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Abstract

Abstract

Peptide: V-glycanases (PNGases) removes N-linked glycans from glycoproteins. Three
distinct familics of PNGases have been characterised, although all of them not completely.
Some of these PNGases are cytosolic, others are secreted. Cytoplasmic PNGases (Pnglp)
arc implicated in the proteasomal degradation of newly synthesized misfolded or unfolded
glycoprotcins that are exported from the endoplasmic reticulum (ER). Cytoplasmic
PNGases are encoded by the PNG/ gene and have been classified as members of
transglutaminasc-like superfamily based on the sequence analyses. There has, however,
been no report of transglutaminase activity in any PNGase. The three-dimensional
structures of recombinant PNGases from yeast (5. cerevisiae) and mouse have been
determined in complex with the XPCB domain of Rad23 and mHR23B respectively.
These PNGases were both produced as insoluble proteins, and could only be refolded and

crystallised in the presence of their physiological binding partners.

In this study, the gene encoding for S. pombe PNGase has been cloned and heterologously
expressed as a soluble thioredoxin-fused protein. The proteolytic cleaved recombinant
protein (rPNGase Sp) remained soluble as a monomer and retained its deglycosylating
activity. It did not have, however any transglutaminase activity despite its homology to the
transglutaminase family of proteins. The activity of tPNGase Sp in vitro is both reductant
and Zn"" dependent. rPNGase Sp showed apparent heterogeneity on SDS-PAGE, which
was characterised by the appearance of two bands differing in their molecular weights by
an ~ 2.3 kDa. This heterogeneity was eventually shown to be the result of two different
local conformations that were dependent on disulfide bond and/or Zn*". The cnzyme was
shown to only deglycosylate the denatured glycoproteins, not their native counterparts.
Morcover, it preferred to deglycosylate glycoproteins with high mannose-type glycan

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

Compared to bacterial PNGase F, rPNGase Sp is not very active, at least on the substrate
used in this study. A higher K, (186 uM) determined for rPNGase Sp using a FITC-
labelled glycopeptide which carries a complex-type glycan as the substrate also suggests
that complex glycans are not favoured substrates for these PNGases. rPNGaseSp has
similar characteristics to the yeast (5. cerevisiae) and mouse PNGases; it has a neutral pH
optimum and is strongly inhibited by Cu®", Cd*" and Ni*". EDTA treatment deactivates it,
and the addition of Zn*" could not restore its activity. Interestingly, addition of exogenous
Zn*" was found to strongly inhibit rPNGase 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. In the endoplasmic
reticulum (ER), Specific 14-saccharide “core” units arc transferred on to the nascent
polypeptide chain by oligosaccharyl transferase at an Asn that is part of an Asn-X-Ser/Thr
sequon (where X can be any amino acid except Pro or Asp). They are then trimmed by a
number of specific glucosidases before being transported to the Golgi complex where
further trimming and eclongation occur. The glycoproteins have to be correctly folded

before being transferred to the Golgi complex [1].

The trimming and processing that N-linked core glycans undergo in ER is uniform and,
thercfore, results in no additional structural diversity of glycoproteins. The common
functions of the small N-linked 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-linked core glycans undergo a series of non-uniform modifications
and processes. These modifications, which result in the addition of different
monosaccharides in a varicty of linkages to the common core, generate a huge variety of
branched structures and, as a conscquence, give rise to the tremendous structural and
functional diversity of glycoproteins [1]. The glycans of matured glycoprotein 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 biologically important post-translational
modification of proteins. However, the significance of de-N-glycosylation of glyco-
proteins is not yet clear. The ubiquitous enzyme, Peptide:N-glycanase (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-linked glycans,
releasing an intact oligosaccharide and in the process, converting the asparagine into an

aspartic acid residue [3, 4] (Figure 1.1).
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Figure 1.1 The de-N-glycosylation reaction catalysed by PNGase. PNGase cleaves the amide
bond between the asparagine residue and the N-acetylglucosamine, generating an aspartic residue in
the in place of the asparagine and an intact oligosaccharide having a N, N’-diacetylchitobiose at its
reducing terminus. The amine linked to the oligosaccharide autolyses at physiological pH and
diffuses away. Adapted from Suzuki ez al., 2002.

1.3 Peptide:N-Glycanase (PNGase) Overview

Bioinformatic analyses have shown that on the basis of sequence similarity to proteins
known to have N-glycanase activity, there appcar to be three distinct types of PNGase
(Gutsche et al., unpublished data, IMBS, Massey University). Although the known
examples from cach family catalyse the same reaction, they have absolutely no sequence
similarity to cach other. PNGase F sccreted by the Gram-negative bacterium
Flavobacterium meningosepticum is the sole proven ecxample of a prokaryotic PNGase
(type I). It is a single 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 (Prunus amygdalus, PNGase A [9]) and more recently in fungi (4Aspergillus
tubigensis, PNGase At [10]). They arc usually heterodimers and can be glycosylated
themselves [10, 11]. While the precise biological functions of type I and II PNGases arc
still not known, they arc widely used as tools for studying both the glycan and protein
moicties 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 I PNGases arc prescnt 1n a variety of cukaryotes that range from ycasts to plants
and mammals [4. 13]. They arc monomeric and have no homelogy to cither type I or type
[I PNGases, but arc highly conserved in all cukaryotcs [13], suggesting they play an
important  role.  Intnguingly. they have been classificd as  belonging to the
‘transglutaminasc-like superfamily”™ of proteins becausce there 1s 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 obscrvation of transglutaminase activity
for any of these enzymes. The catalvtic mechanism is not certain, although site-directed
mutagenesis of a number of residues (Cys-191, His-218, Asp-235, Trp-220. Trp-231. Arg-
210, and Glu-222) has produced mactive protein [15], Recently. increasing ¢vidence has
implicated type IIT PNGasces in the proteasornal degradation of newly syathesized
misfolded or unfolded glycoproteins exported from the endoplasmic reticulum (ER) [ 13,

16, 17).

1.4 Potential Functions of Cytoplasmic PNGase (Type 111)
1.4.1 Participating in ERAD

In cukarvotes. many newly svathesized proteins are subjceted to  post-translational
modiication before cntering the seerctory pathway, They dre usually V-glveosyvlated by
oligosaccharvl transferase m ER immediately after being syatheswzed. Glycoprotoins that
fold corrcetly in ER arc then transported to Golgt complex, whercas mistolded or unfolded
glyecoproteins arc retamed in ER. where they undergo scveral cyeles of chaperone
mediated folding'untolding events ull the quality control system of the ER determines
they are correctly folded. 1f they are wrreversibly denaturcd, they arc subscquently
discharged from ER into cytosol and subjected to protcasomal degradation. This

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

Soluble PNGases (type I1I) have bcen thought to act in this degradation pathway by
deglycosylating misfolded glycoproteins in the cytosel. Scveral lines of evidence support

this hypothcesis;

(1) De-N-glycosylated protein intermediates accumulate when protecasome inhibitors

arc added into mammalian cells [19].
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(2) Glycopeptides transported out of the ER are deglycosylated by an enzyme having
PNGase like activity [4].

(3) The appearance of intact glycoprotein (human class [ myosin heavy chains (MHCs))
in the cytosol of human PNGase knockdown cells. Hirsch and co-workers [20] used
small interfering RNA (siRNA) against PNGases to attenuate PNGase levels in a
human cell line which had been previously specially treated. In these treated cells,
major histocompatibility complex heavy chains (MHC HCs) could not assemble
correctly in ER and were transferred into cytosol for proteasomal degradation. After
PNGase siRNA was introduced into the cells, the intact glycosylated MHC HCs
were observed in cytosol. This finding suggested that (a) PNGase prepares the
glycoprotein for protcasomal degradation; (b) PNGasc acts after the dislocation of
misfolded protein out of the ER; (¢) PNGases acts prior to protecasome in the ERAD
pathway.

1.4.2 Involvement of Post-translational Remodification

Besides the involvement in the ERAD degradation pathway, soluble PNGases arc also
thought to be involved in the protein quality control system, by participating in the post-
translational remodification of certain proteins. Because the PNGase-catalysed reaction
not only releases the intact glycan but also changes the primary structure of the protein
involved (converts Asn to Asp, introducing a negative charge), it can leads to changes in
the physicochemical properties of the protein, promoting its maturation. An example of
such remodification is observed for the maturation of hen ovalbumin. PNGase specifically
hydrolyses Di-N-glycosylated ovalbumin to gencrate the maturec mono-glycosylated

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 PNGase 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
studics have shown that these cytoplasmic PNGases have a different substrate specificities

compared to type I and [I PNGases.

1.5.2 Pnglp are Highly Conserved in Eukaryotes

In 2000, Suzuki and co-workers [13] isolated a PNGasc defective mutant in
Saccharomyces cerevisiae, and subsequently identified a gene (PNGI) encoding a
PNGase in Saccharomyces cerevisiae (ScPnglp). By scarching for sequence similarity
using various DNA and protein databases, it was revealed that the PNG/ is conserved over
a wide range of higher cukaryotes [13], suggesting that the protein product (Pnglp) plays
a role in some fundamental biological process. Sequence alignment of S. cerevisiae Pnglp
(ScPnglp) with hPnglp (human), mPnglp (mousc), DmPnglp (D. melanogaster),
CePnglp (C. elegans) and SpPnglp (S. pombe) showed that there is a highly conserved
corc domain (amino acids residues 106-362 in ScPnglp) residing in the middle of the
sequence [13]. Morcover, unlike yeast Pnglp, there are extended sequences at both the N-
and C- termini in the mammalian homologucs of Pnglp, the N-terminal regions containing
a PUB (Peptide: V-glycanase/UBA-containing protcin domain) or PUG domain, which has
been proposed to interact with various ubiquitin/proteasome pathway-related proteins [ 16,
24] (Figure 1.2). These findings suggested that Pnglp might be involved in the

ubiquitin/protcasome degradation pathway in cukaryotes.

Figure 1.2 Schematic representation of the

13580 171 298 353 471 651 primary structure of various eukaryotic
mpng1p __—] PNGases. mPnglp (mouse Pnglp
homologue), DmPnglp (D. melanogaster),

13984 173 288 343 460 631 CePnglp (C. elegans), ScPnglp (S.
(I N ) cerevisiae), and SpPnglp (S. pombe). The
1 137 245 300 426 609 central :lore c}omair‘l (gr;en) is .comr}rllonhFo halll
CePnglp Buglp hamolagoes arid contaits te ighly
conserved transglutaminase domain (red).

The higher eukaryotes (m, Dm, Ce) have

DmPngip

1 65 183 238 362 363 extended N- and C-terminal domains (yellow

ScPngip ST and blue). The purple domain represents a
unique thioredoxin-like domain so far found

SpPnglp W 333 only in CePnglp. The PUB domain (pink) is

tound in proteins implicated in ubiquitin-
related pathways. Adapted from Suzuki ez
al., 2002.
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1.5.3 Pnglp: Members of Transglutaminase-like Superfamily

Based on sequence analyses, Pnglp and its orthologues have been classified as being
members of the ‘transglutaminase-like superfamily [14]. Transglutaminases (TGase, EC
2.3.2.13) catalysc the post-translational modification of proteins by the formation of
isopeptide bonds. This occurs ecither through protein cross-linking via e-(y-glutamyl)
lysine bonds or through incorporation of primary amines at selected intra peptide

glutamine residues [25] (Figure 1.3).

2 TS

NH NH

NH
(o] (o] LO ED o I lo]
Transglutaminase |l
NH,CCH,CH CH +  NH,CH.CHCH.CH,CH ————————"  CHCH,CH,CNHCH,CH,CH.CH CH

NH NH NH

Foff

Gin Lys Crosslinked protens

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

Extensively cross-linked insoluble protein polymers exhibit high resistance to protcolytic
degradation and mechanical breakage, and are used by the organism to crate stable
structurcs that act as barriers. Examples of such structues are found in blood clots
(transglutaminase coagulation factor X [I1) as well as skin and hair (cpidermal /hair follicle
transglutaminasc). Recent rescarch indicates that abnormally high transglutaminasc
activity results in a varicty of discase states including acne, cataracts, psoriasis,

Huntington’s and Alzhimer’s discasc (Reviewed by Griffin [26]).

PNGase, on the other hand, cleaves the amide bond formed between the modified
asparagine residue and N-acetylglucosamine (GlcNAc). Proteins belonging to the
transglutaminase superfamily have a conserved active site comprising cysteine (Cys),
histidine (His) and aspartic acid (Asp) residues. The sequence surrounding this catalytic
motif has also found to be highly conserved [26]. Site-specific mutagenesis has shown that
the residues essential for Pnglp activity Cys-191, His-218, and Asp-235 in ScPnglp are

also essential for the activity of all known transglutaminases [15]. The hypothesis that
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Pnglp utiliscs the transglutaminasc-like motif (Cys-His-Asp) as an active sitc for their
catalytic rcaction has therefore been proposced [13]. Recently, a study of the crystal
structure of yPnglp in complex with onc of its physiological partner (scction 1.6) revealed
that yPnglp and transglutaminascs (c.g. coagulation factor X i) have similar folding
pattern in their core domains [27]. This further indicates there may be an cvolutionary
linkage between eytoplasmic PNGasces and transglutaminases. Although Pnglps have been
classified as being members of the “transglutaminase-like superfamily’, there has been, as

vet, no report or any obscrvation of transglutaminase activity in the type 111 PNGasces.

Other conserved residucs types such as Asp. Arg and Glu are shown to be essential for
PNGase F activity through site-directed mutagenesis ([8]. Norris er al.. personal
communication). In Pagip. the aromatic residues Trp-220 and Trp-231 arc thought to
stabilise the structure of the protem through bydrophobic intcractions. while Arg-210 and
Giu-222 arc predicted to maintain the protemn contormation by forming a salt bridge |15}
Interestingly, these residues are remuntscent of the active site w PNGasce . where the
arginine plays an essential role n making a hydrogen bond with the scisstle carbonyl
oxvgen ol Asp making it more susceptible to nucleophitic attack by a bound water

molccule {Loo ¢f .. unpublished data, IMBS. Massey University, N2},

Outside the transglutaminase catalvtic motit, two conserved thwredoxin-like "CXXCT
motifs formed by four cysteines were also found to be essentwl for the PNGase setivity of
Poglp {13]. They were proposcd to have a structural or a catalvtic role. as reducing
reagents such as dithtothreto! {DTT) are required tor PNGasc activity in vitro [4, 21, 28],
In fact. the recent crystal structure study [27] showed that these two motits reside in a
zinc-binding domain of yPnglp chelating once zine 1on. Additional residucs that arc
conserved 1o type 111 PNGases but not in transglutammascs were atso found to aftect the

integrity of the cnzyme. These are Phe-261, Asp-268, Tyr-257 and Tyr-273 1 15].

Generally, Pnglp proteins differ from transglutaminases in their biological function,
substrate specificity {scction 1.9.3), their giebal three-dimensional structure (discussed in

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

From 2005 to 2006, the crystal structures of yPnglp and mPnglp 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 involved in transport of misfolded
glycoproteins from the ER to the proteasome. Section 1.8) and of mHR23B (the mouse
homolog of yRad23) respectively, were determined [27, 29]. These helped to clucidate the
catalytic mechanism and substrate binding specificities of cytoplasmic PNGases. The
crystal structurc of full-length yPnglp in complex with the XPCB binding domain
((yRad23XBD; residues 238-309) of yRad23 is shown in Figure 1.4.

Overall, yPnglp folds into o/ structure dimensions 92X 55X 37A. The structure can be
divided into three major domains: a Rad23 binding domain, a corc and a zinc binding
domain. The Rad23 binding domain, which contains an extensive exposed hydrophobic
surface comprised of two N- and two C-terminal helices (HI, H2, H11 and H12). The N-
terminal helix adopts an cxtended conformation and interacts cxtensively with a
hydrophobic groove formed by four helices in the XPCB binding domain of yRad23. Most
of the residues involved in this interface are highly conserved in both PNGase and Rad23
orthologues. The C-terminal H12, which positions against the H1 at 45°, interacts with

residues from the helix 1 of yRad23 through two H-bonds and two ion pairs.

Rad23-binding 8 342
domain Zinc-binding yPNGase 1l : | I 363

| domain

1 77 145 185 238 300 354 394
Rad23| | | | | | | [f3es

UBL  UBA1 XPC/ UBA2
Core domain yPNGase

Figure 1.4 Schematic representation of the yPNGase-yRad23 complex, providing two different
views of the yPNGase-vyRad23 complex structure yPNGase is shown in blue and yRad23 is in
vellow. yPNGase comprises three domains, an N-terminal Rad23-binding, a core, and a Zn-binding
domain. Three sucrose molecules (green) are located in the deep cleft. A Zn atom (red) is coordinated
by Cys-129, -132,-165, and -168 in yPNGase. Adapted from 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 (S1 to S5) and two helices (H7 and H8). One zinc ion is located
between two loops that span S1&S2 and S3&S4, and contains two conserved CXXC
motifs which coordinate zinc ion through the four cysteines. It has been suggested that this
zinc-binding domain stabilises the enzyme conformation as exposing the enzyme to EDTA
lowered its melting temperature (Tm) by 4°C, and inactivates it [27]. Mutation of any of
the four cysteine residues in the two CXXC motifs to alanine resultes in complete
inactivation of Pnglp [15]. The precise role of zinc binding domain with respect to
PNGase activity is, however, not clear, although 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 scaffold similar to the zinc-
ribbon structures of Bacillus stearothermophilus adenylate kinase and transcriptional
clongation factor S-1I. 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
stabilizing the intermediate state and promoting product release [29]. If this assumption is
right, it may cxplain how PNGasc catalyses reactions in the reverse direction to
transglutaminascs, as in these enzymes. the zine ribbon is absent. In fact, the zinc-binding
domain participates the formation of a deep cleft in which the active sitc resides, and

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

The core domain of yPnglp contains six central, strongly curved antiparallel p-strands
(S6-S11), which are buttressed by three a-helices (H3, HS and H6) and several surface
loops. Comparison of the crystal structures of yPnglp/mPnglp with several
transglutaminases including the coagulation factor X [II, arylamine N-acetyltransferase and
avrpph B hydrolase revealed that they share a common core of two a-helices (H6 and HS)
and five strands of curved antiparalleled B-sheet (S6 to S10 in yPnglp). The major
structural difference between the transglutaminases and the Pnglp family is that in the
PNGases, 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 sidec of this cleft while S1 forms the other. In contrast, in the transglutaminases, a
shallow substratc-binding pocket is formed between the two domains which arec much
more tightly packed. Morcover, residues (Trp-123, Arg-176, Asn-217, Cys-237 and Glu-
238) which arc part of the large deep cleft in yPnglp are 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

transglutaminase.

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

1)

2)

The putative transglutaminase catalytic triad is located in this cleft (Cys-191 from HS,

His-218 from S7 and Asp-235 between S8 and S9);

When an irreversible inhibitor, the tripeptide carbobenzyloxy-Val-Ala-Asp-a-
fluoromethylketone (Z-VAD-fmk, a pan-caspasc inhibitor), was co-crystallised with
yPnglp and mPnglp [27, 29], it was found to be covalently linked to Cys-191 through
the methylene group originally linked to the a-fluoromethylketone (leaving group in
covalent inhibition [30, 31]). It also formed two H-bonds and two ion bridges with
arginine-176 and arginine-190 (arginine-291, arginine-305 in mPnglp) from S4 and S5
of the zinc-binding domain of the enzyme (Figure 1.5b). Although Z-VAD-fmk is not
an obvious mimic of the glycosylated asparagine residue of a PNGase substrate
(sequence is Val-Ala-Asp, not the Asn-X-Ser/Thr sequon), it presents a motif similar to
that gencrated in during PNGase deglycosylation. Also, it binds exclusively to
cysteine-191 residuc out of the 14 cysteine residues in the yPnglp / core domain of

mPnglp.

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 1.4. The sucrose molecule at the top binding site was replaced with Z-VAD-fmk
while the other two were not (Figure 1.5b). These findings suggest that there are two
binding sites, one for the peptide and one the glycan of glycoproteins. Most recently, a
group of haloacetamidyl-sugars were found to be strong, highly specific inhibitors of
Pnglp [32]. These inhibitors included a high mannose-containing oligosaccharide,
ManyGlcNAc,-iodoacctoamide, as well as the shorter GleNAc-iodoacetoamide, both
of which were shown to make a covalent bond with the sulphur cysteine-191,
irreversibly inhibiting Pnglp. When the chitobiose (GIcNAc) molecule was docked
into the proposed oligosaccharide binding site using molecular modeling software, a
binding free energy of - 4.70 kcal/mol was estimated. The chitobiose moiety was also

shown to be well positioned with its reducing end in close proximity to Cys-191,

10
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forming eight H-bonds with residues that are part of the deep cleft in Pnglp (Figure
1.5a). All these findings suggested the GlceNAc bound in a pocket in the deep cleft of
Pnglp, and that the cysteine-191 was the nucleophile in the enzymatic deglycosylation
reaction, attacking the carbonyl carbon atom on one side of the B-aspartylglucosamine

bond, and causing the hydrolysis of the scissile bond.

These structures containing both a carbohydrate motif (GlcNAc, /sucrose) and a tripeptide
inhibitor (Z-VAD-fmk) may mimic the binding of a glycopeptide substrate. When the
GlcNAc moicety, glycosylated Asn, and flanking residues of some substrates (c.g., yeast
carboxypeptidasc Y, RNase B, ovalbumin) of Pnglp were superimposed onto the sucrose
moicty and the C* position in the tripeptide inhibitor Z-VAD-fmk, it was found that the
glycosylated Asn residue of the native/folded glycoprotein 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, onc between H10 and H11, and the other between H9 and S10 of
the core domain. Because denatured glycoproteins are, however, likely to have flexible
and cxtended polypeptide chains, access of the glycosylated Asn residues to the active site
may be possible despite the constraints imposed by the wall of the cleft. This may explain
why Pnglp family can only hydrolyse denatured but not native glycoproteins, a
conformational sclectivity that transglutaminases don’t have due to the lack of a deep

narrow cleft. Intriguingly, transglutaminascs do not have PNGasc activity.

