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Abstract

Transglutaminase grG2) is amultifunctional proteinwith diverse catalytic activities and biologicalles Its
best studied function ithe C&*-dependent tramsnidase activity leading ttormation of o-glutamyt3lysine
isopeptidecrosslinks between proteims o-glutamylamine derivativesTG2 has a poorly studied isopeptidase
activity cleavng these bondsWe have developed andharacterisedTG2 mutans which are significantly
deficient in transamidase activityhile havenormal or increased isopeptidase actiyly332F)and vice versa
(W278F) The W332F mutation led tsignificantchanges of botthe K., andthe V.« kinetic parameters dghe
isopeptidase reactioof TG2 while its calcium and GTP sensitivity was simitarthe wild type enzyme. The
W278F mutation resulted in six times elevated amine incorporating transamidase aeiiystrating the
regulatory significance diV278 andw332 in TG2 and that mutations can change opposed activities located at
the same active sit&he further application of our resultscellular systems may help to understand TG2 driven
physiological and pathological procesdestterand lead to novel therapeutic approachdsre an increased

amount of crosdéinked proteins correlagavith the manifestation of degenerative disorders

Keywords: humant r ans gl ut ami nase 2glutamyshgdpolage ttrandaaniglaionaggtion of i t vy ,
activities,moonlighting enzyme

Introduction

Transglutaminase ZT(G2; tissue transglutaminase) isnaoonlighting protein with transglutaminase, GTPase,
ATPase protein disulphide isomerasproteinkinase catalytic activities antk functions have beamplicated
in various biological processesasatalytically active oaninteractng proteinpartner(Eckert et al2013 Wang

Z and Griffin M 2013 lismaaet al.2009. It is a member of an enzyme familjith 7 catalytically active and one


http://dx.doi.org/%5b10.1007/s00726-015-2063-5%5d

inactive additional membergheir generallyknown catalytic activity icalciumdependenprotein crosslinking
to form highly resistamND—( -glutamyl)lysire bond between proteingLorand and Graham 2003)hich has
significantroles in physiological and pathologicarocessessuch adlood coagulationgornification,apoptosis,
extracellular matrixstabilizationand insoluble aggregate formation rieurodegenerative diseases fibrotic
disorders Mono- or polyaminylation of glutamine residues of protelmg a transglutaminaseccurs in the
presence of different amines instead of lysine residues of prgeimiling important physiologicategulatian
including the activation oinsulin secretiorby serotonylation othe Rab small GTPas@aulmann et al. 2009)
and histamine incorporation into fimogen (Lai and Greenberg 2018r gliadin peptidegQiao et al. 200p
which potentiallymodulat inflammatory processefn the absence of any amine donor substrate deamidation of
the glutamine residugakes place leading to, f@xample a more potent antigen in celiac disedShan et al.
2002. Theincorporationof a peptideor biogenic amineanddeamidation or polyamine linkageodify charges
in the target protemswitching on or off the biologicadrocessn which the participate

The transamidation reacticrreats proteinaseresistant bonsland so far the existence of a specific
enzymewhich cansplit these isopeptide bonds in proteins have not been reporteghrdieénscrosslinked by
transamidatiorare degraded by the proteasomal systenm dysosomedy proteases but thego nottouchthe
isopeptide bondGuilluy et al 2007.) Fbrinolysis is responsibléor digestion of the highly crosslinkdslood
clot contaiing manyisopeptide bondbut theNO—( -glutamyl)lysire bondis itself not splitandt he r ed eased
( -glutamyl)lysire isodipeptide idetectable irthe circulation(Tarcsa and Fes 199(. There is an enzyme;
glutamilaminecyclotransferasavhich is able tocleavethe ND—( -glutamyl)lysire bondin the dipeptidebut this
enzyme has significant activity onity the kidney and in the intestine (Raczynski et al. 1975).

