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ABSTRACT

DELETION MUTAGENESIS OF FUSARIUM GRAMINEARUM NRRL 2903
GALACTOSE OXIDASE IN ESCHERICHIA COLI TO STUDY STRUCTURE-
FUNCTION RELATIONS AND FOR PROSPECTIVE BIOSENSOR
APPLICATIONS

Kocuklu, Burgak
Ph.D., Department of Biotechnology
Supervisor : Prof. Dr. Ziimriit Begiim Ogel
Co-Supervisor : Prof. Dr. Ufuk Béliikbast

September 2013, 227 pages

Galactose oxidase (GAO; EC 1.1.3.9) from Fusarium graminearum; is a 68kDa, monomeric
extracellular enzyme having an unusual thioether bond with a single copper ion at its active
site. The enzyme is produced as a precursor with a 25 amino-acid leader peptide, consisting
of a 17-amino acid pro- and an 8-amino acid putative pre-peptide, in addition to a signal
peptide. Based on previous studies, the 17-amino acid pro-peptide is removed
autocatalytically by the aerobic addition of Cu®* to the precursor in vitro, preceding the
formation of the thioether bond at the active site. In our previous study, it was discovered
that self-processing of the pro-peptide did not take place when GAO was expressed
heterologously in E.coli in its pre-pro- precursor form. In this study, the question whether the
8-amino acid pre-peptide is hindering the self- cleavage of heterologously expressed pre-pro-
galactose oxidase in E.coli is tried to be answered by deleting the 8 amino-acid pre-peptide
via site-directed mutagenesis.

pPre-ProGONL1 (encoding wild- type GAO together with the leader peptide with N-terminal
silent mutations) and pPre-ProGOMNL (encoding a variant of GAO together with the leader
peptide, with silent mutations at the N-terminus different from native gao and six further
mutations within the mature enzyme) which were developed by directed evolution, were
used as the plasmid constructs in developing deletion mutations in this thesis study. The pre-
peptide deletion was carried out by QuikChange® Site-Directed Mutagenesis approach and
confirmed by DNA sequencing. The newly generated pProGON1 and pProGOMNL1
constructs were expressed in E. coli BL21 Star (DE3) through pET expression system either
by IPTG induction or by auto-induction. Following purification trials of mutant galactose
oxidases by different affinity chromatography matrices, SDS-PAGE analysis was performed
to figure out whether the pre-deleted galactose oxidase variants recover the ability of self-
processing. Comparison of the SDS-PAGE bands substantiated that the pro-peptide is still
present at the N-terminus. Accordingly; detection of GAO activity and molecular weight
derived from SDS-PAGE also indicated that pro-peptide has no detrimental effect on the
proper thioether bond formation at the active site.However, specific activities of Pro-GAOs
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and Pre-Pro-GAOs are c¢.13 fold and c.1,8 fold lower than MatGOMNSG, respectively,
indicating pre-peptide effect on active site conformation. In addition, the prevention of the
autoprocessing of the pro-peptide is not due to the presence of the pre-peptide at the N-
terminus in E.coli. Moreover, this discovery underlines that the self-catalytic maturation of
the galactose oxidase may not be only copper and oxygen dependent but any other
mechanism present or absent in E.coli such as posttranslational modifications prevents
autoprocessing. It also appears from this study that pro-peptide self-cleavage is independent
of the primary amino acid sequence of GAO.

On the second part of this study, domain deletions of a variant of mature galactose oxidase,
namely MatGOMNG (with silent mutations at the N-terminus different from native gao and
six further mutations within the mature enzyme), were aimed for novel biosensor
applications. After His-tag had been substituted for Strep-tag successfully on the construct
encoding mature GAO (pMatGOMNSG), in order to facilitate downstream processes, deletion
and expression studies of domain I/11 and domain 111 were carried out on both derivatives as
outlined above. Further optimization and purification studies are underway as a part of
another project.

Keywords: galactose oxidase, auto-induction, pre-peptide, pro-peptide, self-processing,
autoprocessing, site-directed mutagenesis, deletion, biosensor.
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FUSARIUM GRAMINEARUM NRRL 2903 GALAKTOZ OKSIDAZININ YAPI-ISLEV
ILISKILERININ VE ILERIYE DONUK BIYOSENSOR UYGULAMALARININ
ARASTIRILMASI ICIN ESCHERICHIA COLI’DE DELESYON MUTAJENEZI

CALISMALARI

Kocuklu, Burgak
Doktora, Biyoteknoloji Boliimii
Tez Yoneticisi : Prof. Dr. Ziimriit Begiim Ogel
Ortak Tez Yoneticisi: Prof. Dr. Ufuk Boliikbasi