[t 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 mPnglp after H10 that
was labeled as H10', and the first two helices of yPnglp (H1 and H2) are missing in the
mouse protein. This results in different Pnglp-Rad23 interaction patterns. The interaction
between yPnglp and yRad23 primarily involves the N-terminal helix, H1 and the C-
terminal helix, H12. For mouse PNGase, thc XPCB domain of mHR23B interacts
extensively with HI12 of mPnglp and to a small degree with H11. It 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, H12 of
mPnglp is very different from yPnglp H12 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 H1 to HI2 [27, 29].

Figure 1.5 a) Close up view of GlcNAc; (green) binding to Pnglp in complex with Z-VAD-fmk
(pink). Pngl is shown in a partially transparent surface representation with an underlying ribbon
diagram. The active site cysteine is labelled in yellow. b) Active site of yPnglp Two sucrose
molecules (green, bound in site 2 and 3 respectively) interact with yPnglp residues through multiple H-
bonds (black dotted line) and van der Waals interactions. Upon binding of Z-VAD-timk. the thiol group
of Cys-191 that was H-bonded to His-218 movs away and covalently binds to the methyl carbon
adjacent 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 e al.. 2005 and Zhao er al.
2006.
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1.7 Pnglp is Residing Mainly in the Cytosol

Unlike bacterial PNGase F which is secreted, yeast Pnglp and its mammalian homologues
arc cytoplasmic enzymes [4, 13, 21-23, 33]. Determination of the subcellular localization
of Pnglp is therefore important for studying its biological function. Although PNGascs
have been reported to be present in the endoplasmic reticulum and microsomes [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 proteasome-degradation pathway in

the cytosol.

Based on immunofluorescence analyses using a green fluorescent protein, a (GFP)-
recombinant 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
protcasome subunits were localized in the nucleus of S. cerevisiae [34], implied that in

yeast, ScPnglp might co-localisc and interact with proteasomes in nucleus.

Hirsch and co-workers carried out a subcellular fractionation of cos-1 cells containing a
gene expressing mouse PNGases (mPnglp). They reported that mPnglp was present only
in the cytosol [17]. Katiyar and co-workers showed that human Pnglp was present in the
cytosol of HeLa and Cos-1 cells but was more concentrated in the ER fraction. They
hypothesized that mPnglp was non-covalently associated with the ER membrane and
functioned in the ER-associated dcgradation pathway [35]. However, because the
bioinformatic analyses showed there was no membrane spanning sequence in Pnglp

proteins [13], this hypothesis was discounted.

13



Chapter 1 — Introduction

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
studics showed that a DNA repair protein, yeast Rad23 (HR23B, and mHR23B in human
and mousc respectively), provided a link between yeast Pnglp (hPnglp and mPnglp) and
the 26S protecasome (19S in mammalian cells). Rad23 binds to the proteasome subunit
through its N-terminal ubiquitin-like (UbL) domain [24, 36, 37] , and to the N-terminal
region of yPnglp 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 intcracts with ubiquitin/multiubiquitin through its ubiquitin-
associated (UBA) domain [39-41]. An in vitro binding experiment showed that mHR23B
specifically binds to two misfolded glycoproteins, yeast carboxypeptidase Y and chicken
ovalbumin, only after they were deglycosylated, indicating that Rad23 is able to act as a
receptor for misfolded proteins [35]. These findings, combined with the observation that
hPnglp, hHR23B and the 19S proteasome both co-localise close to the ER in HeLa cells,
suggests that a complex formed by PNGase and the proteasome provides a platform for
the cooperative deglycosylation and proteolysis of misfolded glycoproteins exported from
the ER.

Although several glycoproteins such as denatured carboxypeptidase Y, the T cell receptor
a-chain, and class [ MHC are known to be substrates for PNGase in vitro, their turnover in
vivo was not drastically affected in PNG/-knockout yeast cells [13, 20, 30]. Recently, the
first in vivo substrate of the Pnglp/Rad23-dependent pathway was identified. Experiments
showed that the XPC binding domain-mediated Pnglp-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 yPnglp was thus proposed (Figure 1.6 a).
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Figure 1.6 Schematic 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 N-linked
glycan. The XPCB domain (orange) of Rad23 Binds Pnglp, which in turn facilitates the substrate
recognition of Rad23. Through interactions with Ub chains and the proteasome mediated by the C-
terminal UBA (black) and UBL (blue) domains in Rad23, Rad23 facilitates substrate transfer to the
proteasome. The red circles depict Ub, and the orange diamonds depict sugar moiety. Adapted from
Kim et al., 2006. b) mouse - mAMFR/p97/mPnglp dependent escort pathway A protein substrate
(black line ) is being retrotranslocated (through the retro translocon) from the ER lumen to cytosol and
recognized by the mAMFR-p97-mPNGase-mHR23B-proteasome complex in the cytosol. Poly-
ubiquitin chain (green dot) is being added by mAMFR, an E3 ligase. The glycan moiety is recognized
by mPNGase, and a polyubiquitin chain is bound to the ubiquitin associated (UBA) domain (yell
square) of mHR23B. Adapted from Li er al., 2005.

1.8.2 A model for the involvment of Pnglp in the ERAD pathway in mammals

The mammalian homologues (mPnglp and hPnglp) differ from their yeast orthologues in
that they have extended domains at both N- and C-termini [16], indicating that they may
interact with more proteins than yPnglp. Two-hybrid library screening using mPnglp as
target revealed that, besides mHR23B, mPnglp interacts with a number of proteins
including mS4 (a ATPasc subunit of the 19S proteasome), ubiquitin, mouse autocrine
motility factor receptor (mMAMFR, a putative ubiquitin ligase located on ER membrane),
mY33K (a hypothetical protein containing 1 UBA and 1 UBX motif) and importin a, all
of which have been implicated in the ubiquitin-dependent degradation pathway [42].
However, further study [43] using GST pull down assays revealed that only mHR23B and
mS4 interact directly with mPnglp in vitro. Both interactions were mediated through the
N-terminus of mPnglp 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 mPNGasc with the proteasome. Interestingly, a chaperone-like
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protcin AAA ATPasc p97 (also called VCP, Cdc48) that plays a central role in the
recruitment and delivery of ubiquitylated substrates to proteasome in the ERAD pathway
[44] was also found to interact directly with mPnglp [45]. A more recent study [46], in
which the three-dimensional structure of the PUB domain (residues 11-109) of hPnglp
was solved, found that this domain contains a conserved p97 binding site. Furthermore, a
GST pull down competition experiment showed that mPnglp mediates the interaction
between p97 and mHR23B forming a ternary complex [43]. Because p97 is known to bind
to the ER membrane protein AMFR (an E3 ligase), a model in which p97, mPnglp,

mHR23B mediate interaction of the ER with the protcasome was proposed (Figure 1.6b).

Interestingly, in two in vivo studies, it was found that a glycoprotein Deg-Scc62 was
degraded through a Ufd2 (a Ub chain elongation factor)- and Rad23- dependent pathway,
and that its degradation was unaffected in PNG/-deleted cells, indicating that not all
glycoproteins arc degraded by the Pnglp / Rad23 pathway [38, 44]. In contrast, the in vivo
degradation of RTA is Pnglp-dependant but not regulated by Ufd2. These findings
suggested that Rad23 might regulate the degradation of distinct ERAD substrates through
its interactions with various cofactors such as Pnglp and Ufd2 that appear to be involved

in specific degradation pathways [38].

1.9 Common Enzymatic Properties of Pnglp

The complete lack of both the sequence and structural homology between type [ and 111
PNGases indicates that type III PNGases (Pnglp) may have different catalytic

mechanisms.

1.9.1 Effects of pH and Temperature

Unlike bacterial PNGase F and plant PNGase A, which work well in basic (pH 8.5) or
acidic (pH 4.5) environment respectively [5, 10, 11], PNGases from budding yeast
(ScPnglp) and mouse (mPnglp) show maximum activity at neutral pH, ranging from
about 6.5 to 7.5 depending on the source of the enzyme and the buffer used [4, 21, 28, 47].
ScPnglp and mPnglp 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 of
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time [4, 47, 48]. Due to the high sequence conservation between the various cytoplasmic
PNGases, it is reasonable to expect that other type [II PNGases have similar biochemical

properties.

1.9.2 Effects of Metal lons and Dithiothreitol (DTT)

Scveral studies [4, 7, 21, 28] have shown that both budding yecast and mammalian
PNGases are not metalloproteins. However, recent crystal structural studies [27, 29]
revealed that zinc 1s bound to yPnglp/mPnglp in 1:1 ratio and that the addition of EDTA
abolishes the deglycosylation activity of yPnglp.

All type III PNGases require the presence of DTT (at least 1 mM) to be active in vitro.
The effect of DTT addition was shown to be reversible. Morcover, both SpPngl and
mPnglp arc inhibited by the thiol-modification reagent N-cthylmalcimide (NEM) [4, 7, 21,
28]. These propertics suggest that at lcast one free thiol group (-SH) is needed for PNGase
activity, and Cys-191 which forms part of a putative catalytic triad is thought to act as the
nuclcophile in the hydrolysis reaction [15]. The requirement for a reducing environment is
also reminiscent of the finding that, beside the catalytic motif, there arc two conserved
thioredoxin-like *Cys-X-X-Cys’ motifs in the core sequence of Pnglp, which are also
essential for the enzyme activity. From the results of crystal structure studies, it is clear
now that four Cys residucs in two CXXC motifs should be maintained in a reduced state

to sequester one zine ion.

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

Compared with bacterial PNGase F and plant PNGase A, cytoplasmic PNGases (from
yeast and mammal) are more selective for substrates in terms of both the structure of the

glycan and the peptide / protein.

Studics [4, 28, 47] showed that neither GlcNAc-peptide nor glycosylasparagine were
substrates for the cytoplasmic PNGases, suggesting that the enzymes require the presence
of additional structural elements on both the glycan and peptide to bind to the active site.
On the one hand, a study of carbohydrate-binding propertics of mPnglp indicated that the
enzyme requires a trisaccharide such as Man f 1 ~4GIeNAc B 1 -4GIcNAc B 1—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 mPNGase
were shown to be those glycopeptides that contain a pentasaccharide Man;GlcANc,
structure [48]) (Figure 1.7). The most common types of N-linked glycans arc “high-
mannose-type”, “complex-"" and “hybrid-" type glycans, all of which share a common
pentasaccharide Man;GlcANc; core structure. High-mannose glycans have only mannose
residues added to the core, whereas complex-type contains no mannose residues other than
those in the core. The hybrid-type glycans have a mixed characteristic of high-mannose-
type and complex-type. Morcover, one or more additional monosaccharide resides may
branch from the core in hybrid-type N-glycans. Although cytoplasmic PNGases are able to
deglycosylate glycopeptides bearing high-mannose-, complex- or hybrid- type of N-glycan
[48 Suzuki 1994], the results of some studies suggested that the enzyme could distinguish
high-mannosc from complex, hybrid and sialyated glycopeptides, and preferentially

deglycosylated high-mannose glycopeptide [4, 17, 48].

Mana1—2Mana1 g

© Moo core

Manal=—2Manai - \6
3 Manjit—4GIcNAc[i1 —4GIcNAcfi1 =~ Asn

Mani:1—2Manc:1 —2Manad . high-mannose

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
Man;GlcANc, 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 residues. (Figure created by Rudolf Tauber, Institut fur
Klinische Chemie und Pathobiochemie und)

[t was also shown that cytoplasmic PNGases have different activities with substrates that
have identical N-linked glycans but different amino acid sequences [47]. Morcover, 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 PNGases could only act on glycopeptides,
but not full-length glycoproteins in vitro. Many glycopeptides, such as those derived from
fetuin and hen ovalbumin peptides are well characterized substrates for both the yeast and
mammalian PNGases [13, 21, 28]. Thesc PNGases arc thought to participate the
proteasome degradation of misfolded proteins transported out of ER [16, 18]. Therefore,
deglycosylation of glycoproteins by the PNGase in vivo may require the protein to be

unfolded or denatured [13].

Recent studies have, in fact, demonstrated that cytoplasmic PNGases arc able to act on
full-length denatured glycoproteins in vitro [17, 49, 50]. Hirsch et al. obscrved that the a-
chain of T-cell receptor (TCR a) and human class I MHC heavy chains (MHC HCs) could
be deglycosylated by yeast PNGase and its mammalian homologuc both in vitro and in
vivo [17, 20]. Since both the TCR o and MHC HCs are known to be processed through an
ER-associated degradation pathway in vivo [51], this finding further implicated the
participation of cytoplasmic PNGases in the degradation pathway. Subsequently, it was
found that ycast PNGase was able to distinguish between native and non-native
(misfolded or denatured) glycoproteins, and attack only the latter [49, 50]. For example,
yeast PNGase could deglycosylate denatured or misfolded bovine ribonuclease RNaseB,
MHC HCs, carboxypeptidase Y (CPY) and ovalbumin, but not their native counterparts
[49, 50]. This trait is thought may not be unique to yeast PNGasc because other endo-
glycosidases such as PNGase A are active only on denatured or partially denatured

substrate.

1.10 Aims of this Investigation

1) Cytoplasmic PNGases have been classified as members of transglutaminase-like
superfamily [15]. Although a PNGase homologue from Arabidopsis thaliana (AtPnglp)
has been shown to have transglutaminase activity, it was thought this property is unique to
AtPnglp because there is clear evolutionary divergence between this enzyme and other
cukaryotic PNGases [52]. Arc other cytoplasmic PNGases also transglutaminases? The
transglutaminase activity of PNGase Sp will be investigated. If it does exist, kinetic

constants will be measured using DMPDA, Z-GIn-Gly.



Chapter 1 — Introduction

2) The PNGase from yeast Schizosaccharomyces pombe (SpPnglp) was shown to be
highly homologous to ScPnglp [4, 13]. While they may have similar kinetic propertics—
this has yet to be established. In addition, the requirements for co-factors such as zinc or
other metal ions has yet to be rigorously investigated [4, 7, 21, 27-29]. This study will
determine the biochemical propertics of SpPnglp which will include: determination of Km
and k../Km values, testing the effects of pH, temperature, establishing the co-factor
requirement. Furthermore, if SpPnglp is also found to be an active transglutaminase, the

keo/ Km values of SpPnglp for the different reactions will be determined.

3) Although the cytoplasmic PNGases arc thought to usc the transglutaminasc-like
catalytic triad (Cys, His and Asp) for their activity, the exact catalytic mechanism is still
not clear. It has been found that the conserved residues Trp-220, Trp-231, Arg-210 and
Glu-222 arc cssential for PNGase activity, but exactly why has not been determined.
Mutation of these conserved residues results in complete loss of activity but this may be as
a result of disrupting the conformation of the enzyme. To better understand the catalytic
mechanism of Pnglp, one goal of this project is to produce enough active recombinant
native and mutant SpPngl for use in X-ray crystallography studies. Although the structures
of two orthologues (ScPnglp and mPnglp) have been solved, they have only been solved
in complex with other proteins [27, 29]. This was because both protcins could not be
produced in heterologous hosts in isolation in a soluble form. It would thercfore be
interesting to crystallise the uncomplexed protein to sce if there are structural changes that
occur when the protein is complexed. It is possible that such changes, if they occur, could

be involved in some sort of signaling event in the glycoprotein ERAD pathway.

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

1) Clone and over-express soluble, recombinant SpPnglp in a bacterial expression system.
2) Determine if the gene product has PNGase activity.

3) Determine if the gene product has transglutaminase activity.

4) Properly characterise the PNGase activity of SpPnglp.

5) Purify enough recombinant SpPnglp for crystal trials.
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Chapter 2 — Materials and Methods

2.1 Materials and Equipments

2.1.1 Matcerials

Solvent: The water uscd in this study was Milli Q  deiomised water. All the solvents used
were analytical grade. Acctonitrile was HPLC grade and TFA was protein-sequencing

gradc.

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

Table 2.1 and 2.2 respectively.

Chemicals, commercial Kits:
Luria Broth base {LB) (Lurta Broth was prepared as a 2.5% solution then awioclaved): |

kb DNA ladder were from Invitroven  Life Technolowics.

Agar bacteriological {For LB-agar plates. 2.5 ¢ LB and 1.3 g agar were added mto 100 mL

water prior to autoclaving were from OXOID Ltd.

Hindlll and BamHI restriction endonuclease, Tay and Pwo polyimerase, shrimp alkaline
phosphatase. T4 DNA ligase, DNase I Complete’ EDTA-free Mini protease inhibitor,
High pure PCR product purification kit and high purc plasmid solation kit were from

(R3] . -
Roche  Diagnostics.

Hen egg albumin, trypsin, scrum albumin bowvine. transgiutaminasc {from Guinca pig
liver), Tris base, HEPES, TCLP. EDTA, midazole, Nickel (If) chloride hexahydrate:

fetuin (from fetal calf, Sigma). hen cgg ovalbumin, al-acid giycoprotein (from bovine

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

resin {(50-100 mesh) were from Bio-Rad™ Laboratorics Inc.
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Crystal Screen Crystal Screen 2™ and Additive Screen™ were from Hampton Rescarch.

- [0 s .‘ . ™ -
Structurc Screening | and 2 sereen reagents, and PACT premier  screens were from

Molecular Dimensions Lid.

Rcecombinant tobacco cteh virus (rTEV) protease was produced “in house™

2.1.2 Equipment

Thermal cyeler — (Biometra T gradient)

Beneh top microcentrifuge — (Eppendort MiniSpin Plus)

Refrigerated Superspeed Centrituge — (SORVALL Evolution RC)

- 80°C refrigerator — (Forma Scientific, Inc.}

Electrophoresis apparatus and power supplicr — (Bio-Rad” Mini-PROTEAN 3 Cell. and
Bio-Rad MmnmiSub Cell GT apparatus)

ND-1000 spectrophotometer (l‘\hmo[)ropk )

UV Visual spectrometer — (Varian" Cary30)

HPLC system — {P380 binary pump. Dioncx. UK)

ZMD mass spectrometer — (Micromass . Waters . LSA)
Mea L1 mass spectrometer — (Micromass . Waters™. USA)
Low pressure flow pump — {Bio-Rad"", Fcono)

[rench pressure cell — {'_\N":ibushm. Aminco Instruments Co )

FPLC system — (AKTA' Explorer. GIE Healtheare)
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2.2 General Methods

2.2.1 Agarose Gel Electrophoresis

DNA fragments were scparated on the basis of size by agarose gel eclectrophoresis.
Typically, DNA samples containing 1X loading dye (10% glycerol and 0.15%
bromophenol blue) were electrophoresed through 1% standard agarose TAE (40 mM Tris-
HCl, 20 mM acectic acid, | mM EDTA, pH 8.0) gel. The samples were routinely
clectrophoresed alongside a 1 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 pg/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 (SDS-PAGE)

Protcin molecules were fractionated by SDS-PAGE using a discontinuous buffer system
according to the protocol of Lacmmli [53]. Briefly, the discontinuous gel system consists
of 4% acrylamide stacking, and 12% acrylamide scparating gels containing 0.1% SDS. 5-
10 L protein samples were firstly mixed with 5-10 pL 2X sample buffer (4 mL H->O, 1
mL 0.5 M Tris-HCI1 pH 6.8, 0.8 mL glycerol, 1.6 mL 10% (w/v) SDS, 0.77 g DTT, 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 linc 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 10% 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 SDS-PAGE (section 2.2.2)
except that no SDS was used in both the gels and clectrode 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 (PCR) Amplification of S. pombe PNGI Gene

Betore PCR amplification, the PNG1Sp gene sequence (NCBI database accession No.
ALO31852, Appendix 1) was analysed for restriction enzyme recognition sites using
NEBcutter software (New England BioLabs). The full-length PNG/Sp gene was then
amplified from the vector pProEX HTb PNG (Table 2.1) using a pair of primers carrying

BamHI and Hindill restriction sites as shown below:

PNGI BamHILFwd: TTTCAGGGATCCATGGATTTTCATGCGATTTC
PNG/ HindllLRev:  CAGCCAAGCTTACAATTATTTTCCTGCTTCC

A PCR reaction was performed using 0.7 ng of pProEX HTb PNG with U of Puo
polymerase, 0.2 mM dNTPs, 5 uM of cach of the forward and reverse primers, and ] <
PCR butter (Roche). The reaction was carried out in a DNA thermal cveler programmed
for 32 three-step eyeles of I-minute melt at 95°C. 1-minute anncal at 55T and 1.5-minute
clongation at 72°C. A further clongation at 72°C was performed for 7 minutes at the end of
the program. A positive PCR control using another vector carrying the PNG/Sp gene and
two gene-specific primers was mcluded. as was a negative control in which no template

DINA was added to the reaction mixture.

2.3.1.2 Restriction Endonuclease Digestion

Before restriction  digestion,  the PCR products were analysed by agarose gel
clectrophoresis, and purified using the High Pure PCR Product Purification Kit (Roche)
according to the manufacture’s directions. For the digestion of vectors or PCR products,
the following reaction was typically used: =2 ug of vector or PCR product was double
digested with 5 U BamHI and Hindlll restriction enzymes, in SuRE/Cut buffer B (Roche),
in a total rcaction volume of 50 pl.. After incubation at 37°C for at lcast 3 hours, the
rcaction was quenched by heating at 65°C for 15 minutes. A single digest with cither
BamHIl or Hindlll cndonuclease and a ncgative control i which no restriction

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

Purification Kit then examined by agarose gel electrophoresis.

Three vectors were used in this study. They are: pET32a HTBH, pSUMO BXH and
pMal CHTBH (Table 2.1. A detailed map of pET32a HTBH is also shown in Appendix
I1). All vectors were double digested with BamHI and Hindlll restriction endonuclease,

and uscd in the following ligation reactions.

2.3.1.3 Ligation

For ligation, a reaction mixture with a total volume of 10 pL containing 1X ligation buffer
(660 mM Tris-HCI, 50 mM MgClL, 10 mM DTT, 10 mM ATP, pH 7.5), 1 U
bacteriophage T4 DNA ligase, ~ 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
deactivate the enzyme. Because the concentration of both vector and insert was based on
the intensity of clectrophoretic bands on an agarose gel, three molar ratios (1:3, 1:1 and
3:1; vector : insert) were normally tried in the reaction to ensurc high ligation efficiency.
As controls, the ligation reaction, without insert, was incubated with or without T4 DNA
ligase. The products of these reactions were used as controls in transformation to provide

background for single cut (sclf-ligation) and uncut vector (intact) respectively.

