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Summary

The transglutaminases (TGs) constitute a family of enzymes capable of post-
translationally modifying proteins through the formation of cleavage-resistant y-
glutamyl-e-lysine bonds. Interest in these enzymes as therapeutic targets is increasing
and they have been implicated in a number of skin disorders, including lamellar
ichthyosis and the autoimmune disease, dermatitis herpetiformis. This thesis has
focused specifically on the role of TG enzymes in skin homeostasis.

Limited data exists concerning the most recently identified isoforms, TG6 and
TG?7. Peptide antibodies have successfully been generated against these enzymes and
their expression within human dermis and epidermis has been demonstrated. In
addition to this, immunohistochemical studies have identified an upregulation of TG7
in the epidermis of dermatitis herpetiformis patients.

In vitro experiments have demonstrated the C-terminal B-barrel regions of
TGS, TG6 and TG7 are capable of binding actin. This chapter of work does not
support the hypothesis that these domains are involved in substrate selection as has
formerly been suggested.

Previous studies have reported the existence of a mature form of corneocyte
within the epidermis. The putative role these cells have in the skin-barrier function
has attracted some interest. Based on data revealing an increase in y-glutamyl-e-lysine
bonds within these “mature” cells, work was carried out to identify TGs that are
potentially responsible. Western blot analysis revealed increased levels of the TG3
zymogen and its cleavage products in the more superficial layers of the stratum
corneum. This same profile was not evident in samples harvested from an
environmentally exposed region of skin.

Investigations into the function of mesenchymal-TG2 in epidermal formation
and keratinocyte migration were established with varying success using coculture
systems. Results indicate TG2 overexpression increases the rate of keratinocyte
migration via an as yet unidentified soluble factor. Conversely, the presence of
fibroblasts overexpressing this TG have demonstrated an inhibitory effect on
keratinocyte migration.
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Chapter 1:

A review of current literature

1.1 The Transglutaminase Family

The transglutaminase (TG) enzymes have been described as nature’s
biological glues (Griffin et al., 2002), alluding to their ability to post-translationally
modify proteins by intra and inter-molecular cross-linking. These covalent bonds are
predominantly formed between the side chains of peptide-linked glutamine (Gln) and
lysine (Lys) residues and have been termed y-glutamyl-e-lysine isopeptide bonds
(Folk and Finlayson, 1977). The activity of these enzymes is dependent on calcium
binding (Folk et al., 1967; Lorand and Conrad, 1984; Chang and Chung, 1986) with
an estimated 500 uM required for enzyme activity. This would suggest that TGs are
rendered virtually inactive under normal physiological conditions since intra-cellular
calcium levels rarely exceed 100 nM (Nemes et al., 1999b).

The transamidation reaction proceeds via an acyl intermediate, formed
between the y-carboxamide-group of Gln and the thiol group of an active cysteine
residue within the TG. The release of ammonia at this stage, and its subsequent
protonation, generates the driving force of the reaction. During a second step the
enzyme is liberated by the nucleophilic attack of the primary amine group within a
Lys side chain (Folk and Finlayson, 1977; Lorand and Conrad 1984). Once formed
these isopeptide bonds have proved resistant to mechanical and proteolytic cleavage,
often producing large, insoluble polymers (Tokunaga et al., 1993; Cariello et al.,
1997; Kobayashi et al., 1998; Makarova et al., 1999). It has been observed that other
primary amines, such as spermidine and putrescine, are capable of acting as acyl
acceptors (Folk, 1980), demonstrating a flexibility not seen with the donors. The
selection of target Gln residues by TGs is restricted by the composition and charge of
surrounding residues (Folk and Finlayson, 1977; Folk, 1980;Gorman et al., 1981;
1984; Aeschlimann et al., 1992). In contrast, residues flanking Lys residues do not
have a pronounced affect on the substrate properties, providing some insight as to
why small primary amines may serve equally well as substrates (Folk ef al., 1999).

18
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Formation of mono or bis(y-glutamyl)polyamine cross-links do not generate the
formation of polymers as demonstrated between protein chains (Greenberg et al.,
1991). Instead, this modification may affect the biological activity or turnover of the
protein targeted (Aeschlimann and Paulsson, 1994). The selectivity of TG enzymes
for a nucleophile group in the second step of the transamidation reaction is by no
means limited to amine groups. These enzymes have been observed to utilise water
molecules in the absence of primary amines, hydrolysing Gin side chains to form
glutamate (Glu) (Tamaki et al., 1982; Paramesworan et al., 1997). In addition to this,
TG enzymes can catalyse the esterification of hydroxyl groups (Nemes and Steinert,
1999), which is particularly pertinent in the later stages of keratinocyte differentiation
and will be discussed in relevant sections. A summary of these reactions is included
(Fig. 1).

To date nine members of the transglutaminase family have been identified and
sequenced in humans (summarised in Table. 1). The numerical system of
nomenclature is now largely accepted, designating these enzymes TG1-7, factor XIII
and band 4.2 (B4.2), and will be used throughout this thesis (alternate designations are
summarised in Table. 1). The active site of the TGs comprises of a catalytic triad of
cysteine (Cys), histidine (His) and aspartate (Asp) (Pedersen et al., 1994). A Cys to
Ala substitution in B4.2 has resulted in the only cross-linking deficient member of the
enzyme group (Korsgren, et al., 1990). TG enzymes have been implicated in a wide
range of physiological processes including semen coagulation (Williams-Ashman,
1984), fibrin clot formation (Pisano et al., 1968; Chen and Doolittle, 1971; Shainoff et
al., 1991), wound healing (Raghunath et al., 1996; Haroon et al., 1999) and
generation of comnified envelopes in keratinocyte differentiation (Steinert and
Marekov, 1995; 1997; Candi et al., 1999). Some members of this family appear to
fulfil specialised functions, with correspondingly limited expression patterns. For
example B4.2 and its structural role in the cytoskeleton of hemopoetic cells
(Aeschlimann et al., 2001). In contrast other members, such as TG2 and TGS, have a
far more ubiquitous expression (Thomazy and Fesus, 1989; Grenard et al., 2001;
Candi et al., 2004). Often more than one TG is expressed in the same tissue and when
the generation of a TG2 knockout mouse produced no overt phenotype (De Laurenzi
and Melino, 2000) it was hypothesised that redundancy exists within the family.
Indeed, these enzymes demonstrate high sequence homology (Table. 2) and domain
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conservation (Fig. 2). These proteins are thought to have evolved from cysteine
proteases occurring early in evolution (Pedersen et al., 1994) (Fig. 3). TG-like
enzymes have been identified in invertebrates, plants, unicellular eukaryotes and
bacteria, although, determining the primary structure of bacterial TG has revealed
evolution by a separate lineage to the eukaryotic enzymes (Kanaji et al., 1993). For
the purposes of this work the focus will remain on the mammalian forms and more
particularly the human TGs where data is available. TG genes have been found
clustered on five different chromosomes, most likely evolving by successive
duplications (Grenard et al., 2001).

20
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(44

TG Alternative Chromosome Gene Function Size aa | Location
designations location (kDa)
Factor |Fibrin stabilising 6p24-25 F13A1 Blood clotting and 732 (83) Cytosol,
XIII factor, plasma TG wound healing extracellular
Band 4.2]| Erythrocyte 15q15.2 EPB42 Structural protein in 690 (72) | Membrane
membrane erythrocytes — no
protein activity
1 Keratinocyte TG, 14q11.2 TGM1 Cornified envelope 814 (92) Cytosol,
particulate TG assembly in surface Membrane
epithelia
2 Tissue TG, liver 20q11-12 TGM2 Cell 686 (80) Cytosol,
TG death/differentiation, nucleus,
adhesion, matrix membrane,
assembly cell surface,
extracellular
3 Epidermal TG 20q11-12 TGM3 Cornified envelope 692 (77) Cytosol
assembly in surface
epithelia
4 Prostate TG 3q21-22 TGM4 | Semen coagulationin | 683 (77) Unknown
rodents
5 TGx 15q15.2 TGM S Epidermal 719 (81) Nuclear
differentiation matrix,
cytoskeleton
6 TGY 20q11 TGM6 Unknown 706 (80) Unknown
7 TGZ 15q15.2 TGM7 Unknown 710 (80) Unknown

Table. 1 Summary table of the nine TG isoforms.
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TGS —--AQGLEVALTDLQSSR---NNVRHHTEEITVDHLLVRRGQAFNLTLYFRN--RSFQPG 52
TG7 —-DQVATLRLESVDLQSSR---NNKEHHTQEMGVKRLTVRRGQPFYLRLSFS—---RPFQSQ 51
FXIII --LOEFLNVTSVHLFKERWDTNKVDHHTDKYENNKLIVRRGQSFYVQIDLS---RPYDPR 95
TGl TIREGMLVVNGVDLLSSRSDONRREHHTDEYEYDELIVRRGQPFHMLLLLS---RTYESS 160
TG4 MDASKELQVLHIDFLNQ—---DNAVSHHTWEFQTSSPVFRRGQVFHLRLVLN---QPLQSY 54

. e * * %k ok khkhkk k o o e .
. . e .

TG2 VDSLTFSVVTGPAPSQEAGTKARFPLRDAVEEGDWTATVVDQQDCTLSLOLTTPANAPIG 112 D2
B4.2 LKKVALTAQTGEQPSKINRTQATFPISSLGDRKWWSAVVEERDAQSWTISVTTPADAVIG 114
TG3 ~-ERLEFIVSTGPYPSESAMTKAVFPLSNGSSG-GWSAVLQASNGNTLTISISSPASAPIG 109
TG6 -EILIFTVETGPRASEALHTKAVFQTSELERGEGWTAAREAQMEKTLTVSLASPPSAVIG 109
TGS LDNIIFVVETGPLSDLALGTRAVFSLARHHSPSPWIAWLETNGATSTEVSLCAPPTAAVG 112
TG7 NDHITFVAETGPKPSELLGTRATFFLTRVQPGNVWSASDFTIDSNSLQVSLFTPANAVIG 113
FXIII RDLFRVEYVIGRYPQENKGTYIPVPIVSELQSGKWGAKIVMREDRSVRLSIQSSPKCIVG 155
TGl -DRITLELLIGNNPEVGKGTHVIIPVG-KGGSGGWKAQVVKASGONLNLRVHTSPNAIIG 217
TG4 -HQLKLEFSTGPNPSIAKHTLVVLDPRTPSDHYNWQOATLONESGKEVTVAVTSSPNAILG 113

e e . * L. * . * ok L
TG2 LYRLSLEAST---GYQGSSFVLGHFILLF 138 D2
B4.2 HYSLLLQVSG---RKQ---LLLGQFTLLF 137
TG3 RYTMALQIFS~-~-QGGISSVKLGTFILLF 134
TG6 RYLLSIRLSS—--HRKHSNRRLGEFVLLF 135
TG5 RYLLKIHIDSF--QGSVTAYQLGEFILLF 139
TG7 HYTLKIEISQG--QGHSVTYPLGTFILLF 140
FXIII KFRMYVAVWTPYGVLRTSRNPETDTYILF 184
TGl KFQFTVRTQSDAGEFQLPFDPRNEIYILF 246
TG4 KYQLNVKTGN—-——— HILKSEENILYLLF 137

o e e s k&
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NAWCPADAVYLDSEEERQEYVLTQQGFIYQGSAKFIKNIPWNFGQFEDGILDICLILLDV
NPWNREDAVFLKNEAQRMEYLLNONGLIYLGTADCIQAESWDFGQFEGDVIDLSLRLLSK
NPWLNVDSVFMGNHAEREEYVQEDAGIIFVGSTNRIGMIGWNFGQFEEDILSICLSILDR
NPWCAEDDVFLASEEERQEYVLSDSGIIFRGVEKHIRAQGWNYGQFEEDILNICLSILDR
NPWCPEDAVYLDSEPQRQEYVMNDYGFIYQGSKNWIRPCPWNYGQFEDKIIDICLKLLDK
NPWSPEDDVYLPSEILLQEYIMRDYGFVYKGHERFITSWPWNYGQFEEDIIDICFEILNK
NPWCEDDAVYLDNEKEREEYVLNDIGVIFYGEVNDIKTRSWSYGQFEDGILDTCLYVMDR
NPWCPEDIVYVDHEDWRQEYVLNESGRIYYGTEAQIGERTWNYGQFDHGVLDACLYILDR
NPWCKEDMVFMPDEDERKEYILNDTGCHYVGAARS IKCKPWNFGQFEKNVLDCCISLLTE

* K * koo * ko -« * .« K * * e kkk o .. .
- .. - - - . .

NPKFLKNAGRDCSRRSSPVYVGRVVSGMVNCNDDQGVLLGRWDNNYGDGVSPMSWIGSVD
D--=——==- KQVEKWSQPVHVARVLGALLHFLKEQRVLPTPQTQATQEGALLNKRRGSVP
SLNFRRDAATDVASRNDPKYVGRVLSAMINSNDDNGVLAGNWSGTYTGGRDPRSWNGSVE
SPGHONNPATDVSCRHNPIYVTRVISAMVNSNNDRGVVQGOWQGKYGGGTSPLHWRGSVA
SLHFQTDPATDCALRGSPVYVSRVVCAMINSNDDNGVLNGNWSENYTDGANPAEWTGSVA

SLYHLKNPAKDCSQRNDVVYVCRVVSAMINSNDDNGVLQGNWGEDYSKGVSPLEWKGSVA
A-—-————- OMDLSGRGNPIKVSRVGSAMVNAKDDEGVLVGSWDNIYAYGVPPSAWTGSVD
R-—————- GMPYGGRGDPVNVSRVISAMVNSLDDNGVLIGNWSGDYSRGTNPSAWVGSVE
S———m——- SLKPTDRRDPVLVCRAMCAMMS FEKGQGVLIGNWTGDYEGGTAPYKWTGSAP

* ok - * . * *k

.
- .. . . .

ILRRWKNHGCQORVKYGQCWVFAAVACTVLRCLGIPTRVVTNYNSAHDONSNLLIEYFRNE
ILRQWLTGRGRPVYDGQAWVLAAVACTVLRCLGIPARVVTTFASAQGTGGRLLIDEYYNE
ILKNWKKSGFSPVRYGQCWVFAGTLNTALRSLGIPSRVITNFNSAHDTDRNLSVDVYYDP
ILOKWLKGRYKPVKYGQCWVFAGVLCTVLRCLGIATRVVSNFNSAHDTDONLSVDKYVDS
ILKQWNATGCQPVRYGQCWVFAAVMCTVMRCLGIPTRVITNFDSGHDTDGNLIIDEYYDN
ILQOWSARGGQPVKYGQCWVFASVMCTVMRCLGVPTRVVSNFRSAHNVDRNLTIDTYYDR
ILLEYRSSE-NPVRYGOCWVFAGVEFNTFLRCLGIPARIVTNYFSAHDNDANLOMDIFLEE
ILLSYLRTG-YSVPYGQCWVFAGVTTTVLRCLGLATRTVTNFNSAHDTDTSLTMDIYFDE
ILQQYYNTK-QAVCFGQCWVFAGILTTVLRALGIPARSVTGFDSAHDTERNLTVDTYVNE

*x * o okk kk gk *ogk Rk ak gz v, * st

FGEIQGD-KSEMIWNFHCWVESWMTRPDLQPGYEGWQALDPTPQEKSEGTYCCGPVPVRA
EGLONGEGQRGRIWIFQTSTECWMTRPALPQGYDGWQILDPSAPNGGGVLGSCDLVPVRA
MGNPLD-KGSDSVWNFHVWNEGWFVRSDLGPSYGGWQVLDATPQERSQGVFQCGPASVIG
FGRTLEDLTEDSMWNFHVWNESWFARQDLGPSYNGWQVLDATPQEESEGVFRCGPASVTA
TGRILGNKKKDTIWNFHVWNECWMARKDLPPAYGGWQVLDATPQEMSNGVYCCGPASVRA
NAEMLSTQKRDKIWNFHVWNECWMIRKDLPPGYNGWQVLDPTPQQTSSGLFCCGPASVKA
DGNVNSKLTKDSVWNYHCWNEAWMTRPDLPVGFGGWQAVDSTPQENSDGMYRCGPASVQA
NMKPLEHLNHDSVWNFHVWNDCWMKRPDLPSGFDGWQVVDATPQETSSGIFCCGPCSVES
NGEKITSMTHDSVWNFHVWTDAWMKRPDLPKGYDGWQAVDATPQERSQGVFCCGPSPLTA

. % 3 e« Yo %k * s *hkk ok o - * -
. . o - . ..

.
. . . cee o . -

IKEGDLSTKYDAPFVFAEVNADVVDWIQQDDG---SVHKSINRSLIVGLKISTKSVGRDE
VKEGTVGLTPAVSDLFAAINASCVVWKCCEDG-~-TLELTDSNTKYVGNNISTKGVGSDR
VREGDVQLNFDMPFIFAEVNADRITWLYDNTTG--KQWKNSVNSHTIGRYISTKAVGSNA
IREGDVHLAHDGPFVFAEVNADYITWLWHEDES~-RERVYS-NTKKIGRCISTKAVGSDS
IKEGEVDLNYDTPFVFSMVNADCMSWLVQGGK---EQK-LHQDTSSVGNFISTKSIQSDE
IREGDVHLAYDTPFVYAEVNADEVIWLLGDGQ---AQEILAHNTSSIGKEISTKMVGSDQ
IKHGHVCFQFDAPFVFAEVNSDLIYITAKKDG---THVVENVDATHIGKLIVTKQIGGDG
IKNGLVYMKYDTPFIFAEVNSDKVYWQRQDDG--~-SFKIVYVEEKAIGTLIVTKAISSNM

IRKGDIFIVYDTRFVFSEVNGDRLIWLVKMVNGQEELHVISMETTSIGKNISTKAVGQDR
e e Kk e e ek - - % * hk . -

REDITHTYKYPEGSSEEREAFTRANHLNKL--—-—==—==-===—=—= AEKEE----—----—
CEDITONYKYPEGSLQEKEVLERVEKEKME---———==————=—n—— REKDNGIRP~----
RMDVTDKYKYPEGSDQERQVFQKALGKLKP----———=—————— NTPFAATSSMG---—--
RVDITDLYKYPEGSRKERQVYSKAVNRLFG-—————————===— VEASGRRIWIRRAGGR
RDDITENYKYEEGSLQERQVFLKALQKLKARSFHGSQRGAELQPSRPTSLSQDSPRS---
RQOSITSSYKYPEGSPEERAVFMKASRKMLG-———~———===———=-— PQRASLPFLDL--—
MMDITDTYKFQEGQEEERLALETALMYGAKKP--—~—=~=————= LNTEGVMKSRS——-—~
REDITYLYKHPEGSDAERKAVETAAAHGSKP~-—~—~=—~———==~~— NVYANRGSAE-—--
RRDITYEYKYPEGSSEERQVMDHAFLLLSSE-———--—————————— REHRREYKEN————

.:* **. **. *: . . 2

198
197
194
195
199
200
244
306
197

258
249
254
255
259
260
297
359
250

318
309
314
315
319
320
356
418
309

377
369
373
375
379
380
416
478
369

434
426
431
432
435
437
473
535
429

469
465
472
478
492
478
516
576
470

D3

D3

D3

D3

D3

D3
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TG2  —————~————————moo 469 D3
B4.2 -——--—-—- PSLETA-- 471
TG3 -~--——- LETEEQEPS-- 681
TG6 CLWRDDLLEPATKPS-- 493
65 -——--- LHTPSLRPSDV 503
TG7 ------ LESGGLRDQ-- 487
FXIIT -——-—~———————=——m 516
TGl  ————————m——m—e— e 576
TG4 ——-———mmmmmm————o 470
TG2 TGMAMRIRVGQSMNMGSDFDVFAHITNNTAEEYV-—-~- CRLLLCARTVSYNGILGPECG 524 D4
B4.2 SPLYLLLKAPSSLPLRGDAQISVTLVNHSEQEKA—---- VQLAIGVQAVHYNGVLAAKLW 526
TG3  -~IIGKLKVAGMLAVGKEVNLVLLLKNLSRDTKT---~- VTVNMTAWTIIYNGTLVHEVW 534
TG6 --IAGKFKVLEPPMLGHDLRLALCLANLTSRAQR-—-~- VRVNLSGATILYTRKPVAEIL 546
TGS  VQVSLKFKLLDPPNMGQDICFVLLALNMSSQFK-———~ DLKVNLSAQSLLHDGSPLSPFW 558
TG7 -PAQLOLHLARIPEWGQDLQLLLRIQRVPDSTHPRGPIGLVVRFCAQALLHGGGTQKPFW 546
FXIII --NVDMDFEVENAVLGKDFKLSITFRNNSHNRYT---~- ITAYLSANITFYTGVPKAEFK 569
TGl --DVAMQVEAQDAVMGQDLMVSVMLINHSSSRRT-—--— VKLHLYLSVTFYTGVSGTIFK 629
TG4 --FLHMSVQSDDVLLGNSVNFTVILKRKTAALQN----- VNILGSFELQLYTGKKMAKLC 523

TG2 TKYLLNLNLEPFSEKSVPLCILYEKYRD---CLTESNLIKVRALLVEPVINSYLLAERDL 581 D4
B4.2 RKKLH-LTLSANLEKIITIGLFFSNFER---NPPENTFLRLTAMATHSESNLSCFAQEDI 582
TG3 KDSAT-MSLDPEEEAEHPIKISYAQYEK~--YLKSDNMIRITAVCKVPD-ESEVVVERDI 589
TG6 HESHA-VRLGPQEEKRIPITISYSKYKE---DLTEDKKILLAAMCLVTK~GEKLLVEKDI 601
TGS ODTAF-ITLSPKEAKTYPCKISYSQYSQ---YLSTDKLIRISALGEEKSSPEKILVNKII 614
TG7 RHTVR-MNLDFGKETQWPLLLPYSNYRN---KLTDEKLIRVSGIAEVEETGRSMLVLKDI 602
FXIII KETFD-VTLEPLSFKKEAVLIQAGEYMG---QLLEQASLHFFVTARINETRDVLAKQKST 625
TGl ETKKE-VELAPGASDRVTMPVAYKEYRP---HLVDQGAMLLNVSGHVKESGQVLAKQHTF 685
TG4 DLNKT-SQIQG-QVSEVTLTLDSKTYINSLAILDDEPVIRGFIIAEIVESKEIMASEVFT 581

TG2 YLENPEIKIRILGEPKOKRKLVAEVSLONPL 612 D4
B4.2 AICRPHLAIKMPEKAEQYQPLTASVSLONSL 613
TG3 ILDNPTLTLEVLNEARVRKPVNVOMLFSNPL 620
TG6 TLED-FITIKVLGPAMVGVAVTVEVTVVNPL 631
TG5 TLSYPSITINVLGAAVVNQPLSIQVIFSNPL 645
TG7 CLEPPHLSIEVSERAEVGKALRVHVTLTNTL 633
FXIII VLTIPEIIIKVRGTQVVGSDMTVTVQFTNPL 656
TGl RLRTPDLSLTLLGAAVVGQECEVQIVFKNPL 716
TG4 SFQYPEFSIELPNTGRIGQLLVCNCIFKNTL 612

: HEE S . KL*
TG2 PVALEGCTFTVEGAGLTEEQKTVEIPDPVEAGEEVKVRMDLLPLHMGLHKLVVNFESDKL 672 D5
B4.2 DAPMEDCVISILGRGLIHRERSYRFRS-VWPENTMCAKFQFTPTHVGLQRLTVEVDCNMF 672
TG3 DEPVRDCVLMVEGSGLLLGNLKIDVPT-LGPKEGSRVRFDILPSRSGTKQLLADFSCNKF 679
TG6 IERVKDCALMVEGSGLLQEQLSIDVPT-LEPQERASVQFDITPSKSGPRQLQVDLVSPHF 690
TGS SEQVEDCVLTVEGSGLFKKQQKVFLGV-LKPQHQASIILETVPFKSGQRQIQANMRSNKE 704
TG7 MVALSSCTMVLEGSGLINGQIAKDLGT-LVAGHTLQIQLDLYPTKAGPRQLQVLISSNEV 692
FXIII KETLRNVWVHLDGPGVTRP--—-—---——-————————— MKKMFREIRPN----- STVQWEEV 694
TGl PVTLTNVVFRLEGSGLORPKILNVGDI--GGNETVTLRQSFVPVRPGPRQLIASLDSPQL 774
TG4 AIPLTDVKFSLESLGISSLQTSDHGTV--QPGETIQSQIKCTPIKTGPKKFIVKLSSKQV 670

- - * o - .
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TG2  KAVKGFRNVIIGPA-———=====———————mmmm 686 D5
B4.2 QNLTNYKSVTVVAPELSA-———=======—o=—— oo 690
TG3  PAIKAMLSIDVAE-—————==—=—==mommmo 692
PG6  PDIKGFVIVHVATAK-——————=—————mmmmmmeme 705
TG5  KDIKGYRNVYVDFAL-=====————— == 719
TG7  KEIKGYKDIFVTVAGAP-——-~=——=====—=m———— 709
FXIII CRPWVELDVQIQRRPSM——===———-oommmmme e 711
TGl  SQVHGVIQVDVAPAPGDGGFFSDAGGDSHLGETIPMASRGGA 816

TG4  KEINAQKIVLITK-==————=—————mmmmmmm e 683

Fig. 2 Multiple alignment of the nine human transglutaminase sequences: An alignment of the nine
characterised human gene products, TG2 (Gentile et al., 1991), band 4.2 (Korsgren et al., 1990), TG3
(Kim et al, 1993), TG6 long form (Thomas, H., Thesis, 2004), TG5 (Aeschlimann et al., 1998), TG7
(Grenard et al., 2001), factor XIII a-subunit (Grundmann et al., 1986; Takahashi et al., 1986), TG1
(Phillips et al., 1990; Kim et al., 1991) and TG4 (Grant et al., 1994) are shown. Dashes indicate gaps
inserted for optimal sequence alignments. Residues conserved in all sequences are designated “*”, those
demonstrating conserved substitutions are designated “:” and semi-conserved substitutions are marked
«”. The sequences are arranged to reflect the transglutaminase domain conservation based on the crystal
structure of factor XIII a-subunit (Yee et al., 1994): N-terminal propeptide domain (D1), B-sandwich
domain (D2), catalytic core domain (D3), and B-barrel domains 1 (D4) and 2 (D5). The active cysteine
residue, required for transamidation reactions is shown in red. Identified cleavage sites are indicated with
arrowheads (red); (1) sites identified in FXIII and TG1 (2) sites identified in FXII, TG1 and TG3.
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Table. 2

1 2 3 4 5 6 1 FXIII| B4.2
1 - 35 35 35 34 36 35 41 27
2 - - 38 32 42 41 40 34 33
K] - - - 33 44 50 40 31 30
4 - - - - 33 35 36 30 27
5 - - - - - 45 49 3] 33
6 - - - - - - 44 32 30
7 - - - - - - - 28 33
FXIII - - - - - - - - 24
B42| - - - - - - - - -
Fig. 3 .
Cysteine protease
TGl FXII TG4 TG2 TG3 TG5 TGé TG7 B4.2
«__J - J
X V4

gene clusters

Table. 2 Percentage identity between protein sequences of transglutaminase isoforms: Relative identities between isoforms was calculated using ClustalW software
(European Bioinformatics institute).

Fig. 3 Hypothetical representation of transglutaminase pedigree in vertebrates: Derived from sequence data concerning the relationship between individual gene
products (adapted from Grenard et al., 2001).
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1.1.1 Structural features of transglutaminase enzymes

The 3D structure of the enzyme FXIII was the first to be identified from the
TG family (Yee et al., 1994; 1996) and was found to comprise of four distinct
domains. As structures of other TGs have been elucidated it has been demonstrated
that as with the primary sequence the domain structure is highly conserved (Fig. 4).
An exception to this is the presence of an N-terminal flanking sequence, which is
unique to FXIII and TGl (Kim et al., 1991; Yee et al., 1994). This additional
sequence has been shown to occlude the active site or act as a membrane anchoring
region, respectively (Takagi and Doolittle, 1974; Chakravarty and Rice, 1989; Rice et
al., 1990).

The conserved TG structure comprises of a beta sandwich domain present at
the N-terminus, which in conjunction with the largely alpha helical active domain 2,
forms a 450 amino acid residue “core”. The C-terminus of TG enzymes consists of
two B-barrel domains, the first of which is linked to the catalytic domain by a highly
flexible loop, particularly prone to protease cleavage (Kim ef al., 1993; Casadio et al.,
1999). Members of the TG family primarily differ in additional N-terminal sequences
and their C-termini (Kim et al., 1991). Furthermore, it is these structures that are
thought to impact on substrate selection (Greenberg e al., 1991; Reichert et al., 1993;
Kim et al, 1995a), with suggestions that the acyl donor approaches from the C-
terminal f-barrel regions thereby incurring the greater degree of enzyme-specificity
(Lorand and Graham, 2003). In contrast, the acyl acceptor is thought to dock from the
catalytic domain. It has been proposed that non-proline cis-peptide bonds present in
close proximity to the active site (Weiss et al., 1998; Ahvazi et al., 2002; Liu et al.,
2002) may be involved in TG activation. The putative mechanism relies on the
binding of calcium or substrates, which triggers a cis to trans isomerisation of these
bonds and consequently exposes the active site (Weiss ef al., 1998). It has also been
established that Trp?*! is essential for TG2 activity, possibly through stabilisation of
the enzymes transition state. Interestingly this residue is conserved throughout the TG
family with the notable exception of the inactive B4.2 protein (Murthy et al., 2002).
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Studies have revealed two TGs may react with the same substrate but
demonstrate different affinities (Gorman et al., 1981; Gorman ef al, 1984) and/or
target distinct residues {Shainoff er al, 1991; Candi et al., 1999; 2001). These

differences have been aiiributed to structural and charge properties of flanking

Fig. 4 The secondary structure of transglaiaminase enzymes is conserved: The domain structure
between iscenzymes are observed to censerve the N-terminal sandwich domain, cataiytic domain and
two C-terminal P-bairel domains as demonstrated by the backbone structure of a) the FXIII monomer
(Yee et al., 1994) and b) TG2, where the domains are coloured magenta, orange, blue and green
respectively. The flexible lcop connecting the catalytic aumain anu the 1¥ ﬁ Darr“l domain is coloured
red md the amino acids involved in the active site ’\,vs 7 His™’ ard Asp ). Ca2+ binding {Ser 9,

* Glu*™' and Glu™) and interaction with GTP (Ser”', Lys'”, Arg'™, val'” and Arg”""‘ are
cclﬁured yellow, black and grey respectively (Griffin et al., 2002).

9]
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1.1.2 Certain transglutaminases are negatively regulated by nucleotide binding

Despite low levels of sequence homology with classical G-proteins it has been
found that TG2, 3 and 5 are negatively regulated by nucleotide triphosphate (NTP)
binding and are capable of hydrolysing these molecules (NTPase). For some time this
regulation was considered to be unique to TG2 (Achuthan and Greenberg, 1987,
Nakaoka ef al., 1994; Smethurst and Griffin, 1996) but recent studies have disproved
this (Ahvazi et al., 2004; Candi et al., 2004). The NTP binding occurs at a 1:1 ratio
(Liu et al, 2002; Ahvazi et al., 2004) within corresponding sites in the three
isoenzymes. The nucleotide-binding cleft resides between the catalytic domain and
the 1% of the P-barrel domains (Liu et al, 2002). It has been observed that no
hydroxyl or carboxyl side chain moieties localise to the binding cleft and several
positively charged residues surround the nucleotide phosphate groups, coordinating
via ion pairs and hydrogen bonding (Shenping ef al., 2001). Deletion studies have also
ascertained that residues within neighbouring domains are necessary for NTPase
activity (lismaa et al., 2000).

Since this nucleotide-binding cleft localises to a region distinct from the active
site (Fig. 5), it is not feasible that its effect is the result of direct occlusion. Instead, it
would suggest a role for regional changes in conformation. Despite the conservation
of the nucleotide-binding cleft’s location within the three TG isoforms, the amino acid
residues involved with nucleotide interactions are observed to vary. This would
account for the differing affinities these enzymes demonstrate for adenosine
triphosphate (ATP) and guanosine triphosphate (GTP) (Ahvazi et al., 2004; Candi et
al., 2004). It has also been reported that although, TG3 and TG5 are capable of
binding ATP and GTP they differ from TG2 in that they are only capable of
hydrolysing GTP (Ahvazi et al., 2004; Candi et al., 2004).

X-ray crystallographic structure analysis of GDP bound TG2 demonstrates
that under these binding conditions the transamidation site is obstructed by two loops
within the B-barrel domain and the active Cys residue is hydrogen bonded to a Tyr
residue (Shenping et al., 2001; Liu et al., 2002). This inhibition can be counteracted
by Ca’* (Achyuthan and Greenberg 1987; Singh et al., 1995), most likely through
conformational changes weakening NTP interactions (Casadio et al., 1999). It would
seem this divalent ion provides the switch between the two distinct functions of these
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e P

TGs. This dual regulation has interesting implications concerning the nature of TG
activity with its location. The high concentration of NTPs within the cytoplasm
accompanied with low Ca® levels may select the enzymes NTP-cycling activity,
whereas the high Ca”" levels in surrounding matrices would promote transamidating
activity. It has also been suggested that local concentrations of Ca®* and nucleotides
may have an important role in TG regulation (Haroon et al., 1999). Further to this, the

distinct sensitivities of TG isoforms to these regulators could be physiol

relevant. In vitro TG5 demonstrates lower sensitivity to Ca’* activation and GTP
inhibition than TG2 (Candi ef al., 2004). Consequently, at physiological levels of Ca
TGS retains 25 % of its maximal activity, compared to 75 % for TG2. Conversely at
physiological GTP levels 45-55 % of TGS enzyme activity is lost, compared to 90 %

of TG2 {Candi et al., 2004).

Fig. § identification of the TGS putative GTP-binding pocket: A computer generated 3D structure
of TGS superimposed onto the crystal structure of the nucleotide-binding pocket of TGZ (Candi et al.,

(7S]
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The following section summarises available data concerning the protein

structure and physiological function of the nine TG isoforms identified to date.

1.1.3 Factor XIII

The primary sites of FXIII synthesis include platelets, peripheral blood
monocytes and the liver (Weisberg et al., 1987; Poon et al., 1989). This enzyme is
found in intracellular and extracellular forms, the former existing as a non-covalently
associated dimer (az) and the latter residing in the plasma as a tetramer formed from
two filamentous b-subunits associating with the dimer (ayb,) (Carrell et al., 1989). To
date the mechanism of the a-subunit secretion has not been identified, it lacks a
typical hydrophobic leader sequence (Grundmann ef al., 1986; Ichinose et al., 1986)
and attempts to establish a yeast model incorporating such a predomain, produced
aberrant post-translational modifications (Tharaud et al., 1992). Consistent with FXTII
being a cytoplasm protein, there is no evidence that the a-subunit contains disulfide
bonds or glycosylation modifications. This is despite the numerous free Cys residues
and potential N-glycosylation sites identified from its sequence (Takahashi et al.,
1986). The mature form of FXIII has lost its N-terminal methionine (Met) by cleavage
and undergoes acylation of the adjacent serine (Ser) residue. The resulting protein
comprises of 731 amino acids with a mass of approximately 83 kDa (Grundmann et
al., 1986; Ichinose et al., 1986). The a-subunit of FXII is expressed as a zymogen
with a 37 amino acid leader sequence at the N-terminus, masking the active site.
Limited proteolysis by thrombin within this region activates the enzyme, generating
FXIIla (Takagi ef al., 1974; Takahashi et al., 1986). Further cleavage at the interface
between the active domain and first B barrel inactivates this enzyme (Takahashi e al.,
1986).

FXIII is primarily involved with the final step of the blood coagulation
cascade, where it catalyses the polymerisation of fibrin monomers (Pisano ef al.,
1968; Chen and Doolittle, 1971; Doolittle et al., 1979; Shainoff et al., 1991). In
addition to this it has an apparent role in mediating cell-matrix interactions during
wound healing and is expressed within granulation tissue during the later stages of
this process (Cohen et al., 1982; Knox et al., 1986; Mosher et al., 1991; Corbett et al.,
1997).
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1.14Band 4.2

Deduction of the cDNA encoding B4.2 revealed a 691 amino acid protein with
a mass of 77 kDa (Korsgren et al., 1990). A Cys to alanine (Ala) substitution at
residue 268 produces the only cross-linking deficient isoform identified to date. Post-
translational modifications include the cleavage of the terminal Met and myristylation
of the penultimate glycine (Gly) (Cohen et al., 1993). It has been suggested that this
isoform is stabilised by phosphorylation (Cohen et al., 1993). B4.2 was the first
member of the TG family for which alternative splicing was identified. A 30 amino
acid insert following Gln® has been observed in some forms of the enzyme and has
been designated B4.2L (Cohen et al., 1993).

The loss of transamidating activity apparent in Band 4.2 highlights the
potential structural function of TG enzymes. This TG associates with the cytoplasmic
face of erythrocyte membranes, forming part of the cytoskeleton (Lorand and Conrad,
1984; White et al., 1992; Cohen et al., 1993). Mutations in this gene are accompanied
by abnormally shaped red blood cells and the development of anaemia. As yet no
functional difference between the two splice variants has been distinguished, although
it has been proposed that post-translational modifications take place within the
additional N-terminal sequence as observed with TG1 (Aeschlimann and Paulsson,
1994).
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1.1.5 TG1

cDNA cloning of TG1 from humans identified a proenzyme with an 814
amino acid sequence and a predicted size of 92 kDa (Kim et al., 1991). Comparison
with the corresponding rat sequence revealed a high level of homology, 92 %
(Aeschlimann and Paulsson, 1994). The TG1 protein has proved highly unstable in
attempts to purify it (Thacher, 1989), consequently a number of studies have been
carried out utilising a recombinant form of the enzyme (Kim et al., 1994; 1995a;
Nemes et al., 1999a). TG1 is post-translationally modified within its N-terminus to
incorporate the fatty acid palmitate or myristate via a thioester linkage (Phillips et al.,
1993). Treatment with protein synthesis inhibitors suggests that myristylation occurs
cotranslationally, whilst palmitate labelling is a post-translational process (Steinert et
al., 1996b). A number of Ser residues in the N-terminus are also phosphorylated, but
no corresponding alteration in activity is evident, suggesting a possible function in
substrate interactions (Rice et al., 1996). The detection of a 106 kDa form of the TG1
has led to speculation that the enzyme undergoes further and as yet unidentified
modifications (Kim et al., 1995a). The presence of a fatty acid anchor localises >95 %
of TG1 to the membrane fraction of the cell (Steinert et al., 1996a) and it has been
postulated that this anchorage of the enzyme is necessary for subsequent processing
(Kim et al., 1995a). Studies have reported approximately 50 % of the membrane
bound enzyme is present in its zymogen form, the remainder undergoes cleavage to
produce three fragments with calculated masses of 10 kDa (N-terminal membrane
anchoring region), 33 kDa (C-terminal B-barrels) and 67 kDa (containing the active
domain) (Steinert et al., 1996a). The majority of these cleavage products remain in
complex to produce a highly active form of TG1 and this accounts for almost all its
activity in keratinocytes (Steinert et al., 1996a). Edman degradation sequencing
identified these cleavage sites as residing between Arg’-Gly’’* and Arg’-Gly**
(Kim et al., 1995a; Steinert et al., 1996a). Alignment with other human TG sequences
demonstrated the first of these sites correlates with the thrombin activation of FXIII
and the second with the inactivating cleavage of the same enzyme. However, the
second site also aligns with the cleavage site of the TG3 zymogen by an unknown
enzyme to generate the active form (Kim ef al., 1995a). Studies with antibodies
distinguishing the N-terminus of the two TG1 fragments would suggest cleavage first
occurs between residues 573-574 and then 93-94. It was also hypothesised that two
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separate enzymes may be involved, or at least differential control of a single protease
(lizuka et al., 2003). A smaller pool of soluble TG1 has also been studied, identifying
the full-length enzyme and cleavage products. The ratio of these cleavage products
compared to the full-length enzyme was observed to increase in keratinocytes
committed to differentiation. It was therefore concluded that this process of activation
is regulated (Kim et al., 1995a, b; Steinert et al., 1996a, b). Complexes between the
67 kDa with either the 33 kDa fragment or full-length enzyme have been obtained by
coelution from Mono Q Fast protein liquid chromatography (FPLC) or coprecipitation
and the specific activities calculated. The full-length enzyme is active, however the
specific activity of the 67 kDa in isolation is 5 fold greater increasing to 10 fold when
associated with the 33 kDa fragment. The 67 kDa fragment is also subject to negative
regulation by binding of the full-length enzyme, which produced a reduction in
enzyme activity (Kim et al, 1995a). These processed forms of TG1 exhibited a
significantly shortened half-life, estimated to be approximately 7 h in comparison
with 20 h for the full-length form. To date, the enzyme responsible for this cleavage
has not been identified, however plasmin, calpain and cathepsin D are possible
candidates (Rice et al., 1990; Garach-Jehoshua et al., 1998; Horikoshi et al., 1999). In
the latter case, the generation of transgenic mice have lent credence to this enzyme’s
suggested function. TG activity within the epidermis of these cathepsin D7 mice is
severely diminished when compared to the wild-type control (Egberts et al., 2004).
Furthermore, the addition of exogenous cathepsin D has been demonstrated to
increase TG1 activity in cultured keratinocytes (Egberts et al., 2004).

Recent studies have suggested TG1 has a function in controlling the barrier
properties of microvascular monolayers via its cross-linking activity within the
intercellular junctions of myocardium endothelial cells. This has been demonstrated
by inhibition of this enzyme with monodansylcadaverine and RNA silencing
(Baumgarter et al. 2004). It is however the role of TG1 in the terminal differentiation
of squamous epithelia that is best characterised (Simon and Green, 1985; Kim et al.,
1995a; 1995b; Steinert et al., 1996a). In vitro studies have demonstrated that TG1 is
capable of cross-linking a number of proteins expressed during this terminal
differentiation, including involucrin, loricrin and small proline rich (SPR) proteins
(Candi et al, 1999; 2001). These proteins cross-link to form shell-like
macromolecules termed cornified envelopes (CE), which impart stronger physical
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attributes to the tissue and in conjunction with novel lipid lamellae produce an
effective barrier to infection and water-loss. These features will be discussed in detail
in Sections 1.2.3-1.2.4.

In addition to this role in CE formation, TG1 appears to possess a unique
function in the TG family. Within an in vitro lipid vesicle system, this isoform has
demonstrated the ability to catalyse the formation of ester linkages between a -
hydroxyceramide analogue and a number of CE precursors, predominantly involucrin
(Nemes et al., 1999a) (Fig. 6). Similar linkages involving involucrin have been
isolated from ex vivo samples and to a lesser extent the envelope precursors
envoplakin and periplakin (Marekov and Steinert, 1998). In conjunction with CE
formation the sequestering of covalently bound lipids (CBLs) to the surface of
differentiating keratinocytes is an important step in the transition of cells into a
hydrophobic environment. It has been demonstrated that TGl ablation in mice
produces a lethal phenotype as a consequence of defective skin barrier formation,
with mice dying a matter of hours after birth (Matsuki et al., 1998). This key role for
TG1 in skin homeostasis and the absence of a compensatory mechanism will be
discussed in more detail in Section 1.2.9.2.

Fig. 6 Schematic representation of lipids covalently bound to the envelope precursor involucrin:
It has been found that a number of lipids within the stratum corneum are attached to cornified
envelopes via ester linkages. Primarily these cross-links occur with involucrin molecules (grey
rectangle) and the reaction is thought to be catalysed by TG1. Two examples shown here include (a) a
w-hydroxyl linkage (b) a sphingosine-1-hydroxyl ester linkage (Swartzendruber et al, 1987).
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1.1.6 TG2

TG2 has been successfully cloned from a number of mammals including
human, cow, mouse, guinea pig and chicken, identifying a polypeptide between 685
and 691 amino acid residues in size (~80 kDa) (Ikura et al., 1988; Gentile et al.,
1991). Moderate conservation was observed between species (65-88 % when
compared to human sequence) (Aeschlimann and Paulsson, 1994). TG2 is expressed
as an active enzyme, the majority of which localises to the cytosol (80 %) but
additional pools are found within the nucleus (5 %) or are membrane-associated (15
%), the latter may be partly due to fatty acid-linkages (Harsfalvi et al., 1987). There is
no evidence for glycosylation or the inclusion of disulfide bonds (Ikura et al., 1988),
and the N-terminus of this enzyme is blocked by the removal of the initiator Met and
the acylation of the flanking Ala residue.

It has also been observed that TG2 can be externalised, localising at the cell
surface or in association with extracellular matrix (ECM) components in a number of
tissues (Aeschlimann and Paulsson, 1991; Barsigian et al., 1991; Martinez et al.,
1994; Aeschlimann et al., 1995; Gaudry et al., 1999). As is the case for FXIII, a
hydrophobic leader sequence is conspicuously absent. It has been proposed that the
N%-acetyl group may target the enzyme to an “alternative” secretory pathway
(Muesch et al., 1990). Other suggestions for the secretion of this enzyme include
specialised pores within the plasma membrane or passive diffusion following transient
stress-induced membrane ruptures (Kuchler and Thorner, 1990; Steinhardt et al.,
1994; Elliot and O’Hare, 1997). It has been postulated that the presence of cis-peptide
bonds conserved within the TG family (discussed in Section 1.1.1) may be essential
for the secretion of TG2 into the ECM (Balklava ef al., 2002). TG2 mutations of the
active Cys residue (Cys>'’Ser) or targeting the proposed cis-bond (Tyr’’*Ala) have
demonstrated that only the active form is retrieved in culture medium or detected in
the ECM (Balklava et al., 2002). This would suggest that transamidation activity
and/or the tertiary conformation of the active site is required for complete secretion.
Both mutant forms were able to localise to the plasma membrane.

TG?2 is ubiquitously expressed and constitutively expressed at high levels in
endothelial and smooth muscle cells (Thomazy and Fesus, 1989). With regard to
regulation of TG2 levels, discrepancies between the relative mRNA (most abundant in
lung, heart, kidney and red blood vessels) and protein quantities (most abundant in
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liver and spleen) would suggest control at the translation level and/or the rate of
protein turnover (Clarke et al., 1959; Aeschlimann and Paulsson, 1994). To date, two
alternatively spliced variants of TG2 have been identified, located within exons VI
and X (Fraij and Gonzales, 1997). Studies of the neurodegenerative condition,
progressive supranuclear palsy have detected significantly raised levels of mRNA
encoding a short form of TG2, implicating a role for this splice variant (Zemaitaitis et
al., 2002). This truncated form lacks the nucleotide-binding cleft and in the absence of
this negative regulation demonstrates high levels of cross-linking activity.

As was mentioned previously (Section 1.1.2) TG2 is capable of NTP-cycling,
targeting ATP and GTP. This was the first member of the TG family to which this
activity was attributed (Achyuthan and Greenberg, 1987). Although the structure of
the inactive GDP bound form has been analysed by X-ray crystallography (Liu ef al.,
2002) the corresponding Ca’*-bound form has not been established. Protein dynamics
simulation indicates that binding of this divalent ion produces major conformational
changes moving apart domain 2 and 3, between which the active site is situated
(Casadio et al., 1999).

TG2 was the first member of the TG family to be identified in 1959 (Clark et
al., 1959) but its physiological function still remains something of an enigma. This is
a consequence of its ubiquitous expression and the necessary delinearisation of its
opposing activates as a transamidating enzyme and G-protein. This isoform has been
implicated in signal transduction (Nakaoka et al., 1994), cell adhesion, spreading and
differentiation (Gentile et al., 1992; Aeschlimann et al., 1993; Jones et al, 1997,
Stephens et al., 2004), wound healing (Bowness et al., 1988; Haroon ef al., 1999) and
apoptosis. Concerning the latter case, the function of TG2 has not been established
unambiguously. Studies have reported TG2 to promote (Gentile et al., 1992; Melino
et al., 1994; Oliverio et al., 1999) or inhibit this form of cell death (Antonyak et al.,
2001; Tucholski and Johnson, 2002). More recent work has suggested that this
contradiction can be accounted for by enzyme localisation and activity. Cytosolic
transamidating activity demonstrated pro-apoptotic tendencies corresponding to raised
Ca®* levels in late-stage apoptosis, whilst nuclear GTP-cycling proved to be anti-
apoptotic (Milakovic et al., 2004).
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The following sections attempt to summarise current data available on the

physiological functions of TG2.

1.1.6.1 Intracellular TG2 function

1. Cytosol

TG2 is capable of targeting a number of cellular proteins and loss of its
calcium regulation in 3T3 fibroblasts results in large insoluble protein shells
analogous to those formed in keratinocyte differentiation (Nicholas et al., 2003).
These structures may have an important role in vivo, stabilising cells prior to
clearance by phagocytosis and limiting the potentially harmful release of cellular
components into the surrounding tissue. The absence of this activity has led to reports
of inflammatory and autoimmune responses (Piredda ef al., 1997). Experiments
involving the overexpression of TG2 in fibroblasts and neuroblastoma cells have
reported an increase in spontaneous and induced apoptosis (Gentile et al., 1992;
Melino et al., 1994; Piredda et al., 1997). Conversely, antisense silencing of TG2 in
neuroblastoma and human promonocytes resulted in a decreased susceptibility to
retinoic-acid induced apoptosis (Oliverio et al., 1999).

In addition to its apparent function in apoptosis, TG2 has been implicated in
cell adhesion, spreading and migration. It has been reported that TG2 impacts on
vimentin recruitment to stress fibres via retinoic-acid-induced transamidation of
RhoA. This occurs via the action of ROCK-2 and is accompanied by increased cell
adhesion (Singh et al., 2001). A more recent in vitro study utilising antisense
techniques in HCA2 fibroblasts in conjunction with overexpression of TG2 or a cross-
linking deficient form, has reported normal attachment in TG2 deficient cells but has
identified delayed spreading (Stephens ef al., 2004). This phenotype was accompanied
by defects in motility and both were demonstrated to be unrelated to the cross-linking
activity of TG2. Blocking antibodies failed to induce similar defects in the wild type
fibroblasts, indicating the involvement of the intracellular pool of TG2 (Stephens et
al., 2004). Further experiments revealed these TG2 deficient cells had defects in focal
adhesion turnover and stress fibre formation. Accompanying this were alterations in
the phosphorylation of focal adhesion kinase (FAK) and failure to activate protein
kinase C o (Stephens et al., 2004), an enzyme known to be involved in cell spreading.
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2. membrane

As a membrane-associated G-protein TG2 couples op,- and oy —
adrenoreceptors, thromboxane and oxytocin receptors to phospholipase C, mediating
inositol phosphate production in response to agonist activation (Nakaoka et al., 1994;
Feng et al., 1996).

3. nucleus

Concerning the nuclear pool of TG2, it has been suggested that it is
transported with the help of importin-a3 (Peng et al., 1999). The ability of TG2 to
cross-link histones (Ballestar et al., 1996; 2001), retinoblastoma (Oliverio et al.,
1997) and Sp1 proteins has lead to the hypothesis that this enzyme may have a direct

role in chromatin modifications and/or gene expression regulation.
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1.1.6.2 Extracellular TG2

In contrast with work carried out by Stephens et al. (2004) a number of studies
support a case for TG2 involvement in cell adhesion. Fibroblasts overexpressing TG2
have been reported to demonstrate a decreased susceptibility to trypsin-treatment
(Gentile et al., 1992; Verderio et al., 1998). Moreover, the use of antisense silencing
techniques in endothelial cells resulted in a reduction in adhesion and spreading
(Jones et al., 1997). Initially it was postulated that the transamidating activity of TG2
and its remodelling of the pericellular matrix may be responsible for this enzymes
function in cell adhesion and spreading (Jones et al, 1997). Studies have
demonstrated TG2 is capable of binding FN with a high affinity with the recognition
sites for this glycoprotein residing within the enzymes N-terminus (Jeong et al.,
1995). TG2 colocalises with pericellular FN, whilst truncated TG2, lacking the FN
binding site is not sequestered to this region (Gaudry et al., 1999). However, more
recent studies have discovered the existence of cell surface TG2/B integrin
coreceptors for FN (Fig. 7a-b). The predominant complex forms with a5B81, and
although TG2 may function cooperatively in this complex it cannot substitute for the
action of these integrins in FN assembly (Akimov and Belkin, 2001). These TG2/B
integrin receptors are calculated to comprise of a 1:1 ratio between the components
and, dependent on cell type, up to 40 % of B1 integrins may complex in this way
(Akimov et al, 2000). These coreceptors have been observed to facilitate cell
adhesion, spreading (Isobe ef al., 1999) and mobility (Balklava et al., 2002). The
majority of this work has been carried out on FN and these coreceptors may play a
particularly prominent role on this substratum. This could account for apparent
disparities with studies established on other ECM components or tissue grade plastic
(Stephens et al., 2004). Despite the ability of TG2 to cross-link FN (Barsigian et al.,
1991; Martinez et al., 1994; Jones et al., 1997) these functions are all found to be
independent of transamidation activity (Akimov et al., 2000; Balklava et al., 2002),
thus highlighting a structural role for TG2. A role for cell surface TG2 in fibroblast
migration is further supported by in vitro wound healing studies carried out using
transgenic mice (De Laurenzi et al., 2001; Verderio et al., 2005). Fibroblasts isolated
from TG2" were found to re-populate wounds at a slower rate than the wild-type
controls. However, this could be partly counteracted by the addition of exogenous
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purified guinea pig liver TG2. This was observed to improve the stability of the cells
sheets and shifted the pattern of healing toward the control phenotype.