Eylil 2013, 227 sayfa

Fusarium graminearum galaktoz oksidaz1 (GAO; EC 1.1.3.9); 68kDa, aktif bolgesinde tek
bir bakir iyonu iceren alisilmadik bir tiyoeter bagina sahip monomerik ekstraseliiler bir
enzimdir. Enzim sinyal peptide ek olarak, 17 amino asitlik pro- ve 8 amino asitlik muhtemel
pre-peptidden olusan 25 amino asitlik bir lider peptid ile bir oncii olarak iiretilir. Daha 6nceki
caligmalara dayanarak, bakirin aerobik olarak dnciiye in vitro ilavesiyle 17-amino asitlik pro-
peptid, aktif bolgedeki tiyoeter baginin olusmasimnin Oncesinde otokatalitik olarak
uzaklastirilmaktadir. Daha o6nceki c¢alismamizda, GAO’nun pre-pro- oncii formunda
E.coli’‘de heterolog olarak ifade edildiginde pro-peptidinin kendini islemesinin
gergeklesmedigi ortaya ¢ikarilmistir. Bu ¢aligmada, 8 amino asitlik pre-peptidin E.coli’'de
heterolog olarak ifade edilen pre-pro-galaktoz oksidazin kendi kendini kesimini engelleyip
engellemedigi sorusu, 8 amino asitlik pre-peptid alan hedefli mutajenez yoluyla delesyona
ugratilarak cevaplanmaya calisilacaktir.

Bu tez calismasinda, delesyon mutasyonlar1 gelistirmek i¢in plasmid yapilar olarak
yonlendirilmis evrim ile olusturulan pPre-ProGON1 (N-terminalinde sessiz mutasyonlar ve
lider peptidi ile birlikte yaban tipte GAO kodlamaktadir) ve pPre-ProGOMNL1 (yerli gao’dan
farkli olarak N-terminalinde sessiz mutasyonlar ve islenmis enzim kisminda alti mutasyona
daha sahip olan, lider peptidi ile birlikte GAO varyanti kodlamaktadir) kullanilmistir. Pre-
peptid delesyonu QuikChange® Alan-Hedefli Mutajenez yaklasimu ile gerceklestirilmis ve
DNA dizi analizi ile dogrulanmistir. Yeni olusturulmus pProGON1 ve pProGOMNT1 yapilar
pET ekspresyon sistemi yoluyla hem IPTG indiiklemesi , hem de otoindiiksiyonla E. coli
BL21 Star (DE3)’de ifade edilmistir. Mutant galaktoz oksidazlarin farkli afinite kromatografi
matriksleri ile saflagtirma denemelerini takiben, pre-delesyona ugrayan galaktoz oksidaz
varyantlarinin kendini igleme yetenegini yeniden kazanip kazanamadiginin anlagilmast igin
SDS-PAGE analizi gergeklestirilmistir. SDS-PAGE bantlarinin karsilagtirilmasi pro-peptidin
hala N-terminus’ta yer aldigin1 gostermektedir. Buna gore; GAO aktivitesinin tespiti ve
SDS-PAGE’den elde edilen molekiiler agirlik da aktif bolgede tiyoeter baginin uygun bir
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bigimde olusumunda pro-peptidin zararli bir etkiye sahip olmadigina isaret etmektedir.
Bununla birlikte, Pro-GAO ve Pre-Pro-GAO’larin spesifik aktiviteleri MatGOMNG6’dan
sirasiyla €.13 kat ve c.1,8 kat daha diisiiktlir, ki bu aktif bolge konformasyonunda pre-
peptidin etkisine dikkat c¢ekmektedir. Buna ilaveten, E.coli’de pro-peptidin kendini
islemesinin engellenmesi N-terminus’taki pre-peptid varligindan kaynaklanmamaktadir.
Ustelik, bu kesif galaktoz oksidazin kendi kendini keserek olgunlagmasinin yalnizca oksijen
ve bakira bagl degil, ancak kendi kendine kesimi engelleyen post-translasyonal
modifikasyonlar gibi E.coli’de var olan ya da olmayan bagka bir mekanizmaya da bagl
olabileceginin altin1 ¢izmektedir. Ayrica, bu c¢alismayla pro-peptid kesiminin galaktoz
oksidazin primer amino asit sekansindan bagimsiz oldugu da gosterilmistir.

Calismanin ikinci kisminda, yeni gelistirilen biyosensdr uygulamalari i¢in MatGOMNG6
olarak adlandirilan islenmis galaktoz oksidaz varyantinda (yerli gao’dan farkli olarak N-
terminalinde sessiz mutasyonlar ve islenmis enzim kisminda alti mutasyona daha sahip)
domain delesyonlar1 amaglanmstir. islenmis GAO kodlayan yapi iizerinde (pMatGOMNG6),
downstream prosesleri kolaylastirmak igin Strep-tag yerine His-tag degisimi basarili bir
sekilde gerceklestirildikten sonra yukarida Ozetlendigi iizere; her iki tiirevi lizerinde de
domain I/11 ve domain T igin delesyon ve ekspresyon ¢alismalar1 gergeklestirilmistir. Daha
ileri optimizasyon ve saflastirma caligsmalart baska bir projenin pargasi olarak devam
etmektedir.

