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Abstract 

Abstract 

Pcptidc:N-glycanascs (PNGascs) removes N-linked glycans from glycoprotcins. Three 

distinct families of PNGascs have been characterised, although all of them not completely. 

Some of these PNGascs arc cytosolic, others arc secreted. Cytoplasmic PNGascs (Png Ip) 

arc imp licatcd in the protcasomal degradation o f newly synthesized mis fo ldcd or unfo ldcd 

glycoprotcins that arc exported from the endoplasmic reticulum (ER). Cytoplasmic 

PNGascs arc encoded by the PNC I gene and ha ve been classified as members of 

transglutaminasc-likc supcrfamily based on the sequence analyses. There has, however, 

been no report of transglutaminasc activity in any PNGasc. The three-dimensional 

structures of recombinant PNGascs from yeast (S. cerevisiae) and mouse have been 

determined in complex with the XPCB domain of Rad23 and mHR238 respectively. 

These PNGascs were both produced as insoluble proteins, and could only be refolded and 

crysta llised in the presence of their phys iological bind ing partners. 

In this study, the gene encoding for S. pombe P Gase has been cloned and hctcrologously 

expressed as a soluble thiorcdoxin- fu scd protein . The proteolytic cleaved recombinant 

protein (rP Gase Sp) remained so luble as a monomer and reta ined its dcglycosylating 

act ivity. It did not have, however any transglutaminasc activity despite its homology to the 

transglutaminase fami ly o f proteins. The activity o f rPNGase Sp in vitro is both reductant 

and Zn2
- dependent. rP Gase Sp showed apparent heterogeneity on SDS-PAG E, which 

was characterised by the appearance o f two bands differing in their molecular weights by 

an - 2.3 kDa. This heterogeneity was eventua lly shown to be the resu lt o f two different 

local conformations that were dependent on disulfide bond and/o r Zn2
+. The enzyme was 

shown to only deglycosylatc the denatured glycoprotcins, not their native counterparts. 

Moreover, it preferred to dcglycosylatc glycoprotcins with high mannosc- typc glycan 

chains, both of which arc consistent with the biological function of cytoplasmic PNGascs. 

Compared to bacterial PNGasc F, rPNGasc Sp is not very active, at least on the substrate 

used in this study. A higher Km ( 186 µM ) determined for rPNGasc Sp using a FITC

labcllcd glycopcptidc which carries a complex-type glycan as the substrate also suggests 

that complex glycans arc not favoured substrates for these PNGascs. rPNGascSp has 

similar characteristics to the yeast (S. cerevisiae) and mouse PNGascs; it has a neutral pH 

optimum and is strongly inhibited by Cu2
+, Cd2

+ and N j2+_ EDT A treatment deactivates it, 

and the addition of Zn2
+ could not restore its activity. Interestingly, addition of exogenous 

Zn2
+ was found to strongly inh ibit rPNGasc Sp. 
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Chapter 1 - Introduction 

Chapter 1 - Introduction 

1.1 N-linked Glycosylation of Proteins 

N-glycosylation is a common post-translational modification of many proteins that 

contribute greatly to the their structural and functional diversity. ln the endoplasmic 

reticulum (ER), Specific 14-saccharide "core" units arc transferred on to the nascent 

polypeptide chain by oligosaccharyl transfcrasc at an Asn that is part of an Asn-X-Ser/Thr 

scquon (where X can be any amino acid except Pro or Asp). They arc then trimmed by a 

number of specific glucosidascs before being transported to the Golgi complex where 

further trimming and elongation occur. The glycoprotcins have to be correctly folded 

before being transferred to the Golgi complex [I]. 

The trimming and processing that N-linkcd core glycans undergo in ER is uniform and, 

therefore, results in no additional structural diversity of glycoprotcins. The common 

functions of the sma ll N- linkcd core glycans arc promoting the proper folding of proteins, 

quality control and certain sorting events. More extensive modifications occur in the Golgi 

complex where the N-linkcd core glycans undergo a series of no n-uniform modifications 

and processes. These modifications, which resu lt in the addition of different 

monosaccharidcs in a variety of linkages to the common core, generate a huge variety of 

branched structures and, as a consequence, give rise to the tremendous structural and 

functional diversity of glycoprotcins [I]. The glycans of matured glycoprotcin contribute 

to protein stability, specificity, protein targeting and intra- / extracellular recognition [2]. 

1.2 De-N-Glycosylation 

N-glycosylation of proteins is known to be a bio logically important post-translational 

modification of proteins. However, the significance of de-N-glycosylation of glyco

protcins is not yet clear. The ubiquitous enzyme, Pcptide:N-glycanasc (EC 3.5.1.52, 

PNGase, also termed glycoamidase) , is known to remove the N-linked glycans from 

glycoproteins in vivo. It cleaves the B-aspartylglucosamine bond of N-linkcd glycans, 

releasing an intact oligosaccharide and in the process, converting the asparagine into an 

aspartic acid residue [3 , 4] (Figure l. 1). 
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PNGase 

CH, OH CH,OH ' : ., 0 OH. NHcoc11,~.~ Asn 
~ o~ m 

NH 
OH H 

H NHCOCH:, H ~ co::,· 
CH, OH CH70H ' 0 

~o-:0' '" + oocc,~: Asp 
OH H NH 

H NHCOCH, H NHCOCH, 

N.N '-diacetylchitobiose 

Figure I.I The de-N-glycosylation reaction catalysed by PNGase. PNGase cleaves the a mide 
bo nd between the asparagine res idue and the N-acety lglucosa mine, generating an asparti c res idue in 

the in place of the asparagine and a n intact oli gosaccharide having a N, N ' -diacetylchitobi ose a t it s 
reducing terminus. The a mine linked to the o li gosaccharide auto lyses a t physiologica l pH and 
di ffuses away. Adapted fro m Suz uki et al., 2002 . 

1.3 Peptide:N-Glycanase (PNGase) Overview 

Bio informatic ana lyses have shown that o n the bas is of sequence s imilarity to proteins 

kno wn to have N-g lycanase activity, there appear to be three distinct types of PNGase 

(Gutsche et al., unpublished data, IMBS, M assey University). Although the known 

exa mples from each famil y cata lyse the sa me reaction, they have absolutely no sequence 

similarity to each other. PNGase F secreted by the Gram-negati ve bacterium 

Flavobacterium meningosepticum is the sole proven example of a prokaryotic PNGase 

(type [). It is a s ingle polypeptide chain made up from 314 amino acids and its 3-

dimensional structure has been determined [5-8]. Type II PNGases were first found in 

plants (Pnmus amygdalus , PNGasc A [9]) and more recently in fungi (A spergillus 

tubigensis, PNGasc At [ l OJ). They arc usually heterodimers and can be glycosylated 

themselves [ l 0 , I l]. While the precise biological functions of type I and II PNGases are 

still not known, they arc widely used as tools for studying both the glycan and protein 

moieties of N-linked glycoproteins because of their ability to efficiently release intact N

glycans from glycoproteins and glycopeptides under mild conditions [6 , 12]. 
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Type III PNGascs arc present in a variety of eukaryotes that range from yeasts to plants 

and mammals [4, 13]. They arc monomeric and have no homology to either type I or type 

II PNGascs, but arc highly conserved in all eukaryotes [ 13 ], suggesting they play an 

important role. Intriguingly, they have been classified as belonging to the 

'transglutaminase-like supcrfamily' of proteins because there is a 'transglutaminasc' 

catalytic motif (Cys, His and Asp) in the most conserved region of the sequence [14]. 

However, there has, as yet, been no report or any observation of transglutaminasc activity 

for any of these enzymes. The catalytic mechanism is not certain, although site-directed 

mutagcncsis of a number of residues (Cys-191, His-218, Asp-235, Trp-220, Trp-231, Arg-

210, andGlu-222) has produced inactive protein (15]. Recently, increasing evidence has 

implicated type III PNGascs in the protcasomal degradation of newly synthesized 

misfoldcd or unfolded glycoprotcins exported from the endoplasmic reticulum (ER) l 13, 

16, 17]. 

1.4 Potential Functions of Cytoplasmic P~Gase (Type Ill) 

1.4.1 Participating in ERAD 

[n eukaryotes, many newly synthesized proteins arc subjected to post-translational 

modification before entering the secretory pathway. They arc usually N-glycosylatcd by 

oligosaccharyl transforasc in ER immediately after being synthesized. Glycoprotcins that 

fold correctly in ER arc then transported to Golgi complex, whereas misfoldcd or unfolded 

glycoproteins arc retained in ER, where they undergo several cycles of chaperone 

mediated folding/unfolding events till the quality control system of the ER determines 

they arc correctly folded. If they arc irreversibly denatured, they arc subsequently 

discharged from ER into cytosol and subjected to proteasomal degradation. This 

degradation pathway is usually called the ER-associated degradation (ERAD) [ 18]. 

Soluble PNGascs (type III) have been thought to act in this degradation pathway by 

dcglycosylating misfoldcd glycoprotcins in the cytosol. Several lines of evidence support 

this hypothesis: 

( 1) Dc-N-glycosylatcd protein intermediates accumulate when protcasomc inhibitors 

arc added into mammalian cells (19]. 
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(2) Glycopeptides transported out of the ER are deglycosylated by an enzyme having 

PNGasc like activity [ 4]. 

(3) The appearance of intact glycoprotcin (human class [ myos in heavy chains (MHCs)) 

in the cytosol of human PNGasc knockdown cells. Hirsch and co-workers [20] used 

small interfering RNA (siRNA) against PNGascs to attenuate PNGase levels in a 

human cell line which had been previously specially treated. [n these treated cells, 

major histocompatibility complex heavy chains (MHC HCs) could not assemble 

correctly in ER and were transferred into cytosol for protcasomal degradation. After 

PNGasc siRNA was introduced into the cells, the intact glycosylated MHC HCs 

were observed in cytosol. This finding suggested that (a) P Gase prepares the 

glycoprotcin for protcasomal degradation ; (b) PNGasc acts afte r the dislocation of 

mis folded protein out of the ER; (c) PNGascs acts prior to protcasomc in the ERAD 

pathway. 

1.4.2 Involvement of Post-translational Remodification 

Besides the involvement in the ERAD degradation pathway, soluble P Gases arc a lso 

thought to be involved in the protein quality control system, by participating in the post

translational rcmodification of certain proteins. Because the PNGasc-catalyscd reaction 

not only releases the intact g lycan but a lso changes the primary structure of the protein 

involved (converts Asn to Asp, introducing a negative charge), it can leads to changes in 

the physicochcmical properties of the protein, promoting its maturation. An example of 

such rcmodification is observed for the maturation of hen ovalbumin . PNGase specifically 

hydrolyses Di-N-g lycosylatcd ovalbumin to generate the mature mono-glycosylatcd 

ovalbumin found in egg white [21]. 

1.5 Cytoplasmic PNGases 

1.5.1 Discovery of Cytoplasmic PNGases 

After the finding of PNGases in plants almond and bacteria Flavobacterium 

meningosepticum [5 , 9]) , the first animal PNGasc was observed in fish oocytes and 

embryos [22]. Later, the PNGase activity was observed in mouse and human cells, hen 
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oviduct and the budding yeast Saccharomyces cerevisiae [ 4, 21, 23]. Unlike PNGases F 

and A, which are secreted from cells, type III PNGases reside in the cytosol [ 16]. Further 

studies have shown that these cytoplasmic PNGases have a different substrate specificities 

compared to type I and II PNGases. 

1.5.2 Pngl p are Highly Conserved in Eukaryotes 

In 2000, Suzuki and co-workers [ 13] isolated a PNGase defective mutant in 

Saccharomyces cerevisiae, and subsequently identified a gene (PNG 1) encoding a 

PNGase in Saccharomyces cerevisiae (ScPngl p). By searching for sequence similarity 

using various DNA and protein databases, it was revealed that the PNG 1 is conserved over 

a wide range of higher eukaryotes [13] , suggesting that the protein product (Pnglp) plays 

a role in some fundamental biological process. Sequence alignment of S. cerevisiae Png Ip 

(ScPng lp) with hPnglp (human) , mPnglp (mouse) , DmPnglp (D. melanogaster) , 

CcPnglp (C. elegans) and SpPnglp (S. pombe) showed that there is a highly conserved 

core domain (amino acids residues I 06-362 in ScPng Ip) residing in the middle of the 

sequence [ 13]. Moreover, unlike yeast Png Ip , there arc extended sequences at both the N

and C- termini in the mammalian homologues of Png Ip , the N-terminal regions containing 

a PUB (E_cptide :N-glycanase/UBA-containing protein domain) or PUG doma in, which has 

been proposed to interact with various ubiquitin/protcasomc pathway-related proteins [ 16, 

24] (Figure 1.2). These findings suggested that Pngl p might be involved in the 

ubiquitin/proteasome degradation pathway in eukaryotes. 

1 35 80 171 298 353 471 651 
Figure 1.2 Schematic representation of the 
primary structure of various eukaryotic 

mPng1p PNGases. mPngl p (mouse Pnglp 

13984 173 288 460 631 
homologue) , DmPnglp (D. melanogaster) , 

DmPng1p CePnglp (C. elegans) , ScPnglp (S. 
cerevis iae), and SpPng Ip (S. pombe). The 

609 central core domain (green) is common to all 

CePng1p Pngl p homologues and contains the highly 
conserved transglutaminase domain (red) . 
The hjgher eukaryotes (m, Om, Ce) have 

1 65 183 238 362 363 extended N- and C-terminal domains (yellow 
ScPng1p and blue). The purple domain represents a 

1 44 155 210 332 333 
unique thioredoxin-like domain so far found 

SpPng1p only in CePng Ip. The PUB domain (pink) is 
found in proteins implicated in ubiquitin-
related pathways. Adapted from Suzuki et 
al., 2002. 
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1.5.3 Pngl p: Members of Transglutaminase-tike Superfamily 

Based on sequence analyses, Pnglp and its orthologucs have been classified as being 

members of the ' transglutaminasc- likc supcrfamily [ 14]. Transglutaminascs (TGasc, EC 

2.3.2.13) catalyse the post-translationa l modification o f proteins by the formation of 

isopcptidc bonds. This occurs either through protein cross- linking via £-(y-glutamyl) 

lys ine bonds or through incorporation of primary amines at se lected intra peptide 

glutaminc residues [25] (Figure 1.3). 

> > > > NH NH NH NH 

0 ro ~o ro 0 ro Transglutam,nase II 
NH.CCH.CH,CH + NH,CHiCH.,CH1C H1CH 1HcH,cH ,CNHCH ,cH ,CH ,cH,1H 

I 
NH NH NH NH 

f° f' t' t' 
Gin Lys Crosshnkoo proteins 

Figure 1.3 Transglutaminases cross-link proteins through an acyl-transfer reaction 
between the y-carboxamide group of peptide-bound g lutamine and the 1:-amino group of 
peptide-bound lysine. resulting in 1:-(y-glutamyl) lysine isopeptide bond. 

Extens ively cross-linked insoluble protein polymers exhibit high resistance to proteolytic 

degradation and mechanica l breakage, and arc used by the organism to crate stable 

structures that act as barriers. Examples o f such structucs arc found 111 blood clots 

(transglutaminasc coagulat ion factor \ Ill) as well as skin and hair (epidermal /hai r follicle 

transg lutaminasc). Recent research indicates that abnormally high transg lutaminasc 

activity results in a variety of disease states including acne, cataracts, psoriasis, 

Huntington' s and Alzhimcr's disease (Reviewed by Griffin [26]). 

PNGasc, on the other hand, cleaves the amide bond formed between the modified 

asparaginc residue and N-acctylglucosaminc (G lcNAc). Proteins belonging to the 

transgluta minasc supcrfamily have a conserved active s ite comprising cysteine (Cys), 

histidine (His) and aspartic acid (Asp) residues. The sequence surrounding this catalytic 

motif has also found to be highly conserved [26]. S itc-spccific mutagencs is has shown that 

the res idues essential for Png Ip activity Cys- 191 , His-2 18, and Asp-235 in ScPng Ip arc 

also essential for the activity of all known transglutaminascs [ 15]. The hypothesis that 
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Pnglp utilises the transglutaminase-like motif (Cys-His-Asp) as an active site for their 

catalytic reaction has therefore been proposed [ 15). Recently, a study of the crystal 

structure of yPng 1 p in complex with one of its physiological partner (section 1.6) revealed 

that yPnglp and transglutaminascs (e.g. coagulation factor X HI) have similar folding 

pattern in their core domains [27]. This further indicates there may be an cvo lutionary 

linkage between cytoplasmic PNGascs and transglutaminascs. Although Png 1 ps have been 

classified as being members of the 'transglutaminasc-likc superfamily', there has been, as 

yet, no report or any observation of transglutaminasc activity in the type III PNGases. 

Other conserved residues types such as Asp, Arg and Glu arc shown to be essential for 

PNGasc F activity through site-directed mutagcncsis ([8), Norris et al., personal 

communication). In Png Ip, the aromatic residues Trp-220 and Trp-231 arc thought to 

stabilise the structure of the protein through hydrophobic interactions, while Arg-210 and 

Glu-222 arc predicted to maintain the protein confonnation by forming a salt bridge [l5j. 

Interestingly, these residues arc reminiscent of the active site in PNGasc F, where the 

arginine plays an essential role in making a hydrogen bond with the scissilc carbonyl 

oxygen of Asp making it more susceptible to nuclcophilic attack by a bound water 

molecule (Loo et al., unpublished data, IMBS, Massey University, NZ). 

Outside the transglutaminasc catalytic moti( two conserved thiorcdoxin-likc 'CXXC' 

motifs formed by four cystcincs were also found to be essential for the PNGasc activity of 

Pnglp [13]. They were proposed to have a stmctural or a catalytic role, as reducing 

reagents such as dithiothreitol (OTT) arc required for PNGasc activity in vitro [ 4, 21, 28]. 

In fact, the recent crystal structure study [27] showed that these two motifs reside in a 

zinc-binding domain of yPnglp chelating one zinc ion. Additional residues that arc 

conserved in type III PNGascs but not in transglutaminases were also found to affect the 

integrity of the enzyme. These arc Phc-261, Asp-268, Tyr-257 and Tyr-273 [ 15]. 

Generally, Pnglp proteins differ from transglutaminascs in their biological function, 

substrate specificity ( section 1. 9 .3 ), their global three-dimensional structure ( discussed in 

the next section), and possibly the catalytic mechanism. 
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1.6 Crystal structure of the Pngl p 

From 2005 to 2006, the crystal structures of yPng Ip and mPng Ip in complex with the 

XPC-binding (XPCB) domain of yRad23 (a DNA repair protein that provides a link 

between Pnglp and the 26S proteasome and is invo lved in transport of misfolded 

glycoproteins from the ER to the proteasome. Section 1.8) and of mHR23B (the mouse 

homo log of yRad23) respectively, were determined [27, 29]. These helped to elucidate the 

catalytic mechanism and substrate binding specificities of cytoplasmic PNGases. The 

crystal structure o f full-length yPng Ip in complex with the XPCB binding domain 

((yRad23XBD; res idues 238-309) of yRad23 is shown in Figure I .4. 

Overall, yPng Ip fo lds into al p structure dimensions 92 X 55 X 37 A. The structure can be 

divided into three major domains: a Rad23 binding domain, a core and a zinc binding 

domain. The Rad23 binding domain, which contains an extensive exposed hydrophobic 

surface comprised of two - and two C-tcrminal helices (HI , H2, H 11 and H 12). The 

terminal helix adopts an extended conformation and interacts extensively w ith a 

hydrophobic groove formed by four helices in the XPCB binding domain of yRad23. Most 

of the residues involved in this interface arc highly conserved in both PNGasc and Rad23 

orthologucs. The C-tcrminal H 12, which positions aga inst the HI at 45°, interacts with 

residues from the helix I of yRad23 through two H-bonds and two ion pairs. 

Rad23-binding 
domain 

Core domain 

Zinc-binding 
domain 

I 

8 342 
yPNGase ...__ ________ --LJ 363 

1 77 145 185 238 309 354 394 

Rad23 I I I I ! I I U 398 
UBL UBA1 XPC/ UBA2 

yPNGast 

Figure 1.4 Schematic representation of the yPNGase-yRad23 complex, providing two different 
views of the yPNGase- yRad23 complex structure yP Gase is shown in blue and yRac:123 is in 
yellow. yP Gase comprises three domains, an -termina l Rac:123-binding, a core, a nd a Zn-binding 
domain. Three sucrose molecules (green) are located in the deep c left. A Zn atom (red) is coordinated 
by Cys- 129, - 132, - 165, and - 168 in yP Gase. Adapted fi-om Lee et al. , 2005 . 
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The zinc-binding domain located at the opposite end of the Rad23 binding domain 

consists of five strands (SI to S5) and two helices (H7 and H8). One zinc ion is located 

between two loops that span S 1 &S2 and S3&S4, and contains two conserved CXXC 

motifs which coordinate zinc ion through the four cystcincs. It has been suggested that this 

zinc-binding domain stabi lises the enzyme confo rmation as exposing the enzyme to EDTA 

lowered its melting temperature (Tm) by 4 °C, and inactivates it [27] . Mutation of any of 

the four cystcinc residues in the two CXXC motifs to alanine rcsultcs in complete 

inactivation of Png Ip [ 15]. The precise role of zinc binding domain with respect to 

PNGasc activity is, however, not clear, a lthough it has been assumed to play a role in 

regulating substrate binding and /or the thermodynamics of the reaction. This is because 

the zinc-binding motif, comprised of S2, S3 and S4, shows a sca ffold similar to the zinc

ribbon structures of Bacillus stearothermophilus adcnylatc kinase and transcriptional 

elongation factor S-Il. By forming a ·'lid" over the active site of the enzyme, the zinc 

ribbon of adcnylatc kinase is thought to regulate the thermodynamics of catalys is by 

stabilizing the intermediate state and promoting product release [29]. If this assumption is 

right , it may explain how P Gase catalyses reac tions in the reverse direction to 

transglutaminascs, as in these enzymes, the zinc ribbon is absent. In fact, the zinc-binding 

domain participa tes the fo rmation of a deep cleft in which the active site res ides, and 

provides two residues (Arg- 176, Arg- 190) that interact with the inhibitor Z-VAD-fink. 

The core domain of yPng Ip contains six central, strongly curved antiparallc l ~-strands 

(S6-S 11 ), which arc buttressed by three a-he lices (H3, HS and H6) and several surface 

loops. Comparison of the crystal structures of yPng I p/mPng Ip with several 

transglutaminascs including the coagulation factor X lll, arylaminc N-acctyltransfcrasc and 

avrpph B hydro lase revealed that they share a common core of two a-helices (H6 and H8) 

and five strands of curved antiparallclcd ~-sheet (S6 to SI0 in yPng lp). The maJor 

structural difference between the transglutaminascs and the Png Ip family is that in the 

PNGascs, a deep cleft (width 8A, length 30A) harboring a catalytic triad is formed 

between the interface of the core domain and the zinc-binding domain. H9, S8 and S9 

form one side of this cleft while S I forms the other. In contrast, in the transg lutaminascs, a 

shallow substrate-binding pocket is formed between the two domains which arc much 

more tightly packed. Moreover, residues (Trp-123, Arg- 176, Asn-2 17, Cys-237 and Glu-

238) which arc part of the large deep cleft in yPngl p arc highly conserved in all the 
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cytoplasmic PNGases, but not in the transglutaminases . These structural differences reflect 

the differences seen in the catalytic mechanism and substrate specificity of PNGase and 

transglutaminasc . 

The active site of Pnglp was mapped within the deep cleft because: 

1) The putative transglutaminasc catalytic triad is located in this cleft (Cys-191 from H8, 

His-218 from S7 and Asp-23S between S8 and S9) ; 

2) When an irreversible inhibitor, the tripcptidc carbobcnzyloxy-Val-Ala-Asp-a

fluoromcthylkctonc (Z-VAD-fmk, a pan-caspase inhibitor), was co-crystallised with 

yPng 1 p and mPng Ip [27, 29], it was found to be covalently linked to Cys-191 through 

the methylene group originally linked to the a-fluoromcthylkctone (leaving group in 

covalent inhibition [30, 31 ]). It also formed two H-bonds and two ion bridges with 

argininc-176 and arginine-190 (argininc-291 , arginine-30S in mPnglp) from S4 and SS 

of the zinc-binding domain of the enzyme (Figure I.Sb). Although Z-V AD-frnk is not 

an obvious mimic of the glycosylatcd asparaginc residue of a PNGasc substrate 

(sequence is Val-Ala-Asp, not the Asn-X-Scr/Thr scquon), it presents a motif si milar to 

that generated in during P ·Gase dcglycosy lation. Also , it binds exclusively to 

cystcinc- 191 residue out of the 14 cystcinc residues in the yPng Ip / core domain of 

mPnglp. 

3) Three sucrose molecules (from cryo-solution when the crystals were prepared for data 

collection) were found in the deep cleft that bind to three specific sites as shown in 

Figure l.4. The sucrose molecule at the top binding site was replaced with Z-VAD-fmk 

while the other two were not (Figure I.Sb) . These findings suggest that there arc two 

binding sites, one for the peptide and one the glycan of glycoprotcins. Most recently, a 

group of haloacetamidyl-sugars were found to be strong, highly specific inhibitors of 

Png l p [32]. These inhibitors included a high mannosc-containing oligosaccharidc, 

Man9GlcNAc2-iodoacctoamide, as well as the shorter GlcNAc2-iodoacctoamide, both 

of which were shown to make a covalent bond with the sulphur cysteine-19 l , 

irreversibly inhibiting Pnglp. When the chitobiose (GlcNAc) molecule was docked 

into the proposed oligosaccharide binding site using molecular modeling software, a 

binding free energy of - 4.70 kcal/mo! was estimated. The chitobiose moiety was also 

shown to be well positioned with its reducing end in close proximity to Cys-19 l , 
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forming eight H-bonds with residues that are part of the deep cleft in Png Ip (Figure 

1.5a). All these findings suggested the GlcNAc bound in a pocket in the deep cleft of 

Png 1 p, and that the cystcinc-191 was the nucleophile in the enzymatic deglycosylation 

reaction, attacking the carbonyl carbon atom on one side of the ~-aspartylglucosaminc 

bond, and causing the hydrolysis of the scissile bond. 

These structures containing both a carbohydrate motif (G lcN Ac 2 /sucrose) and a tripcptidc 

inhibitor (Z-VAD-fmk) may mimic the binding of a glycopeptidc substrate. When the 

GlcNAc moiety, glycosylatcd Asn, and flanking residues of some substrates ( e.g., yeast 

carboxypeptidasc Y, RNasc B, ovalbumin) of Png Ip were superimposed onto the sucrose 

moiety and the Ca position in the tripeptide inhibitor Z-VAD-fmk, it was found that the 

glycosylated Asn residue of the native/ folded glycoprotcin was prevented from accessing 

the active site by both sides of the deep cleft : the strands S2 and S3 in the Zn-binding 

domain, and two loops, one between HI O and H 11 , and the other between H9 and SI O of 

the core domain . Because denatured glycoprotcins arc , however, likely to have flexible 

and extended polypeptide cha ins, access of the glycosylatcd Asn res idues to the active site 

may be possible despite the constraints imposed by the wall of the cleft . This may explain 

why Png Ip family can only hydrolyse denatured but not native glycoprotcins, a 

conformational selectivity that transglutaminases don ' t have due to the lack of a deep 

narrow cleft . Intriguingly, transglutaminascs do not have P Gase activity. 

It is noteworthy that although the global folding of yPnglp and mPnglp is similar, some 

notable differences exist. For example , there is an extra helix in mPng Ip after HI O that 

was labeled as HI O' , and the first two helices of yPng Ip (HI and H2) are missing in the 

mouse protein. This results in different Png I p-Rad23 interaction patterns. The interaction 

between yPng Ip and yRad23 primarily involves the N-tcrminal helix, HI and the C

tcrminal helix, H 12. For mouse PNGase, the XPCB domain of mHR238 interacts 

extensively with H 12 of rnPng Ip and to a small degree with H 11. lt is thought that the 

difference in the interaction is not due to a conformational change but is caused by the 

differences in both the XPCB domain and its interactions. In fact , the yRad23-XPCB and 

mHR23-XPCB structures display striking differences in their molecular shapes and 

particularly, in the distribution of hydrophobic residues. More importantly, Hl2 of 

mPnglp is very different from yPnglp Hl2 in terms of its amino acid composition and 

hydrophobicity. This may be because, during evolution, the primary XPCB-interaction 
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function migrated from HI to H 12 [27, 29]. 

b 

Figure 1.5 a) C lose up view of GlcN Ac2 (green) binding to Png lp in comple x with Z-VAD-fmk 

(pink). Png l is shown in a partially transpare nt surface representation with an underl ying ribbon 
diagram. The active site cysteine is labelled in yell ow. b) Active site of yPng l p Two sucrose 
molecules (green. bound in site 2 and 3 respectively) interact with yPnglp residues through multiple H

bonds (bl ack dotted line) and van der Waals interactions. Upon binding of Z-Y AD-fink. the thi ol group 
of Cys- 191 that was H-bonded to His- 218 movs away and covalently binds to the methyl carbon 
adj acent to the terminal carbonyl group of the inhibitor. This Asp residue also forms ion pairs with side 
chains of Arg- 176 and -190. The backbone carbonyl groups of Val and Ala residues of the inhibitor 
form H-bonds with the side chains of Arg- 176 and - 190. Adapted from Lee et al .. 2005 and Zhao et al. 

2006. 
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1.7 Pnglp is Residing Mainly in the Cytosol 

Unlike bacterial PNGase F which is secreted, yeast Png Ip and its mammalian homo logues 

arc cytoplasmic enzymes [ 4, 13, 2 1-23, 33]. Determination of the subce llular localization 

of Png Ip is therefore important for studying its biological function. Although PNGases 

have been reported to be present in the endoplasmic reticulum and microsomcs [21 , 33], 

their activities have been described as mainly cytosolic or cytoplasmic, which is consistent 

with the hypothesis that they might be involved in a protcasomc-degradation pathway in 

the cytosol. 

Based on immuno fluorescence analyses usmg a green fluorescent protein, a (GFP)

rccombinant ScPnglp chimera was shown to be localised mainly in cytosol and nucleus of 

budding yeast cells [ 13]. This result , together with the finding that almost all the 26S 

protcasomc subunits were loca lized in the nucleus of S. cerevisiae [34], implied that in 

yeast, ScPng l p might co-localise and interact with protcasomcs in nucleus . 

Hirsc h and co-workers carried out a subccllular fractionation of cos- I cells containing a 

gene expressing mouse P Gases (mPnglp). They reported that mPnglp was present only 

in the cytosol [ 17]. Katiyar and co-workers showed that human Png Ip was present in the 

cytosol of HeLa and Cos- I cells but was more concentrated in the ER fraction. They 

hypothesized that mPng Ip was non-covalently associated with the ER membrane and 

functioned in the ER-associated degradation pathway [35]. However, because the 

bioinformatic analyses showed there was no membrane spanning sequence in Png Ip 

proteins [ 13 ], this hypothesis was discounted. 
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1.8 Protein Interactions of Cytoplasmic PNGases - Working Modes 

1.8. 1 Proposed Working Model in Yeast 

The finding that soluble PNGases interact strongly with proteasomal proteins suggests the 

involvement of PNGase in ERAD pathway. Yeast two-hybrid screening and biochemical 

studies showed that a DNA repair protein, yeast Rad23 (HR23B, and mHR238 in human 

and mouse respectively) , provided a link between yeast Png Ip (hPng Ip and mPng Ip) and 

the 26S proteasome ( I 9S in mammalian cells) . Rad23 binds to the protcasomc subunit 

through its N-terminal ubiquitin-like (Ubl) domain [24, 36, 37] , and to the N-tcrminal 

region of yPngl p through its XPC binding domain (yRad23XBD; residues 238-309). 

Interestingly, Rad23 also uses this domain to interact with Rad4/XPC, a member of the 

transglutaminase family involved in the DNA repair process [27, 38]. Recent evidence has 

shown that Rad23 also interacts with ubiquitin/multiubiquitin through its ubiquitin

associated (UBA) domain [39-4 I]. An in vitro binding experiment showed that mHR23 8 

specifically binds to two misfoldcd glycoprotcins, yeast carboxypeptidasc Y and chicken 

ovalbumin, only after they were dcg lycosy lated, indicating that Rad23 is able to act as a 

receptor for misfoldcd proteins [35]. These findings , combined with the observation that 

hPng lp, hHR238 and the 19S protcasome both co-localise close to the ER in HcLa cells, 

suggests that a complex formed by PNGasc and the protcasomc provides a platform for 

the cooperative dcglycosylation and proteolysis of mis folded glycoprotcins exported from 

the ER. 

Although several glycoprotcins such as denatured carboxypcptidasc Y, the T cell receptor 

a-chain , and class I MHC arc known to be substrates for P Gase in vitro, their turnover in 

vivo was not drastically affected in PNC /-knockout yeast cells [ 13 , 20, 30]. Recently, the 

first in vivo substrate of the Png I p/Rad23-dependcnt pathway was identified. Experiments 

showed that the XPC binding domain-mediated Png I p-Rad23 interaction, the Ub chain 

binding activity (mediated by UBL domain of Rad23) and the deglycosylation activity of 

Pnglp were all required for the degradation of the glycosylated ricin A chain (RTA) [38]. 

A working mode for yPng Ip was thus proposed (Figure 1.6 a). 
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Figure 1.6 Sc hematic model for Rad23- mediated substrate proteolysis in a) yeast: Glycosylated 
ER proteins (e.g., RTA) are ubiquitylated and transported back to the cytosol. Pngl removes -linked 
glycan. The XPCB domai n (orange) of Rad23 Binds Pnglp, which in turn faci litates the substrate 
recognition of Rad23. Through interactions with Ub cha ins and the proteasome med iated by the C
terminal UBA (black) and lJBL (b lue) domains in Rad23. Rad23 facili tates substrate transfer to the 
proteasome. The red ci rcles depict Ub, and the orange diamonds depict sugar moiety. Adapted from 
Kim er al., 2006. b) mouse - mA MFR/p97/mPng lp dependent escort pathway A protein substrate 
(black line) is being retrotranslocated (through the retro translocon) from the ER lumen to cyto ol a nd 
recognized by the mAMFR-p97-mPNGase-ml IR23B-proteasome complex in the cytosol. Poly
ubiquitin chain (green dot) is being added by mAMFR, an E3 ligase. The glycan moiety is recogn ized 
by mPNGase, and a polyubiquitin chain is bou nd to the ubiquitin associated (l.JBA) domain (yell 
square) ofmHR23B. Adapted from Li er al., 2005. 

1.8.2 A model for the in volvment of Png l pin the ERAD pathway in mammals 

The mammalian homo logues (mPng Ip and hPng Ip) differ from their yeast orthologues in 

that they have extended domains at both N- and C- terrnini [ 16], ind icating that they may 

interact with more proteins than yPng Ip. Two-hybrid library screening using mPng Ip as 

target revealed that, besides mHR238, mPng lp interacts with a number of proteins 

including mS4 (a ATPasc subunit of the l 9S proteasome), ubiquitin, mouse autocrine 

motility factor receptor (mAMFR, a putative ubiquitin ligase located on ER membrane), 

mY33 K (a hypothetica l protein containing I UBA and 1 UBX motif) and importin a, al l 

of which have been implicated in the ubiquitin-dependent degradation pathway [42]. 