2.3.2 Transformation, Colony Screening and Plasmid DNA Preparation

The PNG1Sp gene- and ampicillin resistance gene-containing vectors (in ligation reaction
mixture, scction 2.3.1.3) were transferred into a competent cloning strain XL-1 E. coli
(Table 2.2) using heat shock. Briefly, up to 5 puL of the ligation reaction was mixed with
50 uL of XL-1, 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 pL
of SOC media (2% peptone, 0.5% yeast extract, 0.05% NaCl, 2.5 mM KCI, 10 mM MgCl,,
20 mM glucose) was added to the cells and the mixture incubated at 37°C for 1 hour to
revive the cells. 100 puL of the above-said transformation culture was then plated onto LB-
agar plates with ampicillin selection (F.C. 100 pg/mL) and incubated at 37°C overnight.
Three control experiments were carried out in parallel: transformation of XL-1 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.

Transformants 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, 100 pg/mL ampicillin), followed by
incubation overnight at 37°C with shaking (200 rpm). 50 uL of the culture was then
centrifuged (14,000g, 0.5 minute) and the pellets resuspended in 400 pl water followed
by boiling for 5 minutes to break the cells. Finally, the cell lysates were re-centrifuged for
5 minutes to remove cell debris and the supernatant used as template solution in following
PCR reactions: 1 pL of 10X PCR buffer (Bio Therm' ), 1 uL of template solution, 0.2 U
Tag DNA polymerase, 0.2 mM dNTPs, 0.16 uM each of a vector-specific forward and a
gene-specific reverse primer, in total volume of 10 pL. The reaction conditions were
identical to those used for PNGISp gene amplification (section 2.3.1.1). The vector

specific primers arc shown as below:

Lac Operon fwd: GGAATTGTGAGCGGATAACA
T7 Terminator rev:  GCTAGTTATTGCTCAGCGGT

Small-scale plasmid preparations of positive clones were carried out using a High Purc
Plasmid Isolation Kit (Roche, Inc.) according to manufacturer’s instructions. Normally, 3-
8 ug pure plasmid DNA (in 100 pL clution buffer, 30-80 ng/mL, quantitated by measuring
the UV absorbance at 230 nm using a NanoDrop” ND-1000 spectrophotometer) could be
obtained from 3 mL of cell culture (depending on the cell density). Three recombinant
plasmids were constructed in this study: pET32a HTBH PNGI, pSUMO BXH PNGI
and pMal CHTBH PNGI. These were stored at -20°C and used for the transformation of

expression E. coli host cells (section 2.4.1).

2.3.3 Sequence Analyses of DNA

For DNA sequencing, 300 ng recombinant plasmid was mixed with 1 pmol of either
vector-specific forward or reverse primer in a total volume of 15 pL ina 200 pL. PCR tube.
DNA sequencing was carried out by the Allan Wilson Centre Genome Sequencing Service

(Massey University). In brief, the BigDye  Terminator Version 3.1 Ready Reaction Cycle
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Sequencing Kit was used on an ABI 3730 Genetic Analyser (Applied Biosystems Ing.).

The algorithms used in the analyses of the results were:

1) Chromas 2 (version 2.31, Technelysium Pty Ltd. www Technelysium.com.au)
2) AnnHyb {version 4.916. (¢) Olivier Friard 1997-2004, http://bioinformatics.org/annhyb)

3) Protein Alignment software (http://www . ch.embnet.org/software/LALIGN  form.html)

2.4 Protein Expression in Escherichia Coli

2.4.1 Small-scale Expression Trials

To cstablish an expression system able to produce large concentrations of soluble PNGase
Sp, small-scale expression trials were carried out using different £, cofi strains with
varying concentrations of the expression-inducing agent. [PTG, and varying temperatures.
The Origami’ B (DE3) strain was tricd first. as this strain had been used to successfully
produce another construct of soluble PNGase Sp in the laboratory. While this makes no
sense, as it provides a less reducing environment in the evtoplasm, and it is necessary that
the cysteines are in a reduced state tor this enzvme (4. 210 28], it had been previously
shown that the recombinant protein was insolubic m BL2T (DE3) but soluble when

produced in Origami B (DE3) celis,

2.4.1.1 Expressed in Origami B (DE3)

Origami B (DLE3) cells (Table 2.2) were transtormed using heat-shock with the purified
plasmid pET32a HTBH PNG/ (scction 2.3.2), cultured on LB-agarosc plates using the
nicthods deseribed in section 2.3.2, except that the antibiotics used were ampicillin (100
ug/ml) plus tetracycline (12,5 pg/mb) and kanamycin (15 pg/mL). A single colony was
used to inoculate 5 mL of LB broth containing the same antibiotics, and then incubated
overnight at 37°C. 100 uL of the overnight culture was used to sced 3 mL of fresh LB
broth, which was again incubated at 37°C until the optical depsity at 600 nm (ODen)
rcached ~ 0.7, at which point expression of the recombinant PNGase Sp was induced by
the addition of [PTG to a final concentration of 0.1, 0.2 or (.5 mM respectively. Following
antibiotic supplementation, the culture was incubated overnight at 16, 25, or 37°C

respectively. As a control, a culture was grown as above without the addition of [PTG.
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Cells transformed with empty plasmid were also included as another negative control. The
overnight culture was then analysed for protein production and solubility using SDS-

PAGE (section 2.2.2).

When other E. coli strains such as Origami B (DE3) pLysS, Origami B (DE3) pLacl,
Origami B (DE3) GroE, Rosseta’ (DE3) and BL2I1 (DE3) as cxpression hosts, the
operations are basically same except that the antibiotics used for selection were different

(Table 2.2).

2.4.1.2 Total Protein and Solubility Analyses

The protein production and solubility were analysed by SDS-PAGE. The amounts of total
cell extract samples loaded onto cach lane were normalized by ODgg measurement in
order to use equal cell numbers. Bricfly, a volume (0.5/0Dgsgy mL) of cell culturec was
centrifuged at 14,000g and the pellet was resuspended in 200 pL. water, then mixed with
200 pL SDS-PAGE loading buffer, boiled for 5 min to break the cells, then centrifuged for

30 scconds before being loaded onto a 12% SDS polyacrylamide gel for electrophoretic

analyses.

To check the solubility of recombinant proteins, | mL of cell culture was collected by
centrifugation and the resulting pellet resuspended in 500 pL of lysis buffer (same as the
loading buffer in section 2.5.2) plus 1 X Complete’ Mini protease inhibitor (Roche), kept
on ice and lysed by sonication using a VirSonic Digital 475 Cell disrupter at level 3 for 10
scconds followed by a second 10 second burst after one minute. The soluble and insoluble
cell fractions were separated by centrifugation at 14,000¢ for 10 minutes at 4°C. The cell
debris was resuspended in 500 pL of the same buffer. Both the supernatant (soluble

fraction) and cell debris suspension (insoluble fraction) were then analysed by SDS-PAGE.

2.4.2 Large-scale Expression in Origami B (DE3) Strain

During large-scale expression, a single transformed Origami B (DE3) colony was used to
inoculate 5 mL LB broth, followed by incubation with shaking (200 rpm) overnight at 37
‘C. 1 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 nm (ODggo) was ~0.7. Before being incubated at 25°C overnight, the culture

was re-supplied with fresh antibiotics to maintain selection.

2.5 Purification of Thioredoxin-Hiss-Tagged PNGase Sp

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

denaturation and proteolytic degradation of the target enzyme.

2.5.1 Cell Lysis

Cells in onc-litre overnight culture were harvested by centrifugation at 4,400g for 20
minutes. The pellet was resuspended in 10 mL of pre-chilled lysis buffer (same as the
loading buffer used in IMAC purification, section 2.5.2) to which the appropriate amount
of Complete™ Mini protease inhibitor (Roche) had been added, and then lysed by two
passcs through a Wabash"" French pressure cell (Aminco Instruments Co.) at 6,000 psi. A
trace amount of DNasc [ was immediately added into the cell lysate to break down DNA
molecules released from the cells. After centrifugation at 30.000g for 25 minutes to
remove the cell debris, the supernatant was filtered through a 0.8-uM membrane before
being subjected to affinity chromatography. Total protein in the cell lysate was quantitated
using the Bradford method (section 2.5.6) and assayed for PNGasc activity as described in

section 2.6.

When lysed with lysozyme, the cell pellet from 100 mL of culture was resuspended in 1.5
mL lysis buffer (65 mM Tris-HCI buffer, pH 7.6; 10 mM MgCl,; 1 mM TCEP and
Complete™ Mini protease inhibitor). To this solution, 0.3 mg chicken egg white lysozyme
was added and the solution left for 0.5 hour at room temperature, when it became very
viscous. A trace amount of DNase | was added and the solution left for further 0.5 hours

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

2.5.2 Immobilised Metal Affinity Chromatography (IMAC)

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

purified by affinity chromatography method using immobilised Ni** as the affinity matrix.
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The specific interaction between Ni°™ and the hexohistidine 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 cluted from the resin-bound
Ni*" later by adding imidazole into the mobile phase. Imidazole has a similar structure to
that of histidine, and thus competes with the fusion protein for access to the immobilised

Ni*",

Normally, 10 mL of filtered cell lysate (~15-20 mg/mL) was loaded onto a Ni*" charged-
chelating sepharoscm column (GE Healthcare, bed volume: 5 mL), which was pre-
cquilibrated with loading buffer (50 mM Tris-HCI, pH 7.6, 0.5 M NaCl, ImM TCEP, 10
mM imidazole). Once loaded, the column was extensively washed with 5 column volumes
of the loading buffer (5 C.V. = 5x5 mL = 25 mL). Bound protcins were then cluted in a
stepwise way using loading buffer with increasing concentrations of imidazole (4 C.V.
cach with 40 and 60 mM imidazole, then 2 C.V. with 250 mM imidazole). The flow rate
was | mL/min for cach step except that the initial loading was performed at 0.4 mL/min to
ensure sufficient time for the binding of the fusion protein to immobilised Ni*™. The flow
ratc was controlled using a low pressure Bio-Rad Econo pump. Fractions of onc¢ column
volume (SmL) were collected, into which Complete” Mini protease inhibitor and EDTA
(Final concentration: 5 mM) were immediately added in order to inhibit any proteolytic
degradation. The fractions were then analysed for the presence of rPNGase Sp by SDS-
PAGE.

2.5.3 Proteolytic Removal of Fusion Tag

The N-terminal thioredoxin-hexohistidine tag was removed by recombinant tobacco ctch
virus (rTEV) protease digestion. The purest IMAC fractions (containing mainly rPNGase
Sp) were pooled and buffer-exchanged into rTEV cleavage buffer (10 mM Tris-HCI, pH
7.6, 0.1 M NaCl, ImM TCEP, | mM EDTA), then concentrated to approximately 5 mL by
ultra filtration using a VivaSpin concentrator (20-mL, 10 kDa mwt cut off, VivaScience).
200 pL 1 mg/mL rTEV proteasc was added into the sample solution which was then

incubated at 10°C for 48 hours. The cleavage reaction was monitored by SDS-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 Ni*“-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
SDS-PAGE. The fractions containing almost purc PNGase Sp were pooled, concentrated

with 10 mM HEPES buffer (pH 7.5, 1 mM TCEP, 1 mM EDTA) to approximately 15-30

mg/mL, snap-frozen in liquid nitrogen in 50 uL 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 2™ IMAC purification step and to ensure a homogencous population
of molecules was obtained. Briefly, 200 pL of concentrated sample from the 2™ IMAC
step was loaded onto a gel filtration column (Superdex” 75 resin, GE Healthcare, 10X
300mm) pre-cquilibrated with 10 mM HEPES buffer (pH 7.5, 1 mM TCEP, 1 mM EDTA)
and cluted with the same buffer at a flow ratc of 0.4 mL/min. The clution was monitored
at 214 and 280 nm and 1 mL fractions were collected for SDS-PAGE analyses. An
AKTA"™ Explorer (Amersham, GE Healthcarc) FPLC system was used for all the
chromatography.

2.5.6 Protein Quantitation

Protein samples from cach purification step were quantitated using the Bradford Assay
[54]. The assay is based on the observation that the absorbance maximum for an acidic
solution of Coomassic 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 pg 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)-based assay [6] using hen egg ovalbumin derived 11-mer
glycopeptide as the substrate. The glycopeptide was prepared by cyanogen bromide
digestion of hen egg ovalbumin followed by SEC purification as outlined in Appendix III.
The 11-mer glycopeptide contains a complex, biantennary oligosaccharide linked to the
asparagine residuc (Figure 2.1) with nine uniformly distributed hybrid and high-mannose
glycoforms (Figure 1.7) [55]. This substrate is susceptible to deglycosylation by both
bacterial PNGase F and rPNGase Sp. The principle of this assay is that the natural
(substrate) and deglycosylated (product) forms of the glycopeptide 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 rPNGase Sp are cluted later, and do not interfere

with the assay.

H,N H,N
Glu
/
Glu ’ |
\
T /LyS Min Man
¥ Man—— /
\
AS/“_G'“NAC—GluNAc—Man/ _PNGase asp +  Nan o+ NH,
Leu “\Man HOH GluNAc
:T’" GIuNAC
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N
;e HOOC
Leu\
/HomoSer
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Figure 2.1 Deglycosylation reaction catalysed by PNGases. PNGase catalyses the hydrolysis
of the amide bond form between the [l-mer peptide-bound Asn residue and the N-
acetylglucosamine, generating an Asp residue in the in place of the asparagine and a intact
oligosaccharide with a N, N’-diacetylchitobiose at its reducing terminus.

Generally, 10 pL of enzyme solution (0.5 mg/mL) was incubated with 85 puL of substrate
solution (0.5 mg/mL, in activity assay buffer: 10 mM HEPES buffer, pH 7.5, 1 mM TCEP,
I mM EDTA) at 25°C overnight. The reaction was quenched by addition of 10 puL 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-CI18 Jupiter Series, 4.6 X 250 mm, particle diameter 5 um;
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Phenomenex); Flow rate of 1 mL/min (P580 binary pump, Dionex); 15-minute gradient
clution from 20% acctonitrile / 0.1% trifluoroacetic acid (TFA) to 40% acctonitrile /

0.08% trifluoroacectic 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 clution procedure
was modified as follows: (solvent A: 0.1% TFA in water; solvent B: 0.08% TFA in
acctonitrile) 1) 80% A and 20% B — 60% A and 40% B over 15 minutes; 2) 60% A and
40% B — 30% A and 70% B over 10 minutes; 3) 30% A and 70% B — 80% A and 20%
B over 5 minutes plus S-minute equilibration. The substrate and product were detected
using a fluorescence detector (Dionex; excitation wavelength: 495 nm, cmission
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 hydroxylamine assay [56] was usced to test for
transglutaminase activity. Transglutaminase catalyscs the formation of a covalent bond
between a free amine group (e.g., protein- or peptide-bound lysine, ammonia,
hydroxylamine, monoamino acid) and the y-carboxamide group of protein- or peptide
bound glutamine. The principle behind this assay is that the reaction of the y-carboxamide
group donor carbobenzyloxy-glutamyl-glycine (Z-GIn-Gly) with hydroxylamine in the
presence of calcium ion forms hydroxamic acid which, in turn, reacts with ferric (III) ion
to form a brown ferric hydroxamate complex (Ap. 525 nm) that can be measured

spectrophotometrically (Figure 2.2).

Procedure: To a solution containing 0.1 mL of 1 M Tris-acetic acid buffer (pH 6.0),
0.025 mL each of 0.1 M CaCl,, 0.025 M EDTA, 2 M NH>OH-HCI (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 10-

minute incubation at 37°C, 0.5 mL of the ferric chloride-trichloroacetic reagent (0.5 g
FeCls, 1.5 g TCA, dissolved in 27.5 mL H,O 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 immediatcly against 2 blank containing no enzyme at
5235 nm. Another reaction using transglutaminase {{rom Guinea pig liver, Sigma) was usced

as a positive control.

Carbobenzyloxy  Clumniyl  Clyeine
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Figure 2.2 Transglutaminase activity assay, The glutamy! donor Z-Oin-Gly reacts with the free
amine group on hydroxylamine to produce a hydroxaomie acid which, inturn. forms a complex with
tersie {1y 1ons that has a maximuim absorbanee at 5325 nm. In the complex. three hydroxamie acid

molecules chelate one Fe'™ through six coordination bonds.

2.8 Mass Spectrometry Analyses

Mass spectrometry technology was used to confirm the wdentity of the gene cxpression
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 theorctical peptide

massecs gencrated from a protemm or DNA databasc }37]. In short, an unknown protein of

interest is virtually clecaved into peptides with certain proteasc such as trypsin. Becausc the
digestion of every protein results in a st of peptides with unique masses, this pattern can
be used to identify the protein, after accurately mcasuring the mass of peptides on a

MALDI-TOF (matrix assisted lascr desorption  ionization timce-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 novo sequencing of proteins is not required. A disadvantage is that
the protein sequence must be presented in the database. Morcover, 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 quasimolecular 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 analyte spreading throughout the crystals. In this
case, the sample is “protected” by the matrix from being destroyed by the direct laser
beam during desorption and ionisation because the matrix molecules absorb the majority
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 clectrostatic ficld, the singly-
protonated molecular ions drift though a ficld-frec arca 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 of proteins: Protein spots (from the silver-stained 12% SDS 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 1 X Imm pieces on a clean glass surface,
and transferred into 1.5 mL Eppendorf tubes. The de-staining and trypsin digestion were

carried out according to the procedure described by David Miyamoto (Appendix [V “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 use.

2) MALDI-TOF mass spectrometry: The rapid-cvaporation method was used for sample
preparation for MALDI-TOF analyses [59]. Briefly, 1 pL peptide matrix/nitrocellulose
solution (2.5 mg nitrocellulose, 10 mg a-cyano-4-hydroxy-trans-cinnamic acid in 0.25 mL
acctone and 0.25 mL isopropanol, prepared fresh) was applied to the sample target and left
to evaporate to dryness. The dry peptide sample from the tryptic digest was dissolved in 3-
5 uL 20% acctonitrile and 1% formic acid., then I pL of this solution was pipetted on to
the matrix and cvaporated to dryness at room temperature. The organic solvent in the
sample was maintained below 30% to avoid the complete dissolution of the matrix layer
by the sample solution. The sample target was inserted into the Micromass* M@LDI mass
spectrometer with a time-of-flight analyzer (Waters®, USA) and analysed in positive-ion
reflection mode. A sample of a peptide of known size, hypertensin [ (DRVYIHPFHL, m.w.

1296.5 Da), was prepared in an identical way and measured to calibrate the instrument.

2.8.2 Electrospray Mass Spectrometry

Since the biochemically purified rPNGase Sp showed heterogeneity (double-banded) on
SDS-PAGE gel, electrospray ionisation mass spectrometry (ESI-MS) was used to
determine an accurate mass difference of the two species. Such analyses should allow
identification of the truncation if there is one. Like MALDI ionisation, electrospray is
another “soft” ionisation technique that produces almost exclusively multiply charged
intact biomolecular ions instcad of ion fragments [60]. The increase in the mass/charge
ratios of the ions produced pushes them into the detectable range of most mass

spectrometers, thus widening the molecular mass range for analyses.

In this technique, a solution of protein molecules suspended in a volatile solvent is
introduced into a narrow capillary at 5 kV, and nebulized into small charged droplets
about 10 pm diameter. Although the exact mechanism of droplet and ion formation
remains unclear, it is known that further desolvation occurs, and the droplets shrink
resulting in singly and multiply protonated protein ions, designated as (M + nH)™", being
released into gas-phase. The ions then continue to the mass analyzer where they are

detected. The molecular weight of protein is then calculated from observed m/z and charge
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number by computer software, and used to identify the molecule. The advantage of ESI-
MS is that it can be used in combination with several separation techniques such as high
performance liquid chromatography (HPLC-MS) and capillary electrophoresis (CE-MS)
as clectrospray serves as an interface for transferring ions from the liquid-phase to the gas-

phase.

Procedure: The protecin sample after rTEV protease cleavage was firstly purified using
RP-HPLC (Jupiter Series reverse phase CI8 analytical column, 4.6 X 250 mm,
Phenomenex: Flow rate: | mL/min. 40-minute gradient clution from 10% acctonitrile /
0.1% trifluoroacetic acid to 100% acctonitrile / 0.08% trifluoroacetic acid; Detection at
214 nm). Different elution peaks were collected manually, concentrated by Speed-Vac,
and analysed by SDS-PAGE. The fraction containing almost pure expression product was
quantitated by UV absorbance. When prepared samples for ESI-MS analyses, acctonitrile
(final concentration: 50%. v/v) and formic acid (final concentration: 1%, v/v) were added
into the fraction. The final concentration of analytes was approximately 10 pmol/uL. The
sample solution was sprayed into the mass spectrometer through a capillary tube using a
syringe pump (74900 scrics, Cole-Parmer Instrument Company), and then ionised and
analysed on a Micromass® ZMD mass spectrometer with a single quadrupole analyzer

(Waters", USA).

2.9 Characterisation of Recombinant PNGase Sp

Some enzymatic properties of recombinant PNGase Sp were studied. They were substrate
specificity, optimum temperature and pH for catalysis, effects of reductants and metal ions
on the activity, and the Michaelis constant (K,,) and catalytic efficiency (ke/Kn) of

rPNGase Sp using an ovalbumin-derived 1 1-mer glycopeptide as the substrate.

2.9.1 Substrate Specificity

To investigate the substrate specificity of rPNGase Sp, four well-characterised
glycoproteins were used to analyse the deglycosylation activity of the enzyme. They were
fetuin (from fetal calf serum and contains three sialylated triantennary N-linked complex

sugar chains), chicken egg ovalbumin (has a single 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 al-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-Glycans 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 MIB buffer:
12.5 mM malonate/18.75 mM imidazole/18.75 mM boric acid, pH 6.0, 1 mM TCEP, 1
mM EDTA) cxcept for fetuin, which has multiple glycoforms, and thus a higher
concentration (~ 2 mg/mL) was needed to visualise all the bands clearly by SDS-PAGE.
To prepare the corresponding denatured substrates, the glycoproteins were boiled in 0.2%
Thesit (a non-ionic detergent), 10 mM reducing agent dithiothreitol (DTT), | mM EDTA
in 50 mM MIB buffer (pH 6.0) for 10 minutes. 100 pL of substrate (both natural and
denatured) were incubated with 5 pL of rPNGase Sp solution (I mg/mL) at 25°C
overnight, and the recaction was stopped by boiling for five minutes. Substrate
deglycosylation was cxamined by SDS-PAGE (scction 2.2.2). Both the fetuin and
ovalbumin recaction mixtures were run on 12% gels, and the o 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 SDS polyacrylamide gels. Reactions in which cither

enzyme or substratc was absent were included as negative controls.