It was reported that Factor X#d] a member of the transglutaminase fanabn reverse crosslinking of
U Zplasmin inhibitor to fibrinogen and fibrin potentially regulating the fibrinolytic processes (Ichinose and Aoki
1982; Mimuro et al. 1986Based orthe kinetic and mechanistic similarities to papaimas been proposed that
transglutaminasescould play a dynamic role in breaking of ‘N -glutamyl)lysine isopeptide bonds
(Parameswaran et al. 199As a confirmationthe release o& cadaverindinked quencher from oligopeptides
by guinea pig liver (gpTG2) and humardrblood cell transglutaminasesuld be showr{Parameswaran et al.
1997, Folk et al1967).This data has raised the possibility of tedstence of atill unknownregulatory system
which can switch on or offansamidase and isopeptidase activities of transglutamisaepasadly. An enzyme
with isopeptidase activitgisconnected from transamidatioray have particulausein conditionswith increased
intracellularTG2 activityleading to accumulation of crdgsed proteingn intraneuronal inclusions multiple
neurodegenerativdiseasegMartin et al. 2013) or in tissue fibrosis affecting different organs (Johnson et al.
2007) Treatmentwith specific transglutainase inhibitors can slow down or stop thes¢hologicalunwanted
processes but they are not able to reverse them. The development of special inhibitors which are able to block
only the transamidase activity of transglutaminaseh®potential applicabn of a protein which has enhanced
or only isopeptidase activity could provide an alternative wagecrease the load of crosslinked proteins.
However,disconnedbn of theisopeptidaseand transamidaseactivities of any transglutaminase $ianot been
demonstrated so far.

In this study we made an attempt to separatéstipeptidasendtransamidasactivities of TG2 by site
directed mutagenesiB8ased on thenalysis ofpublished xray structures wehange amino acid which are

located around the substrate binding cleft and are particularly responsible for the formation of the hydrophobic



tunnel and the stabilisation of the transition state during the transglutaminase reaction pwwoespecial
mutants were found and charagted one deficient in transamidase activity with higher isopeptidase activity
and another with opposite propertieBased on our study the potentiaiological application of modified

transglutaminasesan be considered.

Materials and methods

Materials

All materials were purchased from Sigma (St Louis, MO, USA) unless otherwise indicated.

Transglutaminase enzyme preparations
For more than two decadesost of the studiem the transglutaminase fieldsedthe cDNA of TG2 cloned by

Gentileet al.(1991) which contaimGly at amino acid positiof24 Wealsoused thisGly**

containingclone n
our previousvorksandatthe beginning of tis study However, subsequeanalysis oflargegenomic databases
revealed thatll the so farsequencediumanTG2 alleleshave Val at amino acid positior224 The detailed
comparison of Val and Gly containing variants has demonstrated significant difference in their calcium binding
affinity and sensitivity affecting botlm vitro andin situ transglutaminase actty assaygKiraly et al. 2013;
Kanchanet al. 2013)Based on this datae havedecidedduring the course of this study changeGly back to
Val at position 224n our TG2 constructs

Theearlier prepare@ly***

in N-terminally (His}-tagged form (pET30 EK/LIC-TG2) and purified by NNTA affinity chromatography as

containing ecombinant human TG2zariantandits mutantswere expressed

described pr evi ouTFherywefeko differéngén expressioh level 2yiel® #nhd stability of the
mutant proteinsas compared to the wild type TG&After introducing the V&f* TG2 the expression and
purification protocol wagefined and ér the comparative studies of the two variants and their muthats
following improved protocol was applied: After transformation Rosetta 2 strains gveven in LB broth at
25/C to an OD600 0.6 to 0.8. To induce the expression oftadjged proteins, the cultures were grown
overnight at 18C in the presence of 0.05 mmol/L isoprbfiyD-thiogalactoside. The cells were harvested by
centrifugation at AC and then resuspended in 25pet litre ofculture of ice cold binding buffer (50 mM Tris
HCI, pH 7.2, 1 mM EDTA, 5 mM imidazole) with 1 mM PMSF. After cell lysis by sonicaf@rimes 30
seconds with 1 minute breaks, on ice), and centrifugation (20000g, 30 mind@3sthé Histagged protein
containing supernatant was loaded oatoequilibrated (20 ml binding buffer without DTT and then 10 ml
binding buffer) His GraMrap cdumn (GE Healthcare, Little Chalfont, UK). Aftéoading the column was
washed with 10 ml binding buffethen10 ml binding bufferwith 20 mM imidazole. Finally, the protein was
eluted by 10 ml of 500 mM imidazole binding buffer and the eluate was centrated using Amicon
CentriconYM 50 MW (Millipore, Billerica, MA). Then the buffer was exchanged to 20 mM -H®GI, pH 7.2,
with 150 mM NaCl, 1 mM dithiothreitol, 1 mMEDTA, and 10% by volume glycerdrhe protein concentration
was determinethy theBradford method (BieR a d , M¢ n ¢ h e RinallyGeoteinparityywas. checked by

Coomassie BB staining of SB®lyacrylamide gels and Bi/estern blots.