Although originally, sequence data led to TG2 being considered a cytosolic
protein, quantities of TG2 have been detected associated with the ECM of certain
tissues. Here its function extends to wound healing, angiogenesis, remodelling and
stabilisation (Upchurch et al., 1991; Haroon ef al., 1999; Aeschlimann and Thomazy,
2000). The role of TG2 in wound healing will be discussed at length in Section
1.3.4.3. The ability of TG2 to remodel ECM tissue has been attributed to its cross-
linking activity, demonstrated in vitro by its ability to contract floating collagen
lattices. Cross-linking deficient forms of the enzyme produced by the substitution of
Cys®"" to a Ser residue demonstrate a reduced rate of contraction, accompanied by
reduced levels of MTI-MMP and active MMP-2 (Stephens et al., 2004). TG2
substrates within the ECM are many and varied including, FN (Jones et al., 1997),
vitronectin (Sane ef al, 1988) collagen (Kleman et al, 1995), osteonectin
(Aeschlimann et al, 1995), osteopontin (Kaartinen et al, 1997) and nidogen
(Aeschlimann and Paulsson, 1991). The high affinity TG2 demonstrates for a number
of basement membrane (BM) components lead to speculation that it is involved in
stabilising the dermo-epidermal junction (DEJ) (Fig. 7¢). Indeed, clinical studies have
shown its activity correlates with increased stabilisation of human skin grafts
(Raghunath et al., 1996).

TG2 may also affect matrix deposition indirectly. The secreted enzyme is
found to impact on the activation of transforming growth factor B (TGF), possibly
through covalent modification of activating factors (Kojima et al., 1993; Nunes et al.,
1997). This produces a positive feed back loop to TG2 expression and that of a
number of other ECM genes (Ritter et al., 1998; Akimov and Belkin, 2001).
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Fig. 7 Schematic representation of the role of extracellular TG2: Transglutaminase 2 (TG2) acts as an integrin
coreceptor and binds fibronectin with a high affinity, thereby aiding the organisation of the extracellular matrix (EC M).
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1.1.6.3 Murine TG2"" model

Because of the multifunctionality of TG2, accompanied by the fact no human
mutations within the TGM2 gene have been recorded it was postulated that TG2
ablation in mice would produce a lethal phenotype. However, the generation of such a
knockout model produced what appeared to be phenotypically normal mice born at a
Mendelian frequency (De Laurenzi and Melino, 2001; Nanda et al., 2001). Initial
experiments revealed no obvious alterations in apoptosis (De Laurenzi and Melino,
2001), ECM structure or heart function, in which the GTPase activity of TG2 was
thought to be important (Hwang et al., 1996). These findings suggest there may be
redundancy within the TG family producing a compensatory activity. However, the
only other TG to be localised to the ECM is FXIII and this enzyme has not
demonstrated a capacity for NTP-cycling. Further studies of these mice have since
identified a decrease in primary fibroblast adhesion (Nanda et al., 2001) and impaired
wound healing (Mearns et al., 2002). It was also demonstrated that following
dexamethasone-induction of apoptosis, phagocytic clearance by macrophages is
defective within the thymus and the liver (Nanda et al., 2001). This agrees with
previous studies, suggesting TG2 cross-linking activity is important in stabilising
apoptotic cells prior to clearance (Piredda et al., 1997). Finally, knockout mice have
demonstrated glucose intolerance as a result of reduced insulin secretion that
correlates strongly with maturity-onset diabetes in humans (Bernassola et al., 2002).
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1.1.7 TG3

TG3 is expressed as a virtually inactive 692 amino acid (77 kDa) zymogen
that localises to the cell cytosol (Kim et al., 1993; Hitomi et al., 2003). Activation of
the enzyme relies on its cleavage at Ser*® to produce a 50 and 27 kDa fragment,
accompanied by an increase in specific activity (Kim et al., 1990; Kim et al., 1993).
Although the 50 kDa cleavage product, comprising of the N-terminal sandwich and
catalytic domains is capable of catalysing transamidation reactions (Chung and Folk,
1972; Ogawa and Goldsmith, 1976), complexes with the 27 kDa C-terminal B-barrels
demonstrate increased activity and the two fragments are reported to remain
associated (Kim et al., 1990; Ahvazi et al., 2002). As yet the enzyme responsible for
this cleavage in vivo has not been identified, but in vitro studies have utilised the
bacterial protease, dispase to produce correlating cleavage products (Kim et al.,
1993). The cleavage site is a unique sequence of twelve polar amino acid residues
residing in the flexible loop connecting the catalytic and B-barrel domain 1 (Kim et
al., 1993). As has been mentioned previously, this correlates strongly with cleavage
sites found in TG1 and FXIII. Conservation of TG3 between species is comparatively
low ranging from 50 — 75 % (Kim et al., 1993) suggesting this enzyme is still
undergoing rapid evolution (Aeschlimann and Paulsson, 1994). Particularly low
homology is apparent within the protease cleavage site and is evidence of species
evolving alternative activation mechanisms (Kim ef al., 1993). The recent resolution
of a number of TG3 crystallographic structures has allowed a more comprehensive
understanding of conformational changes accompanying altered activity. A total of
three Ca”* binding sites have been identified within the enzyme (Ahvazi et al., 2002),
the 1% of these (Asn’*- Asn’*®) demonstrates constitutive binding (Kd 0.3 puM) and
has a putative role in enzyme stabilisation. Ca’* binding at sites 2 (Asn**’- Asn**®) and
3 (Asn®®, Glu*® and Glu**®) occurs following zymogen cleavage and cooperate to
produce a movement of the B-strand Gly*?2 — Ser’>. This conformational change
opens a channel through the enzyme (Fig. 8) and exposes two tryptophan (Trp)
residues in close proximity to the active site. These are thought to be involved in
stabilising the enzymes transition state. This conformational change also makes
Asp*?* accessible for coordination to the Ca®" ion at site 3. It was demonstrated that
the Ca®* ions at site 2 and 3 could be substituted for lanthamides and in the case of the
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latter Mg®". However, it was apparent that Ca®* binding was required at site 3 for
enzyme activation. Consequently, it has been proposed that Mg?* binding of the
cleaved zymogen provides a mechanism to prevent aberrant cross-linking activity, in
the absence of an accompanying rise in Ca®* levels (Ahvazi ef al., 2003).

Biochemical and crystallographic evidence now exists thai TG3 also

undergoes GTPase-cyciing, but unlike TG2 this enzyme does not target ATP (Ahvazi
et al., 2004). It has been demonstrated that substitution of the Ca” ion at site 3 for

Mg?" is required for binding of GTP/GDP accompanied by regional conformational
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TG3 is expressed in brain, forestomach, small intestine, testis, skeletal muscle
and skin (Hitomi et al., 2001). As is the case with TG1, the majority of information on
this enzyme’s physiological role concerns its involvement in terminal differentiation
of keratinocytes (Kim ef al., 1993) and it is sometimes used as a late stage marker for
this process. In vitro studies have ascertained its particularly high affinity for loricrin
(Candi et al., 1995). However TG1” mice illustrate the role of TG3 must be a
cooperative one and it cannot compensate for the loss of TG1 activity (Matsuki et al.,
1998). No diseases have yet been linked to mutations in the TGM3 gene. It has been
suggested that TG3 preferentially forms intramolecular cross-linking, facilitating the
incorporation of proteins into the CE structure rather than directly generating

macromolecues (Candi ef al., 1995).
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1.1.8 TG4

The most extensive studies carried out with TG4 to date have included the rat
form of the enzyme. It was revealed that this 75 kDa protein (692 amino acids) exists
as a homodimer (Wilson and French, 1980) and has been identified as a major
secretory product of rat dorsal prostate and coagulating glands (Ho ef al., 1992). As
has been observed with other secreted TGs, TG4 contains no recognised signal
peptide and is N-terminally blocked. Immunogold electron microscopy has detected
TG4 in apocrine secretory vesicles, however, its absence from the Golgi apparatus,
suggests direct entry from the cytoplasm (Seitz et al., 1990; 1991). Concerning post-
translational modifications, TG4 has been demonstrated to be mannosyl-linked and a
phosphotidyl anchor has been identified (Seitz et al., 1991).

The best-characterised function of TG4 is its rapid catalysis of polyamines to
produce seminal plugs (Williams-Ashman, 1984).
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1.1.9 TGS

Ubiquitous low level expression of TGS is observed in human tissues, with the
exception of the lymphatic and central nervous systems (Aeschlimann ef al., 1998;
Candi ef al., 2004). This 720 amino acid (81 kDa) enzyme is expressed in its active
form and has been reported to be N-terminal acetylated (Rufini e al., 2004). TGS
mRNA isolated from human keratinocytes has revealed the presence of three
alternative splice products in addition to the full-length enzyme, in which exons III,
X1 or IIT and XI are absent. In vitro studies have ascertained that exon III is required
for enzyme activity (Candi et al., 2001). Splice products lacking exon XI produce a
frame-shift mutation, resulting in a novel sequence of 25 amino acids followed by
premature termination (Candi et al., 2001). Due to its low level expression a number
of TGS studies have utilised keratinocytes transfected to overexpress the protein. Such
studies have found this TG isoform is resistant to extraction and retrieval has only
been successful by treatment with SDS or urea (Candi et al., 2001). This corresponds
closely to the profile of insoluble proteins and cell fractionation studies have
demonstrated that TGS associates with the nuclear matrix and cytoskeleton. Further to
this confocal analysis suggests TG colocalises with perinuclear vimentin (Candi et al.,
2001).

As has been observed with TG2, TGS is also capable of binding ATP and GTP
(Fig. 8), which have been demonstrated to inhibit the enzymes cross-linking activity
(Candi et al., 2004). As a consequence of the limited characterisation of TGS the
cellular function of this GTPase activity is not yet known.

Following the finding that TGS expression increased several-fold when
cultured keratinocytes were induced to differentiate (Aeschlimann et al., 1998), work
began to ascertain whether TGS is involved in CE formation. Recombinant TGS can
utilise classical CE components, including involucrin, loricrin, SPR1 and SPR2
(Candi et al., 1995). When incubated with loricrin, TGS has demonstrated its ability
to use it as a complete substrate, i.e. targeting both Gln and Lys residues. It also

produced a combination of intra- and inter-protein cross-links.
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1.1.10 TG6

As yet there is virtually no published data concerning this isoform. The full-
length enzyme consists of 708 amino acids with a calculated mass of 80 kDa (H.
Thomas Thesis, 2004). However, TG6 has been shown to undergo alternative splicing
of exon XII, the absence of which produces a frameshift and premature termination
within exon XIII. The resulting short form is 626 amino acids in length (70 kDa).

TG6 was first amplified from the small lung carcinoma cell line, H69 (H.
Thomas Thesis, 2004) and subsequent Northern blot analysis identified widespread
expression at low level in human tissues. High level expression was observed within
the central nervous system, leading to speculation that this enzyme might be involved
in certain neurodegenerative diseases (H. Thomas Thesis, 2004). In addition to this,
murine in situ data localised this isoform to the epidermis.

1.1.11 TG7

This most recently discovered member of the TG family was first isolated
from a prostate carcinoma cell line. TG7 is expressed as a 710 amino acid protein (80
kDa) and Northern blot analysis has revealed wide spread low level expression in
human tissue with the highest levels detected in testis and lung tissue (Grenard et al.,
2001). TG7 has also been amplified from a number of cells and cell lines by RT-PCR
including, dermal fibroblasts (TJ6F, HCA2), primary keratinocytes and mammary
epithelium (Grenard et al., 2001). To date no data concerning the physiological
function of this enzyme is available, however the ubiquitous nature of TG7 expression
would suggest broad applications.
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Over the years, TG studies have identified the involvement of these enzymes
with numerous and wide ranging physiological disorders including cataract formation,
tissue fibrosis, artherosclerosis, cancer metastasis, celiac disease, rheumatoid arthritis,
neurodegenerative diseases and a number of keratinising skin disorders (Selkoe ef al.,
1982; Weinberg et al., 1991; Bowness et al., 1994; Johnson et al., 1994; 1997,
Dietrich et al., 1997; Mirza et al., 1997; Candi et al., 2002; Zemaitaitis et al., 2002).
This has produced growing interest in the TG family as therapeutic targets. For the
purposes of this study the focus will remain on the role of TGs in skin homeostasis

and the consequences of their misregulation therein.
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1.2 Skin homeostasis

The skin is considered the largest organ of the body, forming the continuous
integument of the body and providing four major functions:

e Protection: The skin provides protection against ultraviolet light, mechanical,
chemical and thermal insults in addition to protecting against invasion by
micro-organisms. As a relatively impermeable surface the skin also has a key
function in preventing dehydration.

e Sensation: The skin is rich in receptors for touch, pressure, pain and
temperature.

e Thermoregulation: In man, skin is a major organ of thermoregulation. The
presence of hair and subcutaneous adipose tissue insulate against heat loss.
Conversely sweat evaporation from the skin surface and vasodilation within
the rich vascular network of the dermis facilitates heat loss.

e Metabolic functions: Vitamin D is synthesised in the epidermis,
supplementing pools derived from dietary sources.

Mammalian skin consists of two tissue layers (Fig. 9a-b), a protective stratified
epidermis and an underlying layer of collagen-rich dermis generated by fibroblasts.
These tissues are separated by a basement membrane. Skin tissue undergoes regular

remodelling and replenishment under careful regulation.
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1.2.1 The dermis

The dermal layer of the skin provides a robust base for the epidermis in
addition to metabolic support to this avascular tissue. The dermis contains a number
of epidermal appendages including, hair follicles and sweat glands, which originate
from epithelial tissue during embryological development. Micrographs of this tissue
have identified two distinct zones (Fig. 9a). Adjacent to the epidermis is the papillary
dermis, comprising of loosely interlacing collagen fibres and is highly vascular.
However the main bulk of the dermis is formed by the reticular layer, named after the
interlacing arrangement of collagen fibres, which are denser than the papillary zone.

The predominant TG isoenzyme within the dermal compartment is TG2 (De
Laurenzi and Melino, 2001), which is expressed in fibroblasts and secreted into the
ECM. As discussed previously, TG2 has been linked to cell adhesion, spreading and
motility coupled with ECM remodelling and stabilisation. These functions lead to a
hypothesised role in wound healing, which have since been confirmed (Haroon et al.,
1999). FXIII is also detected within the dermal ECM and has a putative role in wound
healing (Cohen et al., 1982; Knox et al., 1986; Mosher et al., 1991; Corbett et al.,
1997). The mRNA of other TG isoforms has been amplified from primary fibroblasts
or fibroblast cell lines including TG1 (Phillips et al., 1993; Stephens et al., 2004),
TGS (Stephens et al., 2004) and TG7 (Grenard et al., 2001; Stephens et al., 2004). As
yet no physiological functions have been characterised for these enzymes in the

dermis.

1.2.2 The epidermis

The epidermis is a continuously renewing tissue with a complete cell turnover
occurring approximately every 28 days (Roop, 1995). This tissue comprises of four
histologically distinct cell layers, the stratum basale, stratum spinosum, stratum
granulosum and stratum corneum (Fig. 9b).
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Skin, thin H&E @ Skin, thin H&E b

Fig. 9 The tissue architecture of skin: Hematoxylin and eosin (H&E) staining reveals three distinct domains
(a) the avascular epidermal tissue formed by keratinocytes committed to terminal differentiation. The dermis can
be dissected into the papillary and reticular layers. The former of these layers is immediately adjacent tc the
epidermis and can be distinguished by the greater density of fibroblasts. This region is reiatively thin and formed
by a fine network of collagen and elastin fibres. The underlying reticular dermis contzins coarse collagen and
elastic fibres in addition to the larger blood vessels, which feed into the capillary network of the papillary layer.
The epidermis can be divided into a further four morphologically distinct layers as seen in a high magnification
picture of a region of thin skin (b). The stratum basale is formed from the deepest layer of keratinocytes and

demonstrates a cuboidal or columnar morphology. Several layers of polygonal keratinocyies comprise the
stratum spincsum. In the case of thin skin regions, the ketohyalin granule-containing stratum granuiosum is
apparent as a singie layer of dark and flattened cells aithough this can increase io several layers in regions o
thick skin. Finally the outermost layers form the stratum comeum, coniaini ' iz cell
corneocytes.

(http://www.lab.anhb.uwa.edu.au/mb/mb 140/CorePages/Integumentary/Integum.htmi#Epidermis)
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The observed morphological changes within the epidermis are the
consequence of keratinocytes, the predominant cell type, committing to terminal
differentiation and generating a physical barrier to guard against environmental
pathogens and water loss. Each of these strata has been demonstrated to express a
characteristic set of marker proteins specific for the cell maturation state (Eckert et
al., 1989).

1.2.2.1 Stratum basale

Comprising of the deepest cell layer, keratinocytes demonstrate regulated
proliferative capabilities (Cotsarelis ef al., 1989; Fuchs and Byrne, 1994). The keratin
profile consists of keratin 5 and 14 (K5 and K14) (Reichert et al., 1993). Transition
from this region is accompanied by loss of B1 integrins involved in the stabilisation of

the dermo-epidermal junction, committing the cells to terminal differentiation.

1.2.2.2 Stratum spinosum

This strata accounts for the majority of the epidermal cell layers and is a
region containing extensive desmosomes. These cell-cell connections contribute to the
strength of the tissue and accounts for the “spikey” appearance of keratinocytes
(sometimes referred to as the “prickly layer”). At this stage of differentiation the
ability of the cells to proliferate is lost (Fuchs and Byrne, 1994; Eckert et al., 1997)
and keratin profile alters, predominantly expressing K1 and K10 (Fuchs and Green,
1980). These keratins are abundant and aggregate to form intermediate filaments with
important structural functions. It is in the more superficial layers of the spinous region
that components of the cornified envelope (CE) are expressed, including involucrin.
The formation of this envelope structure is a key stage in skin barrier formation.

55



Novel Transglutaminases — A potential route to healthy skin

1.2.2.3 Stratum granulosum

Keratinocytes within this stratum are characterised by keratinisation-specific
lipid synthesis (Swartendruber et al., 1989; Wertz et al., 1989; Schurer et al., 1991;
Elias, 1996). The distinct histology of cells within this region is the consequence of
granule-enclosed storage of proteins and lipids (Matoltsy and Matoltsy, 1966; Lavker
and Matoltsy, 1971; Holbrook and Odland, 1975; Lavker, 1976; Ishida-Yamamoto et
al., 1993). These transient structures contain CE precursors (Steven et al., 1990),
including loricrin (Mehrel ef al., 1990) and profilaggrin (Steinert and Marekov, 1995),
both considered markers of late stage differentiation.

1.2.2.4 Transition Zone

The transition between the granular layer and stratum corneum is marked by
extensive remodelling, including the cornification process. This term describes the
process of reabsorbing the cell plasma membrane and its replacement with the
extensively cross-linked CE. This structure comprises of a protein and lipid
component and is discussed in more detail in Section 1.2.3. Occurring concomitantly
with this step is the extrusion of lipids into the inter-cellular space (Landmann, 1986),
the stabilisation of keratin intermediate filament bundles and the destruction of
intracellular organelles by the action of proteases and nucleases. This limits the cell
metabolism to catabolic reactions, but often leads to these cells being dismissed as
dead (Eckert et al., 2005).

1.2.2.5 Stratum corneum

The thickness of this surface region has been shown to vary considerably with
body site, containing between 4-100 layers of cells (Ya-Xian et al., 1999). These
differentiated keratinocytes form plate-like structures and are distinguished by the
term corneocytes. Similarly the unique cell-cell interactions are termed corneosomes
(Allen and Potten, 1975; Chapman and Walsh, 1990) and following the breakdown of
these structures, cells are lost by the process of desquamation (Eckert et al., 1997).
These cells are embedded in lipid lamellae and although the stratum corneum may be
dissected into its separate components, in essence, extensive cross-linking creates a

continuous macromolecule, providing the barrier function required of this tissue.
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1.2.3 The cornified envelope

The CE comprises of protein and lipid components accounting for 90 and 10
% of the stratum corneum’s dry weight respectively (Swartzendruber et al., 1988).
The protein element comprises of a 15 nm shell (Matoltsy and Balsamo, 1955;
Farbman, 1966; Hashimoto, 1969) that is formed on the cytoplasmic surface of the
plasma membrane (PM) eventually replacing it, as the lipid bilayer is broken during
cornification. This substitution provides the skin with more mechanically robust
properties (Marks et al., 1983). A 5 nm lipid component has been distinguished by
electron microscopy as a lucent band (Lavker, 1976) and is located on the cell surface.
This has been characterised as a monolayer of ester linked ®-hydroxyceramides
known as covalently bound lipids (CBLs) (Wertz and Downing, 1987; Marekov and
Steinert, 1998). These lipids are among those extruded into the extracellular space
from keratinocytes in the transition zone, the remainder form unique lipid lamellae
with a reduced phospholipid content and increased fatty acids, cholesterol and
ceramides (Shurer and Elias, 1991; Elias, 1996). The hydrophobic nature of the
environment in which corneocytes are embedded distinguishes a role for the CBLs,
capable of interdigitating with the surrounding lamellae to enhance the barrier
formation (Wertz et al., 1989). The generation of the CE structure begins in the
stratum spinosum generating a scaffold in inter-desmosomal regions to which further
components are sequestered. The result is a highly insoluble structure, which may be
retrieved by boiling in SDS/reducing agent buffers (Sun and Green, 1976; Manabe et
al., 1981).

The extensive covalent linkages within the CE has somewhat hindered the
identification of its components. Studies of the envelope have involved a number of
experimental approaches: 1) Antibodies raised against the isolated CE have been used
in identifying envelope precursors (Kubilus et al., 1987; Michel et al., 1987; Nagae et
al. 1987). 2) Antibodies have been raised against putative CE components and
immunohistochemical studies have revealed staining at the cell periphery of
corneocytes (Rice and Green, 1979; Lobitz and Buxman, 1982; Zettergren et al.,
1984). 3) Sequencing has been carried out on peptides retrieved following extensive
proteolysis of the CE (Candi et al., 1995; Steinert and Marekov, 1995). 4) The ability
of potential precursors to be cross-linked by TG enzymes has been assessed in vitro
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(Rice and Green, 1979; Simon and Green, 1984; Candi et al., 1995; 1999; 2001).
Although this thesis focuses specifically on epidermal tissue, CEs have been
identified in a range of stratified squamous epithelia (e.g. oral epithelia, hair cutical).
Further to this, variations in CE composition have been found between epithelial
tissue and body site (Steinert ez al., 1998). This variation can most likely be accounted
for by differing tissue-specific requirements (Steinert and Marekov, 1995; Steinert,
2000). Interestingly the protein-shell is not a homogenous structure (Steinert and
Marekov, 1995), suggesting spatial and temporal regulation is involved in its

formation.
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1.2.4 The role of transglutaminases in cornified envelope formation

Initial studies attributed the cross-links within the CE macromolecule to
disulfide bonds (Matoltsy and Matoltsy, 1970), however further studies have
identified y-glutamyl-e-lysl (Rice and Green, 1977) and fy-glutamyl-polyamine
isopeptide bonds within this structure. The latter almost exclusively involve
spermidine (Piacentini et al., 1988, Martinet et al., 1990). Immunohistochemical
studies have been carried out with antibodies raised against the isopeptide bond
structure (Fig. 10). Results clearly indicate the number of cross-links increase as
differentiating keratinocytes translocate to the epidermal surface with a rapid increase
in staining observed within the in transition zone. This is accompanied by intense
staining across dermo-epidermal junction (DEJ). These findings strongly implicated
TG enzymes in the formation of the CE.

Of the nine isoforms, six are expressed in the epidermis, TG1, 2, 3, 5, 6 and 7.
As yet little data exists concerning physiological functions of the two latter enzymes
and the expression of TG2 has been limited to the basal layer of keratinocytes
(Aeschlimann et al., 1998; Haroon et al., 1999) having putative role in stabilising the
DEJ. In contrast TG1, 3 and 5 have exhibited differentiation specific expression (Kim
et al., 1993; 1995a; 1995b; Aeschlimann et al., 1998; Candi et al., 2001) and have
demonstrated an ability to cross-link identified CE components in vitro with high
affinity (Candi et al., 1995; 1999; 2001). Interestingly it has been demonstrated that
these enzymes target the same Gln and Lys residues involved with cross-linking in
vivo, although different isoforms were observed to preferentially cross-link distinct
residues within the same substrate. Some of the most compelling evidence for TG
involvement in the CE formation is the discovery that TG1 mutations have been
linked to lamellar ichthyosis (LI) (Huber et al., 1995; Parmentier ef al., 1995; Russell
et al., 1995) a heterogeneous group of skin diseases exhibiting defective CE formation

and compromised skin barrier formation.
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Fig. 10 The extent of y-glutamyl-e-lysine cross-linking increases with keratinocyte terminal
differentiation: Antibodies elicited against y-glutamy!-e-lysine cross-links demonstrate a greater
degree of staining in the more superficial layers cf the epidermis. Par‘if‘l.lari_y intense staining is

- SR

observed in the transition zone (Z) of the epidermis and the dermc-epidermal junction {designated by
arrowheads). Courtesy of D. Aeschlimann, University of Wales, UK

TG1 is the first isoform to be expressed, low level mRNA has been reported
from the basal layer (Steinert ef al., 1996a) however a rapid increase is observed in
the upper spinous layer, terminating within the transition zone (Yamada ef al., 1997).
Immunohistochemical studies have observed gradient staining with anti-TGS
decorating the spinous and granular layers (Candi et al., 2002). TG3 is expressed in
the later stages and is approximately concomitant with other late stage differentiation

markers loricrin and profilaggrin (summarised in Fig. 11).
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TGS TG3

Stratum corneum

Stratum granulosum

Stratum spinosum

Stratum Basale

Fig. 11 Schematic representation of transglutaminase distribution in the epidermis:
Representation of proteins levels is as follows TG1 (magenta), TG2 (blue), TG3 (red) and TGS
(orange).
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As has been mentioned previously, the components of CEs vary between
epithelial tissues. There follows a summary of the major components identified from

epidermal CEs to date, which are utilised as TG substrates.
1.2.4.1 Involucrin

This rod-like protein comprises of a predominantly a-helical structure (Yaffe
et al., 1992) and was the first CE component to be discovered and cloned (Rice and
Green, 1979). It is found to be a component of most if not all squamous epithelia
(Banks-Schlegel and Green, 1981; Walts ef al., 1985; Crish et al., 1993; Steinert and
Marekov, 1997). Ultrastructural studies observed that this soluble precursor localised
to the cytoplasm in deeper keratinocyte layers but became concentrated at the cell
periphery in the more superficial layers (Warhol et al., 1985). This protein is
particularly Glw/GIn rich, accounting for 20 and 15 % of amino acid residues
respectively (Eckert and Green, 1986). Despite a number of these Gln residues being
utilised by TG enzymes (Etoh et al., 1986; LaCelle et al., 1998) it was observed that
GIn**® was preferentially targeted in labelling experiments (Simon and Green, 1988;
Nemes ef al., 1999a).

Involucrin has been localised to the external region of the CE (Steinert and
Marekov, 1997) and protease cleaved peptides have demonstrated this protein is
cross-linked to a wide range of CE components, confirming its involvement in the
early stages of CE formation. Recovery of lipopeptide fragments following protease
digestion has also identified involucrin as the primary envelope precursor coupled to
ceramide lipids. This accounts for ~35 % of CBLs (Marekov and Steinert, 1998).
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1.2.4.2 Loricrin

Loricrin accounts for ~75 % of the total protein content of the CE (Hohl et al.,
1991) making it the major component and correspondingly the amino acid profiles
obtained from this 26 kDa protein are qualitively similar to those from isolated CEs
(Reichert et al., 1993). Step-wise digestion of the CE by Proteinase K have localised
loricrin to the inner two thirds of the CE at the cytoplasmic face (Steinert and
Marekov, 1995). In fact its contribution to the protein content rises to 95 % in the
final third demonstrating its late stage recruitment and the extent of its incorporation.
Interestingly loricrin, a highly insoluble protein, is detected in granules (L-granules)
within the stratum granulosum (Steven ef al., 1990; Ishida-Yamamoto et al., 1993,
1996). This insolubility has been partly attributed to disulfide bonds (Mehrel et al.,
1990) and it has also been observed that interactions between aromatic amino acids
produce a secondary structure (Hohl ef al., 1991). The loricrin molecule can be
subdivided into Gln-Lys rich terminal regions embedding three adjacent Gly-Ser rich
domains divided by two Gln-rich sequences (Hohl ez al., 1991). Based on sequence
data, it was predicted that up to twenty residues could be targeted by TG enzymes
(Holh et al., 1991b). Recovery of peptide fragments following proteolytic digests of
CEs revealed at least two Lys residues and four Gln are involved in cross-linking in
vivo. Incorporation of loricrin occurs within the transition zone, following its release
from L-granules. There has been some speculation as to the nature of its translocation
and cross-linking into the CE due to its lack of solubility. It has been proposed that
coupling to highly soluble small proline-rich proteins may modify solubility of
loricrin (Kalinin et al., 2002).

Concerning loricrin as a TG substrate, it can be cross-linked in vitro by TG1, 3
and 5. However it has been reported that TGl predominantly catalyses inter-
molecular cross-links, whilst TG3 promotes intra-molecular bonds between favoured
Lys and Gln residues and is unable to form the polymers observed with TG1 (Candi et
al., 2001). Significantly, loricrin has been reported to accumulate in transgenic TG1”
mice, perhaps highlighting the role of this enzyme in incorporating this protein into
the CE (Matsuki ef al., 1998).
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1.2.4.3 Small proline rich proteins

The SPR proteins form a 14-member multigene family (Tesfaigizi and
Carlson, 1999) comprising of several proline-rich repeats, flanked by N- and C-
terminals rich in Pro, Gin and Lys (Gibbs ef al., 1993). It is the Gln and Lys within
these sequences that participate in cross-linking and it has been proposed these
enzymes function as bridges between CE components (Steinert et al., 1998).

Both TG1 and 3 are capable of using SPR1 as a complete substrate in vitro,
whereas TG2 cross-links SPR1 proteins poorly (Candi et al, 1999). However,
different residues are targeted by the isoforms and it would seem that the activity of
both enzymes is required for the formation of oligomers.

1.2.4.4 Cystatin and elafin

These precursors contribute as minor components to the CE structure
(Takahashi et al., 1994) and there has been some speculation about their physiological
role. It has been hypothesised that members of the cystatin family and elafin may
regulate protease activity required for envelope maturation (Takahashi et al., 1994).
Cystatin A is a protease inhibitor and elafin functions as a potent inhibitor of elastase
and proteinase 3. In fact mutations in another cystatin family member, cystatin M/E is
associated with disturbed comification and subsequent impaired barrier formation
(Zeeuwen et al., 2004).

1.2.4.5 Filaggrin

Filaggrin is synthesised as profilaggrin, which consists of a number of
filaggrin units flanked by the N- and C-terminal domains (Presland et al., 1992, 1997,
Pearton et al., 2002). Profilaggrin contains two calcium-binding EF hand motifs
(Presland et al., 1992; Markova et al., 1993), which is a characteristic shared by other
envelope precursors such as S100 proteins (Donato, 1999). The processed form of
filaggrin has been shown not simply to function as a CE component but is also
involved in bundling intermediate keratin filaments (Dale et al., 1978; Mack et al.,
1993).
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1.2.4.6 S100 proteins and annexin 1

From this family of calcium regulated EF hand-containing proteins, S100A10
and S100A11 are found within the CE of normal human keratinocytes (Robinson et
al., 1997). However, potential cross-linking sites have been identified in the N-/C-
terminals of several other S100 proteins (Robinson and Eckert, 1998; Ruse et al.,
2001). It has been observed that S100A11 translocates to the cell periphery following
calcium stimulation, this process relies on a tubulin-dependent mechanism (Broome
and Eckert, 2004).

S100A11 has been demonstrated to form heterotetramers with annexin 1
including two molecules of each component (Rety et al., 2000). Almost all annexins
display calcium channel activity in vitro (Chen et al., 1993; Cohen et al., 1995; Benz
et al., 1996; Burger et al., 1996; Gerke and Moss, 2002) and although this activity is
not evident under normal intracellular conditions, it may be possible under the
oxidising conditions and more acidic pH observed in epidermal regions, thereby
contributing to calcium flux (Gerke and Moss, 2002).

1.2.4.7 Desmoplakin, envoplakin, perplakin and type II keratins

Keratins are the most abundant proteins within the corneocyte, with the
assembled intermediate filaments connecting to the cell periphery within desmosomal
regions (Green and Gaudry, 2000). Since the CE scaffold is formed on the
cytoplasmic surface of the plasma membrane, it is perhaps not surprising that
desmosomal components (such as desmoplakin, envoplakin and periplakin) and
keratin bundles become incorporated (Steinert and Marekov, 1995; 1997). A Lys
residue within the N-terminus of type II keratins has been found to be crucial in the
cross-linking of this protein by TGs (Candi et al., 1998). Envoplakin and perplakin
have been identified as sites of CBL linkage, although not to the extent of involucrin
(Marekov and Steinert, 1998).
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1.2. 5 The epidermal differentiation complex

Genes encoding envelope precursors are often mapped to a 2.5 Mbp cluster
located at locus 1921 (Volz et al., 1993; Mischke et al., 1996), this region has been
termed the epidermal differentiation complex. Such precursors include annexin 1,
profilaggrin, involucrin, loricrin, SPR and S100 proteins. Many of these proteins
share sequence similarities including Gln and Lys-rich tracts often targeted by TG
enzymes. It is believed that these genes share a common ancestor and the cluster arose
through repeated duplications (Backendorf and Hohl, 1992; Krieg et al., 1997).

1.2.6 Putative mechanism for cornified envelope formation

Slowly a more complete picture is emerging concerning the sequence of
events involved in CE formation (Candi ef al., 1995; Nemes and Steinert, 1999;
Steinert, 2000). It is proposed that an involucrin-enriched scaffold is constructed
against the background of membrane-associated proteins (Eckert et al., 1993; Steinert,
1995; Steinert and Marekov, 1997). Nemes et al. (1999b) have reported that
involucrin spontaneously binds the membrane in a Ca’’-dependent manner. This
initial structure produces deposition sites for other envelope precursors. Involucrin
becomes cross-linked to envoplakin and periplakin (LaCelle et al., 1998; Marekov
and Steinert, 1998) succeeded by the incorporation of SPRs. This amalgen spreads
across the cytoplasmic face of the plasma membrane, consequently incorporating
desmosomal proteins (Steinert and Marekov, 1995; 1997). Maturation of the scaffold
primarily involves the incorporation of loricrin, which accounts for the majority of the
protein content (Hohl ez al., 1991; Mehrel et al., 1990; Steinert and Marekov, 1995)
(summarised in Fig. 12). This proportion increases towards the cytoplasmic face of
the envelope, indicating its importance in the later stages of the process (Steinert and
Marekov, 1995).

Findings have revealed that TG3 predominantly catalyses intra-molecular
cross-links, in contrast with the ability of TG1 to form multimers (Candi ef al., 1995).
It is possible that the modifications made by TG3 promote loricrin’s incorporation by
TG]1. Alternatively, TG1 cross-links this precursor into the macromolecular structure
where it undergoes further modifications by TG3 (Reichert ef al., 1993; Eckert et al.,
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1993; Steinert, 1995). Estimates have been made concerning the comparative
involvement of the TG isoforms and it has been calculated that approximately 65 % of
loricrin cross-links are the result of TG3 activity whilst only 35 % are due to TGl
{Candi et al., 1995).

Despite the coordinated sequence of events suggested for CE generation, it is
evident this system is resilient and flexible. In fact altering the expression of known
precursors does not produce an overt phenotype or one that is quickly compensated
for (Yoneda and Steinert, 1993; Dijan ef al., 2000; Koch et al., 2000). In the case of
loricrin ablation in mice the dry and scaly appearance of neonatal skin is lost within a
matter of days, however, retention of fragile envelopes is reported. This has lead to
the “precursor availability” hypothesis, suggesting the existence of compensatory
mechanisms. In fact fibroblasts have demonstrated an ability to form pseudo
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Fig. 12 Schematic diagram demonstrating the heterogenous pature of the cornified envelop:

d ng the : 0
Based on the suggested mechanism for an initial involcrin and cystatin-rich scaffold being laid down

on the backdrop of plasma membrane-associated proteins. Precursors continue to be incorporated in a
coordinated fashion, with increasing amounts of loricrin. Adapted from (Steinert and Marekov, 1995).
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1.2.7 The existence of a mature form of cornified envelope and its possible impact on
skin barrier formation

Analysis of CEs, following their isolation from stratum corneum tissue, has
revealed two morphologically distinct populations (Fig. 13). The first being
irregularly shaped (termed “fragile”) whilst the second is larger and polygonal
(termed “rigid”’) (Michel et al., 1988). In normal skin the fragile envelopes are found
almost exclusively in the lower layers of the stratum corneum, whereas greater
proportions of the rigid envelopes are recovered in the more superficial layers. This
distinct spatial distribution would seem to indicate different stages of maturation
(Michel et al., 1988). This hypothesis is supported by immunohistochemical studies
carried out with antibodies elicited against the C-terminal sequence of loricrin.
Staining obtained with these antibodies revealed uniform staining in the stratum
granulosum and deeper layers of the stratum corneum, which diminishes in the
surface layers (Hohl et al., 1991). This could indicate epitope masking following
cross-linking. The amino acid components of the two envelope forms demonstrate
few differences and structural alterations could be accounted for by additional cross-
linking. This may involve continued activity of certain TG enzymes, but this remains
to be substantiated.

The implications of this maturation on skin-barrier function has yet to be
established. Marks and Barton (1983) have identified decreases in transepidermal
water loss correlating with increased corneocyte surface area. Separate studies have
demonstrated that rigid CE are significantly larger than their fragile counterparts
(Watkinson et al., 2001). Moreover, the keratinising skin disorders LI and psoriasis
have been observed to retain the fragile CE phenotype within the stratum corneum. In
the latter case, this is accompanied by reduced cell, size, which may be a consequence
of a hyperproliferative phenotype producing a shortened cell cycle (Weinstein ef al.,
1985).
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Fig. 13 Normaski phase contrast microscopy of cornified envelopes demonstrating two
morphologically distinct phenotypes: Cornified envelopes were isolated by boiling in SDS/B-
mercaptoethanol and revealed a combination of irregularly shaped structures with a ruffled appearance
(CEf), and putatively more mature polygonal envelopes (CEr) (Watkinson et al., 2001).
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1.2.8 Triggers for keratinocyte differentiation and the regulation of transglutaminase

c€nes

To date, the physiological mechanism for triggering keratinocyte
differentiation has not been established unequivocally and probably involves a
combination of signals. Biochemical changes analogous to in vivo differentiation can
at least in part be induced in cultured keratinocytes with the phorbol ester, 12-O-
tetradecanoylphorbol-13-acetate (TPA) or by increasing Ca’* levels in the media
(Hennings et al., 1980). However, the accompanying structural changes are only
observed in the latter case (Dotto, 2000). A calcium gradient is reported to exist in
vivo, with a significant increase observed between the mid and upper granular layers
(Menon et al., 1992; Forslind et al., 1997). Its impact on the intracellular environment
could occur in a number of ways or in combination. Calcium sensitive receptors may
be present in the keratinocyte plasma membrane, analogous to those found in
parathyroid cells (Herbet and Brown, 1995; Bikie et al., 1996), or possibly raised
calcium levels could effect cell-cell and cell-matrix interactions thereby promoting
stratification of keratinocytes (Dotto, 2000). It has been proposed that differentiation
pathways converge to induce p21 expression, resulting in cell cycle arrest (Dotto,
2000).

TG1, 3 and 5 have each demonstrated differentiation-specific expression,
however further analysis has revealed distinct control mechanisms for each isoform.
TG transcript is negatively regulated by retinoids but upregulated by Ca®>* and by
TPA (Zhang et al., 1995; Lichti and Yuspa, 1998; Candi et al., 2001). The mRNA
encoding the TG3 zymogen is also upregulated by Ca® but in culture appears to
downregulated by TPA and to a lesser extent by retinoic acid (RA) (Candi et al.,
2001). TGS expression undergoes a transient increase when stimulated with Ca®* and
TPA, returning to baseline levels within three days (Candi et al., 2001). Treatment
with RA does not produce significant changes in TG5 mRNA levels. In contrast TG2,
an isoform restricted to undifferentiated basal keratinocytes, is downregulated by Ca**
and TPA but induced by RA (Lichti and Yuspa, 1998).

A number of studies have been carried out on the TGM1 and TGM3 promoter
regions. One such study isolated a section of the TGM1 promoter incorporating the
2.5 Kb sequence upstream of the initiation site. This sequence was coupled to a

reporter gene in transgenic mice and was found to confer tissue and terminal
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differentiation specific expression (Yamada et al., 1997). Within this sequence two
Spl consensus elements have been identified (Yamada et al., 1997). Later studies
have further localised the key distal promoter region to between —1.6 and —1.1 Kb
upstream of the transcription start site (Phillips ef al., 2004). The two Spl elements
were found to reside in this region in addition to an identified AP1 consensus
sequence, significantly these were largely conserved across four mammalian species.
AP1 and Spl binding sites are commonly found in keratinocyte-specific genes, with
keratinocytes containing unusually high levels of both factors (Saffer et al., 1991;
Phillips et al., 2004). It has also been postulated that Spl is essential for TPA-
responsive gene activation (Yamada et al., 1997). Deletion analysis of the TGM1
promoter region revealed that mutations in all three consensus sequences eliminated
nearly all transcriptional activity, contrasting with the relatively small effects
observed with single mutations (Phillips et al., 2004). This, in conjunction with
mobility shift assay data, led to the proposal that cooperation between these
transcription factors and others yet to be identified is necessary for specific expression
(Phillips et al., 2004).

Spl promoter elements have also been described in the TGM3 gene. The 3.0
Kb sequence 5’ upstream of the initiation site contains adjacent Spl and ets-like
recognition motifs (Lee et al, 1996). It has been proposed that cooperative
interactions occur between these consensus sequences for TG3 expression (Lee ef al.,
1996). Previous studies have reported that ets transcription factors normally function
as components of large transcription complexes (Vasylyk ef al., 1993) and it has been
postulated that they may function in regulating late differentiation genes in the
epidermis (Lee et al., 1996). However, the 3.0 Kb section of the promoter sequence
produced high-level gene expression in cultured squamous epithelial cells and would
seem to require distal regions for differentiation-specificity (Lee et al., 1996).

To date there have been no articles published concerning the TGMS promoter
sequence and studies analysing up to —1.6 kb 5’ upstream region of TGM2 did not
demonstrate high level expression or retinoic acid inducibility (Lu et al., 1995).
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1.2.9 Misregulation of transglutaminases in skin disorders

1.2.9.1 Lamellar Ichthyosis

As has been mentioned previously in this chapter, mutations associating with
LI have been identified in the TGM1 gene (Huber et al., 1995; Parmentier et al.,
1995; Russell et al., 1995). The term ichthyosis is used to describe a heterogeneous
group of diseases and TGM]1 is not exclusively involved, mutations have also been
mapped to a number of other loci (Bale et al., 1996; Parmentier et al., 1996). LI
describes a congenital autosomal condition, effecting the cornification of the
epidermis and hair. The clinical phenotype can range from large plate-like scales that
are brown in colour, to fine white scales with underlying reddening (erythroderma).
The skin appears taut and babies are often born surrounding in a collodion-like
membrane (Williams and Elias, 1985) (Fig. 14a), which has been reported to
comprise of thickened stratum corneum tissue (Frenck and Mevorah, 1977). The
histopathology involves hyperkeratosis accompanied by thickening of the outer skin
layers (Traupe ef al., 1984; Williams and Elias, 1985; 1993; Williams, 1992).
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1.2.9.2 Murine TG1”" model

An interesting distinction between the different forms of LI is that only
individuals carrying a TGM1 mutation demonstrate an absence of the CE structure in
their stratum cormmeum (Jeon et al, 1998). As a consequence of these findings
transgenic TG1”" mice were generated and although they were born at a Mendelian
frequency, neonatal death ensued within 5 hours of birth (Matsuki ef al., 1998). This
lethality has been attributed to dehydration resulting from compromised skin barrier
formation. It is evident from these findings that the loss of TG1 activity cannot be
compensated for by other isoforms, with analysis of TG2 and TG3, revealing levels
comparable to the wild-type control. The skin of these mice is shiny and taught
similar to that observed with the human condition, although it is accompanied by
retarded skeletal growth which has yet to be accounted for (Matsuki et al., 1998) (Fig.
14b). Due to the lethal nature of this knockout model, studies at later developmental
time points have required skin grafting onto athymic nude mice (Inada et al., 2000).
Histological analysis of these grafts revealed upregulation of K6a, a marker of a
hyperproliferative phenotype. This was accompanied by thickening of the stratum
corneum and the virtual absence of CE structures (Matsuki et al., 1998). Wound
models utilising these grafts have demonstrated slower healing than grafts obtained
from normal neonates, supporting a role for TG1 in re-epithelialisation (Inada et al.,
2000).
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1.2.9.3 Psoriasis

Psoriasis is a chronic skin disorder, which develops in genetically predisposed
individuals (Capon et al., 2000). This condition is characterised by hyperproliferation
and altered keratinocyte differentiation, accompanied by cell mediated immunity and
inflammation (Barker, 1991). The histopathological features of this psoriasis include
skin thickening with the retention of cell nuclei in the stratum corneum and the
proliferation of upper dermal layers into the epidermis. This misregulation of
differentiation is evident from the detection of K14 in all cell layers including the
stratum corneum and the corresponding down-regulation of TG3 has been reported
(Candi et al., 2001). Lesions are characterised by a scaly appearance accompanied by

erythroderma (Fig. 14c)

1.2.9.4 Dermatitus Herpetiformis

Evidence also exists for TG3 serving as an auto-antigen in gluten sensitivity
linked skin disease. Gluten sensitivity typically presents as a chronic small intestine
disorder, termed celiac disease (Reif and Lerner, 2004) where TG2 has been identified
as the predominant epitope. In certain individuals this gluten sensitivity is associated
with a skin disorder termed dermatitis herpetiformis (DH). This condition is
characterised by immunoglobulin A (IgA) deposits in the papillary dermis and
blistering at the dermo-epidermal junction as a consequence of inflammatory-response
(Fig. 14d). Often this is accompanied with mild or complete absence of intestinal
disfunction (Fry, 1995). Antibodies isolated from DH patients demonstrate a high
avidity for TG3 and this enzyme has been localised to the IgA deposits (Sardy et al.,
2002) possibly these complexes are deposited from the circulatory system. Evidence
suggests the original IgA autoantigen response is initiated by TG2-gluten complexes,
however the reasons for the subsequent epitope spreading and mild enteropathy
remain to be elucidated.

As yet TGS has not been directly implicated in any skin disorders, although
it has been upregulated as a secondary effect in a number of conditions and may

contribute to the hyperkeratotic phenotype observed with some icthyosis conditions
(Candi et al., 2002).

74



SL

Fig. 14 Skin disorders and transgenic models highlighting a role for TG enzymes in skin homeostasis: (a) Mutations in TGM1 lead to the development of LI. A
photograph of a collodion baby is included here. (b) Gross morphology of TG1-/- neonatal mice. TG-/- neonates (b2) were smaller than the control group (b1), with taut skin
demonstrating coarse wrinkles (Matsuki ef al., 1998). (c) A skin lesion of a psoriasis patient is shown. This disorder is accompanied by misregulation of TG3. (d) Photograph
of blisters symptomatic of the autoimmune disease, dermatitis herpetiformis. TG3 has been identified as the primary epitope in this condition.
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1.3 Wound healing

In order to maintain an effective barrier, the initial response to wounding
needs to be rapid, with the formation of a temporary clot. This clot is initiated by
endothelial damage and consists of platelets embedded in a mesh of cross-linked
fibrin fibres, with lower levels of FN, vitronectin and thrombospondin (Clark, 1996).
This provisional matrix provides a scaffold for cells migrating into the wound space
and the sequestering of growth factors. Cutaneous wound healing is a complex
process consisting of three overlapping phases termed inflammation, proliferation and
remodelling (Clark, 1996), the latter may continue years after the wound event. As
platelet cells within the clot degranulate a reservoir of cytokines and growth factors is
produced, triggering recruitment of inflammatory cells, re-epithelialisation,
connective tissue contraction and angiogenesis. Neutrophils and monocytes are
recruited from circulating blood in response to 1) platelet-derived growth factors 2)
bacteria within the wound 3) tissue debris (Clark, 1996). Studies have identified
neutrophils as a source of pro-inflammatory cytokines and it has been proposed that
these provide some of the earliest signals to activate surrounding fibroblasts and
keratinocytes (Hubner, 1996). The release of macrophage-derived growth factors and
cytokines, from recruited cells, serves to amplify these earlier signals following the

termination of neutrophil infiltration within a few days of wounding.

1.3.1 Fibroplasia

The subsequent invasion of the clot by fibroblasts and capillaries produces a
contractile granulation tissue that draws the wound margins together. Fibroblasts
begin this migration into the provisional matrix 3-4 days following wounding, this lag
phase may reflect the time required for these mesenchymal cells to emerge for
quiescence (Martin, 1997). Growth factors within the wound site may function as
fibroblast mitogens or chemotactic agents, in the cases of platelet-derived growth
factor (PDGF) and TGFB a combination of these functions have been reported
(Eriksson et al., 1992). These invading fibroblasts begin to generate new ECM,
although this lacks the organised basket-weave meshwork of collagen observed in

normal tissue, instead, forming dense parallel bundles classified as scar tissue.
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1.3.2 Re-epithelialisation

Keratinocyte migration initiates several hours post-wounding, this lag phase is
most likely a consequence of necessary integrin receptor and cytoskeleton
remodelling (Grinnell, 1992). The keratinocytes involved in cutaneous re-
epithelialisation, do not migrate over the surface of the provisional clot but transect a
portion of the clot matrix adjacent to the wound (Gibbins, 1968; Odland and Ross,
1968; Croft et al., 1970). A number of proteases, which may be necessary for this
process have been isolated from keratinocyte culture media, including neutral
proteases, collagenases and plasminogen activator (Donoff et al., 1971; Woodley et
al., 1985; Morioka et al., 1987). These migrating keratinocytes form actin-rich
protrusions termed lamellipodia and filopodia, at the cells leading edge. This is
succeeded by the disassembly of focal complexes beneath the moving keratinocyte
body or their being removed from the substrata as the rear edge of the cell rolls
upwards. In contrast focal complexes within flanking regions are not immediately
recycled, instead they fuse at the rear of the cell, producing large focal adhesion-like
structures (Anderson and Cross, 2000). This is essential in providing lateral tension,
required for traction and cell mobility (Lee ef al., 1994; Anderson et al., 1996).
Keratinocytes residing at the wound-edge are found to be involved in re-
epithelialising the denuded surface and a proliferative burst has been observed behind
these margin regions, thought to provide a replacement pool of cells (Garlick and
Taichman, 1992). If hair follicle remnants are left within the wound these epithelially
derived structures are found to contribute heavily in re-epithelialisation (Martin,
1997).