2.9.2 Effects of Reductant

[t was reported that eukaryotic PNGases need the presence of reductants such as DTT (at
least 1 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 DTT [61], and the activity was

measured and compared.
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Briefly, 100 mL of E. coli Origami B (DE3)"" culture that overexpressed the enzyme was
divided into four aliquots and cach aliquot centrifuged at 4,400g for 20 minutes. The cell
pellets were resuspended in 1-1.5 mL lysozyme 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 lysates were centrifuged at 30,000g for 25
minutes to remove the cell debris, the supernatants filtered through a 0.8 ptM membrane
before being loaded onto a Ni*'-charged charged-chelating sepharose column and ecluted
as described in section 2.5.2. Again, four concentrations of TCEP were used in both the
binding and clution buffers respectively. After EDTA (final concentration: 5 mM) and
Complete” protease inhibitor (1} ) were added into the clution fractions, the cluents were
concentrated using ultra-filtration and their protein content quantitated 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 redox

states of the enzyme preparations.

2.9.3 Effects of pH

In this section, the effects of pH on initial rates of rPNGasc-catalysed deglycosylation of
glycopeptide were investigated. The enzyme solution was firstly dialysed against 1 mM
TCEP and 1 mM EDTA water solution to remove any traces of HEPES. To negate any
possible effects being due to buffer ions rather than pH, a single broad-range buffer, MIB
buffer (12.5 mM malonate, 18.75 mM imidazole, 18.75 mM boric acid), was used. The
assay was sct up as described in section 2.6. In order measure the reaction rate (initial
velocity), the assay conditions were modified as following: 10 puL of enzyme solution
(0.05 mg/mL) was incubated with 85 pL of the FITC-Ova substrate (sce 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, | mM TCEP, | 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 (K,,) and k../K,

2.9.4.1 Fluorescein isothiocyanate (FITC)-labeling of substrate
The initial rate values (vo) of a catalysed reaction are used to calculate K, and Vix. 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 10%
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complet [62]. Under the conditions chosen to maximise the enzyme and substrate
available, the response obtained to achieve 10% conversion of substrate to product was
inadequate for accurate quantitation. Therefore, to increasc the sensitivity, the
glycopeptide was covalently labeled with fluorescein isothiocyanate (FITC). The FITC-
dilabeled ovalbumin glycopeptide (FITC-Ova) can be detected at much lower
concentrations using a fluorescence detector. The excitation wavelength 1s 495 nm and
emission wavelength is 520. Since the labeled substrate is more hydrophobic than the
unlabeled one, the clution procedure in HPLC-based assay was modified accordingly
(section 2.6). FTIC-Ova is schematically shown in Figure 2.3. The procedure of FITC-
labeling of the glycopeptide is outlined in Appendix V.

H,N-Glu-Glu-Lys-Tyr-Asn(CHO)-Leu-Thr-Ser-Val-Leu-Hg Figure 2.3 Labeling of ovalbumin

T (CI:H2) glycopeptide with FITC. The ovalbumin
o glycopeptide  (CHO  indicates  the
NH

T

carbohydrate chain on the glycosylated
Asn) was labeled in the positions

2

= Q o indicated by arrows using fluorescein
isothiocyanate (FITC). Hs = Homoserine.
= Since the incorporated FITC molecules
HOOC are at least two amino acnfis dlsta'nt trom
FITC the glycosylated asparagine residue, it
was unexpected that the FITC could result
in steric hindrance during the catalysis by

N=C=S PNGase. Adapted from Lenz 2003.

2.9.4.2 Estimating the rough K, 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 (vy) for cach substrate concentration.
Normally, a broad range of substrate concentrations (0.1-10 K,) should be used to
determine Ky, and Vpax. 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 K. A substrate solution with an estimated saturating concentration (e.g., 5
mg/mL) was serially diluted (10X, 100X, 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 K, using

the following equation.

Km(rough] = [SL] (VH/ VL - 1)

Ky - estimated Michaelis Constant

vy - initial velocity with the higher substrate concentration
V[, s=sse initial velocity with the lower substrate concentration
[Se] ----- the lower substrate concentration

2.9.4.3 Determining K, and k.. /K,,

Bascd on the estimated K, value, the substrate concentration range used was narrowed to
between 0.1 and 8 Ky, (e.g., 1/8, 1/4, 1/2, 1, 2, 4 and 8 X K}, to obtain a larger number of
data pomts for morc accurate K, determination. Assays were performed in triplicate.
[nitial ratc values determined for cach substrate concentration (presented in nmol/min)
were then fitted to the Michaclis-Menten Equation (vo = Viu[S] / (K + [S]) using the
programme GraphPad Prism® software (Version 5). From these plots values of K, and
Vinax were obtained. The Lineweaver-Burk transform of 1/vy versus 1/[S] was chosen to

determine K, and V.

Bascd on Michaclis-Menten kinetics, Vi, data can be converted to give a ke, value
(turnover number) by dividing by the enzyme concentration employed in the assay
solution. Subscquently, the k../K,, ratio, a measurc of the enzyme’s catalytic efficiency,

can be calculated.

2.9.5 Effects of Metal Ions

The cffects of several metal ions on the activity of rPNGase Sp were investigated. The
metal salts used were CuCly, FeCls, MnCls, NiCls, ZnCl; and CdCls. In order to eliminate
the possible effects of the anion on the enzyme activity, the same anion was used where
possible. To avoid the presence of trace amounts of other metal ions that might interfere
the assay, Chelex-cheated (Chelex” 100 Resin, Bio-Rad) doubly distilled water was used
to make metal salt stock solutions and activity assay buffers. All glassware used was pre-
washed with 50% HNO; and rinsed with Chelex-cheated water to remove any traces of

metal 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 cysteine thiol groups. The
metal is thought to stabilise the enzyme conformation and is thus needed for the enzymatic
activity. The initial velocity (vo) was measured under the assay conditions used in kinetic

studies.

To confirm if the activity of rPNGase Sp is Zn*'-dependent, the enzyme solution was
extensively dialysed against S0 mM MIB buffer (pH 6.0, ImM TCEP) containing 20 mM
EDTA with several changes for 72 hours to remove the enzyme-sequestered Zn*,
followed by dialysis against the same buffer without EDTA to remove EDTA ions that
may have bound to the protein. This apo-cnzyme was assayed for deglycosylation activity,
and the result was compared with the activity of the enzyme into which Zn*" and other

metal ions were added.

2.10 Crystallisation Trials

The goal of crystallization is to produce well-ordered protein crystals that are stable and
large enough (dimensions greater than 0.1 mm along cach axis) to provide a diffraction
pattern when exposed to X-rays. This diffraction pattern can then be converted to an
clectron-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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using 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 are reached, crystal nucleation may occur followed by crystal

growth (Figure 2.4).

protein 2ul + ;
reservoir 2l coverslip & grease grease & coverslip (or tape)
|
4 \ v v v
g | J rotein 2ul +
H:0 P H,0
‘) reservoir 2ul  ~
\ )
]
T e e = N - —
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Figure 2.4 The hanging drop (left) and sitting drop (right) methods of protein crystallisation.
In both the methods, a reservoir of precipitant solution was equilibrated against a drop of protein
solution (1/2 protein solution plus 1/2 precipitant solution) hanging on a siliconised glass cover slip
(left) or sitting on a pedestal above the reservoir solution (right) in a sealed system. Equilibrium was
reached through the vapour phase. (Figure created by Airlie ] McCoy, University of Cambridge)

The successful production of protein crystal is dependent on a varicty of intrinsic and
environmental factors because so much variation exists among proteins. Factors that may
affect the protein crystallisation are protein purity and concentration, temperature, pH,
presence of metal ions (c.g., Mg”", Ca’™), ligands or cofactors, the addition of small
amounts of miscible organic solvent (c.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 ~ 10 mg/mL (containing 1 X Complete” Mini proteasc 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 sct up. The purpose of this pre-treatment was
to remove any misfolded 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 Rescarch)
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 sclected from known and published crystallisation conditions
using sparse matrix sampling methodology [65], which allows sampling of a wide range

of pH, buffers and precipitants using the minimum number of experiments.

For screening trials, 96-well plates (Greiner Bio-one) were used. 0.5 pL of protein sample
was mixed with 0.5 pL of precipitant solution and placed in a small well above a 100 pL
reservoir of precipitant solution. The plates were well scaled with tape (Cystalclear) and
left at room temperature. The drops were monitored under a microscope and changes

recorded daily during the first week and wecekly 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-well (4X6) VDX plates (Hampton Rescarch)
were used. 1 pL of protein sample was mixed with 1 pL of precipitant solution on a
sliconised cover slide. The slide was then sealed up side down with Vaseline over a well
containing | mL of precipitant solution. The hanging drops were monitored in the same

way as sitting drop method. Normally, in 4 X6 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 merements. All

the solutions uscd n the hanging drop screening were made up with double distiiled water,

The formulations of the commereial screen kits can be obtatned from the following links:
Structure Screen I :

http: “www.meleculardimensions.com-us/datasheets'md 1-01 . htm

Structure Sercen 27

htp: www . moleculardimensions.com-us’datasheets 'md1-02.htim

PACT prem jer

http: "www . moleculardimensions.com-us‘datasheets MDD 1-29 pdf

Crystal Screen’

http: “www hamptonrescarch.com assets products attachments 000000001 -000000007 5. pdf
Crystal Screen 2"

http: www. hamptonresearch. com ‘assets. products attachiments 0006006002 0000000083 pdf’
Additive Screen'™:

http: www haptonresearchieon assets products attachments $000000027-0000000467. pdf

iy
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Plasmid

pProEX_HTh_PNG

pET32a_HTBH

pSUMO BXH

pMal CHTBH

Table 2.1 Plasmids used in this study

Description

Source

database accession No, ALOI K52, Appendix 1)

Af

A modified version of pET32a vector (’Ntwugen' ) dor expression of peptide seguences
fused with the 109aa Trx-tag (thioredoxing, a His-tag and a TEV cleavage sile ar its N-
ferminus. It carries the ampiaiflin resistance gene. See appendix 1 Tor details. “HTBIT
designates His-tag, TEV site, BamfHl and Hind) restriction sites respectively,

The veetor s a moditicanon of the pliT32a vector (Nm'agﬂnm) in which the DNA encoding
tor the Trx gene 18 replaced with the SUMO protein (93aa) amplitied from the lm—'ilrogcnIM
L"humpionnI ptT SUMO vector. The protein produced with this vector carries a His-tag and
SUMO at its Neterminus. The tusion can be cleaved from the SUMO protease (ULP1)
cleavage site. It carries the ampicillin resistance gene. "BXI designates three restriction
sites immediately downstream from the SUMO sequence. They are Bambl, Xbal and
Hindlll respectively.

A modified version of pMal-C2G vector {(New Fngland BioLabs™) for expression of peptide
sequences tused with the £ cofi maliose binding protein (MBP, encoded by mall gene, in
which the N-terminal periplasmic sigmal sequence has been deleted). The protein produced
with this vector carries a Histag and a TEV cleavage site at its N-ferminus. 1t also containg
the ampicillin resistance gene, "CHTBRH stands for cytosolie, His-tag, TEV site, Bami and
Hind! restriction sites respectively.

Invitrogen

Produced by
Dr. Rose Brown”

Produced by
Mr. Trevor Loo®

Produced by
Mr. Trevor Loo®

* Institute of Molecular BioSciences, Massey University, Paimerston North, New Zealand
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Table 2.2 E. coli strains used in this study

Strain Genotype Description Source
XL1-Blue RecA  endAl  gvwrd96  thi-1 hsdR17 High efticiency cloning strain: tetracycline resistant Novagenm
suplEd4 reldl lac [F' proAB lacl! Z
AMI15 Tnl0 (Tet'))
Origami B (DE3) F~ ompT hsdSy(rg my ) gal dem lacY! General expression host: contains Tuner /ac permease mutation and rrxB/gor Novagenm
ahpC gor522:Tnl0 (Tc®) oxBikan mutations for cytoplasmic disulfide bond formation. Tet (12.5 pg/ml), Kan
(DE3) (15 pg/ml)
Origami B (DE3) pLysS F~ ompT hsdSg (r g my ) gal dem lacYl High-stringency expression host: contains Tuner /ac permease mutation and Novagenm
ahpC gor522:Tnl0 (Tc®) nxB:kan rrxB/gor mutations for cytoplasmic disulfide bond formation: and compatible
(DE3) pLysS (Cm") plasmids (pLysS) that provide a small amount of T7 lysozyme to control
basal level of expression. Tet (12.5 pg/ml), Kan (15 pg/ml), Cam (34 pg/ml)
Origami B (DE3) pLacl F ompT hsdSg (r 3 mg ) gal dem lacYl] High-stringency expression host; contains Tuner /ac permease mutation and NO\'agenlM

Origami B (DE3)
pGroEL/S

Rosetta (DE3)

BL21 (DE3)

ahpC gor322:Tnl0 (Tc®) mxB:kan
(DE3) pLacl (Cm"*)

F~ ompT hsdSg(ry my ) gal dem lacY!
ahpC gor522:Tnl0 (Tc®) trvB:kan
(DE3) GroEL/S (Cm*)

F~ ompT hsdSg (r g my ) gal dem lacY!
(DE3) pRARE® (Cm®)

F-ompT hsdSg(r g my ) gal dem (DE3)

trxB/gor mutations  for cytoplasmic disulfide bond formation: and a

compatible pLacl plasmids that supply /uc repressor to control basal level of

expression. Tet (12.5 ug/ml), Kan (15 pg/ml), Cam (34 pg/ml)

Expression host: contains Tuner /ac permease mutation and mrxB/gor
mutations  for cytoplasmic disulfide bond formation; and compatible
pGroEL/S plasmids that provide bacterial GroEL/GroES protein folding
system. Tet (12.5 pg/ml), Kan (15 pg/ml), Cam (34 ug/ml)

General expression host: fac permease mutation allows control of expression
level, provides rare codon tRNAs through compatible pRARE" plasmids.
Cam (34 pg/ml)

General purpose expression host. No antibiotic resistance

Produced by Mr. Trevor
Loo" (pGroEL/S was
kind gift from Dr. Mark
Patchett”)

™

Novagen

™
Novagen

* Institute of Molecular BioSciences, Massey University, Palmerston North, New Zealand
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Chapter 3 — Results and Discussion

3.1 Molecular Cloning

The full-length PNGI gene from S. pombe (PNGI1Sp) had been previously cloned and
expressed in a prokaryotic host (E. coli) in our laboratory using a pProEX" expression
vector (Invitrogen, Inc.). The gene product was however insoluble. When the gene was
cloned into the pET32(+)" vector (Novagen, Inc.) and expressed as a thioredoxin-fused
protein, the product had good solubility in aqueous solution and could casily be cleaved
from the hexohistidine tag to produce soluble recombinant PNGase Sp (data not shown).
There were, however, about 27 extra amino acids residues on the N-terminus of the
expression product duc 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-
terminus of the genc product in this study, the PNGI/Sp gene was re-cloned into a
modified pET32a(+) vector, pET32a HTBH (Figure 3.1, Table 2.1, Appendix II), in
which the original unnccessary ‘His tag-thrombin and S tag-enterokinasc 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 downstrcam the TEV protcase
cleavage site, only four extra amino acids remained on the N-terminus of the gene

cxpression product after protease cleavage (Figure 3.1, Appendix II).

The PCR reaction using the BamHI site-containing (forward) and Hindlll sitc-containing
(reverse) gene-specific  primers together with the PNGISp-carrying plasmid
pProEX HTb PNG 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 XL1-Blue cells (Table 2.2) as
shown in Figure 3.2 b. DNA sequencing of the plasmids (pET32a HTBH PNGI)
produced from the XL1-Blue transformants confirmed that there were no errors in the

recombinant PNG1Sp gene sequence (data not shown).
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Figure 3.1 Cloning strategy The pET32a(+) vector was modified to yield pET32a_HTBH vector,
in which the original sequence encoding a His-tag, thrombin site, S-tag and enterokinase site was
excised and replaced with a sequence encoding a His-tag and a TEV site. The PNG1Sp gene was
amplified from the pProEX HTb PNG! vector using BamHI-containing (forward) and Hindlll-
containing (reverse) gene-specific primers and cloned into the pET32a HTBH vector using the
same restriction sites. It was heteroglogously produced in E. coli cells as a thioredoxin-
hexohistidine-fused protein.
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Figure 3.2. a) PCR amplification of PNGISp. The PNGI/ gene was amplified from the
pProEX HTb_PNG! plasmid using gene-specific forward and reverse primers resulting in a | kb
product (lane 1) as visualized by 1% Agarose gel electrophoresis. lane 2, positive control; lane 3,
negative control (without the template DNA). b) Whole cell PCR result of colony screening. Seven
XL1-Blue colonies (corresponding to lane 1-7) were cultured overnight and then lysed. The
supernatant of cell lysates containing DNA was used as template in whole cell PCR. The primers used
were a plasmid-specific forward and a gene-specific reverse primers. The size of the band in lane 7 is
consistent with it being the insert plus Lacl and fusion tag sequence (totally 1.47 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 PNGI
vector (Figure 3.3, Lane 8). The recombinant fusion protein was soluble ( > 90%) and
casily 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). It 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 E. coli strains that carry mutations in
thioredoxin reductase gene (#7xB) and glutaredoxin reductase gene (gor) [66]. Considering
that PNG1Sp encodes a cukaryotic 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 requite the presence of reducing reagent such as
DTT for activity ir virro [4]. indicating that free thiols are crucial for the proper folding
and/or catalytic activity of the mature enzyme. Morcover, results showing the cffects of
the reductant TCEP on the activity of rtPNGasc Sp in this study (scction 3.8) indicated that
all the nine cysteme residues in fPNGase Sp should stay m their reduced state for
maximum activity. Results of structural studies on recomhinant mouse and ycast S
cerevisiae PNGases showed there were no disulfide bonds in the mature enzymes [27. 29}
[t is likcly that the N-terminal thioredoxin fusion panner cnhanced the solubility of
rPNGasc Sp acting as a chaperonce 1o prevent disulfide bond formation. On the other hand,
the solubility of the fusion protein might be because of the solubtility of thioredoxin wself.
Activity assays showed however that the fusion (PNGase Sp was active (Figure 3.5).
imdicating that the protein was correctly folded into its native conformation tn the

cvtoplasim of Origami B (DE3) cells.
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Figure 3.3 SDS-PAGE analyses of the whole cell samples of [PTC induced expression of
PNGase Sp in Origami B (DE3). Lane 1. 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. [,
3, 6 and 16 hours respectively after [IPTG-induction (the finaj concentration of IPTG was 0.5 mM).
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sy w89 < Trx-His-PNGase Sp

Figure 3.4 Solubility analyses of rPNGase Sp produced in Origami B (DE3) cells at 25°C The
Origami B cells shown in Figure 3.3 which strongly expressed recombinant PNGase Sp were lysed
by sonication. The soluble and insoluble fractions were then separated by centrifugation before
being loaded on a 12% SDS polyacrylamide gel. Lane 1, molecular weight maker; Lane 2, whole
cells after lysis by sonication; Lane 3, the soluble fraction (supernatant); Lane 4, the insoluble
fraction (pellet); Sample size for Lane 1-4 was |5 pL. Lane 5-8, same as Lane -4 except that the
sample size was 3 puL so that the double band is more easily seen.
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Figure 3.5 PNGase activity assay Shown is the data from a discontinuous HPLC assay. An |1-mer
glycopeptide substrate (Sub) was incubated overnight at 25 °C with rPNGase Sp from IMAC
chromatography. The reaction products were separated by HPLC using a C18 RP column. The
detection wavelength was 214 nm. The peak (retention time: 14.13 minutes) in the Sub+PNGase 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 PNGase F reaction (blue line, positive control, The product of PNGase F reaction has been
previously confirmed by mass-spectrometry), indicating that identical cleavage reactions 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, SDS-PAGE
analyses of the cell lysate 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 casily scaled-up to one litre of total culture with a reasonable protein yield.

3.3 Purification of rPNGase Sp

The N-terminal hexahistidine-tag (Hisq) allowed casy 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
bands scen in lane 5-8 were actually comprised of two partially overlapping single bands
that were calculated have a size difference of approximately 2.3 kDa using a standard
curve; the higher one: ~59.2 kDa, the lower one: ~56.9 kDa. This difference, which was
morc obvious when a smaller amount of sample was loaded on to the SDS polyacrylamide
gel, could not be confirmed by mass spectrometry (section 3.5.1). Since the calculated
mass of the fusion protein is 54.3 kDa, it is more likely that the lower of the two-bands
was Trx-Hise-fused rPNGase Sp. One possible reason for the double-bands is that some
population of the fusion protein might bind metal ions such as Ni*" ions during the IMAC
purification step, affecting the charge of the protein and its migration on SDS
polyacrylamide gels. Extensive dialysis of the samples against EDTA did not, however,
result in a single band on SDS-PAGE. Another possible reason is that a population of the
protein trapped some phosphoric acid from the buffers (originally, phosphate buffers were
usced, but Tris buffers were used) used in the purification and the trapped acid could not
casily be removed, resulting in the apparent heterogeneity of the PNGase Sp on SDS
PAGE [67]. This was discounted because: 1) the recombinant protein showed
heterogeneity on SDS polyacrylamide gel at an carly 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 instecad of phosphate buffer during lysis and IMAC purification.
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Figure 3.6 SDS-PAGE analvees of the samples taken at various purification stages a) IMAC
purification of the fusion rPNGase Sp from cell lysate using a Ni** charged-chelating sepharose
column, Lane . molecular mass marker: lane 2, material {oaded on the column: lance 3, flow-through:
lane 4. fraction eluted with 40 mM imidazole: Lanes 5-6, tractions eluted with 60 mM imidazole;
[anes 7-8. fractions eluted with 250 mM imidazole. ) rTEY cleavage of the fusion protein. Lane 1,
negative control (reaction without rTev Protease}: lanes 2 and 3, fusion protein plus rTev protease atter
overnight incubation at 25°C; lane 4. molecular mass marker. ¢} 2" IMAC purification after rTEV
cleavage. Lanc 1, molecular mass mmarker. Lane 2. load: Lanes 3-8, washes containing rPNGase Sp:
Lanes 9-10, eluted fractions containing the rPNGase Sp-Trx tusion and the relcased Trx-His, tag.