However, further study [ 43] using GST pull down assays revealed that only mHR23 8 and 

mS4 interact directly with mPng Ip in vitro. Both interactions were mediated through the 

N-terrninus of mPng Ip which encompasses the PUB domain (residues 35-80), and were 

found to be mutually exclusive. This suggested there may be at least two pathways that 

promote the interaction of mPNGase with the proteasome. Interestingly, a chaperone-like 
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protein AAA ATPase p97 (also called YCP, Cdc48) that plays a central role in the 

recruitment and delivery o f ubiquitylated substrates to protcasome in the ERAD pathway 

[ 44] was also found to interact directly with mPng Ip [ 45]. A more recent study [ 46], in 

which the three-dime ns iona l structure o f the PUB doma in (res idues 11- 109) o f hPng Ip 

was so lved, found that this domain contains a conserved p97 binding site. Furthermore, a 

G ST pull down compet itio n exper iment showed that mPng l p mediates the interaction 

between p97 and mHR23B fo rming a ternary complex [43]. Because p97 is known to bind 

to the ER membrane protein AMFR (an E3 ligase), a mode l in w hich p97, mPng l p, 

mH R23B mediate interaction of the ER with the protcasome was proposed (Figure 1.6b). 

[ntcresting ly, in two in vivo studies, it was found that a glycoprotein Dcg-Scc62 was 

degraded through a Ufd2 (a Ub c hain e longa tion factor)- and Rad23- dependent pathway, 

and that its degradation was una ffected in PNG /-deleted ce lls, ind icating that not all 

g lycoprotcins arc degraded by the Png Ip / Rad23 pathway [38, 44]. In contrast, the in vivo 

degradatio n o f RTA is Png l p-dcpendant but not regulated by U fd2. These find ings 

suggested that Rad23 might regu late the degradation of dist inct ERAD substrates through 

its interactions with various cofac tors such as Png Ip and Ufd2 that appear to be invo lved 

in specific degradation pathways [38). 

1.9 Common Enzymatic Properties of Pngl p 

The complete lack of both the sequence and structural ho mo logy between type r and III 

PNGascs indicates that type HI PNGascs (Png Ip) may have different catalyt ic 

mecha nisms. 

1.9.1 Effects of pH and Temperature 

Unlike bacteria l PNGasc F and p lant PNGasc A, w hic h work well in bas ic (pH 8.5) or 

acidic (pH 4.5) environment respective ly [5, I 0, 11 ] , PNGases fro m budding yeast 

(ScPng l p) and mouse (mPng l p) show maximum activ ity a t neutral pH, ranging fro m 

about 6.5 to 7.5 depending on the source o f the enzyme and the buffer used [4, 2 1, 28, 47). 

ScPng l p and mPng l p exhibit the maximum activity at 37°C and 30 °C respectively, and 

both become unstable when exposed to temperatures above 37°C over a long period o f 
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time [ 4, 4 7, 48]. Due to the high sequence conservation between the various cytoplasmic 

PNGascs, it is reasonable to expect that other type lil PNGascs have s imilar bioche mica l 

properties. 

1.9.2 Effects of Metal Ions and Dithiothreitol (DTT) 

Several studies [ 4, 7, 2 1, 28] have shown that both budding yeast and mamma lian 

PNGascs arc no t meta lloproteins. However, recent crystal structura l studies [27, 29] 

revea led that z inc is bound to yPng I p/mPng Ip in I: 1 ratio and that the addition of EDTA 

abo lishes the dcg lycosylation activity of yPng Ip. 

Al l type III PNGascs requ ire the presence of OTT (at least I mM) to be active in vitro. 

The e ffect of OTT addition was shown to be reversible. Moreover, both SpPng l and 

mPng l p arc inhibited by the thiol-modification reagent N-cthylmalcimidc (NEM) [4, 7, 2 1, 

28]. These properties suggest that at least o ne free thiol group (-SH) is needed fo r P Gase 

acti vity, and Cys- 191 which fo rms part of a putative catalytic triad is thought to act as the 

nuclcophilc in the hydrolysis reaction [ 15]. The requirement for a reducing enviro nment is 

a lso reminiscent of the finding that, beside the catalytic motif, there arc two conserved 

thio rcdoxin- likc 'Cys-X-X-Cys' mo ti fs in the core sequence o f Png Ip, which arc also 

essent ia l fo r the enzyme activity. From the results of crysta l structure studies, it is clear 

now that four Cys res idues in two CXXC motifs should be maintained in a reduced state 

to sequester one z inc ion. 

1.9.3 Substrate Specificity: PNGase Recognises Both the Structure of N-linked 

Glycan and the Peptide 

Compared with bacterial PNGasc F a nd plant PNGasc A, cytoplasmic PNGascs (from 

yeast and mammal) arc more se lective for subs trates in terms of bo th the structure of the 

glycan and the peptide / protein. 

Studies [4, 28, 47] showed that neither G lcNAc-pcptidc nor glycosy lasparaginc were 

substrates for the cytoplasmic PNGascs, suggesting that the enzymes require the presence 

of addit ional structural clements on both the g lycan and peptide to bind to the active site. 

On the one hand, a study of carbohydrate-binding properties o f mPng Ip indicated that the 

enzyme requires a trisaccharidc such as Man p I - 4GlcNAc p I - 4GlcNAc p I peptide 
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as the minimum carbohydrate attached to the peptide. In contrast, PNGase F and PNGase 

A are active on N, N'-diacetyl-chitobiosyl-peptides [ 48]. The best substrates for rnPNGase 

were shown to be those glycopeptides that contain a pcntasaccharide Man3GlcANc2 

structure [48]) (Figure 1.7). The most common types of N- linkcd glycans are "high

mannosc-typc", "co mplex-" and "hybrid-" type glycans, all of which share a common 

pcntasaccharidc Man3GlcANc2 core structure. High-mannose glycans have only mannose 

residues added to the core, whereas complex-type contains no mannosc residues other than 

those in the core. The hybrid-type glycans have a mixed characteristic of high-mannose

type and complex-type. Moreover, one or more additional monosaccharide resides may 

branch from the core in hybrid-type N-glycans. Although cytoplasmic PNGascs are able to 

deglycosy latc glycopcptidcs bearing high-mannose- , complex- or hybrid- type of N-glycan 

[48 Suzuki 1994] , the resu lts of some studies suggested that the enzyme could distinguish 

high-mannosc from complex, hybrid and sialyatcd glycopeptidcs, and preferentially 

dcglycosylatcd high-mannosc glycopcptidc [ 4, 17, 48]. 

Mann 1-2Manet1 
'-6 

Manq1 

/J 's Mann1-2Mann 1 

Man <11-2Man<t1-2Manu 1 
/ 3 

core 

Man~1-4GlcNAcfl 1-4GlcNAc~1-Asn 

high-man nose 

Figure 1.7 High-mannose-type glycopeptide/glycoprotein substrate of Pnglp. High-mannose

type glycan chain contains nine a-mannose residue . The box encloses a common pentasaccharide 

Man3GlcANc2 core at the reducing termini of the glycan. Other types of glycan chain such as 

complex- and hybrid-types also contain this common core but are different in their sugar 

composition and branching patterns. In hybrid- and complex-type glycans, additional 

monosaccharides may be linked to the core resi dues. (Figure created by Rudolf Tauber, Institut fur 
Klinische Chemie und Pathobiochemie und) 

It was also shown that cytoplasmic PNGases have different activities with substrates that 

have identical N-linked glycans but different amino acid sequences [47]. Moreover, the 

finding [21] that PNGase HO (hen oviduct) was able to specifically hydrolyse Di-N

glycosylated ovalbumin to generate mature mono-glycosylated ovalbumin strongly 

supports the idea that cytoplasmic PNGase was able to recognise structural elements of the 

peptide backbone. 
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For a long time, it was thought that cytoplasmic PNGascs could only act on glycopcptidcs, 

but not full- length g lycoprotcins in vitro. Many g lycopcptidcs, such as those derived fro m 

fctuin and hen ovalbumin peptides arc well characterized substrates for both the yeast and 

ma mmalian PNGascs [ 13, 2 1, 28]. These PNGascs arc thought to participate the 

protcasomc degradation of misfo ldcd proteins transpo rted out of ER [ 16, 18]. Therefore, 

dcg lycosylat ion o f glycoprotcins by the PNGasc in vivo may require the protein to be 

unfolded or denatured [13]. 

Recent studies have, in fact , demonstrated that cytoplasmic P Gases arc able to act on 

full-length denatured glycoprotcins in vitro [ 17, 49 , 50]. Hirsch et al. observed that the a

chain o f T-ccll receptor (TCR a) and human class I MHC heavy chains (MHC HCs) cou ld 

be dcglycosylatcd by yeast P Gase and its mammalian homologue both in vitro and in 

vivo [ l 7, 20]. Since both the TCR a and MHC HC s arc known to be processed through an 

ER-associated degradation pathway in vivo [5 1 ], this finding further implicated the 

participation of cytoplasmic PNGascs in the degradation pathway. Subsequent ly, it was 

found that yeast P Gase was ab le to distinguish between native and non-nati ve 

(mis folded or denatured) glycoprotcins, and attack only the latter [ 49, 50]. For example, 

yeast PNGasc cou ld dcglycosylate denatured or mis fo lded bovine ribonuclcasc RNascB, 

MHC HCs, carboxypcptidasc Y (CPY) and ovalbumin, but not their native counterparts 

[ 49, 50]. This trait is thought may not be unique to yeast P Gase because other cndo

glycosidascs such as PNGasc A arc active only on denatured o r partially denatured 

substrate . 

1.10 Aims of this Investigation 

I) Cytoplasmic PNGascs have been class ified as members of transglutaminasc- likc 

supcrfamily [ 15]. Although a PNGasc homologue from Arabidopsis thaliana (AtPng Ip) 

has been shown to have transgluta minasc activity, it was thought this property is unique to 

AtPng Ip because there is clear evo lutionary divergence between this enzyme and other 

cukaryotic PNGascs [52]. Arc o ther cytoplasmic PNGascs a lso transg luta minascs? The 

transgluta minasc activity of PNGasc Sp will be invest igated. If it docs exist, kinetic 

constants will be measured using DMPDA, Z-Gln-G ly. 
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2) The PNGasc from yeast Schizosaccharomyces pombe (SpPng l p) was shown to be 

highly homologous to ScPng Ip [ 4, 13]. While they may have similar kinetic properties

this has yet to be established. In addition, the requirements for co-factors such as zinc or 

other metal ions has yet to be rigorous ly investigated [4, 7, 21 , 27-29]. This study will 

determine the biochemical properties of SpPngl p which will include: determination of Km 

and kcai!Km va lues, testing the e ffects of pH , temperature, establishing the co-factor 

requirement. Furthermore, if SpPng Ip is also found to be an active transglutaminasc, the 

kca11Km values ofSpPnglp for the different reactions will be determined. 

3) Although the cytoplasmic PNGascs arc thought to use the transglutaminasc-likc 

catalytic triad (Cys, His and Asp) for their activit y, the exact catalytic mechanism is stil I 

not clear. It has been found that the conserved residues Trp-220, Trp-231 , Arg-210 and 

Glu-222 arc essential for P Gase activity, but exactly why has not been determined. 

Mutation of these conserved res idues rcsu Its in complete loss of activity but this may be as 

a result o f disrupt ing the confo rmation of the enzyme. To better understand the catalytic 

mechanism of Png Ip, one goal of this projec t is to produce enough acti ve recombinant 

nati ve and mutant SpPng l for use in X-ray crystallography studies. Although the structures 

of two ortho logucs (ScPng lp and mPng lp) have been so lved, they have only been solved 

in complex with other proteins [27, 29]. This was because both proteins could not be 

produced in hctcrologous hosts in isolation in a soluble form. It would therefore be 

interesting to crystalli se the uncomplexcd protein to sec if there arc structural changes that 

occur when the protein is complexed. It is poss ible that such changes, if they occur, could 

be involved in some sort of signa ling event in the g lycoprotcin ERAD pathway. 

To achieve the goals mentioned above, the following steps will be taken: 

1) Clone and over-express so luble, recombinant SpPnglp in a bacterial express ion system. 

2) Determine if the gene product has PNGasc activity. 

3) Determine if the gene product has transglutaminasc activity. 

4) Properly characterise the PNGasc activity ofSpPng lp. 

5) Purify enough recombinant SpPng 1 p for crystal trials. 
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Chapter 2 - Materials and Methods 

2.1 Materials and Equipments 

2. 1.1 Materials 

Solvent: The water used in this study was Milli Q '" deionised water. All the solvents used 

were analytical grade. Acctonitrilc was HPLC grade and TF A was protein-sequencing 

grade. 

Plasmids and bacterial strains: The plasmids and bacterial strains used arc listed in 

Table 2.1 and 2.2 respectively. 

Chemicals, commercial Kits: 

Luria Broth base (LB) (Luria Broth was prepared as a 2.5% solution then autoclaved); 

kb DNA ladder were from Invitrogen"' Life Technologies. 

Agar bacteriological (For LB-agar plates, 2.5 g LB and i .5 g agar were added into 100 mL 

water prior to autoclaving were from OXOID Ltd. 

Hindli1 and BamHI restriction cndonuclease, Taq and P,vo polymerase, shrimp alkaline 

phosphatase, T4 DNA ligase, DNasc I, Complcte
1

" EDTA-frce Mini protease inhibitor, 

High pure PCR product purification kit and high pure plasmid isolation kit were from 

Rochcrn Diagnostics. 

Hen egg albumin, trypsin, scrum albumin bovine, transglutaminasc (from Guinea pig 

liver), Tris base, HEPES, TCEP, EDTA, imidazole, Nickel (II) chloride hexahydratc; 

fctuin (from fetal calf, Sigma), hen egg ovalbumin, al-acid glycoprotcin (from bovine 

blood) and ribonuclcasc B (from bovine pancreas) were from Sigma-Aldrich Inc. 

SOS-PAGE molecular weight makers (low range), Chelex-100 resin (AR. grade) and P-4 

resin (50-100 mesh) were from Bio-Rad~ Laboratories Inc. 
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Crystal Screen
1

", Crystal Screen 2r" and Additive Screen™ were from Hampton Research. 

Structure Screening l 1" and 2 '" screen reagents, and PACT premier'" screens were from 

Molecular Dimensions Ltd. 

Recombinant tobacco etch virus (rTEV) protease was produced "in house". 

2.1.2 Equipment 

Thermal cycler - (Biometra"' T gradient) 

Bench top microcentrifuge - ( Eppendorf MiniSpin Plus) 

Refrigerated Supers peed Centrifuge - (SOR VALL Evolutionrn RC) 

80 refrigerator - (Forma Scientific, Inc.) 

Electrophoresis apparatus and power supplier - (Bio-Rad'" Mini-PROTEAN 3 Cell, and 

Bio-Rad MiniSub Cell GT apparatus) 

ND-I 000 spectrophotometer - (NanoDrop'') 

UV/Visual spectrometer - (Varian!{ Cary50) 

HPLC system - (P580 binary pump, Dionex, UK) 

ZMD mass spectrometer - (Micromass , Waters", USA) 

M®LDI mass spectrometer - (Micro mass", Waters\ USA) 

Low pressure flow pump - (Bio-Ract'", Econo) 

French pressure cell - (Wabash'", Aminco Instruments Co.) 

FPLC system - (AKT A'" Explorer, GE Healthcare) 
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2.2 General Methods 

2.2 .1 Agarose Gel Electrophoresis 

DNA fragments were separated on the basis of size by agarosc gel electrophoresis. 

Typically, DNA samples containing IX loading dye (10% glycerol and 0.15% 

bromophcnol blue) were elcctrophorescd through 1% standard agarose TAE (40 mM Tris

HCl, 20 mM acetic acid, I mM EDT A, pH 8.0) gel. The samples were routinely 

elcctrophoresed alongside a I kb DNA ladder as a size marker in a Bio-Rad MiniSub Cell 

GT apparatus at 80 volt for - 35 minutes. The gels were stained in a 0.5 µg/ mL ethidium 

bromide for 20 minutes and rinsed in water for 5 minutes before being visualised by UV 

light. Gel images were captured using a Gel Doc 2K (Bio-Rad) gel imaging system. 

2.2.2 SDS-Polyacrylamide Gel Electrophoresis (SOS-PAGE) 

Protein molecules were fractionated by SOS-PAGE using a discontinuous buffer system 

according to the protocol of Lacmmli [53]. BrieOy, the discontinuous gel system consists 

of 4% acrylamide stacking, and 12% acrylamide separating gels containing 0. 1 % SOS. 5-

10 µL protein samples were firstly mixed with 5-10 µL 2X sample buffer (4 mL H20 , I 

mL 0.5 M Tris-HCI pH 6.8, 0.8 mL glycerol, 1.6 mL I 0% (w/v) SOS, 0.77 g OTT, 0.5% 

(w/v) bromophenol blue) and boiled for 2 minutes, before being loaded onto the stacking 

gel. Electrophoresis was carried out at 200 volts for - 45 minutes in a Bio-Rad Mini

PROTEAN 3 Cell apparatus until the front line of dye has reached the end of the gel. The 

gels were visualised by being stained with 0 . 1 % Coomassie Brilliant Blue R-250 then 

destained with a 25 % methanol, 65 % water and I 0% acetic acid mixture with agitation. 

2.2.3 Native Polyacrylamide Gel Electrophoresis (Native-PAGE) 

Native-PAGE was carried out in a basically same way as SOS-PAGE (section 2.2.2) 

except that no SOS was used in both the gels and electrode reservoir buffer. Before being 

loaded onto the gel, the protein samples were mixed with 2X sample buffer without SDS, 

and the samples were not boiled (section 2.2.2). 
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2.3 Molecular Cloning 

2.3.1 Cloning PNG/Sp into Different Vectors 

2.3.1.1 Polymerase Chain Reaction (PCRJ Amplification of S. pombe PNG I Gene 

Before PCR amplification. the PNG/Sp gene sequence (NCBI database accession No. 

AL0J 1852. Appendix I) was analysed for restriction enzyme recognition sites using 

NEBcutter software (New England BioLabs). TI1e full-length PNC/Sp gene was then 

amplified from the vector pProEX_ HTb PNC (Table 2.1) using a pair of primers carrying 

BamHI and Hine/Ill restriction sites as shown below: 

P.VG I. BamH I. Fwd: TTTCAGGG A TCCA TGGA TTTTCA TGCGA TTTC 

PNC/ .Hind! I I. Rev: CAGCC AAGCTT AC AA TT A TTTTCCTGCTTCC 

A PCR reaction was performed using 0.7 ng of pProEX _ HTb PNG with 1 U of Pim 

polymerase, 0.2 mM dNTPs. 5 pM of each of the forward and reverse primers. and IX 

PCR buffer (Roche). The reaction was carried out in a DNA thermal cycler programmed 

for 32 three-step cycles of I-minute melt at 95·c. !-minute anneal at 55 C and 1.5-minute 

elongation at 72 C. A further elongation at 72 .. C was performed for 7 minutes at the end of 

the program. A positive PCR control using another vector carrying the /':VG !Sp gene and 

two gcne-spccitic primers was included. as was a negative control in which no template 

DI\A was added to the reaction mixture. 

2.3.1.2 Restriction Endonuclease Digestion 

Before restriction digestion. the PCR products were analysed by agarose gel 

electrophoresis, and purified using the High Pure PCR Product Purification Kit (Roche) 

according to the manufacturc's directions. For the digestion of vectors or PCR products, 

the following reaction was typically used: ··0 2 µg of vector or PC:R product was double 

digested with 5 U BamHI and Hindlll restriction enzymes, in SuRE/C:ut buffer B (Roche). 

in a total reaction volume of 50 ;tL. After incubation at 37'C for at least 3 hours, the 

reaction was quenched by heating at 65"C for 15 minutes. A single digest with either 

BamHI or HindllI cndonucleasc and a negative control in which no restriction 

endonuclcasc was used were also included as controls for enzyme activity. Before ligation, 
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both the digested vectors and inserts were purified usmg a High Pure PCR Product 

Purification Kit then examined by agarosc gel electrophoresis. 

Three vectors were used in this study. They arc : pET32a_HTBH , pSUMO_BXH and 

pMal_ CHTBH (Table 2.1. A detailed map of pET32a_HTBH is also shown in Appendix 

II). All vectors were double digested with BamHl and HindlII restriction cndonucleasc, 

and used in the following ligation reactions. 

2.3.1.3 Ligation 

For ligation, a reaction mixture with a total volume of 10 µL containing IX ligation buffer 

(660 mM Tris-HCI, 50 mM MgC'2, IO mM OTT, IO mM ATP, pH 7.5), I U 

bacteriophage T4 DNA ligasc, - 30 ng digested PCR product and - 150 ng vector was 

incubated at room temperature for 48 hours, and then heated at 65 ·c for 15 minutes to 

deacti vate the enzyme. Because the concentration of both vector and insert was based on 

the intensity of clcctrophorctic bands on an agarosc gel, three molar ratios ( I :3, I: I and 

3: I; vec tor : insert) were normally tried in the reaction to ensure high ligation efficiency. 

As controls, the ligation reaction, without insert, was incubated with or without T4 D A 

ligasc. The products of these reac tions were used as controls in transformation to provide 

background for single cut (se lf-ligation) and uncut vecto r (intact) respectively. 

2.3.2 Transformation, Colony Screening and Plasmid DNA Preparation 

The PNG I Sp gene- and ampicillin resistance gene-containing vectors (in ligation reaction 

mixture, section 2.3.1.3) were transferred into a competent cloning strain XL- I £. coli 

(Table 2.2) using heat shock. Briefly, up to 5 µL of the ligation reaction was mixed with 

50 µL of XL-I , and incubated on ice for 15 minutes . Cells were then heat-shocked at 42 °C 

for 60 seconds then immediately placed on ice for further 2 minutes, after which 450 µL 

of SOC media (2% peptone, 0.5% yeast extract, 0.05% NaCl, 2.5 mM KCI , IO mM MgC'2 , 

20 mM glucose) was added to the cells and the mixture incubated at 37°C for I hour to 

revive the cells. 100 µL of the above-said transformation culture was then plated onto LB

agar plates with ampicillin selection (F.C. I 00 µg/ rnL) and incubated at 37°C overnight. 

Three control experiments were carried out in parallel: transformation of XL- I cells 

without additional DNA followed by plating onto either ampicillin + or - LB-agar media, 
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and cells with uncut vectors containing amp-resistance gene followed by plating onto 

ampicillin-containing LB-agar media. 

Transfo rmants were screened by whole cell PCR screening. Typically, seven colonies 

were picked from the aforementioned overnight culture and used to inoculate 5 mL of 

fresh liquid LB media (2.5% Luria broth base, I 00 µg/mL ampicill in), followed by 

incubation overnight at 37°C with shaking (200 rpm). 50 µL of the culture was then 

centrifuged ( 14,000g, 0.5 minute) and the pellets resuspended in 400 µL water followed 

by boiling for 5 minutes to break the cells. Finally, the cell lysatcs were re-centrifuged for 

5 minutes to remove cell debris and the supernatant used as template solution in following 

PCR reactions: 1 ~tL of I OX PCR buffer (Bio Therm"'), I µL of template so lution, 0.2 U 

Taq DNA polymerase, 0.2 mM dNTPs, 0. 16 µM each of a vector-specific forward and a 

gene-specific reverse primer, in total vo lume of IO µL. The reaction conditions were 

identical to those used for PNC /Sp gene amplification (section 2.3.1. 1 ). The vector 

specific primers arc shown as below: 

Lac_ Opcron fwd: GGAA TTGTGAGCGGA T AACA 

T7 Terminator rev: GCTAGTTATTGCTCAGCGGT 

Small-scale plasmid preparations of positive clones were carried out using a High Pure 

Plasmid Iso lation Kit (Roche, Inc .) according to manufacturer 's instructions. Normally, 3-

8 µg pure plasmid D A (in I 00 µL elution buffer, 30-80 µg/mL, qua ntitatcd by measuring 

the UV absorbancc at 230 nm using a NanoDropi ND- I 000 spectrophotometer) could be 

obtained from 3 mL of cell cu lture (depending on the ce ll density). Three recombinant 

p lasmids were constructed in this study: pET32a_ HTBH_PNG/ , pSUMO_BXH_PNG/ 

and pMal_CHTBH_PNG/. These were stored at -20 °C and used for the transformation of 

expression£. coli host cells (section 2.4. 1). 

2.3.3 Sequence Analyses of DNA 

For DNA sequencing, 300 ng recombinant plasmid was mixed with I pmol of either 

vector-specific forward or reverse primer in a total vo lume of 15 µLin a 200 µL PCR tube. 

DNA sequencing was carried out by the A llan Wilson Centre Genome Sequencing Service 

(Massey University). In brief, the Big Dye"' Terminator Version 3. 1 Ready Reaction Cycle 
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Sequencing Kit was used on an AB! 3730 Genetic Analyser (Applied Biosystems Inc.). 

The algorithms used in the analyses of the results were: 

1) Chromas 2 (version 2.31. Tcchnclysium Pty Ltd. www.Tcchnelysium.com.au) 

2) AnnHyb (version 4. 916. (e) Olivier Friard 1997-2004, http:i"bioinformatics.org!annhyb) 

3) Protein Alignment software (http:/1www.ch.cmbnet.org1softwarc'LALIGI\ _ form.html) 

2.4 Protein Expression in Escherichia Coli 

2.4.1 Small-scale Expression Trials 

To establish an expression system able to produce large concentrations of soluble PNCiasc 

Sp, small-scale expression trial;; ,verc carried out using different E. coli strains with 

varying concentrations of the expression-inducing agent. lPTG. and ,arying temperatures. 

The Origami'" B ( DE3) strain was tried first. as this strain had been used to successfully 

produce another construct of soluble PN(iasc Sp in the laboratory. \Vhilc this makes no 

sense, as it prm ides a less reducing cm ironment in the c\1oplasm, and it is necessary that 

the cystcincs arc in a reduced state for this enzyme [4. 2 L 28]. it had been prcYiously 

shown that the recombinant protein was insoluble in BL2 I (DF3). but soluble when 

produced in Origami B ( DE3) cells. 

2.4.l.l E,pressed in Origami"' B (D£3) 

Origami B ( DE3 I cells (Table 2.2) were transformed using heat-shock with the purified 

plasmid pET32aHTBH_PNG/ (section 2.3.2), cultured on LB-agarose plates using the 

methods described in section 2.3.2, except that the antibiotics used were ampicillin (100 

flg'mL) plus tetracycline (12.5 pgimL) and kanamycin (15 (tgirnL). A single colony was 

used to inoculate 5 ml of LB broth containing the same antibiotics. and then incubated 

overnight at 3TC. 100 flL of the overnight culture was used to seed 5 mL of fresh LB 

broth, which was again incubated at 3TC until the optical density at 600 nm (OD,,1111 ) 

reached - 0.7. at which point expression of the recombinant PNGasc Sp was induced by 

the addition of!PTG lo a final concentration of0. l, 0.2 or 0.5 mM respectively. Following 

antibiotic supplementation. the culture was incubated overnight at l 6, 25, or 3 7 °C 

respectively. As a control, a culture was grown as above without the addition of lPTG. 

27 



Chapter 2 - Materials and Methods 

Cells transformed with empty plasmid were also included as another negative control. The 

overnight culture was then analysed for protein production and so lubility using SOS

PAG E (section 2.2.2). 

When other £. coli strains such as Origami B (DE3) pLysS, Origami B (DE3) pLacI, 

Origami B (DE3) GroE, Rosscta"' (DE3) and BL2 I (DE3) as expression hosts, the 

operations arc basically same except that the antibiotics used for se lect ion were different 

(Table 2.2). 

2.4.1.2 Total Protein and Solubility Analyses 

The protein production and so lubility were ana lysed by SOS-PAGE. The amounts of total 

ce ll extract samples loaded onto each lane were normal ized by 00600 measurement in 

order to use equal ce ll numbers. Brie fl y, a vo lume (0.5/00600 mL) of cell cu lture was 

centrifuged at 14,000g and the pelle t was resuspended in 200 µL water, then mixed with 

200 µl SOS-PAGE loading buffer, boiled for 5 min to break the cel ls, then centrifuged fo r 

30 seconds before being loaded onto a 12% SOS polyacrylamidc gel fo r c lcctrophorctic 

analyses. 

To check the so lubility of recombinant proteins, I ml of cell culture was collected by 

centrifugation and the resu lting pellet resuspended in 500 µl of lysis buffer (same as the 

loading buffer in section 2.5.2) plus I X Complete '" Mini protease inh ibitor (Roche), kept 

on ice and lyscd by sonication using a VirSonic Digital 475 Cell disrupter at level 3 fo r I 0 

seconds fo llowed by a second IO second burst after one minute. The so luble and inso luble 

ce ll fractions were separated by centrifugation at 14,000g for IO minutes at 4 °C. The ce ll 

debris was resuspended in 500 µl of the same buffer. Both the supernatant (soluble 

fraction) and cell debris suspension (insoluble fraction) were then ana lysed by SOS-PAGE. 

2.4.2 Large-scale Expression in Origamt' B (DE3) Strain 

During large-sca le expression, a single transformed Origami B (DE3) co lony was used to 

inoculate 5 mL LB broth, followed by incubation with shaking (200 rpm) overnig ht at 37 

·c. I ml of this culture was used to further inoculate 100 mL LB broth. After incubation 

overnight under the same conditions, 10 mL of the culture was again used to inoculate one 

litre of LB broth and cultured under the same conditions. Protein expression was induced 
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by the addition of IPTG to a final concentration of 0.5 mM when the optical density of the 

culture at 600 run (00600) was - 0.7. Before being incubated at 25 °C overnight, the culture 

was re-supplied with fresh antibiot ics to maintain selection. 

2.5 Purification of Thioredoxin-His6-Tagged PNGase Sp 

All steps in the purification protocol were carr ied out at 4 °C in order to minimize the 

denaturation and proteolytic degradation of the target enzyme. 

2.5.1 Cell Lysis 

Cells in one-l itre overnight culture were harvested by centrifugation at 4,400g for 20 

minutes. The pellet was resuspended in IO ml of pre-chilled lysis buffer (same as the 

loading buffer used in !MAC purification, section 2.5.2) to which the appropriate amount 

of Complete"' Mini protease inhibitor (Roche) had been added, and then lysed by two 

passes through a Wabash"' French pressure cell (Aminco Instruments Co.) at 6,000 psi. A 

trace amount of DNase I was immediately added into the ce ll lysate to break down DNA 

molecules released from the cells. After centrifugation at 30,000g for 25 minutes to 

remo ve the cell debris, the supernatant was filtered through a 0.8-µM membrane before 

being subjected to affinity chromatography. Total protein in the cell lysate was quantitated 

using the Brad ford method (section 2.5.6) and assayed for PNGase activity as described in 

section 2.6. 

When lysed with lysozyme, the ce ll pellet from 100 mL of culture was resuspended in 1.5 

ml lysis buffer (65 mM Tris-HCI buffer, pH 7.6; IO mM MgCiz; I mM TCEP and 

Complete"' Mini protease inhibitor) . To this solution, 0.3 mg chicken egg white lysozyme 

was added and the solution le ft for 0.5 hour at room temperature, when it became very 

viscous. A trace amount of DNase I was added and the so lution left for further 0.5 hours 

before being centrifuged at 14,000g for 20 minutes. 

2.5.2 Immobilised Metal Affinity Chromatography (lMAC) 

Recombinant PNGase Sp with a N-terminal thioredoxin-hcxohistidine-tag was firstly 

purified by affinity chromatography method using immobi lised Ni2+ as the affinity matrix. 
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The specific interaction between Ni2
+ and the hcxohistidine patch promotes preferential 

binding of the fusion protein over other cellular proteins. After washing with loading 

buffer to remove these, the fusion or tagged protein can be eluted from the resin-bound 

Ni2+ later by adding imidazo le into the mobile phase. Imidazole has a simi lar structure to 

that of histidine, and thus competes with the fusion protein fo r access to the immobi lised 

Ni2+. 

Normally, 10 mL of filtered cell lysate (- 15-20 mg/mL) was loaded onto a Ni2
+ charged

chelating scpharose"' co lumn (GE Healthcare, bed vo lume: 5 mL), which was pre

equilibrated with loading buffer (50 mM Tris-HCI, pH 7.6, 0.5 M NaCl, I mM TCEP, I 0 

mM imidazole). Once loaded, the column was extensive ly washed with 5 column vo lumes 

of the loading buffer (5 C. V. = 5x5 mL = 25 ml). Bound proteins were then e luted in a 

stepwise way using loading buffer with increasing concentrations of imidazolc (4 C.V. 

each with 40 and 60 mM imidazolc, then 2 C.V. with 250 mM imidazole). The flow rate 

was l ml/min for each step except that the initial loading was performed at 0.4 ml/min to 

ensure sufficient time fo r the binding of the fusion protein to immobilised i2-. The flow 

rate was controlled using a low pressure Bio-Rad Econo pump. Fractions of one co lumn 

volume (5ml) were collected, into which Complete'" Mini protease inhibitor and EDT A 

(Final concentration: 5 mM) were immediately added in order to inhibit any proteolytic 

degradation. The frac tions were then ana lysed for the presence of rP Gase Sp by SDS

PAGE. 

2.5.3 Proteolytic Removal of Fusion Tag 

The N-termina l thioredoxin-hexohist idine tag was removed by recombinant tobacco etch 

virus (rTEV) protease digest ion. The purest !MAC fractio ns (containing mainly rPNGasc 

Sp) were pooled and buffer-exchanged into rTEV cleavage buffer ( 10 mM Tris-HCI, pH 

7.6, 0.1 M NaCl, I mM TCEP, I mM EDTA), then concentrated to approximately 5 mL by 

ultra filtration using a VivaSpin concentrator (20-mL, IO kDa mwt cut off, VivaScicnce). 

200 µL I mg/mL rTEV protease was added into the sample solut ion which was then 

incubated at I0 °C fo r 48 hours. The cleavage reaction was monitored by SOS-PAGE. 
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2.5.4 Further Purification by IMAC 

The proteolytically cleaved PNGase Sp was further purified using IMAC, as both the 

released N-terminal tag and any un-cleaved protein bound to the Ni2+-charged resin, while 

protein that had been cleaved contained no tag, and hence flowed through the column. All 

the chromatographic conditions were same as that used in the initial IMAC purification 

(section 2.5 .2), except that the flow through fractions were collected and analysed by 

SOS-PAGE. The fractions containing almost pure PNGase Sp were pooled, concentrated 

with 10 mM HEPES buffer (pH 7.5, l mM TCEP, I mM EDTA) to approximately 15-30 

mg/mL, snap-frozen in liquid nitrogen in 50 µL aliquots, and stored at - 80 °C for use later. 