Anahtar Kelimeler: galaktoz oksidaz, otoindiiksiyon, pre-peptid, pro-peptid, kendini isleme,
alan-hedefli (yonlendirilmis) mutajenez, delesyon, biyosensor.
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CHAPTER 1

INTRODUCTION

1.1 Galactose Oxidase
1.1.1 General View

Galactose oxidase (D-galactose: oxygen 6-oxidoreductase, GAO; EC 1.1.3.9) is a copper
containing enzyme produced by various fungal species (Cooper et al., 1959; Amaral et al.,
1963).

Galactose oxidase from Fusarium graminearum (NRRL 2903) having a relative molecular
mass of 68kDa is an extracellular monomeric copper metalloenzyme (Kosman et al.,1974).

The reaction catalyzed by galactose oxidase is the two-electron oxidation of the wide range
of primary alcohols (position C-6) to corresponding aldehydes with the concomitant two-
electron reduction of dioxygen to H,O, (Avigad et al., 1962; Tressel & Kosman, 1982).

RCH,OH +0, <> RCHO + H,0,

Galactose oxidase contains two cofactors, a single copper at the active site and an unusual
amino acid-derived tyrosine which constitutes the unusual thioether bond with cysteine
residue at position 228, later identified to form a radical following the involvement of
oxygen (Whittaker & Whittaker, 1988a; Whittaker et al., 1989; Ito et al., 1991, 1994; and
Rogers et al., 2008).

Figure 1.1 The thioether bond between Cys228 and Tyr272 (adopted from Rogers et al.,
2000)



The isoelectric point of galactose oxidase is above pH 10 which leads to drive the enzyme to
to be out of its character in physical measurements and enzyme-activity assays (Kosman,
1974)

1.1.2 Taxonomic Classification History of Fusarium graminearum GAO and Its
Natural Producers

Galactose oxidase was first reported to be isolated from the mold Polyporus circinatus
(Cooper et al., 1959). It was reclassified as Dactylium dendroides with a strain designation
number NRRL 2903 (American Type Culture Collection -ATTC- 46032) following the
isolation as a mycoparasite of the Polyporus circinatus in Southern Brazil, by Nobles and
Madhosingh (1963) who suggested that this was a misnomer. Dactylium dendroides is called
as Cladobotryum dendroides as well and Hypomyces rosellus is also used by NCBI database
for sequence and structure enquiries.

Dactylium dendroides GAO was used as a model for many studies on synthesis, secretion,
production and characterization of the enzyme. Even though the name was used in litrature
for long years, molecular studies clarified the taxonomic classification fault. (Barbosa-
Tessmann et al., 2001).

Ogel et al.,(1994) reported the sporulation of the Cladobotryum (Dactylium) dendroides
(NRRL 2903) for the first time indicating the similarity between the conidia and the
conidiophores of this fungus with the ones of Fusarium chlamydosporum (Booth, 1971).The
comparison of isolates of Hypomyces sp. and F. chlamydosporum were carried out by
molecular techniques beside GAO production determination, and were resulted in
reclassification of the organism as a Fusarium sp (Ogel et al., 1994). However, these
differences impaired the classification of NRRL 2903 as F. chlamydosporum until
O’Donnell et al (2000) demonstrated that NRRL 2903 is within the lineage | of the F.
graminearum clade by phylogenetic, micotoxin, and pathogenicity studies on various F.
graminearum (a plant pathogen) strains (Barbosa-Tessmann et al., 2001). Within the
following study of the O’Donnell et al (2004), with the organization of the F. graminearum
species complex, this isolate was recognized as lineage 1 of this complex or Fusarium
austroamericanum.

Re-identification of the galactose oxidase-producing fungus Dactylium dendroides as a
Fusarium species was done by detecting mycotoxin production. Growth of the fungus on
different media and conditions for verification of the mycotoxin and GAO production is to
detect whether the fungus could produce Fusarium toxins. The Fusarium toxins
deoxynivalenol, 3-acetyldeoxynivalenol and zearalenone were detected in the fungal culture
medium used, which revealed that this result is coherent with the hypothesis that the fungus
is in fact a Fusarium species (Machado & Kemmelmeier, 2001).