End point transamidase activity assay based on labelled amine incorporatioicrantiter plate



The classicalmicrotiter plate assay based on the incorporation -@i&inamido)pentylamine (Zedira) into

immobilised N,Ndimethylated casein (DMC) was used as described before (Madi et al. 1998) with the

following modifications.The total volume of reéaci on mi xture was 200 ¢l contair
(DTT), 1 mM N-(5-aminopentyl)biotinamide, 5 mM Cagb . 5 O 0.T 1@ ZrisHCI buffer, pH 8.5The
reaction was started withddition of5 0 Ol enzyme solution and Theaotsor med a

linked product was detected by streptavidatialine phosphatase and quantitated at 405 nm by the addition of
p-nitro-phenyl phosphate.

End point transamidase activity assay based on labelled glutamine donor peptide incorporatocratiter

plate

Another microtiter plate assay was also usegrovide the substrates inther orientation. fie commercial

CovTest (Covalh, France) is able to measure specifically the aamdaseactivity of TG2. The basis of the

assay is the incorporation of a short biotinylated pepthdetif-pepT26, acydonor) into spermine (acyl

acceptor) which was covalently coupled to the surfddihe activated plate. Wigerformed the assay based on

thearticle in which the assay was described (Perez et al. 200@) original plates were ordered from Cléuva

and washed with washing solution containing 0.1 % Tw2@&m 0.1M TrisHCI, pH 8.5 at 3AC for 15 minutes.

Then 50 ¢l of ¢ o laidingr2@ raMbibtin-pepT26rdligogeptideq Cotdab) N30 mM Cad, 10

mM DTT in reaction buffer (150 mM NacCl, 40 mM T+#4Cl, pH 8.3) were loaded into the well. The reaction

was started bwpddition of6 0 € | sample (0.5 &g p#ACda 2imnjytesidentddtewa s i nc |
washing3timesl1 10 ¢l / wel | f r e s hpergxidgsesotutoa (dilgtibn: E50Q0 inAvashirdyiffer

containing 1 % BSAwasadded andncubated for 15 minutes at &7. After washingagain3 t i mes 100 ¢ |
substratdfr e s hl'y prepared from TMB tablet wusing 200 ¢l DMS
by 9.8 ml phosphate i t r at e buf fer, p H 50, 0wascadded ia ¢achi welihe cblOur ¢ | 30
reaction was st opMadabsdandes wer@ readlat 420.n5.N H

Fluorescence isopeptidase assay using Zedira substrates

Transglutaminase cleaves the isopeptide bond in the synthesised substrate releasing the dark quencher (2,4
dinitrophenyl) linked to the cadaverirgpacer following the increase of fluorescence from therkhinally

attached fluorophore-@minobenzoyl (2Abz). Based on the suggested protocol the final concentrations in the
reaction mixture wre 50 mM TrisHCI, 10 mM CaC, 100 mM NacCl, 0.1 % (w/\v) PG6 00 0, 50 ¢M
A102/A101 and 2.8 mM DTT (added with the starting solution which contained the enzyme). The reaction was
monitoredat 37A by a BIOTEK Synergy 4 or H1 multiple reader (EX/Em: 318/413 ndter subsequent
optimisation the isopeptidase assay was performed at pH 6.8 and in the abserGt/@Me, because itid

not have a significant effect on the isopeptidase actiithata not shown)~or the analysis of pH dependence 50

mM MOPSNaOH based buffer was apgd.

Kinetic transamidase assay

The kinetic transamidase assay was performed with slight modificatepre¥iously published procedure

(Lorand et al. 1998)'he reaction mixture contained 50 mM FHEI buffer pH 7.5, 0.5 mM dansyladavering

2 mg / mdimethyldted casein, 1 mM DTT,andCa€Glr 10 mM EDTA. The reaction v



and the assay was started with the addition of 20 ¢l
calculated based on the linear part ofittezeasing fluorescence (Ex/Em: 360/490; atn37A T

BODIP-GTP2S nucleotide binding assay

500 nM BODIPYXGT P2 S ( | ;MeBwenretoah 2001) GTP analog was used to measure nucleotide binding
to increasing amousibf TG2 proteins in the presence of 20 mm HEPES pH 7.5, 150 mM NacCl, 0.1 TCEP, 0.05
% Tween20, 0.1 mM EGTA, 1 mM MgGl