2.5.5 Size Exclusion Chromatography (SEC) 

For crystallisation trails , the protein was further purified by SEC to remove any trace 

impurities from the 2nd IMAC purification step and to ensure a homogeneous population 

of molecules was obtained. Briefly, 200 ~tL of concentrated sample from the 2nd IMAC 

step was loaded onto a gel filtration column (Superdex ,." 75 resin, GE Healthcare, IO X 

300mm) pre-equilibrated with IO mM HEPES buffer (pH 7.5 , I mM TCEP, I mM EDT A) 

and eluted with the same buffer at a flow rate of 0.4 mL/min. The elution was monitored 

at 214 and 280 nm and I mL fractions were collected for SOS-PAGE analyses. An 

AKT A"' Explorer (Amersham, GE Healthcare) FPLC system was used for all the 

chromatography. 

2.5.6 Protein Quantitation 

Protein samples from each purification step were quantitated using the Bradford Assay 

[54] . The assay is based on the observation that the absorbancc maximum for an acidic 

solution of Coomassie brilliant blue G-250 shifts from 465 nm to 595 nm when binding to 

positively charged residues (lysine, arginine and histidine) and aromatic residues . The high 

extinction coefficient of protein-color reagent complex at 595 nm results in the assay 

being very sensitive with a minimum detection limit of 1 µg protein. Within the linear 

range of the assay, the concentration of protein is directly proportional to the absorbance at 

595 nm. Bovine serum albumin (BSA) was used as an external standard in this assay. 
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2.6 PNGase Activity Assay 

PNGase activity of rPNGase Sp was measured using a discontinuous high performance 

liquid chromatography (HPLC)-bascd assay [6] using hen egg ovalbumin derived l l-mer 

glycopcptide as the substrate. The glycopcptidc was prepared by cyanogen bromide 

digestion of hen egg ovalbumin followed by SEC purification as outlined in Appendix III. 

The I I -mer glycopcptide contains a complex, biantcnnary oligosaccharidc linked to the 

asparaginc residue (Figure 2.1) with nine uniformly distributed hybrid and high-mannosc 

glycoforms (Figure 1.7) [55]. This substrate is susceptible to deglycosylation by both 

bacterial PNGasc F and rPNGasc Sp. The principle of this assay is that the natural 

(substrate) and deglyeosylated (product) forms of the glycopcptide present in the assay 

reaction show different hydrophobicity, and thus can be separated on a reverse phase C-18 

column. The product is more hydrophobic than substrate due to the loss of glycan chain , 

and thus clutes later. Both PNGasc F and rP Gase Sp arc eluted later, and do not interfere 

with the assay. 
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Figure 2.1 Deglycosylation reaction catalysed by PNGases. P Gase catalyses the hydrolysis 
of the amide bond form between the I I-mer peptide-bound Asn residue and the 
acetylglucosamine, generating an Asp residue in the in place of the asparagine and a intact 
oligo accharide with a , ' -diacetylchitobiose at its reducing terminus. 

Generally, IO µL of enzyme solution (0.5 mg/mL) was incubated with 85 µL of substrate 

solution (0.5 mg/mL, in activity assay buffer: IO mM HEP ES buffer, pH 7.5, I mM TCEP, 

I mM EDTA) at 25 °C overnight. The reaction was quenched by addition of IO µL of 

formic acid and then boiled for 5 minutes. Before being loaded onto a C-18 column, the 

reactions were centrifuged at 14,000g for 15 minutes. Chromatography conditions used 

were: C-18 column (RP-C 18 Jupiter Series, 4.6 X 250 mm, particle diameter 5 µm; 
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Phenomenex); Flow rate of I mL/min (P580 binary pump, Dionex); 15-minute gradient 

elution from 20% acetonitrile / 0. I% tritluoroacetic acid (TF A) to 40% acetonitrile / 

0.08% trifluoroacetic acid; Detection at 214 nm. 

When a fluorescein isothiocyanate (FITC)-labeled ovalbumin glycopeptide was used as 

substrate in kinetic investigations (section 2.9.3, 2.9.4 and 2.9.5), the elution procedure 

was modified as follows: (solvent A: 0.1 % TFA in water; solvent B: 0.08% TFA in 

acetonitrilc) I) 80% A and 20% B -t 60% A and 40% B over 15 minutes ; 2) 60% A and 

40% B -t 30% A and 70% B over 10 minutes; 3) 30% A and 70% B -t 80% A and 20% 

B over 5 minutes plus 5-minute equilibration. The substrate and product were detected 

using a fluorescence detector (Dionex; excitation wavelength: 495 nm, emission 

wavelength: 520 nm) . The product was quantitated using a standard method, and the data 

analysed using Chromeleon"' Client software. 

2.7 Transglutaminase Activity Assay 

A colorimetric method known as hydrox ylamine assay [56] was used to test for 

transglutaminase activity. Transglutaminase catalyses the formation of a covalent bond 

between a free amine group ( e.g., protein- or peptide-bound lysine , ammo ma, 

hydroxylaminc, monoamino acid) and the y-carboxamide group of protein- or peptide 

bound glutaminc. The principle behind thi s assay is that the reaction of the y-carboxamidc 

group donor carbobenzyloxy-glutamyl-glycinc (Z-Gln-Gly) with hydroxylaminc in the 

presence of calcium ion forms hydroxamic acid which, in turn, reacts with ferric (III) ion 

to form a brown ferric hydroxamate complex (),,max : 525 nm) that can be measured 

speetrophotomctrically (Figure 2.2). 

Procedure: To a solution containing 0.1 mL of l M Tris-acetic acid buffer (pH 6.0), 

0.025 mL each of 0. 1 M CaCh, 0.025 M EDTA, 2 M NH2OH·HC1 (pH 6.0, adjusted with 

NaOH), and 0.075 mL of carbobenzyloxy-Gln-Gly in a 1.5 mL Eppendorf tube, 0.02 mL 

of rPNGase Sp was added. The final volume is adjusted to 0.5 mL with water. After a IO

minute incubation at 37°C, 0.5 mL of the ferric chloride-trichloroacetic reagent (0.5 g 

FeC'3, 1.5 g TCA, dissolved in 27.5 mL H2O and 2.5 mL concentrated HCI) was added. A 

change in color from yellow to brown indicates the enzyme has transglutaminase activity. 
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For quantitation, the color is read immediately against a blank containing no enzyme at 

525 nm. Another reaction using transglutaminase (from Guinea pig liver, Sigma) was used 

as a positive control. 
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Figure 2.2 Transglutaminase activity assay. The glutamyl donor Z-Gln-Gly reacts with the free 

amine group on hydroxylamine to produce a hydroxamic acid v,hich. in turn, forms a complex with 

ferric ( Ill) ions that has a maximum absorbance at 525 nm. In the complex. three hydroxamic acid 

molecules chelate one Feh through six coordination bonds. 

2.8 l\1ass Spectrometry Analyses 

Mass spectrometry technology was used to confirm the identity of the gene expression 

product in this study. Other common methods such as protein N-terminal sequencing and 

western blotting can also be used for the same purpose. 

2.8.1 Peptide-mass Fingerprinting 

Peptide-mass fingerprinting (PMF) is an analytical technique used to identify proteins by 

matching their constituent fragment masses (peptide masses) to the theoretical peptide 

masses generated from a protein or DNA database [57]. In short, an unknown protein of 

interest is virtually cleaved into peptides with certain protease such as trypsin. Because the 

digestion of every protein results in a set of peptides with unique masses, this pattern can 

be used to identify the protein, after accurately measuring the mass of peptides on a 

MALDI-TOF (matrix assisted laser desorption ionization time-of-flight) mass 
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spectrometer, a PMF database search is carried out (i.e. comparing the observed masses 

with the genome which has been previously translated into proteins and cut into peptides 

with the same protease using software programs). The data are statistically analysed by 

computer, and the identification is accomplished by matching the determined peptide 

masses to the theoretical peptide masses from a database. The advantage of PMF 

technique is that the de nova sequencing of proteins is not required. A disadvantage is that 

the protein sequence must be presented in the database. Moreover, this technique is 

susceptible to interference with impurities . Thus, it is ideal to purify the sample on a two

dimensional gel prior to PMF analyses. 

Matrix-assisted laser desorption/ionisation is a "soft" ionisation technique that produces 

intact singly-protonated quasimolccular ions of biomolecules such as proteins, peptides 

and sugars, in mass spectrometry [58). The ionisation is triggered by a laser beam. 

Generally, the analyte solution is pre-mixed with a chemical matrix solution consisting of 

crystallisable molecules such as cinnamic acid derivatives, and then spotted onto a sample 

target (a metal plate used for supporting the matrix) . After the solvents vaporise, the 

matrix molecules re-crystallise with the ana lytc spreading throughout the crystals. In this 

case, the sample is "protected" by the matrix from being destroyed by the direct laser 

beam during deso rption and ionisation because the matrix molecules absorb the majorit y 

of the laser light energy. The matrix also assists the irradiated sample to vaporize by 

forming a rapidly expanding matrix plume that aids transfer of the protein ions into the 

mass analyser. After being accelerated in an applied electrostatic field, the singly

protonated molecular ions drift though a field-free area of a TOF (time-of flight) mass 

spectrometer, and reach the detector in a time that depends on their mass to charge ratios 

(m/z). Based on this, the mass can be calculated from the accurately measured flight time 

of molecular ions. 

Procedure: 

1) In-gel tryptic digestion ofproteins: Protein spots (from the silver-stained 12% SOS 2-

D gel) or bands (Coomassie stained 12% SDS 1-D gel) were excised using a clean razor 

blade. These were then cut into approximately I X 1 mm pieces on a clean glass surface, 

and transferred into 1.5 rnL Eppendorf tubes . The de-staining and trypsin digestion were 

carried out according to the procedure described by David Miyamoto (Appendix IV "In-
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gel tryptic digest for protein ID by mass spectrometry"). The peptides obtained were dried 

and stored at -20 °C until further USC . 

2) MALDI-TOF mass spectrometry: The rapid-evaporation method was used for sample 

preparation for MALDI-TOF ana lyses [59]. Briefly, I µL peptide matrix/nitrocellulose 

solution (2.5 mg nitrocellulose, IO mg a -cyano-4-hydroxy-trans-cinnamic ac id in 0.25 mL 

acetone and 0.25 mL isopropanol, prepared fresh) was applied to the sample target and le ft 

to evaporate to dryness. The dry peptide sample from the tryptie digest was d isso lved in 3-

5 µL 20% acctonitrilc and I% formic acid, then I µL o f this so lut ion was pipetted on to 

the matrix and evaporated to dryness at room temperature. The organic solvent in the 

sample was mainta ined below 30% to avo id the complete disso lution o f the matrix layer 

by the sample so lutio n. The sample target was inserted into the Micromass ll M@ LOI mass 

spectrometer with a time-o f-flight analyzer (Waters\ USA) and analysed in positive- ion 

re flection mode. A sample o f a peptide o f known s ize, hypertcnsin I (ORVYIHPFHL, m.w. 

1296.5 Da), was prepared in an identica l way a nd measured to cal ibrate the instrument. 

2.8.2 Electrospray Mass Spectrometry 

Since the biochemica lly purified rPNGasc Sp showed heterogeneity (do uble-banded) on 

SOS-PAGE gel, c lectrospray ionisation mass spectrometry (ESI-MS) was used to 

determine an accu rate mass differe nce o f the two species. Such analyses should a llow 

identificat ion o f the truncation if there is o ne. Like MALO! ionisation, c lectrospray is 

another ·'so ft" ionisation technique that produces almost exclus ively mu ltiply charged 

intact bio mo lccular io ns instead o f ion fragme nts [60]. The increase in the mass/charge 

ratios of the ions produced pushes them into the detectable range o f most mass 

spectrometers, thus widening the molecular mass range for ana lyses. 

[n this technique, a solution o f protein mo lecules suspended in a vo latile so lvent is 

introduced into a narrow capillary at 5 kV, and ncbulizcd into sma ll charged droplets 

about IO µm diameter. Although the exact mechanism o f droplet and ion fo rmation 

remains unclear, it is known that further dcsolvation occurs, and the droplets shrink 

resulting in singly and multiply protonatcd protein ions, designated as (M + nH)"\ being 

re leased into gas-phase. The ions then continue to the mass ana lyzer w here they arc 

detected. The molecular w eight of prote in is then calculated from observed m/z and charge 
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number by computer so ftware, and used to identify the molecule. The advantage of ESI

MS is that it can be used in combinat ion with several separation techniques such as high 

performance liquid chromatography (HPLC-MS) and capillary electrophoresis (CE-MS) 

as electrospray serves as an interface fo r trans ferring ions from the liquid-phase to the gas

phase. 

Procedure: The protein sample after rT EV protease cleavage was firstly purified using 

RP-HP LC (Jupiter Series reverse phase C 18 analytical column, 4.6 X 250 mm, 

Phcnomenex; Flow rate: I ml/min. 40-minute gradient elution from I 0% acctonitrilc / 

0.1 % trifluoroacetic acid to I 00% acetonitrilc / 0 .08% tritluoroacetic ac id; Detection at 

2 14 nm). Different elution peaks were co llected manually, concentrated by Speed-Vac, 

and analysed by SOS-PAGE. The fraction containing almost pure express ion product was 

quant itated by UV absorbance. When prepared samples for ESl-MS analyses, acetonitril e 

(fina l concentration: 50%, v/v) and formic acid ( final concentration: I%, v/v) were added 

into the fraction . The final concentration o f analytcs was approximately IO pmo l/µL. The 

sample so lution was sprayed into the mass spectrometer th.rough a capillary tube us ing a 

syringe pump (74900 series, Co le-Parmer Instrument Company), and then ion ised and 

analysed on a MicromassR ZMD mass spec trometer with a sing le quadrupole ana lyzer 

(Waters\ USA). 

2.9 Characterisation of Recombinant PNGase Sp 

Some enzymatic properties of reco mbinant P Gase Sp were studied. They were substrate 

specificity, optimum temperature a nd pH for cata lysis, effects of reductants and metal ions 

on the activity, and the Mic hae lis constant (Km) and catalytic efficiency (kca/ Km) o f 

rPNGase Sp using an ova lbumin-derived I I -mer g lycopeptide as the substrate . 

2.9.1 Substrate Specificity 

To investigate the substrate specificity o f rPNGase Sp, four well-characterised 

g lycoproteins were used to analyse the deglycosylation activity of the enzyme. They were 

fctuin (from fetal ca lf scrum a nd contains three sia lylated triantcnnary N- linkcd complex 

sugar c hains), chicken egg ovalbumin (has a s ing le biantennary N- linked complex glycan), 
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ribonuclease B (from bovine pancreas and contains a single N-linked high mannose 

biantennary glycans), and a I-acid glycoprotein (from bovine blood and has 5 N-linked 

hybrid glycan(s) in which a fucose residue is linked to the proximal GlcNAc residue 

through an a 1-6 linkage) . The common structural types of N-G lycans were briefly 

described in section 1.9.3. All the four substrates were used in both native and denatured 

forms in activity assays, and the deglycosylation reactions were detected using gel 

mobility shift assay. 

Each substrate was made up to 1 mg/mL with activity assay buffer (50 mM MlB buffer: 

12.5 mM malonate/18.75 mM imidazole/18 .75 mM boric acid, pH 6.0, 1 mM TCEP, I 

mM EDTA) except for fetuin , which has multiple glycoforms, and thus a higher 

concentration (- 2 mg/mL) was needed to visualise all the bands clearly by SOS-PAGE. 

To prepare the corresponding denatured substrates, the glycoproteins were boiled in 0.2% 

Thesit (a non-ionic detergent) , l 0 mM reducing agent dithiothreitol (OTT), I mM EDT A 

in 50 mM MIB buffer (pH 6.0) for IO minutes. I 00 µL of substrate (both natural and 

denatured) were incubated with 5 µL of rPNGase Sp solution ( I mg/mL) at 25 °C 

overnight, and the reaction was stopped by boiling for five minutes . Substrate 

deglycosylation was examined by SOS-PAGE (section 2 .2.2) . Both the fetuin and 

ovalbumin reaction mixtures were run on 12% gels, and the a I-acid glycoprotein and 

ribonuclease B on 15% gels. The removal of glycans from the substrate can be visualised 

by a change in molecular weight on SOS polyacrylamide gels. Reactions in which either 

enzyme or substrate was absent were included as negative controls. 

2.9.2 Effects of Reductant 

It was reported that eukaryotic PNGases need the presence of reductants such as OTT (at 

least I mM) for activity in vitro [ 4, 21, 28]. To test if the activity in vitro is reductant 

dosage-dependent and hence study the relationship between the redox state of the thiol 

sidechains and the activity of rPNGase Sp, the thioredoxin-chimera was purified using 

buffers with varying concentrations of Tris (2-carboxy-ethyl) phosphine hydrochloride 

(TCEP), a stronger and more stable reductant compared to OTT [61 ], and the activity was 

measured and compared. 
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Briefly, I 00 mL of E. coli Origami B (DE3f" culture that overexpressed the enzyme was 

divided into four aliquots and each aliquot centrifuged at 4,400g for 20 minutes. The cell 

pellets were resuspended in 1-1 .5 mL lysozymc lysis buffer and lysed as described in 

section 2.5.1. Four different concentrations of TCEP, 0.0, 0.25, 0.5 and 1.0 mM were used 

respectively. After lysis was complete the cell lysatcs were centrifuged at 30,000g for 25 

minutes to remove the cell debris, the supcmatants filtered through a 0.8 µM membrane 

before being loaded onto a i2+ -charged charged-chelating scpharosc column and eluted 

as described in section 2.5.2 . Again, four concentrations of TCEP were used in both the 

binding and elution buffers respectivel y. After EDT A (final concentration: 5 mM) and 

Complete'" protease inhibitor ( I X ) were added into the elution fractions, the clucnts were 

concentrated using ultra-filtration and their protein content quantitatcd using the Bradford 

method (section 2.5.6) . Activity assays were carried out according to section 2.6, except 

that no TCEP was added to the substrate solution to avoid perturbing the original rcdox 

states of the enzyme preparations. 

2.9.3 Effects of pH 

In this section, the effects of pH on initial rates of rPNGasc-catalyscd dcglycosylation of 

glycopcptidc were investigated. The enzyme solution was firstly dialysed against I mM 

TCEP and I mM EDT A water solution to remove any traces of HEP ES . To negate any 

possible effects being due to buffer ions rather than pH, a single broad-range buffer, MIB 

buffer ( 12 .5 mM malonatc, 18.75 mM imidazolc , 18.75 mM boric acid) , was used. The 

assay was set up as described in section 2.6. In order measure the reaction rate (initial 

velocity) , the assay conditions were modified as following: 10 µL of enzyme so lution 

(0 .05 mg/mL) was incubated with 85 µL of the FITC-Ova substrate (sec section 2.9.4) 

solution (0.2 mg/mL, in 50 mM MIB buffer at pH 5.0, 5 .5, 6.0, 6.5, 7.0, 7.5 , 8.0, 8.5 and 

9.0 respectively, I mM TCEP, I mM EDTA) for 10 minutes, then boiled for 3 minutes to 

stop the reaction, and subjected to HPLC analyses. All assays were carried out in triplicate. 

2.9.4 Determination of the Michaelis Constant (Km) and kcatlKm 

2.9.4.1 Fluorescein isothiocyanate (FITC)-labeling of substrate 

The initial rate values (vo) of a catalysed reaction are used to calculate Km and Vinax- Since 

the activity of rPNGase Sp was measured in a discontinuous way, the initial rate for each 

substrate concentration was obtained at a point when the reaction was approximately l 0% 
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complet [62]. Under the conditions chosen to max1m1se the enzyme and substrate 

available, the response obtained to achieve 10% conversion of substrate to product was 

inadequate for accurate quantitation. Therefore, to increase the sensitivity, the 

glycopcptidc was covalently labeled with fluorescein isothiocyanatc (FITC). The FITC

dilabclcd ova lbumin glycopcptide (FITC-Ova) can be detected at much lower 

concentrations using a fluorescence detector. The excitation wavelength is 495 nm and 

emission wavelength is 520. Since the labeled substrate is more hydrophobic than the 

unlabeled one, the elution procedure in HPLC-bascd assay was modified accordingly 

(section 2.6). FTIC-Ova is schematically shown in Figure 2.3. The procedure of FITC

labcling of the glycopeptidc is outlined in Appendix V. 

H2N-GI u-GI u-Lys-T yr-Asn( CHO )-Leu-Thr-Ser -Val-Leu-H5 

t 

OH 

N=C=S 

Figure 2.3 Labeling of ovalbumin 
glycopeptide with FITC. The ova lbumin 
glycopeptide (CHO indicates the 
carbohydrate chain on the glycosylated 
Asn) was labeled in the positions 
indicated by arrows using fluorescein 
isothi ocyanate ( FITC). Hs = Homoserine. 
Since the incorporated FlTC molecules 
are at least two amino acids distant from 
the glycosylated asparagine res idue, it 
was unexpected that the FlTC could result 
in steric hindrance during the cata lys is by 
P1 Gase. Adapted from Lenz 2003. 

2.9.4.2 Estimating the rough Km of rPNGase over the substrate FITC-Ova 

An experiments were conducted under conditions that gave approximately 10% hydrolysis 

or less in order to measure the initial velocities ( v0) for each substrate concentration. 

Normally, a broad range of substrate concentrations (0.1-10 Km) should be used to 

determine Km and Vmax- An initial experiment with a limited number of data points that 

spanned a broad range of substrate concentrations was carried out to obtain a rough 

estimate of Km. A substrate solution with an estimated saturating concentration (e.g., 5 

mg/mL) was serially diluted ( 10 X, 100 X, and 1,000 X) to give a series of solutions with 

varying substrate concentrations. Two substrate concentration points that gave initial 
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velocity values that differed more than ten fold were used to estimate the rough Km us ing 

the following equation. 

K m(rough) = [SL] ( VH / VL - l) 

Km ----- estimated Michael is Constant 
l 'tt --- -- initial velocity with the higher substrate concentra tion 
vL - ---- initial velocity with the lower substrate concentration 
[SL] ----- the lower substrate concentration 

2.9.4.3 Determining Km and kca.lKm 

Based on the estimated Km va lue, the substrate concentration range used was narrowed to 

between 0.1 and 8 Km (e.g., 1/8, 1/4, 1/2, I, 2, 4 and 8X Km) to obtain a larger numbe r of 

data points for more accurate Km determination. Assays were perfo rmed in trip lica te. 

In itial rate va lues determined for each substrate concentration (presented in nmo l/min) 

were then fitt ed to the Michae lis-Menten Eq uation (1 ·0 = Vinax[S] / (Km + [SJ) using the 

programme GraphPad Prism R software (Version 5). Fro m these plots va lues of Km and 

Vmax were obtained. The Lineweaver-Burk transform of l/v0 versus 1/[S] was chosen to 

determine Km and Vmax · 

Based o n Mic haelis-Menten kinetics, Vmax data can be converted to give a k cat va lue 

(turnover number) by dividing by the enzyme concentration employed in the assay 

so lut ion. Subsequently, the k ca/ Km ratio, a measure of the enzyme' s cata lytic efficiency, 

can be ca lculated. 

2.9.5 Effects of Metal Ions 

The effects of several metal ions on the activity of rPNGase Sp were investigated. The 

metal sa lts used were CuCh, FeCb, MnCb, NiCh, ZnCh and CdC h. ln order to e liminate 

the poss ible effects of the anio n on the enzyme activity, the same anio n was used where 

poss ible. To avoid the presence of trace amounts of other metal ions that might inter fere 

the assay, Chelex-cheated (Che lex'" I 00 Resin, Bio-Rad) doubly distilled water was used 

to make meta l salt stock solut ions and activity assay buffers. All glassware used was pre

washed w ith 50% HN03 and rinsed w ith Chelex-cheated water to remove any traces of 

meta l ions. Lee and Zhao [27, 29] reported that the recombinant eukaryotic PNGase is a 
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metalloenzyme in which one zinc ion is coordinated by four cysteinc thiol groups. The 

metal is thought to stabilise the enzyme conformation and is thus needed for the enzymatic 

activity. The initial velocity (v0) was measured under the assay conditions used in kinetic 

studies. 

To confirm if the activity of rPNGasc Sp is Zn2
+ -dependent, the enzyme solution was 

extensively dialysed against 50 mM MIB buffer (pH 6.0, I mM TCEP) containing 20 mM 

EDT A with several changes for 72 hours to remove the enzyme-sequestered Zn2+, 
followed by dialysis against the same buffer without EDT A to remove EDT A ions that 

may have bound to the protein. This apo-cnzymc was assayed for dcglycosylation activity, 

and the result was compared with the activity of the enzyme into which Zn2
+ and other 

metal ions were added. 

2.10 Crystallisation Trials 

The goal of crystallization is to produce well-ordered protein crystal s that arc stable and 

large enough (dimensions greater than 0.1 mm along each axis) to provide a diffraction 

pattern when exposed to X-rays. This diffraction pattern can then be converted to an 

electron-density map of the diffracting protein , from which the three-dimensional structure 

of the protein can be modelled [63]. 

2.10.1 Basic Principle 

To form a crystal, protein molecules assemble into a periodic lattice from super-saturated 

solutions. This involves starting with solution of protein with reasonable purity (95-100%) 

at a concentration between 0.5 and 30 mg/mL, and adding precipitating agents ( e.g., 

ammonium sulfate, polyethylene glycol) that reduce protein solubility close to the point of 

precipitation. After a period of time (ranging from a few minutes to several months) , often 

while the concentration of the precipitating agent is being slowly increased, the protein 

may precipitate from the solution in crystalline form in three stages: formation of 

nucleation sites, crystal growth and cessation of growth [64]. 

The two experimental formats used in this investigation to form crystals from protein 

solutions, hanging drop and sitting drop, arc based on vapour diffusion. These methods 
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usmg micro volumes of protein solution are easy to set-up and to monitor. In both the 

methods, a drop of protein solution is mixed with an equal volume of precipitant solution, 

then placed in a scaled vessel above a reservoir of the precipitant. The protein drop and 

reservoir equilibrate through the vapour phase which results in a decrease in the volume of 

the drop - together with an increase in both the precipitant and protein concentrations 

resulting in a supersaturated protein solution. When optimal levels of the protein and 

precipitant concentration arc reached, crystal nucleation may occur followed by crystal 

growth (Figure 2.4) . 

protein 2µ1 + 
reservoir 2µ1 coverslip & grease 

~ l T 

)~o 
# 

reservoir 
- 1m I 

grease & coverslip (or tape) 

i l 
protein 2µl + HiO 
reservoir 2µ1 

reservoir 
- 1ml 

~ 

Figure 2.4 The hanging drop (left) and sitting drop (right) methods of protein crystallisation. 
In both the methods, a reservoir of precipitant soluti on was equilibrated aga inst a drop of protei n 

soluti on ( 1/2 protein soluti on plus 1/2 precipitant soluti on) hanging on a siliconi sed glass cover slip 
(left) or sitting on a pedesta l above the reservoir solution ( right) in a sealed system. Equilibrium was 
reached through the vapour phase. (Fi gure crea ted by Airlie J McCoy, Uni versity of Ca mbridge) 

The success ful production of protein crysta l is dependent on a variet y of intrinsic and 

environmenta l factors because so much variation exists among proteins. Factors that may 

affect the protein crysta llisation arc protein purity and concentration, temperature, pH, 

presence of metal ions (e.g. , Mg2
+ , Ca2J, ligands or cofactors, the addition of small 

amounts of miscible organic solvent (e.g., dioxan, aliphatic diols) , types of precipitant, 

buffer type or ionic strength. Finding out an optimal combination of crystallisation 

conditions for an individual protein is a procedure of trial and error. 
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2.10.2 Setting up crystallisation trials 

1) Protein sample preparing: Fresh rPNGase Sp sample purified by SEC (section 2.5 .5) 

was diluted to - IO mg/mL ( containing l X Completc-r" Mini protease inhibitor) , then 

centrifuged at the 14,000g in a bench-top micro-centrifuge at 4 °C for 15 minutes to 

remove any possible particulate matter. When the protein sample had been stored at -80 °C 

was used, it was heated at 37°C for 5-10 minutes, cooled on ice, then centrifuged at 4 °C for 

15 minutes before crystallisation trials were set up. The purpose of this pre-treatment was 

to remove any misfoldcd or partially damaged protein molecules and therefore to increase 

the homogeneity. 

2) Sitting drop method: Vapour diffusion sitting drop method was used in the initial screen 

of crystallisation conditions, where the Structure Screen 1"' and 2'", PACT premier"' 

(Molecular Dimensions Ltd.), Crystal Screen"' and Crystal Screen 2'" (Hampton Research) 

kits were used to cover a number of combinations of crystallisation conditions including 

pH , buffers, and precipitant. The initial screening conditions (more than 200 combinations) 

provided by these kits arc selected from known and published crystallisation conditions 

using sparse matrix sampling methodology [65] , which a llows samp ling of a wide range 

of pH, buffers and precipitants using the minimum number of experiments . 

For screening tria ls, 96-wcll plates (Greiner Bio-one) were used. 0.5 ~LL of protein sample 

was mixed with 0 .5 µL of precipitant solution and placed in a small well above a 100 µL 

reservoir of precipitant solution. The plates were well scaled with tape (Cystalclcar) and 

left at room temperature . The drops were monitored under a microscope and changes 

recorded daily during the first week and weekly afterward. 

3) Hanging drop method: Fine screening around any conditions that provided micro

crystalline precipitates or phase separation in initial screening was carried out using the 

hanging drop method. In this method, 24-wcll ( 4 X 6) VDX plates (Hampton Research) 

were used. l µL of protein sample was mixed with I µL of precipitant solution on a 

sliconised cover slide. The slide was then sealed up side down with Vaseline over a well 

containing l mL of precipitant solution. The hanging drops were monitored in the same 

way as sitting drop method. Normally, in 4 X 6 matrix, the pH was varied from left to right 
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and the precipitant or salt concentration from top to bottom with certain increments. All 

the solutions used in the hanging drop screening were made up with double distilled water. 

The formulations of the commercial screen kits can be obtained from the following links: 

Structure Screen 1 "': 

http://www.moleculardimensions.com/us/datasheets/md 1-0 l .htm 

Structure Screen 2 "': 

http://www.moleculardimensions.com/us/datasheets/md 1-02.htm 

PACT premier'": 

http://www.moleculardimensions.com/us/datasheets/MD 1-29 .pdf 
r\1 

Crystal Screen : 

http://www.hamptonresearch.com/assets/products/attachments/0000000001-000000007 5. pdf 
"1 

Crystal Screen 2 : 

http://www. hamptonresearch. com/ assets/products.1attachments/0000000002-000000008 5. pdf 

Additive Screen1 ' 1: 

http:/ lwww.hamptonrescarch.com/assets/products/attachments/000000002 7-000000046 7. pdf 
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Plasmid 

pProEX._lffhj'NG 

pET32a_ IITl3ll 

pSUMO BXH 

pMal CHTBII 

Table 2.1 Plasmids used in this study 

Description 

The vector carries Amp
1
~. Ilis·t,1g, TEV ckavagc site and full length I'NUJ.)JJ gene (NCBI 

database accession ~o. AUU l X52. Appendix I). 

A modified version tlf pl:T32a \'Cclor (!\'ovagc.·11
111

) for c.,pression of peptide sequences 

fused with the l09aa Trx·tag (thiorcdoxin), a llis·tag and a TEV cleavage site at its N
terminus. It carril's the ampicillin resistancL' gene. Sec appendix II ror details. · J JTBf I' 
designates l-lis-tag. TEV site. Ram/ii and l!indl/1 restriction sites respectively. 

The vcctnr is a modific:ition of the pFT32:i vector ('\Jovage,t
1

) in 1,,vhich the DNA encoding 

frlr the Trx l:!ene is replaced with the SUMO protein (l)3aa) amplified from the Invitrogc11
1

"

1 

Champion
1

'

1 

pFT SL;Mo vector. The protein produced with this vector carries a His·tag and 

SL'MO at its N-tenninus. The fusion can be cleav1..;d from thf SUMO protease (ULPI) 
cleavage site. It carries the ampicillin resistrncc gene. ·BXII' designates three restriction 
sites immediately dmvnstrea111 from thi: SL;Mo sequence. Tlwy are 8uml-11, ,\'bul and 
llim/111 respectively. 

A modified version of pMa!-C2(i vector ("'.'Jcv,. lingland Bio Labs 
1
') for expression of peptide 

sequences fusc<l. with the E. cu/; maltose binding. protein (MBP, encoded by ma!E gene, in 
which the :\/-terminal periplasmic signal sequence lus been deleted). The protein produced 
with this vector carries a His·lag and a TFV clc,.nagc site at its '.\J·-krminus. It also contains 
the ampicillin resistance g1..'llC. 'Cl ITHJ 1 · stand\ !'or cytosolic, l lis-tag, TFV site, Rom/fl and 
!lindlll restriction sites respcctiH:ly. 

'
1 Institute of Molecular RioSciences, Massey University', Palmerston i\'orth, Nev,· Zealand 

- __ ., __ 
Source 

lnvitrogen 

Produced by 
Or. Rose Browna 

Produced by 
Mr. Trevor Loe/ 

Produced by 
Mr. Trevor Looa 
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Strain 

Xll -Blue 

Origami B (DE3) 

Origami B (DE3) pLysS 

Origami B (DE3) plac! 

Origami B (DE3) 
pGroEUS 

Rosetta (DE3) 

BL21 (DE3) 

Table 2.2 £. coli strains used in this study 

Genotype 

RecA endAI gvrA96 1hi-l h,dR/7 
sup£44 re/A I lac [F' pmAB /uc/'1 Z 
tJM/5 Tn/0(Tet')] 

F- ompT hsdS8 ( r 8 m8 ) gal dun lac YI 
ahpC gor512::Tn /0 (TcR) 1nB::kan 
(DE3) 

F- ompT hsdS8 (r 8 m8 ) gal du n lac YI 
ahpC gor522::Tn/0 (TcR) 11:rB::kan 
(DE3) pLysS (Cnl) 

r ompT hsdS8 (r 8 mfl ) gut du n lac YI 
ahpC gor522::Tn !0 (TcK) 11:rB::kan 
(DE3) placl (CmK) 

F- ompT hsdS8 (ru- m 11 ) gal dun lacl' I 
ahpC gor522::Tn/0 (TcR) ln B::kan 
(DE3) GroEUS (Cnl) 

F" ompT hsdS8 (r 8- 1118 ·) gal du n lac YI 
(DE3) pRARE6 (Cnl ) 

r umpT hsdS8 (r 8- 1118 ) gal dcm (DE3) 

Description 

I !igh c fli cie ncy cloning strain: tetracycline res istant 

General expression host: contains Tuner lac permease mutation and 11:rB/gor 
mutations for cytoplasmic disulfide bond formation. Tet (1 2.5 µ g/ml), Kan 
( 15 ftg/ml) 

I !ig h-stringency expression hos t: conta ins Tuner lac permease mutation and 
1rxB/gor mutations for cytoplasmic disulfide bond formation: and compatibl e 
plasmids (pLysS) that provide a small amount of T7 lysozyrne to control 
basal level o f expression. Tet ( 12.5 µ g/ml), Kan ( 15 ~tg/ml), Cam (34 µ g/ml) 

I !igh-s tringency expression host: contains Tuner lac permease mutation and 
1rx8/gor mutati ons for cytoplasmic disul fide bond formation: and a 
compatible pLac! plasmids that suppl y lac repressor to control basal level of 
express ion. Tet ( 12.5 µ g/ml), Kan ( 15 µ g/ml), Cam (34 µ g/ml ) 

Expres~ion host: contains Tuner lac pe1111ease mutation a nd m;B/gor 
mutat ions for cytoplasmic disulfide bond formation: and compat ible 
pGrol:US plasmid~ that provide bacterial GroEUGroES protein folding 
system. Tet ( 12.5 µ g/ml), Kan ( 15 µ g/ml), Cam (34 µ g/ml) 

General ex pression host: lac permease mutation allows con trol of expression 
le vel , provides rare codon tRNAs through compatible pRARE" plasmids. 
Cam (34 µ g/ml) 

General purpose expression host. No antibiotic resistance 

• Institute of Molecular BioSciences, Massey Uni versity, Palmerston North, New Zea land 

Source 

I M 

Novagen 

IM 

Novagen 

IM 

Novagen 

IM 

Novagen 

Produced by Mr. Trevor 
Loo• (pGroEUS was 
kind git1 from Dr. Mark 
Patchett") 

IM 

Novagen 

IM 

No vagen 
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Chapter 3 - Results and Discussion 

3.1 Molecular Cloning 

The full-length PNGJ gene from S. pombe (PNC!Sp) had been previously cloned and 

expressed in a prokaryotic host (£. coli) in our laboratory using a pProEX ,." expression 

vector (Invitrogcn, Inc.). The gene product was however insoluble. When the gene was 

cloned into the pET32(+)"' vector (Novagcn, Inc.) and expressed as a thiorcdoxin-fused 

protein, the product had good solubility in aqueous solution and could easily be cleaved 

from the hexohistidinc tag to produce soluble recombinant PNGasc Sp (data not shown) . 