The previous wrong identification of Dactylium dendroides as a galactose oxidase producer
was also supported by not detecting any enzyme activity in this species (Aisaka & Terada,
1981).


http://www.sciencedirect.com/science/article/pii/0003986174902719
http://www.ncbi.nlm.nih.gov/pubmed?term=Machado%20LC%5BAuthor%5D&cauthor=true&cauthor_uid=11265166
http://www.ncbi.nlm.nih.gov/pubmed?term=Kemmelmeier%20C%5BAuthor%5D&cauthor=true&cauthor_uid=11265166

Besides F.graminearum, Gibberella fujikuroi (Aisaka & Terada, 1981), complex isolates
(such as Fusarium moniliforme f.sp. subglutinans, telemorph of Gibberella fujikuroi) and F.
acuminatum (Barbosa-Tessmann et al.,2001) were also reported to produce GAO.

Furthermore, there are also other fungal species reported to have galactose oxidase activity.
These are; Alternaria sp., Helminthosporum sp. and Penicillium album (Gancedo et al.,
1967), Absidia butleri, Aspergillus japonicus, Aspergillus niger, Daedaleopsis styracina,
Neurospora crassa and Penicillium sp. (Aisaka & Terada, 1981). However, it is not clear
that these activities belong to the same type of enzyme as Fusarium sp. have. At present,
there is no evidence for the presence of GAO except in fungi. However, a prokaryotic
homologue of gao, fbfB gene of Stigmatella aurantiaca with limited identity, was identified
on a nucleotide sequence basis (Silakowski et al., 1998) and appears to be involved in the
developmental biology of the myxobacteria (Dworkin, 1996). The protein has a molecular
mass of 57,8 kDa, the copper ligands and some active site residues show high similarity to
that of GAO (McPherson et al., 2001; Whittaker, 2003). Besides, sequence database searches
in Streptomyces coelicolor A3 and Arabiodopsis thaliana gave rise to limited identity
although it is not clear that these encode similar enzymes (McPherson et al., 2001).

1.1.3 Biological Function

Although the physiological function of GAQ is unclear, it catalyses the oxidation of a broad
range of primary alcohols to their corresponding aldehydes (Avigad et al., 1962) and its
unique properties such as structural simplicity, stability, stereoselectivity (Ito et al., 1992)
and self-processing ability are remarkable points with respect to biotechnological
applications and catalytic mechanism.

It may take place in plant pathogenesis although this does not seem likely (Pallas &
McPherson, 1997). Although there is not definitive evidence that Fusaria have lignin or
cellulose degrading peroxidases, H,O, as a final product can act as a substrate for such
enzymes, besides providing an antibiotic defence within the rhizosphere. Instead, GAO may
alter the fungal cell wall properties by modifying cell surface sugars or it can act to provide
saprophytic or necrophytic growth (McPherson et al., 2001).

The discovery of the similar enzyme glyoxal oxidase, also a hydrogen peroxide producer,
has supported the idea that galactose oxidase may play a role in lignin or cellulose
degradation, although there is no evidence. As the alcohol substrates of galactose oxidase are
accounted for lignin degradation intermediates this theory is supported further (Whittaker,
1994,1996).

1.1.4 Substrate Specificity and Selectivity

The broad range of GAO substrates differs from a wide range of primary alcohols (i.e
glycerol, benzyl alcohol and allyl alcohol) to D-galactose, galacto- pyranosides, oligo- and
polysaccharides, although the biologically relevant substrate of GAO is not known (Cooper,

1959; Schlegel et al., 1968; Avigad, 1985; Bretting & Jacobs, 1987; Mendonca & Zancan, 1987).
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Although the use of D-galactose is most common, the most efficient substrate is
dihydroxyacetone that enzyme exhibits a fourfold greater ke,/Ky, for this substrate than for
D-galactose (Hamilton et al., 1973; Zancan & Amaral, 1970). D-galactose itself may not be
the natural substrate of GAO, however it shows much more affinity to galactosides and
polysaccharides with galactose end groups (Avigad et al.,1962).D-galactose is oxidized at C-
6 position rather than C-1 position by GAO, forming D-galacto-hexodialdose rather than the
corresponding hexonic acid (Avigad et al., 1961).

D-glucose and L-galactose are not substrates of GAO (Ito et al., 1992) which indicates that
the enzyme has a strict stereo- and regio substrate specificity feature (Firbank et al., 2003).
Besides its ability of oxidizing alcohols, the enzyme further converts aldehydes to the
corresponding carboxylates (Kelleher & Bhavanandan, 1986).

An inducer of the GAO is not known (Ogel et al., 1994). Meanwhile L-Sorbose is routinely
used in GAO production and purification trials, although there is no information about the
role of L-Sorbose on the GAO production mechanism whether it works on an induction or
derepression basis (Ogel & Ozilgen, 1995).

