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CHAPTER 1:

This chapter discusses a concise but comprehensive literature review of PEP from various
sources. The structural and expressional analysis, mechanism of action, substrate
specificities are discussed here. The overall rationale and motivation for the present study
are also discussed in this chapter followed by the hypothesis and specific objectives

which this study seeks to actualize.
CHAPTER 2:

Chapter 2 provides a summary of the current study. This includes methods used, results

and interpretation of what our findings mean.
CHAPTER 3:

Discussed here in this chapter is an inclusive comparative analysis of cis-acting
regulatory elements present within the 5’-untranslated region of PEP genes in rice and
Arabidopsis, using available bioinformatics tools. The cis-acting regulatory elements
were predicted by scanning 2kbp upstream of the translational start site, using plant
CARE and PLACE professional databases. It is assumed that these cis-acting regulatory
may serve as target binding sites for functional promoters for the expression and

regulation of PEP genes.
CHAPTER 4:

In this chapter we look at the detection and optimization of PEP expression during
germination of wheat seeds. Various buffers were used to see which presents the best

results.
CHAPTER 5:

Chapter 5 looks at the isolation and purification of PEP through the use of different
chromatographic steps as well as different buffers in an attempt to purify PEP to

homogeneity.
CHAPTER 6:

This chapter is dedicated to kinetically characterizing prolyl endopeptidase. It looks at the

physicochemical properties of PEP as well as comparing them to several confirmed PEPs.
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CHAPTER 7:

This chapter focusses on the inhibitory potential of class specific inhibitors on pep activity. It
looks at the effect of leupeptin, E64, Pepstatin and PMSF on PEP activity. It also looks at the

type of inhibition involved and to what class of enzymes PEP belongs.
CHAPTER 8:

Chapter 8 gives a general discussion and briefly outlines future research that should be

carried out to provide further insight into the role of PEPs.
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CHAPTER 1

LITERATURE REVIEW



1.1 Introduction

Prolyl endopeptidase, also known as prolyl oligopeptidase and post-proline cleaving enzyme
belongs to the family of proteases and has been found to cleave peptides at internal proline
residues (Polgar, 2002). According to all structural information in higher eukaryotes, PEP is
considered to be a soluble cytoplasmic protein. No reports though have been documented
concerning protein trafficking, protein modification or processing which would lead to its
association with any other structures (O’Leary et al., 1996). Isolation, structure, function and
how PEPs are currently being evaluated as potential drug targets for the treatment of celiac

sprue will be reviewed here.

1.1.1Source

The first reported activity of PEP was done in 1971 as an oxytocin cleaving enzyme in the
human uterus (Walter et al., 1971). Since this discovery, the enzyme has been isolated from a
variety of sources ranging from archae (Harris et al., 2001) to eukaryotes (Venalainen et al.,
2004). In resolving its structure, Fulop and colleagues (1998) showed a two domain structure

with a unique B-propeller domain.

PEP activity has been described in several alternative locations and has mostly been linked to
a variety of neurological disorders such as schizophrenia, amnaesia, depression as well as
other disease states such as anorexia nervosa, bulimia nervosa and blood pressure regulation

to mention a few (Polgar, 2002).

The enzyme has been found to be highly conserved in mammals and is broadly distributed in
the body with high concentrations found in the brain (Goosens et al., 1996). Studies have also
detected PEP activity in Alzheimer’s disease as well as in Parkinson’s disease. However, in
Alzheimer’s disease cases, conflicting findings were observed in PEP activity from that of the
controlled state. Aoyagi and collaborators (1990) have reported enhanced activity of PEP
compared with the controlled group. On the contrary, other findings suggest that PEP activity
is decreased in specific regions of the brain of Alzheimer’s disease patients compared to
controls (Gibson et al., 1991; Ichai et al., 1994; Terwel et al., 1998 and Laitenen et al., 2001).
Decreasing amounts of PEP was observed in the lung, liver, spleen, heart and kidney from
that found in the brain (Yoshimoto et al., 1979; Taylor and Dixon., 1980).



Several studies have also detected PEP in bacteria (Juhasz et al., 2006; Oyama et al., 1997;
Szwajcer-Dey et al., 1992) and archae (Harris et al., 2001) with very little work being done in
plants (Yoshimoto et al., 1987).

1.1.2 Isolation of PEP

Literature reveals that purification procedures of PEP were developed from that reported by
Yoshimoto et al.,(1988) with a few modifications amongst each of the organisms. These
include a series of column chromatographies to purify the enzyme to homogeneity.

PEP has been isolated from several eukaryotic and prokaryotic sources. For instance, in
isolating the enzyme from bacterium species (e.g pseudomona species), soil samples were
collected and bacterial colonies were isolated and purified by single colony isolation
procedures on YM agar medium. The isolated microorganisms were screened for their ability
to produce prolyl endopeptidase by an enzyme assay and it was based on the increase in
colour intensity due to the enzymatically liberated p-nitroaniline of a PEP substrate. The
selected bacterium was then allowed to grow under certain conditions and later cultivated.
After cultivation, the cells were harvested by centrifugation, cells resuspended in extraction
buffer and then disrupted continuously with glass beads (Hiroshi et al., 1997). In other
bacterium species, slight modifications were observed in isolating the enzyme especially with
the extraction procedure. In species such as Pyroccocus furiosis for example, the gene coding
for Pfu PEP in a pET11d vector (Harris et al., 2001) was subcloned into a pET3d expression
vector using restriction sites flanking the coding region of the gene.

1.1.3 Physical characterization of PEP

Results obtained with respect to gene expression and distribution of the PEP gene from mice
shows that the cytoplasmic PEP gene, Prep, maps to chromosome 10B2-B3 which spans a
region of about 92kb in size and contains 15 exons. The catalytic triad of the enzyme is coded
by exons 1-3 and 10-15 and that of the propeller domain by exons 3-10 (Kimura et al., 1999).
Yoshimoto and colleagues (1988) have found PEP cDNA to be sequenced from a large
variety of organisms ranging from bacteria, protozoa and animals. However, mammalian PEP
has been widely studied from its various sources but more interest in the bacterial version has
been pursued as a potential therapeutic agent. Despite the close sequence similarity between

the mammalian and bacterial PEP, they however, do not share similar physiological roles.



The mammalian enzymes for which the sequence is available are 710 amino acids long
(approximately 80kDa), globular and cytoplasmic (Venalainen et al., 2004) but some mature
bacterial PEP are membrane bound and active extracellular (Xie and Sun., 2004). Harwood
and colleagues (1997) have found that bacterial enzymes are able to digest peptides that are a
bit longer as well as proteins and some are capable of auto proteolysis in contrast to PEP
from mammals for which no peptide substrate longer than 30-mer has been found.

The first PEP crystal structure which had been resolved was the porcine PEP (Fig 1.1) (Fulop
et al., 1998) and thereafter advancements have been made in resolving two homologous
bacterial PEP from Myxococcus Xanthus and Sphingomonas capsulate (Shan et al., 2005).
The approximately 75kDa protein in size has been purified from several eukaryotic as well as
prokaryotic sources. It has also been crystallized and its structure resolved to high resolution
(Fulop et al., 1998). PEP has been found to contain a cylindrical shape with a height of 60
Angstroms and a 50 Angstrom diameter as well as it consists of two domains: The peptidase
domain (fig 1.1) which is formed by the N- and C-termini containing the catalytic triad (Ser,
Asp and His). The other domain is the seven bladed B-propeller domain (fig 1.1) which is
radially arranged around the central tunnel embedded within the cylinder where the narrow
active site is located (Fulop et al., 1998). With the active site located in this large cavity at the
interface of the two domains, it has been proposed that there is a narrow hole at the centre of
the B-propeller through which the substrate enters. However, the rigid crystal structure of the
B-propeller does not give sufficient evidence as to how the active site is approached by the
substrate (Fulop et al., 1998). However, alternative routes for the substrate were proposed on
resolving the 3D structure and kinetic analysis of mutated variants of PEP (Szeltner et al.,
2004), along with molecular dynamic studies (Fuxreiter et al., 2005). Their studies showed
that the substrate induces an opening at the interface of the peptidase and the B-propeller
domains while entering into the active site and that rigorous movement of the propeller and
peptidase domains are required for enzyme action. This mechanism was verified when the
structure of Sphingomonas capsulata PEP in the open configuration was resolved (Shan et
al., 2005)



Active site with bound inhibitor

Fig 1.1: The structure of prolyl oligopeptidase with the inhibitor Z-Pro-Prolinal bound at the
active site (Adapted from the Protein Data Bank code 1qgfs). The seven bladed B-propeller
domain (in yellow) is radially arranged around the narrow active site. The peptidase domain
which is formed by the N- and C-termini (where the inhibitor is bound) containing the
catalytic triad (Ser, Asp and His). The peptidase or catalytic domain is built up of residues in
the region 1-72 and 428-710, and the residues between these two portions constitute the

propeller domain.

1.1.4 Kinetic characterization of PEP

The catalytic mechanism of PEP can be seen as that of the general protease reaction
mechanism via base-assisted catalysis by histidine which occurs through a tetrahedral
intermediate, thus generating a covalent acyl enzyme complex that is subsequently
hydrolysed. The hydrolysis also involves a second tetrahedral intermediate which breaks
down via acid-assisted catalysis by histidine (Leung et al., 2000). PEP cleaves peptides at the
C-terminal of an internal proline and will not cleave N-blocked peptides where the proline is
the second amino acid (Rosenblum and Kozarich, 2003). The enzyme interacts maximally
with amino acid residues of the substrate peptide: those in position P2, P3 and P4 from the N-
terminal and those in positions P1” and P2’ from the C-terminal of the proline which occupies
the P1 position (Fulop et al., 2001). Cunningham and O’Connor (1997) as well as Rosenblum
and Kozarich (2003) found that the highest reaction rates are obtainable when the P1” site is a
hydrophobic residue.



PEP has also been found to hydrolyse Ala-X bonds but at much more reduced reaction rates
(Polgar, 1992). It has recently been reported that a bacterial PEP is able to cleave Val-X
bonds at an even more reduced rate than the Ala-X bonds, but the physiological relevance of
this fact is claimed to be negligible (Leprince et al., 2006). With regards to PEP catalytic
efficiency (Kcat/Knm), it was reported to be in the same order of magnitude as for most standard

substrates but the Ky, is 2-3 orders of magnitude higher than the Pro-containing counterparts.

Inhibition studies using peptidase class specific inhibitors have revealed that PEPs belong to
the serine peptidase family (Gass and Khosla., 2007). This is supported by the global protein
alignment of PEP protein sequences from bacteria, mammals, plants and insects (fig 1.2)
which show a conserved serine in the active site together with conserved Asp and Hist
residues typical of the serine peptidase family. Vast majority of reported PEP inhibitors are
substrate-like compounds. Most inhibitors that have been designed contain a proline or
proline analogue residue due to the strong preference of PEP to cleave peptides specifically at
the C-terminal of a proline residue. The most studied PEP inhibitors are Z-Pro-Prolinal,
ONO-1603, SUAM-1221, JPT-4819 and S 17092 (Wilk et al., 1983; Fulop et al., 1998).
Inhibition by compounds with electronegative substituents has shown that the addition of
aldehyde (Wallen et al., 2002), hydroxyacetyl and cyano group (Bakker et al., 1990) at the P1

site results in slow-binding type of inhibition.
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NPELWTDVLSEHEKDVLESADAVNNNQLLVNYMSDVKHILQTRDLRTGNFTHQLP--LET
NPELWTDVLSEHEKDVLESADAVNNNQLLVNYMSDVKHILQIRDLRTGNFIHQLP--LEI
KPELWTDILPEHERDVLESADAVNGNQLLVCYMSDVKHILQIRDLVTGNLLHKLP--LET
EPNSWTDVVEEHEKDVLASACAVNGNHLVACYMSDVKHILQIRDLKSGSLLHQLP--LDI
EPNSWTDVVEEHEKDVLASACAVNGNHLVACYMSDVKHILQIRDLKSGSLLHQLP--LDI
EPNSWTDVVEEHEKDVLASACAVNGNHLVACYMSDVKHILQIRDLKSGSLLHQLP--LDI
EPSSWIDVIAEHEKDVLSTASAVNGDQLVVSYMSDVKHILQIRDLKSGSLLHRLP--VDI
EESKWKVLVPEHEKDVLEWIACVRSNFLVLCYLHDVKNILQLHDLTTGALLKTFP--LDV
AEENWETLI PEHEKDVLDWVKCVNEDKILLCY IRDVKT I LQANSLRTGELIRQFD--LDI
AEDKWETLIAEHKSDVLDWVKCVDADKLLVCYIRDVKSVLQVNSLKDGTLLREFD--LDI
KESEWKDLISEHPKDVLDWAHAINENMLVVCYLODVKNIMQLYDIKSSNKLHDFK--LDV
---EIEEVIPEDE-FPLEWAVIVG-NRILAGRLVHASHRLEVYSLD-GKKLDEIT--FDL
---KIDEVIPEGE-FPLEWAVIVR-DKILAGRLVHASYKLEVYTLN-GEKIKEIT--FDV
ELGAAQLLFAPNETQALESVETTK-RFVVASLLENVQGRLKAWRFTDGKWQETELPRLPS
*
GSVNGISGRRDNSEVFIEFASFLTPGIIYRCDVSKETPEMNIYREISVG--GFDRTDFEA
GTVNGISGRRVDSEVFIEFASFLTPGIIYRCDVSAEIPEMDVYREISVP--GFDRNEFEA
GSVSEISCRREDKEVFIGFTSFLSPGIIFRCNLASTIPEMKMFREISVP--GFDRTSFQV
GSVSEISCRREDKEVFIGFTSFLSPGIIFRCNLASTIPEMKMFREISVP--GFDRTSFQV
GSVSEISCRREDMDVFIGFTSFLSPGIIYRCNLTSAIPEMKIFREISVP--GFDRTNFEV
GSVSDVSARRKDNTFFFSFTSFLTPGVIYKCDLANESPEVKVFREVTVP--GFDREAFQA
GSVSDVSARRKDNTFFFSFTSFLTPGVIYKCDLANESPEVKVFREVTVP--GFDREAFQA
GSVSDVSARRKDNTFFFSFTSFLTPGVIYKCDLANESPEVKVFREVTVP--GFDREAFQA
GSVCGVFARRKDTIFFFRFTSFLTPGVIYKCDLSHEAPEVTVFREIGVP--GFDRTAFQV
GSIVGYSGQKKDTEIFYQFTSFLSPGIIYHCDLTKEELEPRVFREVTVK--GIDASDYQT
GTIVGTSGKTKYSEIFYNFSSFLNPGTIYHYDFKYPDQPPKVFRDINLNLDGFNRDNYIV

GTIVGTSGEKKYSEIFYNEFSSFLNPGSIYRYDFKTPEKSPSVFREIKLNLEGFRREDYAV 483

GTISAISGKKYHKEMFFSFCSFLTPNIIYKVDFDQGSIKETLFHETKVG--DFESSKYET
PGSLYPLD-ADGKKVILRYESFTIPYRLYEFDG-——--— ELKLLDERKIEG------ DFQV
PGSLYPLD-KDEERVLLRYTSFTIPYRLYEFKD-——--— DLRLIEERKVEG-—----- EFRV
GALEMTDQPWGGDVVYLAASDFTTPLTLFALDLN--VMELTVMRRQPQQ---FDSDGINV
E
KQVEYPSKDGTKIPMEFIVSKKSIVLDGSHPTLLYGYGGFGMNMTPHFSVTRIVLMRNLGE
KQVFYPSKDGTKIPMFIISKKGMDLDGSHPALLFGYGGFGVSITPQFSVTRVVLMRNLGE
KQVEVPSKDGTKIPMEFIMSKKDIDLNGSHPTLLYGYGGEFNISITPSFSVGRVVLCKNMGE
KQVFVPSKDGTKIPMFIMSKKDIDLNGSHPTLLYGYGGENISITPSFSVGRVVLCKNMGE
KQIFVNSKDGTKIPMFIMSKRDIELDGSHPTLLYGYGGEFNISLTPSFSVSRVVLCKNMGE
IQVFYPSKDGTKIPMFIVAKKDIKLDGSHPCLLYAYGGENISITPSFSASRIVLSKHLGV
IQVFYPSKDGTKIPMFIVAKKDIKLDGSHPCLLYAYGGENISITPSFSASRIVLSKHLGV
IQVFYPSKDGTKIPMFIVAKKDIKLDGSHPCLLYAYGGENISITPSFSASRIVLSKHLGV
TQVEFYPSKDGTEIPMFIVARKDIKLDGSHPCLLYAYGGFSVSMTPFFSATRIVLSRHLGT
VOQIFYPSKDGTKIPMFIVHKKGIKLDGSHPAFLYGYGGENISITPNYSVSRLIFVRHMGG
EQIFYSSKDGTKVPMEFIIRKK-ADTVQPRPCLLYGYGGEFNISMLPTFGLTGLMFVDTEDG
EQIFYKSKDGTKVPMEFIIRKK-RDNVEPRPCLLYGYGGFNISMLPSFGLSGLMFIDTEDG
KQVFYKSKDGTEIPMFIINKKGLVNDGSKPCLLYGYGGEFNVNLTPSFGVSRLVFIENFEDG
SEDFAISKDGTRIHYFIVKGE----KDEKKAWVEFGYGGFNIALTPRFFPQVIPFIR-RGG
EEDFATSKDGTKVHYFIVKGE----RDEKRAWVFGYGGEFNIALTPMFFPQVIPFLK-RGG
QQFWTTSADGERIPYFHVGKN---AAPDMPTLVYAYGGFGIPELPHYLGSIGKYWLEEGN
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| S.bPEP]|
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|ALPEP2 |
|A1PEPL |
|HSPEP |
| DmPEP |
| DSPEP |
T.cPEP|
|T.oPEP|
|P.fPEP|
|N.mPEP |

| OsPEPChr4 |
| S.bPEP|
| ZmPEP1 |
| ZmPEP2 |
|OsPEPChrl |
|AtPEP1 |
| AtPEP2 |
|ALPEP2 |
|A1PEPL |
|HSPEP |
| DmPEP |
| DSPEP |
T.cPEP|
| T.oPEP|
|P.fPEP|
|N.mPEP |

| OsPEPChr4 |
| S.bPEP|
| ZmPEP1 |
| ZMPEP2 |
|OsPEPChrl |
|AtPEP1 |
| AtPEP2 |
|A1PEP2 |
|A1PEPL |
|HSPEP |
| DMPEP |
| DSPEP |
T.cPEP|
| T.oPEP|
|P.fPEP|
|N.mPEP |

VSCIANIRGGGEYGEDWHKAGSLANKQONCFDDFIAAGEFLVSAGYTNPSRLCVEGASNGG
VTCVANIRGGGEYGEDWHRAGSLANKQNCFDDFIAAGEFLVSAGYTSPARLCIEGGSNGG
VVCVANIRGGGEYGEEWHKAGALAMKQNCFDDFAACAEFLISNGYTSSRRLCIEGGSNGG
VVCLANIRGGGEYGEEWHKAGALAMKQNCFDDFAACAEFLISNGYTSSRRLCIEGGSNGG
VVCVANIRGGGEYGEEWHKAGARAMKQONCFDDFIACAELLISAGYTSYRQLCIEGGSNGG
VECFANIRGGGEYGEEWHKAGSLAKKQNCFDDFISGAEYLVSAGYTQPSKLCIEGGSNGG
VECFANIRGGGEYGEEWHKAGSLAKKQNCFDDFISGAEYLVSAGYTQPSKLCIEGGSNGG
VFCVANIRGGGEYGEEWHKAGSLAKKQNCFDDFISGAEYLVSAGYTQPSKLCIEGGSNGG
VECFANIRGGGEYGEEWHKSGALANKQNCFDDFISGAEYLVSAGYTQPRKLCIEGGSNGG
ILAVANIRGGGEYGETWHKGGILANKQNCFDDFQCAAEYLIKEGYTSPKRLTINGGSNGG
VLAYPNIRGGGEYGEKWHNGGRLLNKQNVFDDFQCAAEYLIKNNYTTKDRLAIQGGSNGG
VLAYPNLRGGGEYGEKWHNGGRLLNKQNVEFDDFQTAAEYLIENKYTTKDRLAIQGGSNGG
VYALANIRGGGEYGDNWHNGGRFGKKQNCFDDFQYAAKYLVENKYTKVDKLIIQGGSNGG
TFVMANLRGGSEYGEEWHRAGMRENKQNVEDDFIAVLGKLKAEGYK-~---VAAWGRSNGG
TFIMANLRGGSEYGEEWHRAGMRENKQNVEFDDFIAVLEKRKKEGYK----VAAWGRSNGG
AFVLANIRGGGEFGPRWHQAAQGISKHKSVDDLLAVVSDLSERGISSPEHIGLQGGSNGG
'*:***'*:* **"' *:: '**: . : * kKKK
LLVAACINQRPDLFGCALAHVGVMDMLRFHKFTIGRAWTCDFGCSEKEEEFH-WLIKYSP
LLVAACMNQRPDLFGCALAHVGVMDMLRFHKFTIGRAWTCDFGCSDNEEEFH-WLIKYSP
LLVAASINQRPDLFGCALAHVGVMDMLRFHKFTIGHAWTTDYGCSDKEEEFQ-WLIKYSP
LLVAASINQRPDLFGCALAHVGVMDMLRFHKFTIGHAWTTDYGCSDKEEEFQ-WLIKYSP
LLTIAACVNQRPDLFGCALAHVGVMDMLRFHKFTIGHAWTTDYGCSDNEEEFH-WLIKYSP
LLVGACINQRPDLYGCALAHVGVMDMLRFHKFTIGHAWTSDYGCSENEEEFH-WLIKYSP
LLVGACINQRPDLYGCALAHVGVMDMLRFHKFTIGHAWTSDYGCSENEEEFH-WLIKYSP
LLIGACINQ-ANLFGCALAHVGVMDMLRFHKFTIGHAWTSDYGCSENEEEFH-WLIKYSP
ILVGACINQRPDLFGCALAHVGVMDMLRFHKFTIGHAWTSEFGCSDKEEEFH-WLIKYSP
LLVAACANQRPDLFGCVIAQVGVMDMLKFHKYTIGHAWTTDYGCSDSKQHFE-WLVKYSP
LLVGACINQRPDLFGAAVAQVGVMDMLRFHKFTIGHAWCSDYGNPSEKEHFD-NLYKLSP
LLVGSCINQRPDLFGAAVAQVGVMDMLRFHKFTIGHAWCSDYGNPSEKEHFD-NLYKFESP
LLVAACINQAPELFGAAICQVGVLDMLRFHKFTIGYAWKSDYGCSEEQEQFE-YLYKYSP
LLVSATLVQRPDVMDAALIGYPVIDMFRFHKLYIGSVWVPEYGNPDDPKDRE-FLLKYSP
LLVSATLTQRPDVMDSALIGYPVIDMLRFHKLYIGSVWIPEYGNPEDPKDRE-FLLKYSP
LITAAAFVREPQSIGALVCEVPLTDMIRYPLLSAGSSWITDEYGNPQKYEVCKRRLGELSP
*roio O Lo x o kX