What is yet to be established is which populations of keratinocytes migrate
into the denuded space. In vitro studies have reported that keratinocytes expressing
the differentiation marker involcrin demonstrate a reduced rate of migration
(Obedencio et al., 1999). However suprabasal cells at the leading edge have been
reported to exhibit an atypical integrin expression normally associated with
proliferating basal cells (Hertle er al., 1992). Retrovirus labelling studies have lead to
a hypothesised “leapfrogging” of suprabasal cells over basal keratinocytes (Garlick
and Taichman, 1992) with keratinocytes becoming immobilised on contact with the
wound bed (Winter, 1972).
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The epidermal growth factor (EGF) family comprises of a group of growth
factors with known promoting effects on keratinocyte migration and hence re-
epithelialisation. This family includes EGF itself, transforming growth factor a
(TGFa) and more recently heparin bonding epidermal growth factor (HB-EGF), each
acting via the EGF receptor. All three of these factors are found in abundance at sites
of injury (Clark, 1996; McCarthy et al., 1996; Martin, 1997) and it has been reported
that exogenous application of EGF or TGFa in wound models increased the rate of
re-epithelialisation (Brown et al., 1986; 1989; Schultz et al., 1987). It is evident that
these EGFs are capable of stimulating keratinocyte proliferation in addition to
migration (Barrandon and Green 1987). These mechanisms may be due in part to the
ability of EGF to activate a small GTPase Rac, which mediates lamellipodial
extension and the assembly of focal adhesion complexes (Ridley et al., 1992; 1995).
However, separate studies have indicated that keratinocyte migration is at least partly
mediated by solid components. It was demonstrated that EGF stimulates the
production of FN in keratinocytes and a significant portion of the stimulated motility
could be inhibited with FN targeting antibodies (Nicklolff ez al., 1988). This was also
found to be true of TGFf, another inducer of keratinocyte motility. FN is not the only
solid factor to demonstrate an effect on keratinocyte migration and another
component of the provisional clot, thrombospondin, had a similar impact. The
upregulation of this protein is also observed with EGF but not TGFpB. Conversely, it
was found that the basal lamellae component laminin 5 inhibited keratinocyte
migration (Donaldson and Mahan 1984; Nickloff et al., 1988).
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1.3.3 Epithelial-mesenchymal interactions

Numerous coculture studies have highlighted the importance of epithelial-
mesenchymal interactions for epidermal homeostasis and repair. This includes the
identification of cross-talk between the dermal and epidermal compartments
necessary for keratinocytes growth and differentiation (Mass-Szabowski ef al., 2001).
This signalling pathway is initiated by epithelial interleukin-1 (IL-1), which
subsequently stimulates the release of granulocyte macrophage-colony stimulating
factor (GM-CSF) and keratinocyte growth factor (KGF). Keratinocyte migration
models, assessing cell out-growth on collagen gels, found that the extent of migration
observed with fibroblast-populated gels could not be recreated following lysing of the
mesenchymal cells. However, it was possible to enhance cell migration by a coculture
system with fibroblasts contained within Millicell inserts (Tuan ef al., 1994). This
suggests that mesenchymal cells can activate keratinocyte outgrowth via a soluble
factor, although, the study went on to eliminate KGF after the exogenous addition of
this factor and its antibody produced no effect (Tuan et al., 1994). Similarly IL-6-
deficient transgenic mice demonstrate mesenchymal requirements for keratinocyte
migration. It was found that these mice displayed significant delays in cutaneous
wound healing, therefore isolated keratinocytes and fibroblasts were cultured for
further study (Gallucci et al., 2004). Exogenous IL-6 was found to have little effect on
keratinocytes cultured in isolation, however keratinocyte-fibroblast cocultures or
conditioned media of IL-6 treated fibroblasts, produced up to a 5-fold increase in
migration. Corresponding arrays of known migratory factors did not suggest a likely
candidate and the factor involved is yet be identified.
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1.3.4 Identified roles of transglutaminases in wound healing

The following information is summarised in Fig. 15.
1.3.4.1 FX1lI

It has been demonstrated that epithelial wound healing requires the concerted
action of several TG enzymes. FXIII has an established role in the initial clot
formation with reports of impaired clot stabilisation accompanied by delayed bleeding
arrest in murine knockout models (Lauer ef al., 2002; Koseki-Kuno ef al., 2003). This
isoform has also been implicated in matrix re-organisation of granular tissue
following wounding (Cohen et al., 1982; Knox et al., 1986; Mosher et al., 1991;
Corbett ef al., 1997). In addition to this, FXIII catalyses the sequestering of certain
fibrinolysis inhibitors, including plasminogen activator inhibitor-2 and a-antiplasmin
(Ritchie et al., 2000). This activity would be expected to further increase the stability
of the preliminary clot.

1.3.4.2TGI

Increased TG1 levels have been observed in the epidermal edges of wounds in
murine models (Inada et al., 2000). These raised levels are evident within hours of
wounding and continue until re-epithelialisation is complete (Inada et al., 2000).
Increased levels of TG1 were also detected in migrating keratinocytes and were
reported to colocalise with involcrin (Inada et al., 2000). This has led to speculation
that a premature cornified envelope is formed, possible providing mechanical strength
to the migrating cells dissecting the clot or protecting against damage from various
proteases necessary for dissection. As discussed in Section 1.2.9.2, studies involving
skin grafts from TG1”" mice confirm this enzymes importance in wound healing, with

a marked delay in regeneration over an eleven-day period.
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1.3.4.37G2

TG2, a truly multifunctional enzyme, appears to be involved in a number of
key stages of wound healing. Its apparent function in cell adhesion, spreading and
migration has been discussed in some detail in Section 1.1.6.2. Models of wound
healing, employing punch biopsies in rats, were established in an attempt to elucidate
the distribution of TG2 during this process (Haroon ef al., 1999). This group have
reported an upregulation of TG2, maintained up to nine days postwounding and
accompanied by an increase in isopeptide linkages (Haroon ef al, 1999). This
extended increase in TG2 levels would suggest a role for this enzyme throughout the
wound repair process. TG2 mRNA and protein were detected in migrating epithelial
cells, sites of neovascularisation and granulation tissue within one day of the wound
event (Haroon et al., 1999). Epithelial expression proved to be transient and was
observed to return to baseline levels following re-epithelialisation. In contrast TG2
levels remained raised within the DEJ region (Haroon et al., 1999), where clinical
studies have implicated this isoform in catalysing the attachment of the epidermis
(Raghunath, 1996). TG2 expression was maintained in endothelial cells, macrophages
and muscle cells throughout the nine days. To summarise, these results suggest
possible TG2 functions in neovascularisation, the stabilisation and remodelling of the
provisional clot matrix, re-epithelialisation and the migration of cells into the clot.
This investigation supports a number of other studies, which have reported TG2 1) to
be upregulated following wounding in rats (Bowness ef al., 1988) 2) to bind the ECM
after mechanical wounding of fibroblast monolayers (Upchurch et al., 1991) 3) to
increase the breaking strength of wound tissue (Dolynchuk ef al., 1994) 4) to function
in matrix repair and remodelling (Griffin ef al., 2002; Stephens et al., 2004; Zang et
al., 2004).

The involvement of TG2 in an integrin-independent pathway of cell adhesion
has been identified in recent years (Verderio ef al., 2003) and has a proposed function
in wound healing (Verderio et al., 2005). It was reported that extracellular TG2-FN
complexes restored lost cell adhesion following the inhibition of integrin coreceptors
with exogenous Arg-Gly-Asp peptides (Verderio et al., 2003). Further investigation
by this group revealed transamidating activity of TG2 was not required for this
function and the TG2-FN complexes associated with cell surface heparan sulfate
(HS). This pathway would be capable of ensuring cell adhesion following damage to
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the ECM. Under such conditions, ECM fragments are capable of inhibiting the
integrin-dependent pathway (Verderio et al., 2003).

TG2 is also reported to be expressed at sites of inflammation (Greenberg et
al., 1991) and significantly, this TG isoform is upregulated by a number of acute
phase cytokines. This includes IL-6 (Ikura et al., 1994), TGFp (Vollberg et al., 1992,
Ritter and Davies, 1998) and Tumour neucrosis factor o (TNFa) (Kuncio et al.,
1998). As mentioned previously in Section 1.1.6.2, this TG isoform is also capable of
modulating the activity of TGFp.

1.3.4.4 Role of TG2 in tissue fibrosis

Further evidence for the role of TG2 in normal wound healing is the
pathological effect of its misregulation. The term fibrosis describes a condition arising
from acute tissue repair transmuting to chronic healing. Abundant TG2 cross-linking
has been reported in numerous fibrotic diseases including; renal interstitial fibrosis,
liver cirrhosis, parasitic liver fibrosis and pulmonary fibrosis (Mirza et al., 1997,
Johnson et al., 1997; Kunico et al., 1998; Hattasch et al., 1996). In fact, the TG2
inducer, TGFp is among the inflammatory mediators linked to this disease (Ziyadeh
et al., 2000). The extent to which the impact of TG2 is reliant on its cross-linking
activity increasing the ECM’s resilience to breakdown, or its activation of TGFp and
the subsequent stimulation of matrix synthesis has yet to be established.
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Fig. 15 Shematic representation of the three stages of wound healing in reiation to the actions of
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Together the body of work reviewed here establishes wide reaching functions
in normal skin homeostasis and wound healing for the TG enzyme family. Their
misregulation is observed to impact on skin barrier formation in a number of
disorders, none more evident than TG1-linked LI. The lethality of this condition has
identified the absence of any mechanism compensating for the loss of TG1 activity,
however, a level of redundancy within the family is widely accepted. By obtaining a
more thorough understanding of the key pathways in normal skin homeostasis we
may identify therapeutic targets to improve skin barrier formation under abnormal
conditions. In other words, providing “a potential route to healthy skin”.

Over recent years, research establishing TGs as therapeutic targets has steadily
expanded and this study aimed to further investigate the possibility that TGs are
involved in the latter stages of skin barrier formation, in addition to elucidating the
impact of mesenchymal TG2 levels on generating and sustaining epidermal tissue.
Preliminary studies concerning the localisation of the largely uncharacterised TG

isoform 6 and 7 in human skin are also included in the scope of this work.
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1.4 Aims of study:

1. Confirm the expression of the relatively uncharacterised enzymes TG6 and
TG7 in skin tissue following generation of antibodies.

2. Identify possible substrates of TG6 and TG7 from keratinocyte and fibroblast
cell lines derived from human skin.

3. Identify possible TG candidates involved in corneocyte maturation.
4. Further investigate the involvement of epithelial-mesenchymal interactions in

keratinocyte growth, differentiation and migration through the development
of coculture models. Alterations in TG2 levels were specifically considered.
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Chapter 2:

Materials and Methods

2.1 Gel analysis

2.1.1 Agarose Gel Electrophoresis

Deoxyribonucleic acid (DNA) samples were loaded in 6 x sample buffer [0.05 % w/v
bromophenol blue, 6 % v/v glycerol, 12 mM Ethylenediaminetetraacetic acid
(EDTA), pH 8]. Fragments were separated through 1-1.2 % agarose (Invitrogen) in 1
x Tris/acetate/ Ethylenediaminetetraacetic acid (TAE) buffer [40 mM Tris acetate, 2
mM Na;EDTA, pH 8.5] supplemented with 0.1 pg/ml ethidium bromide (Sigma).
Electrophoresis was carried out at a constant voltage (100 v) before the DNA was
visualised by exposure to an Ultra Violet (UV) light source.

2.1.2 Western Blotting

2.1.2.1 Ethanol Precipitation of protein

Protein solutions were precipitated in 9 volumes of ethanol (24 h, -20°C). Following
pelleting (16000 x g, 30 min, 4°C), proteins were resuspended in 8 M urea before
analysis by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE)
or Western blotting.

2.1.2.2 Sodium dodecy! sulfate Polyacrylamide Gel Electrophoresis
To normalise sample loading, protein concentrations were established by
bicinchoninic acid (BCA) protein assay (Pierce Chemical Co.) according to the

manufacturer’s protocols. A bovine serum albumin (BSA) dilution series was

included as a standard.
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Each protein sample (2-7.5ul) was mixed with an equal volume of 2 x loading buffer
[25 mM Tris, 39 mM EDTA, 4 % w/v SDS, 30 % v/v glycerol, 0.3 % w/v
bromophenol blue, 2 % 2- mercaptoethanol] and boiled for 5 min prior to loading
onto a pre-cast 4-20% Tris-Glycine gel, 1.5 mm x 15 well (Novex). Both reservoirs
contained 25 mM Tris HCI (pH 8.3), 192 mM glycine, 0.1 % w/v SDS. Proteins were
resolved over a period of 2 h at a constant voltage (125 V). When appropriate the
protein loading was assessed by 0.1 % Coomassie Brilliant Blue R-250 (ICN) in a
mixture of 7 % acetic acid and 50 % methanol. Destaining was carried out
sequentially in solution I [10 % acetic acid, 25 % isopropanol], solution II [10 %

acetic acid, 10 % isopropanol] and solution III [7 % acetic acid].
2.1.2.3 Protein transfer

Protein was electrophoretically transferred to a Protran® nitrocellulose membrane
(Schleicher & Schuell) under a current of 125 mA for 2 h in the presence of transfer
buffer [25mM Tris, 192 mM glycine, 20% methanol v/v]. Protein transfer was
assessed using ponceau S staining [5% acetic acid v/v, 0.1% w/v ponceau S]. Non-
specific protein binding sites were blocked by an overnight incubation (4 °C) with 5 %
w/v non-fat dry milk powder (Marvel) in Tris Buffered Saline (TBS) [20 mM Tris
base, 137 mM NaCl, pH 7].

2.1.2.4 Immunoblotting

All antibodies used to probe Western blots were diluted in TBS with 5 % milk powder
(summarised in Table. 1). All secondary antibodies used were horse radish peroxidase
(HRP) conjugated. Unless specified otherwise incubations with primary and
secondary antibodies were carried out at room temperature (RT) under agitation for 1
h. Each incubation step was followed by three 5 min washes with TBS containing
0.05 % v/v Tween-20 (Sigma). Protein levels were detected by chemi-luminescence
produced following 1 min incubation with ECL plus Western blotting detection
reagent (Amersham Pharmacia) before exposing to either a Kodak Biomax or a
Hyperfilm™ ECL™ film (Amersham Pharmacia) for up to 10 min.
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Primary Antibody Raised In Dilution/Concentration | Source

TGl Goat 1:50 P. Sieinert (Laboratory of
Skin Biology, Niams)

TG2 {(CUB7402) Mouse 1:200-1:1000 Neomarkers

TG3 Rabbit 1:100 Dr N. Smyth (University of
Cologne, Germany)

TG4 (TGase 4/834-96) Rabbit 1:2000 CovalAb

TGS Rabbit 1:500 GIL

TG6S Goat 5 ug/ml GIL

TG6L Goat 5 pg/ml GIL

TG? Goa 5 pg/ml GIL

Pan Cyiokeratins {C 2931) Mouse 1:2000 Sigma

Actin (A 2066) Rabbit 1:100 Sigma

Vimentin {V 2258) Rabbit 1:100 Sigma

Secondary Antibody Dilution/Concentration | Source

Anti-Goat HRP conjugated (Z 0228) | Rabbit 1:1000 DAK{

Anti-Mouse HRP conjugated (P 0260) | Rabbit 1:1000 DAK

Anti-Rabbit HRP conjugated (P 0399) | Mouse 1:1000 DAKO

Takle. 1 Summary of antibedies

utilised in Western blot siuu:es:
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agitation. This was followed by 2

washes with TBS containing 0.05 % v/v Tween-20 and three sequential washes with

unsupplemented TBS (5 min each).
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2.2 Immunohistochemistry

2.2.1 Cryosections:

8 um fresh frozen sections of normal human skin were a kind gift from Dr. M.

Donavon (Unilever, Colworth).

Sections were air-dried overnight prior to fixing in acetone (10 min). This was

followed by three 5 min washes with TBS.

2.2.2 Paraffin sections:

Sections were deparaffinised with 2 x 10 min incubations with xylene and rehydrated
in an ethanol gradient (5 min in 90, 70, 60 and 40 % sequentially). Three 5 min
washes in TBS ensured all traces of the solvent were removed. To ensure intracellular
epitopes were accessible a 5 min incubation step with 0.1% Triton X-100 (Sigma) was
included. When suggested in manufacturers protocols epitope retrieval was carried
out by heating in a citrate buffer [10 mM citric acid (Sigma), pH 3] for 30 min at
37°C.

2.2.3 Detection of antibody-protein complexes

When employing the 3-amin-9-ethyl-carbozide (AEC) development system,
endogenous peroxidase was blocked by two 20 min incubations with 1 % H,0, in
methanol followed by three TBS washes. Non-specific binding was blocked overnight
at 4°C with 5 % BSA (ICN) in TBS containing 10 % Fetal Bovine Serum
(FBS)(Sigma).

All antibodies were diluted with 1 % w/v BSA/TBS (Table. 2) and precipitates
removed by centrifugation at 10 000 x g. Sections were incubated with antibody
solutions in a humidity chamber for 1 h at RT. Unbound antibodies were removed by
three 5 min TBS washes. Secondary antibodies were either Fluorescein (FITC)
conjugated or HRP conjugated. In the latter case sites of antibody deposition were
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visualised by the addition of freshly prepared substrate containing hydrogen peroxide

(H202) [100 mM NaCl, 10 mM citric acid, 100 mM imidazole, 0.2 % v/v H,0,, pH 7]

and the chromogen AEC (2 mg/ml). Colour development of the resulting red-brown

Pictures were taken using an Olympus AX70 camera linked to an Olympus PM-

CJSDX microscope. Nikon ACT-1 software (version 2.20) was running on the

connected computer.

Primary Antibody Raised in | Dilution/Concentration | Scurce

TG2Z (CUB7402) Mouse 1:50 Neomarkers

TG3 Rabbit 1:50 Dr N. Smyth (University
of Cologne, Germany)

TG6S Goat 20 pg/ml GIL

TG6L Goat 20 ug/ml GIL

TG7 Goat 20 pg/ml GIL

Keratin 10 (CBL 196} Mouse 1:20 Chemicon® International

Integrin 1 (M-106) Rabbit 1:50 Santa Cruz
Biotechnoiogy, Inc.

Secondary Antibody Dilution/Concentration | Source

Anti-Goat FITC conjugate (F 7367) | Rabbit 1:500 Sigma

Anti-Goat HRP conjugated (Z 0228) | Rabbit 1:1000 DAKO

Anti-Mouse HRP conjugated (P 0260} | Rabbit 1:1000 DAKO

Anti-Rabbit HRP conjugated (P 0399) | Mouse 1:1060 DAKO

Table. Z Summary of antibodies utilised in immunohistechemical studies: Monocicnal antibodies
are shown in blue. Antibodies generated in our laboratory are designated GIL.
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2.3 Cell culture

2.3.1 Culture conditions

Materials; unless specified otherwise reagents were obtained from Life Technologies,
abbreviations are in bold type.

Adenine (Sigma), Antibiotic-Antimycotic (10 000 U/ml penicillin (base), 10 000
pug/ml streptomycin and 25 pg/ml amphotericin B), Cholera Toxin (Sigma),
Dulbecco’s MEM high glucose DMEM 1 x and 10 x (Sigma), dispase Il (Boehringer
Mannheim), human Epidermal Growth Factor EGF (Sigma), Fetal Bovine Serum
FBS, Geneticin, Hydrocotisone (Sigma), N-2-hydroxyethylpiperazine-N’-2-ethane
sulphonic acid monosodium salt HEPES (Promega), Insulin (Sigma), Keratinocyte
Serum Free Medium Keratinocyte SFM, Mitomycin C (Sigma), Penicillin-
Streptomycin-Glutamine 100x PSG (10 000 U/ml penicillin, 10 000 pg/ml
streptomycin (base) and 29.2 mg/ml L-glutamine), 1 x Trypsin/EDTA (0.25% trypsin,
ImM EDTA.4Na).

Cells were cultured at 37°C with 5 % CO,/95 % air unless otherwise specified. Cells

used in experimental set ups were mycoplasma negative and grown to passage 2-7.

2.3.1.1 Mycplasma testing

Cells were sparsely seeded (2 x 10°) onto glass cover slips within a 24 well plate.
Following overnight culture the cells were fixed with two successive methanol
washes (500ul each). Hoechst 33258 stain (Sigma) was applied (at a final
concentration of 0.05 pg/ul) for a period of 15 min at 37°C. Following extensive
washing with dH,0, fluorescence staining was visualised through a blue filter. This
analysis was carried out using a Carl Zeiss Axiocam camera linked to an Axiovert

200M Zeiss microscope.
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2.3.1.2 Fibroblast cells

Murine 3T3, untransfected HCA2 and human primary dermal fibroblasts were
cultured in DMEM supplemented with 10 % FBS and 1 % v/v PSG.

Primary cells were a kind gift from Dr. Stuart Jones (University of Wales, CardifY).
Cells were derived from normal dermal tissue and had undergone 5 population

doublings.

Generating feeder layers:

To generate feeder layers for keratinocyte cultures, murine 3T3 fibroblasts were
grown to 70 % confluence. Cells were then washed with PBS and incubated for 6 h
with 16.75 pg/ml Mitomycin C in DMEM media in order to arrest the cell cycle in Go
phase. Following extensive washing with PBS the cells were trypsinised and reseeded
at 7.5 x 10° cells/T75 flask.

2.3.1.3 HCA? fibroblast cell culture

Immortalised HCA2 human dermal fibroblasts (transfected with the reverse
transcriptase gene hTERT) have been stably transfected with pcDNA3/human TG2
constructs (Bond et al. 1999; Stephens et al. 2004). Transfection with these constructs
produced high-level constitutive expression of TG2 sense RNA, antisense RNA as
well as a TG2 mutant RNA. In the latter case the catalytic Cysteine (Cys) residue was
replaced by Serine (Ser), generating a cross-linking deficient form of the enzyme. A
clone transfected with an empty vector was also produced as a control (mock-

transfected).

Cultures were grown in DMEM supplemented with 10 % FBS, 1 % v/v PSG and 400
pg/ml Geneticin to ensure selection of transfected cells. These cells were included in

skin equivalent models, Western blot analysis and keratinocyte migration assays.
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2.3.1.4 Primary human keratinocyte culture

Normal human skin was obtained following face-lift surgery. The subcutaneous fat
was removed and the remaining sample divided into ~5 mm? sections. These were
incubated overnight at 4°C with a dispase-containing buffer [2 pg/ml dispase II in
DMEM, 2mM Ca®*, 20 mM HEPES buffer, 1 % v/v PSG and 5 pg/ml Geneticin] to
cleave dermo-epidermal contacts. The epidermis was removed as a sheet and
trypsinised (30 min, 37°C) to produce a cell suspension. Keratinocytes were collected
by centrifugation.(IOOO x g, 5 min) and seeded onto feeder layers. Cells were cultured
in DMEM, 2 mM Ca**, 10 % FBS, 400 pug/ml hydrocortisone, 10 pg/ml EGF, 5
mg/ml Insulin and 1 % v/v PSG.

2.3.1.5 Primary mouse keratinocyte culture

Primary mouse keratinocyte cultures were obtained from six C57/BL6 mice between
9 and 12 months. Keratinocytes were isolated from mouse ears by incubation in
Keratinocyte SFM supplemented with 0.25% Trypsin/EDTA, 1% v/v Antibiotic-
Antimycotic overnight at 4°C. The epidermis was removed as a sheet and
desmosomes further digested in Trypsin /EDTA (15 min at 37°C). Basal cells were
isolated using a 40 pm cell strainer (BD biosciences) and distributed across 3 x 10 cm
dishes. Cells were cultured in Keratinocyte SFM supplemented with 10 ng/ml EGF,
1071 M Cholera Toxin, 1 % v/v PSG before seeding onto dermal gels to form skin
equivalents.
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2.3.1.6 Ntert/Htert keratinocyte cell culture

The keratinocyte cell lines were derived from normal human keratinocytes transfected
with hTERT and deficient in p16™"** expression (Dickson et al., 2000). Ntert and
OKF6 were derived from Kkeratinising (epidermal) and non-keratinising (oral

epithelial) cells respectively.

For the purposes of seeding skin equivalents, Ntert cells were cultured on Mitomycin
C treated murine 3T3 feeder layers. However, in the case of ribonucleic acid (RNA)
extraction and methyl cellulose sphere formation the keratinocytes were cultured in
isolation. In both instances the cells were grown in FAD media [65 % v/v DMEM,
22.5 % v/v Ham’s F12, 10 % FBS, 400 ng/ml hydrocortisone, 10™'° M cholera toxin,
10 ng/ml EGF, 0.089 mM Adenine, 5 ng/ml Insulin and 1 % v/v Antibiotic-
Antimycotic].
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2.3.2 Metabolic labelling of cells

HCA2 labelling media; DMEM without (w/o0) methionine (Met), cysteine (Cys), or
glutamine (Glut) (ICN), 580 pg/ml L-Glut (Sigma), 10 % FBS, 1 % v/v PSG, 10

pci/ml **S Met/Cys Redivue™ Pro-mix™ (Amersham Pharmacia).

Ntert labelling media; DMEM w/o Meth, Cys or Glut, 580 pg/ml L-glutamine,

10 % FBS, adenine (Sigma), insulin (Sigma), 1 % v/v antibiotic/antimitotic, 10 pci/ml

Met/Cys Redivue™ Pro-mix™.

HCAZ2 chase media; DMEM (Gibco), 1 % v/v PSG
Ntert chase media, DMEM, adenine, insulin, 1 % v/v antibiotic/antimitotic

On reaching 80 % confluency cells were incubated for 24 hour in the relevant
labelling media, excess >°S Met/Cys was removed prior to extraction by 24 hour

chasing in serum free media.

2.3.3 Cell extraction of protein

2.3.3.1 Transglutaminase :

Cells were cultured in 10 cm dishes. Once cells reached 80 % confluency, proteins
were extracted in 1 ml of 0.25 M sucrose supplemented with 1 % Triton X-100
(soluble fraction). In order to inhibit protease activity extractions were carried out on
ice. Particulate material was cleared by centrifugation (16, 000 x g, 10 min at 4°C)
and the resulting pellet homogenised in 20 mM Tris-HCI, pH 8.0, containing 1 %
SDS, 100 mM NaCl, 1 mM EDTA, 1 mM dithiothretol (DTT) and 1 mM
phenylmethyl sulphonylfluoride (PMSF) (particulate fraction).
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2.3.3.2 Signalling molecules:

Cell cultures were extracted in ice cold lysis buffer [20 mM HEPES, 150 mM NaCl, 1
% v/v Triton X-100, 1 % w/v Na deoxycholate, 0.1 % SDS, 10 % glycerol, 1.5 mM
MgCl, 1 mM Ethyl glycol-bis(2-aminoethylether)-N,N,N’ N’-tetraacetic acid
(EGTA), 1 mM Na3;VO4, 10 mM Na pyrophosphate, 100 mM NaF, 10 pg/ml
leupeptin, 100 U aprotinin, 1 mM PMSF, pH 7.4]. The particulate fraction was
removed by centrifugation (16, 000 x g for 10 min at 4°C). These cell extracts were
utilised in immunoprecipitation experiments and B-barrel binding studies (Section

2.6).

2.3.4 Cell extraction of total RNA

Total RNA was extracted from Ntert keratinocyte and HCA?2 fibroblast cultures using
TRIzol (Invitrogen). A total of four 10cm dishes of each cell type were lysed and
following the addition of 10 % v/v chloroform, RNA was isolated in the aqueous
layer using an Eppendorf Phase Lock Gel™ (12000 x g, 30s). RNA within the
aqueous fraction was precipitated in an equal volume of isopropanol and following
washing with 75 % ethanol, the pellet was resuspended by heating in 500 pl nuclease
free water (65°C). Extracts were stored at —80°C.
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2.4 Production of a recombinant human transglutaminase 7 protein

2.4.1 Generation of the expression construct

Competent INVaF’ and BL21 cells were obtained from Life Technologies.

Luria broth (LB broth); 1 % w/v tryptone, 0.5 % w/v yeast extract and 90 mM NaCl.

Restriction enzymes were obtained from Promega or Biolabs and digests carried out

according to recommended protocols.

2.4.1.1 TA Cloning of transglutaminase 7 domains into a PCRII vector

Two hTG7 polymerase chain reaction (PCR) products amplified from cDNA stocks
were a kind gift from Mrs. P. Aeschlimann. The first being amplified from the N-
terminus of the enzyme wusing the primers Forward 20 (5’
CGACAGGAGAAGGAGGAGATGG 3”) and Reverse 15 CX
CAGCGGAACGACGTGGTGTATG 3°). This incorporated the base pairs 2—669
with an additional 14 bp sequence at the 5° end (5 CGACAGGAGAAGGA 3’) and
was termed the N-fragment. The second PCR product spanned the C-terminal B-barrel
domains (1069-2229 bp) including the loop connecting the catalytic domain. This
product was termed the C-fragment. This fragment was amplified using the primers
Forward 18 (5 AC GGG TGG CAG GTT CTG GAC 3’) and Reverse 1 (5> GGC
TAT GTC GTC TTG GCT CCA CCT CTG TCC T 3°). The PCR reaction [1x salt
buffer, 2 mM MgCl,, 0.2 mM dNTP, 0.5 uM each primer, 0.125 U AmpliTaq gold]
was carried out for 35 cycles under the following conditions; 30 s at 94°C, 45 s 60 °C,
45 s 72 °C with the first cycle containing an extended denaturation period (7 min) and

the last cycle containing an extended elongation period (7 min).
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The N-fragment PCR product was isolated by gel electrophoresis through 1 % agarose
(Invitrogen) and extracted using the QIAQUICK® Gel Extraction Kit (Qiagen). The
product was eluted in 50 pl distilled water (dH,0), heated to 50°C to maximise the
yield. In the case of the C-fragment the crude PCR mixture was included in
subsequent cloning experiments. Utilising the 3° A-overhang introduced by the Taq
polymerase the fragments were TA cloned into a PCRII vector (Invitrogen) and
transformed into INVaF’ E.coli cells. Colonies were allowed to grow overnight
(37°C) on agar plates supplemented with kanamycin (100 pg/ml) and coated with 40
ul of 40 mg/ml X-Gal. To confirm successful ligation five “white” bacterial clones,
demonstrating an interruption in the vectors P galatosidase encoding gene, were
grown overnight at 37°C in 3 ml LB medium supplemented with 50 pg/ml kanamycin
(Sigma). The plasmids were isolated using the Wizard® Plus SV Minipreps DNA
Purification System (Promega) following the manufacturers instructions. To optimise
plasmid recovery the elution step was carried out with 50 pl distilled water heated to
50°C. Confirmation of successful ligation and insert orientations was carried out by
restriction digest analysis (1 h at 37°C). In the case of the N-fragment construct this
included digestion with EcoRI and BamHI. The C-fragment construct was analysed
by digestion with EcoRI, Pstl and Sacl (conditions summarised in Table. 3). To
identify any mutations introduced to the insert, two clones from each transformation
were sequenced using the dRhodamine Terminator Cycle Sequencing Kit (Applied
Biosystems) and an ABI 310 automated sequencer (primers summarised in Table. 4).
Sequencing with the vector primers T7 and M13 were sufficient to confirm the
sequence of the N-fragment. Additional sequencing reactions were required in the
case of the C-fragment and TG7 specific primers were included to this purpose

(Forwardl, 9 and 11) (summarised in Table. 4).
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Enzyme Concentration [U/ul] Buffer pH
BamHI 10 6mM Tris-HCI, 6mM MgCl,, 50mM NaCl 7.5
EcoRI 50 90mM Tris-HCIl, 10mM MgCl,, 50mM NaCl 1.5
Pstl 10 90mM Tris-HCl, 10mM MgCl,, 5S0mM NaCl 7.5
Sacl 10 10mM Tris-HCl, 7mM MgCl,, SOmM KCI 1.5
Scal 10 6mM Tris-HCl, 6mM MgCl,, 150mM NaCl 7.9
Xmnl 5 6mM Tris-HCI, 6mM MgCl,, 50mM NaCl 7.5
EcoRI/BamHI | 50/10 6mM Tris-HCl, 6mM MgCl,, SOmM NaCl 7.5
EcoRI/EcoRV | 50/10 6mM Tris-HCI, 6mM MgCl,, 150mM NaCl 7.9

Table. 3 A summary of restriction enzymes utilised in this study; including optimised conditions.
All restriction digests were carried out for 1 h at 37°C in the presence of BSA (1 pg/pl).

Primer Target Sequence (5°—>3°)

T7 PCRII Vector ccctatagtgagtcgtatta

M13 PCR II Vector caggaaacagctatgac

Forward 1 C-fragment tgggcaaggcegctgagagtccatg
Forward 9 C-fragment cttagggatcagccagegceage
Forward 11 | C-fragment ccagcgccagagcatcaccage
Reverse 7 | C-fragment ctgegtatccagagggtgeeaga |

Table. 4 A summary of sequencing primers.
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2.4.1.2 Subcloning of transglutaminase 7 fragments into a pGEX-2T vector

pGEX-2T was selected as a suitable expression vector for recombinant TG7. This
vector introduced an N-terminal Glutathione S-transferase (GST) tag with an
initiation codon under the direction of an Isopropyl B D-thiogalactoside (IPTG)
inducible lac promoter. To generate a fragment that would be expressed in frame an
EcoRI digest of the PCRII/N-fragment construct was sufficient, whilst PCRII/C-
fragment underwent double digestion with BamHI/EcoRI (Table. 3). In each case the
PGEX-2T vector was digested with the same enzymes, which were subsequently
inactivated by heating to 65°C for 15 min. In order to prevent religation this step was
followed by treatment with 1 U calf intestinal alkaline phosphatase (CIAP) (Biolabs)
in the NEB buffer 3 provided (37°C for 30 min). Fragments were gel purified and
ligated at an insert:vector ratio of 2:1 estimated following resolution through agarose
gel and ethidium bromide detection. To ensure the optimal expression of these fusion
proteins, constructs were transformed into the protease deficient BL21 strain of E.coli.
In-frame ligation of the insert was confirmed by sequencing with the Thermo
Sequenase™ Cy™ 5/ Cy 5.5 Dye Terminator sequencing kit (Forwardl and
Reverse7, see Table. 4). Reactions were carried out with the Cy 5.5 label only. The
resulting sequence was read using an Open Gene System Long Tower reader (Visible

Genetics Inc.).
2.4.1.3 Ligation of restriction digests into plasmid vectors

Ligations were carried out overnight at 14.2°C, catalysed by 3 U/ul T4 DNA ligase
(Promega).
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2.4.2 Expression of recombinant transglutaminase f3-barrel domains from transformed

E.coli
2.4.2.1 Preparation of competent BL21 cells

BL21 E.coli were cultured in LB broth (40 ml) until an ODgsp nm of ~0.35 was
reached (measured using a DU® 800 spectrophotometer, Beckman Coulter), when the
cells were transferred to ice for the remaining steps. Following a 30 min incubation,
the E.coli were collected by centrifugation (1600 x g for 8 min at 4°C) and the pellet
washed with 10 ml sterile MgCl,. Finally the cells were incubated in a 2 ml solution
of 100 mM CaCl, over 16 h. Cells were frozen in 200 pl aliquots in a 25 % glycerol

solution and utilised in subsequent heat shock transformations.
2.4.2.2 Transformation of E.coli cells by heat shock method

Competent cells (INVaF or BL21) were incubated with 2-5 ul of ligation mix in the
presence of 20 mM B-mercaptoethanol (Invitrogen) for 30 min at 4°C. The cells then
underwent rapid heat shock at 42°C (30 s) before recovering cell integrity by culturing
for 1 hour at 37°C, 225 rpm with the SOC media provided (Invitrogen). To ensure
distinct growth of colonies, a series of volumes from the transformation was plated
onto agar plates supplemented with kanamycin (100 pg/ml) for PCRII constructs and
ampicillin (50 pg/ml) with pGEX-2T vectors. Transformed E.coli were allowed to
grow overnight at 37°C and a number of colonies selected for further analysis by

restriction digests or sequencing.
2.4.2.3 Sequencing by 2°,3’-dideoxy nucleotide termination
ABI Prism® dRhodamine terminator cycle sequencing kit (Applied Biosystems)

250 ng of sample plasmid underwent 25 amplification cycles in the presence of
200 nM forward and reverse primers in 4 pl of the sequencing reaction mix provided
(total reaction volume of 10 pl). Each cycle contained a 20 s denaturing step (90°C), a
10 s annealing step (50°) and a 4 min extension step (60°). Reaction products were
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purified from excess label by precipitation in 50 pl of 95 % ethanol containing 80 uM
sodium acetate, pH 5 (20 min, RT). Precipitated DNA fragments were collected by
centrifugation (16 000 x g, 20 min). Following washing with 250 ul of 70 % ethanol
the pellet was dried (90°C, 5 min). Finally DNA fragments were resuspended in the
template suppression reagent provided (95°C, 2 min) before transferring to ice.

Samples were analysed using an ABI Prism 310 Genetic Analyser.

Thermo Sequence™ Cy™5/Cy 5.5 dye-terminator sequencing kit (Amersham

Pharmacia)

Four sequencing reactions with Cy 5.5 labelled ddATP, ddCTP, ddGTP and ddTTP
were carried out separately. 500 ng of the DNA plasmid underwent 30 amplification
cycles in 12 mM Tris HCl (pH 9.5) containing 3 mM MgCl,, 110 uM deoxy
nucleotide (NTP) mix, 2.5 uM of the relevant dideoxy nucleotide (ddNTP), 2 nM of
the forward and reverse primer and 0.3 U/ul Thermo Sequence DNA polymerase
(final volume of 8 pl). Each cycle contained a 30 s denaturing step (95°C), a 30 s
annealing step (60°C) and a 1 min 30 s extension step (72°C). Reaction products were
precipitated in chilled 95 % ethanol (30 pl) facilitated by 8 uM ammonium acetate
and 10 mg/ml glycogen. Precipitates were pelleted by centrifugation (12 000 x g, 4°C,
30 min) and washed with 200 pl 70 % ethanol. Finally the pellet was resuspended by

vortexing in 6 pl formamide and heated to 72°C for 2 min before quenching on ice.

Generated fragments were resolved through 6 % polyacrylamide gel for a period of 4h
at constant voltage (1300 V). Buffer chambers were filled with Tris-Borate-EDTA
(TBE) buffer [90 mM Tris-Borate, 2mM EDTA, pH 8]. The gel temperature was
maintained between 30-50°C. Samples were analysed using an Open Gene System
Long Tower reader. A laser power of 50 % was employed with sampling carried out

every 0.5 s.
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2.4.2.4 Optimising extraction of transglutaminase 7 fusion protein from E. coli
2Y A media; 1.6% w/v NZ amine, 1 % w/v Yeast extract, 90 mM NaCl

Osmotic Lysis buffer; 20 mM Tris HCI pH 8, 25 mM EDTA, 5 mM Diothiothretal
(DTT), 1 mM N-ethyl malemide (NEM), 1 mM PMSF, 0.1 % Na Deoxycholate

Elution buffer; 100 mM Tris HCl pH8, 20 mM glutathione, 0-0.5 M NaCl, 5 mM
DTT, 0.1 % Na deoxycholate

To generate the GST tagged TG7 fusion protein, transformed BL21 cells were
cultured in 2YA media until an ODgyonm of 0.5 was reached. Expression was induced
by the addition of 0.1-10 mM IPTG (Sigma) and allowed to continue up to 24 h under
agitation between 20-37°C (discussed in relevant Sections). Cells were pelleted (3000
X g, 30 min at 4°C) and resuspended in Osmotic Lysis buffer (10 ml/L culture). The
digestion of the cell wall was facilitated by the addition of 1.5mg/ml lysozyme
(Sigma) for 5 min at RT. This was followed by the removal of genomic DNA with 10
pg/ml Dnasel (Amersham Pharmacia) and 15 mM MgCl, for 15 min at 37°C. Cell
lysate was isolated by centrifugation (10000 x g, 10 min at 4°C) in 25 % sucrose
(Fisher). For analysis by SDS PAGE or Western blotting the pellet fraction was
resuspended in 8M urea (Fisher).
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2.4.3 Purification of transglutaminase 7 fusion protein

2.4.3.1 Glutathione affinity purification — batch method

Unpacked Glutathione Sepharose 4B was prepared by washing with Osmotic Lysis
buffer and collected by centrifugation (500 x g, 5 min). BL21 lysate supplemented
with 25 mM DTT was incubated with Sepharose (5 m1/700 pl matrix) under agitation
at RT for 30 min. Unbound proteins were removed by three washing steps with
Osmotic Lysis buffer (5 min) before eluting with 500 ul elution buffer (30 min, 37°C
whilst rocking). The elution process was repeated up to three times and the aliquots
pooled.

2.4.3.2 Glutathione affinity purification — pre packed column

5 ml BL21 soluble extract was loaded onto a 1 ml pre-packed glutathione linked
Sepharose column (Amersham Pharmacia) coupled to an AKTA Prime (Amersham
Pharmacia). The flow rate was maintained at 0.5 ml/min. Loading buffer was
exchanged for elution buffer and following 10 column volume (cv) washes an NaCl
gradient was introduced over a further 10 cv (0-500 mM). The eluant was collected in
0.5 ml fractions and those corresponding with the OD:go nm protein peak were pooled
and stored at - 20°C.

2.4.3.3 Attempt to purify GST tagged TG7 beta barrels by ion Exchange
Chromatography

For cation exchange chromatography a Mono S column (Pharmacia Biotech) was
selected. To ensure the TG7 fusion protein carried a positive charge the protein
solution was loaded in 50 mM Sodium acetate pH 5.5 (PI estimated to 7.6, using
DNAsis software). Following buffer exchange by dialysis, 5 ml bacterial supernatant
was loaded onto the selected ion exchange column coupled to an Akta purifier 10
(Amersham Pharmacia) running Unicorn V4.00.16 software. The flow rate was

established at 0.5 ml/min in order to optimise protein binding. Any proteins remaining
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bound following 5 cv washes with the loading buffer were eluted in a salt gradient (0-
1 M NaCl).

Fractions forming protein peaks were pooled and analysed by SDS PAGE and
Western blotting.
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2.5 Generation of peptide antibodies against transglutaminase 6 and 7

2.5.1 Peptide design

Suitable sequences for peptide design were identified using ProtScale software
(discussed in Section 3.2.3.1). Further analysis by comparative modelling utilised
CLUSTALW or 3Djigsaw allowed confirmation of surface accessibility and 3D

models were produced using Rasmol software (v 2.6).

Available murine and human sequence data, obtained from the National Center for
Biotechnology Information (NCBI) database, were employed in the design of three
peptides (work carried out by Dr. K. Becks) referred to as P6L, P6S and P7. These
peptide sequences are derived from unspliced TG6, spliced TG6 and TG7
respectively. In the case of the spliced form of TG6 (lacking exon XII) the protein
sequence is terminated prematurely to produce a truncated form of the enzyme.
However this variant contains a unique sequence at its C-terminus distinguishing it
from the unspliced form. Peptides were synthesised at Sigma Genosys, purified by
High Performance Liquid Chromatography (HPLC) and identified by mass
spectrometry:

P6L CGWRDDLLEPVTKPS
P6S TIRAYPGASGEGLSP

P7 ESGGLRDQPAQLQL
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2.5.2 Coupling of peptides to keyhole limpet hemocyanin

Keyhole limpet (KHL) hemocyanin (Sigma) was selected as a suitable carrier protein
due to its invertebrate-specific expression. This would limit antibody populations,

which may cross-react with human samples.

Conditions for coupling peptide haptens to KHL hemocyanin via amine or thiol
linkages were established using mondansyl cadaverine, MDC (Sigma) and coumarin

as a control (Pierce) respectively.

2.5.2.1 Primary amine linkage (P6S and P7)

Reaction buffer; dH,O

KHL hemocyanin was reconstituted to 5 mg/ml and dialysed into dH,O to remove
traces of contaminants. Subsequently, the pH was adjusted to 7.5 by the addition of
dilute HCL. 5 mg of KHL hemocyanin or BSA (dialysed against distilled water) was
activated by the serial addition of 16 umol N-hydroxysulfosuccinimide (sulfo-NHS)
and 1-ethyl-3-(3-dimethylaminopropyl)-carbiimide (EDC). The resulting reaction
with carboxylate groups generated active esters. This mixture was allowed to stand at
RT for 5 min before the addition of P6S, P7 or MDC control (12 mg/ml in dH,O or 3
mg/ml in 10 mM HCI respectively). The coupling reaction was allowed to continue
overnight with the pH maintained at 7.5. Following this step, a buffer exchange of the
reaction mix with Phosphate buffered saline (PBS) was carried out over a PD)g
sephadex column (Amersham Pharmacia) removing low molecular weight

contaminants from the reaction mixture.
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2.5.2.2 Thiol linkage (P6L)

Reaction buffer; 20 mM HEPES, pH 7.4

Work carried out by Helen Thomas.

In the case of P6L, the thiol group of a cysteine residue was utilised in the coupling
reaction since the inclusion of primary amines in the Arg side chain made amine
linkage unfeasible. Briefly:

Reaction buffer containing 5 mg/ml KHL hemocyanin or BSA was used to bring
6.1 mg (N-[g-Maleimidobutyryloxy]sulfosuccinimide ester) (sulfo-GMBS, a
heterobifunctional cross-linking reagent) into solution with stirring at 4°C for 45 min
(final concentration of 16 pmol). Unconjugated contaminants were removed over a
PD,o Sephadex column equilibrated with the reaction buffer and the eluant collected
in 0.5 ml fractions. Those containing the activated protein were identified by OD2gonm
readings and were pooled. P6L or 7-mercapto-4-methyl coumarin was added to these
fractions producing a final concentration of 4 umol. The pH of the solution was
adjusted to 6.8 and coupling allowed to continue overnight at 4°C with stirring. The
conjugate was separated from low molecular weight contaminants over a PD¢ column

equilibrated with PBS.

2.5.3 Generation of transglutaminase antibodies in goat

The final eluants for P6S, P6L and P7 conjugates were collected in a series of 0.5 ml
fractions and OD35gnm/OD2gonm readings were taken. Those fractions corresponding to
a protein peak were pooled and stored at —20°C.

Hemocyanin conjugates were sent to Micropharm and antibodies raised in goat. In
week 1, primary immunisation was carried out with 1 mg of the conjugate (mixed
with Freund’s complete adjuvant) followed by three re-immunisations carried out in
week 5, 9 and 13, using 0.5 mg aliquots (mixed with Fruend’s incomplete adjuvant).
Sera bleeds were collected at week 10 and 14 with a final double bleed at week 16.
BSA conjugates were stored for analysis of the antisera by Enzyme-linked
immunosorbent assay (ELISA).
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2.5.4 Analysis of peptide antibodies by ELISA

100 pl aliquots of BSA or hemocyanin conjugates for the three peptides (50 pg/ml in
TBS, pH 7.4) were plated into a 96 well plate (Fisher), unconjugated BSA and
hemocyanin were included as controls. These antigens were allowed to coat the wells
overnight at 4°C before unbound proteins were removed by washing with 0.01 %
TBS/Tween-20. Residual protein binding sites were blocked with a 2 h incubation
with 1 % w/v BSA in TBS. Goat sera for each TG peptide obtained from the first
bleed underwent serial dilution with blocking solution of 1/50 to 1/12800 and was
incubated with the antigen coated wells for 1 h at RT. Each assay was carried out in
duplicate. Further washing steps were followed by incubation with 1/10000 alkaline
phosphatase-conjugated anti-goat antibody (DAKO) for 1 h. The chromogenic signal
was developed for 10 min by the addition of 0.8 mg/ml 5-amino-2-hydroxy benzoic
acid, (pH 6) and 0.0015 % H,0,. The reaction was terminated with 1 M NaOH and
the extent of the reaction assessed by ODa4gonm measurements taken by a Microplate
Autoreader (BIO-TEK Instruments).

2.5.5 Production of peptide-linked Sepharose columns

2.5.5.1 Primary amine linkage (P6S and P7)

ECH Sepharose 4B (Amersham Pharmacia) was swollen in dH,O to a final volume of
1 ml. This gel matrix was washed in several bed volumes of the same by repeated
centrifugation and resuspension. Carboxylic groups were activated by the addition of
5.6 umol EDC and sulfo-NHS (5 min, RT) freshly prepared in 1 ml dH,O. Excess
reagents were removed by washing with 1 volume dH,O before the addition of P6S or
P7 (14 pmol). Coupling was allowed to continue overnight at RT with the pH
maintained at between 4.5-6.0 for the first hour, thereby promoting acid catalysed
condensation. The gel matrix underwent five washing steps with dH,O and remaining
carboxylic groups were blocked by incubation with 0.1 M ethanolamine (1 h, RT).
Three cycles of washing was carried out with solutions of high and low pH (0.1 M
Tris HCI, pH 8.3 and 0.1 M sodium acetate, pH 4.2 respectively) to ensure residual
ligand was removed. Finally the columns were equilibrated with TBS.
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2.5.5.2 Thiol linkage (P6L)

0.4 g Thiol Sepharose 4B was rehydrated in dH,O followed by extensive washing in
the same. A final wash was carried out with 20 mM Tris HCIl, pH 7.4, supplemented
with 150 mM NaCl and 1 mM EDTA. All buffers underwent degassing to prevent
oxidation and subsequent formation of disulphides between molecules in solution.
P6L was added to a final concentration of 1 pM and coupling continued for 1 h at RT.
The formation of disulphides between the matrix groups and ligand was accompanied
by a 2-thiopyridone leaving group. This produced a corresponding OD343nm
absorbance peak. Finally the matrix was equilibrated with TBS following extensive

washing.

Peptide linked Sepharose was transferred into 1 ml Glass Econo-Columns® (Biorad)

by pouring in one continuous motion and allowed to settle under gravity. This
produced bed volumes of between 0.3-1 ml.

2.5.6 Affinity chromatography of peptide antibodies from goat sera

All solutions were run onto affinity columns under gravity;

1 ml aliquots of goat sera (anti-TG6S, 6L and 7) obtained from the 3" bleed sera were
run onto the appropriate column at 4°C and incubated for a further 30 min. Unbound
proteins were removed by 5 cv washes with TBS (with the addition of 0.05 % Tween-
20 where specified). Antibodies remaining bound to the column were eluted in 2 cv 3
M potassium thiocyanate (KSCN) or by pH shift (TBS, pH 3). Eluants were
immediately dialysed against TBS to prevent irreversible denaturation.

Later protocols included an overnight blocking step with 5 % BSA (4°C) to reduce

non-specific binding.
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2.6 Binding properties of transglutaminases

Buffer A; 50 mM HEPES pH 7.4, 150 mM NaCl, 1 % Triton X-100, 1 % Na
deoxycholate, 0.1 % SDS, 10 % glycerol, 1.5 mM MgCl, 1 mM EGTA, 1 mM
Na3VO,, 10 mM Na pyrophosphate, 100 mM NaF, 10 pg/ml leupeptin, 100 U
aprotinin, 1 mM PMSF

Buffer B; Buffer A — 0.1 % SDS, - 1 % Na deoxycholate
Buffer C; 50 mM HEPES pH 7.4, 150 mM NaCl, 1 % Triton X-100, 10 % glycerol

Metabolically labelled HCA2 mock transfected fibroblasts and Ntert keratinocytes
(see Section 2.3.2) were extracted in Buffer A (750 pul /10 cm plate) and further
incubated with shaking at 4°C before cell debris were removed by centrifugation
(16000 x g, 10min, 4°C).

Normalised protein loading was determined by counts per minute (cpm) measured in
the presence of Optiphase ‘Hisafe’ 3 scintillant (PerkinElmer ™) using a Packard TRI-
CARB 2100TR liquid scintillation analyser. A volume of 10 pl labelled protein was
precipitated in the presence of 50 % trichloroacetic acid (TCA) (1h, -20°C) the
collected pellet (16000 x g, 10 min) was resuspended by boiling in a mixture of 2 %
SDS/9 M urea followed by the addition of 4 ml scintillant. Counts were measured
over a period of 1 min, the upper limit of the programme was set at 156 eV and the
lower at 4 eV, background readings were taken from scintillant alone. Volumes
demonstrating between 3.5 x 10° - 1.05 x 10’ cpm were used in subsequent

experiments. For cold repeats protein loading was calculated by BCA assay.
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2.6.1 Immunoprecipitation

Ntert keratinocytes were allowed to grow to 80 % confluence on tissue culture grade

plastic prior to extraction.

On reaching confluence HCA2 mock transfected fibroblasts were collected by
incubation with trypsin, the action of this enzyme was terminated with the addition of
0.5 mg/ml Soy Bean (T) inhibitor (Sigma) before the cells were pelleted (1000 x g, 5
min). Half the cells were reseeded onto TEC-1™ type I collagen (Organogenesis Inc.)
coated plates to adhere and spread for 1 h at 37°C. The remaining cells were incubated
in suspension under the same conditions. These cells were then extracted in Buffer A

(Section 2.6).

To reduce non-specific binding cell extracts were pre-incubated with Fast G
Sepharose (Amersham Pharmacia) at a ratio of 50 pl Sepharose matrix/750 ul extract
for 1 h at 4°C under agitation. Unbound proteins were collected (5000 x g, 15 sec) and
incubated with 1 pg anti-TG2 CUB7042 (Neomarkers); the non-specific Ig, anti-Goat
HRP conjugate (DAKO); anti-pan cytokeratin (Sigma) or one of the peptide
antibodies produced by our laboratory (anti-TG6L and anti-TG7). Antibody
complexes were allowed to form over night at 4°C, following which 50 pl fast G
Sepharose was introduced to each mixture and incubated for a further 2 h. The matrix
bound antibody complexes were isolated (5000 x g, 15 sec) and washed once with
Buffer B followed by two washes with Buffer C (800 pul/wash). Precipitated proteins
were retrieved by boiling in equal volumes of 2 x loading buffer (Section 2.1.2.2) or

8M urea.
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2.6.2 Substrate binding of immobilised transglutaminase B-barrels

2Y A media; NZ amine, Yeast extract, 90mM NaCl

Osmotic Lysis buffer; 20mM Tris HCI pH 8, 25mM EDTA, SmM DTT, 1mM NEM,
1mM PMSF, 0.1% Na Deoxycholate

A number of transformed BL21 E.coli expressing N-terminal GST-tagged
recombinant transglutaminases have been produced in our laboratory. In the case of
TGS, 6L and 7 the DNA sequence encoding the C-terminal B-barrels has been ligated
into the vector. However in the case of TG2 the full-length enzyme is expressed. To
obtain the fusion proteins of interest transformed BL21 cells were cultured in 2YA
media until an ODgoonm Of 0.5 was reached. Expression of each recombinant protein
was induced by the addition of 10 mM IPTG (Sigma) and allowed to continue
overnight at 28°C under agitation. Cells were extracted in Osmotic Lysis buffer
(described in Section 2.4.2.4) and protein concentrations were equalised following

BCA assay.