Resultsand discussion

1. In silico consideratioafor the separation dransamidase and isopeptidase actiaf TG2

Comparing the known crystal structures of human transglutaminases with corresponding papain structures
reveals isolation of the active sitdf both from ambient water bybeing buried in the core domainand
surrounded by bulky hydrophobic residues (Pinkial. 2007, Chica et al. 2004, lismaa et al. 2003, Murthy et

al. 2002). Although spaeflling models in the presence of substrate (inhibitor) show the active site quite
exposed to water, in the absence of substrate the water is repelled from thecceaaityi by hydrophobic

tunnels isolated by annealing hydrophobic side chains, such as-W232, W278F334. Also, W180, W337

and Y510 shield the active site from the intrusion of watesilico modeling of TG2 suggestlthat suppressive

repl acements of one or two of these seven residues
molecules without disrupting secondary domain structures. The enhanced access of ambient water to the
catalytic sitewas expecte to divert transglutaminase activity towards hydrolysis of the transglutaminase
reaction productsTo prevent the disruption of the active site we designed the modification to save the
hydrophobic character of this sitg bsing amino acids with shortade chains Based on this consideration we
designed 12 single mutants namely: W180F, W180L, W241F, W241L, W278F, W278L, W332F, W332L,
F334L, W337F, W337L, Y516LThese mutants in human T®2ve not yet been purposefully creatém the
characterisation dheir isopeptidase propergiurthy et al. 2002, lisneet al. 2003.

2. Effect of changing hydrophobic amino acids around the active cfitd G2 on its isopeptidaseand
transamidasectivity

At the beginning of this stud$he mutantsdesigned abovevere constructed by site directed mutagenesis in the
plasmidclone of the GI§?* containing TG2 variansince thisclonehad beerusedfor many studies by different
laboratoriedgn the transglutaminaseesearchfield until Kanchanet al. (2013) provided data about biochemical
differences between VAf and GIy* containing variantsTo examine the effect of hydrophobic amino acids on

transglutaminase activitiesingle mutantof TG2 Gly***

were tested for both isopeptidase atrdnsamidase
activities (Fig. 1). Most of these mutants lost bottransglutaminase activitieparticularly in case othanging

Trp to Leuwhile an Y516L changedid not affectthemsignificantly. W337F and W180F mutations resulted
approximately15-20 % transamidasectivities but W180F mutant lost totally its isopeptidase activitye
exchange of Tr*to Pheand Trg’® to Phe resulted in mutants having only either isopeptidase or transamidase

activity, respectively. Th&/278F mutant showed only 7% raant isopeptidase activitfome double mutants



were also constructed bthesedid not lead tobetter separation of isopeptidase and transamidase activities,
though the significantly decreased transamidase activity of W337F mutacbwaensatedly its combination
with Y516L exchange.

In earlier studies withrat TG2 only changingTrp®** resulted in significant decrease of transamidase
activity (Murthy et al. 2002)ln case of human TGa2ot only thehydrophobidty of the amino acids around the
active siteandin the substrate binding ar@éaysarole during the reaction catalgsbut thecomplexity of the
surrounding Trps (space filling propertyaromaticcarbon atonring containing nitrogenalso haveimportant
effect onstabilisation ofthe transition state of transglutaminase activitig€secently reviewed by Keillor et al.
2014) Pinkas et al. (2007) reportéicatthe W332Amutation inhuman TG2andthe W332F mutation in rat TG2
lead toloss orlower transamidase activityrespectively(Murthy et al. 2002) but in these articles onlthe
transamidase actiyitwas tested The demonstrated functional difference between orthologous TG2 enzymes
alsomakes comparisodifficult (Ruan et al. 2008A relatedr e port came from Keill orbés |
they performed random mutagenesis in gpTG2 targeting selected amino acids around the active site to find
special mutargwhich can formthe amide bond ina specific, efficient and economical waVhey identified