LHNVRRPWEKG—-—---— HRRQQYPSTMLLTADHDDRVVPSHTLKFLATMQHVLCTSVKE-S
LHNVRRPWEKEKWAAATGGGQYPATMLLTADHDDRVVPSHTLKFLATMQHVLRAGAEGGS

LHNVRRPWEQS----SGNNCQYPATMLLTADHDDRVVPLHSLKLLATLQHVLCTSTED-S
LHNVRRPWEQS----SGNNCQYPATMLLTADHDDRVVPLHSLKLLATLQHVLCTSTED-S
LHNVRRPWEQS----FVNCCQYPAIMLLTADHDDRVVPLHSLKLLATLQYVLCTSIED-T
LHNVKRPWEQQ----TDHLVQYPSTMLLTADHDDRVVPLHSLKLLATLQHVLCTSLDN-S
LHNVKRPWEQQ----TDHLVQYPSTMLLTADHDDRVVPLHSLKLLATLQHVLCTSLDN-S
LHNVKRPWEQQ----TDQFIQYPSTMLLTADHDDRVVPLHSLKLLATLQHVLCTSLEN-S
LHNVKRPWEQK----TDRFVQYPSTMLLTADHDDRVVPLHTYKLLATMQYELGLSLEN-S
LHNVKLPEADD-————---— IQYPSMLLLTADHDDRVVPLHSLKFIATLQYIVGRSRKQ-—
LHNVHTPNDASS---———-— EYPSTLILTADHDDRVSPLHSLKFAAALQEAVRDSPFQ--
LHNVHTPKGAET---—-——--— EYPSTLILTADHDDRVSPLHSLKFIAALQEAVRDSKEFQ--
LHNIRVPONGG-—————---— QYPATLLLTADHDDRVVPLHSLKFIAELQNKIGRLPTQ-—
YHNVK----=———————— EQKYPPTLLYTGLYDDRVHPAHALKFFMKLRAVS—————-—-—
YHNVDP----———————— KKKYPPTLIYTGLHDDRVHPAHALKFFMKLKEIG-—-———---—
YHNLSDG-—-—-—==————-— IDYPPALITTSLSDDRVHPAHALKFYAKLRETS-———————
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597
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|OsPEPChr4 | PQTNPIVARIDRKSGHGCGRSTQKIIDEAADRYAFAAKTMGISWID- 739

| S.bPEP| POTNPIIARIERNSGHCCGRSTQKIIDEAADRYAFAAKMMGVSWID- 748
| ZmPEP1 | POTNPIIGRIDRKSGHGAGRPTQKMIDEAADRY SFMAKMLGASWTE- 771
| ZmPEP2 | POTNPIIGRIDRKSGHGAGRPTQKMIDEAADRYSFMAKMLGASWTE- 731
|OsPEPChrl| PQVNPIIGRIDVKSGHGAGRPTKKMIDEVADRYSFMANMLDASWTE- 730
| AtPEPL | POMNPIIGRIEVKAGHGAGRPTQKMIDEAADRY SFMAKMVNASWTE- 795
| AtPEP2 | POMNPIIGRIEVKAGHGAGRPTQKMIDEAADRYSFMAKMVNASWTE- 757
|A1PEP2 | POTNPIIGRIEVKAGHGAGRPTQKMIDEAADRY SFMAKMVNAAWTE- 794
|A1PEPI | POTNPIIARIEVKAGHGAGRPTQKMIDEAADRYSFMAKMVDASWID- 731
|HSPEP | --SNPLLIHVDTKAGHGAGKPTAKVIEEVSDMFAFIARCLNVDWIP- 710
| DMPEP | --KNPLLLRVYKKAGHGAGKPTSKRIEEATDILTFMYRSLNIDVINL 722
| DSPEP | --NNPVLLRVYQKAGHGAGKPTSKRIEEATDILTFLSKSLNVDTINV 756
T.cPEP| --KNPLMIRIETRAGHGAGKPTSKIIEEVTDTFCFISRALNLTFSS- 722
| T.oPEP| —---APVYLRVETKSGH-MGASPETRARELTDLLAFVVETLEA----— 616
|P.fPEP]| --—APVYLRVETKSGH-MGASPETRARELTDLLAFVLKTLS-—-——-— 616
|N.mPEP| ---PQOSWLYSPDGGGHTGNGTQREAADELACVLLFLKEFLG-——---— 671

* Kx * . *

Figl.2: Global alignment of amino acid sequences of Zea Mays: ZmPEP1 (NM 001136920.1)
and ZmPEP2 (ACN31271); Rice PEP: OsPEPChr4 (BAF15466) and OsPEPChrl
(BAF03701); Arabidopsis Lyrata: AIPEP (XP_002887627); Arabidopsis thaliana PEP:
AtPEP1 (NP_173463) and AtPEP2 (NP_001117606); Drosophila PEP: DsPEP
(XP_002036510) and DmPEP (XP_002002881); Sorghum bicolor PEP: SbPEP
(XP_002446934); Homo sapiens PEP: HsSPEP (NP_002717); Tribolium castaneum PEP:
TcPEP (XP_972959.1); Pyrococcus furiosis PEP: PfPEP(AAA73423), Thermococcus
Onureus PEP: To PEP (ABA26946) and Neisseria meningitidis PEP:NmPEP
(YP_002342055). The alignment was performed using clustalW?2 (Larkin et al., 2007) with
default settings for protein alignments. Dashes indicate gaps and the numbers on the right
represent the position of the last residue in the original sequence. Identical residues among
the enzymes are marked as an asterisk and residues with conserved substitutions and semi

conserved substitutions are marked as a colon and a dot, respectively.
1.2 PEPs involvement in Diseases

As mentioned in section 1.1.1, PEP activity has been found throughout the body, with highest
concentrations detected within the brain (Irazusta, 2002). PEP activity has also been linked to
a variety of neurological disorders, such as depression, schizophrenia, Alzheimer’s disease as
well as other diseases such as blood pressure regulation, anorexia and bulimia nervosa
(Polgar, 2002).
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PEPs have also been found to play a key role on learning and memory in animal models
which have been tested for amnesia (Kamei et al., 1992; Portevin et al., 1996; Tsuru et al.,
1988; Yoshimoto et al., 1988) as well as in the human uterus as an oxytocin cleaving enzyme
since it has the ability of cleaving peptides at the C-terminal of the proline residue (Walter et
al., 1971).

1.2.1 PEP activity in Alzheimer’s disease

Reports have shown that PEP activity is enhanced in patients suffering from Alzheimer’s
disease in the intra-cerebral region of the brain (Aoyagi et al., 1990). On the contrary,
conflicting results have been found by other groups that state that the activity of PEP is
decreased in specific regions of the brain of Alzheimer’s disease patients (Gibson et al,
1991). However, in their opinion, the reduction in PEP activity in Alzheimer’s disease tissue
is not specific to this disorder but a common factor to other neurodegenerative disorders such

as Parkinson’s disease and Huntington’s disease (Mantle et al., 1996).

Changes in serum PEP have also been found as a result of several psychiatric disorders, such
as depression, mania, schizophrenia, eating disorders and stress induced anxiety but, no
specific mechanisms have been discovered to explain the involvement of PEP in these
pathologies. Maes et al.,(1994, 1998) also reported that total serum PEP-like activity was
found to be significantly lower in the plasma of patients with depression compared to normal
individuals.

Maes et al.,(1995) also found PEP to be related to psychotic conditions such as schizophrenia
and manic depression as they have found the enzymes’ activity to have increased in mania
and schizophrenia patients compared to the normal volunteers. PEP activity was then restored
to normal levels in mania and schizophrenic patients that were treated with fluoxetine and

valproic anti-depressants.
1.2.2 PEP and Cancer

Research reports with regards to PEPs role in cancer are rather sparse but Sedo et al.,(1991)
reported that an increase in PEP activity was found in a number of primary lung tumours as
compared with matched lung parenchyma from non-cancerous lung individuals. Zima et
al.,(2001) reported a significant reduction though in PEP activity in rats treated with the
anthracycline antibiotic doxorubicin, which is effective for the treatment of certain cancers

but causes the likelihood of cardiomyopathy to develop.
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1.2.3 PEP and inflammation

PEP has also been found to be related to the immunological or inflammatory disturbances in
joints in rheumatoid arthritis as a significant increase in PEP activity was reported in the
synovial fluids of patients with rheumatoid arthritis (Kamori et al., 1991 and Hashimoto et
al., 2001). It has also been reported that PEP activity was reasonably high in the washing
fluids of inflammatory foci in the Mycobacterium tuberculosis induced delayed-type allergic

inflammation (Kakegawa et al., 2004)

Having comprehensively looked at the activity of PEP in some disease states and where they
are also involved, the next section of this review will now focus on PEP as a potential
treatment for celiac disease. It will also look at evolutionary trends as well as possible

isolation and characterization methods of the enzyme.
1.3 PEP as a potential treatment for celiac sprue

Celiac disease is a disease characterized by enteropathy of the small intestine. When people
with celiac disease consume gluten containing food products, an immune-mediated toxic
reaction occurs that damages the lining of the small intestine called villi. Once these villi are

destroyed, the person becomes malnourished (Wolters and Wijmenga., 2008).

Gluten which has been found to be the primary environmental factor, provoke the disease as
the high proline and glutamine content is relatively resistant to proteolysis by gastric,
pancreatic and intestinal brush border enzymes (Molberg et al., 2005). The undigested gluten
peptides are deaminated by tissue transglutaminase, resulting in a better capacity pocket

binding of HLA-DQ2 or HLA-DQ8 molecules on antigen presenting cells.

The absence of PEP from mammalian pancreatic proteases and the intestinal brush-border
enzymes highlights the lack of a role of PEP activity in the assimilation of dietary proteins in
mammals. A study done on 25 Dutch celiac patients revealed no major mutations in the PEP
gene. Initially, bacterial PEP was identified as a potential family of enzymes for the oral
treatment of celiac sprue. The role has now shifted over to plant-based sources that may
possibly also serve as potential agents for the treatment of celiac disease. Plant PEP sources
have been considered as gluten-detoxifying agents but uncertainty still lies in the enzyme’s
activity. It has however been hypothesized that plant PEP activity may be similar to that of

other sources.
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PEP’s from Flavobacterium meningosepticum, Sphingomonas capsulate, Thermococcus
Aureus and Myxococcus Xanthus show similar activities but these and those from plants
exhibit substantial differences with respect to chain length and specificity in the key gluten-
derived peptides with important physiological relevance to celiac sprue pathogenesis (Shan et
al., 2004).

Research shows that glutamine and proline residues constitute approximately 30% and 20%
respectively of gluten and further studies have also shown that even a small amount of gluten
in food products causes health problems as well as affecting those already suffering from
celiac disease. Therefore, the role of prolyl endopeptidase from plant based sources in
treating individuals suffering from celiac disease may represent a significant step in drug

development.

Furthermore, prolyl endopeptidase research should be viewed as a promising field in which

medical advances are likely to be realized.
1.4 THE PROPOSED INVESTIGATION

Initially, the only accepted nutritional therapy for celiac disease involved the lifelong
elimination of wheat, rye and barley from the diet (Lerner, 1996). However, clinical studies
have shown that oats are tolerated by most patients suffering from celiac disease and may
improve the nutritional content of the diet as well as the overall quality of a patient’s life.
Furthermore, clinical tests have shown that the elimination of gluten usually induces clinical
improvements within days or weeks, though the patient may take months or even years to
recover histologically especially adults in whom mucosal recovery may be incomplete
(Hutchinson et al, 2008). Gluten-free products vary by country and are particularly expensive
and hard to find in developing countries whereas in other countries such as the Netherlands,
Sweden, Finland, Italy, United Kingdom and New Zealand, the government subsidizes these
products. However, there has been considerable interest and advances in developing non-
dietary therapies that may either replace or supplement the gluten-free diet such as the use of
recombinant enzymes that digest the toxic gliadin fractions in the stomach or upper small

intestine.

Prolyl endopetidases have gained importance as a potential treatment of celiac disease as well

as other neuropsychiatric diseases and cognitive disturbances.
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These enzymes belong to the serine protease family and have been found to hydrolyze small
proline-containing peptides at the C-side of the proline residue (Gass and Khosla., 2007).
Recently, it has been proposed that the enzyme can be used as a potential therapeutic agent in
treating celiac sprue due to its unique ability to accelerate the cleaving of proline-containing
gluten peptides in the gut lumen (Shan et al., 2002).

1.5 Problem statement

Extensive research has been done on the isolation of PEP from microorganisms but nothing
according to my knowledge has been documented yet on cereal crops. Studies also show that
even a small amount of gluten in food products cause health problems and affect those
already suffering from celiac disease.

1.6 Hypothesis

We therefore hypothesize that cereal plants express glutamine and proline specific peptidases
which are able to hydrolyze toxic gliadin (gluten proteins) fractions which can be used to

alleviate the symptoms of celiac disease.
1.7 Aim

The present study is aimed at purifying and kinetically characterizing gliadin hydrolysing
peptidases from Triticum aestivum (wheat) that may possibly lead to a novel and specific

inhibitor to control disease.
1.8 Specific objectives
¢ |dentification of plant Prolyl endopetidases in plants
¢ |solation and purification of plant Prolyl endopetidases from a cereal crop (wheat)

¢ Kinetic analysis of purified Prolyl endopetidases
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PEP activity has been described in several locations and has mostly been linked to a
variety of neurological disorders such as schizophrenia, amnaesia, depression as well as
other disease states such as anorexia nervosa, bulimia nervosa and blood pressure
regulation. The enzyme has also been previously isolated from a variety of archae,
microorganisms and several eukaryotic species but no prolyl endopeptidases have been
isolated from plants. Plants have high levels of proline and glutamine rich peptides in
seeds. We therefore hypothesize plants must express PEPs during germination.
Bioinformatics tools were used to identify known PEPs and putative plant PEPs. A global
sequence alignment of putative plant PEPs and other known PEPs indicated that the
active site amino acids Ser, His and Asp are conserved in putative plant PEP sequences.
Furthermore, putative plant PEPs showed similar secondary structures to known PEPS
and when a rice PEP was modelled onto porcine brain PEP structure, a high degree of
similarity was found.

Germination studies of wheat seed showed an increase of PEP activity over time with
maximum PEP activity reached after 4 days of germination, which remained at this level
until 9 days of germination, implying a function for PEP in plant seed germination.
Wheat PEP was purified using ion exchange and gel filtration chromatography with a
final yield of less than 1% and a relative purity (only 2 bands detected by SDS-PAGE).

The purified wheat PEP had a molecular weight of approximately 55kDa, substrate
specificity for chymotrypsin-like substrates (N-Suc-Ala-Ala-Pro-Phe-pNa, K., value of
0.58 MM, Ky 0f 29.37 s Kegt /K 50813.145* M™); a pH optimum of 7.9; temperature
optima of 37°C and a high sensitivity to temperature as indicated by loss of activity at
temperatures above 40°C.

Inhibition studies using E64, Leupeptin and PMSF confirmed that the wheat PEP is from

the Serine protease family and is most likely a trypsin-like protease.
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3.1 Abstract

Transcription plays a key role in the flow of information from static DNA to proteins that
are active and is the most widely studied process in molecular and cell biology. It is
shaped by the interactions between transcription factors that bind to cis-regulatory
elements in the DNA, as well as chromatin structure and additional co-factors. However,
each gene contains a unique set of cis-acting elements in its 5’regulatory region that
ultimately determines its spatial and temporal expression. The objectives of this study
were to identify genes expressing putative Prolyl endopetidases in plants and to isolate
and characterize the purified PEPs. Prolyl endopeptidase encoding genes from
Arabidopsis thaliana genome (chromosome 1), Oryza sativa genome (chromosome 1 and
4), Zea mays and Sorghum bicolor were identified and the 2kbp 5’ regulatory region of
each PEP genes in rice (Oryza sativa) and Arabidopsis thaliana was scanned for the
presence of putative cis-acting regulatory elements identical with or similar to the motifs
registered in PLACE and PLANTCARE. No sequences for Triticum aestivum (wheat)
were obtained due to lack of genome sequences. Analysis of the 2kbp upstream promoter
region revealed cis-regulatory elements in varying frequencies involved in hormone
regulation, abiotic stress response as well as light response, thereby implicating plant
PEP in development and stress response mechanisms. Sequence alignments, evolutionary
trends, primary, secondary and tertiary structure prediction were also performed to

confirm the identification of putative plant PEPs.
3.2 Introduction

Prolyl endopeptidase (PEP) is a cytosolic serine protease and has been found to be post-
proline cleaving enzymes (Polgar, 2002). Crystallography studies on PEP from porcine
muscle revealed that the enzyme is made up of a two domain structure: a catalytic domain
which resembles a serine protease such as trypsin or chymotrypsin and a B-propeller
domain which appears to form a barrel shape lid over the active site (Fulop et al., 2001).
PEPs have been purified and characterized from various bacterial and mammalian
sources. It is broadly distributed in all human tissues with the majority of its activity
detected in the brain (Goossens et al., 1996). Despite its thorough enzymological and
structural characterization, its exact function still remains obscure. Recently, it has been
proposed that the enzyme may serve as a potential treatment for celiac disease due to its

unique post-proline cleaving ability (personal communication).
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Celiac disease is a disease characterized by enteropathy of the small intestine leading to
villus atrophy (Wolters et al., 2008). It manifests itself in genetically predisposed
individuals who are intolerant to gluten containing food products. Gluten provokes the
disease due to its high proline and glutamine content. The absence of PEP from
mammalian pancreatic proteases and the intestinal brush-border enzymes highlights the
lack of a role of PEP activity in the assimilation of dietary proteins in mammals (Shan et
al., 2004). As a result, the only accepted nutritional therapy involved the life-long
elimination of gluten containing food products from a person’s diet. However, advances
have been made in developing non-dietary therapies in treating celiac sprue including the
use of PEPs. Bacterial PEP was initially identified as a potential source of PEP enzymes,
however, recently focus has shifted over to plant based sources that may serve as
potential agents for the treatment of celiac disease. Plant PEP sources have been
considered as gluten-detoxifying agents but there are still uncertainty in whether plants
express PEP enzyme activity. We have therefore undertaken a study to identify PEP
encoding genes in plants; to use computational approaches to identify the presence of
putative cis-acting regulatory elements and its biophysical properties (functional and
structural ) as well as a wet bench approach to investigate whether PEP proteins play a

role in seed germination.
3.3 Method

3.3.1 Search for the PEP gene

The retrieval of all known previously identified plant PEPs and plant Prolyl-like
endopetidases genes were achieved through the use of Entrez accessed via the NCBI website

(http://www.ncbi.nlm.nih.gov/Entrez). For all bioinformatics software accessed for this study,

the default settings were used.

The keywords (“plant Prolyl endopetidases”) were used for retrieving the sequences from
Entrez. The sequences were saved in FASTA format in a text file. PEP genes identified were
from Arabidopsis thaliana, rice, maize and Sorghum bicolour. No sequences for wheat were

obtained.
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3.3.2 Sequence Alignments

A global sequence alignment was performed on all PEP protein sequences encoded for by
this gene identified in section 3.3.1using CLUSTALW?2
(http://www.ebi.ac.uk/tools/clustalw?2/index.html) (Larkin et al., 2007).