Glutathione-linked Sepharose (Amersham Pharmacia) was used as a scaffold for
binding the recombinant TG proteins, 500 pg BL21 extract TG2/5/6L/7 and
uncoupled GST were incubated with 50 ul Sepahrose matrix for 1 h RT whilst
rocking. TG2 was set up in duplicate, one batch being supplemented with 1mM GTP
(Sigma). Unbound extract was removed by washing with Osmotic Lysis buffer
followed by Buffer A.

Ntert keratinocytes and HCA2 mock-transfected fibroblasts were grown to confluence
on tissue culture grade plastic before extraction in Buffer A (described in Section 2.6).
In an effort to reduce background readings in radiolabelling experiments the cell
extracts were incubated with Sepharose-linked GST for 1 h rocking at RT. The
supernatant collected (5000 x g, 15 sec) was aliquoted across Sepharose linked to
recombinant TGs and incubated for a further 1 h. However in later experiments this
pre-incubation step was replaced by treating the GST linked matrix as another sample.
Unbound proteins were removed by two washes with Buffer A before matrix-bound
proteins were retrieved by boiling in equal volumes of 2 x loading buffer or 8M urea.
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2.6.3 Detection of radioactive proteins by fluorography

Proteins were separated across a 4-20 % gradient Tris-glycine gel (Invitrogen). To
ensure protein resolution, this process was extended from 2 h to 3 h. Three 1 h
incubations were carried out with the resulting gel (RT) with, Coomassie Brilliant
Blue R-250, followed by TBS and finally 1mM sodium salicylate, pH 5
(Chamberlain, J.P., 1979). The gels were dried for 2 h at 80°C using a Biorad Model
543 Gel Dryer. A Kodak Biomax film was exposed to the fluor signal for 1 week (-
80°C) or when using the Typhoon 9400 variable mode imager system (Amersham)
Pharmacia) the gel was exposed to phosphor screen for 48 h (Amersham Pharmacia).

2.6.4 Selection of transglutaminase fusion proteins by Sepharose-linked actin

2.6.4.1 Production of a f-actin-linked Sepharose column
Coupling buffer; 0.1 M NaHCO3, 0.5 M NaOH, pH 8.3

0.3 g Cyanogen bromide (CNBr) activated Sepharose was swollen in 1 mM HCI for
15 min at RT, before washing in a further 200 ml of the same solution. 1 mg
lyophilised actin from rabbit muscle (Sigma) was dissolved in 1 ml coupling buffer
before mixing with 1 ml of the prepared Sepharose overnight at 4°C. The resulting
coupling reaction proceeded via the primary amine groups available within the ligand.
Excess ligand was removed with washing in the coupling buffer (5§ x 5 ml) and any
remaining active groups were blocked by incubation with 1 M ethanolamine, pH 8.0
for 2 h at RT. Finally the Sepharose matrix was washed with 3 cycles of alternating
pH (5 ml 0.1 M acetate pH 4.0 followed by 0.1 M Tris HCI pH 8.0, each containing

0.5 M NaCl) and transferred to a glass Econo-Column®.
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2.6.4.2 Affinity chromatography

Following equilibration with Osmotic Lysis buffer BL21 extracts containing 800 pg
TGS, 6 or 7 fusion protein were run onto the column under gravity and incubated for
30 min at 4°C. Following 5 cv washes with the same buffer bound proteins were

eluted in 1 cv 3M KSCN and analysed by Western blotting.
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2.7 Quantifying epidermal Transglutaminase levels

2.7.1 Reverse transcription polymerase chain reaction

Reverse transcriptions were performed using the Superscript II System (Life
Tecnologies). 1 ug total RNA was included in a reaction mix containing, 25 ng oligo
dT primer (Invitrogen), 0.5 mM dNTPs, 10 mM DTT and 100 U RNase H™ Reverse
Transcriptase in supplied buffer [250 mM Tris-HCI, 375 mM KCl, 15 mM MgCl,, pH
8.3]. This reaction was allowed to continue at 42°C for 50 min before the enzyme was
inactivated upon heating to 90°C. To ensure a maximum yield of mRNA, a second
round of transcription was carried out following the addition of a further 100 U of
Reverse Transcriptase. To verify TG expression in fibroblast and keratinocyte cell
lines, 1 pl of the resulting cDNA was subjected to PCR with primers specific to TG6
(Fé6 5 GTGAAGGACTGTGCGTGATG 3’, R6 5
CGGGAAGTGAGGGCTTACAAG 3%) and TG7 F7 5
CCTCATCAATGGGCAGATAGC 3’, R7 5° CTTGACCTCGTTGCTGA 3’)
Amplification was carried out in a total reaction volume of 25 ul [1x Tagman buffer
A, 2mM MgCl,, 0.2 mM dNTP, 0.125 U Taq DNA polymerase (Promega) and 1 uM
of each primer]. The conditions were as follows; 35 cycles of 45 s at 95 °C
(denaturation), 1 min at 60 °C (annealing) and 1 min 30 s at 72°C (extension) with the
first cycle containing an extra step to activate the polymerase enzyme (95°C for 2
min) and the final cycle containing an extended extension period (72°C for 7 min).
Resulting DNA fragments were resolved in a 1.2 % agarose gel.

2.7.2 Quantitative PCR

Primers were synthesised at Invitrogen. Restriction enzyme, Taq DNA polymerase
and salt buffer were obtained from Promega.

Tagman PCR core reagent kit was ordered from Applied Biosystems (Roche, New
Jersey). Quantitative PCR (QPCR) probes were synthesised at Applied Biosciences,
incorporating a 5’ 6-carboxyfluorescein (FAM) reporter and 3’ 6-
carboxytetramethylrhodamine (TAMRA) quencher.
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Total RNA extracts from human epidermal tissue were a kind gift from Dr. R. Ginger
(Unilever, Colworth). Samples were equalised to include up to 50 ng total RNA,
which was subjected to two-cycles of reverse transcription (Section 2.7.1) selecting
molecules of messenger RNA (mRNA). The resulting cDNA was analysed in
subsequent quantitative PCR (QPCR) assays.

QPCR conditions to assay TGl and TG2 have been optimised in our laboratory
(Table. 5). Reactions were carried out in multiwell plates with plasmid constructs
containing the appropriate sequence as standards (50 pg-5 fg). Nuclease free water
was included as a negative control for each assay, referred to as “no template
controls” (NTCs) and Ribosomal Protein-S26 (RP-S26) was selected as an
appropriate housekeeping gene. All assays were carried out in duplicate with a
reaction volume of 25ul [1 x Tagman buffer A, 2 mM MgCl,, 0.2 mM dNTP, 0.125 U
AmpliTaq gold DNA polymerase]. Primer and probe sequences are summarised in
Table. 5 with their optimal concentrations quoted. The conditions were as follows; 40
cycles of 15 s at 95°C (denaturation) and 1 min at 60°C (annealing/extension) with the
first cycle containing an extra step to activate the polymerase enzyme (95°C for 10

min). Reactions were carried out in an ABI Prism™ 7000 sequence detection system

(Applied Biosystems).
Gene Forward primer Probe Reverse primer Concentration
product [nM]
(F, P, R)

TG1 5" ACCGTGTGACCATGCCAGTG |5' TGCTCAATGTCTCAGGCCA |5’ GCTGCTCCCAGTAACGTGAGG |300,125,300
CGTCAAGG

TG2 5’ ATGAGAAATACCGTGACTGCC |5’ AGCTACCTGCTGGCTGAGA |5’ CAGCTTGCGTTTCTGCTTGG |300,150,300

TTAC GGGACCTC

RP-S826 5’ AGATGCAGCAGATCCGCAT 5’ AGGCTGTGGTGCTGATGGG |5’ ATATGAGGCAGCAGTTTCTCC [300,100,300

CAAGAAC AG

Table. 5 Summary of qPCR assay conditions: Primer sequences for TG1, 2 and RP-S26 are shown
with the optimal concentrations of the forward primer (F), probe (P) and reverse primer (R).
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2.8 Identifying depth related changes in transglutaminase proteins through the

stratum corneum

Tissue specimens were obtained with the approval of Colworth’s Research Ethics

committee and informed consent from company employees.

2.8.1 Ex vivo texas red labelled cadaverine incorporation assays

Labelling mixture; 50 mM Tris-HC1 (pH 8), 150 mM NaCl, 9 uM texas red
cadaverine in Dimethl sulfoxide (DMSO, Molecular probes) +/- 20 mM cystamine.

Human corneocyte samples were harvested from the inner volar forearm by adhesion
to glass slides with cyanoacrylate and subsequent removal of the surface layers.
Following incubation with 300 ul labelling mixture, incorporation of the texas red
labelled TG substrate cadaverine was allowed to continue for 1 h at 37°C in a
hurhidity chamber. Unbound sample was removed by two 5 min washes in 50 mM
Tris-HCI supplemented with 1 % Triton X-100 followed by two 5 min washes in 5
mM DTT 1 % v/v SDS. Samples were then mounted in non-quenching medium
(DAKO) and the extent of fluorescence labelling assessed by microscopy.

2.8.2 Generating depth profiles

Successive layers of skin corneocytes were removed within a marked area of the
lower volar forearm using Sellotape strips. Previous studies at Unilever (Colworth)
carried out by Dr. R. Ginger estimate Sellotape strips remove a single layer of skin
with each strip. An area of the epidermis measuring 19 cm? was divided into four
sectors (tape strips were 10 cm by 1.9 cm in size). Groups of four successive layers
were pooled from the four sectors (1-4, 5-8, 9-12 and 13-16). Due to natural
variations in stratum corneum depth between individuals, samples were sometimes

limited to 12 successive layers. From this point samples were kept on ice.

Sellotape adhesive was dissolved in hexane and corneocytes collected by gravitation.
A further 5 washes with 1 ml of solvent ensured removal of all traces of glue.
Freezing and lyophilising the samples removed residual solvent. The dried
corneocytes were incubated at 60°C for 1 hour in 150 ul extraction buffer [50 mM
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Tris HCL (pH8) containing 9 M urea, 2 % w/v SDS, 2.0 mM EDTA, 1.0 mM PMSF,
1.0 mM NEM, 10 mM benzamidine HCL, 100mM 6-aminohexanoic acid]. Insoluble
structures were pelleted by centrifugation at 14000 x g, 2 min. Supernatant containing
5 pg protein was subsequently used for Western blot analysis following normalisation
by BCA assay. Sucrose/Triton X-100/2 % SDS buffer extracts containing TG2 and
TGS5 were obtained from HCA2 cells transfected with mRNA sense constructs and

included as controls.

In order to identify which pools of solubility contained each TG isoform, a serial
extraction was carried out on samples of corneocytes prepared as described above.
Cytoplasmic proteins were isolated by a 1 h extraction in 100 mM Tris HCL (pHS8)
containing 1.0 mM PMSF and 10 mM EDTA carried out at 4°C under agitation. The
process was repeated with the addition of 1 % Triton X-100 to the extraction buffer in
order to target membrane associated proteins. Finally highly insoluble proteins were
extracted by heating in the SDS/urea buffer used for preparation of depth profiles.
Large variations in total protein extracts obtained by the three buffers prevented
complete equalisation of protein loading, consequently 1.5 pg of Tris extract, 0.5 ug

Tris/triton extract and 2 pg SDS/urea extract was included in Western blot analysis.

2.8.3 Investigating possible cross-reactivity of transglutaminase antibodies with

keratin using 2D gel electrophoresis

2D gel electrophoresis was carried out using the Zoom® IPGRunner™ System
(Invitrogen)

Rehydration Buffer;

8M urea, 2% 3-[(3-Cholamidopropyl)dimethylammonio]propanesulonate (CHAPS),
0.5% (v/v) Zoom® carrier ampholytes (pH 3-10), 0.002% bromophenol blue.

Comneocytes isolated from tape strip samples of human epidermis (described in
Section 2.8.2) were extracted by heating to 30°C for 30 min in 100 pl rehydration
buffer. This reduction in temperature was necessary to prevent protein carbamylation.
Up to 9 pl supernatant was included in a total volume of 155 pl of the same buffer
(total of 10 pg). This solution was used to rehydrate an immobilised gel Zoom® strip
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with a pH gradient of 3-10 (non linear) or 4-7. This incubation step continued
overnight at RT.

Isoelectric focusing (IEF) was carried out in a buffer comprising of a 2:1 ratio of ultra
pure and dH,O. The following step wise gradient was used with a minimal current (<
1 mA); 20 min at 200 V, 15 min at 450 V, 15 min at 750 V and 30 min at 2000 V.
However, in an attempt to improve protein resolution the four steps were later

extended by 10 min each.

Zoom® strips containing the resolved proteins then underwent preparation for SDS
gel electrophoresis with 2 x 15 min step incubations with 5 ml 1 x NuPAGE® LDS
sample buffer first supplemented with the reducing agent supplied and finally with
125 mM iodoacetamide alkylating solution. Each Zoom® strip was secured to a
Novex® 4-20 % Tris-Glycine Zoom® gel using 0.5 % agarose dissolved in SDS
running buffer {25 mM Tris HCI (pH 8.3), 192 mM glycine, 0.1 % w/v SDS] and
heated to 60°C. SDS PAGE and Western blotting were carried out as described
previously (Section 2.1.2), however the transformation period was shortened to 1.5 h,
allowing for the reduced thickness of the pre-cast gels used.

120



Novel Transglutaminases —~ A potential route to healthy skin

2.9 Generation of in vitro skin equivalents

2.9.1 Isolation of type I collagen from rat tail tendons

Tendons from 10 rat-tails were excised and their proteins extracted in 300 ml 0.1 %
v/v acetic acid (48 h at 4°C with stirring). The supernatant was isolated by
centrifugation (16000 x g for 1h at 4°C) and the collagen component precipitated with
a pH shift to 7. The precipitate was pelleted (8000 x g for 20 min at 4°C) and

redissolved with 0.1 % acetic acid to produce a stock solution of 4 mg/ml.

2.9.2 Formation of dermal equivalents - Contraction method

Dermal equivalents were prepared with native type I collagen extracted from rat-tail

tendons with 0.1 % acetic acid as described above.

2 x 10°HCA2 or murine 3T3 cells were suspended in a mixture of 3.5 mg/ml collagen
in DMEM, 10 % FBS and 1 % v/v PSG. Aliquots (15 ml) of the fibroblast/collagen
mix were allowed to fibrilise and contract in 5 cm non-adherent dishes (Bibby
Sterilin). Pre-conditioning continued for one week under culture conditions. The
resulting floating lattices were transferred to FAD media and seeded with 1 x 10°
Ntert, OKF6 or primary keratinocytes. Skin equivalents were raised to the air/liquid
interface after three days and cultured for up to four weeks (cocultures containing

primary keratinocytes were incubated at 30°C).
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2.9.3 Formation of dermal equivalents - Insert method

3 x 10° HCA2, murine 3T3 or primary fibroblast cells were suspended in a mixture
containing 10 % v/v 10 x DMEM, 3 mg/ml bovine collagen in 10 mM acetic acid and
10 % FBS following neutralisation with 3-4 drops NaOH. 3 ml of this mixture was
aliquoted into culture inserts within a BIOCOAT® 12 deep well plate (Becton
Dickinson Labware) and allowed to fibrilise for 30 min at 37°C. The resulting dermal
equivalents were submerged with 10 ml FAD media and conditioned for up to 1 week
prior to seeding 2 x 10® keratinocytes. Cells were induced to differentiate by raising to
the air/liquid interface 3 days post-seeding. Skin equivalents were cultured for up to

10 days before harvesting for immunohistochemical analysis.

2.9.4 Keratinocyte seeding

Skin equivalents were produced by seeding Ntert, OKF6 or primary keratinocytes
onto dermal equivalents (established using the contraction or insert method). With the
exception of primary mouse keratinocytes, cells were seeded below the air/liquid
interface following selection of basal cells with a 40 pum cell strainer (BD

Biosciences).

2.9.5 Harvesting skin equivalents

Skin equivalents were fixed in 4 % paraformaldehyde/PBS (4.5 h at 4°C). Samples
were paraffin embedded and 10 um sections used for immunohistochemical analysis
or Hematoxalin/Eosin (H&E) staining.
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2.10 Keratinocyte Migration

2.10.1 Generation of keratinocyte spheroids

100 % stock solution of methyl cellulose was produced by dissolving methyl cellulose
(Sigma) in a mixture of DMEM:Ham’s F12 (2:1) to a final concentration of 12
mg/ml. Precipitates were cleared by centrifugation (5000 x g, 1.5 h).

Confluent monolayers of Ntert were trypsinised and pelleted (1000 x g, 5 min). Cells
were resuspended in FAD media containing 20 % methyl cellulose and counted. To
generate keratinocyte spheroids of defined size and cell number this suspension was
diluted with the 20 % methyl cellulose solution to a final concentration of 12500
cell/ml. Aliquots of 200 pul (2500 cells) were seeded into non-adherent round-bottom
96 well piates (Griener, Frickenhousen, Germany). The prevention of adhesion, by
methyl cellulose, resulted in the formation of cell aggregates overnight (37°C, 5 %
COy) referred to as spheroids.

2.10.2 Calcein AM green labelling of Ntert spheroids

Optimisation of calcein AM green (Molecular Probes) labelling and assessment of
toxicity was carried out using Ntert monolayers. 5 x 10° keratinocytes were seeded
onto 5 x T25 flasks and once cells had adhered they were incubated in FAD media
supplemented with 0.1-10 pM Calcein AM green (37°C, 15 min). The extent of
fluorescence labelling was monitored over 48 h before a cell count was carried out on

cells retrieved by trypsinisation.

The decision was made to label keratinocytes following spheroid formation and cells

were incubated with 5 uM Calcein AM green for 15 min prior to seeding.
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2.10.3 Analysis of Ntert migration

Calcein AM green-labelled spheroids were seeded in FAD media onto hyperconfluent
HCA2 transfectants. Seeded in 24 well plates, these fibroblasts had been grown to
three days post confluency in the presence of 50 pg/ml ascorbic acid (Sigma). In
subsequent experiments investigating the role of the generated extracellular matrix
(ECM) in migration, fibroblasts were treated with a 0.01 % triton/PBS wash.
Alternatively fibroblasts underwent three freeze-thaw cycles followed by a 1 % Na
deoxycholate wash to remove cellular debris before seeding. To avoid cross-talk
between spheroids, a single keratinocyte spheroid was seeded in each well.
Keratinocyte adhesion occurred within 2 h at 37°C, following which the first set of
pictures were taken. This was repeated after 24 h and 48 h.

Pictures were taken using a Carl Zeiss Axiocam camera linked to an Axiovert 200M
Zeiss microscope. Improvision Openlab™ 3.1.7 was running on the connected

computer.

In most cases migrating keratinocytes were seen to form an oval body of cells,
consequently two measurements were taken at the longest and widest points for each
time point. Migration of keratinocytes over mock-transfected HCA2 fibroblasts was
established as the control with which data from antisense, sense and serine mutant

transfectants were compared.

2.10.3.1 Statistical analyses

All comparisons were performed using unpaired student’s t test with p < 0.05

considered significant. Results were expressed as mean + SD.
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Chapter 3:

Generation of antibodies against the novel transglutaminase
enzymes 6 and 7

3.1 Introduction

To date, 9 members of the TG family have been identified in man with a wide
range of physiological functions, including fibrin clot stabilisation (Pisano et al.,
1968), semen coagulation (Williams-Ashman, 1984), the formation of cornified
envelopes (Steinert and Marekov, 1995; 1997; Candi et al., 1999) and the stabilisation
of ECM structures (Aeschlimann and Thomazy, 2000). Each TG has a characteristic
tissue distribution, although individual enzymes are present in a number of different
tissues and are often in combination with other isoforms. TG2 is recognised as the
most ubiquitously expressed member of the TG family. In contrast the expression of
other TGs are more specialised, such as band 4.2, which is limited to haematopoietic
cells (Grenard et al., 2001).

To date, there is little data available on the recently identified TG6 and TG7.
Northern blot data has demonstrated TG7 expression is highest in lung, testis and fetal
tissue (Grenard et al., 2001). It has also been amplified from fibroblast cell lines by
reverse transcription polymerase chain reaction, RT-PCR (Stephens et al., 2004).
Further to this murine in situ studies have demonstrated that TG6 is expressed within
the epidermal compartment of skin (H. Thomas Thesis, 2004). These findings confirm
TG6 and 7 are of particular interest to this project’s aims to elucidate the roles of TG
enzymes in the physiology of healthy skin. To investigate the protein distribution of
TG6 and 7 in human skin, antibodies would provide a powerful tool. Therefore, work
was begun to generate polymeric antibodies against a recombinant form of TG7.
However, following limited success in purifying this protein, synthetic peptides were
produced and used to raise antibodies against TG7 and the two splice variants of TG6
(the full-length enzyme, designated TG6L and a truncated version, referred to as
TG6S).
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3.2 Results

3.2.1 Generation of a Glutathione S-transferase /hTG7 fusion protein

3.2.1.1 C-fragment

A 1160 base pair (bp) fragment spanning the C-terminal B barrels of TG7 (C-
fragment) was amplified from cDNA stocks by PCR (Work performed by Mrs P.
Aeschlimann). This sequence incorporated the bp 1069-2229 and contained two silent
mutations at 1769 bp (g—c) and 2111 bp (a—c). The 3’ A-overhangs generated by
the polymerase enzyme were utilised to TA clone this fragment into a PCR II vector
(Invitrogen) directly from the PCR mix (described in Section 2.4.1.1). Five colonies
produced by subsequent transformation of INVa E.coli were selected for restriction
digest analysis. This confirmed the required construct had been isolated and
established the orientation of the insert (data not shown). Clone 1 produced fragments
predicted from orientation 1 (5° base pairs of vector and insert adjacent), in contrast
Clone 5 demonstrated the digest pattern expected from orientation 2 (3’ insert
adjacent to 5’ vector base pairs). These clones were sequenced and in addition to the
silent mutations already identified, Clone 1 had a further silent mutation at 1856 bp
(g—a) and a substitution at 1729 bp (a—>g), resulting in the residue lysine 575
(Lys’ &) being replaced with arginine (Arg). It was, however, confirmed that clone 5
was free from further mutations and suitable for generation of a fusion protein
(Appendix 1).

The pGEX-2T expression vector (Amersham Pharmacia) was selected as
suitable for generation of a construct. This vector incorporates a 26 kDa N-terminal
Glutathione S-transferase (GST) tag, under control of an isopropyl B D-
thiogalactoside (IPTG) inducible lac promoter. It was established from sequence data
that a double digest of the vector and PCRII/C-fragment construct with EcoRI and
BamHI would allow in frame ligation and expression of the P-barrel domains.
Accordingly, digests were performed and ligation reactions were established using an
estimated insert:vector ratio of 2:1. BL21 E.coli were selected for transformation,
since this strain is deficient in lon and omp T proteases and would optimise fusion

protein yield. Analysis of the resulting colonies was carried out with restriction
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digests and finally, sequencing confirmed the fusion protein had ligated in frame

in with a predicted size of 55
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kDa, including amino acid residues 452-710 of TG7 (Fig. 1).

MSPILGYWKIKGLVQPTRLLLEYLEEKYE
RYGVSRIAYSKDFETLKVDFLSK

EHLYERDEGDKWRNKKFELGLEFPNLPYYT
DKHNMLGGCPKERAEISMLEGAVLDI K
FMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAI PQIDKYLKSSKY IAWPLOGWQATFGGGDHPPKSDLVPRGSPE
ERAVFMKASRKMLGPQRASLPFLDLLESGGLRDQPAQLOLHLARI PEWGODLOLLLRIQRVPDSTHPRGPIGLVVR
FCAQOALLHGGGTOKPFWRHTVRMNLDFGKETOWPLLLPYSNYRNKLTDEKLIRVSGIAEVEETGRSMLVLKDICLE
PPHLSIEVSERAEVGKALRVHVTLTNTLMVALSSCTMVLEGSGLINGQIAKDLGTLVAGHTLOIQLDLY PTKAGPR

TSSN

Fig 1. The aminc acid sequence of the TG7 fusion protein: The N-terminal GST tag is shown in
blue a short sequence from the fiexible hinge region is shewn in black, B-barrel 1 in green and -barrel
2 in magenta.

In parallel to experiments generating a fusion protein encoding the C-
fragment, experiments were performed using a second hTG7 PCR product. A 682 bp
fragment (N-fragment), incorporating the N-terminal sandwich and catalytic domains
of hTG7 was amplified from human ¢DNA (Work performed by Mrs. P.
Aeschlimann). Although a mutation free PCRII construct was generated (data not

shown}, the production of a pGEX-2T construct proved unsuccessful, despite

increases in the insert:vector ratic at the ligation step. Since a pGEX-2T construct

incorporating the complete C-terminal 3-barrel domains had been produced, this work
terminated here. The C-terminal fragment had the added advantage of including the
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3.2.1.3 Optimisation of fusion protein expression

To demonstrate the inducible effect of IPTG on transformed BL21 (described
in Section 2.4.2.4), Western blots targeting the GST tag were established with equal
volumes of soluble and insoluble fractions, collected from cultures before and after
the addition of 1 mM IPTG (Fig. 2). The soluble pool of proteins were extracted in 20
mM Tris-HC1 buffer (pH 8), containing 2.5 mM EDTA, 5 mM DTT, 1 mM NEM, 1
mM PMSF and 0.1 % sodium deoxycholate. Insoluble proteins were pelleted and
resuspended in 8 M urea. It was evident that the majority of the GST-tagged TG7 B-
barrel domains were localised to the insoluble pellet fraction (Fig. 2). The reason for
this is not apparent, since TG7 has no predicted post-translational modifications that
would cause problems for prokaryotic expression. This distribution could be the result
of hyprophobic interactions with insoluble proteins as reported with TGS (Candi et
al., 2001). In order to work with the fusion protein and be confident the native
conformation was retained, the decision was made to utilise the soluble fraction in
future studies and to scale up culture volumes to obtain the required protein levels.
This is in preference to attempting to solubilise the protein from the pellet fraction. It
was also observed that a 26 kDa protein corresponding to the GST tag was detected in
the BL21 extracts, indicating some protein cleavage had occurred despite the use of
BL21 E.coli (Fig. 2). The TG7 fusion protein construct was retransformed into
commercially available BL21 stocks (Life Technologies) but the cleavage product

remained evident (data not shown).

128



Novel Transglutaminases — A potential route to healthy skin

Fraction § P S P
I mMIPTG - - + +

Fig. 2 Induction of transformed BL21 E.cefi with 1 mM IPTG preduces 2 55 kDDa GST-tagged
TG7 fusien proiein: Aliquots of transformed BL21 culture were taken befors and afier § h induction
wiith 1 mM IPTG at 37°C. These samples underwent a two-step extraction; the first with 20 mM Tris
HCI (pH 8) containing 2.5 mM EDTA, 5 mM DTT, 1 mM NEM, 1 mM PMSF and 0.1 % sodium
deoxycholate. The inscluble pellet was collected {10 min, 10000 x g) and underwent a second
extraction with an equal volume of 8 M urea. Anti-GST immunoblots revealed the majority of the
fusion protein is localised to the urea soluble pellet fraction (P) as opposed to the Tris/EDTA soluble

fraction (S). There is alsc evidence of protein breakdown with the 26 kDa GST tag detected.

These alterations did not produce large effects on the protein quantity, solubility or
the extent of GST tag cleavage (data not shown). To summarise, future cultures were

grown at 28°C for 5 h and protein expression was induced by 0.75 mM IPTG.
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3.2.2 Purification of hTG7 fusion protein

3.2.2.1 Affinity chromatography

Initial attempts were made to obtain batch purifications of the GST fusion
protein, by incubating the bacterial extract with unpacked Glutathione Coupled
Sepharose (Amersham Pharmacia) (described in Section 2.4.3.1). Elution of bound
proteins was attempted by competition with a buffer containing excess glutathione
[100mM Tris-HCl pHS8, 20mM glutathione, 0-1M NaCl, 5SmM DTT, 0.1% Na
deoxycholate]. However, it was evident from the flow through retrieved that the
majority of the fusion protein remained unbound and later experiments demonstrated
this could not be improved by reducing the temperature to 4°C (data not shown). The
fraction of the fusion protein that did associate with the Glutathione Sepharose was
found to bind with a high affinity. This interaction was not disrupted by competition
with free glutathione and proteins were only retrieved in 8 M urea (data not shown).
To address the problem of elution, further experiments included a 0-500 mM salt
gradient over 10 column volumes (cv) utilising a 1 ml pre-packed column
incorporated to an Akta Prime (Amersham Pharmacia) (described in Section 2.4.3.2).
This change in protocol produced an elution peak commencing at a NaCl
concentration of 415 mM (Fig. 3a). Once again, a relatively small portion of the
fusion protein bound, but the presence of the TG7 fusion protein within this peak was
confirmed by anti-GST immunoblotting and Coomassie Brilliant Blue R-250 staining
(Fig. 3b and c). It was noted that comparison between anti-GST blots and Coomassie
Brilliant Blue detection identified distinct antibody affinities for the fusion protein and
GST tag in isolation. This antibody population, raised against the GST tag,
demonstrated a significantly lower affinity for the fusion protein. Consequently
Western blot analysis alone could produce misleading data concerning the relative
concentrations of the two proteins. The Coomassie Brilliant Blue R-250 staining also
revealed a 14 kDa protein, which stained negative for a GST tag, providing evidence
of non-specific binding to the glutathione-affinity column. The fractions forming the
protein peak (fractions 44-51) were pooled, however, this produced a poor yield from
the 2 L culture, with a concentration calculated to be 10 pg/ml (Fig. 3d) by
bicinchoninic acid (BCA) protein assay (Pierce) (described in Section 2.1.2.2).
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Fig. 3 The TG7 fusicn protein elutes from a glutathiene-affinity column at a salt concentraticn of
415 mM but is not completely purified: (a) 5 ml soluble BL21 extract from a 2 L cuiture was loaded
onto a pre-packed glutathione-linked column (1 ml). A 500 mM NaCl gradlﬂnt was iniroduced over 10
¢v and 0.5 mi ﬁ'acilo collected (fraction number indicated on x-axis). (b) Fractions forming the
elution peak (44-54) underwent anii-GST blotting, and (c) Coomassie Brilliant Blue R-250 staining.
The §5 kDa full-length fusion protein (selid arrowhead) and 26 kDa GST tag (hollow arrowhead) were
present within the fractions. Sampies of the extract loaded (L) and unbound proteins retrieved in the
flow through (F) were included to ascertain the efficiency of the system. (d) Fractions 44-51 were
poocled and analysed using Coomassie staining. This revealed a poor protein yield estimated to be 10
pg/ml (4 ml aliquot). In addition to proteins corresponding to the full-length fusion protein and GST
tag, a 14 kDa band was cbserved. Since this stained negative with the Anti-GST blot it would suggest

non-specific binding to the affinity column.
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3.2.2.2 Cation exchange chromatography

In order to further purify the fusion protein by removing the 14 kDa
contaminant, a decision was made to include an ion exchange chromatography step.
To select a suitable loading buffer, the PI value of the hTG7 fusion protein was
estimated using DNAsis software (version 2.0) and was predicted to be 7.6.
Preliminary experiments demonstrated the fusion protein precipitated under
conditions of raised pH (8.5) (data not shown) and consequently cation exchange
chromatography was selected as an appropriate method (described in Section 2.4.3.3).
A 1 ml Mono S column (Amersham Pharmacia) was incorporated into an AKTA
purifier 10 System (Amersham Pharmacia) and a pH of 5.5 was selected as suitable,
buffered with 50 mM sodium acetate. In order to improve yields and to establish the
point of elution, an affinity purification step was not included; instead the BL21
extraction was dialysed directly against the sodium acetate buffer. The flow rate was
maintained at 0.5 ml/min and a 0-1 M NaCl gradient introduced over 70 cv (Fig. 4a).
From a complex protein mixture, a fraction demonstrating enrichment of the fusion
protein was collected at a salt conductivity of 31 mS/cm, corresponding to the largest
of the protein peaks (Fig. 4b). This fraction was included in a batch affinity
purification step with the required buffer exchange completed by dialysis. However,
low protein levels remained problematic and no detectable levels were retrieved from

the glutathione-coupled matrix (data not shown).

Due to time restrictions this avenue of work terminated here.
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Fig. 4 Cation exchange chromatography of crude BL21 extract over a 1ml Mono S columin
produced a fraction enriched w1th the TG7 fusion protein: (a) The L21 extract was dialys ed

against sodium acetate, pH 5.5 and loaded at a flow rate of 0.5 ml/min before a 1 M NaCl gradient was
introduced over 70 cv. A number of unresolved peaks were observed between 3 — 68 mS/cm the largest
being around 32 mS/cm. (b) Fractions between 27 and 38 were analysed by Coomassie Brilliant Blue
R-250 staining and it was observed that the fraction corresponding to the greatest protein peak was
enriched for the 55 kDa fusion protein (indicated by s ,011d arrowhead) when compared to the loaded
sample (L).



Novel Transglutaminases — A potential route to healthy skin

3.2.3 Generation of antibodies against TG6 and TG7 peptides
3.2.3.1 Peptide Design

In parallel with the fusion protein experiments, work was begun to generate
antibodies against synthetic peptides designed from TG6 and TG7 sequence data. This
method had a number of drawbacks, including a smaller range of available epitopes
but it allowed work to proceed, which was essential at this point.

A number of factors had to be taken into consideration in designing suitable
peptides (Mimotopes, 2001). Concerning the peptide itself 1) it is known that
synthesis efficiency decreases with length; 2) high levels of hydrophobicity may lead
to insolubility; 3) oxidation problems may arise with the inclusion of cysteine (Cys),
methionine (Met) and tryptophan (Trp) residues (however a terminal Cys may prove
advantageous for coupling to a carrier protein), and histidine (His) residues may cause
problems with acylation or enantimerisation; 4) the inclusion of “bulky” amino acids
e.g. valine (Val), isoleucine (Ile), leucine (Leu), phenylalanine (Phe) and arginine
(Arg) should be avoided. With regard to the epitope; 1) it should be surface accessible
and consequently hydrophilic; 2) since it is difficult to imitate B-sheet or a-helical
structures the sequence should be derived from P-turn/coil or flexible region in order
to adopt its native conformation; 3) the peptide must be immunogenic and 10-15
residues is considered the optimum length; 4) the epitope should not be post-
translationally modified.

Three peptides, corresponding to TG7 and the two splice alternatives of TG6;
TG6L (full-length) and TG6S (truncated short form) were designed using ProtScale
(work carried out by Dr. K. Beck). This software allows the prediction of sequence
structure with regard to flexibility, surface accessibility, hydrophobicity, turns, p-
strands and a-helices. If all these parameters are designated a probability greater than
0.5, the sequence can be considered to have no clear secondary structure.

To confirm the suitability of the epitopes selected, comparative modelling,
based on other resolved TG structures (FXIII, Yee ef al., 1994; TG2, Shenping et al.,
2002; and TG3, Ahvazi et al, 2002), was carried out using the CLUSTALW
computer programme (Higgins et al, 1994) or 3Djigsaw. The predicted three-
dimensional configurations allowed epitopes residing in a surface accessible region to

be selected for synthesis (Fig. 6). Sequences were selected from the flexible hinge
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region ecting the enzymes’ catalytic domain and the fi f the C-terminal B-
barrel domains. The three peptides were designated P6L (TG6L -

ESGGLRDQPAQLQL). In the case of P6L and P6S, two points should be noted. Firstly,
the alternative splicing of exon XII in TG6S produces a frame shift in the sequence,

generating a short unique protein segment within this isoform prior to its premature

termination (Appendix 1). It is this region o

based. Secondly, a combination of human and murine sequence data was included in
the final design of P6L and P6S in order to produce antibodies suitable for broad-
based studies (Fig. 5). The design of these peptides has already been discussed at
length in previous work (H. Thomas Thesis, 2004). In contrast the peptide P7 was
derived solely from human sequence data. Peptide synthesis was carried out by Sigma
Genosys, as was the subsequent purification by high HPLC and characterisation by

mass spectrometry (Appendix 1).

human TGé6L 462 E‘-VE_ASC_RI..I {RAGGRCLWRDDLLEPATKPSTAGKFKVLEPPMLGHDLRLALCLA
mouse TG6L 462 LSVEAWGRRRRIRRASVRGVWRDDLLEPVTKPSITGKFKVLEPPVLGODLKLALCLT
P6L CGWRDDLLEPVTKPS
human TG6S 566 YSKYKEDLTEDKKILLAAMCLVTKGEKLLVEKDITLEDFITIKRAYPGASGEGLSPV
mouse TG6S 566 YSQOYKGDLTEDKKILLAAMCLVSKGEKLLVEKDITLEDFITIKRAYPGASGEGLSPV
P6S TIRAYPGASGEGLSP
Fig. 5 Comparison of peptides with native human and mouse TG6 sequences: Peptide sequences
are shown in blue. The C-terminal rcmd e in the peptides was the carboxamide. A cysteine residue
added to PSL, for conjugation to a cairier proiein, is highlighted in red
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Fig. 6 The P7 epitope resides within a flexible hinge region and is surface accessible: (a-b) Ribbon
image of the structure of TG7 as determined by comparative modelling, with 3Djigsaw software. The
four domains are designated the N-terminal B-sandwich (green), the catalytic core (red), B-barrel 1
(blue) and B-barrel 2 (orange). Residues in the P7 peptide are located in a connecting loop between the
catalytic core and (-barrel 1 domain (represented in the CPK style). (b) The space-filled representation
of the model confirms the P7 epitope is surface accessible.
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3.2.3.2 Peptide Coupling

Keyhole limpet (KHL) hemocyanin was selected as a suitable carrier protein
because of its well-documented antigenic effects and its absence from vertebrates.
This would ensure a strong immune response whilst limiting antibody populations
that could cross-react with human samples.

In the case of P6S and P7 a two-step coupling method was selected (described
in Section 2.5.2.1). The reaction was initiated by the formation of an active ester at the
C-terminus carboxylate of the hemocyanin molecule. This was generated by EDC in
the presence of sulfo-NHS. The coupling proceeded via the terminal amine group of
each peptide following its introduction to the reaction mixture. This avoids the
exposure of P6S and P7 to the modifying chemicals, thereby preventing the
modification of carboxyl groups within the peptides.

Coupling of TG6L relied on the inclusion of an N-terminal Cys in its
sequence. The presence of primary amines within the side chain of its Arg residue
rendered coupling via amine groups unsuitable. The selected coupling procedure
utilised the heterobifunctional cross-linker, sulfo-GMBS (Pierce) (described in
Section 2.5.2.2). This cross-linker is capable of reacting with amino groups (Lys side
chains) on the surface of the carrier protein, adding maleimido groups. The sulfhydryl
of the peptide is capable of reacting with these active groups to form stable thioester
bonds (work carried out by H. Thomas). This is one of the most widely used methods
of coupling peptides to a carrier protein via a specific amino acid residue since it
conserves peptide antigenicity (Lee et al., 1985).

To establish effective coupling conditions by the two methods suitable
controls were required. For the EDC mediated coupling, monodansyl cadaverine
(MDC) was included as a control (Sigma), whilst coumarin (Pierce) was selected for
sulfo-GMBS catalysed coupling. These controls are known to produce fluorescence
with corresponding absorbance at ODj33s,m and ODssgny, respectively. This had the
advantage of distinguishing the hapten from the carrier protein OD2gonm peak.

For each method the conjugates were isolated from low molecular weight
contaminants by passing the mixture over a PD;¢ column (Amersham Pharmacia) and
elution profiles were established from the collected fractions. Although the MDC
control produced an OD,gonm peak between 5-8 ml of the eluant (Fig. 7a), absorbance
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at ODs33s5nm Was insufficient to produce a distinct peak. Consequently, the collected
fractions were transferred to a UV transilluminator and the presence of MDC was
verified by the resulting fluorescence (Fig. 7b). The coumarin control produced an
OD3ssnm absorbance peak between 2-4.5 ml of the eluant (Fig 7c¢).

Following the establishment of successful conditions, coupling reactions were
performed with the three TG peptides (P6L, P6S and P7) and their protein elution
peaks overlaid with that of the relevant control (Fig 7a and c). The decision was made
to pool 4.5-7.5 ml of the eluant retrieved following P6S and P7 conjugation (amine
linkage) with 2-4 ml pooled in the case of P6L (thiol linkage).
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Fig. 7 Elution peaks of hemocyanin conjugated peptides fellowing coupling reactioms: (a) 12
mg/ml P6S and P7 were coupled te 5 mg KHL hemocyanin following activation with 16 umol sulfo-
NHS and EDC. Conjugates were separated from low molecular weight contaminants by elution over a
PD10 column and collected in 0.5 ml fractions. A control experiment was carried out with 3 mg/m!
monodansyl cadaverine and identified the conjugate peak within fractions 4.5 —7.5 ml (indicated by
vertical lines). These fractions were subsequently pooled. No corresponding ODa;s,, peak was
cbserved for the monodansyl control. (b) Sample fluorescence of eluted fractions was produced with a

V transilluminator and confirmed the presence of mondansyl cadaverine. Hemocyanin (H) and
uncoupled monodansyl cadaverine (MDC) were inciuded as respective negative and positive controls.
The initial 0.5 ml fraction sample collected prior to the elution peak (1) produced no flucrescence, in
contrast to fractions forming the peak (9-12). (c) The success of coupling via sulfyl groups (P6L) was
assessed using a coumarin control with corresponding absorbance at OD;ssg,, (work carried out by
H.Thomas). OD,g, . was plotted to produce the elution profile of P6L.. Fractions 2-4 ml were pooled

(indicated by vertical lines).
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3.2.3.3 Antisera generation and analysis

The resulting peptide conjugates were sent to Micropharm Ltd. for the
production of antisera. Goats were immunised with 1 mg of peptide-conjugate (mixed
with Freunds’ complete adjuvant) and subsequently re-immunised with 0.5 mg of the
peptide-conjugate (mixed with Freunds’ incomplete aduvant) every four weeks over a
twelve-week period. A small blood sample was provided pre-immunisation and 6
weeks post-immunisation. Larger bleeds (~300 ml) were taken after 10, 14 and 16

weeks (summarised Fig. 8). Blood was harvested by centrifugation following

coagulation.

Week| 1 | 2 |3 |a|s |6 |7 |8 |9 |wo|mnm]n2]i3]|ia]is
S/P R S R B R B | DB
lst 2nd 3rd 411)
P = Primary immunisation (1mg) S = Sample (4ml)
R = re-immunisation (0.5mg) B = Bleed (200-400ml)

DB = Double bleed

Fig. 8 Timeline of peptide antibody generation: Antibodies against P6L, P6S and P7 were raised in
goat with an initial immunisation (1 mg) and 3 subsequent re-immunisations (0.5 mg) (work carried out
by MicroPharm). Bleeds were taken at week 6, 10, 14 and 16.

In order to analyse the resulting sera, bovine serum albumin (BSA) conjugates
of the three peptides were generated and isolated using the same method as the
hemocyanin coupling (data not shown). On receiving the 1* bleed samples, ELISAs
were performed (described in Section 2.5.4) with a serial dilution (1/50-1/12800)
using the hemocyanin and BSA conjugates as antigens (50 pg/ml) and the
unconjugated proteins included as controls (Fig. 9a-c). In the case of the anti-TG6S
sera (Fig. 9b), the hemocyanin and BSA peptide conjugate curves almost overlay with
a steady decrease in signal observed only following a sera dilution of 1/3200. In
contrast, a clear sigmoidal curve is seen with the unconjugated hemocyanin antigen,
decreasing from a 1/400 dilution. It was anticipated that antibody populations would
be generated against hemocyanin epitopes, but the fact that ODggonm readings
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decreased at a higher concentration than its conjugate demonstrates that antibody
populations directed against the P6S peptide are present in the serum. For the BSA
control, ODy4oonm readings above the background levels were only observed at high
sera concentrations (1/50-1/200) and are most likely the result of non-specific
binding. In the case of anti-TG6L and anti-TG7 (Fig. 9a and c respectively), the
conjugated and unconjugated forms of hemocyanin produced similar curves with very
little decrease in signal observed with sera dilution. This demonstrates a high titre of
antibodies specific to the carrier protein, hemocyanin. However, the BSA conjugates
of P6L and P7 produced higher readings when compared with the unconjugated
control, providing evidence of a population of antibodies specific for the peptide
hapten.

Further ELISA experiments were established to confirm antibodies had been
generated against the peptide sequence and not as a consequence of the linkage
introduced or alterations in protein structure produced by cross-linking. To achieve
this, P6S and P7 BSA conjugates were utilised, since these peptides were both
coupled via an amine linkage (in comparison to the thiol linkage in the case of P6L).
A serial dilution of anti-TG6S and TG7 sera was included, using each BSA-peptide
conjugate as an antigen (Fig. 10). Both sera produced greater signals when incubated
with conjugates containing the target antigen. This confirmed specific interactions
between the sera and corresponding antigen sequence. Some signal was observed at
high sera concentrations (1/100-1/200) with the putative negative control, providing
evidence of a possible antibody population raised against the cross-link structure.
However this signal does not exceed that observed with unconjugated BSA controls in
the previous set of ELISA experiments.
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Fig. 9 Analysis of TG peptide antibodies by ELISA: specificity of 1™ bleed sera of (a) anti-TG6L (b)
anti-TG6S (c) anti-TG7 was assessed by iis ability to bind wells coated with 50 pg/mi of the
corresponding hemocyanin/BSA conjugates (HC and BC), unconjugated proteins were included as
controls {H and B). Serial dilutions ranging from 1/50-1/12800 were included for each sera. Antibody
binding was detected with a HRP conjugated secondary antibody and chromatic signai developed using
5-amino-2-hydroxy benzoic acid as a subsirate. Each assay was carried out in duplicate and SD is
expressed as error bars.
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Fig. 10 Possible low levels of cress-reactivity are observed between anti-TG6s and anti-TG7 at
high sera concenirations: ELISAs were carried out using {(a) anti-TG6s and (b) anti-TG7 sera in
cembination with the BSA conjugate of each peptide as follows: (6:6) anti-TG6S with the P6S
conjugate; {6:7) anti-TG6S with the P7 conjugate; (7:7) anti-TG7 with the P7 conjugate; (7:6) anti-TG7
with the P6S conjugate. Some cross-reactivity is observed at higher concentrations, however these
levels do not exceed those seen with unconjugated BSA in previous experiments.
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The next step in analysing the sera was

=\
E
o
(¢
(=}
"
s
=
=
Q.

in reasonably high quantities and includes the sequence of the P7
peptide. In addition to this, a TG6 fusion protein incorporating the C-terminus of the
enzyme had also been generated in our Iaboratory and provided a suitabie antigen for
the anti-TG6L sera (although this was not suitable for the truncated TG6S). GST
immunoblots were performed on 10 ng of these bacterial extracts and the sizes of the
TG6 and TG7 fusion proteins estimated to be 55 and 53 kDa respectively (according
to their mobility in a 4-20 % gradient Tris-Glycine gel). Further immunoblots were
performed with 1/1000 dilution of each sera (Fig. 11). This confirmed the ability of
the anti-TG6L and anti-TG7 sera o recognise the corresponding TG epitope, with the
product. However the

numerous bands evident in each immunacblot were a cause for some concern. These

ﬂD

additional bands could not be accouiited for as simple degradation products as some

1an the fusion protein. At this point the decision was made to

affinity purify the sera before its use in further studies
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Fig. 11 Peptide generat-d antibodies are capable of detecting TG fusion proteins: Immunacblotiing
was carried out on 10 pg BL21 extract containing TG7 (7) and TG6 (6) fusion proteins with anti CST
anti-TG6L and anti-TG7. The full-length fusion proteins are marked with a so l.d arrowhead (TG7 —
kDa, TG6 — 53 kDa) the cleaved GST tag is identified by a hollow arrowhead (26 ka)
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Prior to affinity purification, selection of a sera batch was necessary, since a
total of three bleeds were obtained from the P7 immunisation and four from P6L. In
order to make this decision a series of immunoblots were established using the BL.21
extracts, containing the TG6 and TG7 fusion proteins. This provided positive and
negative controls in each case (Fig 12a). Although multiple bands were observed in
each lane, bands corresponding to the expected size were detected in the positive
controls and absent from the negative controls for each sera. It was also established
that no variability was observed between bleeds and comparable staining profiles
were obtained. Taking this into consideration, in conjunction with the available bleed

volumes, the 3 bleeds were selected for affinity purification in each case.

3.2.3.4 Affinity purification of transglutaminase antibodies

Following the selection of the 3™ bleed sera for purification, the three peptides
were used to produce 1 ml affinity columns by coupling to ECH Sepharose 4B (P6S
and P7) or Thiol sepharose 4B (P6L) (described in Section 2.5.5). The former relied
on linkages between the primary amine groups of the peptide ligand and the free
carboxyl groups situated at the end of 9-atom spacer arms. The inclusion of this long
hydrophilic spacer arm makes this matrix particularly suitable for immobilisation of
small molecules. The condensation reaction was promoted by the inclusion of the
carbodiimide EDC. In contrast, activated Thiol sepharose 4B reacts with thiol groups
(Cys side chain) under mild conditions to form disulphides. The progression of this
reaction was monitored by the release of a 2-thiopyridone group, producing an
absorbance peak at ODs43,, (data not shown). Each method allowed coupling to
continue overnight before blocking residual groups with 0.1 M ethanolamine.
Subsequently, affinity columns were equilibrated with TBS before incubation with an
equal volume of sera (30 min, 4°C). Following extensive washing with TBS (5 cv),
bound antibodies were retrieved in 3 M KSCN and immediately dialysed against TBS,
to prevent denaturation (described in Section 2.5.6). Purified aliquots were diluted to
5 pg/ml in 5 % milk solutions and new immunoblots performed on the BL21 extracts.
This confirmed purification of the sera with a single band observed in each case

corresponding to the full-length fusion protein (Fig. 12b).
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Fig. 12 Selection of sera batch for affinity purification: (a) Normalised loading of BL21 extracis
containing TG6 and TG7 were probed with each of the sera bleeds received, 1 (1 bleed), 3 (3™ bleed)

and 4 (4'Il bleed). A dilution of 1/100G was used in each case. This produced numercus bands in each

case; bands corresponding to the relevant fusion protein are marked with a solid arrowhead. There were
concerns thai there was a misidentification between the 2™ sample bleeds and consequently these
samples were excluded. Tm(mG this into r‘onstdﬁraunn in conjunction with available sera volumes the
3rd bleed was selected for each enzyme. (b) 3™ bieed Goat sera was incubated with an equal volume of
Sepha. ose-lmkeu pepflae \P6L 6S and 7) for 30 min at 4 °C before exte'1snve TBb wash,ug '\10 C") azu

_‘i~‘ttlng with the aﬁ‘rty purified arn‘ib-adies (5 ug/—ui) produced a single band In each case
corresponding to the size of the fusion protein {TG7 designated 7 and TG6 designated 6)
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This affinity purification step had produced antibodies considered suitable for
further work. The next aim was to ascertain whether TG6L and 7 were expressed in
the two predominant cell types in skin, keratinocytes and fibroblasts. Two cell lines
derived from primary cultures of normal human cells were selected for these studies.
HCA2 cells have been generated from foreskin fibroblasts transfected with hTERT
(Bond et al. 1999). The keratinocyte cell line (Ntert) has also been produced by
hTERT transfection, in this case of normal cells isolated from human epidermis,
however the further loss of the pRB/p16™<** cell cycle mechanism is required for cell
immortality (Dickson et al, 2000). In addition to these samples, a protein extract from
the lung carcinoma H69 cell line was included as a control, since TG6 has been
amplified from these cells by RT-PCR in previous studies (H. Thomas Thesis, 2004).
Proteins were extracted in 0.25 M sucrose containing 1 % Triton X-100 and a total of
10 pg loaded.

The sizes of hTG6L, 6S and 7 calculated from primary sequence data are 80,
70 and 80 kDa respectively, with no post-translational modifications predicted. Anti-
TG6L did detect an ~80 kDa band in the Ntert keratinocyte extract that would agree
with the calculated size of the native enzyme (Fig. 13). However, some additional
bands of lower M, were evident. Multiple bands were also observed in the HCA2
fibroblast extract, including larger bands, the most intense of these was estimated to
be ~90 kDa in size. In H69 cells, no distinct bands of the predicted size were
observed. Instead a ~90 kDa protein produced the most intense band and it is possible
that the cross-linking activity of these enzymes may produce protein complexes as has
been reported for other TG isoforms (Barsigian et al., 1991; Candi et al., 2001). No
bands corresponding to the full-length native TG7 were observed, however, intense
bands at ~40 kDa were detected in HCA2 and H69 extracts, in addition to a faint
97 kDa band present in all samples. The former of these may be a fragment of the
enzyme and would correspond to the active site domain (calculated to be 39 kDa).