Trp332

which whenreplaced by Pher Tyr conferred ery low transamidation activitgn the enzyme-However
this study didnot target Trp”® (W278F). Although ouobtainedresults partially refut our initial predictions
that shorter hydrophobic residues around the active site result in increases of isopeptidasebactvisghe
W278F mutant lost its isopeptidase &abtits transamidase activityhesedemonstrate thatthe separation and
independent regulation dahe different type of transglutaminase activitieas possible andthere was no

correlationbetween transamidase and isopeptidase activities

3. Characterisation ofransglutaminase mutants with domindsuapeptidas®r transamidasectivity

To evaluatethe effect of the mutated amino acids on catalytic activitfebe wild typehuman TG2Gly*** was
changedo Val?*in case oW332F,W278F W241F and C2773$G2 mutants(the last twaservedas controls)
(Fig. 2 andFig. 3). In the isopeptidase ass¥@l*** containingWT TG2 showed70% higher whilethe W332F
and W278F mutantsvofold higheractivity thantheir Gly??* counterpart (Fig2). Val*** W332F TG2 presented
1.5 timeswhile Gly?** W332F TG2 1.3 times higheisopeptidaseactivity thanthe Val*** or Gly?** WT TG2
varians, respectivelybut in case of the W278F variartteseratios were0.33 and 0.18ln case of the control
W241F (conserved Trpand C277S(active sit¢ mutants the Gly to Val exchange did rsiiow detectable
modification of their isopeptidase activity.

In an endpoint ransamidase activitassayal*** WT TG2 exhibited33% increases and bot332F
andW278Fmutants showed slightlyigher activitythantheir Gly*** variants. Usinga kinetic transamidase assay
we also observedthat Vaf®* variants havehigher activities Val*** WT TG2 exhibited a two fold increase
compared to GRF*WT TG2 Surprisingly, in this kinetic transamidasassaybothvariants of the W278F mutant
presentedsignificantly increased5.8 times higheactivities compared to the appropriate WT T@&®ians.
Using the kinetic assayé percentagef remaining transamidase activity caseof Val*** and GIy** W332F
mutants compared to the appropriate WT variant \negker (47% and 73%espectively than in the engboint
assay(18% and 7%, respectively. The Gly***variant ofthe W241F control mutanihich showed only very low

transamidasectivity in the kinetic assayvas 4 times more active the Val*** containing form confirming the



structuralsignificance of amino acid positi&24in TG2 (Kanchan et al. 2013). The C277S variants were totally
inactive inall activity measurements (d¢ahot shown).

Taken together the V&f containing enzymesiemonstratecconsequentlyhigher isopeptidase and
transamidasectivities compared to their Gf¢* variants Therefore, we decided to use tkf@l*** TG2s for
further characterisatignlabelling themas TG2 WT (no mutation), TGR (W332F, isopeptidase active and
transamidase deficierdndTG2-T (W278F transamidase active and isopeptidase deficient)

Both isopeptidase activity of G2-| andtransamidase activity fG2-T mutantsexhibitedsimilar buta
slightly smaller C&' sensitivitycompared to WT TGbased on thie EC50 valuegFig. S1).According tothe
fitted calcium sensitivity curve they reamhthe maximumlevel of activity of the wild type in each case at
lower calcium concentration thamas needed fothe wild type TG2 suggesting thteir global structurds
intact there is no significant molecular dynamical deviaacd localeffects are responsible for disconnection of
isopeptidae and transamidasetiaiies.

The actual pHcaninfluencethe ratio of the different type of transglutaminase reactidaamidation
and isopeptidase type of transglutaminase activities prefer acidappbked to transamidatiawhich favous
alkaline pH (Fleckenstein et al. 2002; Adamczyk et al. 201Bje effect of pH was alstestedon the
isopeptidase and transamidasgivities of TG2-1 and TG2T mutant enzymegespectively, and botactivities
showed responsiveness similaithe wild typeenzyme Fig. S2)suggestinghat the mutationdid notinfluence
catalytic steps driven bgcidicalkalinechanges

The commercial supplieof the isopeptidase substrates suggestedHT@isbuffer at pH 7.5 to perform
the isopeptidase assalyst during optimization of the assay increased activities were observed at acidic pH and
therefore pH 6.8 was selected as the standard pH throughout the experi&mnes.control isopeptidase
measurements wengerformedin MOPS bufferwhich resuled in the sane activity valuesas inexperiments
done inTris-HCI buffer (Fig. S2)confirming the precision dhepH settingwith Tris-HCI buffer.