Substrate specificity alteration has a great importance for many potential applications of
enzymes. Deacon and her colleagues (2004) investigated whether the GAO variants
expressed in P.pastoris affect the oxidation of the alternative substrates D-glucose and D-
fructose. The study has been focused on D-fructose due to the low activity against D-
glucose. It has been reported that R330A shows higher catalytic efficiency when compared
to mature GAO. The most active variant against D-fructose was found to be R330K, with a
kea! Kn Value of 75.1 M*s™ which is higher (8.2-fold increase) than that of mature GAO with
the same substrate.

Additionally some GAO mutants were developed based on the ones generated by Sun et al.
(2001, 2002). A library was generated by subjecting M; variant (carries the additional
mutations Trp290Phe, Arg330Lys, GIn406Thr - all located at the active site - to M, variant
carrying mutations Serl0Pro, Met70Val, Prol136, Gly195Glu, Val494Ala, Asn535Asp) to
more rounds of error-prone PCR. As a result, these mutants show good activity and high
enantioselectivity with (R)-1-phenylethanol (Figure 1.2). These variants indicate the
improved enantioselective substrate specificity of GAO (secondary alcohol oxidation) by
directed evolution (Escalettes & Turner, 2008).
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Figure 1.2 Reaction catalysed by wild-type galactose oxidase (above) and enantioselective
oxidation of 1-phenylethanol by its variant generated by directed evolution. 1, D-Galactose,
2, Aldehyde, 3, 1-phenylethanol (Escalettes & Turner, 2008)

1.1.5 Galactose Oxidase Applications in Different Areas

Galactose oxidase is important for different application areas due to its unique features such
as high degree of substrate specificity and stability, production of H,0,, solely copper and
dioxygen need for the formation of its organic cofactor (Deacon & McPherson, 2011).

1.1.5.1 Medical Usage and Clinical Assays

GAO-catalyzed oxidation of cell surface polysaccharides is an essential step in the
radiolabelling of membrane bound glycoproteins (Calderhead & Lienhard, 1988; Gahmberg
& Tolvanen, 1994). The enzyme can be used to detect a disaccharide tumor marker D-
galactose-f[1,3]-N-acetylgalactosamine (Gal-GalNAc, also known as the Thomsen—
Friedrich antigen or T-antigen) (Springer, 1997) in colon cancer diagnosis and precancer
conditions by reacting with the terminal galactose residues of the TF antigen to oxidize the
C-6 alcohol groups to aldehydes (Yang & Shamsuddin, 1996; Said et al., 1999;Vucenik et
al., 2001). Novel quantitative galactose oxidase—schiff reaction (Evelegh, 2002) was also
used in NAF (nipple aspirate fluid) samples from women with breast carcinoma in order to
distinguish the affected breast from its healthy contralateral counter-part, in which further
exploration is needed (Chagpar et al., 2004).

GAO is also used for induction of interferon in human lymphocyte culture (Dianzani et
al.,1979).

Methods have also been developed to detect galactose and other galactose oxidase substrates
in biological fluids such as blood and urine (Deacon, 2008). These methods, both measure
the formation of H,0,, they are carried out by using UV-vis spectrometry (Roth et al., 1965)
or a biosensor (will be detailed in Section 1.1.5.4), using a thin layer electrochemical cell in
which galactose oxidase was immobilised (Johnson et al., 1982; Johnson et al., 1985).



GAO is also used as a part of a novel antibacterial system for an in vitro anti-plaque system.
GAO-GBD (glucan binding domain) fusion protein is expressed in E.coli and GBD part of
the coupling acts as targetting component whereas GAO plays an indirect role which does
not have a bactericidal effect but has an effector activity that stimulates the local production
of hydrogen peroxide onto the addition of D-galactose (Lis & Kuramitsu, 1997). Hydrogen
peroxide is utilized by lactoperoxidase in saliva, to oxidize added iodide to hypoiodite
(Majerus & Courtois, 1992; McFaul, 1986) which is an effective bactericidal agent acting on
cariogenic microorganisms on tooth surfaces. This may represent a potential system for
controlling dental plaque formation in humans. Lis & Kuramitsu (1997) also reported that
this strategy could be further improved to fuse GAO to other targetting domains and use in
other parts of the body as an antimicrobial agent.

1.1.5.2 Industrial Applications: Food, Drug and Material

Aldehyde derivatives, the oxidation products of GAO are used as strength additives in the
paper industry (Hartmans, 2004; Frollini 1995).A natural polymer, guar which is present in
the seeds of the guar plant and other sources can give a final product of an aldehyde-bearing
polymer called oxidized guar. This resulting product is a valuble additive used for increasing
the paper strength (Chiu et al., 1996; Dasgupta, 1996; Brady & Leibfried, 2000).