Since the cell extracts included in the Western blots had undergone a freeze-
thaw cycle and were not supplemented with protease inhibitors, the proteins of
interest may have become degraded. Subsequent blots were performed using fresh cell
extracts and a two-step extraction procedure to establish where the majority of the

enzymes were localised. Soluble proteins from Ntert keratinocytes and HCA2
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fibroblasts were extracted in a 0.25 M sucrose buffer, supplemented with 1 % Triton
X-100, the insoluble pellet was collected by centrifugation (10 min at 16000 x g),
before undergoing further extraction in a 20 mM Tris-HCIl buffer (pH 8) containing 1
% SDS, 1 mM PMSF, 100 mM NaCl, 2.5 mM EDTA and 1 mM DTT (described in
Section 2.3.3.1). 20 pg of soluble extract and 10 pg of each pellet fraction were
included in immunoblots with affinity purified anti-TG6L, 6S and 7 (Fig. 14). This
removed the multiple bands, confirming that protein degradation had occurred. In the
case of the TG6L blot, 80 kDa bands were observed in the soluble extract of the Ntert
keratinocytes and HCA2 fibroblasts. TG7 detection also produced an 80 kDa band in
the soluble fibroblast extract, a faint band of the same size was also observed in the
pellet extract from the keratinocyte cell line. The antibody raised against TG6S
detected a single protein in the soluble Ntert extract calculated to be ~40 kDa in size
(corresponding to the calculated size of the active domain). The presence of a 55 kDa
protein doublet was evident in the keratinocyte pellet fraction for both the anti-TG6L
and TG7 blots. This raised some concerns that keratin antibodies may be present
despite the affinity purification step and experiments were performed to investigate
this hypothesis.
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Fig. 14 identifying expression pools of TG solubility in fresh cell extracis: A two step extraction
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coniaining 1 % v/v/ Triton X-109 (1) followed by Tris buffer containing 1 % w/v SDS (2). 20 ug and
10 pg of proteins were ioaded for the respective buffers. Detection with the three affinity purified TG
antibodies were carried out (5 pg/ml).
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The first of the experiments to investigate this possible population of keratin
antibodies utilised keratin-rich extracts of human corneocytes in 8 M urea containing
1 % SDS. Immunoblots were obtained with anti-TG6L before re-probing with an anti-
pan cytokeratin antibody (Sigma) (Fig. 15a). This confirmed the detected proteins
overlaid, supporting the prediction that the same proteins were bound by the two
antibody populations. To further investigate whether these bands could be attributed
to TG targeting antibodies, competition studies were performed. This included an
overnight incubation of the affinity-purified anti-TG6L (5 pg/ml) with the BSA-
conjugated P6L (final concentration of 10 pg/ml). This experiment utilised 10 pg
aliquots of a keratin rich urea/SDS extract from human epithelial tissue (kind gift
from Dr. R. Ginger, Unilever, Colworth). Western blots were established with the pre-
immune sera (1/1000 dilution), the affinity purified anti-TG6L and the competing
antibody-peptide mixture (Fig. 15b). Unexpectedly the 55 kDa doublet was evident in
the pre-immune sera; it was predicted the generation of keratin antibodies would most
likely have resulted from contamination of the antigen used for immunisation. It was
also apparent that the affinity purification process did not entirely remove these
antibodies. The comparable band intensity produced in the presence or absence of
peptide competition confirmed this was not a population of antibodies generated
against the TG enzyme. No other bands were detected which suggests these TG

enzymes are expressed at low levels within epidermal tissue in vivo.
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3.2.3.5 Removal of the contaminating antibody population

It was evident the affinity purification protocol required some alteration,
particularly if these antibodies were to be employed in immunohistochemical studies.
A number of different approaches were assessed, the first being an adaptation in the
elution step. Affinity purification of TG6L antibodies was performed using a pH shift
of 7 to 3, followed by the 3 M KSCN elution, as described in the previous section.
Results were assessed by Western blotting, including the keratin-rich epithelial extract
to identify the presence of contaminating antibodies and BL21 extracts containing the
TG fusion protein as a positive control. The pH shift was unsuccessful in removing
the contaminating antibodies and produced a poor yield of the TG specific antibodies
(data not shown). In parallel, a set of experiments were carried out to establish the
effect of 1) including detergent in the wash buffer 2) incorporating a pre-incubation
step of sera with Sepharose and 3) including a column blocking step with 5 %
milk/TBS. The adjustment to the wash buffer was made with the addition of 0.05 %
Tween-20. Immunoblots included samples of the collected column wash (5 cv) and
the subsequent 3 M KSCN elution. Antibodies capable of recognising a doublet
~55 kDa were present in the column wash, in the absence of the TG specific
antibodies (Fig. 16a). However, 5 cv washes proved insufficient to completely remove
the contaminations. Neither of the latter experiments (2 and 3) was entirely successful
and although incubation with uncoupled Sepharose improved the ratio between the
TG specific and the putative keratin antibodies, the yield of the former decreased and
the latter contaminants were still evident (Fig. 16a). Finally, attempts were made to
block the affinity column with 5 % BSA overnight (4°C) and the results with anti-
TG6L and TG7 proved successful (Fig. 16b). The effectiveness of this method was
unexpected, since the sera applied to the column would contain serum albumin levels
far in excess of those used in the blocking step. However, this improved protocol was

now adopted and performed on the sera raised against TG6S.
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Fig. 15 Evidence ef contaminating keratin antibodies: {a) Comparison of anti-pan cytokeratin (PCK) and anti-TG6L
immunoblots established with keratin-rich corneocyte extracts (K) demonstrated corresponding doublets around 55 kDa
in size (marked 55). (b) Peptide competition experiments were established using keratin rich SDS/Urea extracts of
epidermal skin abrasion samples (K). Blotting was carried out with pre-immune sera, 1/1000 (pre-immune); affinity
purified TG6L, 2 pg/ml (- Peptide) and affinity purified TG6L following incubation with 1.5 pg/mi of its BSA
conjugate (+ Peptide).

Fig. 16 Blocking affinity column with 5 % BSA proves successful in removing contaminating antibodies: (2)
Initial attempts to remove the contaminating population of antibodies included; 5 cv washes with 0.05% Tween/TBS
(Tween wash), pre-incubating affinity purified antibodies with an equal volume of Sepharose (Sepharose) and the
inclusion of a 5 % milk powder blocking step of the peptide-linked column prior to serum incubation (Milk block).
Blots were probed with 5 pug/ml of the retrieved antibodies. BL21 expressed TG fusion proteins (marked with a solid
arrowhead) are included as positive controls (+) and skin abrasion samples provided a keratin rich control (K) (marked
55). (b) An overnight blocking step with § % BSA at 4°C was included. Both anti-TG6L and TG7 purified by this
method detect the positive controi (+) without any evidence of the 55 kDa dcublet in the keratin rich skin abrasion
sample (K}.
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3.2.4 Western blot analysis of keratinocyte and fibroblast cell extracts for TG6 and 7

Aliquots of these new affinity purified antibodies were included in fresh blots,
containing two-step extractions from Ntert keratinocytes and HCA2 fibroblasts
(Fig. 17a). As seen previously, full-length TG6L was detected in the soluble pools of
each cell type, there was also evidence of some degradation products, with lower
bands of ~40 kDa and in the case of the fibroblast extract ~35 kDa, observed. Once
again, anti-TG6S produced a single band in the soluble keratinocyte extract
(calculated to be 35 kDa), supporting the findings of the previous blot (Fig. 17b). The
result obtained with anti-TG7 indicated proteolytic cleavage, with a predominant band
of ~35 kDa in size (as seen with freeze-thawed samples), although a faint band was
also detected at 80 kDa. Contrary to previous blots, TG7 was detected in both
keratinocyte and fibroblast soluble extracts and this was the case for all future blots.
Taking this into account, samples in the previous blot may not have been extracted
adequately.

The results obtained by Western blot analysis up to this point are not in
agreement with previous murine in situ studies performed by Dr. H. Thomas (Thesis,
2004). These studies localised TG6 to the epithelium and TG7 to the dermal
compartment. Consequently, confirmation by an alternative method was desirable and
reverse transcription polymerase chain reaction (RT-PCR) analysis was performed on
1 pg total RNA (mRNA was selected by the inclusion of oligo dT primers - described
in Section 2.7.1). These samples were obtained from the Ntert keratinocyte and HCA2
fibroblasts cell lines, using TG6 and 7 specific primers. mRNA from the two TG
enzymes was indeed amplified from both cell lines (Fig. 17c), although TG6 was
expressed in greater quantities from keratinocytes and TG7 from the dermal
fibroblasts. This disparity with proteomic data would seem to suggest translational
controls are involved with these isoforms and have already been proposed for TG2
(Clark et al., 1959; Aeschlimann et al., 1994).
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antibodies: (a) Protein extractions were carried out on Ntert keratinocytes (N) and HCAZ fibroblasts (H). 20 ug
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affinity column. (b) Previous immuncblots established using fresh keratinocyte and fibroblast extracts are included here
as a comparison. Estimated protein masses are shown in blue. {c) RT PCR analysis of TG expression from keratinocytes
and fibroblasis confirm TG6L and TG7 are expressed in both cell lines. 1ug total RNA underwent 2 cycles of reverse
transcription befere PCR amplification of TG6 (6) and TG7 (7). RP-S26 (H) was included as a housekeeping gene.
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protein degradation, cells were extracted in 8 M urea
containing 2 mM EDTA, 1 mM PMSF and 1 mM NEM, before blotting with anti-

TG7 (Fig. 18a). Positive resulis were again obtained from both cell types and although

the 35 kDa fragment was still detected, a greater ratio of the full-length enzyme was

experiments, by the inclusion of urea extracts from primary human fibroblasts (a kind
gift from Dr. S. G. Jones) (Fig. 18b). This result established that the mock-transfected

HCAZ provide a suitable representation of primary fibroblasts, with comparable level
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Fig. 18 Urea extractions of cellular proteins reduce the extent of TG7 degrﬂdotion and conﬁrm

the expression of TG6L in primary human fibroblasts: (a) Proteins fTUlu HCA2 fibroblasts (H) an
Ntert keratinocytes (N) were extracted in 8 M urea containing 2 mM EDTA, 1 mM PMSF and 1 mM

NEM. 20 ug were incorporated in blots with anti-TG7. Although the 35 kDa fragment observed in
previous work is still evident (hollow arrowhead) a higher proportion of the full-length protein is seen
(solid arrowhead). (b) 20 ng 8 M urea extracts from human primary dermal fibroblasts (P) and mock
transfected HCAZ2 fibroblasts (H) were immunoblotted with S pg/ml anti-TG6L. Proteins with a
calculated size of ~80 kDa were detected in both cell types.
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3.2.4.1 Alterations in transglutaminase cleavage with keratinocyte differentiation

Other TG enzymes expressed in mammalian epidermis (TG1, 3 and 5) have
established roles in the formation of the comnified envelope and have been
demonstrated to alter their expression with keratinocyte differentiation (Kim et al.,
1993; 1995a; 1995b; Aechlimann ef al., 1998; Candi et al., 2001). Experiments were
established to determine whether the expression of TG6 and 7 demonstrate similar
differentiation-specific regulation. To analyse this, Ntert keratinocytes were sub-
cultured and half the cells induced to differentiate by growing to confluency (Fig.
19a). Both RNA and protein extractions were performed for parallel RT-PCR and
Western blotting studies. It was apparent that mRNA levels of both enzymes remain
comparable following differentiation (Fig. 19b). Similarly TG6L protein levels
remained unchanged (Fig. 19c). However, the cleavage pattern of TG7 differed
between the two states with the ~35 kDa fragment producing intense staining in
differentiated cells (Fig. 19¢). Similarly, TG6S produced different sized fragments, a
~40 kDa protein being evident in the undifferented cells whilst a ~35 kDa cleavage
product produced the predominant band following differentiation (Fig. 19¢). It is not
practical to assess whether protein levels have altered in the cases of the two latter
enzymes since there is no data concerning the relative antibody affinities, however,
the full-length form of TG7 extracted from confluent and sub-confluent cells are
comparable. These findings would be strengthened by the inclusion of a
differentiation marker such as involucrin (Rice and Green, 1979; Banks-Schlegel and
Green, 1981; Crish et al., 1993; 1998). This result also requires reassessment of some
earlier blots, examining the fragment sizes produced in Fig 17, it seems likely that the
Ntert keratinocyte cultures extracted for the later blot (Fig. 17a) had been grown to
confluency in an attempt to produce high protein concentrations and consequently, the

cells had undergone differentiation.
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Fig. 19 Although TG6 and TG7 mRNA levels do not alter with keratinocyte differentiaticn,
distinct protein fragments of TG6S and 7 are observed: Ntert keratinocytes were sub cultured (a
and either maintained in the undifferentiated state (Sub-confluent) or induced to differentiate by
growing o past confluence (Hyper-confluent). (b) RT-PCR analysis from 1 pg total RNA obtained
from undifferentiated and differentiated keratinocyte cultures demonstrate TG6L (6) and TG7 (7)
mRNA levels do not alter. RP-S26 (H) was included as a housekeeping gene. (¢) Immunoblots were
carried out with anti-TG6L, TG6S and TG7 on 20 pg urea extracts from the undifferentiated (UD) and
differentiated keratinccyies (D). No alierations with differentiation state were demonstrated in the
TG6L. protein. in contrast TG6S and TG7 both show a difference in protein cieavage with a
predominant 35 kDa fragment observed in the differentiated cells. Estimated protein masses are shown
in blue.
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3.2.4.2 Possible compensatory mechanisms for altered transglutaminase 2 expression

A further hypothesis concerning the TG family is the existence of redundancy
between members, a possibility that was supported following the production of viable
TG2 knockout mice (De Laurenzi and Melino, 2001). Investigating whether TG6 or
TG7 levels are affected by altered TG2 levels utilised transfected HCA2 human
fibroblasts. These cells had been stably transfected with DNA vectors to produce high
level constitutive expression of TG2 sense RNA, antisense RNA, in addition to a TG2
mutant RNA, where the catalytic Cys residue was replaced by Ser thus removing the
enzymes cross-linking activity but maintaining protein conformation. HCA2 cells
transfected with an empty vector were included in experiments as a control (mock).
These four clones had been generated during previous studies in our laboratory and
for the purposes of this work duplicate blots were obtained using the sucrose
containing Tris-HCl buffer extracts (20 pug). As has been observed with previous
experiments, anti-TG7 detected a 35 kDa, band but no clear differences in protein
levels were apparent for either TG enzyme in the different transfectants (Fig. 20). It
was, however, noted that the anti-TG7 demonstrated a faint band corresponding to the
full-length enzyme in the TG2 deficient cells, and for the same sample anti-TG6L
produced a protein doublet estimated to be around 100 kDa. The identity of these
proteins is unclear but may be evidence of TG6L autocross-linking activity. To
confirm the fibroblastic phenotypes remained unaltered and loading had been
normalised, re-probing with monoclonal CUB7402 anti-TG2 (Neomarkers) and
Coomassie Brilliant Blue R-250 staining was included (Fig. 20).
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3.2.5 Immunohistochemical analysis of transglutaminase 6 and 7 localisation in

normal and dermatitis hepertiformis skin.

In parallel with Western blotting analysis, immunohistochemical studies were
performed. These incorporated cryosections of normal human skin and skin of a
dermatitis herpetiformis (DH) patient. DH is an autoimmune disorder classed with
celiac disease (CD) as being among the gluten sensitive enteropathy (GSE) diseases.
In fact, DH is thought to develop from the CD condition (Sardy ef al., 2002). In DH
patients, TG3 is the predominant epitope, although during initial stages of the disorder
a population of antibodies targeting TG2 is also present. What elicits this epitope-shift
has not been identified. IgA deposits, including TG3, form in the papillary dermis.
The exact effect of these deposits is yet to be established, but they may elicit an
inflammatory response. The resulting damage to the tissue produces basal blistering
heavily populated by neutrophils (Smith et al., 2002). These lesions are typically
located over the extensor surfaces of the major joints (Fry, 1995). The molecular basis
for CD and DH has been found to be primarily associated with the HLA Class II
genes encoding Human Leukocyte Antigens (Katz et al., 1972; Sollid, 2000; Sardy,
2002).

3.2.5.1 Normal skin

Initial staining was performed with 20 pg/ml of each TG antibody detected
with a FITC conjugated secondary (Sigma) (described in Section 2.2.1). As would be
expected from Western blot studies, TG6L and TG7 produced staining within the
dermis and throughout the epithelium, from the basal layer to the stratum corneum,
including the epithelially derived hair follicles (Fig. 21a, ¢, d, e, g and h). In
comparison, TG6S produced virtually undetectable staining (Fig. 21b) when
compared to the negative controls (incubated with the secondary antibody only — Fig.
21f). This is contrary to Western blotting data within this study, which has identified
TG6S expression in keratinocytes (confluent and sub-confluent). The reasons for this

are unclear, possibly the fixation process was detrimental to the TG6S epitope.
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Because of the inherent background fluorescence produced by skin, these
experiments were repeated using HRP conjugated secondary antibodies in conjunction
with the chromogen, 3-amin-9-ethyl-carbozide (AEC) (described in Section 2.2.3).
These results largely concurred with the fluorescence staining and Western blot data.
Both keratinocytes and fibroblasts stained positive with anti-TG6L and TG7 (Fig.22 a,
¢, d and €). In addition to this, anti-TG7 staining produced a gradient, with increased
staining observed in suprabasal keratinocytes. Possibly this is due to the presence of
the 35 kDa fragment which produced intense staining with this antibody in Western
blotting analysis. Observations of dermal structures revealed sebaceous glands also
stained positive for TG6L and TG7 (Fig. 22f and h), previous work involving rat skin
has also identified the presence of TG2 within these glands (Haroon et al., 1999).
Anti-TG6S produced a positive result with this method. Staining was evident from the
granular region of the epidermis to the stratum corneum surface, with the majority
localised to the stratum corneum (Fig. 22b). Despite this antibody producing positive
results from undifferentiated keratinocyte extracts in Western blots, the spinous region
and basal cells stained negative. This would suggest that in its native conformation,
this epitope may be unavailable, possibly due to protein interactions and, following

differentiation, cleavage of this protein unmasks the site.

3.2.5.2 Dermatitis herpertiformis skin

Experiments utilising fluorescence detection of the FITC conjugated
secondary antibody demonstrated the distribution of the TG7 isoform remained
unchanged in this condition. However, comparatively intense staining was evident
throughout the epidermis, suggesting upregulation of the enzyme (Fig. 21k). This is
an interesting result, suggesting a possible secondary role for TG7 in this disease. It is
unlikely to be providing a compensatory function since it has been observed that TG3
expression within the epidermis of DH patients remains unaltered (Sardy et al., 2002).
The staining pattern produced with anti-TG6L was diffuse in comparison with the
normal skin sections and may be slightly downregulated (Fig. 21i). A function for this

in the DH condition remains to be ascertained.

161



91

Anti-TGOL Anti-TG6S

Fig. 21 Immunohistochemical analysis of TG expression in normal skin and that of a dermatitis herpetiformis (DH) patient (Fluorescence): 8 pm frozen sections of
human skin (normal and DH patient) were probed with 20 pg/ml of each anti-TG (6L, 6S and 7). Bound antibody was detected with FITC conjugated anti-goat. The
epidermal region is designated E and the dermal compartment D; the basement membrane is identified by arrowheads. Virtually no fluorescence was observed with anti-
TG6S. In contrast anti-TG6L and anti-TG7 produced staining in both the dermal and epidermal compartments. In the case of TG7 staining within the epidermis was increased
in the DH sample suggesting a possible secondary role in this disorder. (a) Normal skin anti-TG6L (b) Normal skin anti-TG6S (c) Normal skin anti-TG7 (d) Normal skin,
high magnification hair follicle anti-TG6L (e) Normal skin, high magnification epidermis anti-TG6L (f) Normal skin control (secondary antibody only) (g) Normali skin, high
magnification hair follicle anti-TG7 (h) Normat skin, high magnification epidermis anti-TG7 (i) DH anti-TG6L (j) DH TG6S (k) DH anti-TG7.
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Anti-TG6L Anti-TG6S

Fig. 22 Immunohistochemical analysis of TG expression in normal skin (AEC): 8 pm frozen sections of normal human skin were probed with 20 pg/ml of each anti-TG
(6L, 6S and 7). Bound antibody was detected with horse radish peroxidase (HRP) conjugated anti goat and detected using AEC colour development. The .cmmoama Ba.Sg.&.a
region is denoted by arrowheads. Resuits largely agreed with previous immunohistochemical studies, anti-TG6S produced staining from the mﬂmsz_mn. region of the epidermis.
anti-TG6! and TG7 produced staining throughout the epidermis and also produced positive results from the dermal fibroblasts. (a) Normal epidermis ma:-%@mr (b) Zoﬂ_m_
epidermis anti-TG6S (c) Normal epidermis TG7 (d) Normal dermis anti-TG6L (e) Normal dermis anti-TG7 (f) High magnification sebaceous gland anti-TG6L {g) Negative
control (h) High magnification sebaceous gland anti-TG7.
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Finally, an experiment was performed to confirm the observations made with
the DH samples, including TG2 and TG3 controls (Fig. 23). The staining produced in
initial experiments with TG6L, 6S and 7 was successfully repeated (Fig. 23c,d, €, h, 1
and j).

TG6L was expressed throughout the dermis and epidermis in native and DH
samples. But once again the DH sample exhibited a more diffuse staining pattern,
appearing to stain the dermal ECM. These results would also seem to confirm a slight
reduction in staining levels with the DH condition.

TG6S was detected in the late stages of differentiation in normal skin,
predominantly staining the stratum corneum. However, the negative control also
produces some staining within this region (Fig. 23p). The corresponding DH sample
produced no staining above background levels observed in the control (Fig. 23h and q
respectively).

In the case of TG7, a gradient within the phenotypically normal skin epidermis
was confirmed (Fig. 23e). Furthermore, increased levels of this isoform were detected
in the epidermis of the DH sample (Fig. 23j). Intense staining was observed in all
keratinocyte layers.

Unfortunately, the TG2 and TG3 controls produced results in opposition to
previous studies (Fig. 24). Although CUB7402 anti-TG2 (1:50) produced staining
within the basal keratinocytes in normal human skin, the section quality is poor (Fig.
23a). The corresponding DH sample produced high levels of staining, which was not
localised to the cells and particularly intense colour development was observed at the
dermo-epidermal junction (Fig. 23f) as may be expected of TG2 (Aeschlimann et al.,
1998; Haroon et al., 1999). With the TG3 antibody, staining from the stratum
granulosum to the stratum corneum was observed in normal skin, as is characteristic
of this isoform (Fig. 23b). However the intensity of the staining was faint and no
staining was evident with this antibody in the DH sample (Fig. 23g). This may
suggest a problem with the antibody aliquot used.
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TG6S TG6L TG7

TG2 TG3

Fig. 23 Immunohistochemical analysis of TG expression in normal skin and that of a dermatitis herpetiformis (DH) patient (AEC): 8 um frozen sections of human
skin (normal and DH patient) were probed with 20 pg/ml of each anti-TG (6L, 6S and 7) with anti-TG2 and TG3 included as controls. Bound antibody was detected with
HRP conjugated secondary antibodies and colour developed using the AEC system, the basement membrane region is denoted by arrowheads. Secondary antibodies alone
were included as negative controls. (a) Normal skin, anti-TG2 (b) Normal skin, anti-TG3 (c) Normal skin, anti-TG6S (d) Normal skin, anti-TG6L. (e) Normal skin, anti-TG7
(f) DH patient, anti-TG (g) DH patient, anti-TG3 (h) DH patient, anti-TG6S (i) DH patient, anti-TG6L (j) DH patient, anti-TG7 (k) Normal skin control, anti mouse (TG2) (1)
DH patient control, anti mouse (TG2) (m) Normal skin control, anti rabbit (TG3) (n) DH patient control, anti rabbit (TG3) (p) Normal skin control, anti goat (TG6S, 6L and
7) (@) DH patient control, anti goat (TG6S, 6L and 7).
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DH Skin Normal Skin

Anti-TG2

Anti-TG3

Anti-TGS

Fig. 24 Comparison of TG2, 3 and 5 expression in normal and DH skin: Immunohistochemical analysis of TG2, 3 and 5 proteins, detected with Texas Red conjugated
secondary antibodies (Images provided by Prof. D. Aeschlimann, University of Wales, Cardiff). The dermo-epidermal junction is denoted by arrowheads. TG3 aggregates are
evident in the papillary dermis of the DH patient.
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3.3 Conclusions and future work

In the course of these studies antibodies were successfully raised against
peptides designed from TG6 and TG7 sequence data, following unsuccessful attempts
to isolate a recombinant form of the TG7 enzyme.

Western blotting studies required relatively high quantities of protein loading
to obtain detectable levels of these TGs (20 pg). TG6L and TG7 were found to be
expressed in both keratinocytes and fibroblasts, an observation confirmed by RT-PCR
and immunohistochemical studies. It was also noted that TG7 is highly susceptible to
degradation, particularly when extracted from fibroblasts. Although this degradation
can be reduced by extraction with a chaotropic agent, such as urea, it is not
completely removed and may be present in vivo. Whether such a fragment is active is
not dealt with in these studies. The fragment size does correspond to the catalytic core
of TG7 and the epitope the anti-TG7 serum was raised against is adjacent to this
domain. Literature regarding the cleavage of TG enzymes reports differing effects on
cross-linking activity. The cleavage of TG1 and TG3 within this flexible loop region
has demonstrated significantly increased activity (Steinert et al., 1996a; Kim et al.,
1990; Kim et al., 1993). In contrast, a loss of activity has been reported in FXIII and
TG2 following cleavage or deletion of the B-barrels (Takahashi et al., 1986; Lai et al.,
1996). Conclusive evidence would require isolation of this fragment for TG activity
assay with conventional substrates such as putrescine or casein. Moreover, resolving
cell extracts containing such TG fragments under non-reducing conditions would
identify whether or not these fragments remain associated, as is the case following
cleavage of TG1 and TG3 in vivo.

The predicted full-length form of TG6S (70 kDa) was not detected in any of
these studies, instead a 35-40 kDa protein was observed. This is most likely a cleaved
form of the enzyme (corresponding to the calculated size of this enzymes catalytic
domain). However, retrieval of the fragment by a column-linked form of the antibody
would allow confirmation by sequencing.

These studies also aimed to address the possible role of these enzymes in
family redundancy and keratinocyte differentiation. The results produced no strong
evidence that TG6L or TG7 provide compensation for loss of TG2 expression.
However there was evidence of altered TG6S and TG7 cleavage with keratinocyte
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differentiation. Whether these fragments also demonstrate altered activity or binding
properties would require further investigation, as discussed above.

Finally, immunohistochemical experiments have detected the TG6L and TG7
proteins within dermal and epidermal compartments. TG6S was not consistently
detected within normal human epidermis and never in the basal cells or stratum
spinosum, despite contradictory data obtained by Western blotting. Furthermore,
immunohistochemical analysis utilised relatively high concentrations of primary
antibodies (20 pg/ml) and may be indicative of low antibody affinities for TG6L,
TG6S and TG7 in their native conformations. Expansion of these
immunohistochemical studies consistently suggested TG7 is upregulated within the
epidermis of this DH patient. In contrast TG6L and TG6S could be downregulated to
a lesser extent. To confirm whether this altered expression is truly a feature of DH
pathology, studies should be extended to include further samples. If this were the case
it would provide an interesting avenue for further work, providing some insight into

the pathological pathways of this condition and possible therapeutic targets.

168



Novel Transglutaminases — A potential route to healthy skin

Chapter 4:
Identifying potential transglutaminase substrates

4.1 Introduction

Despite their high sequence homology, transglutaminases (TGs) demonstrate
exquisite substrate specificities, particularly concerning acyl donors. It has been
reported that isoforms cross-linking the same protein can target different glutamine
residues (Candi et al., 1995, 1999; Tarcsa et al., 1998; Steinert et al., 1999) and
demonstrate distinct affinities (Gorman et al., 1981; 1984; Candi et al., 1995). In
contrast, acyl acceptors are derived from a wider pool of substrates, including
polyamines, such as spermidine (Folk et al., 1980; Martinet et al., 1990). It has been
suggested that these acyl acceptors approach the enzyme from the direction of the
active site, whilst acyl donors may approach from the C-terminal B-barrels (Lorand
and Graham, 2003). It is well documented that the N-and C-terminal regions
demonstrate the lowest levels of sequence homology throughout the enzyme family
and may account for differences in target substrates between the isoforms (Greenberg
et al, 1991; Reichert et al., 1993; Kim et al., 1995a).

Over recent years, numerous TG2 substrates have been identified both in vitro
(Summarised in Table. 1) and to a lesser extent in vivo (Nemes et al., 1997; Orru et
al., 2003). In contrast, there is little data available regarding TG6 and TG7 substrates.
Therefore, this chapter of work was established to identify fibroblast and keratinocyte
proteins with the potential to bind these isoforms. This study incorporated two
experimental approaches. The first being immunoprecipitation, utilising the peptide
antibodies characterised in Chapter 3. The second more specifically addressed the role
of P-barrel domains in protein interactions, using recombinant TG proteins
(comprising of GST tagged C-terminal domains) to select proteins from cellular
extracts.
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Protein substrate Reference

Actin (Safer et al., 1997)

Aldolase (Lee et al., 1992)

Amyloid BA4 (Rasmussen ef al., 1994; Jensen et al., 1995)
BHMT (Ichikawa et al., 2004)

BiP protein (Orru et al., 2003)

C1 inhibitor (Hauert et al., 2000)

C-CAM (Hunter et al., 1998)

Cementoin (Nara et al., 1994)

Chaperonin subunit 3 (Orru et al., 2003)

Clathrin heavy chain (Orru et al., 2003)

Collagen 111, V, X1 (Bowness et al., 1987; Kleman et al., 1995)
Crystallin BA3 (Berbers et al., 1984; Groenen et al., 1994)
Cytochrome ¢ (Butler and Landon, 1981)

Dihydropyrimidinase-2
DNase v

Elongation factor 1a
Elongation factor 1y
EMP b3
B-Endorphin

ERM

Fatty acid synthase
F-box only protein
Fibrinogen A
Galectin-3

GAPDH

Glucagon
a,HS-glycoprotein
Heat shock 60 kDa
Heat shock 70 kDa
Heat shock 70/90
Heat shock 90 kDa
Huntingtin

Histone H1
IGFBP-1

Importin B1 subunit
Insulin A chain

(Orru et al., 2003)
(Orru et al., 2003)
(Orru et al., 2003)
(Orru et al., 2003)
(Murthy et al., 1994)
(Pucci et al., 1988)
(Orru et al., 2003)
(Orru et al., 2003)
(Orru et al., 2003)
(Ritchie et al., 2000)
(Mahoney et al., 2000)
(Ruoppolo et al., 2003)
(Folk and Cole, 1965)
(Kaartinen and McKee, 2002)
(Orru et al., 2003)
(Orru et al., 2003)
(Orru et al., 2003)
(Orru et al., 2003)
(Kahlem et al., 1998)
(Ballestar et al., 1996; Cooper et al., 2000)
(Sakai et al., 2001)
(Orru et al., 2003)
(Folk and Cole, 1965)

KGDHC (Cooper et al., 1997)
Lipocortin I (Ando et al., 1991)
MAGP-1 (Trask et al., 2001)

MBP (Selkoe et al., 1982)
Midkine (Kojima et al., 1997)
Myosin (Orru et al., 2003)
Nidogen (Aeschlimann et al., 1992)
NSB (Orru et al., 2003)
Osteonectin (Hohenadl et al., 1995)
Osteopontin (Sorensen et al., 1994)
Periplakin (Aho, 2004)

PGD (Orru et al., 2003)
Phosphorylation kinase (Nadeau et al., 1998)
PLA, (Cordell-Miele et al., 1990)
PSA (Quash et al., 2000)

RAP (Rasmussen et al., 1999)
RhoA (Schmidt et al., 1998)

40 S Ribosomal SA (Orru et al., 2003)
ROCK-2 (Orru et al., 2003)
Sialoprotein (Kaartinen and McKee, 2002)
Spectrin a (Orru et al., 2003)
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Statherin (Yao et al., 2000)

Substance P (Porta et al., 1988)

Synapsin (Facchiano et al., 1993)
a-Synuclein (Jensen et al., 1995)

Tau (Murthy et al., 1998)
T-complex protein (Orru et al., 2003)

Thymosin 3, (Safer et al., 1997; Huff et al., 1999)
Thyroglobulin (Saber-Lichtenberg et al., 2000)
B-Tubulin (Maccioni and Arechaga, 1986)
Tumour rejection ag-1 (Orru et al., 2003)

Uteroglobin (Mukherjee et al., 1988)

UV RAD23 (Orru et al., 2003)

Valosin (Orru et al., 2003)

Vigilin (Orru et al., 2003)

Vimentin (Clement et al., 1998)

VIP (Esposito et al., 1999)

Table. 1 In vitro TG2 protein substrates identified by structural proteomics: BHMT, bentaine-
homocysteine S-methyltransferase; EMP b-3, erythrocyte membrane protein band 3; ERM, ezrin-
radixin-moesin binding phosphoprotein 50; KGDH; a-ketoglutarate dehydrogenase; IGFBP-1, insulin-
like growth factor-binding protein 1; MAGP-1, microfibril associated glycoprotein-1; MBP, myelin
basic protein; NSB, nuclease sensitive element binding protein-1; PGD, phosphoglycerate
dehydrogenase; PLA,, phospholipase A,; Pro-CpU, procarboxypeptidase U; PSA, prostate-specific
antigen; RAP, receptor-associated protein; ROCK-2, Rho-associated coiled-coil-containing protein
kinase 2; UV RAD23, UV excision repair protein RAD23; VIP, vasoactive intestinal peptide. Adapted
from (Esposito and Caputo, 2004).
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4.2 Results

4.2.1 Immunoprecipitation of transglutaminase-protein complexes from fibroblast and
keratinocyte extracts

To ensure a broad based approach in identifying potential TG substrates,
mock-transfected HCA2 fibroblasts and Ntert keratinocyte cells cultured in the
absence of feeder cells were metabolically labelled with 10 pCi/ml **S-Cys/Met
(Redivue™ Pro-mix™, Amersham Pharmacia, described in Section 2.3.2). This
labelling step was allowed to continue for a period of 24 h followed by a further 24 h
chasing. In the case of HCA2 cells, the culture was subsequently divided, half the
cells underwent 1 h culturing in suspension whilst the remainder were allowed to
spread on type I collagen-coated plates for the same period of time. This aimed to
identify potential interactions produced upon cytoskeleton remodelling.**S-labelled
proteins were extracted in a detergent containing Buffer A [20 mM N-2-
hydroxyethlpiperazine-N’-2-ethane sulphonic acid monosodium salt (HEPES), 150
mM NaCl, 1% v/v Triton X-100, 1% w/v Sodium deoxycholate, 0.1% Sodium
dodecyl sulfate, (SDS), 10% glycerol, 1.5mM MgCl, 1 mM Ethyl glycol-bis(2-
aminoethylether)-N,N,N’ N’-tetraacetic acid (EGTA), 1 mM Na3;VO,;, 10 mM Na
pyrophosphate, 100mM NaF, 10 upg/ml leupeptin, 100 U aprotinin, 1 mM
Phenylmethyl sulphonylfluoride (PMSF), pH 7.4]. For analysis of cell extracts, equal
amounts of labelled protein were included based on cpm measurements. In an attempt
to reduce non-specific binding cell extracts were pre-adsorbed with G Sepharose
(Amersham Pharmacia) (described in Section 2.6.1).

The recovered supernatants were divided into four aliquots, which underwent
immunoprecipitation (IP) with 1 pg of anti-TG6L, anti-TG7 and anti-TG2 (CUB7402,
Neomarkers) antibodies. In addition, an anti-pan cytokeratin (Sigma) was included
with the Ntert extract as a positive control and finally a non-specific immunoglobulin
(Ig) was incubated with both suspended and adherent fibroblast cultures as a negative
control. Ig complexes were precipitated by incubation with G-Sepharose and retrieved
by boiling in a loading buffer containing sodium dodecyl sulfate (SDS). Proteins were
separated by SDS-polyacrlyamide gel electrophoresis (PAGE) and analysed using
fluorography (described in Section 2.6.3).
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Results clearly indicated that protein levels were insufficient for detection

B

(data not shown). A faini band of ~ 45 kDa was visible in the anti-TG7 precipitate

from Ntert keratinocyte extract. However, there was no additional band corresponding

~ 1 hf '

to the intact TG7 enzyme. Unexpectedly, there were also no results obtained with
either the anti-pan cytokeratin or the anti-TG2 antibodies.

Since this method had been used previously in our laboratory to precipitate
TG2 from HCA2 extracts this negative result raised some concerns regarding the

xperiment. A cold repeat of the TGZ IP from spread fibroblasts (seeded onto type !

o0

collagen) was carried out {Fig. 1). Immunoblotting (described in Section 2.1.2)

revealed that this IP method successfully precipitated the TG2 enzyme. Three bands
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Fig. 1 Assessment of immunoprecipitation methodology: Because of restrictions within the
designated radioactivity area an alteration to the original protocol was necessary. The mechanical

desigr p Y
mixing of the antibody with cell extract over night at 4 °C was not possible. Consequently a cold repeat
using i pg monoclonal anti-TGZ and 500 pg HCAZ2 extract was set up with these two methods with the

exclusion or inclusion of mechanical mlxmg (lanes 1-2 and 3-4 respectively). Samples included the
unbound supernatant proteins (lanes | and 3) and bound proteins retrieved by boiling in loading buffer
(lanes 2 and 4). Immunodetection was carried out with the same monoclonal TG2 antibody and a HRP
conjugaied anti-mouse secondary. Full-length TG2 is indicated with an arrowhead, antibody chains are

designated H (heavy) and L (ligit).
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4.2.1.1 Anti-transglutaminase 2 precipitates greater quantities of vimentin from
HCA_? fibroblasts that have undergone spreading

Since the protein precipitation method was found to be satisfactory, the step
was taken to increase the amount of labelled protein included in repeat experiments by
3-fold, (i.e. 1.05 x 10° cpm/IP). Despite pre-adsorption with G Sepharose, this
produced high background levels (Fig. 2a). Although TG IPs from the HCA2
fibroblasts cultured in suspension produced more intense bands than the non-specific
Ig control, the film was overexposed, making it difficult to discern differences
between samples. It was observed that a protein calculated to be ~60 kDa in size
produced a band of greater intensity in the TG2 IP from spread HCA2 cells, compared
to other IPs from the same extract or the TG2 IP from the other two cell extracts.

To confirm this, the gel was exposed to a phosphor screen (Amersham
Pharmacia) for 48 h at room temperature (RT) before analysis using the Typhoon
9400 variable mode imager system (Amersham Pharmacia). This shortened exposure
successfully reduced background levels and corroborated an increased level of the
60 kDa protein precipitated with anti-TG2 from spread HCA?2 fibroblast extract (Fig.
2b). No specific bands could be identified in the anti-TG6 and anti-TG7 precipitates.

The 60 kDa band from the TG2 IP was excised from SDS-PAGE gel stained
with Coomassie Brilliant Blue R-250 and underwent Matrix-Assisted Laser
Desorption lonisation/ Mass Spectrometry (MALDI/MS) analysis (work performed
by M. Morton, University of Wales Cardiff). The protein was identified as vimentin
with a Mowse score of 228 (Appendix 2). It has been demonstrated in primary murine
fibroblasts that TG2 binds an antigen within with intermediate filaments that
colocalises with vimentin (Trejo-Skalli et al., 1995). This is also true of TG5 in
transfected NHEK keratinocytes (Candi et al., 2001). In vitro experiments have
confirmed the suitability of vimentin as a TG2 substrate (Clement et al., 1998). This
does, however, raise the question of how the alteration in culture conditions would
affect the binding of TG2. The ‘catch-all’ approach of the extraction buffer excludes
protein translocalisation and the 1 h incubation makes significant protein upregulation
unlikely. This would suggest a possible role for the removal of a competing substrate
or post-translational modification, since it has been observed that the TG-reactive
sites of vimentin fall within regions prone to phosphorylation (Clement ef al., 1998).
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Fig. 2 Immunoprecipitations of TG-pretein complexes frem fibroblast and keratinocyie cell lines:
HCA?2 fibroblasis and Nteri keratinocytes were metabolically labelled over a period of 24 h in the

presence of 10 pci/ml Redivue pro-mix. This was followed by 24 h chasing in serum-free culture

conditions. Subsequently fibroblasis were subcultured, half undergoing 1 h culture in suspensien (SUS)
: 5%

and the remainder allowed to adhere and spread on type I cellagen-coated plates (SP). S labelled

o

proteins were extracted in Buffer A and cell extracts producing 1.05 x 10 cpm were
immunoprecipitated with 1 pg monoclonal anti-TG2 (2), anti-TGSL (6) or anti-TG7 (7). Anti-pan
cytokeratin (K) and HRP conjugated anti-goat (non-specific Ig) (G) were included as controls.
Antibody-protein complexes were bound by 5C pl G Sepharose. Following retrieval by beiling in an

equal volume of SDS-containing loading buffer 15 ul aliguots were resolved across 4-20% Tris-
Glycine gels.

(a) Exposure to Kodak film following treatment with the chemical fluor sodium salicylate (1 week

80°C) (b) Exposure to Kodak phosphor screen (48 h RT) (c) Coomassie Brilliant Blue R-250 detection
of proteins. The protein band excised from the ge! and identified by MALDI/MS analysis as vimentin
is marked by an arrowhead.
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The TG2 IP from the two HCA2 cultures were repeated with 8§00 ug
unlabelled celi extract and the inclusion of non-specific Ig IPs as a control. Untreated
cell extracts of suspended and spread HCA2 ceils were included in the SDS-PAGE
analysis to identify any alteration of vimentin levels induced by cell-matrix

interactions. Immunoblotting with anti-vimentin antibedy (Sigma) (Fig. 3) revealed

there was a slight increase in vimentin levels following 1 h spreading on type I
coll-‘gen-‘-oated plate Ullfuﬁuxlately he resolution of proteins on SDS PAGE

raised in mouse). It was evident that the non-specific Ig control also precipitated

vimentin from HCA2 fibroblasts, although to a lesser extent. The ievels of vimentin

detected in the negative control IP from HCA?2 cells does support the suggestion that
vimentin is upregulated during fibroblast spreading on type I collagen. Conversely,
this structural protein may be actively broken down in the non-adhered fibroblasts
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= S
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Fig. 3 Vimentin levels increase dl_l l‘g fibroblast spreading: 800 ug extractions of HCA2 fibroblasts
cultured in suspension (lane 1 and 2) and on type I collagen coated plates (lane 3 and 4) were
immunoprecipitated with 1 ug monoclnndl anti-TG2 (lane 1 and 3) or HRP conjugate anti-mouse as 2
non-specific Ig (lane 2 and 4). Precipitaied proteins were detected by immuncblotti lg with anti-
vimentin. The band correspo! _,dm" to vimentin is marked with an arrowhead, an tbo chains are
designated H (heavy) and L (light). 10 pg untreated cell extracts of fibroblasts cultured in suspension
and on type I collagen coated plates were included io detect alterations in vimentin levels with culture

e -

conditions (lane 5 and 6).
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4.2.2 Protein binding of transglutaminase C-terminal B-barrel domains

The following experiments u

st -~ P

BL21 E.coli with an N-termina

-barrels doemains and

6 (long form) and 7, these proteins included the two C-terminal

=

start in the loop connecting these domains to the catalytic core. In the case of TG2, the

full-length enzyme was cxpressed. These recombinant proteins were immobilised
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S 1 tag using & pa

onto unpacked glutathione-linked Sepharcse via the N-terminal
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]

purification method (described in Section 2.6.2). This experimental approach had the
advantage of specifically analysing the role of the P-barrel domains in protein

interactions and also allowed the use of TG concentrations far in excess of those in

vivo.
TG Amino acids Complete domains | Size of fusion
incorporated pann_ed protein / kDa
2 1-686 1-4 103
5 462-719 3-4 55
6 475-706 3-4 53
7 452-710 34 55
Table 2. Summary of TG fusion proteins included in binding studies
i 35 1 a Py il
An initial study was performed with *~S-Cys/Met labelled cell extracts from

HCA?2 fibroblasts and Ntert keratinocytes grown to 80 % confluency on tissue culture
grade plastic. Cellular proteins were extracted in Buffer A {described in section 4.2.1)

do~

and normalised to include a total **S count of 3.5 x 10° per minute, with each 50 pl

£ 1 C

aliquot of TG coupled Sepharose. To reduce non-specific binding, cell extracts were

W
pre-incubated with Sepharose-immobilised GST alone (described in Section 2.6.2).

For each cell extract duplicate samples of the full-length TG2-Sepharose was set up in

reirieved from the TG-Sepharose matrices were resolved by SDS-PAGE analysis and

subjected to fluorography as described previously (Fig. 4).
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Examination of crude HCA2 extract and its supernatant following incubation
with the GST tag-Sepharose matrix, demonstrated the success of protein labelling and
the low levels of non-specific binding. With regards to protein-retrieval by the TG
fusion proteins, a predominant band calculated to be ~40 kDa was observed in HCA2
fibroblast samples (Fig. 4). It was present in the greatest quantity in the eluant from
the TG7 column and absent from that of TG6. In fact, immobilised TG6 did not bind
any proteins at detectable levels. It was also noted that the presence of 1 mM GTP did
not alter the binding of this unidentified protein to the TG2 column, suggesting the
conformation conferring cross-linking activity is not required for this interaction.
Protein-capture from the Ntert extract produced two bands, the first estimated to be
55 kDa and the second 45 kDa (fig. 4). Again TG6 demonstrated much lower levels of
binding and the inclusion of GTP with TG2 had no effect. The levels of proteins
retrieved from the TG7 column were comparable to those from the TG5 column.
Significantly TGS is the isoform that shares the highest level of homology with TG7.

It was observed that the four different TG enzymes did not produce significantly

different profiles of protein binding, as might be expected if the B-barrel domains are

involved in substrate selection.
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A opl o s

‘ig. 4 Selection of TG-binding proieins from ~ S labelled ¢

barrels. 500 pg BL21 extracts containing TG B- barrel domain
length enzyme TGZ (2) were immobilised on 50 pl glutat‘uone—lmkca Sephmoee TG2 was set up in
duplicaie io test ihe effeci of GTP binding.

HCA?2 fibroblast and Ntert keratinocytes were metabolically labelled over a pericd of 24 h in the
presence of 19 uCi/ml Redivue pro-mix. This was foliowed by 24 h chasing in serum-free culture
conditions. Protein solutions producing 3.5 x 10° cpm were incubated with each 50 ul aliquot of TG-
conjugated Sepharose. Foliowing extensive washing, proteins were retrieved by boiling in an equal
volume of loading buffer and 15 pl resolved across 4-20% Tris-Glycine gels. Proteins were detected by
exposure to a Kodak Biomax film 1 week at -80°C following incubation with 1 M sodium salicylate
fluor. A sample of crude HCA2 extract (E) and the supernatant retrieved following incubation with
Sepharose coupled to the GST tag only (T) were included as a measure of binding specificity.

Two predominant proteins were detected; a 42 kDa from HCAZ extract {s0lid arrowhead) and a 45 kDa

band from Ntert samples (hollow arrowhead). In addition to this a 55 kDa protein was also retrieved

from keraiinocyte exiracis (*).
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4.2.2.1 Identifying B-actin as a possible transglutaminase-binding protein

The next step was to identify proteins of interest by MALDI/MS analysis.
Consequently the initial experiment was repeated with unlabelled cell extracts using
TG5 and TG7 columns in conjunction with Ntert and HCA2 extracts respectively
(Fig. 5). The selection of these combinations was based on previous results, in an
attempt to maximise protein-capture. In each case a column coupled to the GST tag
in isolation was included as a negative control. Eluted proteins were resolved using
SDS-PAGE and visualised by Coomassie Brilliant Blue R-250 staining. Protein
capture from Ntert keratinocyte extract did isolate a protein of the anticipated size,
which was excised and identified as B-actin (Mowse score of 94, Appendix 2). This
structural protein has a mass of 42 kDa, which is consistent with the estimate from
SDS-PAGE analysis. There is prior evidence that actin can act as a glutamyl substrate
for TG2 in leukaemia cells undergoing apoptosis (Nemes et al., 1997). It is therefore
plausible that it could interact with other TG isoforms. Since the 55 kDa protein
detected in the initial experiment resolved within the same region of the gel as the TG
fusion proteins it was not possible to isolate it by this method.

Binding of proteins from HCA2 extract met with limited success, although, a
band of 42 kDa was excised, MALDI/MS analysis indicated that a mixture of proteins
had been retrieved. Due to time constraints, work now focused on confirming or

disproving the interactions of TGs with actin.
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Fig. S Isolation of TG P barrel-binding preteins for identification by mass spectroscopy: 1.5 mg

Lo+

urilabelled Niert/HCA2 proiein extract was incubated with 5C ul Sepharose bound recombinant TGS
(5) or TG7 (7) respectively. c,adl ell extract was also incubated with Sepharose bound GST tag as a
niegative control (T). Bound protein was retrieved by boiling in 8 M urea. Samples were concentrated
by ethanol precipitation prior to resolution through a 4-20% Tris-Glycine gel. Proteins were visualised
with Coomassie Briiliant Biue R-250 siaining and the bands excised for MALDIMS analysis are
marked by solid arrowheads. The GST tagged TG beta barrels are marked by hollow arrowheads.

e protein isolated from Ntert extract incubated with Sepharose bound TGS was identified as actin.

carried out using uniabelled HCA2 and Ntert extracts. The “GST only” column was
included as a separate sample instead of a pre-incubation step. Captured proteins were
immunoblotted with anti-actin (Sigma, raised against a C-terminal peptide sequence).
Positive results were obtained with the TGS and 7 fusion proteins following
incubation with fibroblast or keratinocyte extracts (Fig. 6a). In each case three bands
were evident, of which, one was estimaied to be 45 kDa in size identifying it as full-
length (3-actin. However, the identity of the two additional proteins is unclear. The
la

M; of ~36 kDa and may be a cleaved form of actin termed fractin. This fragment is

rger 65 kDa band is most likely a cross-linked form of actin. The lower band has a

)
1-1

thought to be present in cells undergoing apoptosis { Yang ef al., 1998).
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It is interesting to note that the full-length form of actin produced the weakest
@

detection of the °”S labelled proteins in previous experiments support this ratio. It may

Pt

be that this difference is the result of the antibody affinity rather than relative proten
TG2 substrate (Nemes et al., 199

quantities. The previous identification of actin as a

render the negative result obtained from the TG2 column unexpected. To ensure the

was stripped and re-probed with anti-GST (Fig. 6b). The results revea

with the TG2Z immobilisation on the Sepharose column, with virtually undetectabie
levels. There were also multiple proteins detected in the GST control between 50 and

a in size, which did not produce distinct bands. The reason for this is unclear,

o
N
6

but this blot did confirm that levels of recombinant TGS, 6 and 7 immobilised on the

Sepharose matrix were equal.

Cell extract Ntert HCA2
a CH p— — ‘— 66 — ! — . i
A < AR
<5 = k. anti-actin
I o s — 304
Bigrels e Gl RS T A
ImMGTP - + - - = = e T L )
: — 66
> eSp—
. . e anti-GST
D> - .* —30
Pihasrel 102 12r &% Ve DacnkRR
ImMGTP = + = =~ =

Fig. 6 Sepharose-bound TGS and TG7 B-barrel domains are capable of binding endogenous
actin: Immobilised recombinant TG proteins (2, 5, 6 and 7) were incubated with 500 ug cell extracts,
TG2 was set up in duplicate to assess the affect of GTP binding and Sepharose bound GST tag was
mcluded as a control (T). Recovered proieins underwent immunoblofting with anti-actin (a). Three
bands were deiected, a 45 kDDa protein thought io correspond with full-length actin (A), a 37 kDa
gment which may be the f'lpaved form of actin known as fractin (F). In addition a larger 6‘ kDa
band was deiecied which may represent a cross-linked form of actin (C). ( ) T
recombinant TGs were equal, the blot including samples isolated from HC elis was
anti—GST. Fusion proteins and the GST tag are indicated as solid and hollow

5’
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To confirm the interaction of the TG enzymes with actin is direct and not the
result of a protein complex, the step was taken to reverse the solid and liquid phases
of previous experiments. High sequence conservation of actin is apparent between
species and its three isoforms, o (skeletal, cardiac, smooth), B (non-muscle) and y
(smooth muscle and non-muscle). Since actin isolated from rabbit skeletal muscle
(Sigma) shares 93% sequence homology with human B-actin, it was deemed
acceptable to include this protein in further studies. 1 mg of actin was coupled to a 1
ml column of CNBr-activated Sepharose (described in Section 2.6.4.1). Due to
concerns over low TG concentrations in cell extracts, the recombinant TG enzymes 5
and 7 were loaded onto the affinity column (800 pg). Bound proteins were eluted in
3 M KSCN following extensive washing and analysed by Western blotting. GST
tagged TG6 was included as a negative control, since actin had not bound this isoform
in previous experiments. In order to establish a level of quantification,
immunoblotting of protein elutions from the column were performed with anti-GST
(Fig. 7a).