3.3.3 Promoter and Requlatory Elements Prediction

Recognition of promoter elements and regulatory elements in PEP was achieved by scanning
the genomic DNA 2kb upstream of the transcriptional start site (TSS) with PLACE (Plant
Cis-acting Regulatory DNA elements; http://www.dna.affrc.go.jp/PLACE/signalscan.html)
according to the method of Higo et al., (1999) and plantCARE
(http://bioinformatics.psb.ugent.be/webtools/plantcare/html/). For each rice sequence, the

2000bp upstream region was scanned after the correct chromosome was identified where the
gene that codes for PEP resides. This was done on the TIGR database
(http://blast.jcvi.org/euk-blast/index.cgi?project=0sal). The same was done for Arabidopsis
thaliana on the TAIR database (http://www.arabidopsis.org/). After obtaining the 2000bp

upstream region, the sequences were then blasted to see whether they code for any proteins.
3.3.4 Subcellular Location and Signal Peptide Prediction

Subcellular location and signal peptide prediction were done for the PEP sequences
((NP_173463, BAF15466) using TargetP (http://www.cbs.dtu.dk/services/TargetP/) as
described by Emanuelson et al.,(2007).

3.3.5 Secondary Structure Prediction

Protein secondary structures of PEP from Arabidopsis (NP_173463) and rice (BAF15466)
were predicted using PSlpred (http://bioinfo.cs.ucl.ac.uk/psipred) as described by Jones
(1999).

3.3.6 Tertiary Structure Prediction

The tertiary structure of PEP from rice (BAF15466) was predicted using SWISS-MODEL
(http://swissmodel.expasy.org/) (Arnold et al., 2006).
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3.4 Results and Discussion

Similarity searches to the known bacterial PEP sequences (AAA73423 and ABA26946) were
initially performed but no hits in plants were found. The search query was then confined to
the keywords (“prolyl endopeptidase™) and proteins from rice, Arabidopsis thaliana, Zea
mays, Sorghum bicolor, Homo sapiens, Drosophila as well as a few bacterial and archae
sequences were identified with some redundancy amongst the sequences. A global alignment
was performed between the plant sequences and known PEP sequences from bacteria and
tribolium castaneum to identify whether the PEPs in plants have similar primary sequences to
known PEP and whether the active site, peptidase domain and [-propeller domain is
conserved in the plant sequences. Once we identified whether these domains were conserved
in the plant sequences, a BLAST was then performed wusing BLASTP
(http://blast.ncbi.nlm.nih.gov/) in which the rice sequence (BAF15466) was then used as a
query to identify other plant PEPs in the non-redundant protein database. Several other plant
protein sequences were identified from Sorghum bicolor (XP_002446934), Zea Mays (NM
001136920.1, ACN31271) and Vitus vinifera (XP_002285910). No protein sequences were
available in the non-redundant database for Triticum aestivum (wheat).

3.4.1 Sequence Alignment

Sequence alignment plays a key role in predicting a proteins possible function through
sequence comparison with proteins of known function. Protein’s that significantly match each
other are expected to share a common structure and function especially if amino acids in the

active site are conserved.

Multiple sequence alignments, in which three or more sequences are aligned, are useful in
finding conserved regulatory patterns in nucleotide sequences and for identifying functional
as well as structural domains in protein families (Bergeron, 2003). A global sequence
alignments of PEPs from rice, Arabidopsis, sorghum, maize, drosophila, Human, insect and

microorganisms were performed (figure 3.1) and significant similarities were observed.
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VSCIANIRGGGEYGEDWHKAGSLANKQONCFDDFIAAGEFLVSAGYTNPSRLCVEGASNGG
VTCVANIRGGGEYGEDWHRAGSLANKONCFDDFIAAGEFLVSAGYTSPARLCIEGGSNGG
VVCVANIRGGGEYGEEWHKAGALAMKONCFDDFAACAEFLISNGYTSSRRLCIEGGSNGG
VVCLANIRGGGEYGEEWHKAGALAMKONCFDDFAACAEFLISNGYTSSRRLCIEGGSNGG
VVCVANIRGGGEYGEEWHKAGARAMKONCFEFDDFIACAELLISAGYTSYRQLCIEGGSNGG
VFCFANIRGGGEYGEEWHKAGSLAKKQONCFDDFISGAEYLVSAGYTQPSKLCIEGGSNGG
VFCFANIRGGGEYGEEWHKAGSLAKKQONCFDDFISGAEYLVSAGYTQPSKLCIEGGSNGG
VFCVANIRGGGEYGEEWHKAGSLAKKQONCFDDFISGAEYLVSAGYTQPSKLCIEGGSNGG
VFCFANIRGGGEYGEEWHKSGALANKQONCFEFDDFISGAEYLVSAGYTQPRKLCIEGGSNGG
ILAVANIRGGGEYGETWHKGGILANKQONCEFDDFQCAAEYLIKEGYTSPKRLTINGGSNGG
VLAYPNIRGGGEYGEKWHNGGRLLNKQONVEFDDFQCAAEYLIKNNYTTKDRLAIQGGSNGG
VLAYPNLRGGGEYGEKWHNGGRLLNKQNVEFDDFQTAAEYLIENKYTTKDRLAIQGGSNGG
VYALANIRGGGEYGDNWHNGGREFGKKQONCFDDFQYAAKYLVENKYTKVDKLIIQGGSNGG
TEFVMANLRGGSEYGEEWHRAGMRENKQNVEDDFIAVLGKLKAEGYK----VAAWGRSNGG
TFIMANLRGGSEYGEEWHRAGMRENKQNVEDDFIAVLEKRKKEGYK----VAAWGRSNGG
AFVLANIRGGGEFGPRWHQAAQGISKHKSVDDLLAVVSDLSERGISSPEHIGLQGGSNGG

ke kkKk ke Kk * K R * K . . * kK kK
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LHNVRRPWEQS————SGNNCQYPATMLLTADHIDRVVPLHSLKLLATLQHVLCTSTED—S
LHNVRRPWEQS————SGNNCQYPATMLLTADHIDRVVPLHSLKLLATLQHVLCTSTED—S
LHNVRRPWEQS————FVNCCQYPAIMLLTADHIDRVVPLHSLKLLATLQYVLCTSIED—T
LHNVKRPWEQQ————TDHLVQYPSTMLLTADHIDRVVPLHSLKLLATLQHVLCTSLDN—S
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LHNVKLPEADD-—-—-—-—-——-— IQYPSMLLLTADHIDRVVPLHSLKFIATLQYIVGRSRKQ——
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| OsPEPChr4 | POTNPIVARI DRKSGIGCGRSTQKI IDEAADRYAFAAKTMGISWID- 739

|S.bPEP| PQTNPIIARIERNSGHCCGRSTQKIIDEAADRYAFAAKMMGVSWID- 748
| ZMPEP1 | PQTNPIIGRIDRKSGHGAGRPTQKMIDEAADRY SFMAKMLGASWTE- 771
| ZMPEP2 | PQTNPIIGRIDRKSGGAGRPTQKMIDEAADRY SEMAKMLGASWTE- 731
| OsPEPChrl | PQVNPIIGRIDVKSGHGAGRPTKKMIDEVADRYSFMANMLDASWTE- 730
| ALPEPL | POMNPIIGRIEVKAGHGAGRPTQKMIDEAADRY SFMAKMVNASWTE- 795
| ALPEP2 | POMNPIIGRIEVKAGHGAGRPTQKMIDEAADRY SFMAKMVNASWTE- 757
| ALPEP2 | PQTNPIIGRIEVKAGHGAGRPTQKMIDEAADRY SEMAKMVNAAWTE- 794
| ALPEP1 | PQTNPIIARIEVKAGHGAGRPTQKMIDEAADRYSFMAKMVDASWID- 731
|HSPEP| --SNPLLIHVDTKAGHGAGKPTAKVIEEVSDMFAFIARCLNVDWIP- 710
| DMPEP | --KNPLLLRVYKKAGGAGKPTSKRIEEATDILTFMYRSLNIDVINL 722
| DSPEP| --NNPVLLRVYQKAGHGAGKPTSKRIEEATDILTFLSKSLNVDTINV 756
T.cPEP| --KNPLMIRIETRAGHGAGKPTSKIIEEVIDTFCFISRALNLTFSS— 722
| T.oPEP| --—APVYLRVETKSGH-MGASPETRARELTDLLAFVVETLEA————— 616
|P.fPEP| ---APVYLRVETKSG-MGASPETRARELTDLLAFVLKTLS—---—- 616
|N.mPEP | ---PQSWLYSPDGGGHTGNGTQREAADELACVLLFLKEFLG-——-—— 671

* K * . *

Figure 3.1: A global alignment of confirmed PEP and putative plant PEP protein sequences
of Zea Mays: ZmPEP1 (NM 001136920.1) and ZmPEP2 (ACN31271); Rice PEP:
OsPEPChr4 (BAF15466) and OsPEPChrl (BAFO03701); Arabidopsis Lyrata: AIPEP
(XP_002887627); Arabidopsis thaliana PEP: AtPEP1 (NP_173463) and AtPEP2
(NP_001117606); Drosophila PEP: DSPEP (XP_002036510) and DmPEP (XP_002002881);
Sorghum bicolor PEP: SbPEP (XP_002446934); Homo sapiens PEP: HSPEP (NP_002717);
Tribolium castaneum PEP: TcPEP (XP_972959.1); Pyrococcus furiosis PEP:
PfPEP(AAAT73423), Thermococcus Onureus PEP: To PEP (ABA26946) and Neisseria
meningitidis PEP: NmPEP (YP_002342055). Only the sequences surrounding the known
catalytic triad, serine (S), aspartate (D) and histidine (H) are shown. For a full sequence

alignment showing the various domains see fig 1.3.
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Figure 3.2: Phylogenetic tree of putative plant Prolyl endopetidases and PEPs from other
organisms including bacterial, insect and human. Zea Mays PEP: ZmPEP1 (NM
001136920.1) and ZmPEP2 (ACN31271); Rice PEP: OsPEPChr4 (BAF15466) and
OsPEPChrl (BAF03701); Arabidopsis Lyrata PEP: AIPEP (XP_002887627); Arabidopsis
thaliana PEP: AtPEP1 (NP_173463) and AtPEP2 (NP_001117606); Drosophila PEP: DsPEP
(XP_002036510) and DmPEP (XP_002002881); Sorghum bicolor PEP: SbPEP
(XP_002446934); Homo sapiens PEP: HSPEP (NP_002717); Tribolium castaneum PEP:
TcPEP (XP_972959.1); Pyrococcus furiosis PEP: PfPEP(AAAT73423), Thermococcus
Onureus PEP: To PEP (ABA26946) and Neisseria meningitidis PEP: NmPEP
(YP_002342055).
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From the phylogenetic analysis, it would appear that there are 5 clusters of PEPs: 1) Plant
PEP; 2) Mammalian; 3) Bacterial; 4) Archae and 5) Insect clusters. It is interesting to note
that from the clusters observed, Drosophila and Tribolium castaneum differ more from the
human PEP than do the plants Oryza sativa, Arabidopsis thaliana, Sorghum bicolor and Zea
mays. The most probable reason for this observation is that these two insects may have
diverged considerably faster than vertebrates. The presence of PEPs in these various clusters
as seen from the phylogenetic tree also show that the enzyme clearly developed before the
archaea, prokaryota and eucaryota diverged along their own evolutionary lines. This may
thus suggest that all PEPs are possibly of ancient origin. Venalainen and colleagues (2004)
who work on the evolutionary relationships of PEP family enzymes showed that the PEP
family of enzymes were present in the last universal common ancestor (LUCA) of all life
forms. Their work further indicates that the high conservation of PEP protein sequences from
different species and their presence in the LUCA strongly suggest that these enzymes have
important roles in physiological processes but the exact roles of these enzymes are still
obscure. Evidently there was a need for peptidases that cleave only small peptides
specifically after proline, lysine or arginine even during the early days of life.

3.4.2 Transcriptional signals and requlatory elements

A summary of the predicted cis-regulatory elements is represented in the form of a 3-D
cylinder chart in figure 3.3. Most of the TFBS were shown to be related to hormonal
regulation, light response, as well as abiotic stress. A detailed list of the cis-acting elements
that have been found in the 2000bp 5’ upstream regulatory region of the rice and Arabidopsis
PEP gene sequences is given in appendix A (page 91).
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Figure3.3: A comparative in-silico analysis of the frequencies of the associated cis-acting
elements identified in the promoter sequences of rice (Oryza sativa Japonica cultiva-group)
and Arabidopsis thaliana prolyl endopetidase gene families. OsPEPChrl (BAF03701);
OsPEPChr4 (BAF15466); AtPEP1 (NP_173463) and AtPEP2 (NP_001117606). From the
putative cis-acting regulatory elements that were identified in the 2kbps upstream of the
5’regulatory region starting from the translational start site of the rice and Arabidopsis PEP
genes, variations were observed both in the frequency of occurrence and nature of elements
that were identified but also to some extent similar elements in the two plants sequences were
seen in the nature of the elements which would cause one to assume that the rice and
Arabidopsis will have similar expression patterns. Vilo et al.,(2000) further attest that genes
which have common cis-acting regulatory elements in the 5’regulatory region may assume
similar expression patterns. Wang et al.,( 2004) also draws attention to the fact that common
cis-acting regulatory elements are the main factors of regulated genes and are often present in
the regions where complex protein interaction occur. With reference to figure 3.3, PEP genes
may well be regulated by or involved in developmental activities due to the high number of
light response, abiotic stress as well hormonal regulated associated cis-acting regulatory

elements present at the 5’regulatory region.

Light is used by plants as a signal for many physiological and developmental processes. One
of the most extensively studied family of photoreceptors that plants use to perceive the
presence and quality of light in their environment is phytochrome. Although phytochrome-
regulated promoters are complex and can also respond to others signals specific DNA
elements that are Ibox (conserved sequence upstream of light regulated genes) and GATA

motif (required for high level, light regulated and tissue specific expression). The presence of
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these TFBS helps confirm that PEP may possibly function in plant response to varying light

conditions.

Plants encounter various environmental insults during a typical life cycle and as a result, have
evolved mechanisms able to increase their tolerance of these insults through both physical
adaptations and interactive molecular and cellular changes that begin after the onset of stress.
The first step in switching on such molecular responses is to perceive the stress as it occurs
and to relay information about it through a signal transduction pathway. These pathways
eventually lead to physiological changes such as guard cell closure, or to the expression of
genes and resultant modification of molecular and cellular processes. It is worth pointing out
that the majority of stress responses associated cis-acting elements identified were
specifically related to abiotic stress. Abiotic stress conditions cause extensive losses to
agriculture production worldwide (Boyer., 1982; Bray et al., 2000). Individually, stress
conditions such as drought, salinity or heat have been the subject of intense research (Bray et
al., 2000; Cushman and Bohnert, 2000). However, in the field, crops as well as other plants
are continually subjected to a combination of different abiotic stresses (Maffat, 2002, Heyne
and Brunson, 1940; Craufurd and Peacock, 1993; Jiang and Huang, 2001). Recent studies
have shown that plants have developed unique metabolic and molecular responses to a
combination of drought and heat and cannot be directly extrapolated from the response of
plants to each of these different stresses applied individually. (Pnueli et al., 2002; Rizhsky et
al., 2002, 2004; Suzuki et al., 2005). Majority of the abiotic stress associated cis elements
identified were various dehydration responsive elements such as ACGTAERD1, CBFHV,
and CRTDREHVCBF2. Several MYB and MYC cis-elements were identified in the
5’regulatory regions in both the rice and Arabidopsis PEP genes. It has been reported that
these cis-regulatory elements are necessary for the binding of transcriptional factors that are
required for drought inducible gene expression. Drought, salinity and abscisic acid- induced
members of NAC-domain transcription factors have been shown to bind at these sequences
and promote expression of the downstream genes in arabidopsis and rice (Tran et al.,2004;
Gao et al.,2010). Both drought and salinity causes extensive structural and physiological
damage to plant cells/ tissues (Yancey et al, 1982; Mclure and Hanson, 1990). In addition,
drought causes excessive transpiration water loss through the stomata pore (Lawlor and
Cornic, 2002). Various low temperature responsive elements (LTR, LTRE1IHVBLT49 and
LTRECOREATCOR15), motifs similar to DRE which is responsible for the induction of
cold-induced or regulated genes (Brown et al., 2001; Dunn et al., 1928) were identified in
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both rice and Arabidopsis that cold acclimatization involved rapid cold-induced binding of
the DRE or CRT binding T.Fs to the DRE leading to the expression of cold binding factor

targeted gene, increasing Arabidopsis freezing tolerance.

During high temperature stress, heat shock protein helps to protect and refold cellular
proteins as well as maintains a balance cellular homeostasis for plant survival (Vierling,
1991; Hartle, 1996; Larkindale and Vierling, 2008). Genes involved in these mechanisms
contain HSE motifs that bind heat shock factors and are thus up-regulated during heat stress.
The presence of a HSE motif in the 5’regulatory regions of rice and Arabidopsis PEP genes
mat imply the ability of the genes to survive high temperature stress conditions.

With regards to the hormonal regulation associated cis-elements that were identified in the
2kbps upstream of the 5’regulatory region starting from the translational start site of the rice
and Arabidopsis PEP genes, abscisic acid an abiotic stress hormone plays an important role in
many aspects of plant development, in the regulation of stomatal aperture and in the initiation
of adaptive responses to various environmental conditions (Shinozoki et al., 2000). Most
regulatory regions of ABA inducible genes contain an ACGTG within 300 bp upstream of the
transcription start site (Busk and Pages, 1998). It is worth noting that each of the rice and
Arabidopsis PEP genes contains abscisic acid related cis-element and may hence be regulated
by ABA. Studies have shown that ABA have antagonistic effects on various plant processes
such as germination, development of seed as well as seedling growth (Finkelstein and
Gibson, 2002). It may therefore be postulated that ABA regulates the expression of PEPs.

Gibberellin (GA) is an important phytohormone that participates in the regulation of many
developmental processes in plants including those such as stem elongation (Richards et al.,
2001), flower development and seed set (Derkx et al., 1994) that are of major importance to
agriculture. Gibberellins responsive element (GARE) sequences plays a fundamental role in
GA action as changes with the sequence may cause a substantial reduction in GA-driven gene
expression (Gubler and Jacobsen, 1992). The presence of GARE motif in the 5’ regulatory
regions of some of the PEP genes may possibly be evidence for the significance of PEP in
meeting energy and carbon needs of the cell during cellular development induced by

gibberellins.

Auxins play a pivotal role in a variety of developmental as well as cellular processes in plants
and these processes are assumed to involve Auxins-induced changes in gene expression

(Hagen and Guifoyle, 2002). Some of these processes include cell division, elongation and
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differentiation (Nishi et al., 1973), tropisms, root formation and apical dominance (Hagen et
al., 1984; Theologis et al., 1985). ARE(auxin responsive element) was found in very low
frequencies in both the arabidopsis genes and not in rice genes, thus its effects on the
expression and/or regulation of these genes could either be to enhance or inhibit the genes

transcription, relative to the type of plant tissue in which they are expressed.

Salicylic acid has been found to induce the expression of many defence related genes. Some
of the genes’ products have been identified and have direct effects on fungi and bacteria, but
its role role in virus resistance still remains obscure (Carr and Klessig, 1989). It was assumed
that salicylic acid assists plants in overcoming stress conditions by inducing or enhancing
biochemical and physiological processes, most especially the induction of antioxidant activity
which protects plants from oxidative damage (Borsani et al., 2001; Khodary, 2004). One may
therefore assume that there may possibly exist a cooperative interaction between PEP’s and
stress response proteins as salicylic acid motifs have been identified in both rice and

Arabidopsis genes with few frequency of occurrence in Arabidopsis.

Another important molecule found in plants, related to stress-signalling is methyl jasmonate.
Methyl jasmonates have also been found to induce the expression of proteins/enzymes known
to be in the chemical defence mechanisms of plants, proteins/enzymes such as proteinase
inhibitor PI-2 (Farmer et al., 1992) and proline —rich proteins (Rushton and Somssich, 1998).
Therefore, the presence of methyl jasmonate cis-elements in the 5’ regulatory regions of
some of the PEP genes may infer a possible role for PEP in wound or pathogen stress

responses.

It is interesting to note that PEPs are implicated in abiotic/biotic stress responses although it
is not sure what role they may play in these response mechanisms. This opens another field
that one could possibly explore in the future.

3.4.3 Secondary structure, subcellular location and signal peptide prediction

A secondary structure prediction using PSlpred (Jones, 1999) was used to predict the
presence of a-helices, B-sheets and coils from the putative PEP protein sequences of
Arabidopsis thaliana and Oryza sativa. The comparison of AtPEP with OsPEP indicates that
they are near congruent in predicted secondary structure (results not shown) which may

imply common functionality. Moreover, this is expected as there was a >90% sequence
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similarity between the sequences. SignalP prediction shows that PEP has no signal peptide as

well as the prediction indicates that it is a non-secretory protein.