Unmodified guar gum is used as a thickening or gelling agent, for making food appealing to
the consumer and maintaining turbidity in soft drinks and juices (Wielinga, 2000).
According to the Delegrave and colleagues (2001), the activity of GAO towards guar needs
to be paid special attention and the enzyme was aimed to be improved by directed evolution
to increase its specific activity, which is insufficient to act economically at an industrial scale
when it is isolated from its native host.

Galactose oxidase is used as a biocatalyst for the production of nonnutritive sugar substitutes
in food. (Mazur, 1991). Enzymatic carbohydrates synthesis by GAO does not require the
protection of the hydroxyl groups (Root et al., 1985; Mazur & Hiler, 1997; Liu & Dordick,
1999).

Aldehyde derivatives of several structurally different polysaccharides like O-acetyl
galactoglucomannan, guar gum and tamarind seed xyloglucan were produced and high
oxidation degrees were attained for understanding the relationship between structural and
quantitative properties of subtrate and enzyme couple used and the products formed (Parikka
et al.,2010).

Under benign environmental conditions, non-natural carbohydrate polymer construction that
is closely related to natural products is a synthetic use for galactose oxidase (Andreana et al.,
2002).

Galactose oxidase has been engineered by directed evolution methods to possess glucose 6-
oxidase activity (Sun et al., 2002). Until now, oxidizing glucose at the 6-hydroxy group
generating aldehyde is not found in any described oxidase. Three mutations within galactose

oxidase, certifies low but significant glucose oxidase activity. This acquired ability provides
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a good improvement basis for the new enzyme activity, which may supply potential benefits
for other industries such as food, pharmaceutical and material. (Rogers & Dooley, 2003).

By directed evolution method, the structure of the active site of galactose oxidase was
manipulated and the generated variants were able act on carbohydrates other than galactose,
including mannose and N-acetylglucosamine (Rannes et al., 2011). This strategy allows the
broad investigation of glycoproteins with a variety of carbohydrate structures.

GAO is used in hair dyes (Serensen, 2002) and lipid labeling (Radin & Evangelatos, 1981)
as well.

1.1.5.3 Taxonomic Studies

Since only Fusarium species are reported to be a GAO producer, (taking into consideration
that the other Fusarium sp. are not tested or the methodology was not suitable for them) and
it is not clear that the other other fungal species proposed to have GAO activity belong to the
same type of enzyme as Fusarium sp. have described in Section 1.1.2; GAO production can
be used as an important taxonomical marker in future studies as indicated in the study of
Barbosa-Tessmann et al.(2001).Additionally these findings together with micotoxin
production (Machado & Kemmelmeier, 2001) may represent a model for molecular
taxonomy studies.

A PCR protocol amplifying the 3’coding region of the gaoA gene coding for galactose
oxidase enzyme was developed by Biazio et al (2008), which works on a low homology
basis with the same region of GAO genes among other fungi. Among the tested 17 strains,
the ones morphologically and molecularly identified as Fusarium spp. gave positive results
by this PCR protocol with the designed primer set and they were able to produce GAO. PCR
analysis with the genomic DNA of other Fusarium species and species of other fungi genera
gave negative results with this PCR assay. This proposed PCR protocol which seems to be
specific for gaoA gene can be used as a molecular tool for Fusarium graminearum
identification, providing an advance for head blight diagnosis and food safety assessment
( Biazio et al., 2008).

1.1.5.4 Biosensors

Especially clinically, galactose detection and concentration determination have a great
importance due to its vitality for human health. It is generally used for the preliminary
diagnosis of galactosemia and galactose intolerance (Beutler, 1991; Sharma et al., 2004a;
Szabd et al., 1996; Segal et al., 2006; Berry et al, 2004; McGlothlin &Purdy, 1977; Cevik et
al., 2010). Gas or liquid chromatography and enzymatic assays (electrochemical,
spectrophotometric and fluorometric) with galactose oxidase, the most commonly used
enzyme for galactose determination, were the methods used for galactose detection (Tkac et
al., 1999; Brahim et al., 2002; Sharma et al., 2006; Suang & Bae, 2006; Yokoyama et al.,
1997; Shaolin, 1994; Bilkova et al., 2002; Yang et al., 1998).
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Galactose oxidase has numerous applications in biosensors. Sensors incorporating GAO
have been used to measure D-galactose, lactose and other GAO substrate concentrations
(Vega et al., 1998; Tkac et al., 1999), in process monitoring (Szab¢ et al., 1996), blood
samples (Vrbova et al., 1992), quality control in the dairy industries (Adanyi et al., 1999;
Mannino et al., 1999) and other biological fluids (Johnson et al.,1982).