4. TG2lhasahi gher pot e wlutanglamine bonds thahawildtype TG2
To further characteriséhe effect ofthe W332F mutationkinetic parameters of isopeptidase reactiware
determinedusingtwo commerciallyavailable Zedira substrat¢A101: Abz-NE(Cad-Dnp)EQVSPLTLLK-OH,
derived from N-terminal dodea p e p t i dmasminfinhidit@ and A102 Abz-APE(Cad-Dnp)QEA-OH,
derived from human osbnectin to revealthe explanation ofthe separation of transamidase and isopeptidase
activities (Fig 4a and4b). Using theA102 compoundwhich serves as TG2 isopeptidasessay subsite the
W332F mutatiorresulted ina similar V., value but the K dropped more than 50% compared to the wild type
enzyme In case othe A101 compound providd asa Factor XIIIA assay sulrstte thismutation led to almost
doubldal V.« without changing thé<,, value which was lower than in case tfie A102 substrate. Thes#ata
suggest thatthe W332F mutationmodifies both the substrate binding artie catalytic mechanisnof
transglutaminase reactians

The affinity change towardsopeptidassubstrates could be testegthe addition ofdifferent types of
tranamidase substrates competitiveinhibitors andthe determinationof how they influence the isopeptidase
substrate bindingBoth glutamine containing acyl donor and primaoy polyamine acylacceptor substrates

inhibit transamidase activity in a reversible whye to competitionvith the substratedVe found thatheamine



donorbiotin-cadaverindt est ed up to 500 &M c anmdethywamineadidiotonhibitedd at a no
the isopeptiase activitybutthe Nt e r mi -plashin inhiitor peptide PI12: NQEQVSPLTLLK; N-terminal

d o d ek ap e pplasmineinhibitbr;glidé@nine donor) inhibitd it in a concetration dependent manner (Fig.

4c and 44. The PI2 glutamine donor peptidés the transamidase substrate form the A101 isopeptidase
substratgP12 with the o-glutamyl cadaverine linked quencheahd based on the inhibitory cus/€G2-I hasa

lower affinity for P12 thanthe wild type(based on its lower inhibitory effecn TG2l). This seemsunusual

considering thathe WT and TG2l mutant have the same affinifgr this peptide ints isopeptidase substrate

form. This feature suggests thdtuman TG2 hasa different affinity or preference teard previously
transglutaminasenodified or crosslinked proteins and bdbte glutamine andhatthe amine donor partauld

determine the efficiencof the isopeptidase activity.

5. TG2I has wealucleotide bindingvithoutfunctional consequence
It is known that C& and nucleotides regulate reciprocally transglutaminase reacBo@D| PY FL GTP92 S
binds to GTPbinding proteindollowing increases ofluorescenceroviding a non radioactive alternatit@ol to
analyseproteinnucleotideinteraction The functionalintegrity of the mutantand the potential conformational
changes due to the mutations weramined by their nucleotide bindirfgig. 5a). In case ofthe TG2-1 mutant
very weak while in case ¢he TG2-T mutant higher BODIPFL GTP2S bi ndiasgompaedtoobser v
the WT enzymeThe C277S and W241F mutants were used as celmechuse their GTBinding featurefave
been already publishe@urthy et al 2002; Ruan et al 200&undemir and Johnson 200%he resultswere
congruentwith the previouly publisheddata confirming the reliability of the assaysed by usThe lower
nucleotide binding of T&@ was similar tathat of theC277S mutant

In spite of its weak bindingp TG2-I the functional effect ofhe nucleotide on thésopeptidase activity
was evident (Fig. 5b; Table S1, Fig. S3. Furthermore asignificant difference has been observied the
nucleotide sensitivity of isopeptidase and transamidase activitieteotideshad strongeinhibitory effect on
theisopeptidase activity of the wiliype TG2thanonits transamidase activitfableS1). It was a sirprise that
TG2-1 presented functionatucleotidesensitivity similar to the wild type TG2 despités weak GTP binding
while TG2-T presented slightly higher nucleotide binding affinity and accordingly higher GTP sensitivity
compared to the wild typeOne possibility is thathe interaction of BODIPY-GT P 9 S nani carfonical
nucleotide binding sites of TGdbes not lead to the incressofits fluorescent intensityKiraly et al. 2009Liu
et al. 2002 or the slight difference between the natural and labelled nucleotides could be responsible for these
devianceslt cannotbe excluded either thate replacement of TF, similarly toCys*’/, maybreak the integrity
and balance of the highly conserved interface betwleeh59-173 nucleotide binding loop artde amino acids
surroundingthe active sit€Murthy et al. 2002) modifying theffinity of nucleotide binding wité still keepng

its regulatory function.