It was demonstrated that TGS, 6 and 7 were each capable of binding actin.
However a comparison of band intensities suggested TG 5 and 7 bound the actin-
column more efficiently. The binding of TG6 B-barrels contrasted with previous
experiments and the presence of cleaved GST tag also raised some uncertainty over
the specificity of binding interactions.

In an attempt to assess the extent of protein binding to the actin column,
Coomassie Brilliant Blue R-250 detection of residual proteins within the Tris-Glycine
gel was carried out (Fig. 7b). Evidently protein transfer was uneven making
comparison between samples with the GST blot unrealistic and significant quantities
of a protein with a size corresponding to that of the TG6 fusion protein remained in
the gel. It was also apparent that the cleaved GST tag was virtually undetectable with
Coomassie Brilliant Blue R-250 detection. This would suggest a higher transfer
efficiency than the fusion protein may be accountable for the comparatively high
levels detected or reflects the previous finding (Chapter 3) that the anti-GST antibody
has a higher affinity for the unfused tag. However if the ratios of protein remaining in
the gel is representative of that transferred, the TG fusion proteins are the

predominant protein bound to the column.
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As a consequence of the TG6 sample producing a positive result, this
experiment lacked an adequate negative control. Ideally an unconjugated and blocked

Sepharose column should have been included to ascertain whether this binding was

3

the result of interaction with actin or due to non-specific adsorption. It is possible that

the immobilisation of TG6 to Sepharose produced conformational changes or steric
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cupled actin binds TGS, 6 and 7 fusion proteins: 1 mg actin sourced from rabbit
y linked to CNBr activated Sepharose and used to select TGS5, 6 and 7 from BL21
cluded as a negative control in greement with previous experiments. To establish

ext

a level o ’il’C’t'O" immunoblotting was carried out with anti-GST (a). The fusion protein and
GST tag are designated solid and hollow arrowheads respectively. Untransferred proteins remaining in
the gel following blotiing were detecied by Coomassie Brilliant Blue R-250 sizining (b).
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4.3 Conclusions and future work

Previous work has identified vimentin as a substrate of TG2 (Clement et al.,
1998) and initial IP experiments would seem to confirm this. However, non-specific
binding identified from negative controls has restricted the reliability of this data.
What has become evident is that the levels of vimentin, an intermediate filament
component, increase in the 1 h period following fibroblast spreading on type I
collagen, a finding that has not been discussed in the literature to date.

The binding abilities of recombinant TG B-barrels in vitro do not provide
strong evidence for their involvement in the selection of substrates. Despite varying
levels of protein retrieval, similar profiles were observed with each isoform. This may
also indicate that the assay used has low sensitivity, since actin is present in
abundance. Endogenous B-actin obtained from fibroblast and keratinocyte cell
extracts was shown to bind Sepharose-immobilised TG5 and TG7 fusion proteins.
However, it was then demonstrated that Sepharose-linked actin, obtained from rabbit
muscle, was capable of binding TG 5, 6 and 7 fusion proteins.

It should be noted that data obtained using this experimental approach are
limited to the protein interactions of the TG B-barrels. Although these experiments
allowed the involvement of these domains in protein selection to be assessed, any
interactions relying on residues outside this region would not have been detected.
These interactions may provide a good indication of potential substrates, but
confirmation would require further analysis. Another point to consider is that,
although, the GST-tagged P-barrels would be expected to assume their native
conformations, it has not been possible to confirm this prior to these studies.

Future studies should aim to work with TG enzymes in their native
conformation. One avenue of investigation would be to generate high-level
constitutive expression of TGs from mammalian cells by transfection. Extracts of
such cells could be included in further IP studies, targeting either TG or actin,
dependent on the efficacy of available antibody stocks. There would also be value in
establishing colocalisation studies of actin and the various TG isoforms. Although this
would not provide direct evidence of binding it may substantiate associations in vivo.
To further elucidate the possible function of any such protein interactions it would be
pertinent to establish whether these TG isoforms are capable of cross-linking actin.
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Although, there is increasing evidence for structural roles of TGs (Lorand and
Conrad, 1984; Akimov et al., 2000; Balklava et al., 2002), TG2 has been reported to
cross-link actin in the later stages of apoptosis (Nemes et al., 1997). The exact
function of this activity is unclear, but it may provide a stabilising effect and prevent
“leaking™ of cellular components into the surrounding matrix. To date, TG2 is the
only isoform with an established function in apoptosis.
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Chapter 5:

Identifying a possible role for transglutaminase enzymes in
corneocyte maturation

5.1 Introduction

The destruction of organelles observed to accompany keratinocyte terminal
differentiation has often led to the resulting corneocytes being viewed as “dead cells”.
Despite cell metabolism apparently being restricted to catabolic activity, research over
the last decade has indicated that following transition to the stratum corneum,
corneocytes continue to mature. This produces two morphologically distinct
populations. The first of these are irregularly shaped with a ruffled surface whilst the
second are significantly larger (Watkinson ef al, 2001) demonstrating a more
uniform, polygonal shape with a smooth surface (Michel et al., 1988). Based on these
observations these envelopes were termed fragile (CEf) and rigid (CEr) respectively.
Later micromanipulation studies confirmed this was no misnomer, with CEr resisting
maximal compression forces 6-fold greater than CEf (Watkinson ef al., 2001).

Previous studies have developed depth profiles of human stratum corneum,
generated by successive tape stripping. This method allows adhered corneocytes to be
harvested in discrete layers. Analysis of such profiles has established that the ratio of
rigid to fragile CE increases towards the skins surface prior to desquamation (Michel
et al., 1988; Watkinson et al., 2001). It was also observed that the number of
desmosomes in corneocyte structures is reduced in the rigid envelopes (Long and
Rogers, 1996). It has been hypothesised that CEr represents a more mature form of
corneocyte and the ratio of CEr:CEf may impact on the efficacy of the skin barrier
through effects on inherent mechanical strength, desquamation and the alignment of
lipid lamellae via covalently bound lipids (CBLs). Marks and Barton (1983) have
reported that increases in corneocyte surface area, is accompanied by a reduction in
transepidermal water loss. Indeed, defective CE maturation is evident in certain
hyperkeratic skin disorders including lamella ichthyosis (LI) and psorasis (Michel and
Juhlin, 1990). Studies have reported the retention of the CEf morphology and in the
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latter case a corresponding reduction in cell size (Marks and Barton, 1983). It has
been observed that the percentage of CEr also alters with body site, those residing in
environmentally exposed regions (e.g. hand and cheek) demonstrate lower numbers of
CEr correlating with an increased rate of proliferation (Watkinson et al., 2001). The
extent to which exposure is accountable for these differences has not been established
since the CE composition also varies between body sites (Reichert ef al., 1993).

Comparison of the molecular composition of fragile and rigid CEs following
cyanogen bromide cleavage and resolution by SDS-PAGE has reported no striking
differences (Michel et al., 1988). Therefore it is possible that additional cross-links
could account for the morphological change and increased mechanical strength. The
predominant cross-links found within the CE are y-glutamyl-g-lysine (Rice and Green,
1977) and y-glutamyl-polyamine isopeptide bonds (Piacentini et al., 1988; Martinet et
al., 1990). The formation of both these cross-links is known to be catalysed by TG
enzymes. To date TG 1, 3 and 5 have identified functions in CE formation and
envelope precursors, such as loricrin, have been demonstrated to provide an efficient
substrate to these enzymes in vitro (Candi et al., 1995; 2001). It is therefore,
reasonable to hypothesise that the action of these enzymes could continue within the
stratum corneum. Depth profiles analysing the degree of y-glutamyl-e-lysine cross-
linking transversing the stratum corneum were established from extensive protease
digests and subsequent separation of fragments using high performance liquid
chromatography (Watkinson et al., 2001). These studies reported an increased number
of isopeptide bonds towards the surface layers, correlating with the morphological
changes. Using this method of tape stripping, reduced TG activity has also been
linked to defective CE maturation observed with soap-induced “dry” skin. In these
studies, three pools of TG activity (buffer soluble, detergent soluble and particulate)
were analysed and found to decrease in conjunction with a reduced percentage of CEr
upon soap treatment of skin (Long and Rogers, 1996). The greatest change as
compared to the control sample was produced in the detergent-soluble pool, predicted
to associate with the CBLs and speculated to be TG1.
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Together these results strongly support the hypothesis that TGs are involved in
corneocyte maturation within the stratum corneum and therefore impact on the
integrity of the skin barrier. Interestingly the skin conditions psoriasis and LI, which
have demonstrated reduced CEr numbers or complete absence of the CE structure, are
accompanied by alterations in TG expression. In the case of psorasis, a chronic
inflammatory dermatosis that develops in genetically predisposed individuals, a
downregulation of TG3 has been reported (Candi et al., 2002). In contrast LI, an
autosomal recessive congenital disorder of keratinisation, can be accompanied by the
loss of TG1 expression (Huber et al., 1995; Parmentier et al., 1995; Russell et al.,
1995; Candi et al., 2002). If the enzyme or group of enzymes involved with CE
maturation can be identified it would provide a target for future therapeutic
intervention, attempting to improve skin barrier formation. This chapter discusses
experiments carried out to identify candidate TG enzymes for this function by
analysis of transcriptional or translational variations during CE maturation in human
skin.
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5.2 Results

5.2.1 Quantitative analysis of TG1 and 2 expression in human epidermis

A powerful tool for producing quantitative data on gene expression is real-
time polymerase chain reaction (PCR). An established TG assay would elucidate
comparative enzyme expression occurring within the population and alteration with
abnormal skin homeostasis. Work has already been carried out in our laboratory to
design primers and corresponding probes for TG1 and 2, including optimisation of
relative concentrations (work carried out by Mrs. P. Aeschlimann, University of
Wales, Cardiff). Attempts were made to quantify the expression of these enzymes
from five individuals (described in Section 2.7.2). The method of sample collection
employed has been termed “skin abrasion” and was developed at Unilever, Colworth.
It allows the full-depth of epidermal tissue to be harvested without contamination by
dermal tissue (unpublished data) and is less invasive than punch-biopsy. Total RNA
extractions from five individuals were provided by Dr. R. Ginger (Unilever,
Colworth) and it was decided that normalisation would be carried out prior to reverse
transcription. Total RNA concentrations of up to 50 ng (pooled from 10 abrasion
samples) underwent two cycles of reverse transcription with oligo dT primers and 1 pl
of the cDNA generated was included in subsequent assays. Nuclease free water
provided a negative control for each assay (no template control, NTC) and plasmid
constructs containing the target sequences were serial diluted to generate a standard
curve (5 fg- 50 pg). Ribosomal protein S26 (RP-S26) was selected as an appropriate
housekeeping gene (Wagener ef al., 2001).

Signals detected from the sample groups in both the TG1 and TG2 assay were
found to be outside the lower range of the corresponding standard curve (Appendix
3). It was concluded it would be impractical to obtain sufficient RNA levels using this
method.

In parallel to these studies, experiments to analyse alterations in TG protein
levels within human stratum corneum were also established. This was considered
advantageous since upregulation of TG expression may not be substantiated at the
protein level. A proteomic approach would also provide more data concerning
potential TG activity. A number of the TG enzymes demonstrate regulation of activity

with cleavage and this would not be encompassed with molecular analysis.
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5.2.2 Corneocytes from the surface layers of the stratum corneum demonstrate a more
uniform incorporation of cadaverine.

Tissue specimens were obtained with the approval of Colworth’s Research Ethics
committee and informed consent from company employees.

The following experiments were set up to confirm increased TG activity in the
surface layers of the stratum corneum by incorporation of the texas red conjugated
cadaverine, a TG substrate containing primary amine groups (described in Section
2.8.1). Samples were acquired by adhesion of a glass slide to the lower region of the
volar (inner) forearm with cyanoacrylate and subsequent removal of the glass slide.
This led to the retention of the top layers of corneocytes for analysis. This process was
succeeded by a series of 8 tape strips prior to harvesting a second sample. Work
carried out by Dr R. Ginger (Unilever, Colworth) has estimated ~ 1 layer of
corneocytes is removed with each tape strip (unpublished data). This would localise
the second corneocyte sample to approximately half the depth of the stratum corneum.
Attempts were made to take a full depth sample following a further 8 tape strips,
however, the sample quality obtained was poor and was not included in the
experiment. Corneocyte samples were incubated with a reaction mixture comprising
of, 50 mM Tris-HCI (pH 8), 150 mM NaCl and 9 uM texas red labelled cadaverine.
Cadaverine incorporation was allowed to continue in a humidity chamber for 1 h at
37°C before sample analysis by microscopy. Analysis of the surface corneocyte layers
demonstrated a uniform staining pattern (Fig. 1a). In contrast analysis of the half-
depth sample revealed the majority of the staining localised to the corneocyte
periphery (Fig. 1b). Previous studies have demonstrated an increased number of y-
glutamyl-e-lysine isopeptide bonds in the more superficial layers of the stratum
corneum (Watkinson et al., 2001). A second sample of surface corneocytes was
incubated with a labelling mixture supplemented with 20 mM cystamine. The
resulting reduction in the fluorescence levels confirmed the enzyme activity
responsible for cross-linking the cadaverine substrate relied on the availability of a
thiol group, as is the case for TGs (Fig. 1c¢).
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Fig. 1. Incorporation of the TG substrate cadaverine (iexas red !abel!e«j‘, inio humap cornified
envelepes is increased in the surface layers cf the stratum CUrueum d is inhibited by cystamine:
Ex vivo samples of human stratum corneum were harvested on glass 11de° from the ourﬁ:.ce layers (a)
and at half depth (b). Samples were incubated ir a humidity cnambe for 1 h at 37°C in a reaction
mixture containing texas red labelled cadaverine (9 uM). Following extensive washing, the extent of
cadaverine incorporation was assessed by fluorescence microscopy. A second sample of surface
corneocytes included 20 mM cystamine in the reaction mixture (c). The reduction in staining indicates
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5.2.3 Generation of human stratum corneum depth profile

Tissue specimens were obtained with the approval of Colworth’s Research Ethics
committee and informed consent from company employees.

Corneocytes were removed (~ 1 cell layer) using strips of Sellotape within
four marked regions of the lower volar forearm (Fig. 2a). A series of four successive
layers were pooled as follows 1-4 (surface layers), 5-8, 9-12 and 16-20 (deepest
layers). The latter group could not be obtained from some individuals due to a natural
variation in stratum corneum depth, which ranges from 12-20 layers. Once collected
by dissolving the adhesive in hexane, corneocytes were dried and protein extraction
carried out in 50 mM Tris-HCI (pH 8) containing 9 M urea, 2 % SDS, 2 mM EDTA
and supplemented with protease inhibitors (described in Section 2.8.2). These
conditions aimed to retrieve any soluble proteins from the highly cross-linked CE and
were carried out for 1 h at 60°C. The insoluble protein fraction of the CE was cleared
by centrifugation (14000 x g, 5 min), which proved to be a key step in achieving equal
loading (5 pg) of samples in a reproducible manner. Proteins were separated by SDS-
PAGE, transferred to nitrocellulose membranes and subjected to immunolabelling
with various TG-specific antibodies (described in Section 2.1.2). Confirmation of
comparative protein levels was established by immunolabelling with anti-pan
cytokeratin (anti-Pck) antibodies (Sigma, targets keratins 4-6, 8, 10, 13 and 18). For
control purposes, Western blots included 5 pug extracts from HCA2 fibroblasts stably
transfected with sense RNA of TG2 (as discussed in Chapter 3) or TG5 (also
generated in our laboratory). Dermal fibroblasts have also been demonstrated to
express TG1 but not TG3 (Stephens et al., 2004). To ensure the extraction of TGS,
which has proven highly insoluble (Candi et al., 2001) 2 % SDS was included in the
fibroblast extraction buffer.

The small volumes of cell extracts obtained from corneocytes provided limited
sample. The fact that the TG antibodies included in this study were largely raised in
different animals allowed the stripping and re-probing of these immunoblots (TG1, 6
and 7 — goat; TG2, pan cytokeratin — mouse and TG3, 4 and 5 — rabbit) (described in
Section 2.1.2.5). In the cases of those TGs detected with the same secondary antibody
differences in protein size and cleavage would allow identification of any carry over

resulting from incomplete stripping.
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5.2.3.1 Transglutaminase profiles across human stratum corneum

Detection with anti-TG4 (CovalAb), 6 and 7 (characterised in Chapter 3)
produced no positive results. Expression of the former has not been reported in skin
tissue, however TG6 and TG7 expression has been demonstrated in keratinocytes
within this thesis. Whether these results are the consequence of the absence of these
enzymes from the stratum corneum or their incorporation into the CE structure cannot .
be determined from these experiments in isolation.

Proteins were detected with anti-TG1, 2, 3 and 5 antibodies (Fig. 2b). The
native sizes of these enzymes are as follows; full-length TG1 is estimated to be
92 kDa, although, a 106 kDa protein has been detected with polyclonal antibodies
raised against a truncated form of the recombinant enzyme (Kim et al., 1995b). The
disparity in size is thought to be due to as yet unidentified protein modifications, and
it was these antibodies that were included in this study (a kind gift from Dr P.M.
Steinert, Laboratory of Skin Biology, Niams). Further to this TG1 undergoes cleavage
to produce 67 kDa (containing the catalytic domain), 33 kDa (C-terminal f-barrels)
and 10 kDa (N-terminal extension) fragments; these demonstrate increased activity
(Kim et al., 1995a). TG3 is also expressed as a virtually inactive proenzyme (77 kDa),
which undergoes cleavage within the flexible hinge connecting the catalytic core and
the first of the enzymes p-barrel domains. This generates a 50 kDa (containing the N-
terminus and active site) and 27 kDa (C-terminal p-barrels) fragment. This 50 kDa
fragment retains some cross-linking activity, however the two cleavage products
remain non-covalently associated (Kim et al., 1990). The resulting conformational
change in conjunction with the binding of two additional Ca®" ions renders the active
site accessible to substrates (Ahvazi et al., 2002, 2003). TGS is expressed as an active
80 kDa protein and the TG2 enzyme is ~ 80 kDa.

Anti-TG1 detection in the fibroblast extract (positive control) produced bands
estimated to be 116, 65, 42 and 32 kDa in size (calculated by their relative mobility in
comparison to marker proteins), with the 65 kDa band producing a comparatively
intense band (Fig. 2b). No 10 kDa cleavage product was detected, supporting previous
observations that this fragment is not recognised with these antibodies (Kim ef al.,
1995a). Extracts forming the depth profile revealed bands corresponding to full-length
TG1 and the 67 kDa cleavage product with additional bands at 60 and 42 kDa.
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Whether the two smaller fragments are the result of cleavage at additional sites is not
discernable from this data. Steinert ef al. (1996) have reported the
immunoprecipitation of a number of minor TG1 cleavage products from cell culture,
also the unstable nature of the TGl protein has been documented by groups
attempting to purify the enzyme (Thacher, 1989). No 33 kDa cleavage product was
observed in any of the depth profile samples and no change in TG1 protein levels was
evident. It has been established that the 67 kDa fragment of TG1 demonstrates a
specific activity 5-fold greater than that of the full-length enzyme but half of that
produced by the 67, 33 kDa complex (Kim ef al., 1995a). The expression of this TG
isoform is thought to account for the majority of TG protein levels throughout the
epidermis, but its expression has been reported to terminate in the transition zone
between the granular layer and stratum corneum (Yamada et al., 1997).

The monoclonal anti-TG2 antibody (CUB 7402, Neomarkers) also detected
multiple proteins (primarily 55 and 50 kDa in size), contrary to the expected 80 kDa
band, which was observed in the fibroblast extract (Fig. 2b). Previous studies have
demonstrated that the expression of this enzyme is limited to the basal cells of the
epidermis. Immunohistochemical staining with the monoclonal CUB 7402 is not
reported to produce staining within the stratum corneum (Haroon et al., 1999). 1t is
unlikely this well characterised monoclonal antibody would produce cross-reactivity.
This would suggest that TG2 is cleaved and becomes incorporated into the cornified
envelope where the epitope may be masked. Despite the fact CUB 7402 recognises a
sequence spanning part of the catalytic domain and the loop connecting the first B-
barrel domain, it is unlikely that this form would have transamidating activity. The
size of the fragment detected correlates with a combination of the enzymes catalytic
core and the first B-barrel domain. Deletion studies have identified that premature
termination in the latter virtually inactivates the transamidating activity of the enzyme
(Lai et al., 1996). However, this has not been established unambiguously, Hwang et
al. (1995) have reported that partial deletion of the C-terminal domain is not
accompanied by a reduction in cross-linking activity.

TG2 fragments have also been observed in vivo, but once again reports of the
activity of these cleavage products are contradictory. A 48 kDa TG2 fragment has
been retrieved from intestinal mucosa and lymphoid cells undergoing apoptosis. In the
latter case the fragment was produced by caspase-3 cleavage and was inactive (Fabbi
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et al., 1999). It was proposed that this was a protective mechanism to prevent the
intact enzyme being released into the surrounding tissues where high Ca®" levels
would convert it into a highly active conformation. In the former case the fragment
retained its transamidating activity, which proved to be Ca**-independent (Tsai ef al.,
1998). This fragment also demonstrated a 10-fold increase in its affinity for putrescine
and may selectively cross-link polyamines (putrescine, spermidine and spermine are
all present in the epidermis). Finally, this monoclonal antibody has been used to
elucidate changes in TG2 during wound healing in rats (Haroon et al., 1999). Western
blot analysis identified 55 and 50 kDa fragments, which were predicted to be inactive.

In the case of TGS, polyclonal antibodies generated against the enzymes [-
barrels were employed in depth profile analysis. As with TG2 no full-length form of
the enzyme was observed with the exception of the positive control (Fig. 2b, 79 and
72 kDa). Samples forming the depth profile produced multiple bands between 70 and
40 kDa.

What is apparent from the results discussed so far is that no significant
alterations in TG protein levels (normalised with keratin control) or molecular forms
were demonstrated across the stratum corneum. This provided no strong candidates
for catalysing the cross-linking reaction involved in the final stage of corneocyte
maturation. However, an interesting‘ result was obtained with the TG3 polyclonal
antibodies, raised against a recombinant form of the enzyme (a kind gift from Dr. N.
Smyth, University of Cologne). These immunblots detected three bands calculated to
be 72, 65 and 27 kDa in size (Fig. 2b). Whether the band with an apparent molecular
mass of 65 kDa corresponds to the 50 kDa cleavage product is not easy to establish
without a positive control. Purified TG3 was not available and TG3 is not expressed
at significant levels in cultured keratinocyte cell lines (Hitomi et al., 2001). This
immunoblot did, however, produce some evidence of continued zymogen breakdown
with corneocyte progression through the stratum corneum and increased levels of the
27 kDa fragment were observed in the more superficial pools (Fig. 2b).

Concerns were raised over the comparative staining patterns of TG1, 2 and 5
immunoblots with that of the cytokeratin control (Fig. 2b). In each case multiple
bands were observed within the range of 70-40 kDa. Despite the antibody distinction
with regard to the fibroblast control, cross-reactivity with keratins cannot be ruled out,

and with such keratin-rich samples it would be particularly evident.
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To allow for population variation, depth profiles were generated from the
physiologically normal skin of a further 6 individuals (males and females aged
between 20-40 years) for inclusion in this study. The resulting immunoblots did not
produce evidence of changes in TG1, 2 and 5 levels throughout the stratum corneum
with predominant bands remaining in the 50 kDa region (Fig. 3, data for TG2 and
TGS5 not shown). A blot of particular interest involved anti-TG1 depth profiles of
individuals F and G. In addition to extracts of fibroblasts overexpressing TG2 and
TGS, a urea extract of cultured Ntert keratinocytes and skin abrasion tissue (full depth
epidermis) were included. The latter two controls would contain high levels of
keratins as demonstrated by the anti-Pck blot, which produced a single 55 kDa band in
the keratinocyte extract and a doublet calculated to be 58 kDa in the skin abrasion
control. Faint bands in the corresponding samples were observed with the TG1
antibody. Since the anti-TG1 was used to probe the membrane first, the possibility of
carry-over can be discounted. It was also noted that the predominant proteins within
the depth profile samples did not align with fibroblast positive controls, consequently
further western blot analysis was suspended and a series of experiments were set up to

identify potential cross-reactivity (discussed in Sections 5.2.3.2-3).
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The group of anti-TG3 blots (Fig. 3) produced more varied results,
(summarised in Table. 1). The individuals designated B and E demonstrated an
increase in zymogen breakdown in the more superficial corneocyte layers. In contrast
individuals C, F and G produced an increase in all protein bands. This would seem to
contradict findings that organelles required for anabolic reactions are destroyed in the
terminally differentiating cells. Previously individual A had demonstrated a relatively
small change in zymogen levels but increased levels of the 27 kDa fragment were
evident in the surface layers (Fig. 2b), suggesting the full-length enzyme must be
replenished. It was observed that there was significant variation in TG3 levels and its
temporal increase between individuals. For example comparatively high levels were
evident in all layers of sample F, whilst sample G detected low levels of TG3 in layers
12-5 accompanied by a rapid increase in the four surface layers (1-4). There was also
an indication that the putative increased activation of TG3 is not essential for the
normal skin phenotype since individual D did not demonstrate any detectable
alterations in TG3 levels or the extent of zymogen cleavage. However, it should be
noted that no corresponding counts of CEf:CEr ratios were taken for these samples.
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Fig. 3 Alterations in TG3 cleavage in the surface corneocyte layers are confirmed in 5 out of 6 individuals: Anti-TG blots of human stratum corneum depth profiles
were expanded to incorporate a minimum sample group of six individuals. These studies inciuded male and female subjects aged between 20-40 years of age. Tape strips
were pooled into 3-4 groups depending on the thickness of the stratum corneum, layers 1-4 (lane 1), 5-8 (2), 9-12 (3) and 13-16 (4). 5 pg extracts from HCA2 fibroblasts
overexpressing TG2 (+2) or TG5 (+5) were included as controls. In addition to this, 8 M urea extracts of cultured Ntert keratinocytes (K) and epidermal skin abrasions (SA)
were included in some blots. Only anti-TG3 blots produced a detectable alteration in protein levels through the stratum corneum (with the exception of individual D) and
once again the 27 kDa fragment of the zymogen produces more intense staining in the surface layers of human skin. This is accompanied by decreased zymogen levels in the
case of individuals B and E. Estimated molecular masses are shown in blue.
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Individual Band Intensity Fragment
Layers Layers ayers Layers [kDa]
1-4 5-8 9-12 13-16
A 0.42 0.38 0.37 0.38 e
0.38 6.37 0.36 0.32 65
0.19 0.17 0.12 27
B 0.44 0.62 0.62 72
0.62 0.61 0.54 65
0.38 0.28 0.29 L
C 0.58 0.52 0.47 0.38 £l
0.61 0.46 0.35 0.37 65
0.26 0.24 0.20 0.20 27
D 0.25 0.26 0.26 0.25 1)
0.31 0.33 @31 0.35 65
0.39 0.43 0.43 )
E 0.20 0.20 0.18 12
0.57 .42 0.38 65
0.24 0.20 0.17 2%
F 0.65 0.63 0.58 72
0.64 0.63 0.57 65
0.44 0.37 0.32 5
G 0.44 0.35 0.35 72
0.56 0.5¢ 0.50 65
0.36 0.30 27

Table. 1 Summary of TG3 band intensities detected in forearm depth profiles of individuals A-G:
Readings of band intensities (estimated using Biorad Quantityl software, v 4.3.1) are shown as a ratio
against keratin immunoblots. A general increase in TG3 is demonstrated with corneocyte transition
through the stratum cornsum. A comresponding decrease in zymogen levels (72 kDa) is observed with
individual B and E (highlighted in red). No significant alterations in TG3 levels were observed with
sampies taken from individuai D {in blue}.

1PICS L

|
7



Novel Transglutaminases — A potential route to healthy skin

The apparent involvement of TG3 in the later stages of CE formation is
supported by a number of findings by previous groups. This includes its
downregulation in psoriatic skin (Candi ef al., 2002) and absence from cultured
keratinocytes, which retain the CEf morphology (Rice and Green, 1979; Reichert et
al., 1993). TG3 efficiently catalyses the cross-linking of loricrin in vitro (Candi et al.,
1995), and it is this protein that constitutes ~ 75 % of the CE recruiting in the later
stages of envelope formation (Hohl et al., 1991; Steinert and Marekov, 1995). A
proposed mechanism for CE formation, hypothesises the activity of TG1 incorporates
precursors into the envelope structure where the activity of TG3 further modifies
proteins (Candi et al., 1995). It would therefore be a logical progression that this

enzyme would continue to be involved in the process of maturation in normal skin.

5.2.3.2 Identifying pools of transglutaminase solubility

Up to this point the protein extraction process had been exhaustive, aiming to
solubilise any protein not covalently linked to the CE. The step was now taken to
include a stepwise extraction (described in Section 2.8.2), 1) including a Tris-HCI (pH
7) extraction containing protease inhibitors and 2) the same buffer supplemented with
1 % v/v Triton X-100. This method has the advantage of establishing pools of enzyme
solubility and removing the majority of keratins from the protein extract, thereby
negating any cross-reactivity with antibodies used. Samples from individuals B and C
were included in these Western blot studies. Corneocyte proteins were extracted in
each buffer under rotation for 1 h at 4°C to ensure exhaustive extraction. Equal protein
loading was established with 1.5 pg and 0.5 pg from the Tris and Tris/Triton X-100
buffers respectively. Detection with antibodies targeting TG1 and TG5 produced no
bands. Previous studies have demonstrated that TGS is highly insoluble, a property
attributed to its association with vimentin (Candi et al., 2001). In the case of TG1,
myristylation and palmitation within the N-terminal extension, ensures this enzyme is
largely membrane-associated prior to cornification (Phillips ef al., 1993; Steinert et
al., 1996a). The results of this thesis would suggest that no cytosolic or membrane

pools of TGl and TGS are present within the stratum corneum. However, it is
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possible the highly cross-linked CE structure may have rendered the extraction
process less efficient.

In contrast, TG3 was retrieved from both fractions (Fig. 4), and taking into
consideration the difference in protein loading the greatest concentration was obtained
from the Triton X-100 supplemented extract. A pattern of zymogen breakdown,
similar to that observed previously, was produced for both individuals. This was
particularly pronounced in the case of individual B, with virtually no detectable
zymogen observed in the uppermost layers. This supports previous findings that
detergent soluble protein pools demonstrate a greater increase in TG activity with cell
progression through the stratum corneum compared to physiological salt extracts and
insoluble fractions (Watkinson et al., 2001). While this has previously been attributed
to TG1, these results suggest that TG3 may significantly contribute to the detergent
soluble pool of TG activity in the stratum corneum. It was noted that the two larger
proteins (72 and 65 kDa) detected with the TG3 antibody demonstrated mirroring
changes in intensity. If indeed the smaller band represented a stable activation product
the band intensity would be expected to increase with zymogen cleavage.
Interestingly a protein fragment calculated to be 48 kDa produced a faint signal in the
two most superficial Tris extract pools (layers 1-4 and 5-8) of individual C. This may
correspond to the 50 kDa fragment, which contains the active site of the TG3 enzyme,
supporting the proposal that enzyme activation increases with progression through the
stratum corneum. Why this fragment was not observed in urea-containing extracts is
unclear, it may be the result of diluting effects of other proteins during loading. If this
is the correct identification of TG3 cleavage products it raises the question of which
TG3 domains form the 65 kDa protein. The absence of a molecular weight fragments
corresponding to further cleavage of the B-barrel domains (predicted sizes of ~20 kDa
and 7kDa) would suggest that cleavage of the zymogen may first occur within the N-
terminus to produce the 65 kDa fragment. If this were the case the resulting 7 kDa
fragment would not be expected to be recognised by this antibody (Kim et al., 1995a).

Concerning the putative TG2 fragments within the stratum corneum, a new
forearm depth profile was established for individual A. This included serial extraction
in Tris and Tris/Triton X-100 buffers, followed by further extraction with the
SDS/urea buffer used previously (2 pug loaded). The native enzyme is predominantly
localised to the cytosol (~ 80 %), although to a varying degree TG2 is also directed to
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the membrane, nucleus and is even externalised by an unknown mechanism.
Detection with the TG2 monoclonal antibody only identified 55 and 50kDa fragments
in the insoluble protein pool. Bands of similar molecular mass were detected with the
anti-Pck antibodies in this fraction, lending credence to the suggestion of keratin
cross-reactivity (Fig. 5). The decision was made to carry out 2D gel electrophoresis
for a more definitive result on whether cross-reacting antibodies were present in the
anti-TG1, anti-TG2 and anti-TGS5 sera or if indeed distinct fragments are present in

the insoluble fraction of corneocytes.
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5.2.3.3 Identification of keratin cross-reactivity by 2D analysis of anti-
transglutaminase 1, 2 and 5

Samples were harvested (10 successive tape strips) from the forearm region
used in previous depth profiles (individual A). Initial isoelectric focusing (IEF)
experiments (described in Section 2.8.3) were established across broad range pH gels
(pH 3-10). However, even with extended incubation times proteins remained largely
unresolved (Fig. 6a). It was found that immunoblots established with anti-TG2 and
anti-Pck antibodies could be overlaid. Since the majority of keratins have a calculated
PI of between 5.5 and 7.5, a smaller pH range (4-7) was now selected for the IEF step
in an attempt to improve protein resolution. This succeeded in producing sharper
bands (Fig. 6b, Coomassie Brilliant Blue R-250), however the streaking effect may
suggest protein over-loading (10 pg loaded). Two blots had been set-up by this
method and run in parallel before probing with anti-TG2 and anti-Pck (Fig. 6b, Blot A
and B). The staining for each demonstrated similar streaking and the two blots
partially aligned. Re-probing of the anti-TG2 blot with anti-Pck demonstrated these
blots could not be over-laid and as a consequence stripping and re-probing of the blots
was necessary. The result of this was that anti-TG2 and anti-Pck blots directly
aligned. Work continued and Blot A was re-probed with anti-TG1 followed by anti-
TGS5. 1t was found that the staining produced for both of these also aligned with the
anti-Pck blot, although discrete dots were produced. There were some concerns that
the anti-TGS5 blot was the consequence of incomplete stripping, however the signals
produced with anti-TG5 were actually detected at a lower exposure than that of TG1.
No additional proteins were detected corresponding to the TG enzymes (the 67 kDa of
TG1 has a predicted PI value of 5.2). These results seem to confirm cross-reactivity of
the three TG antibodies with keratins. This is particularly problematic for TGl
analysis, since the multiple bands obscure the region in which the active enzyme
fragment (67 kDa) resolves.
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5.2.3.3 Stratum corneum from different body sites demonstrate distinct

transglutaminase profiles

So far experiments have analysed samples obtained from the lower volar
forearm and as a point of comparison a new depth profile was generated from a more
exposed area of skin. Samples were obtained from the back of the hand of
individual A, thereby allowing comparison to earlier immunoblots. As has been
discussed previously, studies concerning corneocyte maturation at body sights more
prone to environmental damage, such as the hand or face, comprise of a higher ratio
of CEf. It has been proposed the comparatively low number of putative mature
corneocytes is the consequence of an increased rate of turnover. Since components of
the CE and keratin profiles vary to an extent between body sites, and the keratin
responsible for cross-reactivity remains unidentified, immunoblots were carried out
with TG1, TG3 and TGS antibodies normalised against the keratin control (Fig. 7).

As with previous blots, anti-TGS5 detection strongly mirrored that of the
keratins with no distinct change in levels across the stratum corneum (data not
shown). In the case of TG1 the multiple bands observed with samples obtained from
the forearm were no longer evident. Instead two distinct bands of 95 and 66 kDa are
recognised, the former most likely produced following the cleavage of the 10 kDa
membrane-associated region at the N-terminus of the enzyme. Previous studies have
observed up to a 10-fold increase in specific activity of TG1 with cleavage into three
fragments, as well as the propensity of the full-length enzyme to reduce the activity of
these products (Kim ef al, 1995a). No distinct alteration in protein levels was
observed and a putative role for TG1 in CE maturation largely depends on whether 1)
the 67 kDa fragment is present in the forearm stratum corneum but is masked by
keratin cross-reactivity and 2) if its activity is modulated by the 95 kDa fragment. If
TG1 is indeed absent from stratum corneum regions that demonstrate higher
proportions of mature corneocytes it is unlikely to have a role in the maturation
process. Conversely if the active 67 kDa fragment is present in forearm stratum
corneum as the predominant form it may yet have a function in CE maturation.

So far these studies have focused on the possible role of TG3 in corneocyte

maturation and once again this depth profile produced interesting results. In this case,
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although the levels of the 72 and 65 kDa proteins remain comparable, the highest
levels of the 27 kDa cleavage product were observed in the deepest layers of the
stratum corneum and a steady decrease was evident towards the skins surface (Fig. 7,
Blot A). This is in direct contrast with forearm depth profiles and was confirmed by a
repeat experiment (Fig. 7, Blot B). It may be that the 27 kDa cleavage product plays a
key role in the activity of TG3 through its interactions with the 50 kDa fragment and
subsequent augmentation of its activity. Samples from the hand epidermis of further
individuals would be required for confirmation of these TG profiles obtained from

hand epidermis and are not encompassed by these studies.
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5.3 Conclusions and Future work

The possibility of TG2 fragments being retained in suprabasal keratinocytes
has been investigated and discounted by these studies, attributing the protein detection
to an unexpected cross-reactivity with keratins. In fact, this would not be the first
documentation of possible cross-reactivity observed with this enzyme. Nanada et al.
(2001) reported similar concerns when the multiple bands observed with this
monoclonal antibody were not substantiated with polyclonal antibodies. This keratin
cross-reactivity was also observed with the TG1 and TGS antibodies employed in this
study, complicated by the keratin-rich nature of the samples analysed. The fact that
the 67 kDa fragment of TG1 resolves within the same region as the keratin proteins
may have masked its detection in forearm depth profiles. However the absence of any
TG1 positive fragments from extracts in Tris-HCI and a Triton X-100 supplemented
form of the buffer suggest that this isoform may not have been present within the
forearm stratum corneum. TG1 would also be expected to produce additional staining
in 2D analysis, since its predicted PI of 5.2 fell within the range of the IEF gel, but
was not observed. Generation of a hand depth profile allowed comparison of the
forearm samples to a stratum corneum known to retain immature CEf in greater
numbers. The resulting anti-TG1 blot did not produce evidence of keratin-related
bands, instead two discrete bands were observed at 95 kDa (possibly a fragment
produced by N-terminal cleavage of the anchor region) and 67 kDa. The latter of these
represents a more active form of the enzyme but may be modulated by the presence of
the 95 kDa fragment. It does however, need to be taken into considelﬁtion that the
hand profile blots are yet to be confirmed by expansion of the sample group.

These studies have implicated TG3 in CE maturation in normal skin, with
increased zymogen cleavage products evident in the more superficial layers,
sometimes accompanied by an increase in the full-length enzyme. In addition to this
the extent of the increase varied with individuals, in the case of individual G a
comparatively large increase was observed between layers 5-8 and 1-5. This may be
partly due to the imprecise nature of tape stripping but a companion study of the
CEf:CEr ratios may provide an interesting comparison. This alteration was not
observed in all TG3 profiles with 1 out of 7 individuals showing no change in protein

levels. However, this does not discount accumulative effects of the enzyme activity.
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In contrast with the forearm profiles, this pattern of zymogen cleavage appears
to be reversed in stratum corneum obtained from hand epidermal tissue. A reduction
in the 27 kDa fragment was evident in the more superficial layers, but awaits
confirmation by expanding the sample group. If this profile is verified it raises the
question as to whether this is purely the result of increased degradation of the
fragment or if the loss of an activating protease prevents the replenishment of
intracellular pools. It may be that TG1 levels are increased in the stratum corneum of
this body site to compensate for the lower TG3 activity, but this is conjecture.

TG3 was the only TG in this study to be extracted in Tris-HCI and detergent
soluble pools. Previously studies have localised TG3 to the cytosol of cells and no
membrane-associated fractions have been reported. The presence of such a pool of
TG3 activity is certainly intriguing since no post-translational modifications have
been reported, possibly the enzyme is non-covalently associated with other
components in this fraction. It would be interesting to see if this pool of TG3 is
retrieved from keratinocytes in earlier stages of differentiation or if it localises here
specifically in the later stages, perhaps modulating its function. Zymogen breakdown
in the surface layer corneocytes is well defined in these Tris extracts and for the first
time a band estimated to be ~50 kDa active fragment was observed. Whether this is
due to low antibody affinity or low protein levels is unclear and would ideally be
established with a positive control. Indeed, ascertaining the presence of the active
fragment is important for strengthening the hypothesised role of TG3 in CE
maturation. Concerning the 65 kDa fragment observed, care was taken in these studies
to prevent protein degradation by including a range of protease inhibitors and
aliquoting the samples to avoid exposing samples to repeated freeze-thawing. This 65
kDa protein produces a discrete band that is consistently present in extracts and it is
possible that it is a physiological fragment. The fact that levels of this fragment are
seen in greater quantities in the SDS/urea extraction suggest it may be associated with
the CE and is possibly inactive, although this can not be verified without further
study.

To summarise these findings, it would seem that only TG3 is retrieved from
the human forearm stratum corneum in detectable quantities by this method. Further
to this it demonstrates increased protein levels, sometimes combined with increased
zymogen cleavage with transition through the surface corneocyte layers. This would
suggest a corresponding increase in activity and it could be that the 27 kDa C-terminal
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fragment plays an important role in regulating the TG3 activity. This pattern of
Zzymogen activation is not observed in stratum corneum obtained from the hand, a
body site reported to retain fragile envelopes, and is accompanied by low levels of
TG1 protein.

Together these findings identify TG3 as a candidate for CE maturation and
would concur with the prediction that TG3 continues to modify envelope precursors

following their incorporation by TG1.
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Chapter 6:
The effects of mesenchymal TG2 on keratinocyte migration,
morphology and differentiation

6.1 Introduction

6.1.1 Mesenchymal control of keratinocyte proliferation and differentiation

In order to gain a more complete understanding of skin homeostasis, specific
interactions between the predominant epithelial and mesenchymal cells types need to
be understood. To this purpose previous studies have developed in vitro skin models
employing keratinocyte-fibroblast cocultures. These models often comprise of
keratinocytes seeded onto collagen-embedded fibroblasts (the prevalent cell type found
within the dermis) and are referred to as skin equivalents (SE). The mesenchymal
influence on the generation and maintenance of a differentiated epidermis was clearly
established in a study populating collagen gels with a range of fibroblast numbers
(Ghalbzouri et al., 2002). It was observed that in the absence of fibroblasts the
epidermis formed contained only three or four viable cell layers, with a complete
cessation of keratinocyte proliferation observed within two weeks. In contrast the
calculated proliferation index of keratinocytes cultured on fibroblast-populated
collagen gels was observed to increase in correlation with the number of fibroblasts
incorporated. These growth-promoting effects credited to fibroblasts are supported by
other studies (Bell et al., 1981a; 1981b; Prunieras et al., 1983; Asselineau et al., 1986)
More particularly it has been demonstrated that keratinocyte derived IL-1 stimulates
the release of KGF from dermal cells, thus stimulating keratinocyte proliferation
(Smola et al., 1993; Mass-Szabowski et al., 2000).

Concerning the effect of fibroblasts on keratinocyte differentiation, the
expression of the early differentiation marker, keratin 10 (K10) remained unaffected by
fibroblast numbers within coculture. However the expression of K6, 16 and 17 was
clearly downregulated by epithelial-mesenchymal interactions (Ghalbzouri et al.,
2002). These keratins are associated with keratinocyte activation and have a putative
role in reorganisation of cytoplasmic filaments, an event thought to precede the onset
of keratinocyte migration into wound sites. It was also demonstrated that these
fibroblast-mediated effects were more pronounced following one week preculturing of

the fibroblast populated gels.
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6.1.2 Mesenchymal control of keratinocyte migration

Previous studies investigating keratinocyte migration have reported regulation
via matrix proteins (O’Keefe et al., 1985; Nickoloff et al., 1988; Guo et al., 1990) and
soluble factors (summarised Table 1). In fact the two are not mutually exclusive and it
has been observed that TGFB and EGF induce the production of fibronectin (FN)
(Nickoloff et al., 1988) accompanied by enhanced keratinocyte motility (O’Keefe et
al., 1985; Nickoloff et al., 1988). Moreover, the increased rates of keratinocyte
migration observed in the presence of these growth factors were largely inhibited
following the addition of FN-specific antibodies (Nickoloff ez al., 1988). Separate in
vitro studies have reported that, following wounding, keratinocytes exhibit an
increased ability to bind FN (Takashima and Grinnell, 1985; Toda and Grinnell,
1987). Nickoloff et al. (1988) surmised that substrates found within the wound matrix
such as fibronection and thrombospondin produce increased keratinocyte migration
from agarose drop explants. In contrast, the basement membrane component laminin,
proved to inhibit migration.

The action of soluble factors is by no means limited to the regulation of ECM
protein expression. They may also impact on regulation of ECM receptors or secretion
of proteolytic enzymes and their inhibitors (Grinnell et al. 1981; Clark et al., 1982;
Barrandon and Green, 1987; Hebda, 1988; Nickloff e al., 1988; Kaur and Carter,
1992). Clearly dermal fibroblasts may be expected to play an important role in
keratinocyte migration, the challenge being to delineate the pathways through which
they act. One such study utilised in vitro SEs to establish two wound models
(Ghalbzouri et al., 2004). The first of these were superficial incisions, whilst the
second were described as “full-thickness” wounds. The latter group was produced by
localised freezing with liquid nitrogen, which removed viable fibroblasts from the
underlying dermal compartment. Analysis of subsequent re-epithelialisation identified
slower ‘healing’ in the full-thickness wound group, which could only be partially
counteracted by EGF and to a lesser extent KGF. The discrepancy remaining between
the two wound groups lead to a hypothesised role for other soluble factors such as
TGFa, TGFB, granulocyte macrophage colony stimulating factor (GM-CSF),
hepatocyte growth factor (HGF), IL-6 and IL-1 (Ghalbzouri et al., 2004).
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Factor References

Transforming growth factor Sarret et al. (1992), Zambruno et al
(1995), Santibanez et al. (2000)

Epidermal growth factor Sarret et al. (1992), Chen et al. (1993),
McCawley et al. (1998),

Fibroblast growth factor 7 Tsuboi et al. (1992)

Fibroblast growth factor 10 Matsumoto et al. (1991), Tsuboi et al.

: (1992, 1993), Sato et al. (1995), Cha et

al. (1996), Gibbs et al. (2000)

Hepatocyte growth factor Tsuboi et al. (1992), Sato et al. (1995),

McCawley et al. (1998), Putnins et al.
(1999), Gibbs et al. (2000)

Transforming growth factor a

Cha et al. (1996), Jimenez and Rampy
(1999)

Insulin-like growth factor 1

Tsuboi et al. (1992), Sato et al. (1995),
Dunsmore et al. (1996), McCawley et al.
(1998)

Granulocyte macrophage
colony stimulating factor

Barrandon and Green (1987), Tsuboi et
al. (1992), Jiang et al. (1993), Aragane et
al. (1996), Cha et al. (1996), Ghahary et
al. (1998)

Interleukin-1

Tsuboi et al. (1992), Chen (1995)

Table. 1 Common soluble keratinocyte migratory factors
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6.1.3 TG2 in skin

TG?2 is one of five TG isoforms known to be expressed in human skin. It has
been shown that within the epidermis TG2 expression is limited to basal keratinocytes
(Aeschlimann et al., 1998; Haroon et al., 1999). This is in contrast with other TG
isoforms demonstrating keratinocyte differentiation-specific expression (Kim et al.,
1993; 1995a; 1995b; Aeschlimann et al., 1998; Candi et al., 2001).

TG2 is also expressed in fibroblasts, the predominant dermal cell type
(Aeschlimann ef al., 1998). It has been demonstrated that TG2 localises to the nucleus
(5 %), cytoplasm (80 %), membrane (15 %), and is externalised from the cell. The
mechanism of secretion is yet to be established, however it has been demonstrated
that TG2 requires cross-linking activity for this process (Balklava et al., 2002). In
conjunction with its localisation to the ECM, TG2 has well established functions in
ECM remodelling (Aeschlimann and Thomazy, 2000; Stephens et al., 2004). It has
also been demonstrated to function independent of its cross-linking activity as an
integrin-associated coreceptor, promoting FN fibrilisation in the pericellular matrix
and facilitating cell adhesion, spreading and motility (Akimov and Belkin, 2001;
Balklava et al., 2002). With regard to the dermo-epidermal junction (DEJ), several
basement membrane components have been shown to be TG2 substrates including
nidogen/entactin (Aeschlimann et al, 1991; 1992), osteonectin/BM-40/SPARC
(Hohenadl et al., 1995), FN (Martinez et al., 1994) and collagen VII (Raghunath et
al., 1996). In conjunction with these findings the detection of y-glutamyl-e-lysine
isopeptide cross links within the basement membrane region have lead to a
hypothesised role for TG2 in stabilisation of the DEJ (Aeschlimann et al., 1995).
Indeed, these suggestions were confirmed by clinical studies of human skin grafts,
which demonstrated that key dermo-epidermal structures, including anchoring fibrils,
are cross-linked by transglutaminase (Raghunath et al., 1996). The physical properties
imparted by these cross-links were observed to provide stability at this tissue
interface.

Concerning the role of TG2 in the repair of wounded skin, a multifaceted
approach has been observed. This TG enzyme is upregulated by acute phase injury
cytokines, including IL-6 (Ikura et al., 1994), TGFB (Vollberg et al., 1992) and TNFa
(Kuncio et al., 1998). Analysis of rat skin punch biopsies has revealed its upregulation
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at sites of neovascularisation and provisional fibrin matrix within 24 h of the initial
wound event (Haroon ef al., 1999). Endothelial cells, macrophages and skeletal
muscle cells were observed to express TG2 throughout the healing process. This study
proposed roles for TG2 in angiogensis, production of a scaffold facilitating the
migration of endothelial and inflammatory cells and/or remodelling of the granulation
tissue. Interestingly transient expression of TG2 in the epithelial layer also suggested
a role in re-epithelialisation (Haroon et al., 1999).

This chapter focuses on investigating the effects of altered mesenchymal TG2
levels on the migration, morphology and differentiation of epidermal keratinocytes.
This work utilised HCA2 human fibroblasts stably transfected with DNA vectors to
produce high level constitutive expression of TG2 sense RNA, antisense RNA as well
as a TG2 mutant RNA containing a Ser substitution of the active Cys residue, thus
removing the enzymes crosslinking activity but maintaining protein conformation
(Baek et al., 2001). HCA2 cells transfected with an empty vector were included in

experiments as a control (mock).
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6.2 Results

6.2.1 Establishing an in vitro skin equivalent model to investigate the effects of
altered dermal TG2 levels on keratinocyte morphology and differentiation

In order to better understand the role of epithelial-mesenchymal interactions in
normal skin physiology, the development of SE cocultures has provided a useful tool.
One such model has been developed by Dr. W. Parish (Unilever, Colworth)
incorporating primary human keratinocytes harvested from normal skin in
combination with collagen embedded murine fibroblasts (3T3 cell line). Dermal
equivalents generated by this method incorporated a one-week preconditioning phase
to produce a floating lattice, prior to keratinocyte seeding (referred to as the
contraction method) (described in Section 2.9.2). Since lattices are allowed to
contract, fibroblasts are not exposed to tensile forces and consequently this method
may be considered a model for normal skin. In contrast, dermal equivalents generated
under “stressed” conditions (resisting contraction) have been shown to produce
growth and growth factors comparable to scar tissue (Nakagawa et al., 1989). Once
formed, lattices were transferred to a mesh platform and basal keratinocytes seeded at
the air-liquid (A/L) interface followed by up to four weeks culture at 30°C. Following
one weeks culture a tissue architecture similar to that of native skin is recognisable
(Fig. 1), with columnar basal cells, spinous region and a thin stratum corneum,
although no distinct granular layer is apparent. There was also a clear boundary
established between dermal and epidermal layers. Swirling cell formations were
observed in some regions of the spinous layers, this might be attributed to partially
differentiated cells being seeded onto the dermal equivalent.
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Previous studies have demonstraied these transfectants have comparable rates of

proliferation and over adequate time periocds are capable of contracting collagen

., 2004). These characteristics are importarnt

(=

lattices to the same extent (Stephens et a
for maintaining relative cell densities. Unfortunately no regular source of primary
keratinocytes was available, so the selection of an appropriate alternative was
required. The following experiments investigated the possibility of employing

primary mouse keratinocytes or a human derived cell line.