3.4.4 Tertiary structure prediction

The fold model (fig 3.4) of OsPEP was generated using the OsPEP sequence (1-730)
(BAF03701) and it was based on the crystal structure of porcine brain PEP (1H2W). Building
was completed using the SWISS-MODEL software (http://swissmodel.expasy.org/) (Arnold
et al., 2006) and default settings. The template was selected from the SWISS-MODEL
template library (SMTL), which was extracted from the protein Data Bank and the submitted
OsPEP target sequence was found to have a structure identity of more than 50% with the
template. One may therefore conclude that based on the structure, the putative rice PEP can
be confirmed to have the same predicted structure as that of porcine brain PEP and therefore

most likely to act as a functional PEP in the plant.

Figure 3.4: Modelled fold of OsPEP (red) and that of porcine brain (yellow). The OsPEP
model was generated using SWISS-MODEL (Arnold et al., 2006) using the porcine brain

PEP structure as a template.
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3.5 Conclusion

This study, to our knowledge is the first to report work regarding cis-acting regulatory
elements that are involved in the expression of PEP genes with regards to plant based
sources. It was observed that PEP shows a relatively high sequence similarity to Tribolium
castaneum PEP which infers a common function as the catalytic triad is conserved. With
reference to the secondary and tertiary structure, this may also suggest a possibility of post-
proline cleaving activity as there was a >50% structure similarity between PEP from rice and
PEP from porcine brain. From the bioinformatics analysis, it has been shown that plants have
functional PEP proteins that may be expressed during development or during biotic stress

conditions.
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CHAPTER 4

DETECTION AND OPTIMIZATION
OF PEP EXPRESSION DURING
GERMINATION OF WHEAT SEEDS
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4.1 Introduction

The cereal prolamins have been found to be unique proteins in many respects. The wheat
prolamins (glutenins and gliadins) are the major storage proteins of wheat grain and make up
about 70-80 % of proteins found in wheat (Osborne 1907). The term prolamin refers to the
proline (Pro) and glutamine (GlIn) rich alcohol-soluble proteins that are typically found in
cereals. Generally, the presence of a proline residue in an amino acid chain causes its
conformation to be inflexibile, and thus renders itself resistant to proteolysis. Since the major
cereal storage proteins, the prolamins, contain large amounts of proline, it is obvious that the

cereal plant itself must possess tools for degrading proteins containing proline. Mikola (1986)
has shown that wheat grain contains proline specific carboxypeptidases; the
carboxypeptidases IV and V and are present in the endosperms of wheat grain. Tsuji et al.,
(2004) has also identified a serine oligopeptidase from wheat embryos that hydrolysed
peptide bonds on the carboxyl side of basic amino acids. This chapter examines protein
behaviour with specific reference to Prolyl endopeptidase that occurs during wheat
germination. The chapter also looks at the differences between a buffered and non-buffered
extraction as well as looking at the behaviour of PEPs through the use of various buffer
systems.

4.2 Materials and Methods

4.2.1 Materials

Wheat grains (Triticum aestivum) were obtained from Kei Seeds and Feeds (PTY) Ltd. (East
London, South Africa). All chemicals were purchased from Merck chemicals (PTY) Ltd. and

were of analytical grade.
4.2.2 Method

Wheat seeds were germinated in a controlled environment (conviron) for a several days. The
conditions in the conviron were 16hrs of light at 26°C and 60% humidity. 1-10 g of seeds
were frozen under liquid nitrogen, ground with a mortar and pestle to powder and 100 ml of
extraction buffer (50 mM KCI, 10 mM Tris-HCI, pH 7.6) added. Extraction was allowed to
proceed for 1hr under continuous stirring at 4°C. The extract was filtered through glass wool
and the filtrate centrifuged (using a JA10, Beckman Coulter rotor, 10000 rpm, 30 min) at
4°C. The supernatant was analysed (SDS-PAGE, total protein and total activity). Aliquots
were stored at -70°C.

43



4.3 PEP activity

After each day’s extraction, each fraction (145 ul) was mixed with 150 ul of universal buffer,
100 mM acetate—phosphate—borate (UB) of pH 7.9 in a 96-well microtiter plate using a
multichannel pipette. The reaction was initiated by adding 5 pl of 6 mM Z-Gly-Pro-pNa
dissolved in dimethylsulfoxide. The reaction mixture was incubated at 37°C  and the
progress of activity was measured by monitoring the increase in absorbance of p-nitroanilide
release at 405 nm in a micro plate reader (SynergyMx, Bio tek Instruments, USA) for 24

hours.
4.4 Total Protein Determination

Determination of protein content was done according to the bicinchoninic acid (BCA)

method as well as the Qubit® Protein Assay Kits for use with the Qubit® 2.0 Fluorometer
4.5 Results and Discussion
4.5.1 Development of total protein extraction

Pilot run 1: Various total protein extraction conditions were evaluated to optimise the yield of
PEP extracts. Approximately 20 volumes of germinated wheat seeds in 100 volume of
extraction buffer (50 mM KCI, 10 mM Tris-HCI, pH 6.8) were used.

The expression profile of PEP shows very low activity levels and a lot of variability (fig 4.2).
However, the total protein extraction appeared to be intact with no protein degradation as
distinct bands were observed on analysing the SDS-PAGE (fig 4.1). We also started off with
an extraction at pH 6.8 using Tris as the extraction buffer. Total protein yield for this

extraction was 49 mg.
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Figure 4.1: SDS-PAGE profile of proteins extracted from day 0 up to day 11(as indicated on
the gel) germinating wheat seeds using total protein extraction of 20 volume of seed in 10
volume 50 mM KCI, 10 mMTris/HCI, pH 6.8.
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Figure 4.2: Changes observed in the expression of PEP activity during wheat seed
germination over 11 days. One unit (U) of enzyme activity was defined as the amount of
enzyme that results in the change of absorbance @ 405 nm of 0.001 when hydrolyzing
0.1mM (final concentration in the reaction mixture) Z-Gly-Pro-pNa substrate at 37°C in
50mM UB, pH 7.9.

Pilot run 2: Comparison between using 20 volumes of germinated wheat seeds in 100 volume
extraction buffer (50 mM KCI, 10 mM Tris-HCI, pH 6.8) and using 20 volumes of
germinated wheat seeds in 100 volumes water.
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On comparing the activity profiles of the buffered system with those of the unbuffered
system, it would appear that the unbuffered extraction gave a better result of more PEP
activity as well as activity over more days. Although the buffered system yielded variable
results, there was no protein degradation observed when the buffered extraction was used (fig

4.3 a) whereas the unbuffered extraction showed extensive protein degradation (fig 4.3 b).
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Figure 4.3: SDS-PAGE profile of proteins extracted from day O up to day 9(as indicated on
the gel) germinating wheat seeds using total protein extraction of 20 volume of seed in 10
volume 50 mM KCI, 10 mM Tris/HCI, pH 6.8. The buffered system is on the right (a) and the
non-buffered system is on the right (b).
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Figure 4.4: Changes observed in the expression of PEP activity during wheat seed
germination over 9 days for an unbuffered system. One unit (U) of enzyme activity was
defined as the amount of enzyme that results in the change of absorbance @ 405 nm of 0.001
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when hydrolyzing 0.1 mM (in the reaction mixture) Z-Gly-Pro-pNa substrate at 37°C in 50
mM UB, pH 7.9.

Pilot run 3: 200 germinating wheat seeds in 100 ml of 50 mM KCI, 10 mM Tris-HCI, pH 7.2.
Higher levels of PEP activity were detected when using an extraction buffer of pH 7.2 instead
of 6.8 (fig 4.5). The total protein yield also improved to 80.6 mg. The SDS-PAGE of the total
protein extracts also showed that the protein remained intact (Data not shown). An increasing
pH showed an increased yield and stability of the PEP activity across all 11 days of
germination. It was decided to increase the pH to 7.6 as well as to change the buffer system
from Tris/HCI to phosphate due to the higher pH.
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Figure 4.5: Changes observed in the expression of PEP activity during wheat seed
germination over 11 days. One unit (U) of enzyme activity was defined as the amount of
enzyme that results in the change of absorbance @ 405nm of 0.001 when hydrolyzing 0.1mM
(in the reaction mixture) Z-Gly-Pro-pNa substrate at 37°C in 50 mM UB, pH 7.9.

Pilot run 4: As a final pilot run in isolating the enzyme PEP, 200 germinated wheat seeds in
100 ml of extraction buffer were used. However, a slight modification was made with the
initial buffer system used. The buffer system used this time was 50 mM KCI, 1mM Na,HPO,,
2H,0, pH 7.6.

50 mM KCI, 1 mM Na,HPO,, 2H,0, pH 7.6 as an extraction buffer resulted in the highest
level of PEP activity with PEP activity showing increased levels from day O to day 4 after

which it remained at a consistent level. The total protein yield also increased to 154 mg as
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well as the SDS-PAGE of the total protein extracts also showed that the protein remained
intact in that several bands were visible(Data not shown). It was therefor decided to use this

buffer and 4/5 days germination for extraction of total protein /PEP activity for all isolations
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Figure 4.6: Changes observed in the expression of PEP activity during wheat seed
germination over 11 days. One unit (U) of enzyme activity was defined as the amount of
enzyme that results in the change of absorbance @ 405 nm of 0.001 when hydrolyzing 0.1
mM (in the reaction mixture) Z-Gly-Pro-pNa substrate at 37°C in 50 mM UB, pH 7.9.
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CHAPTER 5

ISOLATION AND PURIFICATION
OF PEP
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5.1 Purification methods
5.1.1 Chromatographic instrument

An AKTA fast protein liquid chromatography system (pump P-920, monitor UPC-900 and
fraction collector Frac-920) with ultra-violet (UV), pH and conductivity sensors was used.
The system was controlled by Unicorn software version 5.1. Sample injections were done
using 10ml sample loops (Pharmacia). Protein detection was done by reading the absorbance

of the eluate at 280nm. Peak fractions (1ml) were collected automatically.
5.1.2 Column Chromatography

All purification steps performed were carried out at 4°C and purity of the fractions was

evaluated by SDS-PAGE and PEP activity of every fraction collected.
5.1.2.1 Anion exchange chromatography on a HiPrep DEAE FF16/10 column

Total protein extracts of varying volumes (50-100 ml) were applied separately onto a HiPrep
DEAE FF16/10 column (GE HEALTH CARE). The column was pre-washed with 100 ml (5
column volumes (CV)) start buffer (low ionic strength) and equilibrated until Ayg of elute
reached baseline. The flow rate was set at 5ml/min and samples were eluted using a salt
gradient (0-1M NaCl in equilibration buffer over 20 CV). Eluted peaks were collected in 1ml

fractions and screened for PEP activity.
5.1.2.2 Cation exchange chromatography on HiPrep CM FF16/10 column

Total protein extracts of varying volumes (50-100 ml) were applied separately onto a HiPrep
CM FF16/10 (GE HEALTH CARE). The column was pre-washed with 100 ml (5 CV)
equilibration buffer and equilibrated until A,gy of elute reached baseline. The flow rate was
set at 5 ml/min and samples were eluted with a salt gradient 0-1M NaCl in equilibration
buffer over 20 CV (400 ml). Eluted peaks were collected in 1ml fractions and screened for
PEP activity

5.1.2.3 Size- exclusion chromatography on HiPrep 16/60 Sephacryl S-100 High

Resolution column

Concentrated samples (5 ml) were applied separately onto a HiPrep 16/60 Sephacryl S-100
High Resolution column (GE HEALTH CARE). The column was pre-washed with
equilibration buffer (with no salt gradient) and equilibrated until Aygy of elute reached
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baseline. The flow rate was set at 0.5 ml/min and samples were eluted with the same buffer.

Fractions (1 ml) were collected and screened for PEP activity.
5.1.3 Ultra-filtration

Amicon® Ultra- 15 centrifugal filter devices were used to reduce the volume of the pooled
fractions from ion exchange chromatography before preparations of the gel exclusion
columns. The device provides fast ultra-filtration, with the capability for high concentration

factors.
5.1.4 Ammonium sulphate precipitation

Concentration of fractions is necessary prior to gel exclusion chromatography as the
Sephacryl S100 columns can only resolve proteins in a total volume of less than 5ml. Pooled
fractions were precipitated by slow addition of finely ground ammonium sulphate to 80%
saturation with constant stirring on a magnetic stirrer at 4°C over a period of 4 hours. The
precipitates were collected by centrifugation (JA10, Beckman Coulter rotor, 10000 rpm, 4°C
for 30 min). The precipitated proteins were re-suspended in 5ml buffer (20 mM Tris-HCI
buffer, pH 5.0).

5.1.5 Dialysis

The resuspended A.S fraction was sealed in dialysis tubing (cut off less than 10 000) and
dialyzed overnight at 4°C in 400 times sample volume of 20 mM Tris-HCI buffer (pH 5.0) in
a 2L measuring cylinder to ensure complete removal of ammonium sulphate and

contaminating salts.
5.1.6 PEP activity

After each chromatography run, each fraction (145 ul) was mixed with 150 pl of universal
buffer (100 mM acetate—phosphate—borate buffer, pH 7.9) in a 96-well microtiter plate using
a multichannel pipette. The reaction was initiated by adding 5 ul of 20 mM Z-Gly-Pro-pNa
dissolved in dimethylsulfoxide. The reaction mixture was incubated at 37°C  and the
progress of activity was measured by monitoring the increase in absorbance of p-nitroanilide
release at 405 nm in a micro plate reader (SynergyMx, Bio tek Instruments, USA) for 24

hours.
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5.1.7 Protein determination

Determination of protein content was done using the bicinchoninic acid (BCA) method
(Smith et al, 1985) as well as the Qubit® Protein Assay Kits (1999) for use with the Qubit®
2.0 Fluorometer

5.1.8 Determination of purity

In order to monitor the progress of purification of the enzyme, sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) was performed on fractions exhibiting PEP
activity. Samples (20 pl) from each purification step dissolved in 10 pl sample buffer and
standard molecular weight (5 ul, Lonza Group Ltd) were applied on a 12% resolving and 4%
stacking SDS-PAGE and electrophoresed at 200 V for 45 min.

The gels were stained with various stains including Oriole fluorescent gel stain, SYPRO ruby

protein gel stain and silver staining solution all from Bio-rad laboratories, Inc
5.2 Results and Discussion

All protein extracts used in the following pilot runs were prepared by using 200 seeds in 100
ml extraction buffer (50 mM KCI, 1 mM Na,HPO,, 2H,0, pH 7.6).

Pilot run 1: lon exchange was evaluated as the first chromatography step in the purification of
PEP. 50 ml of protein extract was clarified by centrifugation (using a JA10, Beckman Coulter
rotor, 10 000rpm, 10 min, 4°C). A HiPrep DEAE FF16/10 column was equilibrated with 5
column volumes (CV) of buffer A: (20 mM Tris-HCI, pH 6.8) before application of the
clarified protein extract. The column was developed with 5 CV of buffer A until A,g, reached
baseline. Bound protein was eluted with a salt gradient (0-1M NaCl in buffer A) over 20 CV
(figure 5.1).
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Figure 5.1: Purification of PEP from wheat seeds on a HiPrep DEAE FF16/10 column
(FPLC). Grey dashed line: profile of proteolytic activity assayed at 405 nm with 0.1 mM final
concentration  Z-Gly-Pro-pNA; solid black line: profile of protein determined
spectrophotometrically at 280 nm. Black dashed line: gradient 0-1M NacCl in equilibration
buffer. The numbers depict pooled fraction. Fractions containing PEP activity were pooled
(fractions 1-1, 1-2, and 1-3) and submitted to SDS-PAGE to evaluate the purity of the

fractions (fig 5.2)

PEP
(55kDa)

Figure 5.2: SDS-PAGE profile of proteins after chromatography on DEAE FF16/10 column.
Lanes 1, 2 and 3 represent pooled fractions as indicated on the Ayg profile (designated as 1-1,

1-2 and 1-3) in figure 5.1.

Three peaks containing PEP activity were obtained from the DEAE chromatography with one
peak eluting before applying the salt gradient. This could reflect the presence of three

different PEP proteins in the extract or the first peak could reflect overloading of the column.
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The latter is unlikely though since Hi Prep DEAE FF16/10 has a binding capacity of 2.2 g
protein and less than 100 mg total protein was loaded, well under the binding capacity of the
column. From the SDS-PAGE, two prominent bands were observed around 50-70 KDa and
these appear to be in line with the expected Molecular weights of PEPs. There were also
several bands of lower molecular weight present in fraction 1-2. To remove these lower
molecular weight proteins, fraction 1-2 was subjected to size exclusion chromatography of a

Hi Prep Sephacryl S100 column.

Fractions 1-2 from the DEAE column containing PEP hydrolytic activity was concentrated
with Amicon® Ultra- 15 centrifugal filter devices to 5 ml total volume and subjected to gel
filtration on a HiPrep 16/60 Sephacryl S-100 High Resolution column equilibrated with 20
mM Tris-HCI, pH 6.8 buffer. Fractions were pooled where PEP activity was observed and

pooled fractions were subjected to SDS-PAGE before storage at -70°C.
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14.90 - 0.0015
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Figure 5.3: Purification of PEP from wheat seeds on a HiPrep 16/60 Sephacryl S-100 High
Resolution column (FPLC). Grey dashed line: profile of proteolytic activity assayed at 405
nm with 0.1mM final concentration Z-Gly-Pro-pNA; solid black line: profile of protein
determined spectrophotometrically at 280 nm. Fractions containing PEP activity were pooled
as indicated by numbers (1-2-1) and submitted to SDS-PAGE to evaluate the purity of the
fractions (fig 5.4)
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Purified PEP

Figure 5.4: SDS-PAGE profile of purified PEPs after chromatography on a HiPrep 16/60
Sephacryl S-100 High Resolution column. The Lane designated as purified PEP represent
pooled fractions (1-2-1) as indicated on the Azg profile in figure 5.3.

One major peak eluted at around 4-5 CV with several smaller peaks eluting later. The first
peak containing PEP activity was pooled (fraction 1-2-1). SDS-PAGE of this fraction

revealed one major band around 55 KDa.

Pilot run 2: 100 ml of clarified extract was loaded onto a HiPrep CM FF16/10 column
equilibrated with 20 mM Na,HPO,. 2H,0 pH 7.6. The column was washed with 5 CV of
equilibration buffer A and fractions eluted with a linear salt gradient (0-1M NaCl in buffer A)
over 20 CV.
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Figure 5.5: Purification of PEP from wheat seeds on a HiPrep CM FF16/10 column
equilibrated with buffer A (20 mM Na;HPO,. 2H,0 pH 7.6) and developed with linear salt
gradient (0-1M NaCl) over 20 CV. Grey dashed line: profile of proteolytic activity assayed at
405 nm with 0.1 mM final concentration Z-Gly-Pro-pNA; solid black line: profile of protein
determined spectrophotometrically at 280 nm. Dashed black line: salt gradient. Numbers (2-1

and 2-2) reflect pooled fractions.
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Figure 5.6a and b: SDS-PAGE profile of proteins after chromatography on HiPrep CM
FF16/10 column. Lane 1 represents the molecular weight marker, lanes 2 to 10 represents
fractions in the region designated as 2-1 indicated on the Aygo profile in figure 5.5. Every
third fraction was screened for PEP activity in triplicate. Arrow indicates the expected

molecular weight of PEP.

PEP
(55KDa)

Figure 5.6¢: SDS-PAGE profile of proteins after chromatography on HiPrep CM FF16/10
column. Lane 1 represents the molecular weight marker, lanes 2 to 10 represents fractions in
the region designated as 2-2 indicated on the Aygo profile in figure 5.5. Every third fraction

was screened for PEP activity in triplicate.
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Several peaks were obtained from the DEAE chromatography but these were split into two
major pools containing PEP activity with one of these major pools eluting before applying the
salt gradient. This could possibly reflect the presence of different PEP proteins in the extract
or the first portion could reflect overloading of the column. The latter is unlikely though since
Hi Prep CM FF16/10 has the same binding capacity as the Hi Prep DEAE FF16/10 and only
120mg total protein was loaded, which is well under the binding capacity of the column.
From the SDS-PAGE (fig 5.6 a-c), several bands were observed indicating that quite a lot of
other possible proteins were present and still intact. The major band around 55kDa for PEP
was also still present. There was also a prominent band around 26 KDa which is exactly half
of the expected mass of PEP (55 KDa). This may possible represent an additional subunit but
this would have to be further investigated. There were also several bands of lower molecular
weight present in and to remove these lower molecular weight proteins, fraction 2-1 was

subjected to size exclusion chromatography of a Hi Prep Sephacryl S100 column.