Immobilized galactose oxidase was used in various amperometric biosensors (Taylor et al.,
1977; Manowltz et al.,1995; Suang & Bae, 2006; Sharma et al., 2004b; Ekinci & Pasahan,
2004) where GAO was immobilized on the surface of various membranes and films such as
acetyl cellulose, nylon mesh, polypyrrole, polyaniline, polyvinyl formal (Sharma et al.,
2007) polyvinylferrocene, poly (glycidyl methacrylate-co-vinylferrocene) (Cevik et al, 2010)
and poly(N-glycidylpyrrole-co-pyrrole) (Senel etal., 2011) or trapped between the membrane
and electrode. Additionally, a new galactose biosensor was developed based on
functionalized zinc oxide (ZnO) nanorods (Khun et al, 2012) (Figure 1.3).

Figure 1.3 SEM images of ZnO nanorods grown on glass substrates coated with gold (A)
The ZnO nanorods only and (B) ZnO nanorods with immobilized GAO enzyme (Khun et al,
2012).

1.1.5.4.1 Biomolecule Detection

Currently, antibody-based biomolecule detection systems are widely used. They are large,
complicated, highly specific and have various binding characteristics, while they are
relatively unstable molecules whose production and performance are not particularly
reproducible. On the other hand, small, robust, stable antibody-mimetic proteins are used and
they can be produced by simple, bacterial recombinant protein expression by which they can
be purified reproducibly and in high yield.

1.1.5.4.2 Principle of the Split-GAO Amplification Systems

A new project about development of split enzyme amplification systems for electronic label-
free biosensors is in operation at University of Leeds. It has been attempted to improve the
biosensors for the biomolecules developed in University of Leeds by enhancing their
sensitivity and specificity through engineering a signal amplification mechanism.



According to this project, two antibody-mimetic proteins which bind non-overlapping
epitopes on the target biomolecule will be immobilized onto an electrode surface. Each
binding protein (B1 and B2) will be coupled, to the electrode surface and to one half of a
split enzyme (Ea and Eb) via flexible linker sequences (Figure 1.4A). No GAO activity will
be detected if the two halves of the enzyme, here Ea and Eb, do not associate (neither half is
functional alone) and this will only occur once both binding proteins, B1 and B2, have
bound to the same target molecule, bringing the enzyme fragments close enough to function.
When there is substrate, catalytic turnover generates products that can be detected
electrically. In response to the detection of a single target molecule enzymatic activity is
stimulated. This leads to multiple turnover events of the enzyme which means the
amplification of the initial binding signal. This split-enzyme system leads to an important
improvement in label-free detection technologies by increasing sensitivity and specificity.

D-galacto-
D-Galactose hexadialose
\—/Galactose
/_\ oxidase
Substrate  Product .
Substrate  Product Biomarker Y272- Cu? Y272 - Cu'*
/ target L/
—_— — /_\
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Figure 1.4 Principle of the GAO split-system based biosensor approach. (A) Target
molecule detection by two binding proteins (B1 and B2) each linked to a part of split
galactose oxidase which can only come together when brought into proximity by the binding
events. Newly regenerated enzyme provides improved signalization by multiple catalytic
turnover events. (B) Schematic representation of the reaction for amperometric detection of
electrons via GAO enzyme activity, based on the well characterised glucose oxidase
example.The two electrons were transferred to the electrode surface via an enzyme-tethered
mediator such as ferrocene (Willner, et al.,1993).

1.1.5.43 A Split Redox Enzyme Formation by Dissection of Galactose Oxidase

In this thesis study, preliminary work will be put into practice by protein engineering
approach as a part of this new project in operation at University of Leeds. Two separate part
of the enzyme, which are domain I/I1 and domain 111, will tried to be produced and detected
by deletion studies over mature GAO construct. Molecular design of the mutations and
region targeted to dissect the GAO into two separate molecules will be given in detail in
Chapter 3, Results and Discussion.



1.2 Features of GAO on a Structural and Functional Basis
1.2.1 Properties of gao Gene

Galactose oxidase encoding gene (gaoA) from Dactylium dendroides, reclassified as
Fusarium sp. (NRRL 2903) by Ogel and colleagues (1994), has been cloned and its DNA
sequence has been determined. The gaoA gene does not contain any introns, in opposition to
the most other filamentous fungal genes (Gurr et al., 1987). The whole coding region
together with 120 bp N-terminal leader peptide is ~2.0 kb. The mature enzyme as a final
translation product consists of 639 amino acids (McPherson et al., 1992; Ito et al., 1991).

1.2.2 Glycosylation of GAO

In general, O-and/or N-glycosylation of eukaryotic extracellular proteins is carried out
during the travel through the endoplasmic reticulum and Golgi, where the protein undergoes
higher glycosylation levels in extracellular medium when compared to its intracellular forms.