The fusion protcin was then cleaved using rTEV protease, which removed the Trx-Hise-
tag from the N-terminus of rPNGase Sp. The rcaction was more than 90 percent
compicted 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 [usion partner (Trx-His, tag: 14.8 kDa).
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The cleavage product, however, remained as two bands on SDS 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
PNGI1Sp 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 PNG1Sp gene showed, however, that there are few rare codons in the
gene. Morcover, 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 recad-through during translation resulted in dual products. Another possibility is
that a very specific protcolytic 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 further 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 IMAC. As can be seen from Figure 3.6 ¢, the cleaved rPNGase Sp (Lanes 3-
6) could be casily scparated from both the released Trx-Hisq tag and un-cleaved fusion
rPNGase Sp (Lanes 9-10). Trace amounts of fusion protein were observed in the wash
(Lanes 3-4) and the carly clution fractions (Lanes 9-10). This was probably duc to non-
covalent interaction between the fusion protein and cleaved rPNGase 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 Superdex” 75 (GE Healthcare), which is optimized for
separating proteins with molecular weight between 3-100 kDa. The buffer used was 10
mM HEPES (1 mM TCEP, | mM 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
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SEC are shown in Figure 3.7. rPNGasc Sp was cluted from the Superdex” 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, C5 and C6). This band co-cluted with the target protein as it did in the 2™ IMAC
(Figure 3.6 ¢, Lanc 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.
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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 conductivity is shown in brown. b)
SDS-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 shown in Table 3.1.

Table 3.1 Purification Table of rPNGase Sp

Purification Total Protein ~ Total Activity ~ Specific Activity Yield” Purification®
Step (mg) (units®) (units/mg) (%) (Fold)

Cell Extract 212.7 11911 56 100 1

1" IMAC 57.8 11266 195 95 3.5

2" IMAC 358 10809 302 91 1.5

SEC 303 9265 306 78 1

* One unit of rPNGase Sp is defined as 1 nmol of substrate (FITC-Ova) deglycosylated per
minute at 25 at pH 6.0.

® Yield was calculated by dividing the total activity of the current step by the total activity of the
first step and expressed as percentage.

Purification, expressed in fold, was calculated by dividing 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 carly 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
heterologous protein production. For example, AGA and AGG are common codons for
arginine in the yeast gene, whereas they are rarcly found in £. Coli [68]. There are cight
arginines arc encoded by AGA and three by AGG in the PNGISp gene. So, if these
codons in the mRNA of the target gene are encountered by the ribosomes, the lack of the
matching tRNAs in E. coli may lead to premature translation termination and, hence,
truncated proteins or proteins with the wrong sequence [69, 70]. The PNG/Sp gene was
therefore expressed in the £. coli expression strain Rosctta (DE3), which is designed to
cnhance the expression of target proteins that contain rarc arginine, isoleucine, leucine,
glycine and proline codons. Rare codon tRNAs are produced on chloramphenicol resistant
plasmids (pPRARE®) that arec compatible with pET32a vectors (Table 2.2). When produced
in Rosctta (DE3) cells, the target protein was still double-banded on SDS PAGE both
before (data not shown), and after IMAC (Figure 3.8 a), suggesting that the heterogeneity

of rPNGasc Sp was almost certainly not caused by premature translation termination.

3.4.2 Proteolytic Degradation

The Origami B (DE3) strain previously used to express PNGISp gene is a lysogen of
bacteriophage A DE3 and carries a chromosomal copy of the /ac/ gene encoding the lac
repressor, and the gene for T7 RNA polymerase which is under the control of the [PTG-
inducible /acUVS promoter. IPTG induces expression by displacing the /ac repressor from
the /acUVS promoter, promoting the expression of T7 RNA polymerase, which in turn
binds to the bacteriophage T7 promoter upstrecam from the target gene (PNG1Sp) 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 {acY/ {lac permeasc) deiction mutants that cnable uniform centry of [PTG into
cells, and have a /ac operator inscrted downstream of the vector-cncoded T7 promoter 1o
reduce leaky transcription), the icakiness of fue-derived promoters such as lfacUVS still
results in basal level production of T7 RNA polymerase and thercforc, the target protcin in
uninduced cells [68, 717 (Figure 3.3, Laune 33, Whether or not rtPNGase Sp is toxic to the
host eclls, premature expression may mercase the level of proteolytic degradation of
rPNGasc Sp, resulting in heterogeneity of the target protein. This ts possible because
although the Origami B {DE3) and Rosctta (DE3J) strains arc deficient in the generic
protcase Lon, encoded by /or gene, and lack the outer membrane protcase OmpT (encoded
by wmp T, other proteases may act on the target protein. The better way to reduce possible
proteoivtic degradation to the lowest possible level is o concomitantly control basal
expresston and shorten the expression period. Based on this consideration, the PNG/Sp
gene was expressed i Origam {DE3) pLyvsS and Origami (D1 3) placl (Novagen, Table
2.2). at aither 23 C for 16 hours or 37 C for 4 hours. The Origami (DE3) pLysS strain
contains & compatible chloramphenicol-resistant plastmd (pLysS) that provides a small
amount of T7 lysozyme which can bind T7 RNA polymerase and mhibit transcription.
while Origamn (DE3) pLact supplics /ue repressors from a compatible pLacl plasmid to
ensure stringent repression 1 the uninduced state. The results. however showed that the
double banded product was not duc to cither the expression system or the growth

condtttons 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 E. coli strains (Lane L*: material loaded on
the column). However, in all cases, rPNGase showed the same double-band character on SDS-PAGE
(IMAC fractions). Expression at higher temperature (37 C) for shorter time (4 hrs) showed no
difference to protein produced in cells grown at 25°C for 16 hours. The rPNGase was still highly
soluble when expressed at 37°C (comparison between soluble fraction 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 protcolytic degradation, it is possible that stop codon read-through during
translation may have occurred resulting in two protein products, one longer than the other.
Although misincorporation of amino acids at stop codons is rare event (frequency = 10™ in

intact cells), read-through does occur in both prokaryotes and cukaryotes[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 downstrcam ctc [73].

Firstly, the nature of stop codons themselves can result in different degrees of fidelity. The
UAA scquence 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 PNGISp (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, onc extra stop codon (T/UGA) was inserted between the first
and sccond stop codons to make another construct (pET32a HTBH PNG STOP, Figure
3.9). Expression of PNGISp using this new construct in Origami B (DE3), did not,

however, result in a single banded protein (Figure 3.10).

[t has been recognised that the 3'- nucleotide context of stop codons also influences the
fidelity of stop-codon recognition [74]. Onc explanation for this cffect is that release
factors (RFs) recognisc a mRNA : rRNA basc-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 downstrcam 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' hexanucleotide read-through determinant presented downstream from the
stop codon (TAA). 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
kDa 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 of U as the fourth

base, read-through still occurred, although the ratio of correct translational termination to
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read-through decreased from 2:1 (G or C) to 4:1 (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 hicrarchy of stop signals with the decreasing order of efficiency UAAU >
UAAG > UAAA/C, has been found in prokaryotes [75]. Thus, the tetranucleotide
termination signal (TAAT) located at the end of PNG1Sp gene (Figure 3.9) should have

relatively high termination efficiency, making read-through unlikely.

(a) pET32a_HTBH_PNG vector:

BamH 1 PNGI gene i Hind 111
r00+:GGA TCC ATGrersssseresssscnes GGA AAA TAA TTG TAA GCT TGC GGC CGC ACT CGA GCA

CCACCACCACCACCACTGAGATCC GGC TGC TAA: -

(b) pET32a_HTBH_PNG_STOP vector:

BamH 1 PNGI gene = Hind 111
------ GGA TCC ATG:+wesweeen=GGA AAA TAA TGA TAA GCT TGC GGC CGC ACT CGA GCA

Figure 3.9 Part sequences surrounding the stop codons in the original and newly constructed
recombinant plasmids. (a) Original pET32a HTBH PNG vector; (b) Newly constructed
pET32a HTBH_PNG STOP vector. The PNG/ gene was cloned into BamHI and HindllI restriction
sites. The TAA stop codon located ~60 bp downstream of PNG/ came from the vector
pET32a_HTBH.
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Figure 3.10 Expression trials using Origami B (DE3) with the pET32a_ HTBH_PNG_STOP
vector. The expression of PNG/ gene was induced with either 0.2 mM or 0.5 mM of IPTG, and
incubated at 16, 25 and 37°C respectively. Whole cell samples were taken at 0, 1, 3, 6 and 16 hours
(overnight) after induction. M: molecular weight marker; Emp: cells transformed with empty vectors;
Uni: uninduced cells; O/N: overnight.
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The 5" nucleotide context of the mRNA is also thought to affect the translation
termination efficiency both in cukaryotes and prokaryotes, and may mediate read-through
via direct interaction between the P site tRNA and release factor 1 (RF1) 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 RF1 and/or RF3 and the natural
suppressor tRNA is displaced in favor of read-through. A similar mechanism is thought to
be used in E. coli. If this theory is applicable, the two adenines immediately upstream of
the first (TAA) and the second (TGA) stop codons in the PNG1Sp gene (Figure 3.9) might
contribute to possible rcad-through. How the third stop codon was also skipped to give
such a high rcad-through ratio (two bands that are comparable in their intensity on SDS

polyacrylamide gel) is, however, hard to explain.

Lastly, if a bacterial selenocysteine insertion sequence (bSECIS), which can form
localised specific mRNA hairpin sccondary structure, happened to exist downstream the
UGA codon, the stop codon may be decoded as sclenocysteine (the 21% amino acid) [73].
This possibility was not examined, because there were two UAA stop codons flanking the
UGA codon (Figure 3.9), making it unlikely. Taken together, the possibility that stop

codon read-through caused dual products during expression of PNG1Sp was quite low.

3.4.4 The Use of Alternative Vectors and Fusion Partners

Two other constructs: pPSUMO BXH PNGI and pMal CHTBH PNGI, were also made

in this study in an effort to remove the heterogeneity of the protein product.

The pSUMO BXH vector (Table 2.1) adds a hexahistidine 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 cukaryotes [80]. It was reported

that a number of ‘difficult-to-express’ proteins have been heterologously produced in E.
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coli yiclds and remarkably enhanced solubility as SUMO-fused proteins in E. coli
compared to using conventional tags such as glutathione S-transferase (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 cnables 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 ULPI, a natural
SUMO protease that recognises the tertiary structure of SUMO, not a linecar amino acid
sequence like the other more commonly used proteases. This has two advantages: 1) the
protcasc will not erroncously cleave within the target protein; 2) protease cleavage sites do
not need to be engincered between SUMO and target protein, allowing the generation of
reccombinant protein with a native N-terminal sequence, which is desirable for structural

analyscs [81].

The pMal CHTBH vector (Table 2.1) carries an E. coli maltose binding protein (MBP,
encoded by the malE gene), a His-tag and a TEV cleavage site at its N-terminus. The
fusion protein can be purified using cither amylose or Ni*" affinity chromatography. As
mentioned in last scction, it is possible that the local mRNA seccondary structure
downstream of the stop codon may perturb the normal decoding of the stop codon,
resulting in read-through or a frame-shift [83]. Because it was not casy to test whether this
specific secondary structure was formed in the target mRNA produced from
pET32a HTBH PNGI, a modified version of pMal C2G vector (New England
BioLabs"), pMal CHTBH, was uscd. 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 reasons for heterogeneity of rPNGase Sp had not been identified, these
two different constructs were tried to sce if a homogencous 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 311 a) Expression of the PNGI gene in £ cofi BLII(DE3) strain using the
pSUNMCO_BXH_PNG STOP plasmid. Lxpression was induced with 0.3 mM PTG followed by
incubatron with shaking at difterent temperatures for either two hours or overnight. b) Expression of
the NG/ gene in Origami(DE3} and BL2I(DE3) strains usiog the pMal_CHTBH_PVG_STOP
plasmid. Expression was induced with 4.3 mdd PTG folfowed by incubation wilh shaking a1t 250
for either 2 hours or overnight. Mo molecular mass marker: Empe cells ransformed with empry
plasnyd: Unis uninduced cells: inset: a close-up view of the double band. Both the SUMO- and
MBP- fused rPXNGase Sp showed heterogeneity (double-bandy on SDS-PAGE (12%, acrviunde).

65



Chapter 3 — Results and Discussion

3.5 Anomalous SDS-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 PNGase 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 homogencous and the gene product was
indeed rPNGase Sp. Morcover, it was found that thc rPNGase Sp migrates anomalously

on SDS-PAGE, which may be related to the redox state of its cysteine residues.

3.5.1 Mass spectrometry 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 obscrved in the mass spectra. The rTEV cleavage mixture was
thercfore further purified using HPLC and the cluted fractions containing cither double-
banded protein (Figure 3.12 a; Lanc 1) or the released fusion tag (Lane 6) were collected
for ESI-MS analyses. The results of mass spectrometry showed that the sample containing
the double-banded protein was homogencous, as therc was only onc peak produced
(Figure 3.12 ¢), with an obscrved mass of 39442.0 Da, exactly the same as the calculated
mass of rPNGase Sp (39441.9 Da). Considering the relative ratio between the intensitics
of two bands on SDS polyacrylamide gel as well as the high intensity/abundance of the
mass peak (39442.0 Da) in the mass spectra, it is unlikely that the concentration of the top
band was too low to be dctected, confirming that the sample was homogencous.
Mecanwhile, the mass (14.7 kDa, Figure3.12 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 of rPNGase Sp on SDS-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 ImL/min; Detection at 214
nm). Lanes 1-7: fractions eluted from the HPLC C-18 column; both the fraction corresponding to
Lane | 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) ESI-mass spectra of the sample
containing released fusion tag. The determined mass for the released tag was 14.7 kDa that was
close to the calculated value, 14.8 kDa. ¢) ESI-mass spectra of the sample containing the double-
banded protein. A single peak was observed in the deconvoluted spectrum at 39.442 kDa, which
agrees with the calculated value.
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3.5.2 Anomalous SDS-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 processing [67, 84]. Since the
glycosylation machinery is absent in £. coli, and the results of mass spectrometry analyses
ruled out the possibility of proteolysis, we speculated that the apparent heterogeneity was
related to the disulfide bond formation, hence folding of the rPNGase Sp. When Michael
Fountoulakis [67] studied the heterogeneity of the £. coli-derived recombinant interferon y
receptors, he found that, upon disruption of the cells, both native and non-native disulfide
bridges were formed, which caused apparent heterogeneity of the protein on a non-
reducing SDS polyacrylamide gel (Figure 3.13). Mispaired disulfides resulted in
generation of both dimeric and monomeric non-native interferon y receptors. Only
correctly folded (the receptor protein includes cight cysteine residues forming four
sequential disulfides) monomers show ligand binding activity. The different forms of the
receptor migrated differently on non-reducing SDS-gel, and the use of reducing agents

during extraction did not decrease the percentage of non-native oligomeric and monomeric

torms.
Non-reducing 12% SDS-gel ‘Figure 3.13 Size exclusvion purified re-combinz_mt
.37 interferon y receptor was further purified using
' Polybuffer Exchange. Protein was eluted by
dimer «43  applying a NaCl-gradient. Lane |, material loaded on

the column. Lanes 2-11, fractions eluted with 0.35 M
30  NaCl. Lane 12, proteins eluted with 0.50 M NaCl. This
rggéiggyr - - fraction mainly includes non-native forms. The native
et I 1 1 monomers migrated to 27 kDa, and the monomers
~ 20 containing either mispaired or non-formed disulfides
migrated slightly 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 rPNGase Sp showed heterogeneity on reducing instead of non-

reducing SDS-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 1| mM DTT) 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: (1) the cytoplasm of
Origami (DE3) has relatively low reducing potential due to the lack of thioredoxin
reductase and glutathione reductasc; (2) the reducing agents (S mM DTT or | mM TCEP)
present in the buffers might not be sufficiently concentrated enough to keep all the nine
cysteines reduced, although the Cys residues that are crucial to PNGase activity (c.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 SDS and reducing agents. A similar resistance to SDS and
reducing agents is seen in the prion protein PrP*, and amyloid proteins which have been
shown to aggregate through hydrophobic interactions [114]. If only some populations of
the rPNGasc 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 1s 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

strong hydrophobic folding area

Figure 3.14 Schematic diagram 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
SDS-PAGE gels should be climinated. To test this assumption, both fusion and cleaved
rPNGase Sp samples that showed obvious double-bands on SDS PAGE were firstly
denatured and reduced with 6 M guanidine hydrochloride and 10 mM DTT (100 pL of ~
15mg/mL protein in S0mM Tris-HCI buffer (pH 8.0) plus 300 pL of 8 M guanidine
hydrochloride and 22 pL of 0.2 M DTT aquecous solutions) for onc 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 cach were analysed by SDS-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

result of these procedures.
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Figure 3.15 a) SDS gels of reduced and alkylated rPNGase Sp. Both fusion and rTEV cleaved
rPNGase Sp were treated with 6 M guanidine hydrochloride and 10 mM DTT 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 analysed on a 12% SDS polyacrylamide gel. Lanes 1 and
7, marker; Lane 2, untreated fusion rPNGase Sp; Lane 3, reduced and alkylated fusion rPNGase Sp;
Lane 4, reduced and alkylated fusion rPNGase Sp after treatment with rTEV protease. Lanes 5 and 8,
untreated rPNGase 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 able to cleave the reduced and
alkylated fusion rPNGase Sp (Lane 4). The band migrated to ~31 kDa 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 DTT 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 SDS gels are 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 cysteine residues in the protein. rPNGase Sp contains nine
cysteine residues, four of which are likely to be involved in zinc (II) ion (Zn™") binding,
and therefore arc susceptible to oxidation. If, during the preparation, or growth of the cells,
this protein is exposed to any oxidising agent, it is likely, especially in the presence of
denaturants, 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% Lew/lIle). If disulfide bond formation brings two hydrophobic secondary
structural clements together, it is possible that an extremely stable structurc will occur,
reminiscent to the prion structure [114]. Of course, this will make part of the polypeptide
chain inaccessible to SDS which will result in an anomalous band in SDS PAGE. The
results suggest that there arc two favoured conformations and that the populations
inhabiting cach 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 thcory. The sample without DTT is smeared along
the length of the lanc, suggesting a none-homogencous population of molecules, whereas
when DTT is added (without SDS) — a single band is observed indicating that in
denaturing gels, the difference is related to the number of SDS molecule that are able to
associate with protein. Because the appearance of the double bands does not change with
the amount of reducing agent added, or the length of the time the samples are boiled in the
presence of reducing agent and SDS (Figure 3.16), it is likely that these bonds form in the

Origami B (DE3) cells, which have lower reducing environment.
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Figure 3.16 SDS-PAGE analyses of fusion rPNGase Sp samples boiled for varying time (left gel)
or with varying amount of DTT (right gel). Lanes | and 5, molecular weight marker. Lanes 2-4,
rPNGase 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 2x, 3x,4x, 5%
and 6 X DTT respectively for 2 minutes.
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3.5.3 Expression Product was rPNGase Sp

To finally confirm the protein identity, the Coomassie stained band corresponding to the
alkylated rPNGase Sp (Figure 3.15 a, Lanc 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 resulted 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 monoisotopic masses of peptides generated from the band
were analysed using the search programme MASCOT (Matrix Science) with the NCBI
databasc. The secarch criteria allowed for two missed cleavages and fixed modification of
carbamidomethylation of cysteine residues. The results confirmed that the protein sample
was PNGase from yeast S. pombe (Match to: T39642 Score: 99). Among 17 mass values
used in scarching, there were 11 matched the calculated masses of the tryptic peptides of

PNGase Sp (Table 3.2), and thc matched peptides covered 34% of the PNGase Sp

sequence.
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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) ADa Missed cleavage  Position of matched peptides

812.2300 811.3720 -0.1493 0 F'—R"

2264.7100 2263.0294 0.6734 0 NB—R3®

2557.0000 2555.0917 0.9010 ] Cl08_R 130
1890.4600 1889.8260 -0.3733 0 NBI_R!4
674.2500 673.3759 0.1331 0 AR
1720.2000 1719.6956 -0.5028 0 C'8—R!7
1632.3000 1631.7799 -0.4872 1 F?20—R*
1504.2800 1503.6850 -0.4122 0 M*Z'—R>?
1351.0000 1350.7156 -0.7229 1 Y2H5—R>S
920.2700 918.4671 0.7956 0 H*#¥—R?S
963.3000 962.4781 -0.1854 1 SR8
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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 transglutaminase
catalytic triad in their highly conserved core region and the residues surrounding this
catalytic triad arc also conserved in both transglutaminases and cytosolic PNGases.
Mutation of any of residues in the transglutaminase catalytic triad (Cys-163, His-190 and
Asp-207 in PNGase Sp) was shown to abolish the deglycosylation activity of cytosolic
PNGases [15]. Other evidence suggested that cytosolic PNGases also use this catalytic
triad for their deglycosylating activity: 1) When the conserved residues Trp-220 or Trp-
231 in PNGase Sc were mutated to Ala, deglycosylation activity was completely lost [15].
The residues that arc equivalent to Trp-220 and Trp-231 in coagulation factor X [II (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 studics of recombinant PNGases from S.
cerevisiae and mouse revealed that these PNGases and some transglutaminases such as
coagulation factor XIII, arylamine N-acctyltransferase and avrpphB hydrolase, share a
common corc made up of two a-helices and five strands of curved antiparalleled B-sheet.
The catalytic triad (Cys-His-Asp) resides within a cleft of the core domain. The rms
deviations between these proteins are 2.6-3.4 A for the 77-121 equivalent C* atoms [27,
29]. The fact that the central helix and the catalytic Cys and His residues aligned well in
the superimposed structurcs of these homologues suggests a close evolutionary linkage
between the cytosolic PNGases and the transglutaminases. 3) An irreversible inhibitor
tripeptide carbobenzyloxy-Val-Ala-Asp-a-fluoromethylketone (Z-VAD-fmk) was shown
to inhibit the rPNGases from S. cerevisiae and mouse by forming a covalent bond to S* of
Cys-191. This sulfur was shown to form a hydrogen bond with N° of His-218 in the
transglutaminase catalytic triad. A more specific inhibitor, ManyGlcNAc,-iodoacetoamide,
which contains a high mannose-oligosaccharide, was also shown to make a covalent bond
with the S* 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 scissile 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 transglutaminase, factor XlIlla. b) Proposed
mechanism for deglycosylation of glycopetides/glycoproteins by cytosolic PNGases The residues
are numbered according to the sequence ot PNGase Sc. Adapted from Pedersen er al., 1994 and
Katiyar et al. 2002 with some modifications.