There were, however, about 27 extra amino acids residues on the -terminus of the 

expression product due to vector design, which is not desirable for three-dimensional 

structure determination. In order to avoid the insertion of extra amino acids at the N

tcrminus of the gene product in this study, the PNC 1 Sp gene was re-cloned into a 

modified pET32a(+) vector, pET32a_ HTBH (Figure 3.1 , Table 2. 1, Appendix II) , in 

which the original unnecessary ' His tag-thrombin and S tag-cntcrokinasc sites ' were 

excised and replaced with a sequence encoding a His-tag and TEV site . Because the 5'

cloning site used in this study, is located immediately downstream the TEV protease 

cleavage site, only four extra amino acids remained on the N-terminus of the gene 

expression product after protease cleavage (Figure 3. 1, Appendix II ). 

The PCR reaction using the BamHl site-containing (forward) and HindIII site-containing 

(reverse) gene-specific pnmcrs together with the PNC 1 Sp-carrying plasmid 

pProEX_ HTb_PNC yielded a single product of the expected size for the PNGase Sp 

encoding region (- 1 kb ; Figure 3.2 a) . This was cloned into the plasmid pET32a_ HTBH, 

which was subsequently successfully transformed into XLl-Bluc cells (Table 2.2) as 

shown in Figure 3.2 b. DNA sequencing of the plasmids (pET32a_HTBH_PNGJ) 

produced from the XLI-Blue transformants confirmed that there were no errors in the 

recombinant PNC 1 Sp gene sequence ( data not shown). 
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Figure 3.1 Cloning strategy The pET32a(+) vector was modi fied to yield pET32a_HTBH vector, 

in which the ori ginal sequence encoding a His-tag, thrombin site, S-tag and enterokinase site was 

excised and replaced with a sequence encoding a Hi s-tag and a TEV site. The PNG /Sp gene was 

amplifi ed from the pProEX_HTb_P NG / vector using BamHl-containing (forward) and HindIII
conta ining (reverse) gene-specific primers and cloned into the pET3 2a_HTBH vector using the 

same restriction sites . It was heteroglogously produced in E. coli ce ll s as a thioredoxin

hexohistidine-fused protein. 
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Figure 3.2. a) PCR amplification of PNG/Sp. The PNG I gene was amplified from the 
pProEX_HTb_PNG / plasmid using gene-specific forward and reverse primers resulting in a I kb 

product (lane I) as visualized by I% Agarose gel electrophoresis. lane 2, positive control ; lane 3, 
negative control (without the template DNA). b) Whole cell PCR result of colony screening. Seven 
XLI-Blue colonies ( corresponding to lane I -7) were cu ltured overnight and then lysed. The 

supernatant of ce ll lysates containing DNA was used as templ ate in whole cell PCR. The primers used 
were a plasmid-specific forward and a gene-speci fie reve rse primers. The size of the band in lane 7 is 

consistent with it being the insert pl us Laci and fus ion tag sequence (total ly 1.4 7 kb), thus the culture 
corresponding to lane 7 was used for plasmid purification. 

3.2 Expression in Origami B (DE3) Strain 

Small-scale expression trials showed that the Trx-His-TEV-PNGase Sp fusion protein 

could be overproduced in Origami B"' (DE3) cells using the pET32a_HTBH_PNG / 

vector (Figure 3.3, Lane 8). The recombinant fusion protein was soluble ( > 90%) and 

easily recovered from the cell lysate as shown in Figure 3.4 (the detectable amount of 

rPNGase Sp in cell pellets was due to incomplete lysis) . [t was likely that the presence of 

the N-terminal fused Trx-tag contributed to the high solubility of the gene product. The 

Trx-tag 's DNA sequence encodes a disulfide reductase, thioredoxin, which catalyses the 

formation of disulfide bonds in the cytoplasm of£. coli strains that carry mutations in 

thiorcdoxin reductase gene (trxB) and glutaredoxin rcductase gene (gor) [66]. Considering 

that PNC I Sp encodes a eukaryotic cytosolic protein, which theoretically should not 

contain disulfide bonds, the solubility of the protein in Origami cells is hard to explain. 
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Nevertheless, rPNGase Sp was overproduced with high solubility. Interestingly, previous 

studies had shown that soluble PNGases require the presence of reducing reagent such as 

DTT for activity in vitro [4], indicating that free thiols arc crucial for the proper folding 

and/or catalytic activity of the mature enzyme. Moreover, results showing the effects of 

the reductant TCEP on the activity of rPNGase Sp in this study (section 3.8) indicated that 

all the nine cysteine residues in rPNGase Sp should stay in their reduced state for 

maximum activity. Results of structural studies on recombinant mouse and yeast S. 

cerevisiae PNGases showed there were no disulfide bonds in the mature enzymes [27, 29). 

It is likely that the N-terminal thioredoxin fusion partner enhanced the solubility of 

rPNGase Sp acting as a chaperone to prevent disulfide bond formation. On the other hand, 

the solubility of the fusion protein might be because of the solubility of thioredoxin itself. 

Activity assays showed however that the fusion rPNGase Sp was active (Figure 3.5), 

indicating that the protein was correctly folded mto its native conformation in the 

cytoplasm of Origami'" B (DE3) cells. 

kDa 

97.4 

66.2 

45.0 

31.0 

21.5 

14.4 

2 3 4 5 6 7 8 

Sp 
(m.w. -54.3kDa) 

Figure 3.3 SOS-PAGE analyses of the whole cell samples of IPTG induced expression of 
PNGase Sp in Origami B (DE3). Lane l, molecular weight maker (low range); Lane 2, cells 

carrying empty pET32a_HTBH vector; Lane 3, uninduced cells; Lane 4-8, cell samples taken at 0, l, 

3, 6 and 16 hours respectively after IPTG-induction (the final concentration ofIPTG was 0.5 mM). 
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kDa 2 3 4 5 6 7 8 

97.4 -

~ Trx-H is- PNGasc Sp 

Figure 3.4 Solubility analyses of rPNGase Sp produced in Origami B (DE3) cells at 25 °C The 

Origami B cells shown in Fi gure 3.3 which strongly expressed recombinant PNGase Sp were lysed 

by sonica tion. The so lubl e and insolubl e fractions were then separated by centrifugation before 

being loaded on a 12% SOS pol yacrylamide gel. Lane I , molecular weight maker; Lane 2, whole 

ce ll s afte r lysis by sonicati on; Lane 3, the soluble fraction (supernatant): Lane 4, the insoluble 

fraction (pell et); Sample size for Lane l-4 was 15 µL. Lane 5-8, same as Lane 1-4 except that the 

sampl e size was 3 µL so that the double band is more eas ily seen. 

"41 ·PNG::20 
~ l2 PNG:.19 
~ !] - PNG ::21 

1,00 -~'4 ! NG::9 

80 

60 
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Subs· PNGaseSP 
Subs Only 

Subs·PNGaseF 
PNGaseSP 

6 3 7 5 88 10.0 11 3 12.5 13.8 

UV \-1S 1 
UV \-1S 1 
UV \.1S 1 

UV \-1S 1 
w-A...214nm 

16.0 

Figure 3.5 PNGase activity assay Shown is the data from a discontinuous H PLC assay. An I I-mer 

glycopeptide substrate (Sub) was incubated overnight at 25 'C wi th rPNGase Sp from IMAC 

chromatography. The reaction products were separated by HPLC using a C 18 RP column. The 

detection wavelength was 214 nm. The peak (retention time: 14. 13 minutes) in the Sub+ P Gase Sp 

reaction (black line), that is absent in the Sub only and PNGase only controls, represents the product 

(deglycosylated substrate). The retention time of this peak coincides well with that of the product peak 

in P Gase F reaction (blue line, positi ve control, The product of PNGase F reaction has been 

previously confirmed by mass-spectrometry), indicating tha t identical cleavage reacti ons have 

occurred. 
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A large-scale expression was, therefore, carried out using Origami B (DE3) as the host 

strain. After induction with 0.5 mM IPTG and cultivation overnight at 25 °C, SOS-PAGE 

analyses of the cell lysatc combined with an activity assay showed that the gene product 

was soluble and active (data not shown), indicating that the Origami B (DE3) expression 

system can be easily scaled-up to one litre of total culture with a reasonable protein yield. 

3.3 Purification of rPNGase Sp 

The N-terminal hexahistidine-tag (His6) allowed easy affinity purification of the fusion 

rPNGase Sp using immobilised metal affinity chromatography (IMAC). IMAC resulted in 

a significant purification of the protein as shown in Figure 3.6 a, lanes 5-8 . However, the 

band seen in lane 5-8 were actually comprised of two partially overlapping single bands 

that were calculated have a size difference of approximately 2.3 k.Da using a standard 

curve ; the higher one: ----- 59.2 k.Da, the lower one : ----- 56.9 kOa. This difference, which was 

more obvious when a smaller amount of sample was loaded on to the SOS polyacrylamide 

gel, could not be confirmed by mass spectrometry (section 3.5.1 ). Since the calculated 

mass of the fusion protein is 54.3 k.Da, it is more likely that the lower of the two-bands 

was Trx-His6-fused rP Gase Sp . One possible reason for the double-bands is that some 

population of the fusion protein might bind metal ions such as Ni2
+ ions during the IMAC 

purification step , affecting the charge of the protein and its migration on SOS 

polyacrylamide gels. Extensive dialysis of the samples against EDTA did not, however, 

result in a single band on SOS-PAGE. Another possible reason is that a population of the 

protein trapped some phosphoric acid from the buffers (originally, phosphate buffers were 

used, but Tris buffers were used) used in the purification and the trapped acid could not 

easily be removed, resulting in the apparent heterogeneity of the PNGase Sp on SOS 

PAGE [ 67). This was discounted because: 1) the recombinant protein showed 

heterogeneity on SOS polyacrylamide gel at an early stage of expression before any 

purification (Figure 3 .3, whole cell sample) ; 2) the protein still showed double-band when 

Tris-HCI buffer was used instead of phosphate buffer during lysis and IMAC purification. 
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Figure 3.6 SDS-PAGE analyses of the samples taken at various purification stages a) l'.\1AC 
purification of the fusion rPNGase Sp from cell lysate using a Ni2~ charged-chelating sepharose 

column. Lane I, molecular mass marker; lane 2, material loaded on the column; lane 3, flow-through; 

lane 4, fraction eluted with 40 mM imidazole; Lanes 5-6, fractions eluted with 60 mM imidazole; 

Lanes 7-8, fractions eluted with 250 mM imidazole. b) rTEV cleavage of the fusion protein. Lane 1, 

negative control (reaction without rTev Protease); lanes 2 and 3, fusion protein plus rTev protease after 

overnight incubation at 25 ; lane 4, molecular mass marker. c) 2nd IMAC purification after rTEV 
cleavage. Lane l, molecular mass marker; Lane 2, load; Lanes 3-8, washes containing rPNGase Sp; 
Lanes 9-10, eluted fractions containing the rPNGase Sp-Trx fusion and the released Trx-His6 tag. 

The fusion protein was then cleaved using rTEV protease, which removed the Trx-His6-

tag from the N-terrninus of rPNGase Sp. The reaction was more than 90 percent 

completed after incubation overnight at 25'C (Figure 3.6 b). A loss of approximately 13.6 

kDa in mass was consistent with the loss of the fusion partner (Trx-His6 tag; 14.8 kDa). 
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The cleavage product, however, remained as two bands on SOS polyacrylamide gels, 

while the thioredoxin-hexahistidine-tag was clearly a single-band. These results strongly 

indicated that both protein components of the double band were recombinant gene 

products that must differ by extra sequence at their C-terminus. Such a difference might be 

caused by early termination during translation due to the presence of rare codons in the 

PNG I Sp gene, or by ribosome read-through the first stop codon and termination at a 

second one 60 bp downstream (Figure 3.9; Appendix II). Comparison of the codon usage 

between E. coli and PNG I Sp gene showed, however, that there arc few rare codons in the 

gene. Moreover, the difference in apparent molecular mass between 'two' gene products is 

about 2.3 kDa, which is close to (although not equal to) the peptide mass (1.83 kDa) 

calculated from the sequence between two stop codons. Taken together, it is possible that 

stop codon read-through during translation resulted in dual products. Another possibility is 

that a very specific proteolytic activity cleaves a portion of the polypeptide chain from the 

C-terminus of the protein. This however, was deemed to be unlikely as there was no 

evidence of farther proteolysis with time and the addition of Complete"' protease inhibitor 

to the cell lysis buffer had no effect on reducing the amount of double banding (data not 

shown) . 

Despite the apparent heterogeneity of rPNGase Sp, the cleaved protein was further 

purified using !MAC. As can be seen from Figure 3 .6 c, the cleaved rPNGase Sp (Lanes 3-

6) could be easily separated from both the released Trx-His6 tag and un-clcavcd fusion 

rPNGase Sp (Lanes 9-10). Trace amounts of fi.tsion protein were observed in the wash 

(Lanes 3-4) and the early elution fractions (Lanes 9-10) . This was probably due to non

covalent interaction between the fusion protein and cleaved rPNGasc Sp. As expected, the 

double-band was still observed for both the cleaved (Lane 6) and fusion (Lane 9) proteins. 

Apart from the double band, no other bands were observed in fraction 5, indicating the 

enzyme was suitable for kinetic characterisation. 

For crystallisation, a final purification step using size exclusion chromatography (SEC) 

was required. The resin used was Superdexrn 75 (GE Healthcare) , which is optimized for 

separating proteins with molecular weight between 3-100 kDa. The buffer used was l 0 

mM HEPES (I rnM TCEP, l rnM EDTA, pH 7.5). The purpose of this step was to remove 

any minor contaminants such as trace amounts of rTEV, and/or other proteins that may be 

non-specifically bound to rPNGase Sp, and improperly folded rPNGase Sp. The results of 

55 



Chapter 3 - Results and Discussion 

SEC are shown in Figure 3.7 . rPNGase Sp was eluted from the Superdex' M 75 column as a 

single peak. SDS PAGE analyses of the peak fractions showed the fractions with the 

highest protein concentration contained a second band of lower molecular weight (Lanes 

C4, CS and C6). This band co-eluted with the target protein as it did in the 2nd IMAC 

(Figure 3.6 c, Lane 4) . At this point, further separation was not attempted to avoid the 

potential effects of protein aging. Instead, further investigations into the origin of the two 

bands were undertaken. 

-,-....... -. .,- - ....... - , _.....,.., .... -.- .... - _______ ,. -=- -

a 

kDa M C I C2 C3 C4 CS C6 C7 C8 C9 

97.4 
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21.5 

14.4 ,. 

b 

Figure 3.7 Size exclusion chromatography of rPNGase Sp. a) Chromatogram obtained during 

SEC run. The UV absorbance at 280 nm is shown in blue and the conducti vity is shown in brown. b) 

SOS-PAGE analyses of SEC fractions of interest. 

A purification table summarising the purification of rPNGase Sp to sufficient purity and 

quantity for enzyme kinetics and structural investigations is sho wn in Table 3.1. 

Table 3.1 Purification Table of rPNGase Sp 

Purification Total Protein Total Acti vity Speci fie Acti vity Yieldb Purification C 

Step ( mg) (unitsa) (units/mg) (%) (Fold) 

Cell Extract 212 .7 11911 56 100 

1st £MAC 57.8 11266 195 95 3.5 

2nd !MAC 35.8 10809 302 91 1.5 

SEC 30.3 9265 306 78 

a One unit of rPNGase Sp is defined as 1 nmol of substrate (FITC-Ova) deglycosylated per 
minute at 25 at pH 6.0. 

b Yield was calculated by dividing the total acti vity of the current step by the total activity of the 
first step and expressed as percentage. 

c Purification, expressed in fold, was calculated by di viding the specific activity of each 
purification step by the specific activity of the previous step. 
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3.4 The Use of Different Expression Hosts and Constructs to Solve the 
Heterogeneity problem 

Several possible reasons were proposed to explain the two bands that characterised the 

recombinant PNGase Sp. 

3.4.1 Premature Translation Termination 

The possibility that the double-band resulted from an early termination of translation due 

to different codon usage between E. coli and yeast S. pombe was tested first. Different 

codon usage between the target and host DNA can have a significant impact on 

hctcrologous protein production. For example, AGA and AGG arc common codons for 

arginine in the yeast gene , whereas they arc rarely found in £. Coli [68]. There arc eight 

arginines arc encoded by AGA and three by AGG in the PNC I Sp gene. So, if these 

codons in the m.RNA of the target gene arc encountered by the ribosomes, the lack of the 

matching tRNAs in £. coli may lead to premature translation termination and, hence, 

truncated proteins or proteins with the wrong sequence [69, 70]. The PNC/Sp gene was 

therefore expressed in the £. coli expression strain Rosctt/" (DE3), which is designed to 

enhance the expression of target proteins that contain rare arginine , isolcucinc, lcucinc, 

glycine and praline codons. Rare codon tRNAs arc produced on chloramphcnicol resistant 

plasmids (pRARE6
) that arc compatible with pET32a vectors (Table 2.2). When produced 

in Rosetta (DE3) cells, the target protein was still double-banded on SOS PAGE both 

before (data not shown) , and after [MAC (Figure 3.8 a), suggesting that the heterogeneity 

of rPNGasc Sp was a lmost certainly not caused by premature translation termination. 

3.4.2 Proteolytic Degradation 

The Origami B (DE3) strain previously used to express PNC/Sp gene 1s a lysogcn of 

bacteriophage "A DE3 and carries a chromosomal copy of the lac! gene encoding the lac 

rcpressor, and the gene for T7 RNA polymerase which is under the control of the [PTG

inducible /acUV5 promoter. IPTG induces expression by displacing the lac reprcssor from 

the lacUV5 promoter, promoting the expression of T7 RNA polymerase, which in tum 

binds to the bacteriophage T7 promoter upstream from the target gene (PNC I Sp) and 

starts transcription. Although the expression hosts and pET32a vectors were engineered to 

control basal level expression of T7 RNA polymerase (both the Origami B and Rosetta 
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strains arc lacYJ (lac permeasc) deletion mutants that enable uniform entry of IPTG into 

cells, and have a lac operator inserted downstream of the vector-encoded T7 promoter to 

reduce leaky transcription), the leakiness of lac-derived promoters such as lacUV5 still 

results in basal level production of T7 RNA polymerase and therefore, the target protein in 

uninduced cells [68, 71] (Figure 3.3, Lane 3). Whether or not rPNGasc Sp is toxic to the 

host cells, premature expression may increase the level of proteolytic degradation of 

rPNGasc Sp, resulting in heterogeneity of the target protein. This is possible because 

although the Origami B (DE3) and Rosetta (DE3) strains arc deficient in the generic 

protease Lon, encoded by lon gene, and lack the outer membrane protease OmpT (encoded 

by ompl), other proteases may act on the target protein. The better way to reduce possible 

proteolytic degradation to the lowest possible level is to concomitantly control basal 

expression and shorten the expression period. Based on this consideration, the PNG 1 Sp 

gene was expressed in Origami (DE3) pLysS and Origami (DE3) pLacl (Novagen, Table 

2.2), at either 25 for 16 hours or 37C for 4 hours. The Origami (DE3) pLysS strain 

contains a compatible chloramphenicol-resistant plasmid (pLysS) that provides a small 

amount of T7 lysozyme which can bind T7 RNA polymerase and inhibit transcription, 

while Origami (DE3) pLacl supplies lac repressors from a compatible pLad plasmid to 

ensure stringent repression in the uninduced state. The results, however showed that the 

double banded product was not due to either the expression system or the gro\\1:h 

conditions used (Figure 3.8 b). 
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Figure 3.8 IMAC purification of the fusion rPNGase Sp produced from (a) Origami B (DE3) 

and Rosetta (DE3), and (b) from Origami (DE3) pLysS and Origami (DE3) pLacl at different 

temperatures. rPNGase was overproduced in all the four£. coli strains (Lane L *: material loaded on 

the column). However, in all cases, rP Gase showed the same double-band character on SOS-PAGE 

(IMAC fractions) . Expression at higher temperature (37 "C' ) for shorter time (4 hrs) showed no 

difference to protein produced in ce ll s grown at 25"C for 16 hours. The rP Gase was sti ll hi ghly 

soluble when expressed at 37"C (comparison between soluble ti-action L * and insoluble fraction P**) . 

3.4.3 Stop Codon Read-through 

Given that the heterogeneity of the rPNGase was not a result of premature termination of 

translation or proteolytic degradation, it is poss ible that stop codon read-through during 

translation may have occurred resulting in two protein products, one longer than the other. 

Although mis incorporation of amino acids at stop codons is rare event (frequency= 10-4 in 

intact cells), read-through does occur in both prokaryotes and eukaryotes [72], and a 
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number of factors are known to influence the efficiency of translation termination. These 

are the stop codon identity and the nucleotide context surrounding the stop codon, the 

identity of the last two amino acids incorporated into the polypeptide chain, and the 

presence of stimulatory elements downstream etc [73]. 

Firstly, the nature of stop codons themselves can result in different degrees of fidelity. The 

UAA sequence has the highest fidelity, followed by UAG, and then UGA which is the 

least reliable having the highest probability of read-through [72]. In this study, although 

the natural stop codon of PNG I Sp (UGA) has been changed to UAA and there are two 

stop codons in the vector pET32a_HTBH_PNG (Figure 3.9, in caption) supposedly with 

high fidelity for translational termination, the results indicated that read-through might 

still be occurring, resulting in two gene products 2.3 kDa different in their molecular mass 

(Figure 3.6 b) . Therefore, one extra stop codon (T/UGA) was inserted between the first 

and second stop codons to make another construct (pET32a _ HTBH _PNG _STOP, Figure 

3.9). Expression of PNG I Sp using this new construct in Origami B (DE3) , did not, 

however, result in a single banded protein (Figure 3. 10). 

It has been recognised that the 3'- nucleotide context of stop codons also influences the 

fidelity of stop-codon recognition [74] . One explanation for this effect is that release 

factors (Rfs) recognise a mR A : rRNA base-paired complex rather than single-stranded 

mRNA, and that the base pairing extends outside the triplet stop codon [75]. For example, 

the six nucleotide sequence CA(A/G)N(U/C/G)A immediately downstream of the 

termination codon can base-pair perfectly with certain regions of the rRNA which may 

destabilise secondary structure in the ribosome, affecting the binding of release factor to 

the stop codon and inducing read-through [76]. From Figure 3.9, it can be seen that there 

is no such a 3' hexanueleotide read-through determinant presented downstream from the 

stop codon (T AA). In E. coli, a wide range of genes show obvious bias in the first base 

immediately downstream from the stop codon (which is referred as the fourth base) , and 

the binding affinity of protein release factors (RFs) to stop codons is affected by this 

fourth base [74]. When Sang Hyeon Kang and coworkers [77] expressed human 

erythropoietin (hEPO) in E. coli BL21 (DE3) using the pET-series vectors, two proteins 2 

k.Da different in molecular weight were produced when the fourth base was G or C. When 

one more stop codon was introduced as UGAUGA to examine the effect ofU as the fourth 

base, read-through still occurred, although the ratio of correct translational termination to 
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read-through decreased from 2: I (G or C) to 4 : I (U). When the fourth base was A, only 

single protein of the expected size was obtained, suggesting that the effect of the fourth 

base on termination efficiency is in the order of A > U > G = C for UGA. For the UAA 

stop codon, a hierarchy of stop signals with the decreasing order of efficiency UAAU > 

UAAG > UAAA/C, has been found in prokaryotes [75]. Thus, the tetranuclcotidc 

termination signal (T AAT) located at the end of PNG 1 Sp gene (Figure 3.9) should have 

relatively high termination efficiency, making read-through unlikely. 

(a) pET32a_HTBH_PNG vector: 

Bam H I PNG I 0 ene Hind ITT 
··· ···GGA TCC ATG· ···· ······ ··· ····GGA AAA TAA TTG TAA GCT TGC GGC CGC ACT CGA GCA 

CCA CCA CCA CCA CCA CTG AGA TCC GGC TGC TAA······ 

(b) pET32a_HTBH_PNG_STOP vector: 

Bam H I PNG I gene I Hind Lil 

· ·····GGA TCC ATG·--··· ········ ····GGA AAA TAA TGA TAA GCT TGC GGC CGC ACT CGA GCA 

CCA CCA CCA CCA CCA CTG AGA TCC GGC TGC TAA······ 

Figure 3.9 Part sequences surrounding the stop codons in the original and newly constructed 

recombinant plasmids. (a) Original pET3 2a_HTBH_PNG vector; (b) Newl y constructed 

pET3 2a_HTBH_PNG_STOP vector. The PNG J gene was cloned into BamHl and Hindlll restri ction 

sites. The T AA stop codon located - 60 bp downstream of PNG I came from the vector 

pET3 2a_HTBH . 
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Figure 3.10 Expression trials using Origami B (DE3) with the pET32a_HTBH_PN G_STOP 
vector. The expression of PNG J gene was induced with either 0.2 mM or 0.5 mM of IPTG, and 

incubated at 16, 25 and 37°C respecti vely. Whole cell samples were taken at 0, I, 3, 6 and 16 hours 

(overnight) after induction. M: molecular weight marker; Emp: cells transformed with empty vectors; 

Uni: uninduced cel ls; 0 /N: overnight. 
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The 5 ' nucleotide context of the mRNA is also thought to affect the translation 

termination efficiency both in eukaryotes and prokaryotcs, and may mediate read-through 

via direct interaction between the P site tRNA and release factor 1 (RF 1) or indirect 

interaction the ribosome (75 , 78]. Interestingly, Sanaa Tork and coworkers [79] reported 

that the presence of two adenines immediately upstream of the stop codon plays a major 

role in translational read-through in S. cerevisiae. They proposed that the presence of two 

adenines upstream of the stop codon induces structural modification in the ribosomal P 

site, possibly through their high stacking potential, which is then transmitted to the 

ribosomal A site. Consequently, competition between the RF 1 and/or RF3 and the natural 

suppressor tRNA is displaced in favor of read-through. A similar mechanism is thought to 

be used in £. coli. lf this theory is applicable, the two adenines immediately upstream of 

the first (TAA) and the second (TGA) stop codons in the PNC /Sp gene (Figure 3.9) might 

contribute to possible read-through. How the third stop codon was also skipped to give 

such a high read-through ratio (two bands that arc comparable in their intensity on SOS 

polyacrylamidc gel) is, however, hard to explain. 

Lastly, if a bacterial selenocysteinc insertion sequence (bSECIS), which can form 

localised specific mRNA hairpin secondary structure , happened to exist do wnstream the 

UGA codon, the stop codon may be decoded as sclcnocystcinc (the 21 st amino acid) (73]. 

This possibility was not examined, because there were two UAA stop codons fl anking the 

UGA codon (F igure 3.9) , making it unlikel y. Taken together, the possibility that stop 

codon read-through caused dual products during expression of PNC I Sp was quite low. 

3.4.4 The Use of Alternative Vectors and Fusion Partners 

Two other constructs: pSUMO_BXH_P NC / and pMal_CHTBH_P NC/ , were also made 

in this study in an effort to remove the heterogeneity of the protein product. 

The pSUMO _BXH vecto r (Table 2.1 ) adds a hexahistidinc tag and the SUMO protein at 

the N terminus of the recombinant proteins. SUMO (small ubiquitin-related modifier, 93 

amino acids) has been shown to modulate protein structure and function by covalently 

binding to the lysine side chains of the target proteins in eukaryotes (80]. It was reported 

that a number of 'difficult-to-express' proteins have been heterologously produced in E. 
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coli yields and remarkably enhanced solubility as SUMO-fused proteins m E. coli 

compared to using conventional tags such as glutathione S-transfcrase (GST), maltose

binding protein (MBP) and thioredoxin (Trx) [81, 82]. How SUMO fusion enhances 

expression is not known, but it has been proposed that the tightly packed and rapidly 

folding structure of SUMO enables it to act as a nucleation site ( ' priming' effect) for the 

folding of the C-terminally fused target protein, promoting proper folding and enhancing 

solubility. A distinct advantage in using the SUMO fusion system is that the SUMO can 

be cleaved at its C-terminus with remarkable fidelity and efficiency by ULP I, a natural 

SUMO protease that recognises the tertiary structure of SUMO, not a linear amino acid 

sequence like the other more commonly used proteases. This has two advantages: I) the 

protease will not erroneously cleave within the target protein; 2) protease cleavage sites do 

not need to be engineered between SUMO and target protein, allowing the generation of 

recombinant protein with a native -terminal sequence, which is desirable for structural 

analyses [81]. 

The pMal_ CHTBH vector (Table 2.1) carries an £. coli maltose binding protein (MBP, 

encoded by the ma/£ gene) , a His-tag and a TEV cleavage site at its N-terminus. The 

fusion protein can be purified using either amylose or Ni2+ affinity chromatography. As 

mentioned in last section, it is possible that the local mRNA secondary structure 

downstream of the stop codon may perturb the nom1al decoding of the stop codon, 

resulting in read-through or a frame-shift [83]. Because it was not easy to test whether this 

specific secondary structure was formed in the target m.RNA produced from 

pET32a_HTBH_PNG 1, a modified version of pMal_ C2G vector (New England 

BioLabs'F), pMal_ CHTBH, was used. This vector has a different sequence downstream 

from the multiple cloning sites, so should be unable to promote the localised secondary 

structural elements discussed above. 

Although the exact reason for heterogeneity of rPNGase Sp had not been identified, these 

two different constructs were tried to see if a homogeneous product would result. 

Unfortunately, both the SUMO- and MBP- fused recombinant PNGase Sp were still 

double-banded on SDS-PAGE (Figure 3.11). 
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Figure 3.11 a) Expression of the PNGJ gene in E. coli BL2l(DE3) strain using the 

pSUMO_BXH_PNG_STOP plasmid. Expression was induced with 0.5 mM IPTG followed by 

incubation with shaking at different temperatures for either two hours or overnight b) Expression of 
the AVG/ gene in Origami(DE3) and BL21(DE3) strains using the p'.Vlal_CIITBH_P:VG_STOP 
plasmid. Expression was induced with 0.5 mM IPTG followed by incubation with shaking at 25'C 

for either 2 hours or overnight. M: molecular mass marker; Emp: cells transformed with empty 

plasmid; Cni: uninduccd cells; inset: a close-up view of the double band. Both the SCMO- and 

MBP- fused rP:-,;Gase Sp showed heterogeneity (double-band) on SOS-PAGE ( 12% acrylamide). 
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3.5 Anomalous SOS-PAGE Behaviour of rPNGase Sp 

Since all the measures mentioned in previous sections failed to solve the problem of the 

'double-banded protein', we started to suspect the identity of the expression product even 

though the enzyme preparation was shown to have PNGasc activity. HPLC purification 

followed by mass spectrometry (MS) analyses was therefore performed to determine the 

exact mass(es) of the double-banded protein(s). Peptide-mass fingerprinting was also 

carried out to confirm the identity of the expression product. The results of these analyses 

demonstrated that the protein preparation was homogeneous and the gene product was 

indeed rPNGase Sp. Moreover, it was found that the rPNGasc Sp migrates anomalously 

on SDS-PAGE, which may be related to the rcdox state of its cysteinc residues. 

3.5.1 Mass spectromet111 analyses of rPNGase Sp 

[f the rPNGase Sp preparation was indeed composed of two proteins corresponding to the 

double bands on SDS polyacrylamide gel, two mass peaks with different mass to charge 

ratio (m/z) should be observed in the mass spectra. The rTEV cleavage mixture was 

therefore further purified using HPLC and the eluted fractions containing either double

banded protein (Figure 3.12 a; Lane I) or the released fusion tag (Lane 6) were collected 

for ESl-MS analyses. The results of mass spectrometry showed that the sample containing 

the double-banded protein was homogeneous, as there was only one peak produced 

(Figure 3. 12 c) , with an observed mass of 39442.0 Oa, exactly the same as the calculated 

mass of rPNGase Sp (3944 1.9 Oa). Considering the relative ratio between the intensities 

of two bands on SOS polyacrylamidc gel as well as the high intensity/abundance of the 

mass peak (39442.0 Oa) in the mass spectra, it is unlikely that the concentration of the top 

band was too low to be detected , confirming that the sample was homogeneous. 