Using the contraction method (Fig. 2), primary mcuse keratinocytes isolated

from C57/BL6 mice were seeded at the A/L interface ermal equivalents populated
(9 (ORI g e s i DT e o e e 1

with 2 x 10° mock-transfected HCAZ fibroblasts. These lattices had been

re cuitured up to four weeks with duplicate

samples harvested each week (Fig. 3). Following fixing in 4 % paraformaldehyde
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tissues were paraffin embedded, sectioned and analysed by hematoxylin and eosin (H

& E) staining (processing carried out by Kath Ailsop, Cardiff Dental School).

n

Samples obtained following the first week of culture had no established epidermis.
Tissue architecture peaked following two weeks of culture, with more rounded basal

cells and flattening evident in the upper layers (Fig. 3b). However deterioration in

hY

tissue architecture was apparent in weeks three and four (Fig. 3¢ and d), when
keratinocytes demonstrated a more rounded morphology and an irregularity of

epidermal thickness, which did not exceed seven cell lavers. It should be noted that

Ideally a culture period of around three weeks could be included in the model in order

to allow the formation of basement membrane structures as reported by Hinterhuber et

Fig. 2

Fig. 2. Experimental set up for the centraction method of keratinecyte-fibroblast coculture:

Floating collagen lattices were transferred using shc..t of nylon (d) to a stainless sieel mesh stage (b)
within a deep culture dish (a). The inclusion of filter paper (¢} between the stage and nylon ensured
/1

adequate transfer of media to the skin Pqulvalent once raised to the A/L interface. When cells were
seeded at this interface a well was created by the inclusion of a 3 mm stainless steel washer (e}

Fig. 3 Tissue architecture of primary mouse keratinocyte-mock HTA2 cocultures: Using the
contraction method, 1 x 10° "eratinocvtes ieolated from CS7/BL6 mice were seeded at the air-liquid
interface on collagen lattices contalning 2 x 16° mock-transfected HCAZ fibroblasts (a, b, ¢, d). Skin
equivalents were cultured for up to four weeks before harvesting and analysis with H&E staining (a) i
week coculture (b) 2 weeks {c} 3 weeks (d) 4 weeks. Tissue morphology was observed to peak
following 2 weeks of culture, when rounded keratinocytes were observed in the deeper layers (solid

s AT A ES (T et 0\

arrowhead) compared to a more flattened morphology in the surface layers (hollow arrowhead).
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Previous studies have utilised a spontaneously immortalised human
keratinocyte line, HACAT, to generate SEs, but have demonstrated abnormal
keratinocyte differentiation with irregular expression of K1 and K10 (Boelsma et al.,
1999). An alternative cell line derived from normal human epidermal keratinocytes,
has been established and termed Ntert (discussed in Chapter 3). These cells have
demonstrated normal suprabasal expression of involucrin and K10 in stratified
colonies (Dickson et al., 2000). This cell line has also been used successfully to
generate SEs (Dickson et al, 2000). Studies of the tissue architecture in such
cocultures have revealed a model of orthokeratinising differentiation, with an
observed granular layer and multilayered stratum corneum. Including this cell line in
the skin cocultures forming this study had the advantages of producing a human
model and removing batch-batch variation.

Dermal equivalents containing the four HCA2 transfectants (mock, antisense,
sense and Cys’’’Ser) were generated using the contraction method; untransfected
HCA2 fibroblasts were included as an additional control to confirm that transfection
had produced no phenotypical alterations to the fibroblasts. To achieve a more
uniform epidermis, keratinocytes were seeded beneath the A/L interface and cultured
for three days prior to being raised to air exposure. Duplicate samples were harvested
once a week over a period of four weeks (Fig. 4). For all samples H & E staining
demonstrated an absence of the distinct morphological changes corresponding to
terminal differentiation in vivo. Variations in epidermal thickness were still evident
and there was no clear increase in keratinocyte layers observed with increased culture
time or alteration of dermal TG?2 levels. However, there were notable differences
observed between the tissue architecture and keratinocyte morphology of the four
Ntert-HCA2 transfectant cocultures. In the case of cocultures incorporating the TG2
antisense-expressing fibroblasts, there appeared to be a looser tissue architecture and
keratinocytes did not lie in close contact (Fig. 4u), possibly due to a reduction in cell-
cell interactions. Keratinocytes cocultured with serine mutant transfectants
demonstrated a more rounded morphology and an apparent propensity for invading
the dermal gel (Fig. 4v).

To confirm these apparent effects the experiment was repeated, this time with
an earlier passage of HCA2 fibroblasts (1-2 passages following transfection with the
TG2 constructs) (Fig. 5). The variations observed with the original experiment were
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not evident, highlighting problems with reproducibility using this coculture method.
However, in some cases within the repeat experiment, the epidermis generated by
coculture with the TG2 antisense fibroblasts was observed to have detached from the
dermal gel completely. This may demonstrate deficiencies in the DEJ (Fig. 5 h). An
improved architecture was observed for SEs including the serine mutant transfectant
within the repeat experiment. Some flattening of keratinocytes is apparent in the

upper cell layers (Fig. Su).
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Fig. 4 H & E stained sections demonstrating tissue architecture in organotypic Ntert-HCA2 cocultures (Batch 1): 1 x 10° keratinocytes were seeded onto collagen
lattices containing 2 x 10° HCA2 fibroblasts transfected to produce high level constitutive expression of TG2 antisense RNA (¢, h, m, r), sense RNA (d, i, n, s), as well as a
TG2 mutant RNA containing a Cys to Ser substitution within the active site domain (e, j» 0, t). Controls of untransfected HCA2 fibroblasts (a, f, k, p) and cells transfected
with an empty vector, mock (b, g, I, q) were included. Samples were processed for histology following 1-4 weeks of culture and sections stained with H & E. : .
Pictures u-v are magnified to highlight morphological features of interest. (u) Week 2, Ntert-antisense coculture, keratinocytes demonstrate a loose mh.o::.mn::o with
numerous gaps between cell layers (arrowhead). (v) Week 3, Zao:-nv\mndwmﬂ coculture, Keratinocytes have a distinctly rounded morphology and clusters of keratinocytes are
observed within the dermal compartment (identified by arrowhead).
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Week 3 eek 2 Week l,

Week 4

Fig. 5 H & E stained sections showing tissue architecture in repeat organotypic Ntert-HCA2 cocultures (Batch 2): To ensure the phenotype of fibroblasts within
collagen lattices had not aitered with passaging, cocultures were established using a low passage (1-2) of each transfectant; antisense (c, h, m, r) sense (d, i, n, s}, Ow%dmo_. (e,
J» 0, 1), untransfected (a, f, k, p) and mock-transfected (b, g, |, n@ Skin equivalents were cultured at the air-liquid interface for up to four weeks (1 week a-e), (2 weeks f-j), (3
weeks k-0), (4 weeks p-t). (u) Magnified picture of Zﬁm:-ov\mﬁ Ser coculture following 3 weeks at the A/L interface, demonstrating increasingly flattened cell morphology in

the more superficial layers A rounded basal cell and a disc-like keratinocyte in the surface layer are marked with a solid and hollow arrowhead respectively.
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6.2.1.1 Optimisation of coculture conditions

In order to identify the effects of mesenchymal TG2 levels, a baseline closer to
native skin was needed and attempts were made to optimise the culture conditions
used. Taking into account the thin epidermis generated in initial experiments, the first
step taken was to supplement the FAD media with 10 ng/ml KGF (Fig. 6). This
growth factor is known to promote keratinocyte proliferation (Andreadis et al., 2001)
and this experiment aimed to establish whether exogenous addition of this growth
factor compensated for deficiencies in the culture conditions. Although a slight
increase in epidermal thickness was produced over one weeks coculture of Ntert with
mock HCA2 cells, the tissue architecture was poor (Fig. 6b). This was also the case
for the negative control (Fig. 6a), which demonstrated that the contraction method
was not highly reproducible. To further investigate the possibility that HCA2
fibroblasts may be deficient in a required factor, SEs were set up incorporating murine
3T3 cells as an alternative fibroblast since these had been successfully cocultured with
primary keratinocytes. However, following one week culturing at the A/L interface H
& E staining revealed the keratinocytes had become apoptotic and despite 2 x 10°
fibroblasts being incorporated in the collagen lattice few fibroblasts were discernable
in the dermal compartment (Fig. 7). In parallel with this experiment Ntert-mock
HCA2 cocultures were set up and supplemented with conditioned media obtained
from primary oral fibroblasts, a kind gift from Dr. M. Locke (University of Wales,
Cardiff) (Fig. 8b). However comparison with the unsupplemented control (Fig. 8a)
revealed that although a slight increase in epidermal thickness was observed the tissue
architecture remained poor.

Following these results, attention turned to the more general culture conditions
and the step taken was to increase the collagen concentration within the dermal
equivalent. The contraction model used had been developed with murine fibroblasts,
known to generate lower levels of collagenases when compared with cells from
human lineage (Dr. W. Parish, Unilever, unpublished data). It was hypothesised that
the higher quantities of collagenases expressed by the human fibroblasts may be
compromising the dermal gels and in order to counteract this effect, the collagen
concentrations were raised by 10 % (3.5 increased to 3.9 mg/ml). At this stage cholera

toxin was removed from the media for all subsequent experiments. Although it was
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observed both Ntert keratinocytes and HCA2 fibroblasts could be cultured in its
presence there were some concerns it may be having a detrimental effect. Previous
studies have observed that cholera toxin induces keratinocyte proliferation (Rahman
and Tsuyama, 1993), growth (Brunette, 1984) and their outgrowth form partial
thickness wounds (Regauer and Compton, 1990). Although its inclusion in coculture
media is commonly documented it does not appear to be a necessary component for
SE generation. Ntert-mock HCA2 cocultures were established under these newly
adopted conditions and despite the tissue architecture demonstrating polygonal cells
in the deeper layers and a flattened morphology towards the surface, results were

comparable with the control (Fig. 9a and b respectively).
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skin.

Fig. 9 Epithelial tissue formation is not improved by increased collagen concentration: (a) Ntert-
mock-transfected HCAZ2 cocultures were established in the absence of cholera toxin and incorporating
a 10 % increase in collagen concentration (3.9 mg/ml). However tissue architecture was not lmanAd
when compared to the control (3.5 mg/ml) (b).
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6.2.1.2 Adoption of the insert method of coculture

At this point a decision was made to employ a different method of coculture
(referred to as the insert method, Fig. 10). Previous work with this method has been
carried out by Dr M. Locke (University of Wales, Cardiff.), employing primary oral
fibroblasts. Dermal equivalents were produced with 2.2 mg collagen/ml and virtually
no contraction had been observed with primary cells (however, it should be noted that
the samples were not physically restrained from contracting). The generated SEs had
a diameter of ~ 30 mm and were ~4 mm deep. Because of the larger sample size a
greater number of cells were incorporated in this model (3 x 10 fibroblasts and 2 x
10° keratinocytes) (described in Section 2.9.3).

Since the incorporation of Ntert keratinocytes and HCA2 fibroblasts in the
contraction model had met with limited success, initial experiments in this study
integrated a range of keratinocyte-fibroblast combinations, in order to establish
suitability of cell lines. Subsequently, two cell lines were included for the keratinocyte
constituent, Ntert and OKF6 (derived from epidermal and oral mucosal tissue
respectively). As is the case for the Ntert cell line OKF6 keratinocytes have been
transfected with hTERT and emerged as rapidly dividing cells from slow growth
phase culture following a mutation in the gene encoding p16™K** (Dickson et al.,
2000). However, in contrast to the Ntert cell line, these keratinocytes demonstrate
non-keratinising differentiation when incorporated into SE models, expressing K13 in
suprabasal cells (Dickson et al., 2000). For the purposes of this experiment the dermal
gel incorporated one of three different fibroblasts; primary oral, murine 3T3 and
mock-transfected HCA2. This selection aimed to provide controls for this model,
allowing the assessment of the HCA2 fibroblasts ability to support epidermal
generation. For these cocultures the source of collagen was changed to bovine stocks
in case the preparation from rats’ tails had been in part responsible for previous
problems. As with the contraction method these collagen embedded fibroblasts were
precultured for one week prior to keratinocyte seeding beneath the A/L interface.
After three days the media levels were lowered and the keratinocytes cultured for a
further week before harvesting and analysis of tissue architecture by H & E staining
(Fig. 11). SEs including the OKF®6 cells were not successfully cultured with any of the
three fibroblast types and were completely absent from cocultures with oral and
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HCA2 fibroblasts (Fig. 11d and f). Residual cell debris was apparent with the 3T3-
supported coculture (Fig. 11e) indicating cell death had occurred. The inclusion of
Ntert keratinocytes met with greater success, however, tissue architecture was poor
and in all cases the epidermis had detached from the dermal gel, evidence of a
sufficient DEJ being absent. The greatest number of keratinocyte cell layers was
observed with 3T3 cocultures (5 layers). Only two cell layers were established on
HCAZ2 populated gels, suggesting these fibroblasts may not be capable of supporting a
thicker epidermis with this method. It was also noted that despite counts to equalise
cell numbers, HCA2 fibroblasts appeared at a higher density within the dermal gel

(Fig 119).
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Fig. 10 Apparatus sei up used to generate cocuitures by the insert method: Dermal gels containing
3 x 10° fibroblasts were allowed to fibrilise within culture inserts before submersion in FAD medium
and seeding of 2 x 10° keratinocytes (Ntert). Differentiation of keratinocytes was induced by altering
media levels to expose the dermal gel surface to the A/l interface.

Fig. 11 Ability of HCA fibrobiasts to support epidermal growih compared to that of primary
fibroblasts and murine 3T3 cells. Skin equivalents were set up using the insert method (2 x 10
keratinocytes and 3 x 10° fibroblasts) and a variety of keratinocyte-fibroblast combinations. These
included keratinising Ntert {(a-c) and non-keratinising OFK6 (d-f) cell lines with primary oral
fibroblasts (a, d), murine 3T3 (b, ) and mock-transfected HCA2 {c, f). H & E staining revealed

o

attempts to establish an epidermis with Htert cells were unsuccessful. Alithough skin equivalents
including Ntert celis all demonstrated poor tissue architecture it is apparent the HCA fibroblasts

produced a thinner epidermis (c) when compared with the primary fibroblasts and murine 3T3 cells
(a and b).
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These experiments raised concerns that although an epidermis had begun
forming, SEs deteriorated within the seven days of culture. The combination of Ntert
keratinocytes and primary oral fibroblasts was selected to optimise culture conditions.
These SEs were established using the insert method, incorporating bovine collagen
stocks and in the absence of cholera toxin. Duplicate samples were harvested
following three, six and nine days culture in order to ascertain when tissue
deterioration ensued (Fig. 12). These cocultures produced improved tissue
architecture, and after three days columnar basal cells were observed with flattened
cells in the upper layers (Fig. 12a and d). Following six days the epidermis formed
had thickened with a region of polygonal cells apparent, similar to the spinous region
of native skin (Fig. 12b and e). Finally nine-day cultures also demonstrated regions of
good tissue architecture (Fig.12c) but there were an increased number of regions
where cell apoptosis was evident (Fig. 12f). The cause of this deterioration is unclear;
there may be a limit to the depth of the epidermis that can be supported. It was also
noted that no significant stratum corneum was produced in any of the cultures.
Following this experiment it was decided that cocultures should not exceed six days
and repeats of the keratinocyte-fibroblast SEs were set up with the primary oral, 3T3
and HCA2 fibroblasts with Ntert keratinocytes. It was apparent that the same level of
tissue architecture had not been produced by the oral fibroblast control in this
experiment (Fig. 13a), highlighting the difficulties in reproducibility. A comparable
number of keratinocyte cell layers were generated by murine 3T3 cells (Fig. 13b), but
again the epidermis produced by HCA2 fibroblasts did not exceed two layers and
produced no distinct morphology (Fig.13c). This result seems to support the
hypothesis that HCA2 cells are not able to support an epidermis comparable to that of
native skin.

A final attempt was made to produce a working model incorporating HCA2
fibroblasts. Although it is evident that HCA2 fibroblasts do not generate a
differentiated epidermis it is not clear whether these cells are deficient in necessary
factors or if there is a toxic affect. To address this, dermal equivalents were set up
using oral fibroblasts and the four HCA2 transfectants (mock, antisense, sense and
Cys’"’Ser). These were seeded with Ntert keratinocytes on the same day, eliminating
the week-long preconditioning step. Following six days culture at the A/L interface,
tissue morphology was assessed by H & E staining (Fig. 14). Under these conditions
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the HCA2 fibroblasts produced an epidermis of comparable thickness to that of oral
fibroblasts, however the abundant presence of apoptotic cells lead to compromised
tissue architecture. These results would suggest that the removal of the
preconditioning step improves keratinocyte proliferation but does not produce
satisfactory tissue architecture. Pictures of SEs following six days coculture
demonstrate that HCA2 cells are able to more extensively re-organise the collagen
matrix when compared with oral fibroblasts (Fig. 14g and f). Variability in lattice
contraction by different transfectants was also observed using this method (Fig. 14£-)).
This agrees with previous observations that TG2 cross-linking activity correlates with
the rate of ECM re-organisation (Stephens ef al., 2004).
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Fig. 12 Optimising culture duration: A series of Nieri-primary oral fibroblast cocultures were set up
over

using the insert methed and harvested over a peried of nine days after raising to the air-liquid interface;
g Tl W B2 i B3 aid Ak L R T A S .y
3 days, (a, d), 6 days (b, €) and 9 days (c, f). A solid arrowhead indicaies an example of an apoptotic
body. Taking into account epidermal thickness and tissue architecture, 6-day coculture was considered

Fig. 13 Growth of Ntert cocuitures supported by primary oral (a), murine 3T3 (b) and HCA?2 (c)
fibroblasis using optimised conditions: Skin equivalents were cultured for 6 days at the air-liquid
interface before harvesting and H & E staining. It is evident from the positive centrol {a) that gocd
tissue structure from: the optimisation experiment had not been reproduced. However, the epidermis
supported by HCAZ2 fibroblasts is considerably thinner.
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Fig. 14 Seeding keratinocytes onto unconditioned dermal equivalents produces a thicker epidermis but cell apoptosis is abundant: Skin equivalents populated with
the four HCA?2 transfectants including; mock-transfected (b), TG2 antisense mRNA (c), TG2 sense mRNA, (d) and meN "Ser mRNA (e) were cultured for six days at the A/L
interface following the seeding of keratinocytes on the same day dermal equivalents were formed. Ntert-primary fibroblast cocultures were included as a positive control (a).
Although a thicker epidermis is formed, keratinocytes become apoptotic, disrupting the tissue architecture (examples marked with arrowheads).

Pictures of the cocultures following 6 d at the A/L interface demonstrate the ability of HCA2 fibroblasts to extensively re-organise the collagen matrix compared with
primary oral fibroblasts (g and f respectively). It was also noted that there was some variation in dermal contraction between the transfectants (mock, g, antisense, h, sense, i
and meNdmmau ). This agrees with previous findings that TG2 cross-linking activity is involved with the rate of ECM reorganisation.
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6.2.1.3 Immunohistochemical analysis of skin equivalents

Although the tissue architecture produced by the two SE models was not
analogous with that of native human skin, comparisons of SEs produced with the four
HCA?2 transfectants were still possible and were included in immunohistochemical
studies. This aimed to identify any alterations in the expression Kkeratinocyte
differentiation markers produced with changes in dermal TG2 levels. K10 and TG3
were selected as respective markers of early and late stage differentiation. It has also
been demonstrated that cells committing to terminal differentiation downregulate
integrin expression (Watt et al., 1993) so, to further establish the differentiation state
of keratinocytes, staining was carried out with anti-B1 integrin (f1). Initial staining
was carried out on paraffin sections of native human skin using dilutions
recommended by the manufacturers (K10, 1/20 and 1, 1/50) TG3 was used at a
dilution of 1/50. Development using the AEC chromogen system (described in
Section 2.2.3) detected K10 in all suprabasal layers whereas TG3 was detected from
the granular region. B1 integrin was largely restricted to undifferentiated basal cells
(summarised in Fig. 15). Once conditions for immunohistochemical analysis had been
established, staining was carried out on the six-day cocultures generated with Ntert
keratinocytes and oral fibroblasts using the insert method. This sample had produced
the most promising tissue architecture (Fig. 12), however TG3 was not detected and
B1 integrin produced low level staining in the lower two layers of the epidermis (Fig.
15). K10 was detected in all layers demonstrating normal differentiation is not
produced in this model.

Finally, detection of the three markers was carried out on 7-day cocultures,
incorporating the four HCA2 transfectants using the contraction method (Batch 1,
summarised in Fig. 4). Neither TG3 nor 1 integrin were detected in any of the
samples. K10 appeared to be misregulated and all cells stained positive (Fig. 16).
Although the expression pattern of K10 remains the same in SEs supported by the
four different transfectants, it is apparent that Ntert keratinocytes cocultured with
fibroblasts overexpressing TG2 (active or inactive form) demonstrated increased
levels of the protein. However detection of K10 in Batch 2 samples (H&E staining
summarised in Fig. 5) incorporating an earlier cell passage did not produce any cell
specific staining (data not shown). This may have been the result of tissue processing

and prevented the confirmation of these observed differences.
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Fig. 15 K10 B1 TG3 Mouse Rabbit
secondary secondary
Native % . : G
. A Ot - a2 a
Human skin © a
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Fig. 15 Skin equivalents incorporating primary oral fibroblasts do not demonstrate expression of
differentiation markers observed in native skin: Sections of native human skin and 6-day Ntert-oral
fibroblast cocultures were siained with anii-keratin 10 (K 10) and anii-TG3 {TG3) as respeciive markers
of early and late differentiation. Distinction between basal keratinocytes and those committed to
terminal differentiation were further assessed by anti-B1 integrin staining (B1). Signal development
utilised the AEC chromogen system. Incubation with the secondary antibodies alone was included as
negative controls (mouse and rabbit secondary), anti-K10 being raised in mouse whilst TG3 and 1
were raised in rabbit. The DEJ is indicated with arrowheads.
Fig. 16 K10 is expressed in all keratinocyte cell layers in Ntert-HCA2 7-day cocultures: Anti-K10
detection in Batch 1 transfectant cocultures (contraction method, Fig. 4) produced positive staining in
all cells, with comparatively high levels observed in cocultures including HCAZ fibrobiasts ovei-
xpressing TG2 (sense and Cj,-'smSer). All negative controls stained negative with the TG2 mock
cocultures pictured above (negative control). The DEJ is indicated with arrowheads.
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6.2.2 Establishing a migration model

In order to study the effects of fibroblastic TG2 on the migration of
keratinocytes in vitro, a method originally developed to study endothelial cell
differentiation was adapted (Korff and Augustin, 1998). This model utilises cell
aggregates (termed spheroids), which are formed in the presence of methylcellulose
(described in Section 2.10.1). For the purposes of these experiments Ntert
keratinocytes were selected. The spheroid approach has two benefits over a scratch
wound assay; 1) it prevents removal of underlying dermal components and 2) it
creates a more reproducible model with spheroids of defined size and cell number
(2500 cells/spheroid). An initial attempt to employ time-lapse analysis of this
migration model was made following seeding of an Ntert spheroid onto the collagen
coated well of a 24 well plate. Phase contrast pictures were taken at 30 min intervals
using a Carl Zeiss camera and microscope. However this proved unsuccessful, once
removed from a controlled environment of 37°C and 5 % CO, the keratinocytes
deteriorated and became apoptotic (data not shown). Consequently the methodology
was adapted to remove prolonged exposure to sub-optimum temperatures. Since
keratinocytes have a recognised role within the first days of wound healing, pictures
were taken at three time points over a period of two days following seeding (2, 24 and
48 h). Initial experiments were carried out by seeding Ntert spheroids onto
hyperconfluent HCA?2 fibroblasts (mock, antisense, sense and Cys>''Ser) induced to
generate ECM components by the presence of 50 pug/ml ascorbic acid in the growth
media. This has been demonstrated to stimulate FN and procollagen expression
(Furcht et al., 1980; Franceschi et al., 1994). An alternative method would have been
to produce fibroblast-populated collagen lattices, which would have produced a more
homogenous scaffold. However the method selected ensured an ECM produced

entirely by the mesenchymal source.
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6.2.2.1 Optimisation of Calcein AM green labelling

In order to track the movement of keratinocytes over fibroblast cells the
spheroids were labelled with Calcein AM green. This chemical dye produced a
fluorescent signal reliant on the inherent esterase activity of live cells. Optimisation of
labelling was carried out on Ntert monolayers (50 x 10* cells seeded), Calcein AM
green was diluted in FAD media to a final concentration of 0.1, 1 and 10 pM. Cells
were labelled for 15 min under culture conditions. Pictures were taken at 2, 24 and 48
h before cells were recovered by trypsinisation and counted (Fig. 17a and b). Cell
numbers demonstrated the levels of Calcein AM green used were non-toxic (0.1 pM;
70 x 10*, 1 pM; 61 x 10%, 10 pM; 64 x 10* compared to the negative control; 65 x
10%). For the purpose of these experiments it was apparent that a concentration of 1
pM produced insufficient signal for the proposed time points, however 10 pM
produced high background. Since the intention was to label the keratinocytes
following spheroid formation, a further pilot experiment was set up. Spheroids were
seeded onto mock-transfected HCA2 fibroblasts grown to three days post-confluence
in the presence of 50 pg/ml ascorbic acid. These results ascertained that a final
Calcein AM green concentration of 5 pM produced adequate labelling (Fig. 18). It
was also observed that when migrating over hyperconfluent HCA2 transfectants the
spheroids formed an ovoid body that aligned with the underlying fibroblast strata.
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Fig. 17
3 Calcein AM green 10* cells/ml counted
o concentration/MM following 48 h labelling
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Fig. 17 Optimisation of Calcein AM green !
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Fig. 18 Ntert spheroids form ovoid bodies foliowing seeding ontc hyperconfluent fibroblasts, which align

with the underlvmg strata: Ntert ﬂnhn oids were labelled with a final concentration of § uM (“,.lrﬂn AM
grccn for 15 min prior to seeding. ’hen migrating over hyperconfluent HCA2 transfectants Ntert spheroids
were observed to form oval bodies (pictured with mock transfectants after 48 h). Gbservations with bright field
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6.2.2.2 Migration of Ntert keratinocytes in the presence of HCA2 fibroblasts

The first experiment carried out over hyperconfluent HCA2 fibroblasts
included six sample repeats for each transfectant. A repeat experiment was also
established, however, in an attempt to reduce the impact of group variability the
sample size was increased from six to ten. As was observed in the pilot experiment,
keratinocyte migration resulted in the formation of oval bodies (Fig. 19). The extent
of migration over the four transfectants clearly varied with an apparent increase
correlating to TG2 downregulation and slowed migration accompanying TG2
overexpression independent of cross-linking activity. Measurements were taken along
the longest and widest axes and converted into area measurements (mm?), expressed
as a mean + SD (Fig 20a-d). In addition statistical analysis was carried out using
unpaired student’s t test (p<0.05 considered significant). Migration of keratinocytes
over mock-transfected cells was taken as the control with which data from antisense,
sense and Cys®’'Ser cells were compared.

Measurements taken at the first time point (2 h) demonstrated the generation
of Ntert aggregates in the presence of methyl cellulose produce spheroids of uniform
size, however when comparing the repeat experiments neither absolute values nor the
relative increase in spheroid area was comparable, consequently each experiment was
analysed separately looking for parallel trends. In the first experiment migration over
the TG2 deficient fibroblasts resulted in an increased rate of migration at both the 24 h
(mock; 0.20 + 0.02 mm?, antisense; 0.28 + 0.04 mmz) and 48 h time points (mock;
0.30 + 0.04 mm?, antisense; 0.40 + 0.08 mmz). In contrast the overexpression of the
cross-linking inactive form resulted in a reduced rate of migration within the first 24 h
(mock; 0.20 £ 0.02 mmz, Cy5277Ser; 0.11 + 0.01 mmz). However there were no
significant differences apparent between the mock transfectants and fibroblasts
overexpressing the active form of TG2 (sense). This would seem to contradict the data
concerning the Cys*”’Ser mutant, however the repeat experiment demonstrated
reduced migration rates in both the sense and Cys’’'Ser transfectants (24 h mock; 0.29
+ 0.02 mm?, sense; 0.26 + 0.01 mm?, Cys®’Ser; 0.22 + 0.02 mm’ 48h mock; 0.42 +
0.04 mm?, sense; 0.37 + 0.02 mm?, Cys®’Ser; 0.30 + 0.03 mm?). Interestingly the
data from the two experiments would suggest that the greatest reduction in migration

is observed in the presence of the Cys’’ Ser mutant. Previous studies involving
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Western blot analysis of these HCA2 transfectants have demonstrated that higher
levels of the TG2 enzyme are actually observed in the sense cells compared to the
Cys*""Ser (Stephens et al., 2004). This discrepancy in conjunction with the conflicting
results of the two migration experiments may suggest the catalytic activity of TG2 and
its binding abilities have opposing effects on keratinocyte migration, participating in
separate pathways. The repeat experiment did confirm an increase in the rate of
keratinocyte migration over TG2 deficient cells (24 h mock; 0.29 + 0.02 mm?

antisense; 0.33 + 0.01 mm?, 48h mock; 0.42 + 0.04 mm?, antisense; 0.58 + 0.04 mm2).
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Mock

Antisense

Sense

Cys*"'Ser

300 um

Fig. 19 Migration of Ntert spheroids over hyperconfluent HCA2 transfectants: mock-transfected

(a-c), TG2 antisense (d-f), TG2 sense (g-i) and CysmSer (k-m) transfectants were included. Pictures
selected are representative of mean measurements (experiment 2) taken at three time points, 2h (a, d, g,
k),24h (b, e, h,1) and 48 h (¢, £, I, m)
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Time elapsed following seeding/h
2h 24h 48h
Area/mm’ + SD | Area/mm’ + SD | Area/mm’ + SD
Mock 0.67 £ 0.00 0.20 + 0.02 0.30+ 0.04
Antisense | 0.07 £ 0.00 0.28 + 0.04 0.40 £ 0.08
0.53 0.01 0.02
Sense 0.07 £ 0.00 0.19 £ 0.02 032+ 0.02
0.39 0.88 0.15
O«%dmﬁ 0.07 £ 0.00 0.11 £ 0.01 0.26 + 0.05
0.42 0.00 0.26
C
Time elapsed following seeding/h
2h 24h 48h
Area/mm’ £ SD | Area/mm” + SD | Area/mm’ + SD
Mock 0.19 + 0.01 0.29 + 0.02 0.42 + 0.04
Antisense 0.18 £ 0.01 0.33 + 0.01 0.58 + 0.04
0.36 0.01 0.00
Sense 0.17 £ 0.02 0.26 + 0.01 0.37 £ 0.02
0.23 0.03 0.01
menjmn_. 0.18 + 0.01 0.22 + 0.02 0.30 £ 0.03
0.60 0.00 0.00

Fig. 20 Ntert spheroid migration over hyperconfluent HCA?2 transfectants: Spheroid areas were calculated at three time points (2, 24 and 48h) over two experiments; Experiment
1 (a & b), Experiment 2 (¢ & d). Data for the four transfectants are shown as mean values + standard deviation (SD) with p-values shown in blue (a & c), or the mean values are
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6.2.2.3 Delineating the effects of fibroblast cells from their generated ECM and
soluble factors

The next aim of this study was to establish whether these results were
dependent on the presence of fibroblasts or could be attributed to differences in ECM
laid down by cells. A repeat of the migration experiment was adapted to include a 10
min 0.01% Triton X-100 wash (described in Section 2.10.3) before the introduction of
Ntert spheroids. The objective was to remove fibroblasts without stripping away
factors sequestered in the ECM. This set of experiments demonstrated similar
differences in migration rates seen in the presence of fibroblasts (Fig. 21 and 22).
Even accounting for group variability, TG2 antisense transfectants produced a
significantly increased rate of keratinocyte migration whilst HCA2 fibroblasts
overexpressing either the active or inactive form of the enzyme demonstrated a
decreased rate, this was the case for both the later time points (24 h mock; 0.25 + 0.07
mm?, antisense; 0.31 + 0.05 mm?, sense; 0.18 + 0.01 mm? and Cys®’’Ser; 0.16 + 0.01
mm’, 48 h mock; 0.39 + 0.03 mm’, antisense; 0.63 + 0.14 mm?, sense; 0.26 + 0.02
mm? and Cys®”’Ser; 0.21 + 0.03 mm?). Unfortunately, Calcein AM green staining of
Triton X-100 treated fibroblasts revealed areas still containing viable cells (Fig. 23b),
suggesting the hyperconfluency of fibroblasts and the surrounding matrix produced a
protective function. Consequently, cellular effects and the production of soluble

factors cannot be disregarded in this experiment.
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24h

Mock
B
Antisense
e
Sense
E h
Cys*’"Ser
300 pm '

Fig. 21 Migration of Ntert spheroids over Triton X-100 treated HCA2 transfectants: mock-transfected (a-
¢), TG2 antisense (d-f), TG2 sense (g-i) and CysmSer (k-m) transfectants were included. Pictures selected are
representative of mean measurements and were taken at three time points, 2h (a, d, g, k), 24 h (b, e, h, 1) and
48 h (¢, f, I, m).
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Time elapsed following seeding/h

2h 24h 48h
Area/mm’ + SD Area/mm’ + SD Area/mm’ + SD

Mock 0.09 + 0.01 025+ 0.07 0.39 + .03

Antisense 0.09 £ 0.02 031+ 0.05 0.63+0.14
0.74 0.24 0.01

Sense 0.09 + 0.0 0.18 + 0.01 0.26 + 0.02
1.00 0.45 0.00

meudmﬁ 0.08 + 0.02 0.16 £ 0.01 0.21 + 0.03
0.22 0.03 0.00
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Keratinocyte migration over detergent- treated
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Fig. 22 Ntert spheroid migration over Triton X-100 treated HCA2 transfectants: Fibroblasts were grown to hyperconfluency in the presence of 50 ug/ml ascorbic acid.
Prior to spheroid seeding HCA2 cells were washed with 0.01% Triton X-100. Spheroid areas were calculated at three time points (2, 24 and 48h). Data for the 4 transfectants
are shown as mean values = standard deviation (SD) with p-values shown in blue (a & ¢), or the mean values are plotted within a graph (b & d) with the SD expressed as
error bars. p<0.05 * p<0.01 **
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A different approach was now taken to eliminate viable fibroblasts (described
in Section 2.10.3), three cycles of freeze-thawing in phosphate buffered saline (PBS)
was seen to destroy the majority of Calcein AM green positive cells (Fig. 23c) the
remnants were removed with a 1% sodium deoxycholate wash (Fig. 23d). To confirm
the ECM laid down by the HCA2 transfectants remained, Coomassie Brilliant Blue R-
250 staining was carried out on the treated well surfaces with tissue grade plastic
included as a control (Fig. 23f and e respectively). With the success of this method
established, a new set of experiments was set up to delineate factors effecting
keratinocyte migration. Migration over hyperconfluent HCA2 transfectants were
included as a control, in addition, spheroids were seeded onto; 1) HCA2-generated
ECM following the removal of cells by freeze-thawing 2) HCA2-generated ECM in
the presence of conditioned media from the corresponding transfectant (in essence
removing the direct affect of the fibroblast cells). When analysing the resulting data
the relatively low rates of migration observed in the presence of HCA2 fibroblasts
were a point of concern (Fig. 24 and 25a-b). In agreement with earlier experiments
TG2 antisense transfectants demonstrated a greater rate of Ntert migration (24 h
mock; 0.28 + 0.01 mm?, antisense; 0.32 + 0.02 mm?, 48 h mock; 0.33 + 0.01 mm?,

antisense; 0.37 + 0.03 mmz). For the first time the sense transfectant produced
migration rates calculated to be significantly greater than the mock control following
24 h (mock; 0.28 + 0.01 mmz, sense; 0.32 + 0.01 mmz), however measurements taken
at the 48 h time point demonstrated no significant differences between the two
samples. Despite statistical analysis suggesting significant differences between the
Cys’’Ser mutant and mock control at both the later time points the population
variation does produce overlapping results (24 h, mock; 0.28 + 0.01 mm?, Cys*"'Ser;
0.30 £ 0.01 mm?, 48 h, 48 h mock; 0.33 + 0.01 mm?, Cys*’’Ser; 0.30 + 0.02 mm?).
Assessment of the ECM contribution by removal of HCA2 fibroblasts
revealed an alteration in relative migration rates (Fig. 25¢ and d) and it was observed
that the mock control demonstrated virtually no migration. Although TG2 deficient
fibroblasts again produced significantly larger spheroids this was also true of HCA2
cells overexpressing the active or inactive form of the enzyme at both the later time
points (24 h mock; 0.25 £ 0.04 mm?, antisense; 0.30 + 0.03 mm?, sense; 0.31 + 0.06

mm?, Cys?”’Ser; 0.33 + 0.05 mm?, 48 h mock; 0.24 + 0.02 mm?, antisense; 0.31 +

0.04 mm2, sense; 0.41 *+ 0.09 mm2, Cysz77Ser; 044 + 0.15 mm2). In fact the
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transfectants overexpressing TG2 produced the greatest rates of migration of the
transfectants.

Finally the migration of spheroids over HCA2 derived ECM in the presence of
the conditioned media was assessed (Fig. 25 e and f). This allowed two key
comparisons to be made. 1) Analysis of this data in conjunction with that obtained in
the presence of fibroblasts allowed the direct effect of the mesenchymal cells to be
determined. 2) Comparison between migration over fibroblast-generated ECM
achieved in the presence or absence of conditioned media allowed the effect of
soluble factors to be ascertained.

In the case of the antisense samples the removal of fibroblast cells or their
soluble factors demonstrated little impact on the rate of migration, apparently
uncoupling the keratinocytes from mesenchymal influences. In contrast the presence
of fibroblasts overexpressing the active form of TG2 were observed to reduce the rate
of keratinocyte migration (+Cells; 24h, 0.32 £+ 0.01 mmz, 48 h, 0.33 + 0.02 mm?. —
Cells; 24 h, 0.48 £+ 0.12 mmz, 48 h, 1.30 + 0.55 mmz). This raises the interesting
possibility that fibroblasts are capable of inhibiting keratinocyte migration, although
whether this is a direct effect of TG2 is not clear. It should be noted that this group of
experiments do not confirm a similar inhibitory effect in the presence of the Cys*""Ser
transfected fibroblasts, suggesting the cell effect may rely on cross-linking activity or
externalisation of TG2. However, the consistent reduction in keratinocyte migration
over hyperconfluent Cys*"’Ser fibroblasts observed with previous experiments should
be considered. It may perhaps be prudent to carry out experimental repeats before
further speculating on this point.

From this group of experiments the greatest impact on migration was observed
with the conditioned media obtained from sense transfected fibroblasts included in the
absence of HCA2 fibroblasts. This produced large increases in spheroid area (Fig. 25¢
and f). When this data is compared with the corresponding migration over fibroblast-
generated ECM in the absence of conditioned media, it supports a role for a soluble
mesenchymal factor (-Media 24h, 0.31 + 0.06 mmz, 48 h, 0.41 + 0.09 mm?. +Media
24 h, 0.48 + 0.12, 48 h, 1.30 + 0.55 mm?). Analysis of mock HCA2 data would seem
to support this suggestion since the absence of keratinocyte migration observed over

fibroblast-generated ECM is restored following the addition of conditioned media
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(-Media 24 h, 0.25 + 0.04 mm?, 48 h 0.24 + 0.02 mm®. +Media 24 h, 0.28 + 0.04, 48 h
0.30 + 0.02 mm?). Migration rates of the antisense and cross-linking deficient
Cys?”’Ser samples were not significantly altered by the addition of conditioned media.
Interestingly TG2 has not been detected in the media obtained from the cultures of
either of these transfectants. Despite the expression of cross-linking deficient TG2 and
its localisation to the cell surface in the Cys®’ Ser transfectants, this protein is not
externalised to the matrix. Previous studies have demonstrated that the confirmation
of the active site is vital for this process (Balklava et al., 2002). This raises the
question of whether TG2 has a direct effect on keratinocyte migration or if it

functions via another soluble factor.
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Fig. 25
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Time elapsed following seeding/h
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€ Time clapsed following seeding/h
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Cell effect Soluble factor effect
Mock - T
Antisense - -
Sense N3 "1
Cys*”’Ser ? -

Table. 2 Summary of the impact of fibroblast cells and soluble factors on Ntert migration with
varying mesenchymal TG2 expression: 1T, moderately increased migration rate, T11, large increase
in migration rate, 4, moderately migration rate, -, no effect, ? not established unambiguously.
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6.3 Conclusions and future work

Work to develop an in vitro SE model met with limited success. The
contraction method failed to establish tissue architecture comparable with that of
native skin with either primary mouse keratinocytes or the human-derived Ntert cell
line. Although some cell flattening was observed in upper layers of keratinocytes,
immunohistochemical analysis did not provide evidence of differentiation and may
have been the result of cell drying. Although Batch 1 SEs coculturing the four HCA2
transfectants with Ntert cells suggested a possible role for mesenchymal TG2 in
morphology, invasive ability and cell-cell interactions, a repeat of this experiment
with a lower passage of cells did not confirm these observations. This may indicate a
phenotypic alteration acquired through passaging of the transfected fibroblasts.
However TG2 antisense cocultures of Batch 2 samples did demonstrate a higher
incidence of detachment within the epidermis and from the dermal gel.

The insert method produced improved tissue architecture, although this was only
achieved using primary oral fibroblasts and was not consistently reproducible. Despite
this improved epidermal morphology, detection of differentiation markers was still at
variance with that observed in native skin. Concerns were also raised about the ability
of HCA2 fibroblasts to support a differentiated epidermis, this prohibited expansion
of these studies to investigate a wound healing model. The decision was made to
move into a different avenue of research investigating the role of TG2 on keratinocyte
migration.

It is apparent from this study that mesenchymal TG2 expression impacts upon
keratinocyte migration. Ntert keratinocytes seeded onto TG2 deficient fibroblasts and
their ECM demonstrate a consistently increased rate of migration. The data obtained
from fibroblasts overexpressing the active or inactive form of this enzyme suggest a
more complicated regulation with the fibroblast cells directly inhibiting keratinocyte
migration and conversely the secreted active form of TG2 enhancing Ntert migration
(summarised Table 2). These control mechanisms will be considered separately in the
following paragraphs.

Concerning the cell effect, it is interesting to note that the formation of oval
spheroid bodies was only observed in the presence of an underlying fibroblast
substrata, which seem to impose some directional constraints on keratinocyte

migration. Whether TG2 is directly involved in this inhibitory regulation cannot be
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ascertained from these results in isolation. It is certainly possible that TG2/integrin
coreceptors residing on the external surface of the fibroblasts may be involved in cell-
cell interactions. Stephens et al. (2004) have reported a 3- and 2-fold increase in
membrane associated TG2 within sense and Cys®’’Ser transfectants respectively.
Significantly, in vitro studies have also been established to investigate the effect of
exogenous TG2 on keratinocyte adhesion (Taenaka et al., 2003). This group
demonstrated that TG2 produced a dose-dependent increase in keratinocyte adhesion
on a FN substrata, this effect was inhibited by arginine-glycine-aspartate (RGD)
peptides. Therefore, TG2 coreceptors may retard the rate of migration as a
consequence of promoting keratinocyte adhesion.

With regard to the soluble factor effect, it remains to be resolved whether
transamidation activity is essential, since TG2 is only externalised to the surrounding
matrix from sense transfectants. Whether this increased migration is the direct affect
of the externalised enzyme is a suitable avenue of future studies, with sources of this
enzyme available commercially. This could be carried out in parallel with
experiments evaluating the effect of conditioned media obtained from TG2 sense cells
on keratinocyte migration over ECM derived from the other transfectants. A study
carried out on IL-6-deficient transgenic mice has identified a significant delay in
cutaneous wound healing which could be counteracted by an as yet unidentified
soluble factor from fibroblastic culture (Gallucci et al., 2004). Interestingly this
cytokine is known to upregulate TG2 (Ikura ef al., 1994) and similar delays in wound
healing have been observed in TG2”" mice (Mearns ef al., 2002). Gene array studies
of IL-67 fibroblasts following treatment with the cytokine did not reveal any
significant upregulation in a range of soluble factors known to stimulate keratinocyte
migration; TGFa, TGFB, EGF, fibroblast growth factor (FGF) 7, FGF 10, hepatocyte
growth factor (HGF), insulin-like growth factor 1 (IGF-1), GM-CSF and IL-B
(Gallucci et al., 2004). However these studies did not take into consideration protein
modifications and their impact on factor activity. TG2 cross-linking activity has been
linked to TGFP activation from its latent form (Nunes ef al, 1997), and may
upregulate keratinocyte migration as a consequence of altered expression of ECM
components or possibly via integrin remodelling in keratinocytes (Gailit ef al., 1994).

If such remodelling is involved it may explain the lag phase observed in the sense-
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conditioned medium experiment before the rapid increase in spheroid area between 24
and 48 h.

It would also be pertinent to expand studies to assess any mitotic effects on
keratinocytes within this model, which due to time restrictions, were not included
within the scope of these experiments. Reports exist in the literature for a TG2-linked
anti-proliferative effect (Wu et al., 2000).
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Chapter 7:
General Discussion

As with any study there are limited time and resources available. This Chapter
is included to discuss further opportunities for extending the research incorporated in

this body of work.

7.1 Generation of antibedies against the novel transglutaminase enzymes 6 and 7

Work to generate antibodies against a truncated form of human TG7 (hTG7)
met with limited success. Sequence spanning the C-terminal B-barrel domains of this
isoform was cloned into a construct, incorporating an N-terminal, Glutathione S-
transferase (GST) tag. This fusion protein was expressed from E.coli cells. Work was
terminated following exhaustive attempts to isolate this GST tagged protein to purity
failed. This process was largely complicated by the apparently insoluble nature of the
fusion protein. Although studies were allowed to progress following the generation of
antibodies against synthetic peptides, there would be significant benefits if a method
to isolate this recombinant protein could be developed. The inclusion of a wider range
of epitopes from domains in their native confirmation could 1) provide more
information on apparent TG fragments identified in Western blotting analysis and 2)
may prove more opportune in immunoprecipitation studies. Publications, including
the generation of recombinant TG3 and TGS, have also encountered problems with
protein solubility (Candi et al. 2001; Hitomi ef al. 2003). These have been resolved by
alterations in the expression system, it was found that both isoforms demonstrated
higher solubility when expressed from insect cell systems. Although TG7 has no
reported post-translational modifications this may be an approach worth taking. An
alternative tag may also be considered. GST is ~ 26 kDa in size and could sterically
inhibit the native folding of domain regions, which may effect soluble properties.
GST has also been identified as a substrate of TG2 (Ikura e al., 1998). Members of
the TG family share numerous substrates, raising the potential for protein interactions
with TG7 domains, even though this truncated form lacks a catalytic core domain.
This may impact upon fusion protein solubility if non-covalently associated
aggregates are formed. The significantly shorter hexahistidine-tag provides just one

alternative.
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Western blot studies involving the peptide antibodies (anti-TG6S, anti-TG6L
and anti-TG7) produced positive results for the full-length form of TG6 (TG6L) and
TG7 from the Ntert keratinocyte and HCA2 fibroblast cell lines. In contrast the TG6S
protein was localised to the keratinocyte cell line extract only. All three TG isoforms
were isolated from the soluble (cytoplasmic) fraction, this was accompanied by
evidence of protein cleavage. The expected 70 kDa protein corresponding to the short
form of TG6 (TG6S, exon XII alternatively spliced) was not detected in the series of
experiments and instead the predominant protein was estimated to be ~ 35 kDa in
size. Similarly detection with TG7 antibodies also revealed 40-30 kDa fragments.
Attempts to remove these fragments by modifying the extraction process were only
partially successful and raised the possibility that these are in fact physiological
fragments. As has been mentioned previously, the restricted epitope range produced
from the peptide antigens does limit our understanding of the exact nature of the
protein cleavage. Reports have been published, identifying the activation of TGl,
TG3 and FXIII proenzymes through protease cleavage (Kim e al., 1990; 1995a).
Further to this the sites of protease cleavage were found to be conserved between
isoforms (Kim ef al., 1995a). Since the cleaved products of TG1 and TG3 are reported
to remain associated by non-covalent interactions (Kim et al., 1995a; Steinert et al.,
1996a), one method to produce further information concerning the TG6S and TG7
fragments would be to repeat these immunblots under non-denaturing conditions. In
order to establish the physiological significance of these results it would be useful to
obtain activity data for the enzyme fragments. Unfortunately immunoprecipitations
carried out with these antibodies did not prove suited to retrieving the endogenous
enzyme or its cleavage products.

Immunohistochemical studies carried out with the peptide antibodies largely
concurred with Western blot studies. Both TG6L and TG7 were detected within
dermal fibroblasts. In addition to this TG6L demonstrated consistent staining
throughout the epidermal layers. In contrast TG7 antibodies produced a gradient
across the epidermis with relatively low staining within the basal cells. Whether this is
a consequence of increased protein levels or a higher antibody affinity for the cleaved
products generated is yet to be determined. The TG6S protein localised to the granular
layers and stratum corneum, similar to the profile observed with TG3. Significantly
TG6 demonstrates the greatest level of sequence homology with this isoform but this

differentiation-specific staining pattern is not consistent with Western blot data.
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Expansion of immunohistochemical studies included samples obtained from a
dermatitis herpetiformis patient. TG3 has been identified as the predominant antigen
in this autoimmune disease, with TG3 containing IgA aggregates deposited in the
papillary dermis (Sardy et al., 2002). However it should be noted that TG3 expression
within the epidermis remains unaltered (Sardy er al, 2002). Analysis of a single
patient revealed an evident increase in TG7 protein levels throughout the epidermis,
concomitant with a smaller reduction in the two TG6 splice variants. These
observations have yet to be confirmed in a wider pool of patients and the function of
this altered expression is not immediately apparent, possibly suggesting a secondary
effect. With these antibodies now available it will be possible to investigate the
potential involvement of TG6 and TG7 in other skin disorders such a psoriasis or
lamellar ichthyosis, where other members of the TG family have already been
implicated in the disease phenotype (Huber et al., 1995; Russel et al., 1995; Candi et
al., 2002).
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7.2 Identifying potential transglutaminase substrates

Preliminary experiments within this thesis do not support the hypothesised
role of TG PB-barrel domains in substrate selection. Similar profiles of **S labelled
proteins were retrieved from cellular extracts using immobilised recombinant forms of
TGS, 6 and 7. When considering regions of low homology between TG isoforms, the
N-terminus is another region of high varability and may be at least partially
responsible for substrate selectivity. A group working with the TGl enzyme have
carried out studies generating recombinant deletion constructs and in vitro cross-
linking experiments with various synthetic peptides. Their findings revealed residues
62-92 are important in defining the substrate specificity of TG1 (Kim ef al., 1994). As
a consequence they have postulated that this domain may have important implications
on substrate selection in vivo.

Work to generate a full-length recombinant form of TG7 continues in our
laboratory. If successful, this can be incorporated into in vitro cross-linking studies
and is more likely to identify possible in vivo substrates than the C-terminus in
isolation. The expression of TG7 within the human epidermis and its evident gradient
from the basal cells suggests a potential function in keratinocyte differentiation
(Chapter 3). TG1, TG3 and TGS all have established roles in the formation of the CE
structure following commitment of keratinocytes to terminal differentiation.
Consequently envelope precursors such as involucrin (Rice and Green, 1979), loricrin
(Mehrel et al., 1990) and the small proline rich proteins (SPRs) (Steinert et al., 1998)
provide good candidates for in vitro cross-linking and double cross-linking studies
with TG7. Double cross-linking studies establishing the ability of different TG
isoforms to target distinct residues within the same substrates have been published by
Candi ef al. (2001). These have shown that following exhaustive cross-linking by one
isoform, proteins can undergo further modification by a second. However, this is
dependent on the temporal order in which TG isoforms are introduced. For example
following exhaustive TGS catalysed cross-linking of SPR3, the addition of TGI1 or
TG3 is capable of further modifying the protein as shown following resolution by
SDS-PAGE. If however TGS is added subsequent to TG1 or TG3 modification no
change in the cross-linking profile is seen, reflecting the regulated order in which

these isoforms are expressed in vivo (Candi et al, 2001).

262



Novel Transglutaminases — A potential route to healthy skin

7.3 Identifying a possible role for transglutaminase enzymes in corneocyte

maturation

The generation of stratum corneum depth profiles in conjunction with Western
blotting proved to be a useful tool for investigating altered TG levels and cleavage
through this region of the epidermis. Within this Chapter of work, three pools of TG3
have been identified. This includes a Tris soluble fraction (cytoplasmic), a detergent
soluble fraction (lipid associated) and an insoluble fraction. To date, available
literature has considered this isoform to be a soluble enzyme, localising to the
cytoplasm of the cell (Kim ez al., 1990; 1993; Hitomi ef al., 2003). It may be that TG3
translocates in the latter stages of keratinocyte differentiation, either as the result of
protein interactions or post-translational modifications. To confirm whether
distribution is unique to the stratum corneum, serial extractions could be carried out
on keratinocytes cultured under proliferating conditions and at a series of time points
following induction of differentiation. Alternatively Ex vivo samples could be utilised.
The skin abrasion technique could be employed following the removal of the stratum
corneum by sequential tape stripping. This would harvest the epidermal layers without
contamination by dermal tissue.