As previously mentioned, the reaction catalysed by transglutaminases (synthesis of an
amide bond) is the reverse of that catalysed by PNGases (hydrolysis of an amide bond),
suggesting similar mechanisms may be applied. Transglutaminascs are members of the
papain-like superfamily of cysteine protcases 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 S of the cysteine to attack the scissile
carbon of cither a peptidylglutamine moicty in transglutaminase-catalysed reactions, or a
peptidylasparagine moicty in PNGase-catalysed reactions (Figure 3.18 a, b, Step B) [15,
86]. The imidazole 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
sidechain 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

PNGasc Sp did not have any transglutaminase activity (Figure 3.19).

Negative Substrate + Substrate +
control transglutaminase  rPNGase Sp

—

£

Figure 3.19. Transglutaminase activity assay of the recombinant PNGase Sp Substrates (75 puL
0.2 M carbobenzyloxy-GIn-Gly and 25 pL 2 M NH.OH-HCI) were added to 100 pL of | M Tris-
acetic acid buffer (pH 6.0), followed by 25 puL of each of 0.1 M CaCl; and 0.02 M EDTA. and 230uL
of H,0O. The reaction solution was preincubated for 3 minutes at 37°C, prior to the addition of 20 pL
(0.2 U) of guinea pig liver transglutaminase (Sigma) or 20 uL (3.9 mg/mL) of rPNGase Sp to a final
volume of 500 uL. After incubation for 10 minutes at 37 C' and the subsequent addition of 0.5 mL of
stop solution (500 mg FeCls, 1.5 g TCA, 27.5 mL H>O, and 2.5 mL concentrated HCI), a brown
complex was formed between the product of transglutaminase-catalysed reaction (hydroxamic acid)
and Fe'". The reaction without enzyme served as a negative control.

This result is not surprising because transglutaminase activity has not been reported for
any of the cytosolic PNGases. It has, however, been reported that PNGase At from the
plant Arabidopsis thaliana does have transglutaminase activity [52]. PNGasc 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 arc 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 III 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 nucleophile (as in
cysteine proteinases) and the atom Nel of tryptophan-279 act as the hydrogen bond
donors. The cytosolic 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 in
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 Bacillus stearothermophilus adenylate 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 statc and promoting product release [29, 87]. It is possible that the zinc-
ribbon-like structurc secen in the cytosolic PNGases may play a similar role by ecither
modulating  glycopeptide/glycoprotein  substrate  binding or  controlling  the
thermodynamics of the recaction. Interestingly, this domain is absent in the
transglutaminases, so it is tempting to attribute its presence in the PNGases to their ability
to catalysc the hydrolysis rather than the transferase reaction. The zinc-binding domain
participates in the formation of a deep cleft which is unique to the cytosolic PNGase
subsct of the transglutaminase superfamily and which contains the active site. Within this
cleft, two residues Arg-176 and Arg-190 that arc part of this zinc-binding domain are
conserved in cytosolic PNGases but not in transglutaminase factor XIII, and make two
specific interactions with the inhibitor Z-VAD-fmk (section 1.6). These are two salt
bridges formed between the side chain of the aspartic acid in Z-VAD-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.
[t is therefore thought that these two conserved Arg residucs 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 eclectrostatic interactions with the Asp

residue which is generated as a result of the hydrolysis [29].

76



Chapter 3 — Results and Discussion

It is possible that cytosolic PNGases can also form a thioester intermediate with the
asparagine residue, mimicking the TGase-peptidyl glutamine intermediate in the
transamidation recaction (Figure 3.18, Step C). However, because water molecule can
access the active site of the PNGases, the deacylation reaction involves a nucleophilic
attack by water, converting the intermediate to the frec aspartic acid. In the
transglutaminases, the deacylation reaction involves a nucleophilic 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 (Ca®") are required for the activation of most
transglutaminases, because the binding of Ca’" to the enzyme induces a conformational
change that allows access of substrate to the active sitc which is buried in the ‘resting’
statc of the enzyme. It is possible that the concentration of Ca’” used in the assay may
have had an inhibitory effect on rPNGase Sp. The assay conditions therefore need to be
examined carcfully, and such factors climinated as the causc 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 PNGases preferentially
deglycosylate high-mannose glycopeptide compared to complex, hybrid and sialyated

glycopeptides, and can only act on denatured/misfolded glycoproteins in vitro.

To investigate the substrate specificity of rPNGase Sp, its deglycosylating activity towards
a varicty of glycoprotein substrates was analysed. Four glycoprotein substrates were used:
1) Fetuin from fetal calf serum contains three sialylated triantennary N-linked complex
sugar chains [109]; 2) hen egg ovalbumin has a single biantennary N-linked complex
glycan [55]; 3) ribonuclecase B from bovine pancreas contains a single N-linked high
mannosc biantennary glycans [110]; and 4) al-acid glycoprotein from bovine blood has a
mixturc of 5 N-linked hybrid and complex glycan(s) in which a fucose residue is linked to
the proximal GlcNAc residue through an o 1— 6 linkage. All the four substrates were
used in both native and denatured forms in the assays, and the deglycosylation reaction

were monitored by gel mobility shifts.

[t can be scen from the results that the rPNGase Sp was not able to deglycosylate any of
the four substrates in their native forms (Figure 3.20 a, b; Lanes 3, 4, 7 and 8). For the
denatured glycoproteins, rPNGase Sp was able to remove the glycans from al-acid
glycoprotein and ribonuclease B, as there was significant increase in the abundance of
protein bands that migrated faster than fully glycosylated substrates (Lane 6 and Lane 10,
Figure 3.20). Morcover, the enzyme appeared to show much higher activity towards the
denatured ribonuclease B, which has a high mannose glycan, than the denatured al-acid
glycoprotein, which has some hybrid glycan(s), because the deglycosylation of
ribonuclease B was almost 100% completed while this was not the case for al-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 deglycosylated products with different numbers of

glycans removed.
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Figure 3.20 Gel shift assay for substrate specificity of rPNGase Sp Four glycoprotein substrates
in either native (N) or denatured (D) form were incubated overnight at room temperature with (+) or
without (-) rPNGase Sp and the overnight reaction mixtures run on either 12% (a) or 15% (b) SDS
polyacrylamide gels. Gels were stained with Coomassie blue R-250. Deglycosylation of a substrate is
represented by a change in its apparent molecular weight after incubation with the enzyme. a) Lanes
3-6, reactions using fetuin as substrate; Lanes 7-10, reactions using ovalbumin as substrate. b) Lanes
3-6, reactions using al-acid glycoprotein as substrate; Lanes 7-10, reactions using ribonuclease B as
substrate. In both a and b, lane | contains protein molecular weight standards and Lane 2 contains
the reaction mixture with no added substrate. 15 pL of each reaction was loaded. In ¢), the same
samples corresponding to Lanes 9 and 10 in picture a were loaded, but the sample size is five 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 scen 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 (Lanc S) also appeared to shift downwards after
rPNGase Sp trecatment, 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 glycans removed needs to be carried out to confirm

the results.

It appecars that the denatured ovalbumin was not deglycosylated, as the intensity of
ovalbumin band remained basically same after enzyme treatment (comparing Lane 9 and
10, Figure 3.20 a). The band migrating to ~ 28 kDa in Lanc 10 is absent in Lane 9, the
control could represent the deglycosylated 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 morc obvious when the samples of higher concentration were loaded onto the
gel (Figure 3.20 ¢). As the 11-mer glycopeptide used in the HPLC-based activity assays in
this study is derived from hen cgg ovalbumin and thus bears the same glycan moiety, this
scems logical. It 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 scissile bond. The solution was thus incubated at 60-70
C for 30 minutes with cooling down after every 10 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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Jatter [17, 49, 50], a propernty consistent with their proposed biological function -
participating in ER-associated degradation (ERAD) of misfolded / unfolded glycoproteins
that exported from [R to cytosol. In this pathway. cytosolic PNGases arc thought to
remove the glycan chains from unfolded glycoproteins before their final degradation in the
protcasome f16. 38, 43]. The molecular basis for substrate recognition by cytosolwe
PNGascs is supported by the structural features of PNGase Sc. It is proposed that the deep
and narrow cleft which harbors the active site imposes a steric hindrance to tightly folded

polypeptides but allows the access by an unstructured and extended polypeptide {271,

With respect to the recognition of'the glyean molcty in glvcoprotein substrates, the results
presented in this study arce consistent with the finding that the cyvtosolic PNGasces
preferentially deglycosylate high mannose glvcoproteins. such as ribonuclease B rather
than those bearing complex- or hyvbnd- type of N-glycans. This 15 agam consistent with
function, as glycoproteins that are misfolded cxit the ER without passing through the
glvcosvlation machinery of the Golgt complex. As such, they will be high-mannosc. as

complex alveans are only formed during procession through the Golet complex.
by 3 g & g P
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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-cthyl) phosphine hydrochloride (TCEP) at final
concentrations: 0, 0.25, 0.5 and 1.0 mM respectively). This reducing agent was chosen
because (1) it could be used with IMAC, (2) it is much more resistant to oxidation by air
in comparison to DTT or BME, (3) it is a much more efficient reducing agent at room
temperature, and at nearly any pH. The thioredoxin-fused rPNGase Sp obtained after the
I*" IMAC purification step was used in the assays. As expected, the results showed that the
in vitro activity of rPNGase required the presence of reducing agent, and that the activity
was reducing agent-dosage dependent. That is, the activity incrcased with increasing
concentrations of TCEP between 0 and 1 mM (Figure 3.21). The enzyme was almost

completely inactivated when TCEP was not included in the buffer.

€ S+E(PNGase F). 4 hrs (+ve Curl) Figure 3.21 Effects of TCEP on deglycosylation
2 S+E (ImM TCEP). 10 min 5 = =
ey o T activity of rPNGase Sp Trx-rPNGase Sp was

S 25mM TCEP), 10 min
S+E (0mM TCEP). 10 min
3

qgp i S only. 4 hrs (-ve Crl of TCEP, then assayed for the activity using the
A \ L2 2nm

purified using buffers with varying concentrations

hen egg 11-mer glycopeptide as substrate. peaks

Prod - 10.6
—

! \ representing the deglycosylated product of the
o \\ reaction are shown in different colours. Green: -
" 1 ve control (incubated for 4 hrs); black: +ve
- } ﬁ/‘}}\\ /\ | control (the glycopeptide was completely
deglycosylated using PNGase F); pink, purple,
blue and red correspond to reactions of Trx-
rPNGase Sp from preparations carried out in the
presence of 0 (pink), 0.25 (purple), 0.5 (blue) and
1 (orange) mM TCEP. All the buffers used to
prepare the substrate also contained the matching
concentration of TCEP.

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, -108, -137
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 nucleophile 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
SpPNGase, mPNGase and hPNGase but not in ScPNGase, while Cys-230 and Cys-258 in

the central core are 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 | mM EDTA was included in all the
buffers used after the IMAC purification step in order to inhibit metalloprotease activity.
After it was reported that the ScPNGase and mPNGase were zinc-binding proteins [27,
29], EDTA was excluded from the buffers to avoid removal of the intrinsic zinc ions.
Intriguingly, this appcared to inactivate rPNGase Sp, as the activity of the 17 IMAC
clution fractions was lower than that of the cell extracts (purple and green product peaks
respectively in Figure 3.22 a, two-hour incubation). Addition of | mM EDTA was found
to restore the activity of the fusion rPNGase Sp after IMAC as shown in Figure 3.22 a,

where the red peak shows the products of a 10-minute incubation.

This finding indicated that rPNGase Sp is inhibited by mectal ions during downstrecam
processing, most likely by nickel ions (Ni*") leaching from the metal ion affinity column.
[t was unlikely that the EDTA molecule itsclf was activating the enzyme because the cell
lysate was more active than the IMAC-purified enzyme. To confirm that the drop in the
activity was duc to Ni*" inhibition, the following tests were carried out using rPNGase Sp
that had the tag removed: EDTA was added into the enzyme solution to a final
concentration of 1 mM. After incubation for three hours, excess EDTA, and EDTA-metal
ion complexes were removed by ultra-centrifugation followed by several washes in the
buffer that had been exposed to Chelex resin to render it metal ion free. The activities of
the original, EDTA-treated and metal ion/EDTA-free samples were measured and their
activitiecs compared. The results showed that, similar to what was found for the Trx-
PNGase Sp, the enzyme was activated by addition of | 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 NiCl, 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 Ni*~ 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.

4 S-PNGaseF (-veCtrl) & S+PNGaseF (+veCtrl)
2 S ~=rPNGase Sp (ImM EDTA), 10 mm 2 S =rPNGase Sp (ImM EDTA). 10 mm
3 S —cell lvsates., 2 hirs S = rPNGase Sp (ImM EDTA removed), 10 min
4 S~rPNGase Sp. 2 hrs 4 S+ rPNGase Sp (no EDTA), 10 min
5 S—cell lysates, 10 min 5 S=rPNGase Sp (ImM EDTA plus 2mM Ni*°), 10 min
50 § S =rPNGase Sp. 10 min 450 5 S only (-ve Ctrl)
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Figure 3.22 The effects of Ni*~ ions on rPNGase Sp a) Fusion rPNGase Sp obtained after the 1™
IMAC purification step was less active than the cell lysate, but could be reactivated by the addition of
EDTA. The product peaks (retention time: 8.5 min) are shown in different colours, and the
corresponding reactions are indicated above the chromatograms. b) Incubation of PNGase Sp that
was treated with EDTA (green), that was extensively dialysed against metal-free chelexed buffer to
remove the EDTA (red), that had not been treated with EDTA (pink) and that had been treated with
EDTA. then 2 mM Ni*" added back (blue). All the incubations 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-based
activity assay, the Il-mer glycopeptide was covalently labeled with FITC, which
significantly incrcased the sensitivity of detection. The enzyme was assayed between pH 5
and 9 using a wide range buffer, 50 mM malonyl-imidazole-borate (MIB), ImM EDTA,
SmM DTT. The results are shown in Figure 3.23 and the experimental data in Data Sheet
#1 (Appendix VI)

1207
Figure 3.23 Influence of pH on rPNGase

1004
Sp activity The activity of rPNGase Sp

80 using FITC-Ova as substrate were measured
e between pH 5.0 and 9.0 at 25°C. Each data
g point represents the average of three

40+ independent experiments, and error bars

correspond to the standard deviation for each
204 determination.

The results indicated that rPNGase Sp exhibits relatively high activity in a weak acidic
environment, with maximum activity around pH 6.0. This was not surprising bccause a
necutral pH ranging from 6.5 to 7.5 has been reported to be optimal for other cytosolic
PNGases such as ScPnglp and mPnglp [4, 21, 28, 47]. Intriguingly, 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 isoclectric 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 11-mer

glycopeptide substrate as shown in Figure 3.24.
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When the unlabeled subsirate was used. the optimum pH range appears to shaft one pH

unit becommg 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

catalvtic reaction (conversion to product was

=13%). the pH profile W similar to that for

the labelled substrate. While this bimodal pH cffect could be due to the buffer used. The

reproducibility of the results suggests that the profile observed 15 reall To test this, the

results should be corroborated by repeating the experiments using ditferent bufters.

Kinetic parameters were determined using 56 mM MIB buffer. pH 6.0,
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3.11 Kinetic Studies of the rPNGase Sp-catalysed Deglycosylation

3.11.1 Determination of Michaelis Constant (K,) for FITC-Ova

A K., value of 0.13 mg/mL (~ 37 uM) had been previously determined for recombinant
PNGase F using the FITC-dilabeled ovalbumin 11-mer glycopeptide as substrate [112].
To cvaluate the affinity of rPNGase Sp for the same substrate and to compare it with that
of PNGase F, the K, of rPNGase Sp for the FITC-Ova was estimated as described in
section 2.9.5. The results are shown in Figure 3.25 and the experimental data in Data

Sheet #2 (Appendix VI).
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Figure 3.25 (a) The Kkinetic curve of rPNGase Sp-catalysed deglycosylation of FITC-Ova
generated by GraphPad Prism” software (Version 5). The reaction exhibited substrate inhibition,
when [S] was greater than ~ 100 pM. 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 [S]. 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 M. To estimate
the Ky, the original data points were fitted using a substrate inhibition model (Figure 3.25

b) with GraphPad Prism" software (Version 5). A serics of predicted v was generated and
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the cight data points generated at low [S] were transformed to produce a Lineweaver-
Burke plot to estimate the K, (inset, Figure 3.25 a). K, and Ve were calculated as ~ 186
uM and ~ 0.44 nmol/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 11-mer glycopeptide (Appendix VI),
resulting in a molecular mass of 3.37 kDa for the di-labelled substrate (FITC-Ova). The
Ky (~ 186 uM) determined for rPNGase Sp is about five times greater than that of the
PNGase F (37 uM), 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 V. and K, values derived from
Figure 3.22 (inset).

How can excess substrate inhibit an enzyme? The following model has been suggested as
cach 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 FITC-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:

(1) as mentioned in section 1.9.3, carly studies on the substrate specificitics showed that
cytosolic PNGases recognise both the structures of N-linked glycan and the peptide
their substrate. Morcover, free substrate-derived glycan chains have been shown to
inhibit mPNGase [89]. Recent structural studies of mPNGase have shown PNGases
possess separate binding sites for both peptide and glycan chain moictics respectively
[27, 29, 90] (scction 1.6). In a proposed substrate binding model of mouse PNGase
(Figure 3.27 a) [90], a continuous cleft composed of the core and the C-terminal
domains of mPNGase 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-terminal domain, which is though to be a oligomannosc
carbohydrate-binding domain, accommodating the mannotetraose. These results show
that a broad surface arca of the enzyme is involved in the normal substrate binding.
Although such an extended C-terminal domain is absent in ycast PNGases, the
presence of an cquivalent carbohydrate binding arca 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 chitobiose moictics are docked in the deep cleft and in close proximity to the
catalytic triad, while the three mannose residues in the MansGlcNAc, core (Figure 1.7)
in glycan moictics common to all N-linked glyco-peptides/proteins are bound at the
end of the cleft. Morcover, scveral conserved regions that extend outside the cleft are
thought be involved in recognition and binding of the extended or branched

carbohydrate moicties, although the precise interactions remain unclear.

(2) The active site of cytosolic PNGases is thought to be located in a deep and narrow cleft
on the core domain of the enzymes [27, 29] which may impose steric hindrance to
large globular glycoprotein substrates. The substrate used in this study was a small 11-
amino acid glycopeptide 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 catalytic 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

Man(i1—2)Man(i1—=3)Man([}1—4) GIcNAG(} 1= 4)GIcNAC -— peptide yellow. The carbon atoms of the chitobiose
ki + i , .
Site'3 !'"-"C" point Site 2 Site 1 are colored in yellow, and those of the

mannotetraose are colored in green. The
carbon atoms of thePNGase inhibitor Z-VAD-
fmk are shown in magenta. Adapted from
Zhou et al. 2006. b) Molecular model of the
yPNGase—substrate complex. A glycan
moiety containing two GIcNAc residues and
three mannose molecules was modeled on the
active site of the cleft. The dotted lines
indicate the three conserved regions where the
additional carbohydrate molecules can bind.
The common structure of a glycan motif is

shown at the top. Adapted from Lee et al.
2005 and Zhao et al. 2006.

To make an assessment of the type of inhibition, the curve for the reaction rate versus [S]
observed (inhibited) was compared to the predicted curve for an uninhibited reaction using
Michaclis kinetics with estimated values for K, and Vi to yield the upper curve in
Figure 3.26 b. From this analysis, it can be scen that rPNGase Sp was inhibited at the

FITC-Ova concentrations greater than ~ 50 uM.

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 rPNGase Sp towards FITC-Ova relative to that towards Ova, the kinetic
parameters of rPNGase-catalysed deglycosylation of Ova were also estimated using the
same assay conditions. Because the results presented in Figure 3.24 (scction 3.10, pH-

dependency) 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 VI).

Firstly, The results confirmed that, pH 7.0 is the optimum pH for the unlabelled
glycopeptide substrate, which is in good agreement with the optimal pH reported for some
cytosolic PNGases [4, 21, 28, 47]. Secondly, in contrast to what was seen for the labelled
substrate, there was no sign of substrate inhibition of the enzyme within the tested [Ova]
range (from 26 to 1700 uM) (Figure 3.28). Although it had been suggested that
rccombinant PNGasc F exhibited substrate inhibition at a very low [Ova] [113], the active
site structurc and catalytic residues of PNGasc F are quite different from those of the

cytosolic PNGases [6, 27, 29].
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Figure 3.28 K, 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) based on the
Michaelis-Menten model. Each data point represents the average of two to three independent
experiments, and error bars correspond to the standard deviation for each determination. The inserts
show the Lineweaver-Burke plot of the original data points.

A Ky, of cither ~ 385 uM at pH 6.0 or ~ 342 uM at pH 7.0 was estimated for the Ova
substrate, while this was ~ 180 uM for the FITC-Ova at pH 6.0, indicating a higher
affinity of rPNGase Sp for the FITC-Ova than Ova substrate. As mentioned in section
2.9.4.1, during labeling of the I1l1-mer glycopeptide substrate, two fluorescein
isothiocyanate (FITC) molecules were covalently linked to the N-terminal amino group
and the e-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 sitec of rPNGase Sp is not clear.
Using the determined Viax and K, values, the catalytic constant (ke also called turnover

number) and catalytic efficiency (kw/Kn) of rPNGase Sp for two substrates were

calculated, and the results listed in Table 3.3.