Meanwhile, the mass ( 14.7 kDa, Figurc3.12 b) of the fusion tag also matched well with 

the calculated one ( 14.8 kDa). These results demonstrated that the two apparently mass

different protein species visualised on SDS-PAGE had the same molecular weight, and 

strongly suggested they were the same protein. However, what caused the double-band 

pattern ofrPNGase Sp on SOS-PAGE needs to be examined. 
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Figure 3.12 a) HPLC separation of rTEV cleavage mixture. The rTEV cleavage mixture was 

separated using HPLC (C-18 column, 250 X 4.6mm; A 40-minute gradient elution from 10% 

acetonitrile / 0.1% TFA to 100% acetonitrile / 0.08% TFA; Flow rate of lmL/min; Detection at 214 

nm) . Lanes l-7 : fractions eluted from the HPLC C-18 column; both the fraction corresponding to 

Lane I which contained double-banded protein and the fraction corresponding to Lane 6 which 

contained the released fusion tag were collected for mass-spectrometry analyses. Lane 8: the 

material (rTEV cleavage mixture) loaded onto the column. b) ESl-mass spectra of the sample 
containing released fusion tag. The determined mass for the released tag was l 4.7 k.Da that was 

close to the calculated value, 14.8 k.Da. c) ESl-mass spectra of the sample containing the double
banded protein. A single peak was observed in the deconvoluted spectrum at 39.442 k.Da, which 

agrees with the calculated value. 
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3.5.2 Anomalous SOS-PAGE Behaviour of rPNGase Sp Was Related to the Redox 

State of Its Cysteine Residue(s) 

The heterogeneity of recombinant proteins can result from posttranslational modifications 

that may be characteristic of the expression system used. Possible modifications to the 

polypeptide chain include glycosylation, phosphorylation, proteolytic cleavage and 

disulfide bond formation , or may be the result of external factors that occur during the 

culture period or as a result of the subsequent downstream process ing [67 , 84]. Since the 

glycosylation mac hinery is absent in£. coli, and the results of mass spectrometry analyses 

ruled out the poss ibility of proteolysis, we speculated that the apparent heterogeneity was 

related to the disulfide bond formation, hence folding of the rPNGasc Sp. When Michael 

Fountoulakis [ 67] studied the heterogeneity of the E. coli-derived reco mbinant interferon y 

receptors, he found that, upon disruption of the ce lls, both native and non-native disu lfide 

bridges were formed, which caused apparent heterogeneity of the protein on a non

reducing SOS po lyacry lam ide gel (Figure 3. 13). Mispaired disulfides resulted in 

generation of both dimcric and mono meric non-nati ve interferon y receptors. Only 

correc tly folded (the receptor protein includes eight cysteine residues fo rming four 

sequentia l disulfidcs) monomers show liga nd binding activit y. The different forrns of the 

receptor migrated differently on non-reducing SOS-gel, and the use of reducing agents 

during extraction did not decrease the percentage of non-native oligomeric and monomeric 

fo1ms. 

dimer 

native 
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Non-reduci ng 12% SDS-gel 
- 37 

43 
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Figure 3. 13 Size exclusion purified recombinant 
interferon y receptor was further purified using 
Polybuffer Exchange. Protein was eluted by 
applying a NaC l-gradient. Lane I , material loaded on 
the column . Lanes 2-11 , fractions eluted with 0.35 M 
NaCl. Lane 12, prote ins eluted with 0.50 M NaCl. This 
fract ion ma inly includes non-na ti ve forms. The native 
monomers mi grated to 27 kDa, and the monomers 
containing either mi spaired or non-formed disulfides 
mjgrated slightl y slower, between 27 and 30 kDa. 
Adapted from Michael Fountoulakis et al., 1996. 

This is an example of heterogeneity that is molecular weight-independent but disulfide 

state-related, and reminiscent to what is observed for rPNGase Sp. But the major 

difference was that the rPNGasc Sp showed heterogeneity on reducing instead of non

reducing SOS-PAGE. Normally, all disulfide bonds, if any, in proteins should be reduced 
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during sample preparation for SDS-PAGE. As previously mentioned (section 3.2), 

cytosolic PNGases need the presence of reducing agents (at least I mM OTT) for their 

activity in vitro, and it is likely that all the nine cysteine residues stay in their reduced state 

in the native form of rPNGase Sp (section 3.8) [27, 29] . It is therefore logical to speculate 

that, during expression or/and upon cell lysis, one or more non-native disulfides were 

formed in the rPNGase Sp molecules. This is likely, because: (I) the cytoplasm of 

Origami (DE3) has re latively low reducing potential due to the lack of thioredoxin 

rcductase and glutathione reductasc; (2) the reducing agents (5 mM OTT or I mM TCEP) 

present in the buffers might not be sufficiently concentrated enough to keep all the nine 

cysteines reduced, although the Cys residues that arc crucial to PNGase activity (e.g. Cys-

191; four Cys in two CXXC motifs) may remain reduced . We also hypothesise that the 

'mis-formed' disulfide bond(s) help to form a strong, regional hydrophobic folding area, 

which remains impervious to SOS and reducing agents. A similar resistance to SOS and 

reducing agents is seen in the prion protein PrPsC, and amyloid proteins which have been 

shown to aggregate through hydrophobic interactions [114]. If only some populations of 

the rPNGase Sp molecules were totally denatured while others remained partially folded 

when boiled in SDS sample buffer, an apparent heterogeneity would be observed on SDS 

polyacrylamide gels. This is because these two different conformations will have different 

numbers of SDS molecules attached, resulting in different charge/mass ratios . This is 

illustrated schematically in Figure 3. 14. 

efficient reduction 

COOH 

non-efficient reduction 

'----v----' 
st ro ng hydro ph obic fo lding a rea 

Figure 3. 14 Schematic diagra m showing possible differences in the modification of the same 
protein in the presence of SDS and reducing agents. (Left) The tightly packed hydrophobic area 

prevents the access of anion detergent SDS and reducing agent DTT to the inside of the 

hydrophobic folding area and the disulfide bond (s) . (Right) The totally denatured protein. 
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According to this hypothesis, if all the thiol groups in the protein are reduced and 

alkylated so they can no longer form disulfides, the apparent heterogeneity observed on 

SOS-PAGE gels should be eliminated. To test this assumption, both fusion and cleaved 

rPNGase Sp samples that showed obvious double-bands on SOS PAGE were firstly 

denatured and reduced with 6 M guanidine hydrochloride and 10 mM OTT ( I 00 µL of -

15mg/mL protein in 50mM Tris-HCl buffer (pH 8.0) plus 300 µL of 8 M guanidine 

hydrochloride and 22 µL of 0.2 M OTT aqueous solutions) for one hour at room 

temperature . The reduced thiols were then alkylated by the addition of iodoacetamide to a 

final concentration of 55 mM and incubation at room temperature for 45 minutes . After 

desalting by C-18 RP HPLC, samples of each were analysed by SOS-PAGE using the 

same conditions as before. As predicted, both the fusion protein and the cleaved rPNGase 

Sp were presented in a single band (Figure 3.15 a), which migrated slightly more slowly 

than the original double-bands , which was attributed to the change in the proteins as a 

resu It of these procedures. 
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Figure 3.15 a) SOS gels of reduced and alkylated rPNGase Sp. Both fusion and rTEV cleaved 

rP Gase Sp were treated with 6 M guanidine hydrochloride and IO mM OTT at room temperature for 

one hour, then incubated with 55 mM iodoacetamide at room temperature for 45 minutes . After 

desalting by C-18 RP HPLC, samples were ana lysed on a 12% SOS polyacrylamide gel. Lanes I and 

7, marker; Lane 2, untreated fusion rP Gase Sp; Lane 3, reduced and alkylated fusion rP Gase Sp; 

Lane 4 , reduced and alkylated fusion rP Gase Sp after treatment with rTEV protease. Lanes 5 and 8, 

untreated rP Gase Sp after cleavage with rTEV protease; Lanes 6 and 9, reduced and alkylated 

rPNGase Sp after treatment with rTEV protease. Both the fusion and cleaved rPNGase Sp migrated as 

a single band after being reduced and alkylated. rTEV protease was not ab le to cleave the reduced and 

alkylated fusion rP Gase Sp (Lane 4) . The band migrated to - 31 k.Da in Lane 4 was rTEV. b) 

Native-PAGE of the fusion rPNGase Sp. The fusion rPNGase Sp was run on native polyacrylamide 

gel after being mixed with the sample buffers in which either OTT was absent (lane on the left) or 

presented (lane on the right). The protein showed single band on native gel. 
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The results presented here not only support the results of the MS analyses but also indicate 

that the anomalous migration of rPNGase Sp is related to the redox states of its cysteine 

residues. Therefore, the two bands seen on SOS gels arc clearly not a result of an impurity 

in the preparation. Rather they represent two conformations of the single polypeptide 

chain, that are dictated by the cysteinc residues in the protein. rPNGase Sp contains nine 

cysteinc residues, four of which are likely to be involved in zinc (II) ion (Zn2+) binding, 

and therefore arc susceptible to oxidation. [f, during the preparation, or growth of the cells, 

this protein is exposed to any oxidising agent, it is likely, especially in the presence of 

dcnaturants, to form disulfide bonds. Another characteristic of the protein is the large 

proportion of hydrophobic residues (aliphatic index: 57.09, gravy value: 0.966, 11 .3% 

aromatics, 9.9% Leu/[lc). [f disulfide bond formation brings two hydrophobic secondary 

structural clements together, it is possible that an extremely stable structure will occur, 

reminiscent to the prion structure [ 114]. Of course, this will make part of the polypeptide 

chain inaccessible to SOS which will result in an anomalous band in SOS PAGE. The 

results suggest that there arc two favoured conformations and that the populations 

inhabiting each of these conformations can vary (Figures 3.6 b, 3. 7 b and 3. 15 a). The 

native gel (Figure 3. 15 b) supports this theory. The sample without OTT is smeared along 

the length of the lane , suggesting a none-homogeneous population of molecules , whereas 

when OTT is added (without SOS) - a single band is observed indicating that in 

denaturing gels, the difference is related to the number of SOS molecule that arc able to 

associate with protein. Because the appearance of the double bands docs not change with 

the amount of reducing agent added, or the length of the time the samples arc boiled in the 

presence of reducing agent and SOS (Figure 3.16), it is likely that these bonds form in the 

Origami B (DE3) cells, which have lower reducing environment. 

kDa 

97.4 

66.2 

45 .0 

2 3 4 5 6 7 8 9 10 

Figure 3.16 SOS-PAGE analyses of fusion rPNGase Sp samples boiled for varying time (left gel) 
or with varying amount of OTT (right gel). Lanes I and 5, molecular weight marker. Lanes 2-4, 

rP Gase boiled in SDS loading buffer containing 2 x (1.25 M) DTT for 2, 4 and 8 minutes 

respectively. Lanes 6-10, the same sample boiled in the loading buffers containing 2 x, 3 X, 4 x, Sx 

and 6 X OTT respectively for 2 minutes. 
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3.5.3 Expression Product was rPNGase Sp 

To finally confirm the protein identity, the Coomassic stained band corresponding to the 

alkylatcd rPNGasc Sp (Figure 3.15 a, Lane 9) was excised from the gel, and tryptic 

peptides generated from this band were analysed using MALDI-TOF mass spectrometry 

as described in section 2.8.1. MALDI-TOF analyses resu lted in a series of m/z values for 

the peptides (Figure 3.17) which were queried against the NCBI database. For 

identification of the protein, the mono isotopic masses of peptides generated from the band 

were analysed using the search programme MASCOT (Matrix Science) with the NCBI 

database. The search criteria allowed for two missed cleavages and fixed modification of 

carbamidomcthylation of cystcinc residues. The results confirmed that the protein sample 

was P Gase from yeast S. pombe (Match to: T39642 Score: 99). Among 17 mass va lues 

used in searching, there were 11 matched the calculated masses of the tryptic peptides of 

PNGasc Sp (Tab le 3.2) , and the matched peptides covered 34% of the PNGasc Sp 

sequence. 

Figure 3.17 MALDI
TOF mass spectra ofa 

tryptic digest of the 

band corresponding to 

alkylated rPNGase Sp 

sample from Fi gure 

3.15 a (Lane 9) 

Laser energy 48"/,. 
Detector volt age 1799 M 

1-J le,,,:J_I-Q. 1'l (L :u!>: _r I _!'l .:! 't JJ _ I 'll. ::t · ,u ,u JU ;. ;m ('..1G /Y.J UU ' ... rr l. 1:..11 

m: ;SJ2~ 

1::1:J.Jl 

,3533C 
r5x 

til.lH s;,~ 

189' 31 

1:t;.,t It BS~ C2 

01 -May-2006 
10 ·00 32 
I.Jc: LD ... 
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Table 3.2 Observed and calculated masses of the tryptic peptides from the band corresponding 
to alkylated rPNGase Sp from Figure 3.15 a, Lane 9 

Observed mass (Da) Calculated mass (Da) i\Da Missed cleavage Position of matched peptides 

8 12 .2300 8 11 .3720 -0. 1493 0 F -R 

2264.7100 2263.0294 0.6734 0 1s_RJ6 

2557.0000 2555.0917 0.9010 I C1 os_R1Jo 

1890.4600 1889.8260 -0.3 733 0 13 1 -R 145 

674.2500 673.3759 -0.133 I 0 A1 54_R 159 

1720.2000 17 19.6956 -0.5028 0 c'63_R m 

1632.3000 I 63 1.7799 -0.4872 1 F 226_R239 

1504.2800 1503.6850 -0.4 122 0 M 221_R239 

1351.0000 I 350.7 156 -0 .7229 1 y 245_R255 

920.2700 918.4671 0.7956 0 H 24s_R255 

963.3000 962.4781 -0.1854 8216_ R 2s3 
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3.6 rPNGase Sp Appears To Have No Transglutaminase Activity 

All known cytosolic PNGases have been found to possess a putative transglutaminasc 

catalytic triad in their highly conserved core region and the residues surrounding this 

catalytic triad are also conserved in both transglutaminascs and cytosolic PNGases. 

Mutation of any of residues in the transglutaminasc catalytic triad (Cys-163, His-190 and 

Asp-207 in PNGase Sp) was shown to abolis h the dcglycosylation activity of cytosolic 

PNGases [ 15]. Other evidence suggested that cytosolic PNGases also use this catalytic 

triad for their deglycosylating activity: I) When the conserved residues Trp-220 or Trp-

231 in PNGase Sc were mutated to Ala, dcglycosylation activity was completely lost [ 15]. 

The residues that arc equivalent to Trp-220 and Trp-231 in coagulation factor X [[[ (Trp-

375 and Trp-392 respectively) have been shown to stabilise the orientation of His-373 

which is part of the catalytic triad, and Arg-333, an important structural residue, through 

hydrophobic interaction [85]. 2) Recent structural studies of recombinant PNGascs from S. 

cerevisiae and mouse revealed that these P Gases and some transglutaminascs such as 

coagulation factor X ll[ , arylaminc N-acctyltransfcrasc and avrpphB hydrolasc, share a 

common core made up of two a-helices and five strands of curved antiparallclcd ~-sheet. 

The catalytic triad (Cys-His-Asp) resides within a cleft of the core domain. The rms 

deviations between these proteins arc 2.6-3.4 A for the 77- 121 equivalent Ca atoms [27 , 

29]. The fact that the central helix and the catalytic Cys and His residues aligned well in 

the superimposed structures of these homologues suggests a close evolutionary linkage 

between the cytosolic PNGases and the transglutaminases. 3) An irreversible inhibitor 

tripcptidc carbobenzyloxy-Ya I-A la-Asp-a-tluoromethylketone (Z-V AD-fmk) was shown 

to inhibit the rPNGascs from S. cerevisiae and mouse by forming a covalent bond to SY of 

Cys- 19 1. This sulfur was shown to form a hydrogen bond with N8 of His-2 18 in the 

transglutaminase catalytic triad. A more specific inhibitor, Man9GlcNAcz-iodoacetoamidc, 

which contains a high mannose-oligosaccharide, was also shown to make a covalent bond 

with the SY of Cys- 191. Both the inhibitors bound only to Cys-191 out of the 14 cysteines 

available in PNGase Sc. All these findings suggested that the cytosolic PNGases utilise the 

transglutaminase catalytic triad to carry out the deglycosylation reaction, and that Cys-191 

acts as the nucleophile, attacking the scissilc carbonyl carbon atom from one side of the ~

aspartylglucosamine bond during the deglycosylation reaction. The proposed mechanism 

for the hydrolysis reactions carried out by both the transglutaminases and cytosolic 

PNGases are shown in Figure 3.18. 
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Figure 3.18 a) Proposed mechanism for transamidation catalysed by transglutaminases The 

residues are numbered according to the sequence of the tra nsgluta minase, factor XII la. b) Proposed 

mechanism for deglycosylation of glycopetides/glycoproteins by cytosolic PNGases The res idues 

are numbered according to the sequence o f P Gase Sc. Adapted from Pedersen et al., l 994 and 

Kati ya r et al. 2002 with so me modifi ca tions. 

As previously mentioned, the reaction catalysed by transglutaminascs (synthesis of an 

amide bond) is the reverse of that catalysed by PNGascs (hydrolysis of an amide bond) , 

suggesting similar mechanisms may be applied . Transglutaminascs arc members of the 

papain-likc supcrfamily of cystcinc proteases and have a Ping Pong-based mechanism [ 14]. 

The spatial arrangement of the amino acids in the catalytic centre, Cys-His-Asp, form a 

charge-relay system that is thought to activate the SY of the cystcinc to attack the scissile 

carbon of either a pcptidylglutaminc moiety in transglutaminase-catalyscd reactions, or a 

pcptidylasparaginc moiety in PNGase-catalyscd reactions (Figure 3.18 a, b, Step B) [ 15, 

86]. The imidazolc ring of His-373/218 is prone to take up the liberated proton to form an 

imidazolium ion, a process which is aided by the polarizing effect of the carboxylate 

sidcchain of Asp-396/235 (Figure 3.18, a , b, Step B and C). After the release of ammonia 

(transamidation reactions) or glycosylamine (deglycosylation reactions), the thioester 

intermediate undergoes a nucleophilic attack by a primary amine (transamidation) or water 

(deglycosylation) to release the aspartic acid at the site of cleavage. 
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Based on the fact that cytosolic PNGases and transglutaminases share both structural and 

catalytic homology, it is plausible that , besides their deglycosylating activity, cytosolic 

PNGases may also act as transglutaminases. To test this possibility, a colorimetric assay 

using carbobenzyloxy-Gln-Gly and hydroxylamine as substrates was carried out as 

described in section 2 . 7. The preliminary results showed however that the recombinant 

PNGase Sp did not have any transglutaminase activity (Figure 3.19). 

Negative 
control 

Substrate+ Substrate+ 
transglutaminase rPNGase Sp 

Figure 3.19. Transglutaminase activity assay of the recombinant PNGase Sp Substra tes (75 µL 

0.2 M ca rbobenzyloxy-G ln-G ly and 25 µL 2 M N H2OH ·HC I) were added to 100 µL of l M Tri s

aceti c ac id bu ffe r (pH 6.0), fo ll owed by 25 µ L o f each of 0 . 1 M Ca Cb and 0. 02 M EDTA, a nd 23 0µL 

of H2O. The reacti on soluti on was preincubated fo r 3 minutes at 37°C, pri or to the additi o n of 20 µL 

(0 .2 U) of guinea pig li ver transgluta minase (Si gma) or 20 µL (3.9 mg/ml) of rPNGase Sp to a fina l 

volume of 500 µL. After incuba ti on fo r l O minutes at 37°C a nd the subsequent addit ion of 0.5 mL of 

stop so luti on (500 mg FeCl3, 1.5 g TCA, 27. 5 mL H2O , a nd 2.5 ml concentrated HC l), a brown 

compl ex was fo rmed between the product o f tra nsgluta minase-cata lysed reaction (hydroxa mi c ac id) 

and Fe3
+. The reacti on witho ut enzyme served as a nega ti ve contro l. 

This result is not surpris ing because transg lutaminase activity has not been reported for 

any of the cytosolic PNGases. lt has, however, been reported that PNGase At from the 

plant Arabidopsis thaliana does have transglutaminase activity [52]. PNGase At, shows 

obvious evolutionary divergence from the cytosolic PNGases, exemplified by the N- and 

C-terminal domains which extend out of the core domain [ 16, 24, 52]. Knowledge of the 

exact catalytic mechanism(s) of cytosolic PNGases will be essential in order to understand 

the molecular factors that are responsible for substrate specificity. Structural analyses of 

the two types of enzymes might provide the answers to this question. 

Structural studies [86] of the transglutaminase coagulation factor X [II suggested that both 

the tetrahedral oxyanion intermediates in Step B and E (Figure 3. 18) were stabilised by 
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NH···O hydrogen bonds, where the mainchain NH of the cysteine nueleophile (as in 

cysteine proteinases) and the atom Ne l of tryptophan-279 act as the hydrogen bond 

donors. The eytosolic PNGases do not have residue in this position that can act as a 

hydrogen bond donor. Although similar oxyanion intermediates were formed in the 

PNGase-catalysed deglycosylation reactions, they differ from those formed m 

transamidation reaction in terms of their conformation. These two different enzymes use 

the same catalytic triad to catalyse what is essentially the same reaction, except that for the 

PNGases, the reverse reaction is dominant. Furthermore, the residues that surround the 

catalytic triad and arc involved in stabilising the transition state intermediates may be 

different both in terms of amino acid composition and conformation. It was found that the 

zinc-binding domain of cytosolic PNGases has a scaffold that is similar to the zinc-ribbon 

structures of Baci/lus stearothermophilus adenylatc kinase and transcriptional elongation 

factor S-II [29]. By forming a " lid" over the active site of the enzyme, the zinc ribbon of 

adenylate kinase is thought to regulate the thermodynamics of catalysis by stabilising the 

intermediate state and promoting product release [29, 87]. It is possible that the zinc

ribbon-likc structure seen in the cytosolic PNGases may play a similar role by either 

modulating glycopeptide/glycoprotein substrate binding or controlling the 

thermodynamics of the reaction. Interestingly, this domain is absent in the 

transglutaminases, so it is tempting to attribute its presence in the PNGascs to their ability 

to catalyse the hydrolysis rather than the transfcrase reaction . The zinc-binding domain 

participates in the formation of a deep cleft which is unique to the cytosolic PNGase 

subset of the transglutaminasc supcrfamily and which contains the active site. Within this 

cleft, two residues Arg-176 and Arg-190 that arc part of this zinc-binding domain arc 

conserved in cytosolic PNGases but not in transglutaminase factor X rn, and make two 

specific interactions with the inhibitor Z-V AD-fmk (section 1.6). These arc two salt 

bridges formed between the side chain of the aspartic acid in Z-V AD-fmk and the side 

chains of Arg-176 and Arg-190. The backbone carbonyl groups of the Val and Ala 

residues in this inhibitor also form H-bonds with the side chains of Arg-176 and Arg-190. 

It is therefore thought that these two conserved Arg residues may be essential for substrate 

binding by specifically interacting with the glycan-linked Asn residue, and promote the 

release of the products of the reaction through electrostatic interactions with the Asp 

residue which is generated as a result of the hydrolysis [29]. 
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It is possible that cytosolic PNGases can also form a thioester intermediate with the 

asparagine residue, mimicking the TGasc-peptidyl glutaminc intermediate in the 

transamidation reaction (Figure 3.18, Step C). However, because water molecule can 

access the active site of the PNGases, the deacylation reaction involves a nuclcophilic 

attack by water, converting the intermediate to the free aspartic acid. In the 

transglutaminascs, the dcacylation reaction involves a nuclcophilic attack by a primary 

amine, rather than water. Although the thio-acyl enzyme intermediate formed in 

transamidation reaction catalysed by transglutaminases can also undergo hydrolysis, it is 

thought to be unfavourable for the enzymes [26). 

Considering that the result presented here might be due to the substrate used and/or the 

assay conditions chosen (pH, temperature and ionic strength) , the possibility that rPNGase 

Sp and/or other cytosolic PNGases may have residual transglutaminase activity cannot be 

ruled out. For example, calcium ions (Ca2+) arc required for the activation of most 

transglutaminascs, because the binding of Ca2
+ to the enzyme induces a conformational 

change that allows access of substrate to the active site which is buried in the ' resting' 

state of the enzyme. It is possible that the concentration of Ca2
+ used in the assay may 

have had an inhibitory effect on rPNGasc Sp. The assay conditions therefore need to be 

examined carefully, and such factors eliminated as the cause of the inactivity of the 

enzyme. 
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3.7 Substrate Specificity of rPNGase Sp 

As mentioned in section 1.9.3, unlike PNGase F from Flavobacterium meningosepticum 

and PNGase A from the plant Prunus amygdalus, cytosolic ScPnglp and mPnglp show 

high substrate specificity in terms of both the structure of the glycan moiety and of the 

peptide backbone. Generally, it is thought that the cytosolic PNGascs preferentially 

dcglycosylatc high-mannosc glycopcptidc compared to complex, hybrid and sialyatcd 

glycopeptides, and can only act on dcnaturcd/misfolded glycoprotcins in vitro . 

To investigate the substrate specificity of rPNGase Sp, its deglycosylating activity towards 

a variety of glycoprotcin substrates was analysed. Four glycoprotcin substrates were used: 

I) Fctuin from fetal calf scrum contains three sialylatcd triantennary N-linkcd complex 

sugar chains [ I 09] ; 2) hen egg ovalbumin has a single biantennary N-linkcd comp lex 

glycan (55]; 3) ribonuclcase B from bo vine pancreas contains a s ingle N-linkcd high 

mannosc biantcnnary glycans [ 11 0] ; and 4) a I-acid g lycoprotcin from bovine blood has a 

mixture of 5 N- linkcd hybrid and complex glycan(s) in which a fucosc residue is linked to 

the proximal Glc Ac residue through an a 1- 6 linkage . All the four substrates were 

used in both native and denatured forms in the assays, and the dcglycosylation reaction 

were monitored by gel mobility shifts. 

It can be seen from the results that the rP Gase Sp was not able to dcglycosylatc any of 

the four substrates in their native forms (Figure 3.20 a, b; Lanes 3, 4, 7 and 8). For the 

denatured glycoprotcins, rP Gase Sp was able to remove the glycans from a I -acid 

glycoprotcin and ribonuclcasc B, as there was significant increase in the abundance of 

protein bands that migrated faster than fully glycosylatcd substrates (Lane 6 and Lane I 0, 

Figure 3.20). Moreover, the enzyme appeared to show much higher activity towards the 

denatured ribonuclcasc B, which has a high man nose glycan, than the denatured a 1-acid 

glycoprotcin, which has some hybrid glycan(s), because the deglycosylation of 

ribonuclease B was almost I 00% completed while this was not the case for a 1-acid 

glycoprotein after incubation for the same period ( overnight) . This result is consistent with 

the concept that cytosolic PNGases are part of the ERAD or GERAD pathway (4 , 17, 48]. 

In the case of denatured al-acid glycoprotein, two bands appeared at - 27 and - 31 kDa 

respectively, which may represent two dcglycosylated products with different numbers of 

glycans removed. 
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Figure 3.20 Gel shift assay for substrate specificity of rPNGase Sp Four g lycoprote in substra tes 

in e ither nati ve (N) or de natured (D) fo rm were inc uba ted overni ght a t room te mperature w ith (+) or 

w itho ut (-) rPNGase Sp a nd the overni g ht reacti o n mi xtures run o n e ither 12% (a) or 15% (b) SDS 

po lyacryla mide ge ls. Ge ls were sta ined w ith Coomass ie blue R-250. Deglycosyla ti o n o f a substra te is 

represented by a cha nge in its a ppa re nt m o lecul ar weight a fter incubati o n w ith the e nzyme . a) La nes 

3-6 , reacti ons us ing fetuin as substra te; La nes 7- 10 , reacti ons us ing ova lbumin as substra te. b) La nes 

3-6, reactions using a I-acid g lycoprote in as substra te; Lanes 7 -1 0 , reactions us ing ribonuc lease B as 

substrate . In both a and b, la ne l conta ins prote in mo lecula r weig ht sta ndards and La ne 2 conta ins 

the reactio n mi xture w ith no added substra te. 15 µ L of each reacti on was loaded. In c) , the same 

samples corresponding to Lanes 9 a nd l O in picture a were loaded, but the sample s ize is fi ve times 

as that in picture a. 
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It seems as though there was very limited degradation of the denatured fetuin by rPNGase 

Sp (Lane 6, Figure 3.20 a) . Comparing the negative control (Lane 5, which shows 

different glyco-forms clustering between 66 and 45 kDa) with the reacted sample, it can 

be seen that the intensity of the strongest band in substrate has decreased, and there is a 

concomitant increase in the intensity of a band with a lower molecular weight, which 

could be a deglycosylated product . Two other minor bands that migrated slightly faster 

than the major band in the substrate (Lane 5) also appeared to shift downwards after 

rPNGase Sp treatment, suggesting that the enzyme is able to hydrolyse some of the 

glycans of denatured fetuin but not others. This has not been previously reported . The 

experiment was repeated at least twice to ensure the results were consistent , but further 

investigations into the structure of the glyeans removed needs to be carried out to confirm 

the resu Its . 

It appears that the denatured ovalbumin was not deglycosylated, as the intensity of 

ovalbumin band remained basically same after enzyme treatment (comparing Lane 9 and 

I 0, Figure 3.20 a). The band migrating to - 28 kDa in Lane 10 is absent in Lane 9, the 

control could represent the deglycosy lated product of the minor band in the denatured 

substrate at - 35 kDa. This may be a degradation product of the denatured protein. The 

change was more obvious when the samples of higher concentration were loaded onto the 

gel (Figure 3.20 c) . As the I I-mer glycopeptide used in the HPLC-based activity assays in 

this study is derived from hen egg ovalbumin and thus bears the same glycan moiety, this 

seems logical. lt is possible that the denaturing process cleaves a small portion of 

ovalbumin molecules, and that the 35 kDa band seen in the denatured sample represents a 

glycosylated breakdown product. It is obvious that the enzyme is capable of removing 

complex glycans as shown by the assay, but only from short peptide rather than longer one. 

The fact that the ovalbumin irreversibly precipitated when boiled in the denaturing buffer 

in contrast to the other substrates suggest the protein became aggregated, which might 

prevent the enzyme accessing the scissilc bond. The solution was thus incubated at 60-70 

·c for 30 minutes with cooling down after every IO minutes when the solution became 

milky (to avoid precipitation). 

However, the results presented here confirm that cytosolic PNGases can distinguish 

between native and non-native (misfolded or denatured) glycoproteins attacking only the 
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latter [ I 7, 49, 50), a property consistent with their proposed biological function -

participating in ER-associated degradation (ERAD) of mis folded/ unfolded glycoprotcins 

that exported from ER to cytosol. In this pathway, cytosolic PNGascs arc thought to 

remove the glycan chains from unfolded glycoprotcins before their final degradation in the 

proteasomc [16, 38, 43). The molecular basis for substrate recognition by cytosolic 

PNGascs is supported by the structural features of PNGasc Sc. It is proposed that the deep 

and narrow cleft which harbors the active site imposes a stcric hindrance to tightly folded 

polypeptides but allows the access by an unstructured and extended polypeptide [27]. 

With respect to the recognition of the glycan moiety in glycoprotcin substrates, the results 

presented in this study arc consistent with the finding that the cytosolic PNGascs 

preferentially dcglycosylatc high mannosc glycoprotcins, such as ribonuclcasc B rather 

than those bearing complex- or hybrid- type of N-glycans. This is again consistent with 

function, as glycoprotcins that arc misfoldcd exit the ER without passing through the 

glycosylation machinery of the Golgi complex. As such, they will be high-mannose, as 

complex glycans arc only formed during procession through the Golgi complex. 
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3.8 Effects of Reductant TCEP on PNGase Activity 

In order to test whether the activity of rPNGase Sp in vitro was dependant on reducing 

agents, the enzyme was purified using buffers containing varying concentrations of the 

reducing agent Tris (2-carboxy-ethyl) phosphine hydrochloride (TCEP) at final 

concentrations: 0, 0.25, 0.5 and I .0 mM respectively). This reducing agent was chosen 

because (I) it could be used with IMAC, (2) it is much more resistant to oxidation by air 

in comparison to OTT or BME, (3) it is a much more efficient reducing agent at room 

temperature, and at nearly any pH. The thioredoxin-fuscd rPNGasc Sp obtained after the 

I st [MAC purification step was used in the assays. As expected, the results showed that the 

in vitro activity of rPNGasc required the presence of reducing agent, and that the activity 

was reducing agent-dosage dependent. That is, the activity increased with increasing 

concentrations of TCEP between O and I mM (Figure 3.2 I). The enzyme was almost 

completely inactivated when TCEP was not included in the buffer. 
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Figure 3.21 Effects ofTCEP on deglycosylation 

activity of rPNGase Sp Trx-rP Ga e Sp was 

purified using buffers with varying concentrations 

ofTCEP, then assayed for the activity using the 

hen egg 11-mer glycopeptide as substrate. peaks 

representing the deglycosylated product of the 

reaction are shown indifferent colours. Green: -

ve control (inc ubated for 4 hrs); black : +ve 

control (the glycopeptide was completely 

deglycosylated using PNGase F) ; pink, purple, 

blue and red correspond to reactions ofTrx-

rP Gase Sp from preparations carried out in the 

presence ofO (pink), 0.25 (purple), 0.5 (b lue) and 

1 (orange) mM TCEP. All the buffers used to 

prepare the substrate also contained the matching 

concentration ofTCEP . 

The result suggested that all nine cysteine residues in rPNGase Sp need to be reduced for 

the enzyme to be active. According to the results of structural studies of ScPNGase and 

mPNGase in complexes with Rad23 [27, 29], the four Cys residues (Cys-105 , - I 08 , - I 37 

and -140 in PNGase Sp) residing in two CXXC motifs tetrahedrally coordinate one zinc 

ion to form a zinc-ribbon- like structure which is thought to be important for the activity. 

One Cys residue (Cys-163 in PNGase Sp) in the transglutaminase-like catalytic triad (Cys-
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His-Asp) was found to covalently interact with the aspartic acid residue of a tripeptide 

inhibitor, indicating that this cysteine is most likely to be the nucleophilc in the 

deglycosylation mechanism. It appears that the remaining four Cys residues, Cys-169 and 

Cys-174, which reside in the highly conserved transglutaminase domain, are conserved in 

SpPNGasc, mPNGase and hPNGase but not in ScPNGasc, while Cys-230 and Cys-258 in 

the central core arc not conserved but also need to be reduced. 

3.9 rPNGase Sp Appears to be Sensitive to Nickel Ions 

Previously, when purifying rPNGase Sp, at least I mM EDTA was included in all the 

buffers used after the IMAC purification step in order to inhibit mctalloprotcasc activity. 

After it was reported that the ScPNGasc and mPNGasc were zinc-binding proteins [27, 

29] , EDT A was excluded from the buffers to avoid removal of the intrinsic zinc ions . 

Intriguingly, this appeared to inactivate rP Gase Sp, as the activity of the I st IMAC 

elution fractions was lower than that of the cell extracts (purple and green product peaks 

respective ly in Figure 3.22 a, two-hour incubation) . Addition of I mM EDT A was found 

to restore the activity of the fusion rPNGase Sp after !MAC as shown in Figure 3.22 a, 

where the red peak shows the products of a I 0-minute incubation. 

This finding indicated that rP Gase Sp is inhibited by metal ions during downstream 

processing, most likely by nickel ions (N i2+) leaching from the metal ion affinity column. 