Conclusionsand Perspectives
In this study we found that the separation of diffeitalytic activitiesf transglutaminas2 could be achieved

by replacement oimino acids around the active s{téig. 3) resultingin TG2 mutans which either prefer



isopeptidase activitgr exhibit almost 6 times higher transamidase activity $oluble phase kinetic assaihe
characterised mutantsin serve amols to developcellularmodelsfor better examination of biologic&linctions

and applicationsf transglutaminase§he TG2T mutant with elevated transamidase and deficient isopeptidase
activity can help to understand better the role of amine incorporiaticgilular phenomenandmay be used for
production of covalenyl crosslinked biopolymershe use of TG2-l with its high isopeptidase activitwithout
transamidton potentialcould reveal whether crosslinking and transamidation of proteins in cells and body
fluids are reversible or not. It could alpmovide a poteril therapeutic tool to reverse pathological processes in
which the increased crosslinkg of proteins are in correlation with the severity of the disease manifestation
neurodegenerative disordensdliver, kidneyor lung fibrosis.

Reversible covalent modification of proteins have crucial regulatory functions in cells. Protein
phosphorylation by diverse kinases modify proteins stitching phosphatesgooiyr, Ser or Thr residues to
regulate many cellutaphenomena and a limited number lmfoad specificityphosphatases are available to
reverse this reactiorUbiquitin ligasesform isopeptide bonds between proteins and ubiquifiich can be
reversed byleubiquitinasesegulatingthe fates andthe roles of manyproteinsin different cell compaments Is
it possible that transglutaminases can also regulate critical cellular functions by formation and breaking of
proteinb o u nglutaryl-linked crosslinks andamine derivatives and both of thesgctivities reside in one
enzyme? For examplEG2 mediated covalent incorporation of biogenic amsiimto small GTPase plays a role
in the activation of insulin secretion (Paulmann et al. 2009; Vowinckel et al. 2012) but it is still not clear how
this activation is reersed. Isopeptidase activity of TG2ay remove thectivatingamine andsimilar reversible
transglutaminase regulatexystem may exist where still unknovmocal cellularchangesmay lead enhanced

transamidasehen isopeptidasactivity switching onandoff biochemicalprocesses
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Figure legends:

Fig. 1 Comparison of the isopeptidase and transamidase activitism@gle (a) and double (bhutant TG2
proteins containing Gi*. Isopeptidase and transamidasetivities were tested using isopeptidase reaction

substrate from Zedira (A102) and a microtiter plate method (bBp@pT26 incorporation into immobilized

spermine; PeregéleaM et al . 2009) in the presence oifshdawbasand 0. E
a percentage of the activity of GFWT T G2 . Data are presented as means
experiments done in triplicate. The AGO0 in the name
acid position.

Fig. 2 Comparisonof the isopeptidase and transamidase activities of the selected mutant TG2 proteins
containing Val at 224 amino acid position. Isopeptidase and transamidase activities were tested using,
isopeptidase reaction (A102 substrate; Zedira), kinetic transamigsssy (N,Ndimethyl casein+dansyl

cadaverine) and endpoint microtiter plate transamidase method {(bR&inpeptide incorporation into

i mmobilized spermine) in the presence of 10, 0.8, or
calculatedas a percentage of the activity values of the most abundant hunf&hcgataining WT TG2. Data

are presented as means with NSD from tVar@antsofC277Shr ee se

active site mutants did not show detectable égtia these assays (data not shown).

Fig. 3 Mutagenised hydrophobic amino acids around the catalytic triad on theb@fel closedd) and fAopeno
form (b) of human TG2 Xray structure (Pdicodes: 1KV3 and 2Q3Z, respectively). The replacement of these

amino acids result in lost or significant decrease of transglutaminase activities but our data demonstrate that
some modi fications could | ead to fAtarespe biologicalagmesoy | ut a mi
scissor very likely influencing physiological and pat
and sticks represent the catalytic triad (red; Cys277, His335, Asp358) and the mutated amino acids (grey).
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Fig. 4 Kinetic characterisation of the isopeptidase reaction of-T&ad WT TG2. § b) Determination of

kinetic parameters for isopeptidase activity of FiG&wtant and WT TG2 with the available commercial

substrates A101 and A102. Data are presented as medns WitSD fr om t hree separate e
triplicate. The data analysis and curve fitting was done by GraphPad Prisni)5Effect of ethytamine and an
Uplasmin inhibitor derived dodecapepti dAlO2cubstrats opept i
and 10 mM CagGl EA (ethytamine) was applied in 0.05, 0.2, 1.0 and 5.0 mM PI2 was applied in 0.05, 0.1, 0.5

and 2.0 mM concentration. Data are presented as mea

duplicate.

