proteins are significantly more
flexible than the protein core.

H,N polypeptide substrate COOH

site of TGase attack

! ! 'mP4 PS5’
S5 S4 S3 S2 S1 S1 S? SS’%Aj’kSS/'_\

TGase

Figure 2. Schematic representation of the binding of a polyp#tide substrate at the active site of
TGase A 10-12 residue segment of a polypeptide chaieracts with its side-chain residues (P) at a
series of subsites (S) of TGase. The interactiotthef substrate at the TGase’s active requires a
specific stereochemical adaptation of the substaate thus likely a significant degree of chain
mobility. It is suggested that the polypeptide srdie binds at the TGase’s active site in an exddnd
conformation. The P1 side-chain residue interactivith the S1 binding site of TGase is the
carboxamido side-chain group of a GIn residue. fithere and nomenclature are adapted from the
representation of a similar binding of a polypeptilibstrate at the protease’s active site intratibge
Schechter and Berges)(

TGase acts similarly to a protease. The sites of GIn modification by TGase occuregions prone to
suffer also limited proteolysis phenomena, as detnated here foo-lactalbumin and apoMb (see
also ref.3). This fact prompts us to propose that a mecharosrtocal unfolding of the site of
enzymatic attack is a critical parameter dictatimg site-specific enzymatic reactions for both Té3as
and proteases. Considering the molecular simiaritbetween TGase-mediated reactions and
proteolysis, it seems appropriate to use alsohermiGase reaction the nomenclature of Schechter and
Berger 6) previously utilized for describing the primarydasecondary binding sites in protease-
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substrate interactions, with the residues at therhinal side of the residue of enzymatic attadkdpe
P1, P2, P3.... and those at the C-terminal sidBZ2',P3' .... As shown in Fig. 2, a stretch oleast
10-12 amino acid residues encompassing the sitenafmatic reaction should be in a flexible
conformation to allow binding at the enzyme’s cgial site in an extended backbone geometry.
Clearly, local unfolding in the TGase’s reactiortie most critical parameter when globular proteins
are used as substrates. However, when short fiepibptides are used in a TGase’s reaction, chain
flexibility is no more controlling the reactivityf individual Gln residues.

Oulook. Here, we have presented data that indicate tieatrain features dictating the site-specific
modification of a protein-bound GIn residue by T&a&s a globular protein is the flexibility or local
unfolding of the chain region encompassing the treadGIn residue. Therefore, it is possible to
predict the site(s) of TGase-mediated modificatddra protein on the basis of its 3D-structure and
dynamics. We have here performed initial experimémt covalently binding metal-chelating moieties
to proteins. We have shown that the reaction caspleeific, but additional experiments are required
to provide gproof-of-principleof the technique. Summing up, the results hererdesl using model
proteins as TGase substrates are interesting famderstanding of the enzymatic reaction and are
also of practical utility. We can anticipate thia¢ {TGase-mediated reactions will be further explore
as a versatile method of enzymatic protein modificafor the purpose of studies of protein struetur
and function, as well as a method to improve thape@ities of proteins in general, including protein

drugs 7).
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