It was unlikely that the EDT A molecule itself was activating the enzyme because the cell 

lysatc was more active than the !MAC-purified enzyme. To confirm that the drop in the 

activity was due to Ni2+ inhibition, the following tests were carried out using rPNGase Sp 

that had the tag removed: EDT A was added into the enzyme solution to a final 

concentration of I mM. After incubation for three hours, excess EDTA, and EDT A-metal 

ion complexes were removed by ultra-centrifugation followed by several washes in the 

buffer that had been exposed to Chelcx resin to render it metal ion free. The activities of 

the original, EDT A-treated and metal ion/EDT A-free samples were measured and their 

activities compared. The results showed that, similar to what was found for the Trx

PNGase Sp, the enzyme was activated by addition of l mM EDTA (pink and green peaks 

in Figure 3.22 b). After EDTA was removed from the enzyme solution, the activity 

remained basically the same within the accuracy of the assay. 
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When NiCb was added to a final concentration of 2 mM into the enzyme, the activity 

dropped (green and blue peaks, Figure 3.22 b) . It would therefore appear that rPNGase Sp 

is sensitive to N i2+ ions. This is not surprising when the number of free thiols in the 

protein is considered. It is highly likely that excess metal ions bind to the free thiols, 

which may or may not include the active site thiol , causing conformational change and/or 

preventing catalysis. 
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Figure 3.22 The effects of Nih ions on rPNGase Sp a) Fusion rP Gase Sp obta ined after the 1st 

IMAC purificatio n ste p was less acti ve than the ce ll lysa te, but could be reacti vated by the additi on of 

EDTA. The product peaks (retenti on time : 8.5 min) are shown in different co lo urs, and the 

corresponding reacti o ns are indi cated above the chromatogra ms. b) Incuba ti o n o f PNG ase Sp that 

was treated with EDTA (gree n), that was extensive ly di a lysed aga inst meta l-free chelexed buffer to 

re move the EDTA (red), that had not been treated wi th EDTA (pink) a nd that had bee n trea ted with 

EDTA, then 2 mM i2+ added back (blue). A ll the incubati ons were 10 minutes. 
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3.10 Determination of Optimum pH 

As mentioned in section 2.9.4.1, to ensure the response obtained on conversion of 10% of 

the substrate to product was high enough for accurate quantitation in the HPLC-bascd 

activity assay, the I I-mer glycopeptidc was covalently labeled with FITC, which 

significantly increased the sensitivity of detection . The enzyme was assayed between pH 5 

and 9 using a wide range buffer, 50 mM malonyl-imidazolc-boratc (MIB), I mM EDTA, 

5mM OTT. The results arc shown in Figure 3.23 and the experimental data in Data Sheet 

# I (Appendix VI) 
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Figure 3.23 Influence of pH on rPNGase 

Sp activity The activ ity ofrPNGase Sp 

using FITC-Ova as substrate were measured 

between pH 5.0 and 9.0 at 25°C. Each data 

point represents the average of three 

independent experiments, a nd error bars 

correspond to the standa rd de viation for each 

determination. 

The results indicated that rPNGasc Sp exhibits relati ve ly high ac tivity in a weak acidic 

environment, with maximum activity around pH 6.0. This was not surprising because a 

neutral pH ranging from 6.5 to 7.5 has been reported to be optimal for other cytosolic 

P Gases such as ScPnglp and mPnglp [4, 21, 28, 47]. [ntriguingly, under the assay 

conditions used here, the activity of rPNGase Sp reached another apex around pH 7.5. It 

was unlikely that the drop in the activity between the two peaks was due to the effect of 

isoelectric point (pl) precipitation, because a drop in enzymatic activity caused by 

insolubility around the isoelectric point normally occurs within a very narrow pH range. 

Furthermore, the calculated pl for rPNGase Sp is 5.6, making this unlikely. The results 

presented here were reproducible under the assay conditions used for the unlabeled I I-mer 

glycopcptide substrate as shown in Figure 3.24. 
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When the unlabeled substrate was used, the optimum pH range appears to shift one pH 

unit becoming more basic compared to that for FITC-Ova. Although the data presented in 

Figure 3.21 for the unlabelled substrate did not represent the initial velocity of the 

catalytic reaction (conversion to product was >15%), the pH profile is similar to that for 

the labelled substrate. While this bimodal pH effect could be due to the buffer used. The 

reproducibility of the results suggests that the profile observed is real. To test this, the 

results should be corroborated by repeating the experiments using different buffers. 

Kinetic parameters were determined using 50 mM MIB buffer, pH 6.0. 

86 



Chapter 3 - Results and Discussion 

3.11 Kinetic Studies of the rPNGase Sp-catalysed Deglycosylation 

3.11.1 Determination of Michaelis Constant (K01) for FITC-Ova 

A Km value of 0.13 mg/mL (- 3 7 µM) had been previously determined for recombinant 

PNGasc F using the FITC-dilabcled ovalbumin I I-mer glycopeptide as substrate [ I 12]. 

To evaluate the affinity of rPNGase Sp for the same substrate and to compare it with that 

of PNGasc F, the Km of rPNGasc Sp for the FITC-Ova was estimated as described in 

section 2.9.5. The results arc shown in Figure 3.25 and the experimental data in Data 

Sheet #2 (Appendix VI). 
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Figure 3.25 (a) The kinetic cu rve of rPNGase Sp-catalysed deglycosylation of FITC-Ova 
generated by GraphPad Prism® software (Vers ion 5). The reaction exhibited substrate inhibition, 

when [SJ was greater than - 100 µM. Each data point represents the average of three independent 

experiments, and error bars correspond to the standard deviation for each determination. The insert 

shows the Lineweaver-Burke plot of the eight data points at low [SJ. The rate data used in 

transformation was the predicted rate value calculated based on the fitting results. (b) Schematic 
shown of the Substrate inhibition model. Adapted from Alejandro G. Marangoni , 2003 

It can be seen from Figure 3.25 (a) and experimental data sheet #2 (Appendix VI) that the 

enzyme reaction was subjected to substrate or product inhibition as shown by the decline 

in the reaction rate (v) at substrate concentrations ([S]) greater than - 100 µM. To estimate 

the Km, the original data points were fitted using a substrate inhibition model (Figure 3.25 

b) with GraphPad Prism® software (Version 5). A series of predicted v was generated and 
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the eight data points generated at low [S] were transformed to produce a Lineweaver

Burke plot to estimate the Km (inset, Figure 3.25 a). Km and Vmax were calculated as - 186 

µM and - 0.44 nmo l/min respectively. Because the ovalbumin glycopeptide is actually a 

mixture of different hybrid- and oligomannose glycans [55] , the calculation of the exact 

molecular mass of the substrate is impossible . Therefore, an average mass of 2.59 kDa as 

determined by mass spectrometry, was used for the I I-mer glycopeptide (Appendix VI), 

resulting in a molecular mass of 3.37 kDa for the di-labelled substrate (FITC-Ova). The 

Km (- 186 µM) determined for rPNGase Sp is about five times greater than that of the 

PNGase F (37 µM) , suggesting rPNGase Sp has a much lower affinity for this complex 

glycoconjugate compared to PNGase F. However, as the enzyme clearly prefer high 

mannose substrates, this is hardly surprising. 
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Figure 3.26 a) Visualization of model derived for substrate inhibition of enzyme in Figure 3.22 

b. Adapted from Alejandro G. Marangoni, 2003. b) Assessment of the type of inhibition. Observed 

reaction rates (presented in the fluorescence absorbance peak area of products) contrasted with the 

predicted behavior (upper curve) of an uninhibited enzyme with the Vmax and Km values deri ved from 

Figure 3 .22 (inset). 

How can excess substrate inhibit an enzyme? The following model has been suggested as 

each of two substrate molecules bind to different subsites of the enzyme's active site, 

resulting in nonalignment of reactive groups (designated as"/') on enzyme and substrate 

[88] (Figure 3.26 a). In this model, at high concentrations of HTC-Ova, two substrate 

molecules bind to one enzyme molecule. One binds to the glycan-binding site, while the 

other to the peptide-binding site, forming a non-productive ternary complex. This is 
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possible because: 

(I) as mentioned in section I. 9.3, early studies on the substrate specificities showed that 

cytosolic PNGascs recognise both the structures of N-linked glycan and the peptide 

their substrate. Moreover, free substrate-derived glycan chains have been shown to 

inhibit rnPNGasc [89]. Recent structural studies of rnPNGasc have shown PNGases 

possess separate binding sites for both peptide and glycan chain moieties respectively 

[27, 29, 90) (section 1.6). In a proposed substrate binding model of mouse PNGasc 

(Figure 3.27 a) [90) , a continuous cleft composed of the core and the C-terminal 

domains of rnPNGasc is observed, with one end accommodating the peptide moiety, 

represented by an inhibitor Z-VAD-fmk, the center accommodating the chitobiose 

moiety, and the C-tcrminal domain, which is though to be a oligomannosc 

carbohydrate-binding domain, accommodating the mannotctraosc. These results show 

that a broad surface area of the enzyme is involved in the normal substrate binding. 

Although such an extended C-tcrminal domain is absent in yeast PNGascs, the 

presence of an equivalent carbohydrate binding area on the core domain has been 

suggested by Lee and co-workers [27, 29]. In their model (Figure 3.27 b) , the peptide 

and the chitobiosc moieties arc docked in the deep cleft and in close proximity to the 

catalytic triad , while the three mannosc residues in the Man3Glc Ac] core (Figure 1.7) 

in glycan moieties common to all N-linkcd glyco-pcptidcs/protcins arc bound at the 

end of the cleft . Moreover, several conserved regions that extend outside the cleft arc 

thought be involved in recognition and binding of the extended or branched 

carbohydrate moieties, although the precise interactions remain unclear. 

(2) The active site of cytosolic PNGascs is thought to be located in a deep and narrow cleft 

on the core domain of the enzymes [27, 29) which may impose stcric hindrance to 

large globular glycoprotcin substrates. The substrate used in this study was a small 11-

amino acid glycopcptidc which by definition is likely to have a somewhat flexible 

structure. This lack of steric constraint may allow competitive binding to occur with 

the formation of a non-productive substrate-enzyme-substrate complex. 
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Figure 3.27 a) Hypothetical model of the 
relative arrangements of the core and C
terminal domains of mPNGase. In the core 

domain (green) , residues of the cata lytic triad 

are colored in red, and other conserved 

residues in the binding pocket are colored in 

pale orange. The mannose-binding residues in 

the C-terminal domain (cyan) are displayed in 

ye llow. The carbon atoms of the chitobiose 

are colored in yellow, and those of the 

mannotetraose are colored in green. The 

carbon atoms ofthePNGase inhibitor Z-VAD

ftnk are shown in magenta. Adapted from 

Zhou et al. 2006. b) Mo lecular model of the 

yPNGase- substrate complex. A glycan 

moiety containing two Glc Ac residues and 

three mannose molecules was modeled on the 

active site of the cleft. The dotted lines 

indicate the three conserved regions where the 

additiona l ca rbohydrate molecules can bind. 

The common structure of a gl ycan motif is 

shown at the top. Adapted from Lee er al. 
2005 and Zhao et al. 2006. 

To make an assessment of the type of inhibition, the curve for the reaction rate versus [SJ 

observed (inhibited) was compared to the predicted curve for an uninhibited reaction using 

Michaelis kinetics with estimated values for Km and Vmax to yield the upper curve in 

Figure 3 .26 b. From this analysis, it can be seen that rP Gase Sp was inhibited at the 

FlTC-Ova concentrations greater than - 50 µM . 

3.11.2 A comparison study on the kinetics of unlabeled and FITC-labeled substrates 

As the rPNGase Sp was found to be inhibited by the labeled substrate, experiments were 

carried out to test whether the unlabeled substrate, the hen egg ovalbumin derived 11-mer 

glycopeptide (Ova), also had the same effect. To this end, and to primarily compare the 

affinity of the rPNGasc Sp towards FITC-Ova relative to that towards Ova, the kinetic 

parameters of rPNGasc-catalysed deglycosylation of Ova were also estimated using the 

same assay conditions. Because the results presented in Figure 3.24 (section 3. 10, pH

depcndcncy) indicated that the reaction rate was higher at pH 7.0 than at pH 6.0 for this 
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substrate, the assays were carried out at both pH 7.0 and 6.0. The results are shown in 

Figure 3.28 and the experimental data tabulated in Data Sheets 3 and 4 (Appendix V[). 

Firstly, The results confirmed that, pH 7.0 is the optimum pH for the unlabelled 

g lycopeptide substrate, which is in good agreement with the optimal pH reported for some 

cytosolic P Gases [ 4, 2 1, 28, 4 7]. Secondly, in contrast to what was seen for the labelled 

substrate, there was no sign of substrate inhibition of the enzyme wit hin the tested [Ova] 

range (from 26 to 1700 µM ) (Figure 3.28) . Although it had been suggested that 

recombinant PNGasc F exhibited substrate inhibition at a very low [Ova] [ 113] , the ac tive 

site structure and catalytic residues of PNGasc F arc quite different from those of the 

cytoso lic PNGases [6, 27, 29]. 
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Figure 3.28 Km estimation of rPNGase Sp for Ova substrate at either pH 7.0 (a) or pH 6.0 (b) 

The kinetic curves were generated using GraphPad Prism" software (Version 5) ba ed on the 

Michaelis-Menten model. Each data point represents the average of two to three independent 

experiments, and error bar correspond to the standard deviation for each determination. The inserts 

how the Lineweaver-Burke plot of the origina l data points. 

A Km of either - 385 µM at pH 6.0 or - 342 µM at pH 7.0 was estimated for the Ova 

substrate, while this was - 180 µM for the FITC-Ova at pH 6.0, indicating a higher 

affinity of rPNGasc Sp for the FITC-Ova than Ova substrate. As mentioned in section 

2.9.4.1 , during labeling of the II-mer glycopcptide substrate, two fluorescein 

isothiocyanate (FITC) molecules were covalently linked to the N-tcrminal amino group 

and the £-amino group of the lysine residue that is one amino acid apart from the glycan

bound asparagine residue (reactive group) in the glycopeptide substrate (Figure 2.3) . This 
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modification was originally expected to lower the affinity between the substrate and the 

enzyme due to possible steric hindrance imposed by the proximity of the FITC group to 

the reaction center. How the covalent labeling of the substrate positively affected its 

binding to the active site of rPNGase Sp is not clear. 

Using the determined Vmax and Km values, the catalytic constant (kcat, also called turnover 

number) and catalytic efficiency (kcail Km) of rPNGase Sp for two substrates were 

calculated, and the results listed in Table 3 .3. 

Table 3.3 Values of Km, kcac, and kcaclKm for rPNGase SP and Ova and FITC-Ova 

Reaction systems vnia, (µmol·min- 1
) !Ed•(µM) K01 (µM) kcath (min-') kca/ Km (min-1·µ1Vr 1

) 

Ova, pH 7.0 5.68 1.33 342 4 .27 0 .0125 

Ova, pH 6.0 4 .21 1.33 385 3.17 0 .00823 

FITC-Ova pH 6.0 4 .63 1.33 186 3.48 0.0187 

a 
tota l enzyme conce nt rat ion ([E]+[ES]) in the reacti on sys te m 

b 
catalyt ic consta nt (kca, = V01._J [E,]) 

It can be seen from the table that the turnover number (kcai) at pH 7 .0 is higher than that at 

pH 6.0. This is logical because, when the amino acid composition in the active site of 

ScPNGase and mPNGase (Figure 1.5 band Figure 3.29 a) [27, 29] is examined, the only 

residue whose ionisation state changes as the pH varies between 6 and 7 is most likely to 

be the histidine residue in the catalytic triad, although as pKa of this histidine can be 

influenced by its environment, its is not certain what its pKa is in this enzyme. According 

to the proposed catalytic mechanism (Figure 3.29 b) [ 15], the catalytic residues (Cys-His

Asp) spatially arrange into a charge-relay system, in which the polarising effect of the 

carboxylate group of the aspartic acid promotes the imidazole ring to accept the liberated 

proton from the free thiol group of the catalytic cysteine making it a better nucleophile 

(Figure 3. 18 band Figure 3.29 b). 

92 



Chapter 3 - Results and Discussion 

a 

His 333 

Asp350l ~ Cys306 

0 - Q ... H-N, //N:') ) 
~ H-S 

b 

( Asn 

H-N~ 
I ("'o 

Glycan \.p 

Figure 3.29 (a) active site of the mouse PNGase in complex with a tripeptide inhibitor 
carbobenzyloxy-Val-Ala-Asp-a-fluoromethylketone (Z-VAD-fmk) The cata lytic triad is shown in 

pink while the inhibitor in green. Upon binding of the Z-VAD-fmk, the thi ol group of Cys-306 that was 
H-bonded to Hi s-333 moved away and covalently bound to the methylene carbon in the inhibitor that 
was originally linked to the a-fluoromethylketone, a leaving group during covalent inhibition. The 
inhibitor is bound to the enzyme via two hydrogen bonds and ionic interacti ons involving residues Arg-
291 and Arg-305 of P Gase and the aspartate side chain of the inhibitor. Hydrogen bonds and ioni c 
interactions are shown as red dashed lines. Adapted from Zhao et al., 2006. (b) Proposed charge-relay 
system consisting of the transglutaminase-like catalytic triad The thiol group of Cys-306 makes a 
nucl eophilic attack on the carbonyl carbon atom of the amide bond in g lycopeptide substrate. Thi s 
process is ai ded by the polari sing effect of As p- 350 through Hi -333. Adapted from Katiyar et al. 2002. 

To make a direct comparison between two substrates in terms of reaction rate, reactions at 

four different substrate concentrations (from 53 to 425 ~LM) were tested for both labelled 

and unlabelled substrates at pH 6.0 and 7.0 (Figure 3.30). Some unexpected results were 

obtained. Lowering the pH from 7.0 to 6.0 did not affect the binding of the unlabelled 

substrate to the enzyme, as the Km values were approximately the same. It did, however, 

affect Vinax indicating that the ionisation state of the histidine in the catalytic triad is 

important (Figure 3.30 d) . However, comparing the labelled with unlabelled substrates at 

pH 6.0 shows there are significant changes. Addition of the label significantly reduced Km 

and increased the catalytic efficiency, suggesting that the affinity of the enzyme for the 

labelled substrate is markedly increased. Vmax remains approximately the same, however, 

indicating that the catalytic mechanism remains unaffected. This indicates that the label is 

providing some sort of specific interaction in the substrate binding site. As the function of 

these enzymes is to remove tbe glycan from improperly folded proteins, it is possible that 

the FITC group is mimicking the hydrophobic resides that might be exposed in an 

unfolded protein, and may be recognised by the binding site. 
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It can be seen from Figure 3.30 a, that at pH 6.0, the rates of reaction with the labelled 

substrate were significantly higher than those of the unlabelled substrate when [S]<200µM. 

Above this substrate concentration however, the rates for the labelled substrate dropped 

quickly to be lower than those of the unlabelled substrate due to substrate inhibition. At 

pH 7.0 (Figure 3.30 b) it was a different story, the rates for both labelled and unlabelled 

substrates followed the same pattern, with those for the unlabelled substrate being slightly 

higher over the whole range of substrate concentrations used. Figures 3.30 c and d show 

the rates of reaction for the labelled substrate at pH 6.0 and pH 7.0, and the unlabelled 

substrate at pH 6.0 and pH 7.0, highlighting these differences. The results clearly show 

there arc two effects - one due to the presence of the label, and one due to the pH. 
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Figure 3.30 (a) Comparison of the reaction rates between two substrates at pH 6.0 ; (b) Comparison 

of the reaction rates between two substrates at pH 7.0; (c) Comparison of the reaction rates for FICT

Ova at pH 7.0 and pH 6.0 ; (d) Comparison of the reaction rates for Ova at pH 7.0 and pH 6.0. Four 

[S] ranging from 53 to 425 µM were tested. Each data point represents the average of three 

independent experiments. 
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Considering the effect of the label: FITC, is a relatively large hydrophobic molecule that 

will be attached to the glycopeptidc at the N-tcnninus and to the primary amide of the 

lysine sidechain through a thiocstcr linkage. This will result in the removal of two positive 

charges from the peptide at neutral pH. However, because the fluorcsccin group itself 

exhibits a number of different ionisation states, depending on pH, these will be replaced 

by one to two negative charges (Figure 3.31) [91]. At pH 6.0, the fluoresce in moiety will 

have mostly one negative charge, while at pH 7.0, a significant number of the molecules 

will have two negative charges, the second residing on the phenolic oxygen of the 

xanthene ring system. The three dimensional structures of both mPng Ip and ScPng Ip arc 

homologous in the active site region [27, 29]. As SpPng Ip has a high sequence homology 

to ScPng Ip, especially in the active site region, it is not unreasonable to assume that their 

three dimensional structures will be very similar, especially in this region . The structures 

show that the active site cleft is quite wide and deep, certainly large enough to 

accommodate the extra bulk of the fluorc scc in label. Furthermore, it is lined with a 

number of basic, acidic, and hydrophobic res idues. The results show that at pH 7.0, both 

the labelled and the unlabelled substrates arc processed by the enzyme although the rate is 

significantly lower at all substrate concentrations for the labelled substrate (Figure 3.30 b). 

This is not surpris ing and can be attributed to the presence of the label lowering the 

affinity of the enzyme for the substrate, probably because of less favourable interactions 

between enzyme and substrate. At pH 6.0 however, this pattern is reversed, especially at 

low substrate concentrations. The labelled substrate exhibits a higher rate of reaction than 

that of either the labelled or unlabelled substrate at pH 7.0 , and higher than the unlabelled 

substrate at pH 6.0. When the substrate concentration reaches - 50 µM , however, the rate 

begins to fall , probably due to substrate inhibition. [ntercstingly, the labelled substrate 

does not seem to cause inhibition at pH 7.0. It would therefore appear that the differences 

observed for the labelled substrate at pH 6.0 and 7.0 must be due to the substrate itself 

rather than to any effect that is dependent on the enzyme itself. At pH 6.0, most of the 

fluorescein groups will have only a single negative charge, and the xanthenc rings will be 

neutral. [t is possible that one or both of these make a favourable interaction with the 

enzyme that results in the substrate assuming a more transition like conformation. As 

substrate inhibition is observed, and only at this pH, it is possible that one or the other of 

these labels can interact in a non-productive way to the same site, blocking proper access 

to the active site . At pH 7 .0, most of the fluorescein will have a second charge as shown 

below, which disrupts this interaction, resulting in more normal behaviour of the enzyme. 
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Figure 3.31 Multiple ionisation of fluorescein, the parent compound of FITC. Inset: common 
structure of FITC-peptide/protein conjugates FITC reacts with primary amino groups of 
proteins/peptides to yield fluorescein-5'-thiocarbamoyl (FTC) conjugates. Adapted from Volker 
Schnaible et al.. 1999. 

The rate of the reaction usmg FITC-Ova (pH 7.0) was measured at only four substrate 

concentrations. The data was therefore insut1icient to determine the kinetic parameters for 

this reaction system. but a Km was roughly estimated as - 658 µM, which is significantly 

higher than that determined at pH 6.0 (Table 3.3). 
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3.12 Effects of Metal Ions 

3.12.1 Effects of Bivalent Metal Cations 

The effects of different metal cations on the activity of rPNGase Sp were studied in thi s 

section. The results arc presented in Figure 3.32 and tabulated in Data Sheet #5 (Appendix 

Vl) . The activities arc expressed as percentage of the activity without addition of any meta l 

ions, which was taken as 100%. Originally, the metal ion effects were tested at two final 

concentrations, 5 µM and 5 mM respective ly. However, once it was found that the enzyme 

was inhibited by trace amounts of Ni2
+ ions released during IMAC, and that this bound 

Ni2
+ was not easily removed during subscq.ucnt purification steps, 1 mM EDTA was 

included in all the buffers to keep the enzyme active (sect ion 3.9). In addition, considering 

that rPNGasc Sp is a zinc-protein, dialysis agai nst EDT A before testing fo r metal ion 

effects was avoided. Taken together, these limitations made it difficult to test the effect at 

very low concentrations of metal ions. 

Figure 3.32 The effects of metal 

ions on rPNGase Sp activity all the 

assays were carried out under the 

standard assay conditions described 

in section 2.9.4. Assay buffer: 50 

mM MIB. l mM TC EP, l mM 

EDTA, pH 6 .0; substrate : FITC-Ova. 

The results showed that the presence of 5 mM Fe3
+ had little e ffect on the enzyme activity 

(98% ac tivity rema ined) . It seems that 5 mM Mn2
+ activated the enzyme compared to the 

control incubation (increased to l 08% ). This effect was however barely significant. An 

interesting observation made during observed during the purification process was that the 

concentrated enzyme so lution showed (not always) a pink colour after the l st IMAC step 

in some preparations, indicating that other metal ions, may be such as Mn2
+ or Co2

+ may 

have become coordinated to the enzyme molecule during expression/purification. The 
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difference in the co lour between different preparations might just reflect the varymg 

contents of metal ions in the media or the water used, although this did not seem to affect 

the activity of the enzyme. 

The presence of 5 mM Cu2+ completely inhibited rPNGasc Sp. Cu2+ is known to react with 

dcprotonated cystcinc thiolatcs, and dcprotonatcd histidine residues, both of which arc part 

of the catalytic triad in PNGasc Sp [92]. Although Cys-SH and His-imidazolc groups have 

pKa values of - 8.5 and - 6.0 respectively as isolated amino acids, the actual pKa value can 

vary from 5 to 10 and 4 to 10 respectively depending on their local chemical environments. 

At pH 6.0, the Cys and His residues arc still likely to react with Cu2+. Considering that the 

activity was completely lost in the presence of Cu2+ ions, it is likely that cu2+ binds to one 

of the catalytic residues, either Cys-163 or His- 190, or both. 

As expected, j2+ ions also inhibited the enzyme (67% activity left) . 

preferentially react with cystcinc and histidine residues. However, because the activity 

was not completely destroyed, it is likely that the metal ion is binding to residue involved 

in maintaining conformation rather than to those of the catalytic triad . 

Cd2 
... , which has even higher affinity than Cu2

+ for cystcinc (stability/ formation constant of 

Cd2 
... -Cys and Cu2+-Cys complexes arc 43,500 L/mol and 13 ,900 L/mol respectively [93]) , 

was also found to strongly inhibit rPNGasc Sp ( 10% activity remained) . Again, the 

observed effect was probably due to the Cd2
+ ion binding to the catalytic Cys-163 , 

although the effect was not as pronounced as for Cu2+ ions, it may have preferentially 

bound to the other thiol groups in the protein, having an effect on conformation. It is also 

possible that the Cd2+ may have replaced the tctrathiolatc-coordinatcd Zn2+ in the zinc

binding domain, inducing a local ( or global) conformational change in the zinc-binding 

domain. This domain forms one wall of the substrate binding cleft, so its construction is 

important for maintenance of activity. Zn2+ and Cd2+ have similar coordination properties, 

preferring a tetrahedral coordination geometries, and commonly ligate to four cysteinc 

residues [94]. Isostructural or non-isostructural replacement of Zn2+ with Cd2+ has been 

shown to occur in other enzymes. The replacement sometimes has an effect on activity 

[95-97]. In the crystal structures of ScPNGase and mPNGase [27, 29], the zinc-chelating 

site is located near the outer surface of the zinc-binding domain (Figure 1 .4), and appears 

to be readily accessible to solvents and exogenous metal ions. 
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Zn2
+ has been shown to be essential for the functional integrity of the cytosolic PNGases 

[27, 29]. In this work, the addition of even low concentrations of zinc ion was found to 

strongly inhibit rPNGasc Sp (Data Sheet #6, Appendix VI). A number of both the zinc

dependent and zinc-independent enzymes arc known be inhibited by the addition of Zn2
+ 

ions and the mechanisms of inhibition arc various. For example, carboxypcptidasc A 

(regarded as a prototype of a zinc-protease family) contains one catalytic Zn2
+ that is 

strongly coordinated (by His-69 , His-196, Glu-72 and one H20 ) in the active site. The 

addition of millimolar concentrations or less of Zn2
+ inhibits the enzyme because a second 

Zn2
+ binds to the carboxylatc oxygen of Glu-270, which is close to the active site, 

interfering with the proper positioning of the substrate [98]. A number of other zinc

proteases such as bacterial thcrmolysin [99] , neutral mctallo-cndopcptidasc [ 100] and 

human ncutrophil collagcnasc [IOI] arc also known to be inhibited by excess Zn2
+. 

Normally, the apoprotcin forms of these enzymes ( obtained by EDT A treatment) arc 

readil y reactivated by addition of the stoichiometric amounts of Zn2
+ but strongly inhibited 

by an excess of Zn2
+. Likewise, a number of non-mctallocnzymcs arc also inhibited by 

Zn2
\ and appear to be much more sensitive to this cation (IC5o: from less than IO to 200 

nM) than mctallocnzymcs that require Zn2
+ for activity. These arc cpoxidc hydrolasc (zinc 

inhibits cpoxidc hydrolasc by binding to a cystcinc thiol group on the surface of the 

enzyme) [ I 02] , glyccraldchydc and glycerol phosphate dchydrogcnascs [ I 03], caspasc-3 

and a tyrosine phosphatase etc. [ I 04]. It appears that Zn2
+ inhibits these enzymes in a 

noncompetitive way. In most cases, the inhibition of both the zinc-enzymes and non

mctallocnzymcs by Zn2
+ can be reversed by thioncin which preferential complexes Zn2

+ 

from binding sites that arc not involved in catalysis or in the maintenance of structure 

probably because they arc more stable and/or arc not so accessible to solvent [ I 05 , I 06]. 

In the case of rPNGasc Sp, whether Zn2 inhibited the enzyme through binding to certain 

active site rcsiduc(s) or to a residue site that plays an essential structural role is not clear. 

In summary, the results are basically in agreement with those from earlier studies on the 

native mouse PNGase [33, 47]. In those studies, 5 mM of Zn2
+ and Cu2

+ were found to 

decrease the mPNGasc activity to 7.2% and 4.6% of the control respectively. Moreover, 

Co2
+ was also shown to be inhibitory. In contrast to the observation in this study that Fe3

+ 

had little effect on rPNGase Sp (- 98% activity remained) , 5 mM of Fc3
+ caused a 

significant loss of activity (reduced to 14%) of mPNGase [ 47]. This difference might be 

because mPNGase carries a potential binding site for Fe3
+ ions that is absent in PNGase 
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Sp. It is possible that this binding site may reside in the extended C-tcrminal domain, 

absent in lower eukaryotic PNGases but which participates in the formation of the full 

substrate binding site in mPNGase [90]. Also, effects observed on the addition of Mn2
- to 

rPNGasc Sp do not agree with what has been found for other eukaryotic PNGascs. for 

example, 108% activity in this study (rPNGasc Sp+ 5 mM Mn2
-): 90% activity in (47 j 

(mPNGase + 5 mM Mn2
.); and 33% activity in 133] (mPNGase + 2 mM Mn"+). 

3.12.2 Acthe Enzyme Could not be Reconstituted from EDTA-treated rPNGae Sp 

To confirm that rPNGasc Sp is a zinc-binding protein and the zinc ion is essential for its 

dcglycosylating activity. the enzyme was extensively dialysed against the assay buffer 

containing 20 mM or EDTA. followed by dialvsis against the same buffer without EDTA. 

The so-treated enzyme. designated as apo-rPNGase Sp. was tested for its activity. Varying 

amount of Zn2
· was then added into the enzyme solution and incubated for one hour prior 

to the assays. The results arc presented in Figure 3 .33 and cxpcrirncnta I data listed in Data 

Sheet #6 (.;\ppcndix VI). 
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Al! the assays \\ere carried out under 
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described in section 2.9.--l. /\.-;say 

buffer: 50 mM :VllB. I mM TCEP. 

pl I 6.0: substrate: FITC-O, a. 

The results showed that the treatment with chelating agent EDTA caused a remarkable 

decrease in the PNGase activity (apo-E: 28% activity !ctr), but that addition of Zn2
+ with 

concentrations ranging from 1.2 µM to 5 mM could not restore the enzymic activity. In 

addition. the inhibition by exogenous Zn2
- ions became more pronounced as the Zn 2

~ 

concentration increased. The results suggested at least two things: ( 1) The presence of 
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Zn2+ in the zinc-binding domain is essential for the activity; (2) Addition of excess Zn2+ 

failed to restore activity, and in fact inhibited the enzyme further. 

Obviously, zinc plays an important role in the maintenance of the tertiary structure of this 

enzyme. EDT A is a very potent zinc-chelating agent and can effectively remove zinc from 

zinc-binding proteins including those in which Zn2+ is most tightly coordinated such as 

transcriptional factors (ligands: Cys2-His2 or Cys4; e.g. K<l of Zn2+-Cys2His2 complex is -

10-10M, while that of Zn2+ -EDT A complex is - I o·' 6M), and irreversibly denature these 

zinc-proteins [ I 07]. 

It appeared that the deactiva tion or dcnaturation of rP Gase Sp by EDT A was irreversible 

because addition o f Zn2
.,. could not reactivate or induce the refolding of rPNGase Sp. This 

observation should however be examined carefully because, as a lready mentioned, a 

number of proteases arc extremely sensitive to Zn2
.._ inhibition (IC50 from < IO to - 200 

nM). The total concentration of rP Gase Sp presented in assay was 1.3 ~tM , which was 

approximately sto ichiomctrical ly equi valent to the lowest concentration ( 1.2 ~tM) of Zn2.._ 

tested, but whether Zn2
- at this concentrate is already in excess, or whether the Zn2-

prefcrcntial ly binds to other sites on the protein, is not known. It cannot therefore be 

concluded for certain that the deac tivation o f rPNGasc Sp by EDTA is irreversible. In fact, 

some zinc-finger proteins including Sp I and certain nuc lear hormone receptors can be 

refo lded following the addition ofmicromolar concentrations ofZn2
- [ 107]. 

An alternative way to study the correlation between the catalytic activity and the zinc 

content of rPNGasc Sp might be hctcrologous expression of the protein in the presence of 

EDT A as suggested by Saur and Thaucr [ I 08]. Mcthyltransfcrasc is a mctallocnzymc that 

contains a single Zn2+ probably coordinated by a sulfur ligand and three oxygen or 

nitrogen ligands. The apocnzymc obtained by incubating the holocnzyme with EDTA was 

irreversibly inact ivated, while the native apocnzymc expressed in£. coli in the presence of 

2 mM EDTA could be reactivated via incubation with Zn2+ or Co2+. In the case o f 

rPNGasc Sp, if Zn2
+ -binding plays a crucial role in the fo lding process and is responsible 

for generating the correct tertiary structure, such an experiment would fai l to produce 

active enzyme. 

These results produce a clue as to why the chimera with thiorcdoxin produced soluble 
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rPNGase Sp, when other expression vectors fai led: The binding of a structural zinc to the 

tetrathiolate coordination site in the enzyme is likely to be required for the initiation of the 

proper folding. In common with many metal ions, Zn2+ is sequestered by proteins such as 

metallothionein and is thus not freely ava ilable in the cell (cellular [Zn2+ rree] is in the 

picomolar range) . Zinc-proteins must acquire their Zn2+ from metallothionein [ I 03], a 

process that may not be completed quickly. Thioredoxin therefore probably helps to keep 

the four cysteine residues in two CXXC motifs reduced until the zinc ion is properly 

inserted, avo iding the quick formation of mis folded or aggrega ted rPNGase Sp. 