Pooled fractions (2-1) was concentrated to Amicon® Ultra- 15 centrifugal filter devices 5ml
and subjected to gel filtration on a HiPrep 16/60 Sephacryl S-100 High Resolution column in
20mM NayHPO,. 2H,0 pH 7.6 at 0.5 ml/min. Fractions where activity was observed were
subjected to SDS-PAGE before being pooled and stored at -70°C.
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Figure 5.7: Elution profile of pooled fraction (2-1) subjected to size exclusion
chromatography on a HiPrep 16/60 Sephacryl S-100 equilibrated with 20 mM Na,HPO,.
2H,0 pH 7.6. Grey dashed line: profile of proteolytic activity assayed at 405 nm with 0.1

mM final concentration Z-Gly-Pro-pNA,; solid black line: profile of protein determined

59



spectrophotometrically at 280 nm. Fractions were pooled as indicated by numbers 2-1-1 to 2-
1-4.

KDa L2 345 6 7 8 9 10 L 2 3 4 5 6 7 8 9 10

PEP
(55KDa)
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Figure 5.8a, b and c: SDS-PAGE profile of proteins peaks eluted after chromatography on a
HiPrep 16/60 Sephacryl S-100 High Resolution column (FPLC). Lane 1 represents the
molecular weight marker, lanes 2 to 5 (fig 5.8a) represents fractions in the region designated
as 2-1-1; lanes 6 to 10 (fig 8a) represents fractions 13 to 40 in the region designated as 2-1-2
as indicated on the Aygo profile in figure 5.7. Lanes 2 to 10 (fig 8b) represents fractions 48 to
68 in the region designated as 2-1-3. Lanes 2 to 5 (fig 8c) represents fractions 158 to 162 in
the region designated as 1-2-4 as indicated on the Aygo profile in figure 5.7. Every third

fraction was screened for PEP activity in triplicate
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Fig 5.8d: Pooled fractions from peaks 2-1-1, 2-1-2 and 2-1-4 as indicated on the A,go profile
in figure 5.7. Lane 1 represents the molecular weight marker, lane 2 represents pooled
fractions 2-1-1, lane 3 represents pooled fractions 2-1-2 and lane 4 represents pooled

fractions 2-1-4 in the region designated as 4 as indicated on the Ago profile in figure 5.7.

Four major peaks eluted at around 4, 5, 8 and 18 CV with several smaller peaks eluting in
between. Fraction 1-2-1, 1-2-2 and 1-2-4 where hydrolytic activity was verified were pooled
as shown on the SDS-PAGE analysis in fig 5.8 d. SDS-PAGE of these fractions revealed
pooled fractions 2-1-2 contained the major band of interest around 55kDa as well as a band
around 26 KDa which could possible infer that wheat PEP may contain more than one
subunit. There were also other bands that appear to have coeluted with PEP. The purification
table (table 1) also shows that the purification of PEP decreased possibly due to degradation

of PEP as well as the yield was quite low.
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Table 5.1: Purification of PEP from germinating wheat seeds. Enzyme activity was
determined with 6 mM Z-Gly-Pro-pNa. Protein was determined spectrophotometrically at
280 nm

fraction volume | [protein] | total activity total specific | purification | Yield
(ml) mg/ml protein [Change activity activity | factor
. [%]
[mg] in
Change
A405/min/ [ g
in
0.145ml] Aygs/min]
Crude 120 1 120 3.533 423.96 3.533 1 100
Cation on
CM
18 0.567 10.21 0.157 2.826 0.276 0.078 0.6
FF16/10
Gel
exclusion
on
Sephacryl 33 0.184 6.1 0.395 13.035 2.14 0.61 3.08
S-100

The final set of pilot runs was performed with various columns at different pH but with the
same buffer system (20 mM Tris-HCI + 1M NaCl). These were as follows: DEAE at pH 5
and 6 and CM at pH 8 and 9. No activity profile was done for these runs. These pilot runs
were performed so as to see on which column abundant protein binds sufficiently at the
various pH values specified. It was apparent from the A,go profiles (not shown) that sufficient
protein binding was observed on the DEAE columns at both pH 5 and pH 6. It was then
decided to use a DEAE at pH 5 as a final step.

100 ml of clarified extract was loaded onto a HiPrep DEAE FF16/10 column equilibrated
with 20 mM Tris-HCI pH 5. The column was washed with 5 CV of equilibration buffer A and
fractions eluted with a linear salt gradient (0-1M NaCl in buffer A) over 20 CV.
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Figure 5.9: Purification of PEP from wheat seeds on a HiPrep DEAE FF16/10 column
equilibrated with buffer A (20 mM Tris-HCI pH 5) and developed with linear salt gradient (0-
1M NaCl) over 20 CV. Grey dashed line: profile of proteolytic activity assayed at 405 nm
with 0.1 mM final concentration Z-Gly-Pro-pNA; solid black line: profile of protein
determined spectrophotometrically at 280 nm. Dashed black line: salt gradient. Numbers (3-1
and 3-2) reflect pooled fractions.
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Figure 5.10 a, b, ¢c and d: SDS-PAGE profile of proteins peaks eluted after chromatography
on a HiPrep DEAE FF16/10 column. Lane 1 represents the molecular weight marker, lanes
2 to 10 (fig 5.10 a) and 2-7 (figure 5.10 b) represents fractions in the region designated as 3-
1; lanes 8-10 (fig 5.10 b), 2-10 (fig 5.10 c) and 2-5 (fig 5.10 d) represents fractions in the
region designated as 3-2 as indicated on the Azgo profile in figure 5.9. Every third fraction

was screened for PEP activity in triplicate.

Three major peaks were obtained from the DEAE chromatography but these were split into
two pools containing PEP activity with one of these pools eluting before applying the salt
gradient. This may indicate that different PEP proteins in the extract or overloading of the
column. Overloading of the column is unlikely though since Hi Prep DEAE FF16/10 has a
binding capacity of 2.2 g total protein as the Hi Prep DEAE FF16/10 and only 375 mg total
protein was loaded, which is beneath the binding capacity of the column. From the SDS-
PAGE (fig 5.10 a-d), several bands were once again observed indicating that quite a lot of
other possible proteins were present and still intact. The major band around 55kDa for PEP
was also still present. There was also a prominent band around 26 KDa which is exactly half
of the expected mass of PEP (55 KDa). This may possible represent an additional subunit but
this would have to be further investigated. Several bands of lower molecular weight present
and to remove these lower molecular weight proteins, both fractions (3-1 and 3-2) containing
hydrolytic activity with the substrate Z-Gly-Pro-pNa were concentrated through ammonium
sulphate precipitation and dialysed against excess buffer (20mM Tris-HCI pH 5) before being
subjected to gel filtration on a HiPrep 16/60 Sephacryl S-100 High Resolution column.
Fractions were pooled where activity was observed after gel filtration and aliquots of the

purified enzyme were stored at -70°C.
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Figure 5.11: Elution profile of pooled fraction (3-1-2) from the DEAE column subjected to
size exclusion chromatography on a HiPrep 16/60 Sephacryl S-100 equilibrated 20mM Tris-
HCI pH 5. Grey dashed line: profile of proteolytic activity assayed at 405 nm with 0.1 mM
final concentration Z-Gly-Pro-pNA; solid black line: profile of protein determined
spectrophotometrically at 280 nm. Fractions were pooled as indicated by numbers 3-2-1 to 3-
2-3.
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Figure 5.12: SDS-PAGE profile of proteins after chromatography on HiPrep 16/60 Sephacryl
S-100 High Resolution column (FPLC). Lane 1 represents the molecular weight marker,
lanes 2 to 5 represents fractions in the region designated as 3-2-2 as indicated on the Azgo
profile in figure 5.11. Every third fraction was screened for PEP activity in triplicate. This
was the only SDS-PAGE gel that appeared to show remnants of protein bands from the three
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regions as designated on the Aygo profile in figure 5.11. No visible bands were seen on the
SDS-PAGE gels (not shown) for fractions in the regions designated as 3-2-1 and 3-2-3 in
figure 5.11.
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Figure 5.13: Elution profile of pooled fraction (3-1) from the DEAE column subjected to size
exclusion chromatography on a HiPrep 16/60 Sephacryl S-100 equilibrated 20mM Tris-HCI
pH 5. Grey dashed line: profile of proteolytic activity assayed at 405 nm with 0.1 mM final
concentration Z-Gly-Pro-pNA; solid black line: profile of protein determined
spectrophotometrically at 280 nm. Fractions were pooled as indicated by numbers 3-1-1 to 3-
1-4.
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Figure 5.14: SDS-PAGE profile of proteins after chromatography on HiPrep 16/60 Sephacryl

S-100 High Resolution column. Lane 1 represents the molecular weight marker, lanes 2 to
10 represents fractions in the region designated as 3-1-2 as indicated on the Agy profile in
figure 5.13. Every third fraction was screened for PEP activity in triplicate. No bands were
observed on the SDS-PAGE gels (not shown) in the regions designated 3-1-1, 3-1-3 and 3-1-
4,

With reference to figures 5.11 and 5.13, three and four peaks eluted respectively. For fig
5.11, the peaks eluted around 8-10 CV with the peak showing abundant hydrolytic activity
eluting around 8CV. For fig 5.13, the peaks eluted around 3-5 CV and 8-10 CV with the peak
displaying major hydrolytic activity eluting around 4CV. SDS-PAGE profile reveals that only
remnants of PEP was detected for the peak that displayed major hydrolytic activity in fig 5.11
designated as 3-2-2 and a near homogenous band for the peak that displayed major hydrolytic
activity designated as 3-1-2 as indicated on the Ajgy profile in figure 5.13. This could
possibly indicate several species of PEP or additional subunits. The purification results in
table 2 also show that the purification factor of the enzyme increased almost four times for
the portion that was designated as 3-1-2 but the yield was extremely low.
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Table 5.2: Purification of PEP from germinating wheat seeds. Enzyme activity was
determined with 6 mM Z-Gly-Pro-pNa. Protein was determined spectrophotometrically at
280 nm

fraction volume [protein] total activity total specific purification Yield

(ml) mg/ml protein [Change in | activity activity factor

0,
(gl | Awslmin/ ]
[Change in
0.145ml] Ags/min]

Crude 150 2.5 375 1.754 263.1 0.7016 1 100
Anion on
DEAE
3-1

33 0.736 24.3 0.627 20.691 0.851 1.21 6.48
3-2

40 0.532 21.3 0.722 28.88 1.356 1.93 5.68
Dialysis
3-1 5 0.743 3.715 0.457 2.285 0.615 0.876 0.99
3-2 5 0.648 3.24 0.097 0.485 0.149 0.212 0.864
Gel
exclusion
3-2-1

10 0.019 0.19 0.15 0.02 0.105 0.149 0.05
3-2-2

5 0.0193 0.097 0.25 0.025 0.258 0.368 0.026
3-2-3

8 0.0186 0.149 0.05 0.072 0.483 0.688 0.0397
3-1-1

8 0.022 0.176 0.019 0.152 0.864 1.23 0.0469
3-1-2

18 0.0342 0.62 0.122 1.702 2.74 39 0.165
3-1-3

22 0.0174 0.383 0.041 1.342 3.48 4.96 0.102
3-1-4

11 0.0192 0.211 0.123 0.11 0.52 0.74 0.0562
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Fractional precipitation of PEP crude extract with ammonium sulphate increased the specific
activity from 0.7umol to 3umol of Z-Gly-Pro-pNa (table 2) as compared to the decline that is
observed in table 1 where ammonium sulphate was not used as the precipitating agent.
Ammonium sulphate draws water molecules away from the non-polar units of the proteins.
This decrease in available water molecules increases the surface tension and enhances
hydrophobic interactions, thus allowing a protein to precipitate from a solution. The fold

purification also increased from 1 to approximately 4.

Ammonium sulphate maintains the protein in a folded state and also its low heat of
solubilisation avoids the risk of protein denaturation that can occur when the sample
temperature increases. The dialysis step removed salts and ions (that may limit the activity of
the enzyme) through osmosis from a high concentrated solution (enzyme extract) to the dilute

solution (buffer).

From both purification tables, one can see a noticeable drop in the enzyme recovered as a
result of the size exclusion step. This drop may also possibly be due to autolysis or other
contaminants that may have caused denaturation on the protein of interest.

5.3 Concluding remarks

Separation of PEP from germinating wheat seeds was achieved by gel filtration on a
Sephacryl S100 column and appeared to be more successful using a slightly more acidic Tris
buffer without salt. The elution profiles shows that PEP co-eluted with other proteins and was
not homogenous according to SDS-PAGE analysis after the two-step purification. Our
findings also estimated the molecular mass of PEP from wheat to be ~55kDa, according to
SDS-PAGE analysis.
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CHAPTER 6

KINETIC CHARACTERIZATION OF
PROLYL ENDOPEPTIDASE
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6.1 Introduction

A variety of approaches have been made to solve the mystery between gluten proteins and
celiac sprue. Brandt et al.,(2007) mentions that although people eat bread and other

grain products, they lack digestive prolyl endopeptidase. Sollid and Khosla (2005) have listed
various approaches as to how celiac sprue may be treated. Of these, the use of proteolytic
enzymes that cleave at a proline or glutamine and therefore can degrade harmful gluten
peptides is one special area of interest. A Prolyl endopeptidase from wheat was therefore
investigated in this study. There are two approaches for the use of these enzymes in treating
celiac disease: 1) to hydrolyse them after the gluten has been ingested, in the gastrointestinal
(GI) tract (the medical approach) or 2) to hydrolyse them prior to the gluten having been
ingested, during food processing (the food technological approach). The detoxification of
gluten by proteolysis is not a novel idea and neither is the use of more than one protease in an
effective detoxification procedure. PEPs have thus gained special interest as a potential for
celiac disease treatment individually or jointly with possibly other post-proline cleaving
enzymes.

As reported in chapter one, although PEPs have been found in all major groups of living
organisms, however their function still remains obscure. Many of the reported investigations
have looked at PEP activity, inhibition studies as well as other kinetic characteristics of PEPs
but in this study we present the first data and provide a more complete understanding of PEPs
in germinating wheat seeds. To our knowledge, only one study has been conducted using
germinated wheat as a raw material in sourdough fermentations. This study was aimed at
evaluating the extent of prolamin hydrolysis during germinated wheat sourdough
fermentation. One area of interest in their study looked at the activities of two proline-
specific enzymes, prolyl oligopeptidase (POP) and dipeptidyl-peptidase 1V (DPP 1V) using
specific 7-amino-4-methylcoumarin (AMC) substrates: succinyl (SUC)-Gly-Pro-AMC for
POP and H-Gly-Pro-AMC for DPP IV (Loponen et al., 2007).

In this study we examined various Kinetic properties of a purified wheat PEP including
substrate specificity using specific p-nitroanilide substrates (Z-Gly-Pro-pNa, N-Suc-Ala-Ala-
Pro-Phe-pNa and Glp-FA-pNA) as well as other kinetic characteristics such as pH optima,

temperature optima, stability.
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6.2 Method
6.2.1Characterization of PEP
6.2.1.1 pH optimum

To establish the optimum pH for the purified PEP, activity was determined at different pH
values. PEP activity was measured in universal 100 mM acetate—phosphate—borate buffer
(UB) at pH values ranging from 2 — 11 using the assay procedure described in section 4.3.

Enzyme activity assays were done in triplicate at each pH.
6.2.1.2 Temperature optimum

The temperature profile for the purified PEP was determined over a temperature range of 4 -
100°C at the optimum pH. The activity was determined as described in section 4.3. Enzyme

activity assays were done in triplicate at each temperature.
6.2.1.3 Thermal stability

To determine the optimal thermal stability of PEP, purified PEP was incubated at 4, 10, 25,
30, 37, 40, 50, 60, 70 and 80 °C for 10min at the optimum pH. Samples were prepared in

triplicate and residual enzyme activity was measured as described in section 4.3.

6.2.2 Kinetic studies

Kinetic studies were performed at 37 °C with substrate concentrations ranging from 0.17uM
to 0.1mM final concentration in universal buffer (100 mM acetate—phosphate—borate buffer
(UB) of pH 7.9). The kinetic parameters Ky and Vmax Were determined from a Lineweaver—
Burk plot.

6.3 Results and Discussion
6.3.1 Characterization studies

6.3.1.1 pH-Optimum

The activity of most enzymes strongly depends on the pH of the medium therefore it was
important to optimize the pH of PEP. Since PEP has been found in diverse species and in
diverse environmental conditions the pH profile was explored. The optimum pH for activity

with 0.1 mM final concentration Z-Gly-Pro-pNa was assayed using 100 mM universal buffer,
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with pH values ranging from 2.0 to 11.0. 150 pl of 100 mM universal buffer of various pH
values was added to 145 ul of purified PEP values and preincubated for 10 min at room
temperature before adding 5 ul of 6 mM Z-Gly-Pro-pNa. A pH of 7.9 was determined to be
the optimum pH for wheat PEP (figure 6.1).

Enzyme Unuts (EU)
[ N w
R N W W

o
(9]
1

o

Figure 6.1: Effect of pH on the activity of PEP using Z-Gly-Pro-pNa as substrate. All assays
were performed in triplicate and the mean activity plot against pH.
With reference to fig 6.1, the optimum pH for wheat appears to be in accordance with the

findings of others but more closely related to the archae and insect group.

6.3.1.2 Temperature profile

To determine the optimum temperature for wheat PEP activity with 0.1 mM final
concentration Z-Gly-Pro-pNa as substrate, assays were conducted at 4, 10, 25, 30, 37, 40, 50,
60, 70 and 80 °C in triplicate. Our findings indicate that the optimum temperature for PEP
was 37°C (figure 6.2). This finding is similar to previous observations of temperature optima
of other PEPs (table 6.1). The sudden decrease in activity at temperature greater than 37°C
was thought to be due to enzyme instability or denaturation. A temperature stability study

was therefore conducted.
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Figure 6.2: Effect of temperature on the activity of PEP with 0.1 mM final concentration Z-
Gly-Pro-pNa as substrate and universal buffer at 7.9. Activity points represent the mean of

triplicate assays

For temperature stability testing, the purified enzyme was incubated at 4, 10, 25, 30, 37, 40,
50, 60, 70, 80, 90 and 100 °C for 10 min. The solution of Z-Gly-Pro-pNa was added to the
final concentration of 6 mM and the residual activity was measured as described earlier.
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Figure 6.3: Temperature stability of PEP activity. Residual activity was measured using 0.1
mM final concentration Z-Gly-Pro-pNa as substrate in universal buffer. Activity points
represent the mean of triplicate assays.
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The thermal stability studies results show that wheat PEP is stable up to 40°C and a drastic

decline occurs thereafter in the stability of the enzyme which could possible indicate

denaturation. With reference to table 6.1, the stability of PEP from other sources appears to

be in line with the findings of others with the exception of pseudomonas species. This is

indicative that the enzyme cannot thrive at high to extreme temperatures.

Table 6.1: comparison of some physiochemical properties of several confirmed prolyl

endopeptidase

Origin Pseudomonas | F. Xanthomonas | A. Human Triticum
sp. meningosepticum | sp hydrophila | brain aestivum
KU-22

Optimum 8.0 7.0 7.5 8 6.8 7.9

pH

pH Stability | 8.0-11.0 5.0-9.0 6-8.5 7-8.5 5.5-9.5 5.0-9.0

40°C Not 30°C 37°C 37°C

Optimum 45°C determined

temperature

Thermal 45°C 42°C Not 35°C 37°C 40°C

stability determined

Isoelectric | 4.9 9.6 7.2 55 4.75 Not

point determined

Molecular | 76,000 Da 76,000 Da 74,000 Da 76,000 Da | 79,600 Da | 55,000 Da

weight

Reference Oyama et al., | Yoshimoto et al., | Szwajcer-dey | Knnatani et | Kalwant Present data
1997 1980 etal., 1992 al., 1993 and Porter.,

1991
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6.3.2 Estimation of kinetic parameters

The kinetic parameters K, and Vmax Were determined for various p-nitroanilide substrates (Z-
Gly-Pro-pNa, N-Suc-Ala-Ala-Pro-Phe-pNa and Glp-FA-pNA) using the Lineweaver-Burk
plot (figures 6.4-6.6). The lowest K, value of 0.58 mM was observed for N-Suc-Ala-Ala-Pro-
Phe-pNa (table 6.2). The highest K¢y of 29.37 s was for N-Suc-Ala-Ala-Pro-Phe-pNa . The
Keat /Km ratio was the highest also for N-Suc-Ala-Ala-Pro-Phe-pNa (50813.14s* M ™), and
was the lowest for Z-Gly-Pro-pNa (858.77 s * M™) (table 6.2). According to the findings of
Elpidina and Goptar on Post-proline cleaving peptidases in Tenebrio Molitor, this group of
enzymes more effectively hydrolyze peptide bonds after Pro residues in peptide substrates
with Ala in the P2 position more effectively (Personal communication).

Their findings also suggest that activity with substrates with Gly residues in the P2 position
was very low and this could also be a determining factor as seen in our findings with the
substrate Z-Gly-Pro-pNa.
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Figure 6.4: Lineweaver-Burk plot of PEP at various substrate concentrations. Assays were
performed in triplicate at 37°C in universal buffer at pH 7.9.
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Figure 6.5: Lineweaver-Burk plot of PEP at various substrate concentrations. Assays were

performed in triplicate at 37°C in universal buffer at pH 7.9.
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Figure 6.6: Lineweaver-Burk plot of PEP at various substrate concentrations. Assays were
performed in triplicate at 37°C in universal buffer at pH 7.9.