Table 3.3 Values of K, kcat, and kco/ Ky for rPNGase SP and Ova and FITC-Ova

Reaction systems V., (umol-min™)  [EJ* (uM) K, (uM) ko (min")  kodKy (min-uM™)

Ova, pH 7.0 5.68 1.33 342 4.27 0.0125
Ova, pH 6.0 421 1.33 385 317 0.00823
FITC-Ova pH 6.0 4.63 1.33 186 3.48 0.0187

 total enzyme concentration ([E]+[ES]) in the reaction system catalytic constant (k. = Viyo/[E])

[t can be seen from the table that the turnover number (k..;) 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 b and Figure 3.29 a) [27, 29] is examined, the only
residuc 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 pK, 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 cffect 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 b and Figure 3.29 b).
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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 catalytic triad is shown in
pink while the inhibitor in green. Upon binding of the Z-VAD-fmk, the thiol group of Cys-306 that was
H-bonded to His-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 interactions involving residues Arg-
291 and Arg-305 of PNGase and the aspartate side chain of the inhibitor. Hydrogen bonds and ionic
interactions are shown as red dashed lines. Adapted from Zhao er al., 2006. (b) Proposed charge-relay
system consisting of the transglutaminase-like catalytic triad The thiol group of Cys-306 makes a
nucleophilic attack on the carbonyl carbon atom of the amide bond in glycopeptide substrate. This
process is aided by the polarising effect of Asp-350 through His-333. Adapted from Katiyar ez al. 2002.

To make a direct comparison between two substrates in terms of reaction rate, rcactions at
four different substrate concentrations (from 53 to 425 pM) 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 K, values were approximately the same. It did, however,
affect Vinae 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 K,
and increased the catalytic efficiency, suggesting that the affinity of the enzyme for the
labelled substrate is markedly increased. Vi, remains approximately the same, however,
indicating that the catalytic mechanism remains unaftected. 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 the 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]<200uM.
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 ¢ 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 are 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; (¢) 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 uM 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 glycopeptide at the N-terminus and to the primary amide of the
lysine sidechain through a thioester linkage. This will result in the removal of two positive
charges from the peptide at neutral pH. However, because the fluorescein 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 fluorescein moiety will
have mostly onc 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 mPnglp and ScPnglp are
homologous in the active site region [27, 29]. As SpPnglp has a high sequence homology
to ScPnglp, especially in the active site region, it is not unrcasonable 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 fluorescein label. Furthermore, it is lined with a
number of basic, acidic, and hydrophobic residues. The results show that at pH 7.0, both
the labelled and the unlabelled substrates arc processed by the enzyme although the rate 1s
significantly lower at all substratc concentrations for the labelled substrate (Figure 3.30 b).
This is not surprising 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 cither 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 M, however, the rate
begins to fall, probably duc to substrate inhibition. Interestingly, the labelled substrate
does not seem to cause inhibition at pH 7.0. It would thercfore 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 cffect 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 xanthene rings will be
neutral. It 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 Mlultiple ionisation of fluorescein. the parent compoeund of FITC, Inset: common
structure of FITC-peptide/protein conjugates FITC reacts with primary amino  groups of
proteins peptides 1o yield tluorescein-5'-thiocarbamoyl (FTC) conjugates. Adapted  from Volker

Schnaible e ., 1999,

The rate of the reaction usmg FITC-Ova (pH 7.0) was measured at only four substrate

concentrations. The data was therefore insutticient to determine the kinetic parameters for

this rcaction system. but a K, was roughly estimated as ~ 638 pM. which 1s 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 cffects of different metal cations on the activity of rPNGase Sp were studied in this
section. The results are presented in Figure 3.32 and tabulated in Data Sheet #5 (Appendix
VI). The activitics are expressed as percentage of the activity without addition of any metal
ions, which was taken as 100%. Originally, the metal ion effects were tested at two final
concentrations, 5 tM and 5 mM respectively. However, once it was found that the enzyme
was inhibited by trace amounts of Ni*" ions released during IMAC, and that this bound
Ni*" was not ecasily removed during subsequent purification steps, 1 mM EDTA was
included in all the buffers to keep the enzyme active (section 3.9). In addition, considering
that rPNGase Sp is a zinc-protein, dialysis against EDTA before testing for metal ion
cffects was avoided. Taken together, these limitations made it difficult to test the cffect at

very low concentrations of metal ions.
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The results showed that the presence of 5 mM Fe’* had little effect on the enzyme activity
(98% activity remained). It seems that 5 mM Mn”" activated the enzyme compared to the
control incubation (increased to 108%). This effect was however barcly significant. An
interesting observation made during observed during the purification process was that the
concentrated enzyme solution showed (not always) a pink colour after the 1¥ IMAC step
in some preparations, indicating that other metal ions, may be such as Mn*" or Co*" may

have become coordinated to the enzyme molecule during expression/purification. The
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difference in the colour between different preparations might just reflect the varying
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 Cu®” completely inhibited rPNGase Sp. Cu”” is known to react with
deprotonated cysteine thiolates, and deprotonated histidine residues, both of which are part
of the catalytic triad in PNGase Sp [92]. Although Cys-SH and His-imidazole groups have
pK, values of ~ 8.5 and ~ 6.0 respectively as isolated amino acids, the actual pK, 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 are still likely to react with Cu”". Considering that the
activity was completely lost in the presence of Cu”” ions, it is likely that Cu” binds to onc

of the catalytic residues, either Cys-163 or His-190, or both.

As cxpected, Ni*" jons also inhibited the enzyme (67% activity left). Ni*™ ions
preferentially react with cysteine and histidine residues. However, because the activity
was not completely destroyed, it is likely that the metal ion is binding to residuc involved
in maintaining conformation rather than to thosc of the catalytic triad.

Cd*", which has even higher affinity than Cu”” for cysteine (stability/formation constant of
Cd*"-Cys and Cu”™ -Cys complexes arc 43,500 L/mol and 13,900 L/mol respectively [93]).
was also found to strongly inhibit rPNGase Sp (10% activity remained). Again, the
obscrved cffect was probably due to the Cd*" ion binding to the catalytic Cys-163,
although the cffect was not as pronounced as for Cu®™ 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 Cd*" may have replaced the tetrathiolate-coordinated Zn®" in the zinc-
binding domain, inducing a local (or global) conformational change in the zinc-binding
domain. This domain forms onec wall of the substrate binding cleft, so its construction is
important for maintenance of activity. Zn>" and Cd*" have similar coordination propertics,
preferring a tetrahedral coordination geometries, and commonly ligate to four cysteine
residues [94]. Isostructural or non-isostructural replacement of Zn®" with Cd*" 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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Zn®" 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 rPNGase Sp (Data Sheet #6, Appendix VI). A number of both the zinc-
dependent and zinc-independent enzymes are known be inhibited by the addition of Zn”
ions and the mechanisms of inhibition are various. For example, carboxypeptidase A
(regarded as a prototype of a zinc-protease family) contains one catalytic Zn®" that is
strongly coordinated (by His-69, His-196, Glu-72 and one H,0O) in the active site. The
addition of millimolar concentrations or less of Zn" inhibits the enzyme because a second
Zn’" binds to the carboxylate 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-
proteascs such as bacterial thermolysin [99], ncutral metallo-endopeptidase [100] and
human ncutrophil collagenase [101] arc also known to be inhibited by excess Zn”".
Normally, the apoprotein forms of these enzymes (obtained by EDTA trecatment) are
readily reactivated by addition of the stoichiometric amounts of Zn" but strongly inhibited
by an excess of Zn*". Likewisc, a number of non-metalloenzymes arc also inhibited by
Zn’", and appear to be much more sensitive to this cation (ICsq: from less than 10 to 200
nM) than metalloenzymes that require Zn® " for activity. These are epoxide hydrolase (zinc
inhibits cpoxide hydrolase by binding to a cysteine thiol group on the surface of the
enzyme) [102], glyceraldehyde and glycerol phosphate dehydrogenases [103], caspase-3
and a tyrosine phosphatasc erc. [104]. It appears that Zn®" inhibits these enzymes in a
noncompetitive way. In most cases, the inhibition of both the zinc-enzymes and non-
metalloenzymes by Zn®" can be reversed by thionein which preferential complexes Zn*"
from binding sites that arc not involved in catalysis or in the maintenance of structure
probably because they are more stable and/or are not so accessible to solvent [105, 106].
In the case of rPNGase Sp, whether Zn®" inhibited the enzyme through binding to certain

active site residue(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 carlier studies on the
native mouse PNGase [33, 47]. In those studics, 5 mM of Zn®" and Cu”*" were found to
decrease the mPNGase activity to 7.2% and 4.6% of the control respectively. Moreover,
Co”" was also shown to be inhibitory. In contrast to the observation in this study that Fe'
had little effect on rPNGase Sp (~98% activity remained), S mM of Fe'" caused a
significant loss of activity (reduced to 14%) of mPNGase [47]. This difference might be

because mPNGase carrics a potential binding site for Fe’* ions that is absent in PNGase
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Sp. It is possible that this binding sitc may reside in the extended C-terminal domain,
abscnt in lower cukaryotic PNGases but which participates in the formation of the full
substrate binding site in mPNGasc [90]. Also, effects observed on the addition of Mn™ to
rPNGase Sp do not agree with what has been found for other cukaryotic PNGases. For
cxample, 108% activity in this study (rPNGase Sp + 5 mM Mn™): 90% activity in [47]
(mPNGase + 5 mM Mn™ ); and 33% activity in [33] (mPNGasc + 2 mM Mn™").

3.12.2 Active Enzyme Could not be Reconstituted from EDTA-treated rPNGae Sp

To confirm that rPNGasc Sp is a zinc-binding protein and the zine ion is cssential for its
deglycosylating activity, the enzyme was extensively dialysed against the assay buffer
containing 20 mM of EDTA, followed by dialysis against the same bulfer without EDTA.
The so-treated enzyme, designated as apo-rPNGase Sp. was tested for its activity. Varying
amount of Zn”" was then added into the cnzyme solution and incubated for one hour prior
to the assays. The results are presented in Figure 3.33 and experimental data listed in Data

Sheet £6 (Appendix VI).
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The results showed that the treatment with chelating agent EDTA caused a remarkable
decrease in the PNGase activity (apo-E: 28% activity left), but that addition of Zn™ with
concentrations ranging from 1.2 pM to 5 mM could not restore the enzymic activity. In
addition, the inhibition by exogenous Zn® ions became morc pronounced as the Zn™

concentration mncreased. The results suggested at least two things: {1) The presence of
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Zn>" in the zinc-binding domain is essential for the activity; (2) Addition of excess Zn*

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. EDTA is a very potent zinc-chelating agent and can effectively remove zine from
zinc-binding proteins including those in which Zn®" is most tightly coordinated such as
transcriptional factors (ligands: Cys,-His, or Cysy; e.g. Kq of Zn® -Cys,His» complex is ~
10""M, while that of Zn’"-EDTA complex is ~ 10"°M), and irreversibly denature these

zinc-proteins [107].

It appeared that the deactivation or denaturation of rPNGasce Sp by EDTA was irreversible
because addition of Zn®" could not reactivate or induce the refolding of rPNGase Sp. This
observation should however be examined carefully because, as alrcady mentioned, a
number of proteases are extremely sensitive to Zn®" inhibition (ICsy from <10 to ~ 200
nM). The total concentration of rPNGase Sp presented in assay was 1.3 uM, which was
approximately stoichiometrically equivalent to the lowest concentration (1.2 uM) of Zn™~
tested, but whether Zn® at this concentrate is alrcady in excess, or whether the Zn™
preferentially binds to other sites on the protein, is not known. It cannot therefore be
concluded for certain that the deactivation of rPNGase Sp by EDTA is irreversible. In fact,
some zinc-finger proteins including Spl and certain nuclear hormone receptors can be

refolded following the addition of micromolar concentrations of Zn>™ [107].

An alternative way to study the correlation between the catalytic activity and the zinc
content of rPNGase Sp might be heterologous expression of the protein in the presence of
EDTA as suggested by Saur and Thauer [108]. Methyltransferase is a metalloenzyme that
contains a single Zn** probably coordinated by a sulfur ligand and three oxygen or
nitrogen ligands. The apoenzyme obtained by incubating the holoenzyme with EDTA was
irrcversibly inactivated, while the native apoenzyme expressed in E. coli in the presence of
2 mM EDTA could be reactivated via incubation with Zn®" or Co®". In the case of
rPNGase Sp, if Zn*"-binding plays a crucial role in the folding process and is responsible
for generating the correct tertiary structure, such an experiment would fail to produce

active enzyme.

These results produce a clue as to why the chimera with thioredoxin produced soluble
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rPNGase Sp, when other expression vectors failed: The binding of a structural zinc to the
tetrathiolatc coordination site in the enzyme is likely to be required for the initiation of the
proper folding. In common with many metal ions, Zn*" is sequestered by proteins such as
metallothionein and is thus not freely available in the cell (cellular [an'fm] is in the
picomolar range). Zinc-proteins must acquire their Zn*~ from metallothionein [103], 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, avoiding the quick formation of misfolded or aggregated rPNGase Sp.

Estimation of the sccondary structure of the native, EDTA-treated and Zn"-resupplied
rPNGase Sp was performed by circular dichroism (CD) spectroscopy. All measurements
werc 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,
ImM TCEP) was subtracted from each sample spectrum. The data was analysed using the
CDPro software (http:/lamar.colostate.edu/~srecram/CDPro/main.html [114, 115]) and
results shown in Figure 3.34. Intriguingly, treatment with EDTA did not appear to affect
the content of secondary structures in rPNGase Sp despite the decrease in activity (Figure
3.33). Both the untrecated and EDTA-treated rPNGase Sp had approximately 77.8% helix,
1.04% sheet and 19.3% random coil, while the addition of 5 mM Zn™" to the treated
cnzyme resulted in a decrease in the content of helix from 77.8% to 58.2% and increased
the content of sheet and random coil to 12.9% and 27.3% respectively. indicating that the
binding of Zn>" induced a significant conformational change in the rPNGase molecule,
which is consistent with the inhibitory effect of Zn*" on the enzyme (Figures 3.32 and

3.33).
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ey Sp sample. The secondary structure
Il e x Seriess| composition of the untreated and EDTA-
10000 T e e i [ soess| treated rPNGase Sp are basically the same:
o000 | L B 1 77.8% helix, 1.04% sheet and 19.3% random
o g0 v'z‘»ﬁ 20 230 250 coil. After the addition of 5 mM Zn™", the
I content of helix decreased to 58.2%, while that
‘\.l-. . ' of sheet and random coil increased to 12.9%

PaE n— and 27.3% respectively.
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3.12.3 Mn*" Also Appears to Inhibit rPNGase Sp

As mentioned in section 3.12.1, the concentrated rPNGase Sp samples (> 10 mg/mL) from
some preparations showed pink colour, indicating that certain metal ions such as Mn®" or
Co”" might compete with Zn** for the tetrathiolate-coordination site in rPNGase Sp. In
addition, Mn®" appeared to activate the native rPNGase Sp (Figure 3.32). To test whether

n"" has an cffect on the apo-rPNGase Sp, varying concentrations of Mn™™ were added
into the EDTA-treated and subsequently Zn* -resupplemented rPNGase Sp samples, and
the activity assayed. The results are shown in Figure 3.34 and data in Data Sheet #7 and

#8 (Appendix VI).

It can be scen from Figure 3.35 (a) that the addition of Mn*" had little effect on the activity
of EDTA-treated rPNGase Sp sample (apo-E), although there was a trend towards
increased inhibition with increasing concentrations of Mn®". When 1.2 pM Zn*" plus
varying concentrations of Mn®" were added into the EDTA-trcated 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, Zn’~ started to inhibit rPNGase Sp at micromolar concentrations,
and as the concentration of Mn™~ was increased, the trend was to slightly decrease the

activity of the enzyme.
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Figure 3.35 The effects of Mn>" on the activity of EDTA-treated rPNGase Sp  (a) Varying
concentrations (from 1.2 uM to 5 mM) of Mn®" were added into EDTA-treated rPNGase Sp and the
activities were assayed. (b) 1.2 uM Zn’’ plus varying concentrations of Mn®" were added into the
EDTA-treated rPNGase Sp sample and assayed
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Chapter 3 — Results and Discussion

It can be scen from Figures 3.33 and 3.35 that, compared to the controls, the activitics of
apo-cnzymes dropped to differcnt extent (to ~ 28% and ~ 60% respectively). This was due

. . . AR . . nin ST . .
to the ntrinsic 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 Sercens 17& 2"
cach of which provides 96 crystallisation conditions. Out of 288 conditions (some of them
were same from different screen kits) tested, only one condition from Hampton Crystal
Screen 17 resulted in the production of small squarc crystals of rPNGase Sp. The
condition was 4.0 M sodium formate, and the protein concentration used was 5.5 mg/mL.
The crystals (shown in Figure 3.35) did not scem to be sale crystals, but did not diffract.
Some other conditions that gave micro-crystals of rPNGase Sp also appeared to be

optimisable. but finc screening based on those conditions failed to produce larger crystals.
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Figure 3.36 rPNGase Sp crystals obtamed from initial crystallisation screens
at room temperaturs {left), and a close up view (right).

3.13.2 Optimisation Screens

Bascd on the condition that gave small square rPNGase Sp crystals, two fine screens using
hanging drop mcthod were carried out at room temperature. In one of these, the protein
concentration (2, 5, 10 and I35 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) werce varied at two different protein concentrations (5 and
10 mg/mL). A 96-well Additive Screen™ was also carried out to try to improve the
quality and the size of tPNGase Sp crystals. Unfortunately, nonc of the conditions tested
resulted in rPNGase Sp crystals, although most of them produced cither 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
rPNGase Sp crystals was most likely due to the conformational heterogencity of rPNGase
Sp as discussed in section 3.5.2. This could have been duc to the formation of non-native
disulfide bond(s) and/or caused by the partial loss of the intrinsic structural-Zn*" during
the purification process. In order to produce rPNGase Sp that is suitable for crystallisation,
three possible changes to the protocols used in this study could be make: (1) Producing the
protein in E. coli BL-21 (DE3)™ cells, which have a more reducing cytoplasmic
environment than the Origami B (DE3)™ cells; (2) Using higher concentrations (5SmM or
even up to 10 mM) of the reducing agent TCEP in all downstream processes; (3) Avoiding
using EDTA., a highly potent Zn*"-chelating agent [107], in any buffers when purify
rPNGase Sp for crystallisation trials.

The following crystallisation conditions are also worth trying: (1) Growing the crystal 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 ScPNGase-Rad23 complex showed that the ScPNGase
intcracted with Rad23 through its Rad23-binding domain which contains a high content of
cxposed hydrophobic residues [27]. This might also be why the author (and other
rescarchers) could not produce the reasonable amount of soluble rPNGse Sc in the absence
of its natural binding partner yRad23. Although rPNGase Sp appcared 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 stabilisc rTPNGase Sp
molccules and prevent them from non-specifically aggregating via hydrophobic

interactions.
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Chapter 4 — Summary

The aims of this study were to heterologously produce soluble and active recombinant
peptide: N-glycanase from yeast S. pombe (rPNGase Sp), to biochemically characterise the
enzyme, and to crystallisc the enzyme for x-ray diffraction analyses. All but the last target

were failed.

By using an N-terminal thioredoxin (Trx) fusion, the full-length rPNGase Sp was
successfully overproduced in an E. coli strain Origami B™ cells in a soluble and active
form. Thioredoxin fusion appeared to enhance the solubility of rPNGase Sp by keeping
the nine cysteine residues, especially those participating in the formation of the zinc-
ribbon-like domain of the cytosolic PNGases reduced. As zinc-binding may play a
important role in stabilising or even generating the native conformation of these cytosolic
PNGases [27, 29], it 1s essential the cysteine residucs are maintained in a reduced state in
the cell. The recombinant PNGase Sp produced from this system remained soluble and
active in the presence of reducing agents (DTT or TCEP) even after the thioredoxin-Hisg

fusion partner had been removed by specific proteolytic cleavage.

All the cukaryotic PNGases possess a transglutaminasc-like catalytic triad (Cys-His-Asp)
in their highly conserved core domain and these residues have been shown to be essential
for the deglycosylation activity of the cytosolic PNGases. In this study, it was shown that
despite this homology with transglutaminase, rPNGase Sp did not possess tranglutaminase
activity. Thus, although the cytosolic PNGases and transglutaminascs use the same
catalytic machinery to catalyse what is cssentially the same reaction, the differences in
both their amino acid composition and the conformation around their active sites have
resulted in two enzymes that are specific for totally different substrates, and carry out
different chemical reactions — albeit that one is almost the reverse of the other: breaking of

an amide bond (PNGase) or formation of an amide bond (TGase).

rPNGase Sp showed apparent heterogeneity on SDS-PAGE that was characterised by the
appearance of two bands with an apparent ~ 2.3 kDa difference in their molecular weights.
Mass spectrometry combined with other biochemical analyses revealed that the two bands

scen on SDS-PAGE resulted from the anomalous electrophoretic migration of rPNGase Sp,

107



Chapter 4 — Summary

and probably represented two conformationally different populations of the enzyme

molecules able to bind different amounts of SDS.

This study also investigated the substrate specificity of rPNGase Sp. The results showed
that, like other cytosolic PNGases [17, 49, 50], rPNGasec Sp only ecxhibits the
deglycosylating activity towards the denatured glycoproteins but not their native
counterparts. Morecover, the high activity rPNGase showed towards the denatured
ribonuclease B among other substrates tested indicates the enzyme prefer to deglycosylate
the glycoproteins with high mannose-type glycan chains than those bear other types. This
is consistent with the recognised biological function of cukaryotic PNGases: Participating
in the endoplasmic reticulum-associated degradation of misfolded/unfolded glycoproteins
(ERAD pathway) [16, 38, 43], becausc the misfolded/unfolded glycoproteins
retrotranslocated from ER uniformly carry a ‘core glycan’ containing nine mannose
resides. The results also suggested that rPNGase is able to deglycosylate glyco-
proteins/peptides that carry complex- and hybrid-type glycan chains such as denatured

fetuin, which has not been previously reported.

Kinetics study using both an I1-mer glycopeptide (Ova) derived from hen egg ovalbumin
and its FITC-dilabeled derivative (FITC-Ova) showed that, compared to rPNGase F from
bacteria which has a K, of ~ 2.1 pM (pH 8.0) for Ova [113] and ~ 37 uM (pH 8.5) for
FITC-Ova [112], rPNGase Sp has much lower affinity to both the substrates. That is a K.,
of ~ 386 pM for Ova (pH 6.0) and ~ 186 uM for FITC-Ova (pH 6.0). These results arc
rcasonable because cytosolic PNGases are known to be more stringent than PNGase F in
terms of their substrate specificity, and the substratc used for the HPLC assays in this
study bore a complex-type glycan chain, which is not a favoured substrate for cytosolic

PNGases.