This study has identified alterations in TG3 protein levels across the stratum
corneum, which could implicate this isoform in the process of corneocyte maturation.
It was found that the level of the 27 kDa (C-terminus) TG3 cleavage product
increased in the more superficial corneocyte layers of forearm epidermis, at times this
was accompanied by increased quantities of the 77 kDa proenzyme. However, the
50 kDa active fragment was not unambiguously identified due to the absence of a
suitable positive control. The addition of such a control would benefit this project
greatly. These results suggest TG3 could be undergoing activation in a region of the
epidermis characterised by the continued modification of corneocytes by isopeptide
bonds (Watkinson et al., 2001). Interestingly, this TG3 profile was not reproduced
when epidermis obtained from the back of the hand was included in this study. This
region of skin suffers from extended environmental exposure and previous studies
have shown it to retain the fragile envelope morphology. As discussed in Chapter 5,
future studies incorporating this method would benefit from the inclusion of
corresponding ratios of the immature fragile envelopes compared to the mature rigid

envelopes.
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Unfortunately, potential keratin cross-reactivity associated with other
antibodies included in this work has limited the reliability of data concerning these
isoforms. If alternative antibodies could be obtained this may help complete this area

of work.

264



Novel Transglutaminases — A potential route to healthy skin

7.4 The effects of mesenchymal TG2 on keratinocyte migration, morphology and

differentiation

This work utilised HCA2 human fibroblasts stably transfected with DNA
vectors to produce high level constitutive expression of TG2 sense RNA, antisense
RNA as well as a TG2 mutant RNA where the catalytic cysteine (Cys) residue was
substituted with serine (Ser), thus removing the enzymes cross-linking activity but
maintaining protein conformation. HCA2 cells transfected with an empty vector were
included in experiments as a control (mock).

Attempts to generate a skin equivalent model incorporating HCA2 fibroblasts
were unsuccessful. The tissue architecture and cell morphology observed in normal
epidermis were completely absent. It was also found that skin equivalents generated
by the insert method and incorporating the HCA2 transfectants did not generate an
‘epidermis’ greater than 2-7 layers in thickness. Greater success was achieved with
murine 3T3 cells (work carried out at Unilever, Colworth) and primary oral
fibroblasts. In these models, columnar basal cells were apparent, succeeded by a
polygonal morphology in the spinous region and subsequent flattening of cells.
However, neither of these models produced a recognisable granular layer or stratum
corneum with the characteristic basket weave appearance. In addition to this,
immunohistochemical analysis of the primary oral fibroblast-Ntert keratinocyte
coculture did not demonstrate expression of differentiation markers as observed in
native skin. In order to progress with this work it may be necessary to utilise a
different cell line in the generation of new transfectants. It may also be pertinent to
establish unequivocally that the keratinocytes seeded display characteristics of
undifferentiated basal cells.

The development of a migration model for keratinocytes proved more
opportune. However, significant sample variation is evident, probably a consequence
of the heterogeneous nature of the dermal component. The growing of fibroblast cells
to hyperconfluency most likely produced areas of regional variation. Attempts to
counteract this involved the inclusion of large numbers of sample repeats. From the
experiments included in this thesis, it became apparent that TG2 effects migration by
a combination of mechanisms, a finding that might have been expected for this
multifunctional enzyme. Delineation of soluble and cell effects would suggest that

TG2 overexpression produced a direct inhibiting influence from fibroblast cells and a
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promoting effect via an as yet unidentified soluble factor. Whether these effects are
reliant on the transamidating activity of TG2 has not been unambiguously established
by these studies. It is possible that cell effects occur via the integrin coreceptors
situated on the cell surface. To expand on this, an incubation step of the transfected
fibroblasts with the commercially available monoclonal anti-TG2 (CUB7402) could
be included. This would aim to interfere with the binding properties of surface TG2. If
the coreceptors are involved in the inhibitory effect, the Mock, Sense and Cys®’’Ser
transfectants would be expected to demonstrate an increased rate of migration
following this incubation step. In the case of the migration promoting soluble factor, it
should be noted that only the active form of TG2 is secreted from the cell (Balklava et
al., 2002). In order to assess whether transamidating activity is indeed necessary for
promoting keratinocyte migration, cell extracts containing the Cys®’’Ser mutant could
be used to supplement antisense transfectant cultures. This conditioned media would
then be used in combination with the generated extra cellular matrix (ECM) for
further assays. Microarrays of the transfectants provide a possible method for
identifying soluble factors involved in promoting keratinocyte migration. However,
this technique has its limitations and would not encompass translational controls or
alterations in protein activation. In fact a strong candidate for this function in
keratinocyte migration is TGFB. This soluble factor has been shown to promote
keratinocyte migration (Nickoloff ez al., 1988) and in addition to this, its expression
and activation from its latent form is induced by TG2 (Nunes et al., 1997, Ritter et al.,
1998). Consequently it would seem sensible to expand this Chapter of work by
investigating alterations in this proteins expression and activation within cultures of
the four transfectants.

Finally, future studies should consider whether increases in the areas of
keratinocyte spheroids correlate with the rate of mitogenesis. Previous studies have
reported mitotic effects can be induced by soluble factors involved in the regulation of
keratinocyte migration (Gibbs et al., 2000; Galluci et al., 2004) and TG2 has been
reported to inhibit cell proliferation (Wu et al., 2000). Such effects could be analysed
by estimation of the Ki67 proliferation index (Gibbs et al., 2000) or the extent of
BrdU uptake (Galluci et al., 2004).
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To summarise; work carried out within this thesis has successfully generated
antibodies against synthetic peptides designed using available data for TG6 and TG7
sequences. A combination of Western blotting and immunohistochemical studies has
confirmed the expression of TG6L and TG7 within the cytosolic fraction of dermal
fibroblasts and epidermal keratinocytes. There was also evidence of enzyme cleavage
products, these were particularly prominent in the case of TG7 (~ 40 kDa). A protein
correlating with the predicted full-length form of TG6S (70 kDa) was not detected
within these studies. However a putative fragment was identified in the soluble
extracts of keratinocytes (~ 35 kDa). Whether these constitute physiological
fragments or are evidence of protein instability, has not been ascertained. Further to
this, growing keratinocytes to confluency produced an altered pattern of cleavage
products, possibly linked to differentiation in these cells.

Studies utilising truncated recombinant forms of TGS, 6 and 7, do not support
the hypothesised role for the C-terminal B-barrel domains in substrate selection. In
addition to this, results have indicated that this enzyme region is involved with actin
binding in these isoforms.

Investigations of late stage corneocyte maturation, within the human stratum
corneum, have identified a potential role for TG3 in catalysing this process through
corresponding alterations in protein levels. Findings would suggest that the 27 kDa
cleavage product of TG3 could be involved in the regulation of this enzyme.

Work was also begun to elucidate the role of dermal TG2 in mesenchymal-
epithelial interactions. Using an in vifro model, this multifunctional enzyme was
shown to produce opposing regulatory effects in keratinocyte migration. This
included an inhibitory effect via direct fibroblast cell interactions and positive

regulation by an as yet unidentified soluble factor.

To conclude, these studies have provided novel findings concerning the role of dermal
TG2 and epidermal TG3 in normal skin homeostasis. Expansion of this work and
elucidation of signalling pathways involved may facilitate “a potential route to
healthy skin”.
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Operator: Operator

GHGEHE GF @S ¥

fu
a Date: 20020517 Machine: LR100274
Assay Notes:
GeneCbjects 3.1 (1998/07/13 20:28:45 EDT)
1905 :
| GGALC G GGRGT
30

40

GY GYCKT K GG G GSS
420 ‘e

) s -

File: full length 17-05-02,13-16b

GY KTVYG TG
2 150

Page 2 of 8
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1
T

POISU0d [0 1/1¢-XAD0d
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11e

fu .ength 17-05-02,13-16b - (Unsaved)
VAN Date: 20020517 Machine: LR100274 Operator: Operator

Assay Notes:
GeneQbjects 3.1 (1999707113 8.&”& EDT)
PGB G G06 ATE

., g

,«.,..._omm,mméo,\&mzommq<mammmdﬂ ﬂ
¢ 180 190 200 !

250 260 270 28

Fite: full tength 17-05-02,13-16b

Page 3 of 8
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Novel Transglutaminases — A potential route to healthy skin
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Nucleotide and deduced amino acid for the short form of TG6 (TG6S). The active site
Cys residue is shown in red, and the His and Asp residues of the catalytic triad are in

. Residues involved in Ca’*-binding are shown in blue. The sequence difference
between the two alternatively spliced vanants (TG6L and TG6S) is shown in beold and
the region involved in the design of the peptide P6S is underlined (H. Thomas Thesis,
2004)

5

AA CCC

14 23 32 41 50 59

BTG ACC CAG GGG ATC AGA GTC ACC AAG GTG GAC TGG CAG CGG TCG AGG AAT GGC
M T Q G T R \Y T K v D W Q R S R N G
68 77 86 9 104 L3

GCT GCC CAC CAC ACC CAG GAG TAC CCC TGC CCT GAG CTG GTG GTT CGC AGG GGC
A B =1 H a Q E Y P c 4 E L v v R R G
122 40318 140 149 LSt lo7

CAG TCG TTC AGC CTC ACG CTG GAG CTG AGC AGA GCC CTG GAC TGT GAG GAG ATC
0] > 15 S L T L E L S R A L D © E E I

(RN

=

N
-
RN
B =

a3
CTC ATC TTC ACG GTG GAG ACA GGA CCC CGG GCT TCT GAG GCC CTC CAC ACC
! v S

=
b
3
fa s
]

230 23] 248 2517/ 266 275

GCT GTG TTC CAG ACA TCG GAG CTG GAG CGG GGT GAG GGC TGG ACA GCA GCA AGG
A W F 0] T S E L i R G B G W T A A R

284 283 302 Siisl: 3206 325

GAG GCT CAG ATG GAG AAA ACT CTG ACC GTC AGT CTC GCC AGC CCT CCC AGT GCT
E A Q M E K T L T v S L A S P 2 S A
338 347 356 365 374 383

GTC ATT GGC CGC TAC CTG CTG AGC ATC AGG CTT TCC TCT CAC CGC AAA CAC AGC
v I G R Y L L S 3 R L S S H R K H S
392 401 10 419 428 437

AAC CGG AGG CTG GGC GAG TTT GTT CTC CTT TTC AAC CCA TGG TGT GCA GAG GAC
N R L G E E v L L I N 2 W C A E D
446 455 46 473 482 491

GAT GTG TTT CTG GCC TCA GAG GAG GAG AGA CAG GAG TAC GTG CTC AGC GAC AGC
D v F L A S E E R Q E Y v I S D 5
S 509 518 524 536 545

GGC ATC ATC TTC CGA GGC GTG GAG ARAG CAC ATA CGA GCC CAG GGC TGG AAC TAC
G AL I F R G v E K H I R A Q G W N Ve

: g YL
T GAG GAG GAC ATC CTG AAC ATC TGC CTC TCC ATC CTG GAT CGA

B oen
0w QW
() )

L
635
CCC GGT CAC CAA AAC AAC CCA GCC ACC GAC GTG TCC TGC CGC CAC AAC CCC ATC
Q N N 12 S

ov)
@
s}
2,

[0 0]

>
=)
(e 0]
V=]
oy
w0
@
~1
@)
~J

662 671 6



iAE

1=

GTC ACC
vV T

716

CAA GGA
Q G
770

GGC AGC
G S
824

TAC GGC
G

878

GGG ATA
G I
G632

AAC CTG
N L
986

ACA GAA
- ) E
1040
CAG GAC
Q D
1094

GAG GAG
E E
1148

GAG GGT
E G

1202

GCC GAC
A D

1310
MEC ICEE
S R

1364
; AGG CAG
2
1418
AGG AGA
R R
1472
CTG GAG
L E
1526
CCC ATG
E M
1580
CGG GCC

AGG

ool

ATC

GTC ATC
v oI
725
TGG CAG
w Q
779
eleler Jd
7
833
TGC TGG
(CA T AT
887
RCALCEE
TR AR
941
GTG GAC
Vv D
995
AGC ATG
S M
1049
CEERESE
G HE
1103
GAA GGT
K G
1157
GTG CAC
W Lo
1211
ATC ACC
I T
1265
BAG BAG
K K
1319
GAC ATC
Dl gir
1373
TAC AGC
Y s
1427
TGG ATC
WwooI
1481
EEE ACE
o e
1535
GGC CAC
@ L
1589
CGG GIG

AGT

W

GGC

Q
(5 1=
@

GTC

4

B
@

Novel Transglutaminases — A potential route to healthy skin

GCC ATG
A M
734

AAG TAC
K X
788

CAG AAG
Q K
842

TTC GCC
F A

896

GTG TCC
v S
350

TAC GTG
)¢ v
1004
AAT TTC
N F
1058
TAC AAT
Y N

1166
GCT CAC
A H

1220
CTG TGG
L W

1274
GGG AGA
G R

1544
CTG AGA
L R

1598
GTC AAC

GTG

GGC

(]

CTG

AAC AGC
N S
743

GGC GGC
G G
o

CTC AAG
L K
851

GTC CTG
L
0

=1
|

(9
z

TECE TRE

¥

1 4x]

1013

v W

1067
TEGEREAE
W o0

E D
1283
ATC AGC
o S
L33
AVAE D
K B¢
1LSiCnl
AGG CTG
R L
1445
GGT CGC
G R
1499
GCT GGC
A G
15153
GCC CTG
A L
1607
AGC GGT

AAC AAC GAC CGA GGT GTG

N

ACC

®)

1

D

ACC

=

Q
@)
(9]

TTC

TGT

AAG

=

N D
382
RCBLECE
AR -
806
AGG TAC
B 10
860
ACA GTC
At
914
GCC CAC
A H
968
CGG ACC
BT
1022
GAG AGC
E S
1076
CTG
i
1130
TCA GTC
s v
1184
CTCLITE
LA

2
AGC C
= R
1292
AAG GCG
K A
1346
SRR GGG
E G
1400
GGC GTG
G v
1454
CTC TGG
L W
1508
TTC AAG
F K
1562
TTG GCC
L a
iele

R

Q
G

(]
=
(]

761

CAC TGG
H w
815

CCA GTC
P v

g
o
(0]
= ©
Q Qo
a w

R
923
ACA GAC
T D
977
GAG GAC
E D
1031
TTT GCC
F A
1085
ACC CCC
T P
Laleite)
GCC ATC
A I
1193
GAG GTC
E v
1247
CGT GTA
R v
1301
GGC AGT
G S
SSI55
CGG AAA
R K
1409
GCC TCT
A a
14e3
GAC GAC
D D
PSR
CTA GAG
L E
L5700
CTC ACC
L g
1625
TAT ACC

(V8]

Cd



Novel Transglutaminases — A potential route to healthy skin

S R A Q R v R \% N L S G A T I L Y T

1634 1643 1652 1661 1670 1679
CGC AAG CCA GTG GCA GAG ATC CTG CAT GAA TCC CAC GCC GTG AGG CTG GGG CCG
R K P v A E I L H E S H A v R L G P

1688 1697 1706 1715 1724 1733
CAA GAA GAG AAG AGA ATC CCA ATT ACA ATA TCT TAC TCT AAG TAT AAA GAA GAC
Q E E K R I P I T I S Y S K Y K E D

1742 1751 1760 1769 1778 1787
CTG ACA GAG GAC AAG AAG ATC CTG TTG GCT GCC ATG TGC CTT GTC ACC AAA GGA
L T E D K K I L L A A M C L \ T K G

1796 1805 1814 1823 1832 1841
GAG AAG CTT CTG GTG GAG AAG GAC ATT ACT CTA GAG GAC TTC ATC ACC ATC AAG
E K L L v E K D I T L E D F I T I K

1850 1859 1868 1877 1886 1895
CGT GCC TAC CCT GGA GCC TCA GGA GAG GGC CTC AGT CCA GTT TGA CAT CAC CCC
R A Y P G A S G E G L S P v *

1904 1913 1922 1931 1940 1949
CTC CAA AAG TGG CCC AAG GCA GCT GCA GGT GGA CCT TGT AAG CCC TCA CTT CCC

1958 1967 1976 1985 1994 2003
GGA CAT CAA GGG CTT TGT GAT CGT CCA TGT GGC CAC TGC CAA GTG ATG GAT CAT

2012 2021 2030 2039 2048 2057
GAG GGA CTG AGA GGG GTG GAT TTG GCC CCT GTC CTC CTC CTG CCC ATT CTT TGT

2066 2075 2084 2093 2102
CTC TTC CAC ATG GGA GCC AGG AGG CCT CAG TTA ATC CTG CCT CAA CCT

314
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P Il e b [ Goors samat e fsny)
(e | ped W, AN . )
:IEIr\!'li-\ QUALITY ASSURANCE
I.iINU_‘ﬁ\IS DOCUMENTATION
Customer Number: 101721 M, dpucy o fo bortgad Chip r275.9
Peplide #: 7207322 e
- oL ¥5%
Lot #: B&601-004 /
Sequence: CGWRDDLLEPVTKPS 8.0y
Length: 15 Mas Shipped: 0D, ~3 344
Length: 15 Mis Shipped: 12.8 P

Molecular Weight: 7149781494141 Final Punity 90
GRAYEY -~ 0 2o

Fepiide Name PEP2Z

Notes: N-Term:{H] C-Term:[NH2]
Column: Discovery Bio Wide Pore C-18, 250mimX4.6mm, 5um
Maobile Fhase: A=0.1% TFA/Water
B=0.1% TFA/Acetronitrile
Gradient: 010 2 min.: 100% A
21020 min.: 0 ic 67.5% B
Detection: 2l4em

-20 C for Long Term

4 C for Short Term

Storage Conditions:

Sigma-Genosys makes no claims io the peptide's ability to funciion in the specific
applicztion of the custemer. All peptides are shipped lyophilized 2nd as gross

weight. Peptide for ‘(‘sc rei
na C

Handling & Srora

1]

e _of Panpcti

o
o
1]

Resuspensiocn
peptde i dstlled or deronized water. Make
sure that the pH of the solumon is around piH
70, awd adjust the pH i necessary to Improve
2. Hydrophobuc peptides: Drssolve the

pepide n a W volune of OPMF
DMSO (if the sequerxe does not have Cys,
Met or Trp). IPA, ethanol, or other organic
sobvenis that can be tolerated 1 the

(dropwise) INto a stimed buffer of your
chowce. For non-beological studies, stranger

Senosys

ake From Crcle

e

3 S
The Woodtands, Teras 77385
1-800234-5362

Hokkasdo, Japan
81 122 73 5005

sohvents ke TFA, formic acid or acetic aad
may be used for il sofubdization.

Storoge

Peptides are supphicd fyophized. For
rmaximum stability the ophiized pepisde
shoutd be stared at -20°C. Mast peptides will
be stable i solutions for several days at 4°C.
Avord repeated freezefthaw cydles if wsing
fazen soluticns. Upon remaval from the
freezer, bring the peptide via! to room
temperature before opening and weighing to
avod miakstune conCRTsation

Peptides contaming W M, and C arc prone 1o
oxdation and shoudd be stored n a
hophdized state under an inert gas. These
peptides shouid be degassed and

Stored in akquots at -80°C. if they will bo
stored in solution.

=Peptides containmg Q and N are susceptible
to deamidation and shouid be stored at -
80°C. Addtionally peptides contaming a Q at
the N-termmanus wil cyclize to pyroghstarmate
under diute aad condtions

Sioms-Gencsys Japan KK, < ientific C

No 2-1, 2F Lans 40

Taioe: Tarwan 104
B86-7-25416188

Sigma-Aldrich Pty Ltd.
Unit 2. 18 Aneils Avenue
Castie Hil NSW 2154

Sigmz-Aldrich Korez

Samhan Camus Annex, 10th Floor

=g, Yungscungss-ku 118523, Ray

Sigma-Aldrich Canada Ltd.
2149 Winston: Park Drive
Qakvilte, Ontanc LEH 6J8

CANADA (905)

Sigma-Akdrich Ple_. Lid.
102€ Pasir Panjong Road
#08-01 Celilink Wau:

85 271 1088

(8]

un



Novel Transglutaminases — A potential route to healthy skin

Current Date 6/2/03 1of2

Sample Information

SampleName 72073-3b6601-5 Date Acquired 5/30/03 11:50:46 PM
Viat 69 Acq Method Set STANDARD
injection 1 Processing Method Auto Integration
System Name SCOOBYDOO2 Date Processed 6/2/03 10:26:34 AM
Run Time 30.00 Minutes Injection Volume 20.00 ul

Auto-Scaled Chromatogram at 214 nm

s . == KA WOl Ymbarl b o L .
0 un:'
]
050\
040+
]
0.20
1
| J - £
0.00-; u,.» E N )/\\/ ]

]
{
0.00 200 400 6.00 800 1000 1200 14 wnuu‘a‘s&m 1800 2000 2200 2400 2600 28.00

Integration Results

RT Area Heiaht | % Area | % Height
N, 8921 8212 1332 0.07 0.14
2 9.182 15246 1787 0.14 0.18
3] 959 18353 2122 017 023
4 9875 21940 2751 0.20 0.30
5 110402 52886 3705 D48 0.40
6 | 11.386 12727 1983 0.11 0.21
7 | 11742 23610 211 0.21 029
8 | 12462 86066 71 0.78 083
9 | 12.781 | 10326559 | 854660 93.30 92.27
10 | 13371 84636 7789 0.76 0.84

316
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Integration Results

RT

Area

Heiaht

% Area

% Heiaht

18.851

209492

19465

068

1.09

317



81¢€

20-

82204

171520

17994

Acquirad: 17:40:00, May 30, 2003

Sample Description:

72073-2866014

Voyager Spec #1=>SM5{BF » 1714.7, 965]

iode of operation:
Extraction mode:
Polarity:
Acquisition control:

9882 Accalerating voitage:
Grid voltage:
Guide wire 0:
Extraction delay time:

Acquisition mass range:
Numnber of iaser shots:
Laser intensity:

Laser Rep Rate:
Calibration type:
Calibration matrix:

Low mass gate:

Digitizer start time:

Bin size:

Number of data points:
Vertical scale:

Vertical offset:

Input bandwidth:

Sample well:

Plate iD:

Serial number.
Instrument name:
Plate type filename:
Lab name:

Absolute x-position:
Absolute y-position:
Relative x-position:
Relative y-positlton:
Shots in spactrum:
Source pressure:
Mirror pressure:
TC2 pressure:

TIS gata width:

TIS fiight length:

30998 44002
Mass (miz)

D:\Voyagenr\Data\Peptides\MA Y\30May03_0021 dat

700

1.0

Linear
Delayed
Negative
Manual

20000V
84.5%
0.04%
150 nsec

500 ~ 7000 Da

60/spectrum

1484

3.0Hz

External - D:\VayagerCalibrate\April03Lo.cal
a-Cyano-4-hydroxycinnamic acid

400 Da

14.686
2nsec
18895
200mv
0%

150 MHz

17

100 WELL PLATE

1105

Voyager-DE

C:\Woyager\10C well plate pit
GENOSYS BIOTECHNOLOGIES

32067.8
42226.3
0.390508
-1.18115
60
€.427e-007

]
0.01778

30
940

Printed: 17:40, May 30, 2003

upys Ayieay o3 3ol [enusiod v — saseurwein|Ssuel ], [PAON



- PR & = o A . -1 .
Novel Transglutaminases — A potential route

TG6S
=iliRna N -1 "
/S.E‘_\i_ﬂ QUALITY ASSUR ol
[”ng\]() DOCUMENTATION

N
)N
W

1o healthy skin

{ $4est 4{54,_\1

Customer Number: 101721 &
(us_f’fm- ‘{ _r Hfl_w/:? L#';uﬁ e) 4 ¢
Pepiide #: 72073-1 )
Lot #: D6619-002 A £ée
Sequence: TIRAYPGASGEGLSP 87 . 0. Js 2
! Ty sl
Length: 15 Mgs Shipped: 109
Molecular Weight: 1474.6500244141  Final Purity 79 GUV‘V -0 2%32

l’epiia‘c Name

Discovery Bio Wide Pore C-18, 250mmX4.6mm, Spm
A=0.1% TFA/Waie

B=0.1% TFA/Acetronitrile
Gradient: 0 to 2 min.: 100%

2 to 20 min.: & 10 67.5%
Detection: 214nm

-29 C for Long Term

Storage Con
4 C for Short Term

Sigma-Genosys mzakes no clzims to the peptide's ability ion in the specific
application of the customer. All peptides are shipped lyephilized and as gross

weight. Peplide .
'"W"fﬂﬂc end Mass Spectral enalyses cre enclosed.

Handiing & Stara

gile oWt _SBN e Nr (e
S B!

e N

oW B

sohents ke TRA, formikc acid oF
may be used for niial solubiizabion.

esuspension

I_lecpeptdslﬁsuspemme
Sephde in distiled or devonized water Make 3
ure that the pH of the soion s arcund pH 3

torage

70, and adjust the pH # necessary to improve F\eaudesa-esum)h:‘d vophitized. For
5okbdlty. MaXamum mm‘,‘. the hophilized peptide
2 Hydrophobic pepiides: Dissohe the should be stored at -20°C. Most pepides will

peptide n a mmrmum volume of DME,
D50 (f the sequence does not have Cis,
Met or Tm), IPA. ethanaol, or cther orgarsc
schents that can be tolerated in the
expeniment. Add the peptide solution skowdy
(Gopwise) Mo a strved bufler of your
choice. For non-bological studees, stronger

be stable in solutions for several days at 4°C.
FPvond repeated freezefthaw cydes if wing
frozen soiutions. Upon removal from the
froezer; bring the peplide vial to room
temperatue before opening and weighing 1o
avoid mosture condensabon,

Sioma-Genosus

1442 Laza Fiom Cirche

The Woodlands, Texas 77380-3500
1-800-234-5362

Taspei.
886-2-25416188

Sigma-Aldrich Pty Lid.
Unit 2, 14 Anells Avenue
Castie Hill NSW 2154
(+44) 10) 1223 833000 Austraiia 17-26 Yoido-donf. Yunadeunano-ku
1-800-800-097 Seoul Karea
B2 2 783 5211

Sigma-Genosys Lid.
London Road, Pampisinm
Cambndge CR2 4EF. UK

Sigma-Aldrich Korea

Cashimere Scientific Comoany

Samhan Camus Annex, 10th Floor

Peptides contanng W M, and C are pror
oxdation and should be szoned na
yophitized state under an Tevt gas These
peptides should be degassed and

stored n diquots al -80°C # they will be

stored i schution.

Pepudes contanmg O and M are suscepiible
te deamidation and should be stored at -
BO°C. Addiionally. peptides contaming a Q at
the N-termnus will ochze to pyroghutamate
under dikute aad condiions.

Sigma-Aldrich Canada Ltd.
2142 Winston Park Drive
Oakville, Oni: LeH e
CANADA (545) 823-9500

Sigma-Aldrick Pte, Lid.
1G2E Pasir Panjong Road
#08B-01 Citllink Warehause
112526, Repuhlic of Singapore
65 271 1089

(%)
——
O



Novel Transgiutaminases — A potential route to heaithy skin

i
Current Date 6/6/03 e
Sample Infermation
SampleMName 72073-1D6819-2RR Date Acguired 6/6/03 2:43:42 PM
Vial 12 Acq Method Set STANDARD
fnjection 1 Processing Method Auio Iniegration
System Name SCOGRYDOCO2 L] 21
Run Time 30.00 Minutes
Auto-Scaled Chromatogram at 214 om
100 - o= - T
2.80
[
940
0.20-
b A
0m|» - -J'- —_—— *\\/f\ /
N
| | pY
a*z_l = L. 5
N T ST T SR T 51 i T T
000 200 400 Lon Do) G0 SOl e (D En el eifty Auel
nutes
gration Results
R Area Height | % Area | % Heiaht RY Area Heiaht | % Area | % Helcht
1 20083 2404 09.22 o21 11§ 10.881 36520 4055 D.33 0.35
2 24797{ 2801 027 0.24 12} 11.237 | 67361| 7974 0.73 2,69
3 3s322| 3873 0.39 0.35 13| 11.537 § 7333793 | 950030] 79.96 81.69
4| 8os8| azs84| 4881 0.48 0.42 37841 3.25
5| 9261| 32021 4107 0.35 6.35 10386 039
6| 96047 s@se7l es10 055 0.57 2363 0.20
7 0.45 041 5423 0.47
8 0.45 0.42 3658 0.31
9 0.84 0.78 40511 3.49
10 0.62 6.50 5874 0.70 0.59




Novel Transglutaminases — A potential route to healthy skin

Integration Results

RT Area Helaht | % Area | % Helaht
21]14.076 25332 3240 0.28 0.28
22| 14.385 28302 2871 0.31 0.25
23115.007 | 125331 6426 137 0.55
24 1 15.358 32250 2997 0.35 0.26
25 | 15.697 29979 2345 0.33 0.20
26 | 16.068 25567 2320 0.28 0.20
27 116.363 17012 2249 0.19 0.19
28116847 | 116010} 10551 126 0.91
29118133 86610 | 10335 0.94 0.89

321
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Voyager Spec #1{BP = 1474.1, 8905]

St 1474.00
P
804 |
|
04
60
£
]
§ =
L
|
s%
{
|
20-
|
58712
._o.A 1726.98
1494108
u._._-b\ ‘‘‘‘‘ _.LT s
4990 1799.4 808 44002 §700.8

Acquired: 18:53:00, June 05, 2003

Sample Description:

72073-1D6618-2

D:\Voyager\Data\Peptides\June\05JUNED3_(0118.dat

(443

Mass |m/x)

wode of operation:
Extraction mode:
Polarity:
Acquisition control:

Accalerating voltage:
Grid voltage:
Guide wire 0:
Extraction delay time:

Acqguisition mass range:
Numnber of [2ser shots:
Laser Intensity:

Laser Rep Rate:
Calibration typs:
Calibration matrix:

Low mass gate:

Digitizer start time:

Bin size:

Number of data points:
Vertical scale:

Vertical offsst:

Input Bandwidth:

Sample well:

Ptate 1D:

Serial number.
Instrument name:
Piate type filaname:
Lab name:

Absclute x-position:
Absolute y-position:
Relative x-position:
Relative y-posititon:
Shots in spectrum:
Source pressure:
Mirror pressure:
TC2 pressure:

TIS gate width:

TIS flight length:

Linear
Delayad
Positive
Manual

20000 V
94.5%
0.04%
150 nsec

500 - 7000 Da

80/spectrum

1598

3.0Hz

External — Di\VoyagenCalibrate\April03Lo.cal
a-Cyano-4-hydroxycinnamic acid

400 Da

14,684
2 nsec
19893
200 mv
0%

150 MHz

19

100 WELL PLATE

1105

Voyager-DE

C:\Voyagen100 well plate.pit
GENOSYS BIOTECHNOLOGIES

422287
42228.3
-0.787619
0.797121
60
6.018e-007
0

0.01658
30

940

Printed: 18:53, June 05, 2003
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hT6?

QUALITY ASSURANCE
DOCUMENTATION

Custorrer Number: 10172j
eptide #: 72073-3
Lot #: B6601-005 By Spucems 2/0 € -hism Bl 4571 §
Sequence: ESGGLRDOQPAQLQL. Y e A
Lenoth: 14 oc Shi . =
Length: 14 - Mpgs Shipped: - l4.1- C;'y«iv; 2957
Molecular Weight: 1510.6839599609  Final Punity 923
Pepiide Name PEP3
Noies: N-Terpt:(H] C-Term:{NH2]

Column:

Mebile Phase:

Discovery Bio Wide Pore C-18.
A=0.1% TFA/Water
B=0.1% TFA/Acetronitrile

Gradient: CtoZ min.: 100% A
2t0 20 min.: Oto 67.5% B
Detection: 214nm

-20 C for Long Term
4 C for Shon Term

Sterage Conditiens:

Sigma-Genosys makes no ciaims ta the peptide’s ability to fu
appiicaiion of the cusiviner. Al peptides are shipped Iyoph
weight e for research use anly

ik f'r!ﬁimi’ PLC and Mass Spectrai gnalyses are enciased.

£ Jpe

ian in the specific
¢ and as gross

_Handiing & Storage of Peptides

Peptides containing W, M, and C are prone to

nsican solvertts Bee TFA, formic acd or acetx acd

P —

t Ivlj:ﬁ;ﬁhnh( peptides: Resunperwd the
Depde m disitfed or deonzed waten: Make
axe that the pH of the sclution is arcund pH
7.0, and adusst the pH f necessary to improve
2 Hydrophob= peptdes: Dissolve the
peplide m a ImsETLm vohare of DMF,
DMSO (i the sequence does not have Cys,
Met o Trp), PA ethanal, o other organic
sohents that can be tolerated in the
{Sropwsse) o a stired bufter of your
Sigma-Genosys
1442 Lake Front Cruie

The Woodiands, Texas 77350-3600
1-800-234-5362

¥77-13 Nishid,

Sigmas-Genosys Ltd.
London Road, Pamprsford
Cambndge CB2 4EF. UK
(+44) (0} 1223 839000

Austraba
1-800 80606097

Sigma-Gerosys Japan K.C

Hokkaido, .fapan
81 133 73 5005

vual solubiizatuon.

. For
magmum stabiiity, the hophilized peptide
should be stored at -20°C, Most pepides will
ys at 4°C.
Avoid repeated freezefthaw cdles f usng
frozen solutions. Upon removal from the
freezer, brng the peptide val to room
temperature before opening and weighing to
aand moisture condensation.

Shin-Ko, Ishikar No. 2-1, 2F, Lane 40
Chang-An W. Road
, Taiwan 164
BBA-2-25416188

et et B (L]
Unit 2, 14 Arela Avenue
Castie Hil NSW 2154

Sigma-Aldrich Rorea

Secul. Korea
822 783 5211

Castimere Scientific Company

Samhan Camus Annex, 101 Floor
17-25 Yaido-dong. Yungdewmngpo-ku

oxidation and should be stored ina
yophilized state under an inert gas. These
pepudes should be degassed and

siored i alquots at 80°C f they will be

stored in solution:

Peptides contaming Q and N are susceptible
1o deamudation and should be stored at -
80°C. Adddionally, peptides containg a Q at

the Ni-terminus will cydize to pyroglutamate
under dilute acid conditions.

Sigma-Adrich Canada Ltd.
2149 Winston Park Dnve
QOakvilic. Ontano L6H 6.8
CANADA (365) 825-9500

Sigma-Aldrich Pte.. Lid.
1GZE Pasir Panjong Road
#08-01 Giiiiink Warohouse
118529, Republic of Singapore
652711089
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Curmrent Date 6/2/03 Tote
Sample information
SampieName 72073-306601-5 Date Acquired 5/30/03 11:50:46 PM
Vial 69 Acq Method Set STANDARD
Injection 1 Processing Method Auto Integration
System Name SCOOBYDOO?2 Date Processed 6/2/03 10:26:34 AM
Run Time 30.00 Minutes Injection Volume 20.00 ul
Auto-Scaled Chromatogram at 214 nm
) [ e T T e B i i ol
{
o.ao]
|
0.60-
0.40
1
o.zo]
]
(o LIS | S SISy /\ =
| , NN /
N
| - el I

' T ' U LI ] o L I R B O | R AR AR | =Y T
0.00 2.00 400 6.00 800 1000 12.00 14.% taTISS.OC' 1800 2000 2200 2400 2600 28.00

Integration Results

RT Area Height | % Area | % Height
1 8.921 8212 1332 007 0.14
2| 9.182 15246 1787 0.14 0.19
3 9.590 18353 2122 017 0.23
4 9.875 21940 2751 0.20 0.30
5 110402 52886 3705 048 040
6 ] 11.386 12727 1983 0.1 021
7 111.742 23610 2711 o021 0.29
8 | 12.462 86066 71 0.78 083
9 | 12781 | 10326559 | 854660 93.30 92.27
10 {13.371 84636 7788 0.76 0.84
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integration Resuits

RT Area Helaht | % Area | % Heiaht
11| 13.651 34451 4261 0.31 046
12| 14474 29356 3290 0.27 0.36
13 ] 15.987 92430 7672 0.84 0.83
14 1 16.500 113684 | 10668 1.03 1.15
15 ] 18.829 147428} 13817 133 1.49
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Voyager Spec #1=>SM5([BP = 1500.8, 2889)

151019

704

40+

So90.8 4002
Mass (miz)

Acquired: 17:41:00, May 30, 2003
Sample Description:  72073-3B6601-5
D:\WoyagernData\Peptides\MAY\36May03_0022.dat

.Aade of operation:
Extraction mode:
Poiarity:
Acquisition control:

2888.0Accelerating voltage:

Grid voltage:
Gulde wire 0:
Extraction delay time:

Acquisition mass range:
Number of [aser shots:
Laser intensity:

Laser Rep Rate:
Calibration type:
Calibration matrix:

Low mass gate:

Digitizer start time:

8in size:

Number of data points:
Vertical scale:

Vertical offset:

Input bandwidth:

Sampie well:

Plate ID;

Serial number:
Instrumerit pame;
Piate type filename:
Lab nama:

Absolute x-position:
Absolute y-position:
Relative x-position:
Ralative y-posititon:
Shots in spectrum:
Source pressure:
Mirror pressure:
TC2 pressure:

TiS gate width:

TIS fiight iength:

Linear
Delayed
Negative
Manual

20000 V
94.5%
0.04%
150 nsec

500 — 7000 Da

60/spectrum

1484

3.0 Hz

External - D:\Woyager\Calibrate\April03Lo.cal
a-Cyano-4-hydroxycinnamic acid

400 Da

14.6868
2 nsec
19895
200 mv
0%

150 MHz

18

100 WELL PLATE

1105

Voyager-DE

C:\Vayager\100 well plate.pit
GENOSYS BIOTECHNCLOGIES

37148.9
42228.9
1.38889
1.37909
80
6.056e-007
0

0.01757
30

940

Printed: 17:42, May 30, 2003
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Probability Based Mowse Score

lons score is -10¥Log(P}, where P is the prebability that the observed maich is a random event.
Protein scores greater than 76 are significant {(p<0.05}.

lL;I] ma NB

Bl K ]
Probabiiity Bas‘d m-.“ Scs."

>

Number of Hits

it LS B

Protein Summary Kepori

Format As | [Protein Summary -1 Help
Significance threshold p< foos Max_ number of hits 20

Overview Tzakle

LII"" on coiumn header to jump to entry in resulis list
Cuck ©cn an n-drator to see details of individu -al match
Use check boxes to select sub-set of queries for new search.

Mouse over: E—Query-
[‘Act-;-ssbn- {-Sequeﬁce-
Hitzf1 J2)3 315 6718 |spEoji1z]i3gis]isSoegl7]igii 2|20
¥ 825.16 (14}
¥ 83912 {1+)
¥ 845.i4 (1+)

r results pl?file=. /data/20040921/FkaoSaeT dat 21/09/2004

%]
b
~



Novel Transglutaminases — A potential route to healthy skin

Protein Summary Report (SALLYTDSRD1210904F2) Page2 of 1

F 885.00 (1+)

F 92427 (1+)

F 927.07 (1+)

F 1034.06 (1+)]

A a0 0000000000a0aa00as
P 1119.19 (1+)f

P 1nsse oo jojelolelelololejejelelele] [olelel |@
F 1144.59 (1+)f

F nussaojolelejojejelele] [olelelele] |elelelele
F 126097 (1+)]

A 2880008800000a0aaaan
AR 000080000800800aa0aas
F 132357 1+ (9] [o]o]e @

F 142867 a0 eje]e

F 1493.63 (1+)}

F 1495.72 )0 oo olo| [o]e ale] |o
F 1510.06 (110 |0 |0 |0 e ?

AN 008008000080880aa0aa0a8
A 0 08000008000000a80aaan
F 157087 (1+)0 |0 |o]e|ooe] | N0080 0
AR 2000000000000 ofolelefe
A 20800000008000808a8880
F 1638.31 a+)o[ololo]ojele]a] [o]o]ojelole]ele]e] |o
AN a0800000000aa8a0amc
AN 0 000080000800800088088
F 182493 a0 o ]e]e]e o e

F 212604 1+)|0 |00 [0 |00 ]0]0lo]a 0|00 08088
P 218694 10 [0 [0]o]0 9

Select Al |  SelectNone |  Search Selected |
Index

Accession Mass Score Description

1. g114507885 53710 228 vimentin [Homo saplens]

2. gil44890587 53676 228 Vimentin [Homo sapiens]

3. g1147115317 53604 211 VIM [Homo sapiens]

4. g11340219 53738 209 vimentin

5. g1]21757045 52463 193 unnamed protein product [Homo sapiens]
6. g1116552261 47516 180 unnamed protein product [Homo sapiens])
7. 91114389299 53757 140 vimentin [Rattus norvegicus}

http://www matrixscience.com/cgi/master results.pl?file=./data/20040921/FknoSaeT.dat  21/09/2004
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42 KDa protein retrieved from Ntert keratinccvte
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extract through binding of TGS 3-

Protein Summary Report (SALLY TDSRI4b210904F4)

SMATRIX r

barrel domains

Page 1 of 7

ascot Search Results

User : Michael Morton

Email : mortonms@cf.ac. uk

Search title SALLYTDSRD4bL21090474

Databasa : NCBInr 20040916 (2026215 sequences; 679922422 residues)
Taxonosy : Homo sapiens (human) (119515 sequences)

Timastamo 21 Sep 2004 at 16:38:42 GMT

Top Score : 72 for gi 15277503, ACTE protein [Home sapisns]

Probability Based Mowse Score

probability that the chserved maich is a random event.
ficant (p<0.05)}.

Tons score is -i0*Log(P), where P is
Protein scoree greater than 63 are sigr

2 =
2| =B
:s.i 4
: b
B |
A1
s 2=
2k

Format As | [Protein Summary < Help

Significance threshold p< .05
Overview Table

Click on column header ic jump to entry in results list.

Move mouse over any indicator to highlight identical peptides.
Click on an indicator to see details of individual match.

Use check boxes to select sub-set of queries for new search.

Mouse over:  |-Query-
[FAccession- |-3equence-
Hitzl 1 12 13jals]s 28 o hiafui]iahisi4)isfiefi7pisfiopo
1+)

t 21/09/2004

&

hittp //www mairixscience com/cgi/masier resulis pl?file~../daia/20040921/FknoSaSO.d

(%)
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O



Novel Transglutaminases — A potential route to healthy skin
Protein Summary Report (SALLYTDSRD4b210904F4) Page 2 of 7
4 876.30 (1+)
¥ 892.03 (1+)
¥ 908.74 (1+)
¥ 930.55 (1+) > A J
F 976.48 (1+) |0 oo oo olelalo]e )
¥ 1034.12 (1+)
P 1050.09 (1+){
F 106744 (1))
F 1084.34 (1+)]
¥ 1086.95 (1+
 1102.83 (1+)]
F 113253 (1+)|0 010 |00|9 |99 | |[o|9] 9|00
P 1184.20 (14)f
F 1195.60 e [ofoe e oo e lelele] Jele
P 1350.70 (1+)]
P 147568 (19)] ole ?
P 1499.69 (1+)]
F sz oo felolojelefele] [eje ole @
F 179090 a+)jo o jolelelelele] [ole] |e B
P 195105 a+olo]ojejele] e ol [o
I 0080888 [ olo| |o
F 2301.40 (1+)f °
Select Al |  SelectNone |  Search Selected |
Index
Accession Mass Score Description
1. g2]15277503 40536 72 ACTB protein [Homo sapiens])
2. g1114250401 41321 70 actin, beta {Homo sapiens)
3. gi|71625 419717 70 actin gamma - bovine (tentative sequence)
4. 91116924319 40819 69 Unknown {(protein for IMAGE:3538275) {[Homo sapiens])
5. g1]17511847 42108 69 ACTGl protein [Homo sapiens]
6. g1121070355 42052 69 beta actin {Cavia porcellus]
7. gi}16359158 42078 55 Beta actin [Homo sapiens)
8. gi|28336 42128 54 mutant beta-actin (beta'-actin) {[Homo sapiens]
9. g1]1998468 2420 32 48 kda histamine receptor subunit peptide 1 {internal
10. gi]14192922 42334 31 actin, alpha, cardiac; alphac-actin [Mus musculus]
11. gi|33563240 42366 31 actin, alpha 1, skeletal muscle [Mus musculus]
12. gi}{13171508 6570 30 immunoglobulin heavy chain variable region [Homo sapi
13. g1{51492803 42226 30 PREDICTED: hypothetical protein XP_499543 [Homo sapie
14. g1}28279429 24499 30 Similar to UDP-Gal:betaGlcNAc beta 1,4- galactosyltra
15. g1/229361 17099 29 myoglobin
16. g1{230638 17038 29 Myoglobin Mutant With Lys 45 Replaced By Arg And Cys
17. gij7020%84 22277 29 unnamed protein product [Homo sapiens]

http://www matrixscience.com/cgi/master results.pl?file=. /data/20040921/FknoSaSO.dat

21/09/2004
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Appendix 3

OPCR assay including cDNA reverse transcribed from 12 ng total RNA

Well Type Name Detector Ct StdDev Ct  [Qty Mean Qty  |StdDev Qty
Al Unknown |A htg2 33.04 0.574 2.38 3.26 1.236
A2 Unknown (B tg2 htg2 34.43 1.151] 9.29E-01f 6.18E-01 4.39E-01
A3 Unknown [C tg2 htg2 33.58 2.181 4.51 2.53 2.793
Ad INTC INTCtg2  [htg2 32.25 0.12

A5 Standard _ [tg2 50 pg  [htg2 18.24 0.318 50000

A6 Standard  [tg2 5 pg htg2 21.88 0.155 5000

A7 Standard __ |tg2 500 fg  |htg2 25.67 0.508 500

A8 Standard  [tg2 50 fg  [htg2 28.95 0.159 50

A9 Standard  |tg2 5 fg htg2 31.49 0.138 5

Bl Unknown A tg2 htg2 32.23 0.574 4.13

B2 Unknown |B tg2 htg2 34.68 0 7.87E-01 3.26 1.236
B3 Unknown |C tg2 htg2 35.19 2.181] 5.58E-01f 6.18E-01 4.39E-01
B4 INTC INTC tg2 htg2 32.08 0.12 2.53 2.793
BS Standard  [tg2 50 pg |htg2 17.79 0.318 50000

B6 Standard  |tg2 5 pg htg2 22.1 0.155 5000

B7 Standard  [tg2 500 fg  |htg2 23.96 0.508 500

B8 Standard  [tg2 50 fg  [htg2 26.72 0.159 50

B9 Standard  (tg2 5fg htg2 31.69 0.138 5

C1 Unknown |A tgl htg1 31.5 0.255 3.8 4.24 6.31E-01
C2 Unknown |B tgl htgl 31.66 1.689 3.46 2.16 1.845
C3 Unknown |C tgl htgl 33.58 0.397 1.12 1.34 3.09E-01
C4 INTC INTC tgl htgl 34.75 0

C5 Standard  jtgl 50 p, htgl 15.46 0.009 50000

C6 Standard  |tgl 5 pg htg1 19.39 0.308 5000

C7 Standard _ |tg]l 500 fg |htgl 225 0.852 500

C8 Standard  jtgl 5S0fg  |htgl 26.51 0.628 50

C9 Standard  |tgl 5 fg htgl 30.99 0.307, 5

D1 Unknown A tgl htg1 31.14 0.255 4.69 4.24 6.31E-01
D2 Unknown |B tgl htgl 34.05 1.689] 8.53E-01 2.16 1.845
D3 Unknown |Ctgl htgl 33.02 0.397 1.56 1.34 3.09E-01
D4 Standard  [tg] 50 pg  |htgl 15.47 0.009 50000

D5 Standard  {tgl 5 pg htgl 18.95 0.308 5000

D6 Standard  itgl 500 fg |htgl 23.7 0.852 500

D7 Standard _ jtgl 50fg  |htgl 27.4 0.628 50

D8 Standard  |tgl 5 fg htg1 31.43 0.307 5

D9 Unknown (A 1:10 RP S26 34.1 0.405 4.31 3.2 1.57
D10 Unknown |S9 1:10 RP S26 invalid

El Standard  |C 1:10 RP S26 33.11 0.451 549.22

E2 Standard  |C 1:30 RP S26 34.22 0.484 9

E3 Standard  |C 1:90 RP S26 34.92 0.354 1

E4 INTC INTC HK  |RP 526 36.94 1.129

E5 Unknown A 1:10 RP S26 34.68 0.405 2.09 3.2 1.57
E6 Unknown  |S9 1:10 RP S26 32.26 0 44.32

E7 Standard  |C 1:10 RP S26 33.75 0.451 9

E8 Standard  [C 1:30 RP S26 34.91 0.484 3

E9 Standard  [C 1:90 RP S26 3542 0.354 1

E10 INTC INTC HK  |RP S26 38.54 1.129
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OPCR assay including ¢cDNA reverse transcribed from 50 ng total RNA

Well Type Name Detector [Ct StdDev Ct |Qty Mean Qty |StdDev Qty
A1 Unknown |A tg2 htg2 32.64 2.825| 1.84E-01 2.39 3.123
A2 Unknown |F tg2 htg2 30.34 1.235 1.17 2.97 2.55
A3 Unknown |G tg2 htg2 27.93 1.274 8.2 5.06 4.443
A4 NTC ntc tg2 htg2 28.98 2.352

A5 Standard |tg2 50 pg |htg2 17.19 0.442 50000

AB Standard {tg2 5pg  |hig2 20.31 0.639 5000

A7 Standard _[tg2 500 fg |htg2 2417 0.26) 500

A8 Standard [tg2 50 fg _ |htg2 27.75 4.422 50

A9 Standard [tg2 5 fg htg2 28.4 0.534 5

B1 Unknown |A tg2 htg2 28.64 2.825 4.6 2.39 3.123
B2 Unknown |F tg2 htg2 28.6 1.235 4.78 2.97 2.55
B3 Unknown |G tg2 htg2 29.73 1.274 1.92 5.06 4.443
B4 NTC ntc tg2 htg2 32.3 2.352

B5 Standard |tg2 50 pg _|htg2 16.56 0.442 50000

B6 Standard [tg2 5pg  |htg2 19.41 0.639 5000

B7 Standard [tg2 500 fg [htg2 23.8 0.26 500

B8 Standard [tg2 50 fg  [htg2 21.5 4.422 50

B9 Standard [tg2 5 fg htg2 29.16 0.534 5

C1 Unknown |A tg1 htg1 26.23 0.766 3.76 2.66 1.549
C2 Unknown |F tg1 htg1 26.39 0.569 33 2.51 1.113
C3 Unknown |G tg1 htg1 23.44 1.779 35.63 20.15 21.892
C4 NTC ntc tg1 htgt 25.28 0.278

C5 Standard [tg1 50 pg |htg1 14.2 0.048 50000

C6 Standard jtg1 5pg  |htgt 16.81 0.179 5000

Cc7 Standard |tg1 500 fg |htg1 21.15 0.462 500

Cc8 Standard |tg1 50 fg _|htg1 24.29 0.716 50

Cc9 Standard jtg1 5 fg htg1 26.09 1.437 5

D1 Unknown |A tg1 htg1 27.31 0.766 1.57| 2.66 1.549
D2 Unknown |F tg1 htgt 272 0.569 1.72 2.51 1.113
D3 Unknown |G tg1 htg1 25.96 1.779 4.67 20.15 21.892
D4 NTC ntc tg1 htg1 25.68 0.278

D5 Standard jtg1 50 pg |htg1 14.27 0.048 50000

D6 Standard [tg1 5pg  |htg1 17.06 0.179 5000

D7 Standard _|tg1 500 fg |htg1 20.5 0.462 500

D8 Standard |tg1 50 fg |htg1 23.28 0.716 50

D9 Standard |tg15fg  |htg1 24.05 1.437 5

E1 Unknown A RP S26 |RP S26 19.86 1.366 702.7 424.91 392.852
E2 Unknown |F RP S26 |RP S26 20.43 0.513 442.85 344 .45 139.162
E3 Standard |G RP S26 |RP S26 22.3 0.272 100

E4 Standard |G 1:10 RP S26 25.44 0.238 10

E5 Standard |G 1:30 RP S26 27.31 0.752 3.33

E6 Standard |G 1:90 RP S26 27.2 0 1.11

E7 NTC ntc RP S26/RP S26 27.73 0

E8 Unknown |A RP S26 |RP S26 21.79 1.366 147.12 42491 392.852
E9 Unknown |F RP S26 |RP S26 21.15 0.513 246.04 344.45 139.162
E10 Standard |G RP S26 |RP S26 21.92 0.272 100

F1 Standard |G 1:10 RP S26 25.1 0.238 10

F2 Standard |G 1:30 RP S26 26.25 0.752 3.33

F3 Standard |G 1:90 RP S26 27.2 0 1.11
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