Estimation of the secondary structure of the nat ive, EDT A-treated and Zn2+-resupplied 

rP Gase Sp was performed by circular dichroism (CD) spectroscopy. All measurements 

were made at room temperature using a Jasco 715 Circular Dichroism Spectropolarimeter 

with a I mm path length quartz cell. A spectrum of the buffer (5 mM phosphate, pH 6.0, 

I mM TCEP) was subtracted from each sample spectrum. The data was analysed using the 

CD Pro soft.ware (http://lamar.colostate.edu/- sreeram/CDPro/main.html [ I 14, 115]) and 

results shown in Figure 3.34. Intriguing ly, treatment with EDT A did not appear to a ffect 

the content of secondary structures in rPNGase Sp despite the decrease in activity (Figure 

3.33). Both the untreated and EDTA-treated rP Gase Sp had approximately 77.8% helix, 

1.04% sheet and 19.3% random coi l, while the addition of 5 mM Zn2
- to the treated 

enzyme resu lted in a decrease in the content o f helix from 77 .8% to 58.2% and increased 

the content of sheet and random coi l to 12.9% and 27.3% respective ly, indicating that the 

binding of Zn2
- induced a s ignificant conformational change in the rP Gase molecule, 

which is consistent with the inhibitory effect o f Zn2+ on the enzyme (Figures 3.32 and 

3.33). 
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Figure 3.34 Far UV CD spectra of untreated 
and EDT A-treated rPNGase Sp, together 
with rPNGase Sp that had been treated with 
EDT A then exposed to 5 mM Zn2

+ Series 4 : 
untreated rP Gase Sp; Series 5: EDT A-treated 
rPNGase Sp; Series 6: Zn2+-exposed rP Gase 
Sp sample. The secondary structure 
composition of the untreated and EDT A
treated rP Gase Sp are basically the same: 
77.8% he li x, 1.04% sheet and 19.3% random 
coi l. After the addi tion of5 mM Zn2+, the 
content of he lix decreased to 58.2%, while that 
of sheet and random coil increased to 12.9% 
and 27.3% respectively. 
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3.12.3 Mn2+ Also Appears to Inhibit rPNGase Sp 

As mentioned in section 3.12.1 , the concentrated rPNGase Sp samples(> IO mg/mL) from 

some preparations showed pink colour, indicating that certain metal ions such as Mn2
+ or 

Co2
+ might compete with Zn2

+ for the tetrathiolate-coordination site in rPNGase Sp. In 

addition, Mnh appeared to activate the native rPNGase Sp (Figure 3.32). To test whether 

Mn2
+ has an effect on the apo-rPNGasc Sp, varying concentrations of Mn2 

... were added 

into the EDT A-treated and subsequently Zn2
+ -resupplemcnted rPNGase Sp samples, and 

the activity assayed. The resu lts arc shown in Figure 3.34 and data in Data Sheet #7 and 

#8 (Appendix Vi). 

It can be seen from Figure 3.35 (a) that the addition of Mn2
- had little effect on the act ivity 

of EDT A-treated rPNGase Sp sample (apo-E), although there was a trend towards 

increased inhibition with increasing concentrations of Mn2
..._ . When 1.2 µM Zn2

+ plus 

varying concentrations of Mn2
+ were added into the EDTA-treated rPNGase Sp sample 

and assayed, the results were consistent with those shown in Figure 3.33 and 3.35 (a) 

(Figure 3.35 b) . That is, Zn2
- started to inhibit rPNGasc Sp at micromo lar concentrations, 

and as the concentration of Mn2
- was increased, the trend was to slightly decrease the 

activity of the enzyme. 
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Figure 3.35 The effects of Mn2
+ on the activity of EDTA-treated rPNGase Sp (a) Varyi ng 

concentrations (from 1.2 µM to 5 mM) of Mn2
+ were added into EDTA-treated rP Gase Sp and the 

activi ties were assayed. (b) 1.2 µM Zn2
+ plus varying concentrations of Mn2

+ were added into the 

EDTA-treated rP Gase Sp sample and assayed 
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It can be seen from Figures 3.33 and 3.35 that, compared to the controls. the activities of 

apo-enzymes dropped to different extent (to - 28% and - 60% respectively). This was due 

to the intrinsic zn> ions were removed with different efficiency in the two experiments. 
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3.13 Crystallisation Trials 

3.13.1 Initial Crystallisation Screens 

Initial crystallisation screens were performed at room temperature using the sitting drop 

method with commercially available "'sparse matrix" crystallisation screens. These were 

Structure Screens 1 '" and 2'". PACT premier"', and Hampton Crystal Screens 1"'& 2'". 
each of which provides 96 crystallisation conditions. Out of288 conditions (some of them 

were same from different screen kits) tested. only one condition from Hampton Crystal 

Screen 1 '" resulted in the production of small square crystals of rPNGase Sp. The 

condition was 4.0 M sodium formate, and the protein concentration used was 5.5 mgimL. 

The crystals (shown in Figure 3.35) did not seem to be salt crystals. but did not diffract. 

SDmc other conditions that gave micro-crystals of rPNCiase Sp also appeared to be 

optimisablc. but fine screening based on those conditions failed to produce larger crystals. 

" H 
C • } . .,-

-
Figure 3.36 rP'\Gase Sp crystals obtained from initial crystallisation scn.:cn:c-; 
at room temperature (left). anJ a clo.se up \·ie\\ (right). 

3.13.2 Optimisation Screens 

Based on the condition that gave small square rPNGasc Sp crystals, two fine screens using 

hanging drop method were carried out at room temperature. In one of these, the protein 

concentration (2, 5, 10 and 15 mg/mL) and sodium formate concentration (2, 3. 4 and 5 M) 

were varied. In the second screen. the pH (4.6, 5.5, 6.5 and 7.6) and sodium formate 

concentrations (2, 3. 4 and 5 M) were varied at two different protein concentrations (5 and 

10 mgimL). A 96-well Additive Screen™ was also carried out to try to improve the 

quality and the size of rPNGasc Sp crystals. Unfortunately. none of the conditions tested 

resulted in rPNGasc Sp crystals. although most of them produced either micro-crystals or 

precipitates. 
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As mentioned in section 2.10.1 (Material and Methods), many variables may affect protein 

crystal growth, including the purity of protein which is crucial. The difficulty in obtaining 

rPNGasc Sp crystals was most likely due to the conformational heterogeneity of rPNGase 

Sp as discussed in section 3.5.2. This could have been due to the formation of non-native 

disulfide bond(s) and/or caused by the partial loss of the intrinsic structural-Zn2
+ during 

the purification process. In order to produce rPNGasc Sp that is suitable for crystallisation, 

three possible changes to the protocols used in this study could be make: ( I) Producing the 

protein in £. coli BL-21 (DE3)™ cells, which have a more reducing cytoplasmic 

environment than the Origami B (DE3)TM cells; (2) Using higher concentrations (5 mM or 

even up to 10 mM) of the reducing agent TCEP in all downstream processes; (3) Avoiding 

using EDTA, a highly potent Zn2~-chclating agent [107], in any buffers when purify 

rP Gase Sp for crystallisation trials. 

The following crysta llisation condit ions arc also worth trying: ( I) Growing the crysta l at a 

lower or higher temperature such as 4 C or 30 C. Because a number of conditions tried in 

both the initial and fine screens produced micro-crystals, changing the temperature may 

help to produce single, large rPNGase Sp crystals. (2) Trying detergent screens. Because 

the crystal structure of the ScPNGasc-Rad23 complex showed that the ScP Gase 

interacted with Rad23 through its Rad23-binding domain which conta ins a high content of 

exposed hydrophobic residues [27]. This might also be why the author (and other 

researchers) could not produce the reasonable amount of soluble rPNGse Sc in the absence 

of its natura l binding partner yRad23. Although rPNGasc Sp appeared to fold into its 

native conformation and showed relatively high solubility in this study, the protein might 

still be unstable in the absence of its native binding partner, if any. Including certain 

detergents in the crystallisation solutions may therefore help to stabilise rPNGasc Sp 

molecules and prevent them from non-specifically aggregating via hydrophobic 

interactions. 
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Chapter 4 - Summary 

Chapter 4 - Summary 

The aims of this study were to hctero logously produce soluble and active recombinant 

pcptidc:N-glycanase from yeast S. pombe (rPNGase Sp), to bioche mically characterise the 

enzyme, and to crystallise the enzyme for x-ray diffraction analyses. All but the last target 

were failed. 

By us ing an N-tcrmina l thioredoxin (Trx) fusion, the full-length rPNGase Sp was 

success full y overproduced in an £. coli strain Origami B™ cells in a so luble and active 

form. Thiorcdoxin fu sion appeared to enhance the so lubil ity o f rP Gase Sp by keeping 

the nine cysteinc residues, especia lly those partic ipating in the formation of the z ine

ribbon- likc domain of the cytosol ie P Gases reduced. As zinc-binding may play a 

important ro le in stabilis ing or even generating the native conformation of these cytosol ic 

P Gases [27, 29] , it is essential the cysteine residues arc maintained in a reduced state in 

the cell. The recombinant P Gase Sp produced from this system remained so luble and 

active in the presence of reducing agents (OTT or TCEP) even after the thioredo xin-His6 

fusion partner had been remo ved by specific proteo lytic cleavage. 

All the eukaryot ic P Gases possess a transglutaminase- likc catalytic tr iad (Cys-His-Asp) 

in their highl y conserved co re domain and these residues have been shown to be essentia l 

fo r the dcg lycosylation ac tivity of the cytoso lic P Gases. In this study, it was shown that 

despite th is homology with transg lutaminase, rPNGasc Sp did not possess tranglutaminasc 

ac tivity. Thus, although the cytoso lic P Gases and transglutaminascs use the same 

catalytic machinery to catalyse what is essentially the same reaction, the differences in 

both the ir amino acid compos itio n a nd the confo rmation around their active sites have 

resulted in two enzymes that arc specific for to tally different substrates, and carry out 

different chemica l reactions - a lbeit that one is almost the reverse of the other : breaking of 

an amide bond (PNGasc) or formation of an amide bond (TGasc). 

rPNGasc Sp showed apparent heterogeneity on SOS-PAGE that was characterised by the 

appearance o f two bands with a n apparent - 2.3 k.Da difference in their mo lecular weights. 

Mass spectrometry combined with other biochemical ana lyses revea led that the two bands 

seen on SOS-PAGE resulted from the anoma lous elcctrophorctie migration of rPNGasc Sp, 
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Chapter 4 - Summary 

and probably represented two conformationally different populations of the enzyme 

mo lecules able to bind different amounts of SOS. 

This study also investigated the substrate specific ity o f rPNGasc Sp. The results showed 

that, like other cytoso lic PNGascs [ 17, 49, 50] , rPNGase Sp only exhibits the 

dcglycosy lating activity towards the denatured g lycoprotcins but not their native 

counterparts. Mo reover, the high activit y rPNGase showed towards the denatured 

ribonuclcasc B among other substrates tested indicates the enzyme prefer to dcglycosylatc 

the glycoprotc ins w ith hig h mannosc-typc g lycan chains than those bear o ther types. This 

is consistent with the recognised bio log ical function of eukaryotic PNGascs: Partic ipating 

in the endo plasm ic reticulum-associated degradatio n o f mis fo lded/un fo lded g lyco proteins 

(ERAD pathway) [ 16, 38, 43], because the misfo lded/un fo lded g lyco proteins 

rctrotranslocatcd from ER uniformly carry a ' core glycan ' conta ining nme mannose 

resides. The results a lso suggested that rPNGase is able to deglycosylate g lyco

proteins/peptides that ca rry complex- and hybrid-type glyean chai ns such as denatured 

fetu in, which has not been previo usly reported. 

Kinetics study using both an I I-mer glycopeptide (Ova) derived fro m hen egg ova lbumi n 

and its FITC-dil abeled deri vative (FlTC-Ova) showed that, compared to rP Gase F from 

bacteria which has a Km of - 2. 1 µM (pH 8.0) fo r Ova [ 11 3] and - 37 µ M (pH 8.5) for 

FITC-Ova [ 11 2] , rPNGasc Sp has much lower affi nity to both the substrates. That is a Km 

o f - 386 ~tM fo r Ova (pH 6.0) and - 186 µM for FlTC-Ova (pH 6.0). These resu lts arc 

reasonable because cytoso lic PNGases arc known to be more stringent than P Gase F in 

terms o f the ir substrate speci fic ity, and the substrate used for the HPLC assays in th is 

study bore a complex-type glyca n chain, w hic h is not a favoured substrate for cytoso lic 

PNGascs. 

The purpose o f labeling the substrate with FlTC was to increase the detection sens itivity 

in the HPLC-bascd assay. This was, however, unexpectedly resulted in a higher a ffinity o f 

the substrate to rPNGase Sp compared to unlabeled one, and a lso caused substrate 

inhibition at high [S]. This might suggest a non-spec ific and non-productive bind ing 

between the enzyme and the FlTC-Ova, a process that was poss ibly promoted by the 

electrostatic attraction between the charged FITC group and certain amino ac id res idues 

surrounding the active s ite. 
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rPNGase Sp from yeast S. pombe was strongly inhibited by millimolar concentration of 

copper ([I) and zinc (II) ions which had also been found for mouse PNGase [33, 47]. 

Manganese (II) appeared to have slightly inhibitory effect on rPNGase Sp, which agreed 

well with the result from Suzuki et al. [ 4 7], who also found that iron (m) ions strongly 

inhibited the mPNGase. rPNGase Sp was basically unaffected by iron ( II) at the 

concentration used (5 mM) for m.PNGase, suggesting a potential iron (III) binding site in 

m.PNGases is absent from yPNGase. Cadmium (II) and nickel (II) ions were also found to 

severely inhibit PNGase Sp in this study. A number of possible interactions were proposed, 

all of which could result in loss of activity from the enzyme. 

Dialys is of rP Gase Sp against the metal ion chelating agent EDT A resulted in a 

remarkable decrease in the enzymic activity, and the subsequent addition of zinc (II) ions 

could not restore the activity, strongly suggesting that the z inc ion is required for the 

activity of rP Gase Sp, as we ll as playing a role in maintaining the conformation of 

rPNGase Sp. The evidence that the presence of thioredoxin fusion significantly increased 

the solubility of rP Gase Sp also supports that zinc binding is crucial for maintain ing the 

conformational integrity of rP Gase Sp, because the premise of the zinc binding is that 

those cysteines coordinating the zinc ion should stay in reduced state. Since the activation 

of non-EDT A-treated enzyme by addition of TCEP was a reversible process, the function 

of reducing agents presented in the buffers appears to keep the catalytic nuclcophile Cys-

163 reduced. 

Although rP Gase Sp needs zmc ions for its structural integrity, it is inhibited by 

exogenous zinc ions at micromolar concentrations. The free zinc ions might bind to either 

the catalytic residues such as Cys- 163, H is- 190 and Asp-207 and inhibit the enzyme in a 

competitive way or an inhibitory site on the protein surface, thus function in a 

noncompetitive way, or both. An inhibitory kinetic study should help to elucidate the 

mechanism of zinc inhibition. 

Although small crysta ls of rPNGase Sp were obtained using 4.0 M sodium formate 

aqueous as the mother liquid and a protein concentration of - 5.5 mg/mL, they did not 

diffract. Further screening around this condition failed to produce diffracting crystals. 
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Appendix I 

PN GJSp Sequence 
(NCBI database accession No. AL03 I 852) 

atggattttcatgcgatttctcaacgtttcattgatatgatgagaagcaagaattcccag 60 
M D F H A I S Q R F I D M M R S K N S Q 

aacgcttctcagcctccagagacatatcccttttatcatgaagtacgtcaaatgtcacaa 120 
N A S Q P P E T Y P F Y H E V R Q M S Q 

cacccgtggatgtatgaagacccagagttgcaggattatgctcttagcattttaccactt 180 
H P W M Y E D P E L Q D Y A L S I L P L 

gacaaactatttcaagatgcttctgaattagaaaaagagggagatggatcttggggttac 240 
D K L F Q D A S E L E K E G D G S W G Y 

caagattatgtgattcaagccttgttaaagtggttcaagcgagaattctttgtttgggtt 300 
Q D Y V I Q A L L K W F K R E F F V W V 

aatcaaccaccttgcgaaaaatgtggaggtgaaactcatatgacaggcaacggtcccccc 360 
N Q P P C E K C G G E T H M T G N G P P 

aatgaggaagaaaaatggaatggagtccgcaacgtagagctttatcaatgcaatgtatgc 420 
N E E E K W N G V R N V E L Y Q C N V C 

gggcataatcagagatttcccaggtataatcgcattcgagcattgcttgattcaaggaag 480 
G H N Q R F P R Y N R I R A L L D S R K 

ggaagatgtggagagtgggccaactgtttcactttcctatgcagagcacttggatctaga 540 
G R C G E W A N C F T F L C R A L G S R 

gctaggtggatttggaatgctgaggaccatgtgtggacggaagtctatagtaataaacag 600 
A R W I W N A E D H V W T E V Y S N K Q 

caacgctgggtgcatgtcgatagtggtgaagaatcattcgatgaacctttgatatacgaa 660 
Q R W V H V D S G E E S F D E P L I Y E 

caaggttggggaaagaagatgtcatattgtttgggttttgggatcgatagtgttcgcgat 720 
Q G W G K K M S Y C L G F G I D S V R D 

gtatcgcatagatatattcgtcaccctgagaatggtcttcctcgtgatcgatgccccgaa 780 
V S H R Y I R H P E N G L P R D R C P E 

tctgtcctacaacaggctttgcatgagattaatattgagtttcggtcccgactaactgat 840 
S V L Q Q A L H E I N I E F R S R L T D 

tctgaacgtaaggctctagaggaggaagacaaacgtgaaaaagatgaacttgatggttat 900 
S E R K A L E E E D K R E K D E L D G Y 

atgcgtcctgtttcccaggccacgcccactaacact gacctgccagcaagacaaacgggg 960 
M R P V S Q A T P T N T D L P A R Q T G 

aatgttgaatgga aagagaaaagaggggaagcagga aaatga 
N V E W K E K R G E A G K 
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Appendix II 

~:(::ff' ~~ !> 
Pa1 1!'7&0/ 

BP ~.t571) ~ 
Eam1105~435 

pET32a_HTBH Vector Information 

pET-32a(+) 
(5900bp) 

J BltEll t1 7«1) 

;~ : :11:: 
I ~ ,'i;::;: 

"" BNH ll f! U2) 

~lt2(1;27) 

P3hA 1(231115) 

pET32a sequence [T7 promoter. lac operator, ms, Ndel, ax-Tag ( 109 amino acids) .. ] 

Mscl Ndel ll is Tag 
CTG GCC GGTTCT GGTTCT GGC CAT ATG CAT CAC CAT CAC CAT CAC QATTAC 

L AGSGS GH M HHH II HHDY 

Spacer region rTev c!eav:ige site .BamHJ EcoRJ 
QAT ATC CCA ACG ACC GAA AAC CTG TAT QTCAQ GGCGGA TCC GAA TIC 
D I PTTENLYFQGGS E F 

Eagl Aval 

Sac/ Sul/ Hindlll No1/ Xhol His Tag 
GAG CTC CGT CGA CAA GCT TGC GGC CGC ACT CGA <JCA CCA CCA CCA CCA 
ELRRQACG R T RA PP P P 

CCA CTG AGA rec GGC TGC TM . 
PLR SG CEnd 

(a) Structure of pET-32a(+) vector (c) pET32a_ HTBH cloning/ex press ion region 

T7 _,_ .. IK opntar XN 1 ...!!!!.... 
T AA T AC CAC TC AC T AT ACCGQ AA TTG TGAGCCCAT AAC AA TTCCCCTC TAC AAA T AA TT T TC T TT AAC TT T AAG AAGCACA 

Tnl•llg Ma: t Hte-T119 
TATACATATCACC . . 3 15bp , . CTCCC CCC TTCTCQ TTCT CGCCA T ATGC AC CATCATCA TCATC A TTCTTC TQQ TCTCQ TGCCACCCGC TT CT 

" • tS• r 10500 . . . Le uA I aQ l yS• r-; 1 y Se r G l yH, 11'1e t H I aH I 1t-l , 1M I tH I aH I aSerSe r QI yl euVa I Pro Ar gC I yS•r 
.. llg ..tJMJ.:/_ S•Ta9 W:if' ~ llwOmDln I 

CGT ATQAAACAAACC GC rec TCCT AAA TTCCAACGCCAGCACA TCGACAGCC CAQA TC T QGGT ACC GACGACQACGACAAG 
GI y Ne tL y 1Q I uThrA I oA I aAI aly 1PheC l uArgG i nH I 1f"le tA1pS• rPr"oAspL• 1.1 Q I y Thr" .hpA1pA1 pAlpLy• 

pET-32a(+) Eagl A"'I ,_IWM 
Nco I Ecc:A V &nt1 t Ecc:A I Sac t 8"/ I Hind Ill Nolt Xllo I Hlrlog 

QCC A TCCC TCA T ATCGQA ICCGAA TTCQ AGC TC CG TCGACAAGC TCCCQCCGCAC TCGA&CACC ACCACCACCACCAC TCA" TCCGGC rec T AA 
A I aJ1e tA I 0A 1p 1 1 e l:: I ySerC I uPheC I ul t u ArliJAr iiJ C 1 nA I 0Cy 1C I y Ar9Th rAr9A I 0P r oProP r oP r oProl •uAr9S• r C t yCy 1End 

QCCATGQCGAT A CQGATCCGAA T TC QAGC TC CGTC CACAACCTTGCGGCCGCAC TCGACCACC ACC ACCACCACCACTGACA TCCGCCTGC T AA pET-32b( + 
A I aMe tA I a I I • S• rA1pP r oAan S•rSe r"S • r \la I Atp l y 8L • uA I QA lo.A I a l euC I u H I 1H I 1H I t H I tH I 1H I 1End 

CCCATCCCATA TC TCTCCATC CCAA T TCGAGCTCCCTCGACAAGC TTQCQGCCQCAC t CGAGCAC CACCACCACCAC CACTGACA TCCGGC TGC T AA pET-32c(+ 
Ala11e t C I T r l e u Tr ! l • Ar I l eAr 10ProSe r Thr SerleuAr roMl sS•r! • rT hr Thr Thr Th rThrT hr~ lul l • Ar e ulev Thr 

!xllllll!2.I T7-
C AAAGCCCGAAAGGAA CC TCACTTCCC TCCTGCCACCCCTGAGCAA TAAC TACCA T AACCCC TT QGGGCCTC T AAA CGGC TC T TG AGGGGT TT T TT C 

L ysProC I uAr gl ysl euSerT rp l • ul • uProProl e"S• rAanA1nE nd 

T7 tom,lnalor primer 1169337 ·3 

(b) pET-3Za-c(+) cloning/expression region 

Figure a) Whole plasmid map of the pET-32a-c(+) vector from Novagenrn b) 

Cloning/expression region of the pET-32a-c(+) vector c) Modification of the pET-32a-c(+) vector 

to produce the pET32_ HTBH vector The pET3 2a_HTBH vector (created by Dr. Rose Brown) used 

in this study is identi cal to the pET32a-c(+) vector except that a Mscl-BamHI fragment (His-tag, 

thrombin cleavage site, S-tag, enterokinase c leavage site (a)) was excised and replaced with a PCR 

amplified section from pProex- HTh (His-tag, spacer region, rTev protease c leavage site (c) . Primers 

included sites for Mscl (5') and BamHI (3'). The restriction sites fl anking the introduced region are 

shown in bold. In this study, the PNG /Sp gene was cloned into BamH I-Hindl II restriction sites of 

pET3 2a_HTBH vector. 

111 



Appendices 

Appendix III 

Protocol for Preparation of Substrate 
Ovalbumin Glycopeptide (Norris et al. , 1994a) 

Cyanogen Bromide Digestion 

I ) 12 g of hen egg ovalbumin (Sigma grade 2) is dissolved m 120 ml 50% formic acid 

solution. 2. 7 g cyanogen bromide (C Br) dissolved in acetonitrile is added to the 

ovalbumin solution and left overnight at room temperarure with stirring. The air in the 

reaction container was removed by argon in order to avoid oxidation of CNBr (C Br is 

toxic. All manipulation should be carried out in sealed vessels or in a fume hood). 

2) Add 300-400 ml of water and reduce to the origina l volume (- 120 ml) by rotary 

evaporation. Repeat once to remove remaining C Br. 

Removal of Insolu ble Peptides 

3) Add TCA aqueous solution into the Ci Br free digest solution to a final concentration of 

5% to prec ipita te unreacted proteins and large inso luble peptides. Centrifuge at I 0.000g 

for 15 minutes. 

4) Extract the supernatant with the same volume of diethyl ether for three times to remove 

any excess TC A, then. remove ether and concentrate the sample to a small volume (- 10 

ml) by rotary evaporation. 

5) Add acetic ac id to a final concentration of 0.5% to precipitate peptides, remove them by 

centrifugation at 14,000g for 10 minutes. 

Separation of Glycopeptide by S ize Exclusion Chromatography (SEC) 

6) Apply 2.5 ml of the supernatant to a I 00 X 2.5cm column packed with ge l filtration res in 

(Bio-RadE, P-4, 50-100 mesh) in 0.1 M acetic ac id. Wash with 0. 1 M acetic acid at a flow 

rate of 2 mL/min, and detect at 280 nm. Fraction of 8 ml is co llected. 

7) Assay fractions for reduc ing sugar by phenol/sulphuric acid test (add 12.5 µL 80% phenol 

and 1.25 mL of concentrated H2S04 into 0.5 mL of sample. An orange to brown colour 

should deve lop within 15 minutes). The fl-actions containing glycopeptides were then 

pooled, lyophilised (In this s rudy, the recovery rate of I I -mer glycopeptide is - 1-2% after 

S EC purification). After dissolving in water, the g lycopeptides were further purified by 

RP-HPLC (250 X 10mm, <1> 5 µm; C l 8, Jupiter Series; Phenomenex, UK). A 15-minute 

112 



Appendices 

a 

b 

C 

gradient elution from 20% acetonitrile / 0.1 % trifluoroacetic acid (TFA) to 40% 

acetonitrile / 0.08% TFA was applied; flow rate of 4 mL/min; detection at 214 nm. Eluted 

fractions were collected, lyophilised and analysed using PNGase activity assay (section 

2.6). The fraction containing glycopeptides was stored at -20"C until use (the purification 

product includes both the homoserine 'open' form and its isomer, lactone form, of 11-mer 

glycopeptide). Mass spectrometry analyses of the HP LC-purified product showed it has an 

average mass of ~2.59 kDa as shown in Figure 2. 

Ova I 

I I 
' I 

n 
/1 

! 0 X mrn 
I 
1i 
I 

I I 
, I 

Ii 
I 

1 I 

Figure 2. SEC purification (a), 
HPLC purification (b) and ESI 
mass spectrum (c) of the 11-mer 
glycopeptide substrate, Orn. In SEC 
purification, the retention volume of 
Ova was - 250 mL. In HPLC 
purification, the retention time of the 
lactone form and homoserine ·open' 
form of Ova were 10.8 and 9.4 
minutes respectively. ES! mass 
spectrometry analyses indicated that 
the Ova substrate has an average 
molecular weight of - 2.59 kDa. 
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In-gel Tryptic Digest for Protein ID by Mass Spectrometry 

This protocol is based on Shevchenko, A. , Wilm, M., Vonn, 0., and Mann, M., Mass 

Spectrometric sequencing of proteins from s ilver-sta ined polyacrylamide gels. Anal. Chem. 

1996, 68:850-8, and modified by David Miyamoto. 

I) Exc ise band from Coomass ie or s ilver s ta ined gel. Cut ge l band into I mm cubes us ing 

clean razor bland on a clean glass surface. Transfer to an Eppendorf tube. 

2) Remove excess water with pipet. Add 25-35 µL acetonitrile to tube to cover ge l pieces. 

Incubate at room temperature for IO minutes to dehydrate and shrink gel pieces. 

3) Remove acetonitrile with pipet. Speed-vacuum to dryness for IO munute . 

4) Swell ge l particles in 150 ~tL 10 mM OTT in 100 mM H4HCO3. incubate for I hour at 

56 'C . 

5) Cool to room temperature. Replace OTT so lution with 150 µL 55 mM iodoacetamide in 

I 00 mM NH4HCO,. Incubate for 45 minutes at room temperature in the dark w ith 

occas iona l vortex ing. 

6) Remove solution and wash ge l pieces with 150 µL I 00 mM ~H4HCO, . Incubate for I 0 

minutes at room temperature. 

7) Remove N H4HCO, solution with pi pet. Add 150 ~L L acetonitrile to dehydrate gel p ieces. 

Incubate for IO minute at room temperature. 

8) Repeat wash steps 6) throug h 7). Remove acetonitri le and speed-vacuum to dryness for I 0 

minutes. 

9) Place tubes on ice and swe ll gel part ic les in 25-35 µL digestion buffer ( 12.5 ng/µ L tryp in 

in 50 mM 1 H4HCO3). Incubate 45 minutes on ice. To make the d igestion buffer, dissolve 

20 ~tg trypsin (Promega sequence-grade mod ified porcine tryp in, Cat. # V5 I l A) in 80 µL 

Promega tryps in buffer solution (50 mM acetic acid), and dilute with 50 mM H4HCO3 to 

12.5 ng/µL. Remove tryps in-containing buffer. Add 5- 10 µL 50 mM H4HC0 3 without 

trypsin to keep pieces wet during cleavage. Incubate overnight at 3 re. 
I 0) Centriguge for I minute at 14,000 rpm to spin down gel p ieces. Save supernatant in a 

separate Eppendord tube. 

11) Add 20 µL 20 mM NH4HCO3 to cover gel pieces. Incubate IO minutes at room 

temperature. Transfer supernatant to the Eppendorf tube from step I 0. 

12) Add 25µ L 5% formic acid and 50% acetonitrile to the gel pieces. Incubate for 20 minutes 

at room temperature. 

13) Centrifuge for I minute at 14,000 rpm. Remove formic acid / acetonitrile so lution and 

save in the same Eppendorf tube from step 10. 

14) Repeat formic acid extraction (steps 12 through 13) twice more. 

15) Dry the Eppendorf tube in speed-vacuum to complete dryness. Store at - 20 ·c until 

analyses. 
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FITC-labeling of Ovalbumin Glycopeptide 

The protocol for F ITC-labeling of ovalbumin glycopeptide was adapted from [ I 12] 

Procedure: 

About 50 mg of I I-mer glycopeptide (Ova) purified from HPLC s tep (Appendix [lf ) was 

dissolved in IO ml 0.1 M a2 HPO, aH2PO3 buffer (pH 7.0) in a small roundbottom flask 

wrapped with foil (F ITC is light-sens itive). To this solution, 2 ml 0.5% F ITC in acetone (w/v) 

was added dropwise with s tiITing. The reaction was left overnight at room temperature and 

purified on a Cl8 HPLC column (250 X 10mm, c/J 5 µm ; Jupiter Series: Phenomenex) with the 

following gradient: (so lvent A: 0.1 % TFA in water; solvent B: 0.08% TFA in acetonitri le) I) 

isocratic flow at 80% A 20% B for 2 min.: 2) grad ient to 60% A 40% B over 5 min.; 3) 

gradient to 30% A. 70% B over l 0 min.; 4) gradient to l 00% B over 5 min.: 5) isocrat ic flow 

at l 00% B for 5 min.; 6) gradient to 80% A 20% B over l 0 min. F low rate of 4 ml/min: 

detected using UV (214 nm) or fluorescence (excitation: 495 nm. emiss ion: 520 nm) detector. 

Fractions containing l I-mer glycopeptide were identified us ing PNGase activity assay 

(section 2.6). 

Like Ova, the FITC-labeled substrate (FITC-Ova) is equilibrates between two isomer 

(homoserine 'open ' fonn and homo erine lactone form). Thus, the FITC-labeled substrate was 

lyophilised and then totally conve11ed (hydrolysed) to the 'open ' fonn by boiling in 0.1 M 

ammonia bicarbonate (pH 8.5. adjusted u ing NH4OH) followed by lyoph ilisation and a fina l 

purification step us ing reverse phase HPLC described above. The final product was 

lyophi lised to give a yellow powder that cou ld be stored at -20°C. 
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PURIFI OF FITC-Ll'BELED SUB 4-10-06 #48 modified b lab UV 111S 1 
AU ~214nm 

Lactonc fonn 

·0pc11· 
fonn 

Li 
-3 

00 50 100 150 200 25 0 30 0 35 0 

Figure 3. HPLC-chromatogram for the purification of the 
labelling product (FITC-Ova) using preparative HPLC The 
retention times of the homorserine 'open· form and lactone form of 
FITC-Ova were 16.4 and 17.6 minutes respecti vely. 

..... - KMESTl'-'ATING (IUISlO!.n>.) 2 "8-"-07 #4 [modified bylabJ 

1 10 2 · KM ESTl'-'ATING FITC-OVA 2 • 8- • -07 •6 rnod,fied b lab 

fv "ub-1 2 I rn111 

~ 
80 

ProJ- 14.3 m111 

00 5 0 10 0 150 200 

Fluorescence 
Fluorescence 

EM 520 n 

25 0 

Figure 4. A typical HPLC-chromatogram for the assay us ing 
Fl TC-Ova The retention times of the substrate (hormoserine 'open' 
form of FITC-Ova) and the product were 12.4 and 14.3 minutes 
respectively. 
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Experimental Data Sheets 

Data Sheet #1 - Experimental Data of Optimum pH Determination 

pH Vt (*) Vz V3 Mean Std. Deviation 

5.0 11.19 12.71 9.92 11.27 1.397 
5.5 94 .98 95 .07 99 .73 96.59 2.717 
6.0 103.32 98.71 103.3 101.8 2.656 
6.5 64 .1 64.16 61.2 63.15 1.692 
7.0 64 .69 64.63 62.58 63.97 1.201 
7.5 80.55 75 .71 78. 13 3.422 
8.0 43.09 51.57 55 .23 49.96 6.227 
8.5 26.56 27.74 31.46 28.59 2.557 
9.0 14.47 11.28 13 .24 13 1.609 

Data Sheet #2 - Data used for the determination of Km for FITC-Ova (pH 6.0) 

(S I (µM) v 1 (nmol/min) Mean 
Std. 

Vz V3 Deviation 
3.32 55.7 76.8 62.9 65 .2 10.7 
6.65 146 152 148 149 2.62 
13.3 303 300 301 301 1.87 
26.6 665 621 597 628 34.7 
39.8 886 846 840 857 24.9 
53.1 1053 1062 1089 1068 18.7 
106 1413 1450 1468 1444 27.5 
159 1449 1422 1387 1420 31.6 
212 1233 1252 1270 1252 18.0 
265 1134 1116 1116 1122 10.4 
398 689 666 632 662 28.6 

Data Sheet #3 - Data used for the determination of Km for Ova (pH 7 .0) 

(SJ (µM) v 1 (nmol/min) Mean 
Std. 

Vz V3 Deviation 
26.5 401 406 403 4.07 
53 794 756 747 766 25.2 
106 1302 1360 1380 1347 40.8 
212 2057 2045 2169 2090 68.3 
319 2837 2715 2878 2810 85.0 
638 3755 3715 3674 3715 40.8 
850 3980 4016 3998 25.8 
1700 4368 4449 4470 4429 54.0 
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Data Sheet #4 - Data used for the determination of Km for Ova (pH 6.0) 

[SI (µM) v, (nmol/min) Mean 
Std. 