Fig. 5 Comparison oBODIPY-GTP2S binding of mut ant and WT TG2 pr ol
GTP2S on the i s @mmDese tespdnaescarvedoc TA2 enzymeg amognt. BOBBPYPo S (500

nM) was dissolved in buffer containing 20 mM HEPES pH 7.5, 150 mM NaCMIT@EP, 1 mM MgCJ, 0.05

% Tween20 and 0.1 mM EGTA. The change in the fluorescence intensity (ExX/Em: 485/520 nm) was
determined after 15 minutes of incubation. Binding is shown as a percentage of maximum binding in case of WT

TG2. Data are presented ase ans with NSD from three seplDestee expe
response curve for GTPJ2S on isopeptidase activity shi
concentrations of GTPOS were,,ansledeg nofpregsetneieno.f [Datoa

as means with NSD from two separate experiments done
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Fig. 2.
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Fig. 4.
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Fig. 5.
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The W332F and the W278F mutants have only slightly low&t -Gansitivity compared to the wild type TG2
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Optimal pH values of mutant TG2 enzymes for isopeptidase and transamidase activity
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Mutation W332F influences the nucleotltiading without functional consequence

Normalized
Normalized isopeptidase activity (%) transamidase
activity (%)
. TG2
[Nucleotide], TG2 WT +  TG2-1+ TG2-I1+ TG2 TG2 TG2-l TGl + TG2 TG2-T
e M WT + GTPo WT+ WT + WT + +
GTP2 GTPO + GTP GTP
GTPO2 +10 1 mM +10 GTP GTP + “1mM 410 mM GTPo GTPO
+1 mM mMm cat mM +1mM 10 mM catt c# +1 mM +1 mM
ca* cet ce* ca*t ca* ca*t ca*
0 100. 100. 100. 200. 100. 200. 100. 100. 100. 100O0.
2.4 1.3 17.3 14.7 1.2 9.9 1.0 6.2 8.8 A4
7.8/ 98.EfE 26.¢112. 16. z 48. 4 87.831.1
2 06 28 61 32 o6 NP 4,7 ND 71 1
4.11 99.£&t 17.7111. 6.5 29. ¢ 93.6 19.1
5 0.5 3.3 3.1 3.7 02 NP 11 N/D 8.3 5
20 2.2/ 60.C 10.¢ 62.€ 2.9189.1 16.:2 111. 69.44 7 K
0.3 6.7 1.1 7.4 0.6 1.9 0.4 4.9 30.6 '
1.9/ 22.4 9.6 28.% 1.7 43.€ 9.1 60.3 40. 8 <
100 0.6 3.0 2.0 23 04 1.9 0.1 0.9 29 06N
Approximate
IC50 values 0.47 20.6 0.8 20.1 0.7 N/D 1.7 N/D 22.6 0.9

(e M)

Table S1Functional effect of nucleotides on isopeptidase and transamidase activities of mutant and WT TG2

enzymes. Table shows the dose responseés TolP 0 S acnormaBzZEdPto percent of activity in the absence of

nucleotide Different concentrations of the nuctates were used in the presence of 1 or 10 mM €aCl

| sopeptidase or kinetic transamidase assays contained

as means with NSD from two separate esopebyGrappRad s done
Prism 5.
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Fig. S3Graphical comparison of the inhibitory effect of nucleotides on activities of mutant and WT TG2. The

data are listed inthe Table S DPos e response for GT Percenmodfisdpdptdas8 nor mal i

activity in the absence of nucleotides Di f f er ent concentrations of GTP or G
mMCaChand 10 € gbyofDopsreotreeisnp.on(s e f percenGof kneti§transamidasel i zed t o
activity in the absence of nucleotidei f f er ent concentration of GTPHS2S was u
and 0.5 e€g of enzymes.
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