The Michaelis- Menten plots clearly show that at low substrate concentrations, the rate of
reaction increases more or less linearly with substrate concentration while at higher substrate
concentrations the reaction becomes constant due to the active site being saturated with
substrate. The Michaelis constant, Ky, can be obtained from the Michaelis-Mentin plot since

it is the substrate concentration at which the reaction is half of its maximum value (Vmax/2),
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which is the reason why K, is also called the half-saturation value. However, it is difficult to

determine Vmax for this hyperbolic plot and hence in determining K.

For this reason, Lineweaver-Burk plots were used because they allow more accurate

measurements of the values of both K, and Vnax €ven at higher substrate concentrations.

Table 6.2: Kinetic parameters for the hydrolysis of p-nitroanilide substrates by PEP at 37°C
and pH 8.

Substrate Km(M 107 Keat (57) Keat!Km (sTM™)
Z-Gly-Pro-pNa 3.08x10° 2.645 858.77
N-Suc-Ala-Ala-Pro- | 5.78x10™ 29.37 50813.14
Phe-pNa

Glp-FA-pNa 1.18x10° 11.35 9618.6

With regards to the hydrolysis of Z-Gly-Pro-pNa, it is evident that the microorganism family
appears to have a stronger affinity and thus hydrolyses the proline specific substrate more
effectively than our findings in a plant based source (table 3). Another determining factor
could have been that our protein of interest was not purified to homogenous. Again, this
however does not mean that the PEPs isolated from microorganisms appear to be a more
effective enzyme than the plant based source one. Each one of these enzymes from its various

sources is a unique enzyme with specific characteristics.

Table 6.3: Comparative analysis of K., values for the hydrolysis of p-nitroanilide substrates
Gly-Pro-pNa, N-Suc-Ala-Ala-Pro-Phe-pNa and Glp-FA-pNa by PEP.

Substrate Organism Km Reference
Z-Gly-Pro-pNa Pyroccocus furiosis | 0.16 Wallen et al., 2003
Elizabethkingia 0.25 Deutch et al., 2010
meningoseptica
Aeromonas caviae 0.81 Lietal., 2010
Triticum aestivum 3.08 Present data
N-Suc-Ala-Ala-Pro- | Triticum aestivum 0.578 Present data
Phe-pNa
Glp-FA-pNa Triticum aestivum 1.18 Present data
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6.4 Concluding remarks

The substrate specificity results indicate that the purified plant PEP is a chymotrypsin-like
serine proteinase. The enzyme hydrolyzed a longer peptide substrate more efficiently (N-Suc-
Ala-Ala-Pro-Phe-pNa), containing four amino acid residues with Phe in the P1 position, than
the shorter proline specific substrate with proline occupying the P1 position (Z-Gly-Pro-pNa).
PEP also appeared to have the highest affinity for N-Suc-Ala-Ala-Pro-Phe-pNa while the
highest reaction rate (kcat) and efficiency (kcat/Km) were also observed for this substrate.

pH, temperature optima and temperature stability results appear to be in accordance with

various other sources of known PEP from literature.
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CHAPTER 7

INHIBITORY POTENTIAL OF
CLASS SPECIFIC INHIBITORS ON
PEP ACTIVITY
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7.1 Introduction
7.1.1 Enzyme inhibition kinetics

Several substances can bring about a decline in the rate of an enzyme catalysed reaction.
Some substances that may bring about this reduction can be non-specific protein denaturants
whilst others may act in a specific manner as in the case of molecules/substances known as
inhibitors. The loss of enzyme activity can be broadly categorized into reversible, where the
activity may be restored by the removal of the inhibitor, or irreversible, in which the loss of
the enzyme activity is time dependent and cannot be recovered (Copeland, 2000). Thus,
enzyme inhibitors fall into two broad classes: reversible inhibitors (inhibitors causing
reversible inactivation of enzymes) and irreversible inhibitors (inhibitors whose inhibitory

effects cannot be reversed).
7.1.1.1 Reversible inhibitors

A typical property of all reversible inhibitors is that when the inhibitor concentration drops,
the activity of the enzyme is regenerated. Reversible inhibitors bind to enzymes with non-
covalent interactions such as hydrogen bonds, hydrophobic interactions and ionic bonds.
Reversible inhibitors are further classified into four sub-classes: competitive inhibitors, non-
competitive inhibitors, uncompetitive inhibitors and mixed inhibitors (Meleti, 1986).

7.1.1.2 Competitive inhibitors

The inhibitor binds to the same site on the enzyme as the substrate. The inhibitor only binds
to the free enzyme and in most instances appears to be structurally very similar to the
substrate. Once it has bound, it allows no space for the enzyme to react with its substrate.
This type of inhibition can be overcome by sufficiently high concentrations of substrate (Vmax
remains constant) out-competing the inhibitor. However, the apparent K., will increase as it
takes a higher concentration of the substrate to reach the K, point, or half the V. (Meleti,
1986).

7.1.1.3 Non-competitive inhibitors

This type of inhibition can be seen as a form of mixed inhibition where the binding of the
inhibitor to the enzyme reduces the enzymes activity but does not affect the binding of
substrate. As a result, the extent of inhibition depends only on the concentration of the

inhibitor. Vmax Will decrease due to the inability for the reaction to proceed as efficiently, but
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Km will remain the same as the actual binding of the substrate will still function properly
(Meleti, 1986).

7.1.1.4 Uncompetitive inhibitors

With Uncompetitive inhibition, the inhibitor binds only to the substrate-enzyme complex.

This type of inhibition causes Vmax and K, to decrease (Meleti, 1986).
7.1.1.5 Mixed inhibitors

In mixed inhibition, the inhibitor can bind to the enzyme at the same time as the enzyme's
substrate. However, the binding of the inhibitor affects the binding of the substrate, and vice
versa. This type of inhibition can be reduced, but cannot be overcome by increasing

concentrations of substrate (Meleti, 1986).
7.1.1.6 Irreversible inhibitors

Irreversible inhibitors usually covalently modify an enzyme and do not dissociate from the
enzyme (Meleti, 1986).

7.2 Materials and methods
7.2.1 Materials

Lyophilized substrate (Z-Gly-Pro-pNa) was purchased from Sigma-Aldrich Co. (South Africa
(Pty) Ltd). E64 (serine proteinases), pepstatin (aspartic proteinases) and leupeptin (cysteine
and some serine proteinases) inhibitors were purchased from Sigma-Aldrich Co. (South
Africa (Pty) Ltd). Monitoring the increase in absorbance at 405nm as p-nitroanilide is

released was done using a micro plate reader (SynergyMx, Bio tek Instruments, USA).
7.2.2 Method

For inhibition studies, aliquots of the purified PEP enzyme preparation were preincubated
with different concentrations of inhibitors for 1hr at 37°C in 100 mM UB, pH 7.9 and
residual activity with appropriate p-nitroanilide substrate was assayed as described in section
4.3. Diagnostic inhibitors and their specificity included: E64 (serine proteinases) and
pepstatin (aspartic proteinases) at 10.4 uM, 7.9 uM, 5.4 uM, 2.7 uM and 0 pM; leupeptin
(cysteine and some serine proteinases), at104 puM, 79 uM, 54 uM, 27 uM and 0 uM final
concentrations and PMSF (serine proteases) at 1.04 mM, 0.8mM, 0.5 mM, 0.27 mM and 0
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mM. See appendix B for the various inhibitors stock concentrations that were prepared as

well as the different solvents used in dissolving the inhibitors (pg 108).

7.2.2.1 Inhibition of PEP activity

Purified PEP (145 pl) was preincubated at 37°C for 1 hour prior to the addition of UB pH 7.9
and substrate. Residual activity was measured by adding 5 pl of 6mM substrate and 150 pl
UB, pH 7.9 and the rate of increase in absorbance at 405 nm was measured with a microplate
reader.

Comparison of reaction rates in the presence of an inhibitor with those for control reactions
were used to calculate the degree of enzyme inhibition. All reactions were performed in

triplicate

7.2.2.2 Determination of I1Cx

The main objective of this part of the study was to explore the inhibitory potential of class
specific inhibitors on the activity of PEP. The inhibitory potential of an inhibitor is described
either as the concentration of an inhibitor at which the enzyme activity falls to 50% of its
original value or as the molar concentration of the compound required to inhibit 50% of PEP
activity (ICsp). In order to determine the ICs values (50% inhibition), various class specific

inhibitors were diluted to concentrations as specified in the appendix B.

7.2.2.3 Determination of the type of enzyme inhibition

Determination of the type of inhibition type is critical for the identification of mechanism of
inhibition and the sites of inhibitor binding. Two methods were applied to determine the
effect of inhibitors on both K, and V.« values. This was the Dixon plots as well as the [S]/v

against | plot.
7.3 Results and Discussion
7.3.1 Effect of inhibitors

The enzyme extract was examined in a series of class specific inhibition assays as shown in
the method section previously. All assays were run in triplicate at pH 7.9 and 37°C. The
effects of varying the concentration of these class specific inhibitors on the activity of PEP

were explored. (Figures 7.1a-d).
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Figure 7.1a: Effect of leupeptin on PEP activity. PEP extracts in the absence of the inhibitor

were used as positive controls. The data are the average of three experiments.
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Figure 7.1b: Effect of E64 on PEP activity. PEP extracts in the absence of the inhibitor were

used as positive controls. The data are the average of three experiments.
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Figure 7.1c: Effect of Pepstatin on PEP activity. PEP extracts in the absence of the inhibitor

were used as positive controls. The data are the average of three experiments.
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Figure 7.1d: Effect of PMSF on PEP activity. PEP extracts in the absence of the inhibitor

were used as positive controls. The data are the average of three experiments.

The study of the effect of inhibitors of the active site groups demonstrated that the activity of
PEP was completely inhibited by an inhibitor of serine proteases, PMSF (ICsp =0.22mM) as
well as an inhibitor of aspartyl proteases, Pepstatin (ICso =2.23uM). Inhibitors of cysteine
proteinases, E-64 (1Cso=4.4uM) and Leupeptin (ICs,=51uM) (also an inhibitor of serine and

threonine peptidases) demonstrated substantial inhibition on the activity of wheat PEP.
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The PMSF inhibition data appears to be in accordance with the data of Elpidina and
colleagues (2005) in which they have demonstrated complete inhibition by PMSF with a
chymotrypsin-like Prolyl endopeptidase proteinase from the midgut of Tenebrio molitor
larvae however, contradicting findings were shown by Bastos and colleagues (2010) in which
their PMSF data showed very little inhibition (18%) of a PEP isolated from Trypanosoma

brucei.

7.3.2 Determination of 1Csg

As can be seen from figures la-d, 51uM, 4.4 uM, 2.23 uM and 0.22 mM concentration of
Leupeptin, E64, Pepstatin and PMSF respectively was required to inhibit 50% of PEP
activity. In order to establish the type of inhibition involved, Lineweaver-Burk plots were
constructed using the concentrations that gave up to 50% residual activity. In this study,
Leupeptin was used to determine the type of enzyme inhibition involved as E64 and PMSF

are irreversible inhibitor.
7.3.3 Determination of the type of enzyme inhibition

The nature of inhibition of PEP activity by Leupeptin was determined by the method of
Dixon (1953), in which the reciprocal velocity, 1/v, was plotted against the inhibitor
concentration, [I]. The extrapolated lines at different substrates [s] values intersect at a single
point, for which [I] =-K; the inhibition constant. However, the limitation to this kind of plot is
that it does not always distinguish competitive inhibition from mixed inhibition. For this
reason, Cornish-Bowden (1974) recommended using an additional plot in conjunction with
the method of Dixon to provide a more accurate and unambiguous indication of the type of

inhibition.
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Figure 7.2: Dixon plot for PEP at different inhibitor and substrate concentrations. The data

represents the mean triplicate assays.
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Figure 7.3: Plots of [s]/v against [I]. The data represents the mean of triplicate assays.

The nature of inhibition as predicted from the plots in figure 2 and figure 3 indicates
competitive like type of inhibition against PEP as the comparative inhibitor displayed an
increase in the K, (affinity of the enzyme). The inhibitor constant, K;, which is the
concentration of inhibitor (in this study, Leupeptin) that is required to decrease the maximal
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rate of the reaction to half of the uninhibited value, in the presence of a low substrate
concentration, as extrapolated from the Dixon plot was approximately 2uM. It should also be
noted that the lower the K, the lower the concentration of inhibitor needed to lower the rate
and therefore the more effective the inhibitor.

7.3.4 Comparison of inhibitory activity towards PEP

On comparing the inhibitory activities of leupeptin, E64, pepstatin and PMSF on purified
plant PEP, some interesting observations were found. All four class specific inhibitors
appeared to show inhibitory potential towards plant PEP in a concentration manner. As
expected, leupeptin and PMSF showed inhibition of PEP hydrolysis of Z-Gly-Pro-pNa as
these are known serine protease inhibitors. However, unexpectedly inhibition towards PEP by
E64, which is accepted as a specific inhibitor for cysteine peptidases, was also observed.
Studies by Novillo et al., (1997) also reported inhibition of trypsin-like gut proteases from
larvae of the lepidopteran species by E64 in a reversible competitive mechanism. They
reported that this inhibition is only for trypsin-like proteases. This would therefore imply that
the PEP from plants is a trypsin-like enzyme.

Pepstatin inhibition of plant PEP is an anomaly which is difficult to explain. If there were
more than one species of PEP, one being a serine protease with the other an aspartic protease,
there would have been some residual activity remaining after treatment with Pepstatin, due to
the remaining activity of the serine-like PEP protease. However, Pepstatin totally inhibited
the PEP activity at a concentration of 6.5uM, thereby implying that the purified plant PEP
belonged to both the serine and the aspartic protease family. This would need to be

investigated in future studies.

The inhibition studies would therefore indicate that the purified plant PEP is a serine-like
protease, most likely of the trypsin family. This is in contradiction to the substrate specificity
study which indicates the plant PEP to be a chymotrypsin-like protease. To confirm whether
PEP is trypsin of chymotrypsin like would require further studies using a larger variety of
substrates with either trypsin or chymotrypsin specificity built into the scissile bond. These
substrates will have to be specifically synthesized as no such substrates are currently

commercially available for PEPs.
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GENERAL DISCUSSION,
CONCLUSION AND FUTURE
STUDIES
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8.1 Discussion

Compared with the classic trypsin and subtilisin families, the prolyl endopeptidase family
represents a relatively new class of serine peptidases. In this study, we have demonstrated the
first isolation, purification and kinetic characterizing of a plant PEP, in particular from
germinating wheat seeds. Oligopeptidase B, which was previously called protease Il, an
homologous enzyme to prolyl endopeptidase was identified in quiescent wheat embryo (Tsuji
et al, 2004) but no purification studies of this enzyme were conducted. The enzyme displayed
trypsin-like specificity (cleaving peptides at lysine and arginine residues), similar to what we
are reporting here despite the fact that the enzyme we are reporting here also has a potential
preference for a chymotrypsin-like substrate.

Separation of purified wheat PEP was achieved by anion exchange with elution using a salt
gradient as well as gel filtration chromatography using a slightly acidic buffer without salt.
The ion exchange elution profiles together with their corresponding SDS-PAGE gels clearly
shows that PEP eluted with other peptides of various sizes very early in the linear salt
gradient (0-1M NaCl over 20CV).

After the two step purification, PEP appeared to be relatively pure with only 2 additional
bands of lower molecular weight observed using SDS-PAGE. The lower molecular weight
bands could either be additional subunits or it could possibly infer the presence of multiple
PEPs or other protein contaminants. We estimated PEP from germinating wheat seeds to be
~55kDa which is in line with the expected molecular weight range of 45-174kDa reported for
known PEPs in literature.

The data on the substrate specificity indicates that PEP may be a chymotrypsin-like enzyme
as it had a stronger preference for the chymotrypsin-like substrate with a possible extended
binding site. The enzyme hydrolyzed a longer peptide substrate more efficiently (N-Suc-Ala-
Ala-Pro-Phe-pNa) containing four amino acid residues with Phe in the P1 position than the
shorter, proline specific substrate with proline occupying the P1 position (Z-Gly-Pro-pNa).
PEP also appeared to have the highest affinity for N-Suc-Ala-Ala-Pro-Phe-pNa while the
highest reaction rate (kcat) and efficiency (kcat/Km) were also observed for this substrate.
The effect of the active site inhibitors indicated that the purified enzyme is a potential serine
proteinase as it was inhibited by PMSF and leupeptin. In addition it was also inhibited by
E64, which in addition to inhibiting cysteine proteinases, has been shown to also inhibit
trypsin-like enzymes, thereby implying that the purified plant PEP is a trypsin-like protease.
This contradicts with the results of substrate specificity and only once a whole range of
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substrates are used, would one be able to decisively conclude to which family of enzymes the

purified plant PEP belongs.

8.2 Conclusion

This is the first report of a plant prolyl endopeptidase, purified from germinating wheat seeds.
The results reported here in this thesis indicate that the enzyme is a serine protease belonging
to either the trypsin or chymotrypsin-like family. The physical and kinetic properties of the
purified plant PEP as similar to those reported for other known PEPs from bacterial,

mammalian or insect origins.

8.3 Future work
As part of our future studies, we would like to explore the following possible avenues:

1. To further optimise germinating conditions of wheat seed for higher yield of PEP.
This would include setting up different convirons and exploring different growth
conditions to maximize germination of seeds. Also to try and use a variety of wheat
seeds to see which of these gives a better yield in isolating PEP. Furthermore, to
germinate more in bulk so as to have sufficient stock of protein exctracts.

2. We also plan to investigate the possible presence of multiple PEPs in plants as this is
quite a novel enzyme in plants. Our results reported here shows that they may be a
possibility of potential subunits for this enzyme as multiple bands and inhibition
studies has shown.

3. Once we confirm the possibility of multiple plant PEPs, we will then further
investigate whether PEPs belong to the chymotrypsin or trypsin family of proteases
using a larger range of substrates. In this study we have reported only on two
substrates, that being a chymotrypsin-like and prolyl endopeptidase specific
substrates.

4. We will also like to establish the enzymatic mechanism for the inhibition of PEP
through the use of a broader range of inhibitors that will confirm to which group of
enzymes wheat PEPs belong to.