The purpose of labeling the substrate with FITC was to increase the detection sensitivity
in the HPLC-based assay. This was, however, unexpectedly resulted in a higher affinity of
the substrate to rPNGase Sp compared to unlabeled one, and also caused substrate
inhibition at high [S]. This might suggest a non-specific and non-productive binding
between the enzyme and the FITC-Ova, a process that was possibly promoted by the
clectrostatic attraction between the charged FITC group and certain amino acid residucs

surrounding the active site.

108



Chapter 4 — Summary

rPNGase Sp from yeast S. pombe was strongly inhibited by millimolar concentration of
copper (II) and zinc (II) ions which had also been found for mouse PNGase [33, 47].
Manganese (II) appearcd to have slightly inhibitory effect on rPNGase Sp, which agreed
well with the result from Suzuki ez al. [47], who also found that iron (III) ions strongly
inhibited the mPNGase. rPNGase Sp was basically unaffected by iron (II) at the
concentration used (5 mM) for mPNGase, suggesting a potential iron (III) binding site in
mPNGases is absent from yPNGase. Cadmium (I1) and nickel (1) 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.

Dialysis of rPNGase Sp against the metal ion chelating agent EDTA 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 zinc ion is required for the
activity of rPNGase Sp, as well as playing a role in maintaining the conformation of
rPNGase Sp. The cvidence that the presence of thioredoxin fusion significantly increased
the solubility of rPNGase Sp also supports that zinc binding is crucial for maintaining the
conformational integrity of rPNGase Sp, because the premisc of the zine binding is that
those cysteines coordinating the zinc ion should stay in reduced state. Since the activation
of non-EDTA-treated enzyme by addition of TCEP was a reversible process, the function
of reducing agents presented in the buffers appears to keep the catalytic nucleophile Cys-

163 reduced.

Although rPNGasc Sp needs zinc ions for its structural integrity, it is inhibited by
cxogenous zine ions at micromolar concentrations. The free zinc ions might bind to either
the catalytic residues such as Cys-163, His-190 and Asp-207 and inhibit the enzyme in a
competitive way or an inhibitory site on the protcin surface, thus function in a
noncompetitive way, or both. An inhibitory kinetic study should help to elucidate the

mechanism of zinc inhibition.
Although small crystals 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 1

PNGISp Sequence
(NCBI database accession No. AL031852)

atggattttcatgcgatttctcaacgtttcattgatatgatgagaagcaagaattcccag 60
M D F B A L 8 § R EF I B M M R 8 K N 8 O

aacgcttctcagcctccagagacatatceccttttatcatgaagtacgtcaaatgtcacaa 120
N A 8 O P P E T XY P E Y H E YV R @ M 58 ©

cacccgtggatgtatgaagacccagagttgcaggattatgctcttagecattttaccactt 180
H P W MY E D P E L @ D Y A L 8§ I L P L

gacaaactatttcaagatgcttctgaattagaaaaagagggagatggatcttggggttac 240
DK L F Q b A S E L E K E G DG § W G ¥

caagattatgtgattcaagccttgttaaagtggttcaagecgagaattectttgtttgggtt 300
Q D Y v I 0 A L L K W F K R E F F V W V

aatcaaccaccttgcgaaaaatgtggaggtgaaactcatatgacaggcaacggtccccee 360
N @ F P C E K ¢ 66 BE P H MT @8 N G P P

aatgaggaagaaaaatggaatggagtccgcaacgtagagctttatcaatgcaatgtatge 420
N E E E K W N G V R N V E L Y Q@ €C N V C

gggcataatcagagatttcccaggtataatcgcattecgagecattgecttgattcaaggaag 480
G BB @ R F P R ¥ N R I R & L L P & R K

ggaagatgtggagagtgggccaactgtttcactttcctatgcagagcacttggatctaga 540
G R € &6 B W A N € F T F L. € R A L. & 5 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 VvV H vV D § 6 E E 8 F D E P L I ¥ E

caaggttggggaaagaagatgtcatattgtttgggttttgggatcgatagtgttecgegat 720
Q G W 6 K K M 58 Y ¢ L 6 F @ I DS ¥ R D

gtatcgcatagatatattcgtcaccctgagaatggtcttecctegtgatecgatgececcgaa 780
Vv & H R ¥ T BR H P E N 66 L P R DR € P E

tctgtcctacaacaggectttgcatgagattaatattgagtttcggtcccgactaactgat 840
5 vV L 9 ¢ A L H E I N I EF R & R L T D

tctgaacgtaaggctctagaggaggaagacaaacgtgaaaaagatgaacttgatggttat 900
S E R K AL E E E D K RE K D E L D G ¥

atgcgtcctgtttcccaggccacgecccactaacactgacctgeccagcaagacaaacgggg 960
M B P VS Q A T P T N T DL P A RQT G

aatgttgaatggaaagagaaaagaggggaagcaggaaaatga
N v E W K E K R G E A G K -
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Appendix 11

pET32a_HTBH Vector Information

o
1!
o0
Hind i
Sal i179)
Sac k150)
EcoR k152)
BamH inse)
EcoR V.
Neo i12)
SGIP‘"
Nap Vizsa) S
Mac ljas1) pET32a sequence [T7 promoter, lac operator, rbs, Ndel, rx-Tag (109 amino acids)..]
” Mscl  Ndel His Tag
Sca |(4995) e CTG GCC GGTTCT GGT TCT GGC CAT ATG CAT CAC CAT CAC CAT CAC GAT TAC
Py 1(4885) Soh I(996) L & @ § 6 8§ ¢ HM B HE H HHE R D ¥
EcoN I(10s8)
Pst 1(4760)
ApaB |(1205) Spacer region rTev cleavage site BamHI  EcoRl
Bsa (4576) GAT ATC CCAACG ACC GAA AAC CTG TAT TTT CAG GGC GGA TCC GAATTC
Eam1105 ka3s D 1 P T T E N L Y F @ G G S E F
Miu K1821)
Bal }1535)
. Eagl  Aval
sl Sacl Sall Hindlll No  Xhol His Tag
AWN l(a038) Apaliirn GAG CTC CGT CGA CAA GCT TGC GGC CGC ACT CGA GCA CCACCACCACCA
BssH li(1932) E L R R B A € G R T R A P P P P
Hpa liz027)
4 - CCACTGAGATCCGGCTGCTAA. . ..
B P L RS G C Ed
Tth111 I(3387) \Paps tiasze)
BspG K3148) —
(a) Structure of pET-32a(+) vector (c) pET32a_HTBH cloning/expression region
s TLMOTMONSE_ o Isc operator Xpal s
TAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGA
TraeTag Msc | HigsTe

TATACATATGAGC. . .318bp . CTGGCCGGTTCTGGTTCTGGCCATATGCACCATCATCATCATCATTCTTCTGGTCTGGTRCCACGCGRTTCT
MetSer 1050a. . .LeuAlaGiySerG YS.I’GlyNIlH;(TI'h.HIIH'IH!IHsl.sH‘OSUFSIrGlyL.uVﬂ”’rQAI’ GlySer
iy aerkykerdiyiiatis! ! L6UVS1Fekrgi (y3es

ST NgV e thrombin
GETATGAAAGAAACCGCTGCTGCTAAATTCCAACGCCAGCACATGGACAGCCCAGATCTGGGTACCGACGACGACGACAAG
GlyMetlysGluThrAloAloAlaLysPheGluArgGinH i sMetAspSerProAspleuGlyThrAspAspAspAs £

PET-32a(+) Eag| Ava | nase
Neol EcoRV BamH| EcoR| Sacl _Sall  Hind Il _ Notl Xho | His*Tag

GCCATGGCTGATATCGGATCCGAATTCGAGCTCCGTCGACAAGCTTGCGGCCGCACTCGAGCACCACCACCACCACCACTGAGATCCGGC TGCTAA
AlaMetAloAspileGlySerG|uPheGluLeuArgArgGinAlaCysGlyArgThrArgAlaProProProProProleuArgSerGiyCysEnd

GCCATGGCGATATCGGATCCGAATTCBAGCTCCGTCGACAAGCTTGCBGCCRCACTCBAGCACCACCACCACCACCACTGAGATCCGGCTGCTAA  pET-320(+
AlaMetAlcl |eSerAspProAsnSerSerSerValAsplLysLeuAlaAlcAlaleuGiuHisH sH sHisHisHIsEnd

GCCATGGGATATCTGTGGATCCGAATTCGAGCTCCGTCBACAAGCTTGCGGCCRCACTCGAGCACCACCACCACCACCACTGAGATCCGECTGCTAA pET-32¢0(+

AlgMetG yTyrieuTrp!leArgl ieArgAiaProSerThrSerLevArgProHisSerSerThrThrThrThrThrThrGlul leArgleuleuThr
| T7 terminator

CAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGEETCTTBAGRGRTTTTTIG
LysProGluArglysleuSerTrplLeuLeuProProleuSerAsnAsnEnd
T7 lerminator primer #88337-3

(b) pET-32a-c(+) cloning/expression region

Figure 1 a) Whole plasmid map of the pET-32a-c(+) vector from Novagen™ b)
Cloning/expression region of the pET-32a-c¢(+) vector ¢) Modification of the pET-32a-c(+) vector
to produce the pET32_HTBH vector The pET32a_ HTBH vector (created by Dr. Rose Brown) used
in this study is identical to the pET32a-c(+) vector except that a Mscl-BamHI fragment (His-tag,
thrombin cleavage site, S-tag, enterokinase cleavage site (a)) was excised and replaced with a PCR
amplified section from pProex-HTb (His-tag, spacer region, rTev protease cleavage site (c). Primers
included sites for Mscl (5') and BamHI (3'). The restriction sites flanking the introduced region are
shown in bold. In this study, the PNGISp gene was cloned into BamHI-Hindlll restriction sites of
pET32a_HTBH vector.
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Appendix II1

Protocol for Preparation of Substrate
Ovalbumin Glycopeptide (Norris ef al., 1994a)

Cyanogen Bromide Digestion

1)

12 g of hen egg ovalbumin (Sigma grade 2) is dissolved in 120 mL 50% formic acid
solution. 2.7 g cyanogen bromide (CNBr) dissolved in acetonitrile i1s added to the
ovalbumin solution and left overnight at room temperature with stirring. The air in the
reaction container was removed by argon in order to avoid oxidation of CNBr (CNBr is

toxic. All manipulation should be carried out in sealed vessels or in a fume hood).

Add 300-400 mL of water and reduce to the original volume (~120 mL) by rotary

evaporation. Repeat once to remove remaining CNBr.

Removal of Insoluble Peptides

3)

4)

5)

Add TCA aqueous solution into the CNBr free digest solution to a final concentration of
5% to precipitate unreacted proteins and large insoluble peptides. Centrifuge at 10,000¢

for 15 minutes.

Extract the supernatant with the same volume of diethyl ether for three times to remove
any excess TCA, then, remove ether and concentrate the sample to a small volume (~10

mL) by rotary evaporation.

Add acetic acid to a final concentration of 0.5% to precipitate peptides, remove them by

centrifugation at 14,000g for 10 minutes.

Separation of Glycopeptide by Size Exclusion Chromatography (SEC)

6)

7)

Apply 2.5 mL of the supernatant to a 100> 2,5cm column packed with gel filtration resin
(Bio-Rad", P-4, 50-100 mesh) in 0.1 M acetic acid. 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 collected.

Assay fractions for reducing sugar by phenol/sulphuric acid test (add 12.5 uL 80% phenol
and 1.25 mL of concentrated H,SO; into 0.5 mL of sample. An orange to brown colour
should develop within 15 minutes). The fractions containing glycopeptides were then
pooled, lyophilised (In this study, the recovery rate of 11-mer glycopeptide is ~ 1-2% after
SEC purification). After dissolving in water, the glycopeptides were further purified by
RP-HPLC (250X 10mm, @ 5 pm; C18, Jupiter Series; Phenomenex, UK). A 15-minute

112



Appendices

gradient elution from 20% acetonitrile / 0.1% tritfluoroacetic acid (TFA} to 40%
acetonitrile  0.08% TFA was applied: tlow rate of 4 mL/min: detection at 214 nm. Eluted
fractions were collected. lyophilised and analysed using PNGase activity assay (section
2.6). The traction containing glycopeptides was stored at -20 U unti] use (the puritication
product includes both the homoserine “open” form and its isomer, lactone form, of 11-mer
glycopeptide). Mass spectromietry analyses of the HPLC-puritied product showed 1t has an

average mass of ~2.39 kDa as shown in Figure 2.

Figure 2. SEC purification (a),
HPLC purilication (b) and ESI
mass spectrum (¢) of the 1l-mer
glycopeptide substrate, Ova. In SEC
purification. the retention volume of
Ovae was ~ 250 mi. In HPLC
_ _ purification. the retention time of the
' - factone form and homeserine “open’
' . torm of Ova were 108 and 94

L g minutes  respectively.  ESD mass
spectrometry anajvses nddicated that
the Ova substrate has an average
b — molecular weight of - 2,59 kDa.
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Appendix IV

In-gel Tryptic Digest for Protein ID by Mass Spectrometry

This protocol is based on Shevchenko, A., Wilm, M., Vorm, O., and Mann, M., Mass
Spectrometric sequencing of proteins from silver-stained polyacrylamide gels. Anal. Chem.
1996, 68:850-8, and modified by David Miyamoto.

1) Excise band from Coomassie or silver stained gel. Cut gel band into 1 mm cubes using
clean razor bland on a clean glass surface. Transfer to an Eppendort tube.

2) Remove excess water with pipet. Add 25-35 pL acetonitrile to tube to cover gel pieces.
Incubate at room temperature for 10 minutes to dehydrate and shrink gel pieces.

3) Remove acetonitrile with pipet. Speed-vacuum to dryness for 10 munutes.

4) Swell gel particles in 150 pL 10 mM DTT in 100 mM NH4HCOs. incubate for 1 hour at
56 C.

5) Cool to room temperature. Replace DTT solution with 150 uL. 55 mM iodoacetamide in
100 mM NH4HCOs. Incubate for 45 minutes at room temperature in the dark with
occasional vortexing.

6) Remove solution and wash gel pieces with 150 uL 100 mM NH HCOs;. Incubate for 10
minutes at room temperature.

7) Remove NH4HCO; solution with pipet. Add 150 uL acetonitrile to dehydrate gel pieces.
[ncubate for 10 minutes at room temperature.

8) Repeat wash steps 6) through 7). Remove acetonitrile and speed-vacuum to dryness for 10
minutes.

9) Place tubes on ice and swell gel particles in 25-35 pL digestion buffer (12.5 ng/uL trypsin
in 50 mM NH;HCO;). Incubate 45 minutes on ice. To make the digestion buffer, dissolve
20 pg trypsin (Promega sequence-grade modified porcine trypsin, Cat. #V511A) in 80 pL
Promega trypsin buffer solution (50 mM acetic acid), and dilute with 50 mM NH,HCO; to
12.5 ng/uL. Remove trypsin-containing buffer. Add 5-10 pL 50 mM NH HCO; without
trypsin to keep pieces wet during cleavage. Incubate overnight at 37 °C.

10) Centriguge for 1 minute at 14,000 rpm to spin down gel pieces. Save supernatant in a
separate Eppendord tube.

11) Add 20 pL 20 mM NH4HCO; to cover gel pieces. Incubate 10 minutes at room
temperature. Transfer supernatant to the Eppendort tube from step 10.

12) Add 25uL 5% formic acid and 50% acetonitrile to the gel pieces. Incubate for 20 minutes
at room temperature.

13) Centrifuge for 1 minute at 14,000 rpm. Remove formic acid / acetonitrile solution 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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Appendix V

FITC-labeling of Ovalbumin Glycopeptide

The protocol for FITC-labeling of ovalbumin glycopeptide was adapted from [112]

Procedure:

About 50 mg of 11-mer glycopeptide (Ova) purified from HPLC step (Appendix [II) was
dissolved in 10 mL 0.1 M Na,HPO;/NaH,POs; buffer (pH 7.0) in a small roundbottom flask
wrapped with foil (FITC is light-sensitive). To this solution, 2 mL 0.5% FITC in acetone (w/v)
was added dropwise with stirring. The reaction was left overnight at room temperature and
purified on a C18 HPLC column (250X 10mm, @ 5 pm; Jupiter Series; Phenomenex) with the
following gradient: (solvent A: 0.1% TFA in water; solvent B: 0.08% TFA in acetonitrile) 1)
isocratic flow at 80% A, 20% B for 2 min.; 2) gradient to 60% A, 40% B over 5 min.; 3)
gradient to 30% A, 70% B over 10 min.; 4) gradient to 100% B over 5 min.; 5) isocratic tflow
at 100% B for 5 min.; 6) gradient to 80% A, 20% B over 10 min. Flow rate of 4 mL/min;
detected using UV (214 nm) or fluorescence (excitation: 495 nm, emission: 520 nm) detector.
Fractions containing 11-mer glycopeptide were identified using PNGase activity assay

(section 2.6).

Like Ova, the FITC-labeled substrate (FITC-Ova) is equilibrates between two isomers
(homoserine ‘open’ form and homoserine lactone form). Thus, the FITC-labeled substrate was
lyophilised and then totally converted (hydrolysed) to the ‘open’” form by boiling in 0.1 M
ammonia bicarbonate (pH 8.5, adjusted using NH4OH) followed by lyophilisation and a final
purification step using reverse phase HPLC described above. The final product was

lyophilised to give a yellow powder that could be stored at -20C.
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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 respectively.
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Figure 4. A typical HPLC-chromatogram for the assay using
FITC-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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Appendix VI

Experimental Data Sheets

Data Sheet #1 — Experimental Data of Optimum pH Determination

pH vi (%) W 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)

IS] (uM) v 1 (nmol/min) V) Vi Mean Defit:t.ion
3.32 557 76.8 62.9 65.2 10.7
6.65 146 152 148 149 2.62
13.3 303 300 301 301 1.87
26.6 663 621 597 628 34.7
398 R]R6 846 840 857 249
53.1 1053 1062 1089 1068 18.7
106 1413 1450 1468 1444 27.5
159 1449 1422 1387 1420 316
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)

[S] (uM) v (nmol/min) Vs V3 Mean Defit:t.ion

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)

[S] (uM) v (nmol/min) Vs Vi Mean De?it:t.ion
26.5 270 276 = 273 4.07
53 531 493 484 503 25.2
106 893 93] 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(*) V3 V3 Mean Std. Deviation
Control 16.5 16.4 16.7 16.5 0.146
SmM Cu®™' 0.00 0.00 0.00 0.00 0.00
5mM Fe' 16.1 16.8 15.5 16.2 0.642
SmM Mn*' 18.7 18.1 17.2 18.0 0.718
SmM Ni** 10.5 10.5 11.9 1.0 0.803
SmM Zn*' 227 2.31 2.23 227 0.040
smM Cd*' 1.72 1.67 1.58 1.66 0,0709

Data Sheet #6 — Experimental Data of ‘Effects of EDTA and Zn*" analyses

V(%) Vs V3 Mean Std. Deviation
Control (100%) 12.1 10.1 10.9 11.0 1.01
Apo-E (*%) 3.14 3.00 3.23 3.12 0.116
Apo-E + 1.2 uM Zn?*" 2.15 2.27 2.22 2.21 0.0603
Apo-E + 120 pM Zn** 1.98 1.97 1.87 1.94 0.0608
Apo-E + 1.2 mM Zn*" 0.734 0.648 0.639 0.674 0.0524
Apo-E + 5 mM Zn*' 0.182 0.197 0.183 0.187 0.00839

Data Sheet #7 — Experimental Data of ‘Effects of Mn*" analyses

v (*) V3 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 uM Mn** 7.43 7.73 1.37 7.51 0.193
Apo-E + 120 pM Mn?' 6.97 6.88 7.36 7.07 0.253
Apo-E + 5 mM Mn** 7.05 7.18 6.88 7.04 0.151
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Data Sheet #8 — Experimental Data of ‘Effects of Mn>"’ analyses

vy(*) Vs 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 + 1.2uM Zn*' 5.86 5.93 5.89 0.0508
Apo-E + 1.2uM Zn**/ 1.2uM Mn** 5.27 543 5.35 0.116
Apo-E + 1.2uM Zn*'/ 120uM Mn** 491 5.16 5.04 0.173
Apo-E + 1.2uM Zn*'/ 1.2mM Mn** 5.59 4.62 5.10 0.685
Apo-E + 1.2uM Zn*'/ SmM Mn*" 4.13 3.86 4.00 0.191

* v : Initial velocity (}}) of the deglycosylation reaction was presented in the peak area of the

reaction products calculated from the HPLC chromatogram (Chromeleonm Client software).

#* Apo-E: the rPNGase Sp sample treated with 20 mM EDTA (See section 2.9.5)
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10.

i1
¢

Page ii

Page 7 onwards
Page 19

Page 27

Page 39
Page 53

Page 56

Page 63-64

Page 71

Page 74

Page 82
Page 87

ERRATA

Pattchet should be Patchett

yPNG1p is ScPNGlp

DMPDA stands for 2,2, dimethyl-1,3,propanediamine

Origami cells are E. coli host cells with mutations in both the
thioredoxin reductase (#xB) and glutathione reductase (gor)
genes, greatly enhancing disulfide bond formation in the
cytoplasm compared to normal BL21s. 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 1 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 GRAVY index stands for Grand Average of
Hyvdropathy. 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
volume occupied by aliphatic side chains (alanine, valine,
1soleucine, 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 [9]:

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
(100 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 Lew/lle side chains (b = 3.9) to the side
chain of alanine.

In the legend for Figure 3.18, the reference Pedersen ef al, 1994
is number 86 in the reference list, and Katiyar et a/ 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 modern approach”. Hoboken, N.J. : Wiley-
Interscience, c2003

Using Enzfitter, and a substrate inhibition model, the values for
Vmax, ks, and ki, 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 3.11.1 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 uM.”

Using EnzFitter, and a Michaelis-Menten model, Ky and Vipax
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 2™ paragraph, should be reference 112,
and reference 113 should be Reference 111.
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