V2 V 3 Deviation 
26.5 270 276 273 4.07 
53 531 493 484 503 25.2 
106 893 931 927 917 21.2 
212 1336 1344 1386 1355 26.6 
319 2184 2037 2225 2148 98.8 
425 2118 2107 2099 2108 9.19 
638 3123 3102 2980 3068 77.3 
850 3380 3096 3238 201 
1700 3041 3061 3000 3034 31.2 

Data Sheet #5 - Experimental Data of 'Effects of Metal Ions' analyses 

VI(*) V2 V3 Mean Std. Deviation 

Control 16.5 I 6.4 16.7 16.5 0. 146 
SmM Cui+ 0.00 0.00 0.00 0.00 0.00 
SmM Fe3+ 16. 1 16.8 I 5.5 16.2 0.642 
SmM Mn2+ 18.7 18.1 17.2 18.0 0.71 8 
SmM .\1i2+ 10.5 10.5 I 1.9 11.0 0.803 
SmM zn2+ 2.27 2.3 I 2.23 2.27 0.040 
SmM Cd2+ 1.72 1.67 1.58 1.66 0.0709 

Data Sheet #6 - Experimental Data of 'Effects of EDTA and zn2+' analyses 

VI(*) V2 V3 Mean Std. Deviation 

Control (100%) 12.1 IO . I 10.9 I 1.0 1.01 

Apo-E (**) 3.14 3.00 3.23 3.12 0. 116 
Apo-E + 1.2 µM zn2+ 2.15 2.27 2.22 2.21 0.0603 
Apo-E + 120 µM zn2+ 1.98 1.97 1.87 1.94 0.0608 
Apo-E + 1.2 mM Zn2+ 0.734 0.648 0.639 0.674 0.0524 
Apo-E + 5 mM zn2+ 0.182 0.197 0.1 83 0.187 0.00839 

Data Sheet #7 - Experimental Data of 'Effects of Mn2+' analyses 

Vi(*) V2 V3 Mean Std. Deviation 

Ctrl (100%) 13.0 13.0 13.6 13.2 0.374 
Apo-E 8.53 8.02 7.83 8. 13 0.363 

Apo-E + 1.2 µM Mn2+ 7.43 7.73 7.37 7.51 0.193 
Apo-E + 120 µM Mn2+ 6.97 6.88 7.36 7.07 0.253 
Apo-E + 5 mM Mn2

+ 7.05 7.18 6.88 7.04 0.151 
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Data Sheet #8 - Experimental Data of 'Effects of Mn2+' analyses 

VI(*) Vz Mean Std. Deviation 

Ctrl (100%) 10.7 9.96 10.4 0.558 
Apo-E 7.35 7.67 7.51 0.226 
Apo-E + l.2µM zn2+ 5.86 5.93 5.89 0.0508 
Apo-E + l.2µM zn2+ / l.2µM Mn2+ 5.27 5.43 5.35 0. 116 
Apo-E + l.2µM zn2+ / 120µM Mn2+ 4.91 5.16 5.04 0. 173 
Apo-E + l.2µM zn2+ / l.2mM Mn2+ 5.59 4.62 5.10 0.685 
Apo-E + l.2µM zn2+ / SmM Mn2+ 4.13 3.86 4.00 0.191 

* v : Initial velocity (Vo) of the deglycosylation reaction was presented in the peak area of the 
TM 

reaction products calculated from the HPLC chromatogram (Chromeleon Client software). 

** Apo-E: the rP Gase Sp sample treated with 20 mM EDTA (See section 2.9.5) 

119 



References 

References 

1. Helenius, A. , Aebi, M . Intracellular functions of N-linked glycans. Science, 200 I. 291: p. 
2364-2369. 

2. Varlci, A., Cummings, R. , Eska, J. , Freeze, H. , Hart, G. and Marth, J. Essentials of 
Glycobiology. Cold Spring Harbor Laboratory Press, 1999. NY. 

3. Tarentino, A.L. , Plummer, T.H. , Jr. Deglycosylation of asparagine-linked glycans by 
peptide:N-glycosidase F. Trends Glycosci . Glycotechnol. , 1993. 5: p. 163-170. 

4 . Suzuki, T ., Park, H. , Kitajima, K. , Lennarz, W.J . Peptides glycosylated in the endoplasmic 
reticulum of yeast are subsequently deglycosylated by a soluble peptide: N-glycanase 
activity. J. Biol. Chem. , 1998. 273: p. 21526-30. 

5 . Plummer, T.H. , Jr. , Elder, J.H ., Alexander, S ., Phelan, A.W., Tarentino, A.L. 
Demonstration of peptide:N-glycosidase F activity in endo-beta-N-acetylglucosaminidase 
F preparations. J. Biol. Chem., 1984. 259: p. I 0700-10704. 

6. Norris , G.E ., Flaus, A.J., Moore, C.H., Baker, E.N. Purification and crystallization of the 
endoglycosidase PNGase F, a peptide:N-glycosidase from Flavobacterrium 
meningosepticum. J. Mal. Bio. , 1994a. 241 : p. 624-6. 

7. Norris, G.E. , Stillman, T.J. , Anderson, B.F. Baker, E.N. The three dimensional structure 
of PNGase F, a glycosyl asparaginase from Flavobacterium meningosepticum. Structure, 
1994b. 2: p. 1049-1059. 

8. Kuhn, P ., Guan, C., Cui, T . Tarentino, A.L., Plummer, T.H., Jr. , Roey, P .V. Active site and 
oligosaccharide recognition residues of peptide-N4- (N-acetyl:/3-D-glucosaminyl) 
asparagine amidase F. J . Biol. Chem., 1995 . 270: p. 29493-29497. 

9. Takahashi, N ., Demonstration of a new amidase acting on glycopeptides. Biochem. 
Biophys. Res., 1977. 76: p . 1194-1201. 

10. Ftouhi-Paquin, N. , Hauer, C.R., Stack, R.F., Tarentino, A.L., Plummer T.H., Jr. Molecular 
Cloning, Primary Structure, and Properties of a New Glycoamidase from the Fungus 
Aspergillus tubigensis. Biological Chemistry J. , 1997. 272: p. 22960-22965. 

11. Altmann, F. , Paschinger, K. , Dalik, T. , Vorauer, K. Characterisation of fi-D-glucosaminyl) 
asparagine amidase A and its N-glycans. Eur J Biochem., 1998. 252: p. 118-23 . 

12. Baker, H.M., Day, C.L., Norris, G.E. , Baker, E.N. Enzymatic deglycosylation as a tool for 
crystallization of mammalian binding proteins. Acta Crystallogr D Biol Crystallogr, 1994. 
50: p. 380-4. 

13 . Suzuki, T ., Park, H ., Hollingsworth, N .M., Sternglanze, R . Lennarz, W.J. PNGJ, a yeast 
gene encoding a highly conserved peptide:N-glycanase. Cell Biology J. , 2000. 149: p. 
1039-1051. 

14. Makarova, K.S ., Aravind, L., Koonin, E.V. , A supe,family of archaeal, bacterial, and 
eukaryotic proteins homologous to animal transglutaminases. Protein Science, 1999. 8: p. 
1714-1719. 

120 



References 

15. Katiyar, S., Suzuki, T., Balgobin, B.J., Lennarz, W.J. Site-directed Mutagenesis Study of 
Yeast Peptide: N-Glycanase. J. Biol. Chem., 2002. 277: p. 12953-12959. 

16. Suzuki, T ., Park, H . Lennarz, W.J. Cytoplasmic peptide: N-glycanase (PNGase) in 
eukaryotic cells: occurrence, primary structure, and potential functions. F ASEB J., 2002. 
16: p. 635-641. 

17. Hirsch, C. , Blom, D., Ploegh, H.L. A role for N-glycanase in the cytoso/ic turnover of 
glycoproteins. The EMBO J. , 2003 . 22: p. 1036-1046. 

18. Kopito, R.R. , ER quality control: the cytoplasmic connection. Cell, 1997 . 88: p. 427-30. 

19. Wiertz, E.J. , Jones, T.R. , Sun, L. , Bogyo, M., Geuze, H.J ., Ploegh, H. L. The human 
cytomegalovirus USJ 1 gene product dislocates MHC class I heavy chains from the 
endoplasmic reticulum to the cytosol. Cell, 1996. 84 : p . 769-79 . 

20. Blom, D ., Hirsch, C., Stern, P ., Tortorella, D., Ploegh, H.L. A glycosylated type I 
membrane protein becomes cytosolic when peptide: N-glycanase is compromised. EMBO 
J., 2004. 23 : p. 650-8. 

21. Suzuki, T ., Kitajima, K. , Emori, Y. , Inoue, Y. , Inoue, S. Site-specific de-N-glycosylation 
of diglycosylated ovalbumin in hen oviduct by endogenous peptide: N-glycanase as a 
quality control system for newly synthesized proteins. Proc Natl Acad Sci US A. , 1997. 94: 
p. 6244-9. 

22 . Seko, A., Kitajima, K., Inoue, Y. , Inoue, S. Peptide:N-glycosidase activity found in the 
early embryos of Oryzias latipes (Medak.a fish). Biological Chemistry J. , 1991. 266: p . 
22110-221 14. 

23. Suzuki, T. , Seko, A., Kitajima, K., Inoue, Y. , Inoue, S. Identification of peptide:N
glycanase activity in mammalian-derived cultured cells. Biochem Biophys Res Commun., 
1993 . 194: p. 1124- 1130. 

24. Suzuki, T ., Park, H. , Till, E.A., Lennarz, W.J. The PUB domain: a putative protein
protein interaction domain implicated in the ubiquitin-proteasome pathway. Biochem 
Biophys Res Commun. , 2001a. 287: p. 1083-7. 

25. Lorand, L. , Conrad, S. M . Transglutaminases. Mol Cell Biochem., 1984. 58: p. 9-35 . 

26. Griffin, M ., Casadio, R ., Bergamini, C.M . Transglutaminases: nature's biological glues. 
Biochem. J. , 2002 . 368(Pt 2): p. 377-96. 

27. Lee, J .H. , Choi, J.M. , Lee, C. , Yi, K.J., and Cho, Y. Structure of a peptide:N-glycanase
Rad23 complex: Insight into the deglycosy lationfor denatured glycoproteins. PNAS . USA, 
2005 . 102: p.9144-9149. 

28 . Kitajima, K. , Suzuki, T., Kouchi, Z. , Inoue, S., Inoue, Y. Identification and distribution of 
peptide:N-glycanase (PNGase) in mouse organs. Arch Biochem Biophys., 1995. 319: p. 
393-401. 

29. Zhao, G ., Zhou, X ., Wang, L. , Li, G ., Kisker, C ., Lennarz, W.J., and Schindelin, H. 
Structure of the Mouse Peptide N-Glycanase-HR23 Complex Suggests Co-evolution of the 
Endoplasmic Reticulum-associated Degradation and DNA Repair Pathways. J. Biol. 
Chem. , 2006. 281: p. 13751-13761. 

121 



References 

30. Misaghi, S., Pacold, M.E., Blom, D ., Ploegh, H.L., and Korbel, G.A. Using a small 
molecule inhibitor of peptide:N-glycanase to probe its role in glycoprotein turnover. J. 
Chem. Biol., 2004. 11 : p. 1677-1687. 

31. Misaghi, S., Korbel , G.A., Kessler, B., Spooner, E., Ploegh, H.L. z-VAD-fmk inhibits 
peptide:N-glycanase and may result in ER stress. Cell Death and Differentiation, 2006. 13: 
p. 163-165. 

32. Suzuki, T ., Hara, I. , Nakano, M., Zhao, G., Lennarz, W.J., Schindelin, H., Taniguchi, N. , 
Totani , K. , Matsuo, I. , Ito, Y. Site-specific labeling of cytoplasmic peptide:N-glycanase by 
N,N'-diacetylchitobiose-related compounds. J. Biol. Chem. , 2006. 281 : p. 22152-22160. 

33 . Weng, S. , Spiro, R.G . Demonstration of a peptide:N-glycosidase in the endoplasmic 
reticulum of rat liver. Biochem. J. , 1997. 322: p. 655-61. 

34. Enenkel , C. , Lehmann, A., Kloetzel , P.M. Subcellular distribution of proteasomes 
implicates a major location of protein degradation in the nuclear envelope-ER network in 
yeast. EMBO J. , 1998. 17: p. 6144-54. 

35. Katiyar, S., Li , G. , Lennarz, W.J. A complex between peptide:N-glycanase and two 
proteasome-linked proteins suggests a mechanism for the degradation of misfolded 
glycoproteins. Proc. Natl. Acad. Sci. USA, 2004. 101: p . 13774-9. 

36 . Suzuki T, Park, H., Kwofie, M.A. Lennarz, W.J., Rad23 Provides a link between the 
Png I Deg/ycosylating Enzyme and the 26 S Proteasome in Yeast. J. Biol. Chem. , 200 lb . 
276: p. 21601-7 . 

37. Biswas, S., Katiyar, S., Li , G., Zhou, X., Lennarz, W.J., Schindelin, H. The N-terminus of 
yeast peptide:N-glycanase interacts with the DNA repair protein Rad23. Biochem 
Biophys Res Commun. , 2004. 323: p. 149-155. 

38. Kim, I. , Ahn, J. , Liu, C., Tanabe, K., Apodaca, J. , Suzuki, T. , Rao, H. Th e Png l-Rad23 
complex regulates glycoprotein turnover. J. Cell Biol. , 2006. 172: p. 21 1- 219. 

39. Bertolaet, B.L. , Clarke, D.J., Wolff, M ., Watson, M .H., Henze, M., Divita, G ., Reed, S.I. 
UBA domains of DNA damage-inducible proteins interact with ubiquitin. Nature 
Structural Biology, 2001 . 8: p. 417 - 422. 

40 . Caroline, R.M. , Wilkinson, Seeger, M. , Hartmann-Petersen, R., Stone, M. , Wallace, M ., 
Semple, C. , Gordon, C. Proteins containing the UBA domain are able to bind to multi
ubiquitin chains. Nature Cell Biology, 2001 . 3: p. 939 - 943. 

41. Rao, H. , Sastry, A. Recognition of Specific Ubiquitin Conjugates ls Important for the 
Proteolytic Functions of the Ubiquitin-associated Domain Proteins Dsk2 and Rad23. J. 
Biol. Chem., 2002. 277( 14): p. 11691-11695. 

42 . Park, H., Suzuki, T ., Lennarz, W.J. Identification of proteins that interact with mammalian 
peptide:N-glycanase and implicate this hydrolase in the proteasome-dependent pathway 
for protein degradation. Proc. Natl. Acad. Sci. USA., 2001. 98: p. 11163-8. 

43. Li, G., Zhou, X. , Zhao, G., Schindelin, H., Lennarz, W.J. Multiple modes of interaction of 
the deglycosylation enzyme, mouse peptide N-glycanase, with the proteasome. Proc Natl 
Acad Sci US A., 2005. 102(44): p. 15809-14. 

122 



References 

44. Richly, H., Rape, M. , Braun, S., Rumpf, S., Hoege, C. Jentsch, S. A series of ubiquitin 
binding factors connects CDC48/p97 to substrate multiubiquitylation and proteasomal 
targeting. Cell, 2005 . 120: p. 73-84. 

45 . McNeill, H., Knebel, A. , Arthur, J.S ., Cuenda, A. , Cohen, P. A novel UBA and UBX 
domain protein that binds polyubiquitin and VCP and is a substrate for SAP Ks. Biochem. 
J., 2004. 384: p. 391-400. 

46. Allen, M.D. , Buchberger, A. Bycroft, M. The PUB domain functions as a p97 binding 
module in human peptide N-glycanase. J. Biol. Chem., 2006. 281: p. 25502-25508. 

47. Suzuki, T., Seko, A., Kitajima, K. , Inoue, Y. , Inoue, S. Purification and enzymatic 
properties of peptide:N-glycanasefrom CJH mouse-derived L-929 fibroblast cells. J. Biol. 
Chem., 1994. 269: p. 17611-8. 

48. Suzuki, T. , Kitajima, K. , Inoue, Y. , Inoue, S. Carbohydrate-binding property of peptide: 
N-glycanase from mouse fibroblast L-929 cells as evaluated by inhibition and binding 
experiments using various oligosaccharides. J. Biol. Chem. , 1995. 270 : p. 15181-6. 

49. Hirsch, C. , Misaghi, S., Blom, D. , Pacold, M.E., Ploegh, H.L. Yeast N-glycanase 
distinguishes between native and non-native glycoproteins. EMBO J. , 2004. 5: p. 201-6. 

50. Joshi , S., Katiyar, S. , Lennarz, W.J. Mis/aiding of glycoproteins is a prerequisite for 
peptide:N-glycanase mediated deglycosylation. FEBS Letters, 2005. 579: p. 823-826. 

51. Huppa, F.B. , Ploegh, H.L. The chain of the T cell antigen receptor is degraded in the 
cytosol. Immunity, 1997. 7: p. 113-122. 

52 . Della Mea, M., Caparros-Ruiz, D. , Claparols, I. , Serafini-Fracassini, D., Rigau, J . AtPnglp. 
The first plant transglutaminase. Plant Physiol, 2004. 135: p. 2046-2054. 

53. Laemmli, U.K. Cleavage of structural proteins during the assembly of the head of 
bacteriophage T4. Nature, 1970. 227: p. 680-685. 

54. Bradford, M. A rapid and sensitive method/or the quantitation of microgram quantities of 
protein utilizing the principle of protein-dye binding. Anal. Biochem., 1976. 72: p. 248-
254. 

55 . Sharon, N.L. Glycoproteins. The Proteins. Edited by H Neurath, RL Hill. New York, 
Academic, 1982: p. 1-144. 

56. Waelsch, H., Mycek, M.J. Transglutaminase. Methods in Enzymology, 1962. V: p. 833-
838 . 

57. Griffin, P.R. Direct database searching with MALDI-PSD spectra of peptides. Rapid 
Commun Mass Spectrom, 1995( 1546-51 ). 

58. Hillenkamp, F. , Karas, M., Beavis, R.C., and Chait, B.T. Matrix-assisted laser 
desorption/ionization mass spectrometry of biopolymers. Anal. Chem. , 1991 . 63: p. 
l 193A-1203A. 

59. Shevchenko, A., Wilm, M., Vonn, 0. , Mann, M . Mass spectrometric sequencing of 
proteins from silver stained polyacrylamide gels. Anal. Chem., 1996. 68: p. 850-858. 

123 



References 

60. Fenn, J.B., Mann, M., Meng, C.K., Wong, S.F., Whitehouse, C.M. Electrospray ionization 
for mass spectrometry of large biomolecules. Science, 1989. 246: p. 64-71. 

61 . Han, J. Tris[2-carboxyethyl]phosphine - A reducing agent with versatile applications 
including cleavage of disulfide bonds and quantitation of numerous oxidants. Previews, 
1999. 2(4): p. 16-21. 

62. Palmer, T. Enzymes: Biochemistry, Biotechnology and Clinic Biochemistry. Ellis Horwood 
Ltd. London, New York, Toronto, Sydney, Tokyo, Singapore, Madrid, Mexiko City, 
Munich, 2001. fifth edition. 

63. Drenth, J. Principles of Protein X-Ray Crystallography. Springer-Verlag Inc. NY, 1999: p. 
ISBN 0-387-98587-5 . 

64. Martin, I.M.B. Scientific Data Visualization and Digital Image Processing for Structural 
Biology. Purdue University, West Lafayette, 1996. 

65. Jancarik, J. , Kim, S.H. Sparse matrix sampling: a screening method for crystallization of 
proteins. J. Appl. Cryst. , 1991. 24: p. 409-411. 

66. Stewart, E.J., Aslund, F., Beckwith, J. Disulfide bondformation in the Escherichia coli 
cytoplasm: an in vivo role reversal for the thioredoxins. EMBO J. , 1998. 17( 19): p. 5543-
50. 

67. Fountoulakis, M. Apparent heterogeneity of recombinant interferon y receptors produced 
in prokaryotic and eukaryotic expression systems. J. Chem. Technol. Biotechnol. , 1996. 
65(2): p. 123-30. 

68 . Baneyx, F. Recombinant protein expression in Escherichia coli. Current Opinion m 
Biotechnology, 1999. 10(5): p. 411-421. 

69. Sorensen, M.A., Kurland, C.G., Pedersen, S. Codon usage determines translation rate in 
Escherichia coli. j. mol. Bio, 1989. 207(2): p. 365-77. 

70. Zhang, S.P., Zubay, G., Goldman, E. Low-usage codons in Escherichia coli, yeast, fruit.fly 
and primates. Gene, 1991. 105(1): p. 61-72. 

71. Grossman, T.H., Kawasaki, E.S., Punreddy, S.R., Osburne, M.S. Spontaneous cAMP
dependent derepression of gene expression in stationary phase plays a role in 
recombinant expression instability. Gene, 1998. 209( 1-2): p. 95-103. 

72. Manuvakhova, M., Keeling, K., Bedwell, D.M. Aminoglycoside antibiotics mediate 
context-dependent suppression of termination codons in a mammalian translation system. 
RNA, 2000. 6(7): p. 1044-1055. 

73. Namy, 0., Rousset, J.P., Napthine, S., Brierley, I. Reprogrammed Genetic Decoding in 
Cellular Gene Expression. Mol Cell., 2004. 13(2): p. 157-168. 

74. Mccaughan, K.K., Brown, C.M., Dalphin, M.E., Berry, M.J., Tate, W.P. Translational 
Termination Efficiency in Mammals is Influenced by the Base Following the Stop Codon. 
Proc. Natl. Acad. Sci. U. S. A. , 1995. 92: p. 5431-5435. 

75 . Buckingham, R.H. Codon context and protein synthesis: Enhancements of the genetic 
code. Biochimie, 1994. 76(5): p. 351-4. 

124 



References 

76. Namy, 0., Hatin, I. Rousset, J.P. Impact of the six nucleotides downstream of the stop 
codon on translation termination. EMBO Rep., 2001. 2: p. 787-793. 

77. Kang, S.H., Jung, S.T., Kang, T.J., Kim, R.G., Suh, S.H., Woo, J.H., Lee, E.Y., Choi, C.Y. 
An efficient translational termination of human erythropoietin in Escherichia coli by 
altering the base following the stop codon. Biotechnology Techniques, 1999. 13(11 ): p. 
761-764. 

78. Arkov, A.L., Korolev, S.V. Kisselev, L.L. 5' Contexts of Escherichia coli and human 
termination codons are similar. Nucleic Acids Res., 1995. 23 (22): p. 4 712-4 716. 

79. Tork, S., Hatin, I., Rousset, J. P., Fabret, C. The mqjor 5' determinant in stop codon read
through involves two adjacent adenines. Nucleic Acids Res., 2004. 32(2): p. 415-21. 

80. Melchior, F. SUMO-nonclassical ubiquitin. Annu . Rev. Cell. Dev. Biol. , 2000. 16: p. 
591-626. 

81. Malakhov, M.P. , Mattern, M.R., Malakhova, O.A. , Drinker, M., Weeks, S. D., Butt, T. R. , 
SUMO fusions and SUMO-specific protease for efficient expression and purification of 
proteins. J Struct Funct Genomics, 2004. 5(1-2): p. 75-86. 

82. Jeffrey, G. Comparison of SUMO fusion technology with traditional gene fusion systems: 
Enhanced expression and solubility with SUMO. Protein Science, 2006. 15: p. 182-189. 

83. Kontos, H., Napthine, S ., Brierley, I. Ribosomal pausing at a frameshifter RNA 
pseudoknot is sensitive to reading phase but shows little correlation with frameshift 
efficiency. Mol. Cell. Biol. , 2001. 21 (24): p. 8657-8670. 

84. Jenkins, N. Role of physiology in the determination of protein heterogeneity. Current 
Opinion in Biotechnology, 1996. 7: p. 205-209 

85. Yee, V.C., Pedersen, L.C., Le Trang, I., Bishop, P.O., Stenkamp, R.E. and Teller, D.C. 
Three-dimensional structure of a transglutaminase : human blood coagulation factor 
XIII. . Proc. Natl. Acad. Sci . U.S.A. , 1994 91 : p. 7296-7300. 

86. Pedersen, L.C. , Yee, V.C., Bishop, P.O., Le Trang, I. , Teller, D.C. Stenkamp, R.E. 
Transglutaminase factor XIII uses proteinase-like catalytic triad to cross/ink 
macromolecules. Protein Sci. , 1994. 3( I 131-135). 

87. Berry, M.B., Phillips, G.N., Jr. Crystal structures of Bacillus stearothermophilus 
adenylate kinase with bound Ap5A, Mg2+ Ap5A, and Mn2+ Ap5A reveal an intermediate 
lid position and six coordinate octahedral geometry for bound Mg2+ and Mn2 +. Proteins, 
1998. 32: p. 276-288. 

88. Marangoni, A.G. Enzyme Kinetics, A modern Approch. Wiley-lnterscience, 2003. 

89. Suzuki, T., Kitajima, K., Inoue, S., Inoue, Y. Does an animal peptide:N-glycanase have 
the dual role as an enzyme and a carbohydrate-binding protein? . Glycoconj J., 1994. 
11(5): p. 469-76. 

90. Zhou, X., Zhao, G. , Truglio, J.J., Wang, L., Li, G., Lennarz, W.J., Schindelin, H. 
Structural and biochemical studies of the C-terminal domain of mouse peptide-N
glycanase identify it as a mannose-binding module. PNAS, 2006. 103(46): p. 17214-9. 

125 



References 

91. Sawyer, W.H., Klonis, N. Spectral properties of the prototropic forms of jluorescein in 
aqueous solution. Journal of Fluorescence, 1996. 6(3): p. 147-157. 

92. Gregory, AP. Preparation of isomorphous heavy-atom derivatives. Methods Enzymol., 
1985. 144(147-156). 

93. Disbudak, A., Bektas, S., Patir, S., Gene, 0., Denizli, A. Cysteine-metal affinity 
chromatography: determination of heavy metal adsorption properties. Separation and 
Purification Technology, 2002. 26(2): p. 273-281 (9). 

94. Rulisek L, V.J. Coordination geometries of selected transition metal ions (Co2 +, Ni2+, 
Cu2+, Zn2+, Cd2+ and Hg2+) in metalloproteins. J Inorg Biochem. , 1998. 71 ((3-4)): p. 
115-27. 

95. Holland, D.R. , Hausrath, A.C., Juers, D. , Matthews, B.W. Structural analysis of zinc 
substitutions in the active site of thermolysin. Protein Science, 1995. 4: p. 1955-1965. 

96. Munoz, A. , Laib, F., Petering, D.H. , Shaw III, C.F. Characterization of the cadmium 
complex of peptide 49-61: a putative nucleation center for cadmium-induced folding in 
rabbit liver metallothionein !IA. JBIC, 1999. 4 p. 495-507. 

97. Messerle, B.A., Schaffer, A., Vasak, M. , Kagi, J.H.R. , Wuthrich, K. Comparison of the 
Solution Conformations cf Human [Zn7]-Metallothionein-2 and [Cd7]-Metallothionein-2 
Using Nuclear-Magnetic-Resonance Spectroscopy. J. Mo!. Biol. , I 992. 225 p. 433-443. 

98 . Gomez Ortiz, M., Gomis-Ruth, F.X., Huber, R., Aviles, F.X. Inhibition of 
carboxypeptidase A by excess zinc: analysis of the structural determinants by X-ray 
crystallography. FEBS letters 1997. 400(3): p. 336-340 

99. Holland, D.R., Hausrath, A.C. , Juers , D. and Matthews, B.W. Structural analysis of zinc 
substitutions in the active site of thermolysin. Protein Science, 1995. 4( 10): p. 1955-1965. 

100. Kerr, M.A., Kenny, A.J. The molecular weight and properties of a neutral metallo
endopeptidasefrom rabbit kidney brush border. Biochem J., 1974. 137(3): p. 489-495. 

10 I. Mall ya, S.K., Wart, H. E. V. Mechanism of Inhibition of Human Neutrophil Collagenase by 
Gold (I) Chrysotherapeutic Compounds. J. Biol. Chem., 1989. 264(3): p. 1594-160 I. 

102. Draper, A.J., Hammock, B.D. Inhibition of soluble and microsomal epoxide hydrolase by 
zinc and other metals. Toxicological Sciences, 1999 52: p. 26-32. 

103 . Maret, W., Yetman, C.A., Jiang, L. Enzyme regulation by reversible zinc inhibition: 
glycerol phosphate dehydrogenase as an example Chem Biol Interact., 2001. 130-132(1-3): 
p. 891-901. 

104. Maret, W., Jacob, C., Vallee, B.L. , Fischer, E.H. Inhibitory sites in enzymes: Zinc removal 
and reactivation by thionein. Proc Natl Acad Sci US A, 1999. 2(96(5)): p. 1936-40. 

105. Maret, W., Yetman, C.A., Jiang, L.J. Enzyme regulation by reversible zinc inhibition: 
glycerol phosphate dehydrogenase as an example Chem Biol Interact., 2001. 130-132(1-3): 
p. 891-901. 

106. Maret, W., Jacob, C., Vallee, B.L. , Fischer E.H. Inhibitory sites in enzymes: Zinc removal 
and reactivation by thionein. Proc Natl Acad Sci U S A, 1999. 2(96(5)): p. 1936-40. 

126 



References 

107. Nyborg, J.K., Peersen, O.B. That zincingfeeling: the effects of EDTA on the behaviour of 
zinc-binding transcriptional regulators. Biochem. J., 2004. 381 : p. e3-e4. 

108. Sauer, K., Thauer, R.K. Methyl-coenzyme M formation in methanogenic archaea 
Involvement of zinc in coenzyme M activation. Eur. J . Biochem. , 2000. 267: p. 2498-2504. 

109. Green, E.D., Adelt, G., Baenziger, J.U., Wilson, S. , Halbeek, H.V. The asparagine-linked 
oligosaccharides on bovine fetuin. Structural analysis of N-glycanase-released 
oligosaccharides by 500-megahertz I H NMR spectroscopy. J. Biol. Chem. , 1988. 263(34): 
18253- 18268. 

I I 0. Williams, R.L. , Greene, S .M ., McPherson, A. The crystal structure of ribonuc!ease B at 
2. 5-A resolution. J. Biol. Chem. , 1987. 262(33 ): 16020-16031. 

111 . Lenz, D.H. N-linked c!ycopeptide mimetics as tools in kinetic, mechanistic and structural 
studies of peptide:N-glycanase F. Ph.D thesis, 2003 , Massey University, New Zealand. 

112. Loo, T.S. Expression, purification and characterisation of recombinant peptide:N-
glycanase F. Master thesis, 2000. Massey University, New Zealand. 

11 3. Leffers, K.W. , Schell, J., Jansen, K., Lucassen, R., Kaimann, T., Nagel-Steger, L., T atzelt, 
J. Riesner, D . The structureal transition of the prion protein into its pathogenic 
conformation is induced by unmasking hydrophobic sites. J. Mol. Biol., 2004. 344: p839-
853. 

114. Srccrama, N., Woody, R.W . A selj:consistent method for the analysis of protein 
secondary structure from c ircular dichroism, Anal. Biochem. , 1993. 209( 1): p 32-
44. 

115. Srccrama, N. , Woody, R. W. Estimation of protein secondary structure from CD 
spectra: Comparison of CONTIN, SELCON and CDSSTR methods with an 
expanded reference set. Anal. Biochcm., 2000. 287(2), p252-260. 

127 



1 Page ii 
2 Page 7 onwards 
3 Page 19 
4 Page 27 

5 Page 39 

6. Page 53 

7. Page 56 

8. Page 63-64 

9. Page 71 

10. Page 74 

11. Page 82 
12. Page 87 

ERRATA 

Pattchet should be Patchett 
yPNG lp is ScPNGlp 
DMPDA stands for 2,2,dimethyl- l ,3 ,propanediamine 
Origami cells are E. coli host cells with mutations in both the 
thioredoxin reductase (trxB) and glutathione reductase (gor) 
genes, greatly enhancing disulfide bond formation in the 
cytoplasm compared to normal BL2 ls. They are conducive to 
protein folding in bacterial cytoplasm and are ideal for use with 
pET-32 vectors, since the thioredoxin fusion tag further 
enhances the formation of disulfide bonds in the cytoplasm 
a single broad range buffer was used to reduce effects due to 
buffer species, not buffer ions as stated. 
In the sentence starting with "another possible reason" the 
words in brackets need to be deleted. 
The numbers in the last column reflect the purification for each 
step relative to the one before. The correct values for each step, 
starting from step l are: 1, 3.5, 5.4, 5.5. 
The sentence running from page 63-64 should read "- in E. coli 
with increased yields and ---" 

The term ORA VY index stands for Grand Average of 
Hydropathy. Kyte, J. and Doolittle, R.F . ( 1982) A simple 
method for displaying the hydropathic character of a protein. J. 
Mol. Biol. 157, 105-132. [PubMed: 7108955] 

The aliphatic index of a protein is defined as the relative 
vo lume occupied by aliphatic side chains (alanine, valine, 
isoleucine, and leucine). It may be regarded as a positive factor 
for the increase of thermostability of globular proteins. The 
aliphatic index of a protein is calculated according to the 
following formula [.2]: 
Aliphatic index = X(Ala) +a* X(Val) + b * ( X(Ile) + X(Leu)) 
where X(Ala), X(Val), X(Ile), and X(Leu) are mole percent 
( l 00 X mole fraction) of alanine, valine, isoleucine, and leucine. 
The coefficients a and b are the relative volume of valine side 
chain (a = 2.9) and of Leu/Ile side chains (b = 3.9) to the side 
chain of alanine. 

In the legend for Figure 3.18, the reference Pedersen et al, 1994 
is number 86 in the reference list, and Katiyar et al is number 
15. 
The substrate is an ovalbumin 11 mer. 
The caption of Figure 3 .25 refers to Lineweaver-Burke, instead 
of Burk. This error is also found elsewhere in the text of 
Chapter 3. The data in the plot were fitted using the substrate 
inhibition model shown in (b) 



13. Page 87. 

14. Page 87, 88. 

15. Page 90. 

16. Page 91. 

17. Page 107. 

18. Page 108. 

The reference in the caption is to Alejandro G. Marangoni, 
"Enzyme kinetics: a modem approach". Hoboken, N.J.: Wiley
Interscience, c2003 
Using Enzfitter, and a substrate inhibition model, the values for 
V max, ks, and ksi, are 17 ± 5.nM/minute, 7.4 ±2.3 mM and 2.0 ± 
0.6 pM respectively. These are quite different from the values 
calculated wth Prism software. As the algorithm used is not 
identified, it is difficult to compare these two estimations. 
The last sentence of Section 3.1 I.I should read "From this 
analysis, although inhibition of rPNGaseSp by the substrate is 
happening at all concentrations, it is obvious at substrate 
concentrations greater than 50 µM." 
Using EnzFitter, and a Michaelis-Menten model,~ and V max 

have the values ) 0.342 ± 0.002 mM, 0.545 ± 0.002 nM/min 
repectively. 

The last sentence of the first paragraph should read, "All but 
the last target were achieved." 

Reference 113 in the 2nd paragraph, should be reference 112, 
and reference 113 should be Reference 111. 
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