5. As a final objective, we would also like to elucidate a possible sequence for the
purified wheat PEP through sequencing and to determine its molecular weight as our

hypothesis we based on largely sequence alignments of other related organisms.
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APPENDIX A

CIS-ACTING
ELEMENT

FREQUENCY OF
OCCURRENCE
IN RICE

CHR1

FREQUENCY OF
OCCURRENCE
IN RICE

CHR 4

FREQUENCY OF
OCCURRENCE
IN AtPEP1

FREQUENCY OF
OCCURRENCE
IN AtPEP2

TOTAL NUMBER
OF
OCCURRENCE

FUNCTION

3-AF1 binding
site

1

1

light responsive element

5UTR Py-rich
stretch

1

1

cis-acting element conferring high
transcription levels

-10PEHVPSBD

"-10 promoter element" found in the barley
(H.v.) chloroplast psbD gene promoter;
Involved in the expression of the plastid
gene psbD which encodes a photosystem II
reaction center chlorophyll-binding protein
that is activated by blue, white or UV-A
light;

-300ELEMENT

Present upstream of the promoter from the
B-hordein gene of barley and the alpha-
gliadin, gamma-gliadin, and low molecular
weight glutenin genes of wheat

AACACOREOSGL
UB1

Core of AACA motifs found in rice (O.s.)
glutelin genes, involved in controlling the
endosperm-specific expression; AACA is also
closely associated with the GCN4 motif in all
rice glutelin genes and together have been
shown to confer endosperm-specific
enhancement to the truncated -90 CaMV
35S promoter

AAGAAMOTIF

ABRE

[ay

Abscisic acid responsive element

ABREATCONSEN
SuUS

ABA-responsive elements (ABREs) found in
the promoter of ABA and/or stress-
regulated genes; ABFs, a family of ABRE
binding factors; ABF3 and ABF4 function in
ABA signaling; Y=C/T;

ABRELATERD1

ABRE-like sequence required for etiolation-
induced expression of erd1(early responsive
to dehydration) in Arabidopsis

ABREOSRAB21

ABA responsive element(ABRE) of wheat
Em and rice (0.s) rab21 genes

ABRERATCAL

"ABRE-related sequence" or "Repeated
sequence motifs" identified in the upstream
regions of 162 Ca(2+)-responsive
upregulated genes

ABREZMRAB28

ABRE; ABA and water-stress responses;
Found in maize (Z.m.) rab28; maize rab28
is ABA-inducible in embryos and vegetative
tissues; Found in the Arabidopsis (A.t.)
alcohol dehydrogenase (Adh) gene
promoter; "ABRE2"; Found in the maize
(Z.m.) Catl gene promoter; Responsible for
the induction by ABA; Binding site of CBF2;
Arabidopsis CBF1 overexpression induces
COR genes and enhances freezing
tolerance; The CBF genes do not appear to
be autoregulated through the CRT/DRE
sequence

ACE

Involved in light responsiveness

ACGTABREMOTI
FA20SEM

Experimentally determined sequence
requirement of ACGT-core of motif A in
ABRE of the rice gene, OSEM; See S000281;
DRE and ABRE are interdependent in the
ABA-responsive expression of the rd29A in
Arabidopsis

ACGTATERD1

10
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21

ACGT sequence required for etiolation-
induced expression of erd1(early responsive
element to dehydration) in Arabidopsis

ACGTCBOX

"C-box" according to the nomenclature of
ACGT elements by Foster et al. (FASEB J




8:192-200 (1994)); One of ACGT elements;
Factors groups 1, 2 and 3 have affinity for
C-box (Izawa et al. J Mol Biol. 230:1131-
1144 (1993)); RITA-1 binding site (Izawa et
al. 1994),

ACGTROOT1

"ACGT motif" related to root expression;
Gene: synthetic; perfect palindromic
sequence (PA) containing G-box-related
sequence; transacting factor: TAF-1 ?;
Binding of SGBF-1 (a Soybean G-box
binding bZIP transcription factor) to ABRE is
enhanced by SCOF-1 (a zinc finger protein
); Transcription of SCOF-1 is induced by low
temperature and ABA;

ACGTTBOX

"T-box" according to the nomenclature of
ACGT elements by Foster et al. (FASEB J
8:192-200 (1994)); One of ACGT elements;
See also ACGTABOX (5000130), ACGTCBOX
(S000131), and CACGTGMOTIF (S000042);

AGCBOXNPGLB

Binding sequence of Arabidopsis AtERFs;
AtERF1,2 and 5 functioned as activators of
GCC box-dependent transcription; AtERF3
and 4 acted as repressors; AtERF proteins
are stress signal-response factors; EREBP2
binding site; Conserved in most PR-protein
genes; Rice MAPK (BWMK1) phosphorylates
OS EREBP1, which enhance DNA-binding
activity of the factor to the GCC box;

AMYBOX1

"amylase box"; Conserved sequence found
in 5'-upstream region of alpha-amylase
gene of rice, wheat, barley

AMYBOX2

"amylase box"; "amylase element";
Conserved sequence found in 5'upstream
region of alpha-amylase gene of rice,
wheat, barley

ANAERO1CONS
ENSUS

One of 16 motifs found in silico in
promoters of 13 anaerobic genes involved in
the fermentative pathway

ANAERO2CONS
ENSUS

One of 16 motifs found in silico in
promoters of 13 anaerobic genes involved in
the fermentative pathway

ANAERO3CONS
ENSUS

One of 16 motifs found in silico in
promoters of 13 anaerobic genes involved in
the fermentative pathway

ASF1IMOTIFCAM
\'

"ASF-1 binding site" in CaMV 35S promoter;
ASF-1 binds to two TGACG motifs; See
S000023 (AS1); Found in HBP-1 binding site
of wheat histone H3 gene; TGACG motifs
are found in many promoters and are
involved in transcriptional activation of
several genes by auxin and/or salicylic acid;
May be relevant to light regulation; Binding
site of tobacco TGAla; TGAla and b show
homology to CREB; TGAG6 is a hew member
of the TGA family; Abiotic and biotic stress
differentially stimulate "as-1 element"
activity

ARE

cis-acting regulatory element essential for
the anaerobic induction

ARFAT

ARF (auxin response factor) binding site
found in the promoters of primary/early
auxin response genes of Arabidopsis
thaliana (A.t.); AuxRE; See S000337;
Binding site of Arabidopsis ARF1 (Auxin
response factorl); Sequence found in NDE
element in Soybean (G.m.) SAUR (Small
Auxin-Up RNA) 15A gene promoter; See
S000359, S000360; Found in D1 or D4
element in Soybean (G.m.) GH3 promoter;
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This element was enriched in the 5'-flanking
region of genes up-regulated by both IAA
and BL

ARR1AT

10

18

11

12

51

"ARR1-binding element" found in
Arabidopsis; ARR1 is a response regulator;
N=G/A/C/T; AGATT is found in the
promoter of rice non-symbiotic
haemoglobin-2 (NSHB) gene

ATCT-MOTIF

part of a conserved DNA module involved in
light responsiveness

BIHD10S

Binding site of OsBIHD1, a rice BELL
homeodomain transcription factor

BOXI

Light responsive element

BOXII

Light responsive element

BOXTIII

protein binding site

BOXIINTPATPB

ENIER )

"Box I" found in the tobacco (N.t.) plastid

atpB gene promoter; Conserved in several
NCII (nonconsensus type II) promoters of
plastid genes; Important for the activity of
this NCII promoter

BOXIIPCCHS

Core of "Box II/G box" found in the parsley
(P.c.) chs genes; Essential for light
regulation

BOXLCOREDCPA
L

Consensus of the putative "core" sequences
of box-L-like sequences in carrot (D.c.)
PAL1 promoter region; DCMYB1 bound to
these sequences in vitro

BOXW1

Fungal elicitor responsive element

BP50SWX

OsBP-5 (a MYC protein) binding site in Wx
promoter

BS1EGCCR

"BS1 (binding site 1)" found in E. gunnii
Cinnamoyl-CoA reductase (CCR) gene
promoter; nuclear protein binding site;
Required for vascular expression;

CAATBOX1

10

29

Responsible for tissue specific promoter
activity of a pea legumin gene in tobacco

CAATBOX

11

28

common cis-acting element in promoter and
enhancer regions

CACGTGMOTIF

"CACGTG motif"; "G-box"; Binding site of
Arabidopsis GBF4; C. roseus G-box binding
factor 1 (CrGBF1) and 1 (CrGBF2) can act
as transcriptional repressors of the Str
promoter via direct interaction with the G-
box; See S000345; Essential for expression
of beta-phaseolin gene during
embryogenesis in bean, tobacco,
Arabidopsis; Tomato Pti4 (ERF) regulates
defense-related gene expression via GCC
box and non-GCC box cis-element (Myb1
(GTTAGTT) and G-box (CACGTG));

CACTFTPPCA1

19

15

16

57

Tetranucleotide (CACT) is a key component
of Mem1 (mesophyll expression module 1)
found in the cis-regulatory element in the
distal region of the phosphoenolpyruvate
carboxylase (ppcAl) of the C4 dicot F.
trinervia

CAREOSREP1

"CAREs (CAACTC regulatory elements)"
found in the promoter region of a cystein
proteinase (REP-1) gene in rice

CARGCWS8GAT

A variant of CArG motif (see S000404), with
a longer A/T-rich core; Binding site for
AGL15 (AGAMOUS-like 15);

CATATGGMSAU
R

Sequence found in NDE element in soybean
(G.m.) SAUR (Small Auxin-Up RNA) 15A
gene promoter; Involved in auxin
responsiveness

CBFHV

Binding site of barley (H.v.) CBF1, and also
of barley CBF2; CBF = C-repeat (CRT)
binding factors; CBFs are also known as
dehydration-responsive element (DRE)
binding proteins (DREBs
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CCAATBOX1

Found in the promoter of heat shock protein
genes

CCAATBOX

MYBHv1 binding site

CEREGLUBOX2P
SLEGA

"cereal glutenin box" in pea legumin gene
(legA); sequence homologous to the cereal
glutenin gene control element ("-300
element™);

CGACGOSAMY3

"CGACG element" found in the GC-rich
regions of the rice (O.s.) Amy3D and Amy3E
amylase genes, but not in Amy3E gene;
May function as a coupling element for the
G box element

CGCGBOXAT

10

"CGCG box" recognized by AtSR1-6
(Arabidopsis thaliana signal-responsive
genes); Multiple CGCG elements are found
in promoters of many genes;
Ca++/calmodulin binds to all AtSRs

CGTCAMOTIF

Involved in MeJA responsiveness

CIACADIANLELH
C

Region necessary for circadian expression of
tomato (L.e.) Lhc gene;

CIRCADIAN

Involved in circadian control

CPBCSPOR

The sequence critical for Cytokinin-
enhanced Protein Binding in vitro, found in -
490 to -340 of the promoter of the
cucumber (CS) POR (NADPH-
protochlorophyllide reductase) gene

CPRFPCCHS

"BoxII"; Binding site of CPRF-1, -2, -3 and -
4(Common Plant Regulatory Factor) in the
parsley (P.c.) light responsive chalcone
synthase (CHS) gene promoter; CPRF
proteins are bZIP class transcription factors;
CPRF proteins participates in the light-
mediated activation of the CHS gene in
parsley; "ACE"; The proline-rich domains of
CPRF1 and 4 activate transcription; CPRF1-
containing bZIP heterodimer interacts with
ACE in vivo;

CRTDREHVCBF2

Preferred sequence for AP2 transcriptional
activator HVCBF2 of barley; "Core CRT/DRE
motif"; HVCBF2 bound to a (G/a)(T/c)CGAC
core motif (Xue, 2003); DNA binding is
regulated by temperature

CURECORECR

11

23

GTAC is the core of a CuRE (copper-
response element) found in Cyc6 and Cpx1
genes in Chlamydomonas; Also involved in
oxygen-response of these genes

DOFCOREZM

10

13

21

11

55

Core site required for binding of Dof
proteins in maize (Z.m.); Dof proteins are
DNA binding proteins, with presumably only
one zinc finger, and are unique to plants;
Four cDNAs encoding Dof proteins, Dof1,
Dof2, Dof3 and PBF, have been isolated
from maize; PBF is an endosperm specific
Dof protein that binds to prolamin box;
Maize Dof1 enhances transcription from the
promoters of both cytosolic orthophosphate
kinase (CyPPDK) and a non-photosynthetic
PEPC gene; Maize Dof2 supressed the
C4PEPC promoter

DPBFCOREDCD
C3

A novel class of bZIP transcription factors,
DPBF-1 and 2 (Dc3 promoter-binding factor-
1 and 2) binding core sequence; Found in
the carrot (D.c.) Dc3 gene promoter; Dc3
expression is normally embryo-specific, and
also can be induced by ABA; The
Arabidopsis abscisic acid response gene
ABI5 encodes a bZIP transcription factor;
abi5 mutant have a pleiotropic defects in
ABA response; ABI5 regulates a subset of
late embryogenesis-abundant genes; GIA1
(growth-insensitivity to ABA) is identical to
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ABI5

E2FCONSENSUS

"E2F consensus sequence" of all different
E2F-DP-binding motifs that were
experimentally verified in plants

EBOXBNNAPA

12

31

E-box of napA storage-protein gene of
Brassica napus

EECCRCAH1

12

"EEC"; Consensus motif of the two
enhancer elements, EE-1 and EE-2, both
found in the promoter region of the
Chlamydomonas Cah1 (encoding a
periplasmic carbonic anhydrase); Binding
site of Myb transcription factor LCR1

ELRECOREPCRP
1

EIRE (Elicitor Responsive Element) core of
parsley (P.c.) PR1 genes; consensus
sequence of elements W1 and W2 of
parsley PR1-1 and PR1-2 promoters; Box
W1 and W2 are the binding site of WRKY1
and WRKY2, respectively; ERE; "WA box";
One of the W boxes found in the Parsley
(P.c.) WRKY1 gene promoter; Required for
elicitor responsiveness

EMBP1TAEM

Binding site of trans-acting factor EMBP-1;
wheat (T.a.) Em gene; See S000015;
Binding site of ABFs; ABFs (ABRE binding
factors) were isolated from Arabidopsis by a
yeast one-hybrid screening system;
Expression ABFs is induced by ABA and
various stress treatment; ABFs belongs to a
distinct subfamily of bZIP proteins; Involved
in ABA-mediated stress-signaling pathway

GAGMOTIF

Part of light responsive element

GAREMOTIF

Gibberellins-responsive element

GARE20SREP1

"Gibberellin-responsive element (GARE)"
found in the promoter region of a cystein
proteinase (REP-1) gene in rice

GAREAT

GARE (GA-responsive element); Occurrence
of GARE in GA-inducible, GA-responsible,
and GA-nonresponsive genes found in
Arabidopsis seed germination was 20, 18,
and 12%, respectively

GATABOX

15

11

14

17

57

"GATA box"; GATA motif in CaMV 35S
promoter; Binding with ASF-2; Three GATA
box repeats were found in the promoter of
Petunia (P.h.) chlorophyll a/b binding
protein, Cab22 gene; Required for high
level, light regulated, and tissue specific
expression; Conserved in the promoter of all
LHCII type I Cab genes

GBOXLERBCS

"G box"; Conserved sequence upstream of
light-regulated genes; Sequence found in
the promoter region of rbcS of tomato (L.e.)
and Arabidopsis; Binding with GBF

GCMOTIF

Enhancer-like element involved in anoxic
specific inducibility

GCCCORE

Core of GCC-box found in many pathogen-
responsive genes such as PDF1.2, Thi2.1,
and PR4; Has been shown to function as
ethylene-responsive element; Appears to
play important roles in regulating
jasmonate-responsive gene expression;
Tomato Pti4 (ERF) regulates defence-
related gene expression via GCC box and
non-GCC box cis elements (Myb1
(GTTAGTT) and G-box(CACGTG));

GCN4_motif

cis-regulatory element involved in
endosperm expression

GCN40SGLUB1

"GCN4 motif" found in GluB-1 gene in rice
(0.s.); Required for endosperm-specific
expression; See S000276; AACA and ACGT
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motifs was found sufficient to confer a
detectable level of endosperm expression;
See S000353, S000354; This motif is the
recognition site for a basic leucine zipper
transcription factor that belongs to the
group of maize Opaque-2 (02)-like
proteins; Although all the RISBZ proteins
are able to interact with the GCN4 motif,
only RISBZ1 is capable of activating the
gene expression;

GT1CONSENSUS

16

10

38

Consensus GT-1 binding site in many light-
regulated genes, e.g., RBCS from many
species, PHYA from oat and rice, spinach
RCA and PETA, and bean CHS15; R=A/G;
W=A/T; For a compilation of related GT
elements and factors, see Villain et al.
(1996); GT-1 can stabilize the TFIIA-TBP-
DNA (TATA box) complex; The activation
mechanism of GT-1 may be achieved
through direct interaction between TFIIA
and GT-1; Binding of GT-1-like factors to
the PR-1a promoter influences the level of
SA-inducible gene expression

GT1GMSCAM4

10

"GT-1 motif" found in the promoter of
soybean (Glycine max) CaM isoform, SCaM-
4; Plays a role in pathogen- and salt-
induced SCaM-4 gene expression

GTGANTG10

10

11

34

"GTGA motif" found in the promoter of the
tobacco (N.t.) late pollen gene g10 which
shows homology to pectate lyase and is the
putative homologue of the tomato gene
lat56; Located between -96 and -93;

HDMOTIFPCPR2

HD (homeodomain) protein target site in
parsley (P.c.) pathogenesis-related protein 2
(PR2); A potential in vivo target site

HEXAT

"Hex motif"; Binding site of Arabidopsis
(A.t.) bZIP protein TGA1 and G box binding
factor GBF1; TGA1 and members of the GBF
family differ in their DNA binding properties;
G-Box-like element

HEXMOTIFTAH3
H4

"hexamer motif" found in promoter of
wheat (T.a.) histone genes H3 and H4;
CaMV35S; NOS; Binding with HBP-1A and
HBP-1B; Binding site of wheat (T.a.) nuclear
protein HBP-1 (histone DNA binding protein-
1); HBP-1 has a leucine zipper motif;
"hexamer motif" in type 1 element may play
important roles in regulation of replication-
dependent but not of replication-
independent expression of the wheat
histone H3 gene; See S000076, S000267;
Rice OBF1-homodimer-binding site

HSE

cis-acting element involved in heat stress
responsiveness

IBOX

"I box"; "I-box"; Conserved sequence
upstream of light-regulated genes;
Sequence found in the promoter region of
rbcS of tomato and Arabidopsis; I box
(Giuliano et al. 1988); Binding site of
LeMYB1, that is a member of a novel class
of myb-like proteins; LeMYBI act as a
transcriptional activator

IBOX

"I box"; "I-box"; Conserved sequence
upstream of light-regulated genes;
Sequence found in the promoter region of
rbcS of tomato and Arabidopsis; I box
(Giuliano et al. 1988); Binding site of
LeMYB1, that is a member of a novel class
of myb-like proteins; LeMYBI act as a
transcriptional activator

IBOXCORE

18

"I box"; "I-box"; Conserved sequence
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upstream of light-regulated genes;
Conserved sequence upstream of light-
regulated genes of both monocots and
dicots

IBOXCORENT

"I-box core motif" in the CAMs (conserved
DNA modular arrays) associated with light-
responsive promoter regions

INRNTPSADB

10

Inr(initiator) elements found in the tobacco
psaDb gene promoter without TATA boxes;
light responsive transcription of psaDb
depends on Inr, but not TATA box

INTRONLOWER

"3" intron-exon splice junctions"; Plant
intron lower sequence; Consensus sequence
for plant introns

IRO20S

OsIRO2-binding core sequence; "G-box plus
G"; Transcription factor OsIRO2 is induced
exclusively by Fe deficiency;

L1BOXATPDF1

"L1 box" found in promoter of Arabidopsis
thaliana (A.t.) PROTODERMAL FACTOR1
(PDF1) gene; Located between -134 and -
127; Involved in L1 layer-specific
expression; L1-specific homeodomain
protein ATML can bind to the "L1 box";
Y=C/T; A cotton fiber gene, RD22-like 1
(RDL1), contains a homeodomain binding
L1 box and a MYB binding motif

LECPLEACS2

Core element in LeCp (tomato Cys
protease) binding cis-element (from -715 to
-675) in LeAcs2 gene

LTR

cis-acting element involved in low-
temperature responsiveness

LTRE1HVBLT49

"LTRE-1" (low-temperature-responsive
element) in barley (H.v.) blt4.9 gene
promoter; A new LTRE; A previously known
LTRE is CCGAC

LTRECOREATCO
R15

Core of low temperature responsive element
of cori5a gene in Arabidopsis

MARTBOX

"T-Box"; Motif found in SAR (scaffold
attachment region; or matrix attachment
region, MAR);

MBS

MYB binding site involved in drought-
inducibility

MBSI

MYB binding site involved in light
responsiveness

MRE

MYB binding site involved in light
responsiveness

MYB1AT

MYB recognition site found in the promoters
of the dehydration-responsive gene rd22
and many other genes in Arabidopsis

MYB2AT

Binding site ATMYB2, an Arabidopsis MYB
homolog; ATMYB2 is involved in regulation
of genes that are responsive to water stress
in Arabidopsis

MYB1LEPR

Tomato Pti4(ERF) regulates defence-related
gene expression via GCC box and non-GCC
box cis elements (Myb1(GTTAGTT), G box
(CACGTG));

MYB2CONSENS
USAT

MYB recognition site found in the promoters
of the dehydration- responsive gene rd22
and many other genes in Arabidopsis

MYBATRD22

Binding site for MYB (ATMYB2) in
dehydration-responsive gene, rd22; MYB
binding site in rd22 gene of Arabidopsis
thaliana; ABA-induction; Located at ca. -141
of rd22 gene;

MYBCORE

10

Binding site for all animal MYB and at least
two plant MYB proteins ATMYB1 and
ATMYB2. ATMYB2 is involved in regulation
of genes that are responsive to water stress
in Arabidopsis.

MYBCOREATCY

"Myb core" in the 18 bp sequence which is
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CB1

able to activate reporter gene without
leading to M-phase-specific expression,
found in the promoter of Arabidopsis
thaliana cyclin B1:1 gene; the 18 bp
sequence share homology with a sequence
found in the N. sylvestris cyclin B1 promoter

MYBGAHV

Central element of gibberellin (GA) response
complex (GARC) in high-pl alpha-amylase
gene in barley (H.v.); Similar to c-myb and
v-myb consensus binding site; GAmyb binds
specifically to the TAACAAA box in vitro;
GAmyb is the sole GA-regulated
transcriptional factor required for
transcriptional activation of the high-pI
alpha-amylase; GARC consist of the
pyrimidine, TAACAAA and TATCCAC boxes;
GARE in RAmy1A gene; GARE and
pyrimidine box in RAmy1A are partially
involved in sugar repression

MYBPLANT

Regulate phenylpropanoid and lignin
biosynthesis

MYBPZM

Core of consensus maize P (myb homolog)
binding site; W=A/T; 6 bp core; Maize P
gene specifies red pigmentation of kernel
pericarp, cob, and other floral organs; P
binds to Al gene, but not Bz1 gene; Maize
C1 (myb homolog) activates both Al and
Bz1 genes

MYBST1

Core motif of MybSt1 (a potato MYB
homolog) binding site; MybSt1 cDNA clone
was isolated by using CaMV 35S promoter
domain A as a probe (Baranowskij et al.
1994); The Myb motif of the MybSt1 protein
is distinct from the plant Myb DNA binding
domain described so far;

MYCATERD1

MYC recognition sequence necessary for
expression of erd1( early responsive to
dehydration) in dehydrated Arabidopsis

MYCATRD22

Binding site for MYC (rd22BP1) in
Arabidopsis dehydration-responsive gene,
rd22

MYCCONSENSU
SAT

12

31

MYC recognition site found in the promoters
of dehydration-responsive gene rd22 and
many other genes in Arabidopsis

NAPINMOTIFBN

Sequence found in 5' upstream region (-6, -
95, -188) of napin (2S albumin) gene in
Brassica napus (B.n.); Interact with a
protein present in crude nuclear extracts
from developing B. napus seeds;

NODCON1GM

One of two putative nodulin consensus
seguences

NODCON2GM

One of two putative nodulin consensus
seqguences

NTBBF1ARROLB

NtBBF1(Dof protein from tobacco) binding
site in Agrobacterium rhizogenes (A.r.) rolB
gene; Found in regulatory domain B (-341
to -306); Required for tissue-specific
expression and auxin induction;

02-SITE

e

Involved in zein metabolism regulation

OSE1ROOTNOD
ULE

One of the consensus sequence motifs of
organ-specific elements (OSE) characteristic
of the promoters activated in infected cells
of root nodules

OSE2ROOTNOD
ULE

One of the consensus sequence motifs of
organ-specific elements (OSE) characteristic
of the promoters activated in infected cells
of root nodules

P1BS

PHR1-binding sequence found in the
upstream regions of phosphate starvation
responsive genes from several plant
species; phrl (phosphate starvation
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response 1) gene codes for PHR1 protein
related to PSR1 gene in C. reinhardtii;

PALBOXAPC

Box A; Consensus; One of three putative
cis-acting elements (boxes P, A, and L) of
phenylalanine ammonia-lyase (PAL; EC
4.3.1.5) genes in parsley (P.c.); "None of
these elements (boxes P, A, and L) alone,
or the promoter region containing all of
them together, conferred elicitor or light
responsiveness. These elements appear to
be necessary but not sufficient for elicitor-
or light-mediated PAL gene activation

PBOX

Gibberellins responsive element

PE2FNTRNR1A

"pE2F (proximal E2F elemen)" at -143bp of
tobacco (N.t.) RNR1a promoter; E2F factors
involved in gene induction at the G1/S
transition of the cell cycle; Important for
regulating specific RNR1a (ribonucleotide
reductase large subunit) gene expression in
response to UV-C irradiation;

PIATGAPB

"PI" found in the Arabidopsis thaliana(A.T.)
GAPB gene promoter; Located between -
157 and -150; Mutations in the "PI" resulted
in reductions of light-activated gene
transcription; GAPB encodes the B subunit
of chloroplast glyceraldehyde-3-phosphate
dehydrogenase(GADPH) of A.T.;

POLASIG1

10

"PolyA signal"; poly A signal found in legA
gene of pea, rice alpha-amylase; -10 to -30
in the case of animal genes. Near upstream
elements (NUE) in Arabidopsis

POLASIG2

"PolyA signal"; poly A signal found in rice
alpha-amylase; -10 to -30 in the case of
animal genes. AATAAA; AATAAT; AATTAAA;
AATAAG;

POLASIG3

11

Plant polyA signal; consensus sequence for
plant polyadenylation signal.

POLLEN1LELATS
2

13

29

One of two co-dependent regulatory
elements responsible for pollen specific
activation of tomato (L.e.) lat52 gene;
Found at -72 to -68 region; See S000246
(POLLEN2LELATS52); AGAAA and
TCCACCATA (5000246) are required for
pollen specific expression; Also found in the
promoter of tomato endo-beta-mannanase
gene (LeMANS) gene

PREATPRODH

"PRE (Pro- or hypoosmolarity-responsive
element) found in the promoter region of
proline dehydrogenase (ProDH) gene in
Arabidopsis; Core of 9-bp sequence
ACTCATCCT which is necessary for the
efficient expression of ProDH in response to
L-Pro and hypoosmolarity (Satoh et al.,
2002); ATB2-binding site; Similar to GCN4
motif (ATGA(C/G)TCAT); ATB2 subgroup of
bZIP transcription factors function as
transcriptional activator for hypoosmolarity-
inducible ProDH

PRECONSCRHSP
70A

Consensus sequence of PRE (plastid
response element) in the promoters of
HSP70A in Chlamydomonas; Involved in
induction of HSP70A gene by both MgProto
and light

PYRIMIDINEBO
XHVEPB1

Pyrimidine box found in barley (H.v) EPB1
(cysteine proteinase) gene promoter

PYRIMIDINEBO
XOSRAMY1A

Pyrimidine box found in rice (O.s.) alpha-
amylase (RAmy1A) gene; Gibberellin-
respons cis-element of GARE and pyrimidine
box are partially involved in sugar
repression; Found in the promoter of barley
alpha-amylase (Amy2/32b) gene which is
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induced in the aleurone layers in response
to GA; BPBF protein binds specifically to this
site

QELEMENTZMZ 1
M13

"Q(quantitative)-element" in maize (Z.m.)
ZM13 gene promoter; Found at -107 to -
102; Involved in expression enhancing
activity; ZM13 is a maize homolog of tomato
LAT52 gene; ZM13 is a pollen-specific maize
gene;

RAV1AAT

14

Binding consensus sequence of Arabidopsis
(A.t.) transcription factor, RAV1; RAV1
specifically binds to DNA with bipartite
sequence motifs of RAV1-A (CAACA) and
RAV1-B (CACCTG); RAV1 protein contain
AP2-like and B3-like domains; The AP2-like
and B3-like domains recognize the CAACA
and CACCTG motifs, respectively; The
expression level of RAV1 were relatively
high in rosette leaves and roots;

RAV1BAT 1

Binding consensus sequence of an
Arabidopsis (A.t.) transcription factor, RAV1;
RAV1 specifically binds to DNA with bipartite
sequence motifs of RAV1-A (CAACA) and
RAV1-B (CACCTG); RAV1 protein contain
AP2-like and B3-like domains; The AP2-like
and B3-like domains recognize the CAACA
and CACCTG motifs, respectively; The
expression level of RAV1 were relatively
high in rosette leaves and roots;

RBCSCONSENSU
S

"rbcS general consensus sequence”;
AATCCAA or AATCCAAG;

REALPHALGLHC
B21

"REalpha" found in Lemna gibba Lhcb21
gene promoter; Located at -134 to -129;
Binding site of proteins of whole-cell
extracts; The DNA binding activity is high in
etiolated plants but much lower in green
plants; Required for phytochrome regulation

REBETALGLHCB | 1
21

"REbeta" found in Lemna gibba Lhcb21
gene promoter; Located at -114 to -109; A
GATA sequence created at a position six
nucleotides upstream could replace the
function of REbeta; Required for
phytochrome regulation

RHERPATEXPA7 | 3

"Right part of RHEs (Root Hair-specific cis-
Elements)" conserved among the
Arabidopsis thaliana A7 (AtEXPA7)
orthologous (and paralogous) genes from
diverse angiosperm species with different
hair distribution patterns

ROOTMOTIFTAP
0),¢}

18

Motif found both in promoters of rolD;

RYREPEATBNNA | 1
PA

"RY repeat" found in RY/G box (the complex
containing the two RY repeats and the G-
box) of napA gene in Brassica napus (B.n.);
Found between -78 and -50; Required for
seed specific expression; See S000262,
$000263; dist B ABRE mediated
transactivation by ABI3 adn ABI3-
dependent response to ABA; a tetramer of
the composite RY/G complex mediated only
ABA-independent transactivation by ABI3;
B2 domain of ABI3 is necessary for ABA-
independent and ABA-dependent activation
through the dist B ABRE;

RYREPEATLEGU | 1
MINBOX

"RY repeat (CATGCAY)" or legumin box
found in seed-storage protein genes in
legume such as soybean (G.m.)

S1FBOXSORPS1
L21

"S1F box" conserved both in spinach (S.0.)

RPS1 and RPL21 genes encoding the plastid
ribosomal protein S1 and L21, respectively;

Negative element; Might play a role in
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downregulating RPS1 and RPL21 promoter
activity

S2FSORPL21

"S2F binding site" ("S2 site") in spinach
RPL21 gene encoding the plastid ribosomal
protein L21; S2 site (CATACAWW) is
conserved in promoter region of many
nuclear genes encoding plastid proteins;
Leaf-specific, light-independent regulatory
element; S2 site is related to but different
from the light-responsive GT-1 binding site
(Lagrange et al., 1997); For a compilation
of related GT elements and factors,

SEFIMOTIF

"SEF1 (soybean embryo factor 1)" binding
motif; sequence found in 5'-upstream
region (-640; -765) of soybean beta-
conglicinin (7S globulin) gene

SEF3MOTIFGM

"SEF3 binding site"; Soybean (G.m.)
consensus sequence found in the 5'
upstream region of beta-conglycinin (7S
globulin) gene; AACCCA(-27bp-)AACCCA;
SEF=soybean embryo factor; SEF2; SEF3;
SEF4,;

SEF4MOTIFGM7
S

10

"SEF4 binding site"; Soybean (G.m.)
consensus sequence found in 5'upstream
region (-199) of beta-conglycinin (7S
globulin) gene (Gmg17.1); "Binding with
SEF4 (soybean embryo factor 4)";

SITEIIATCYTC

"Site II element" found in the promoter
regions of cytochrome genes (Cytc-1, Cytc-
2) in Arabidopsis; Located between -147
and -156 from the translational starts sites
(Welchen et al., 2005); Y=C/T; See also
S000308; Overrepresented in the promoters
of nuclear genes encoding components of
the oxidative phosphorylation (OxPhos)
machinery from both Arabidopsis and rice
(Welchen and Gonzalez, 2006);)

Skn-1_MOTIF

cis-acting regulatory element required for
endosperm expression

SORLIP1AT

13

20

one of "Sequences Over-Represented in
Light-Induced Promoters (SORLIPS) in
Arabidopsis; Computationally identified
phyA-induced motifs; SORLIP 1 is most
over-represented, and most statistically
singnificant; See also S000483, S000484,
5000485, S000486 (all SORLIPs), and also
5000487, S000488, S000489, S000490 (all
SORLREPs); Over-represented in light-
induced cotyledon and root common genes
and root-specific genes

SORLIP5AT

one of "Sequences Over-Represented in
Light-Induced Promoters (SORLIPS) in
Arabidopsis; Computationally identified
phyA-induced motifs; See also S000482,
5000483, S000484, S000485 (all SORLIPs),
and also S000487, S000488, S000489,
S000490 (all SORLREPSs); Over-represented
in both light-induced cotyledon-specific and
root-specific genes

SORLREP3AT

one of "Sequences Over-Represented in
Light-Repressed Promoters (SORLREPS) in
Arabidopsis; Computationally identified
phyA-repressed motifs

Spl

Light responsive element

SREATMSD

"sugar-repressive element (SRE)" found in
272 of the 1592 down-regulated genes after
main stem decapitation in Arabidopsis;

SURECOREATSU
LTR11

Core of sulfur-responsive element (SURE)
found in the promoter of SULTR1;1 high-
affinity sulfate transporter gene in
Arabidopsis; SURE contains auxin response
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factor (ARF) binding sequence
(GAGACA)(see S000270 ARF:TGTCTC; its
complementary seq is GAGACA), and this
core sequence is a part of it; this core seq is
involved in -S response; Beware of other
SURE (sucrose responsive element)

SV40COREENHA
N

"SV40 core enhancer"; Similar sequences
found in rbcS genes

T/GBOXATPIN2

TAAAGSTKST1

TAAAG motif found in promoter of Solanum
tuberosum KST1 gene; target site for trans-
acting StDof1 protein controlling guard cell-
specific gene expression; KST1 gene

encodes a K+ influx channel of guard cells.

TATABOX

24

Core promoter element

TATABOX2

"TATA box"; TATA box found in the
5'upstream region of pea legA gene;
sporamin A of sweet potato; TATA box
found in beta-phaseolin promoter (Grace et
al.); sequence and spacing of TATA box
elements are critical for accurate initiation

TATABOX5

10

"TATA box"; TATA box found in the
5'upstream region of pea (Pisum sativum)
glutamine synthetase gene; a functional
TATA element by in vivo analysis

TATABOXOSPAL

Binding site for OsTBP2, found in the
promoter of rice pal gene encoding
phenylalanine ammonia-lyase; OsTFIIB
stimulated the DNA binding and bending
activities of OsTBP2 and synergistically
enhanced OsTBP2-mediated transcription
from the pal promoter

TATCCAOSAMY

"TATCCA" element found in alpha-amylase
promoters of rice (0.s.) at positions ca.90
to 150bp upstream of the transcription start
sites; Binding sites of OsMYBS1, OsMYBS2
and OsMYBS3 which mediate sugar and
hormone regulation of alpha-amylase gene
expression

TATCCAYMOTIF
OSRAMY3D

"TATCCAY motif" found in rice (O.s.)
RAmy3D alpha-amylase gene promoter;
Y=T/C; a GATA motif as its antisense
sequence; TATCCAY motif and G motif (see
S000130) are responsible for sugar
repression

TBOXATGAPB

"Tbox" found in the Arabidopsis thaliana
(A.T.) GAPB gene promoter; Located
between -94 and -89 (T1) and also between
-84 and -79 (T2); Mutations in the "Tbox"
resulted in reductions of light-activated
gene transcription; GAPB encodes the B
subunit of chloroplast glyceraldehyde-3-
phosphate dehydrogenase(GADPH) of A.T

TC-RICH
REPEATS

Involved in defense and stress
responsiveness

TCA-ELEMENT

cis-acting element involved in salicylic acid
responsiveness

TCCC-MOTIF

Part of light responsive element

TGACGMOTIF

cis-acting regulatory element involved in the
MeJA-responsiveness

TGACGTVMAMY

"TGACGT motif" found in the Vigna mungo
(V.m.) alpha-Amylase (Amy) gene
promoter; Located between -128 and -123;
Required for high level expression of alpha-
Amylase in the cotyledons of the
germinated seeds

TRANSINITDIC
QoTS

Context sequence of translational initiation
codon in dicots

TRANSINITMON

Context sequence of translational initiation
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0OCOTS

codon in monocots

UP1ATMSD

"Up1" motif found in 162 of the 1184 up-
regulated genes after main stem
decapitation in Arabidopsis;

UPRMOTIFIIAT

"Motif II" in the conserved UPR (unfolded
protein response) cis-acting element in
Arabidopsis genes coding for SAR1B, HSP-
90, SBR-like, Ca-ATPase 4, CNX1, PD], etc.;

WBBOXPCWRKY
1

"WB box"; WRKY proteins bind specifically
to the DNA sequence motif
(T)(T)TGAC(C/T), which is known as the W
box; Found in amylase gene in sweet
potato, alpha-Amy2 genes in wheat, barley,
and wild oat, PR1 gene in parsley, and a
transcription factor gene in Arabidopsis

WBOXATNPR1

"W-box" found in promoter of Arabidopsis
thaliana (A.t.) NPR1 gene; Located between
+70 and +79 in tandem; They were
recognized specifically by salicylic acid (SA)-
induced WRKY DNA binding proteins; See
5000142 (SQ=TTGACC); See S000310
(SQ=TTTGACY); A cluster of WRKY binding
sites act as negative regulatory elements for
the inducible expression of AtWRKY18

WBOXHVISO1

SUSIBA2 bind to W-box element in barley
isol (encoding isoamylasel) promoter

WBOXNTERF3

14

"W box" found in the promoter region of a
transcriptional repressor ERF3 gene in
tobacco; May be involved in activation of
ERF3 gene by wounding

WRKY710S

11

26

"A core of TGAC-containing W-box" of, e.q.,
Amy32b promoter; Binding site of rice
WRKY71, a transcriptional repressor of the
gibberellin signaling pathway; Parsley WRKY
proteins bind specifically to TGAC-containing
W box elements within the Pathogenesis-
Related Class10 (PR-10) genes

WUSATAg

Target sequence of WUS in the intron of
AGAMOUS gene in Arabidopsis

XYLAT

cis-element identified among the promoters
of the "core xylem gene set";
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APPENDIX B

PEP PMSF Inhibition Assay (Inhibits Serine proteases and some cysteine proteases):

Preparation of stock solution of 100 mM PMSF in Ethanol:

Dissolve 174.19 mg/mmol X 100 mmole/L X 0.005L = 87.1 mg in 5 mL of Ethanol

Preparation of 20 mM PMSF working solution in Ethanol:

Dilute by adding 20 pl of 100 mM stock solution to 80 pl ethanol

Ethanol Control

Positive Control

Enzyme 145 pl 145 pl 145 pl 145 pl 145 pl 145 pl

PMSF 8 pl (gives a final | 6 pl (gives a final | 4 pl (gives a final | 2 pl (gives a final | O pl (gives a final | 0 pl (gives a final
(20 mM | concentration of | concentration of | concentration of | concentration of | concentration of | concentration of
working 1.04 mM) 0.8 mM) 0.5 mM) 0.27 mM) 0 mM) 0 mM)

solution)

Ethanol 2l 4l 6 ul 8 ul 10 pl opl

Water opl opl opl opl opl 10 pl

Incubate for 1 hour at assay temperature

Universal 140 pl 140 pl 140 pl 140 pl 140 pl 140 pl

Buffer, pH

7.6

Substrate 5ul 5ul 5ul 5ul 5ul 5ul

(0.01-6

mM)

Total 300 pl 300 pl 300 pl 300 pl 300 pl 300 pl

Volume

Incubate for 8-12 hours at assay temperature
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PEP E64 Inhibition Assay (Inhibits only Cysteine proteases):

Preparation of stock solution of 1 mM E64 in water:

Dissolve 357.41 mg/mmol X 1 mmole/L X 0.01L = 3.57 mg in 10 mL of Water

Preparation of 200 uM E64 working solution in Water:

Dilute by adding 20 ul of 1 mM stock solution to 80 ul water

Positive Control

Enzyme 145 pl 145 pl 145 pl 145 pl 145 pl

E64 8 ul (gives a final | 6 pl (gives a final | 4 pl (gives a final | 2 pl (gives a final | 0 pl (gives a final
(200 pM | concentration of | concentration of | concentration of | concentration of | concentration of
working 10.4 pM) 7.9 M) 5.4 uM) 2.7 uM) 0 pm)

solution)

Water 2l 4l 6 ul 8 ul 10 pl

Incubate for 1 hour at assay temperature

Universal 140 pl 140 pl 140 pl 140 pl 140 pl

Buffer, pH

7.6

Substrate 5ul 5ul 5ul 5ul 5ul

(0.01-6

mM)

Total 300 pl 300 pl 300 pl 300 pl 300 pl

Volume

Incubate for 8-12 hours at assay temperature
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PEP Pepstatin Inhibition Assay (Inhibits Aspartic proteases only):

Preparation of stock solution of 1 mM Pepstatin in Methanol:Acetic Acid (9:1):

Dissolve 685.89 mg/mmol X 1 mmole/L X 0.01L = 6.86 mg in 9 mL of Methanol + 1 mL Acetic acid

Preparation of 200 uM Pepstatin working solution in Methanol:Acetic Acid (9:1):

Dilute by adding 20 ul of 1 mM stock solution to 80 ul Methanol:Acetic Acid (9:1)

Positive Control

Methanol:Acetic

Control
Enzyme 145 pl 145 pl 145 pl 145 pl 145 pl 145 pl
Pepstatin 8 pl (gives a final | 6 pl (gives a final | 4 pl (gives a final | 2 pl (gives a final | 0 pl (gives a final | 0 pl (gives a final
(200  pM | concentration of | concentration of | concentration of | concentration of | concentration of | concentration of
working 10.4 pM) 7.9 uM) 5.4 uM) 2.7 uM) 0 pm) 0 pM)
solution)
Water 10 pl
Methanol: 2l 4l 6 ul 8 ul 10 pl
Acetic
Acid (9:1)
Incubate for 1 hour at assay temperature
Universal 140 pl 140 pl 140 pl 140 pl 140 pl 140 pl
Buffer, pH
7.6
Substrate 5ul 5ul 5ul 5ul 5ul 5pul
(0.01-6
mM)
Total 300 pl 300 pl 300 pl 300 pl 300 pl 300 pl
Volume

Incubate for 8-12 hours at assay temperature
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PEP Leupeptin Inhibition Assay (Inhibits Serine and Cysteine proteases):

Preparation of stock solution of 10 mM in water:

Dissolve 475.59 mg/mmol X 10 mmole/L X 0.005L = 23.77 mg in 5 mL of Water

Preparation of 2 mM Leupeptin working solution in Water:

Dilute by adding 20 ul of 10 mM stock solution to 80 pl water

Positive Control

Enzyme 145 pl 145 pl 145 pl 145 pl 145 pl

Leupeptin 8 pl (gives a final | 6 pl (gives a final | 4 pl (gives a final | 2 pl (gives a final | 0 pl (gives a final
(2 mM | concentration of | concentration of | concentration of | concentration of | concentration of
working 104 uM) 79 uM) 54 uM) 27 uM) 0 uM)

solution)

Water 2l 4l 6 ul 8 ul 10 pl

Incubate for 1 hour at assay temperature

Universal 140 pl 140 pl 140 pl 140 pl 140 pl

Buffer, pH

7.6

Substrate 5ul 5ul 5ul 5ul 5ul

(0.01-6

mM)

Total 300 pl 300 pl 300 pl 300 pl 300 pl

Volume

Incubate for 8-12 hours at assay temperature
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BCA Standard curve for protein determination

4.5 -

4 - y =0.0185x + 0.1093
R? = 0.9904
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