Conversely, studies (Mendonca & Zancan, 1987,1988) show that galactose oxidase is likely
to lose its carbohydrate moiety during secretion. Intracellular galactose oxidase with about
9% carbohydrate content is found to be more stable and to have more restricted substrate
range than its extracellular form which contains only 2% carbohydrate. On the other hand,
Kosman and colleagues (1974) reported that the enzyme contains 1% by weight of neutral
carbohydrate.

X-ray structural analysis of extracellular GAO does not reveal any carbohydrate (Ito et al.,
1991). However, this does not preclude its presence. Undetectability may result from the
poorly ordered surface carbohydrate due to mobility and heterogeneity effects. When the
translated protein sequence was analysed it has been seen that GAO is only O-glycosylated,
because of the absence of consensus Asn-X-Ser/Thr sequences for N-glycosylation
(Kornfield & Kornfield, 1985). This observation is contrary to the report that the N-
glycosylation inhibitor, tunicamycin, affects the addition of [**C] glucosamine and the rate of
the migration of the intracellular galactose oxidase in SDS-PAGE (Mendonca & Zancan,
1989). However, McPherson and colleagues (1992) reported that the mobility difference is
not probably due to inhibition of N-glycosylation, but may indicate an indirect effect on the
normal processing of the enzyme and non-covalent interactions with sugars. On the other
hand, it cannot be overlooked that D. dendroides might be using a different and
unprecedented sequence motif for N-glycosylation.

Later in 2001, the structural studies of Firbank and colleagues revealed that the precursor
GAO contains an additional sugar at the surface of domain Il. According to the electron
density, it is at least a disaccharide; with the first ring stacking almost parallel to the ring of
Tyr-484, however it has not been identified and its biological role is uncertain due to the
distance of sugar to the active site.
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1.2.3 GAO Enzyme: Domains and Ligands

The detailed crystal structure of the enzyme revealed that the mature enzyme consists of
three predominately B-sheet domains with only a single a helix (Tto et al., 1991,1994), which
are Domain I, Il and Il (Figure 1.5). It is probable that this preponderance of B structure of
the domains plays a role in the remarkable stability of the enzyme, which is active in 6 M
urea (Kosman et al., 1974).

Figure 1.5 Schematic representation of galactose oxidase. The complete molecule is
coloured according to domains (the first domain in yellow, the second green and the third

red) (McPherson et al., 2001).
\
D
His 581
© Cu

] C

Figure 1.6 Separate display of domains of galactose oxidase A.The fold of domain I
(Residues 1 - 155) is represented as a ribbon diagram shown in blue. Residues implicated in
carbohydrate binding are shown in green, a bound sodium ion is shown as a red sphere.B.
Folding of domain Il (residues 155-532), viewed through the pseudo sevenfold axis,
coloured from N-terminus blue to C-terminus red. C. The fold of domain 11l (residues 533-
639), the copper ligand at the tip of the loop passing through the domain II, His 581, is
shown in green.The copper is indicated as a cyan sphere (Deacon, 2008).
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Domain | is composed of eight B-strands in a jelly-roll motif with a five-stranded antiparallel
B-sheet facing a three-stranded antiparallel B-sheet, which is described as a “B sandwich”
(Firbank et al., 2001). This domain contains a cabohydrate binding site and potentially
hydrogen bonding residues with D-galactose, 2-deoxygalactose, D-fucose and D-xylose are
all highlighted in Figure 1.6 A (Firbank, 2002). This site may allow adhesion of the enzyme
to polysaccharides found in the cell walls of plants (like lignin) or to the cell surface of
potential bacterial pathogens in cell protection.Carbohydrate binding site is not close to the
active site, and since then is not thought to be crucial for enzyme activity.

There is also a non-spesific small metal-binding site assigned as a sodium ion that might play
a role in protein folding. An ordered polypeptide chain links the domain | and domain Il
(Deacon, 2008).

Domain Il is the largest and it provides three of the four protein ligands to the copper, Tyr-
272, Tyr-495, and His-496.The seven-bladed B-propeller fold surrounds a central cavity
(Figure 1.6 B) and the active site of the mature protein is situated at the surface of this
domain, with the copper ion lying close to the central pseudo 7-fold axis (Firbank et al.,
2001). The sequence forming the B-propeller structure in GAO has been described as the
kelch motif (Bork & Doolittle, 1994). Additionally, closing of the B-propeller is likened to
‘Velcro® fastening; this structure is thought to provide rigidity of the enzyme via the
hydrophobic interactions between the B-strand of the N-terminus interacting with the last -
strand of the C-terminus (see Figure 1.6 B).

About 50% of the B-propeller proteins reported are enzymes and they are responsible for the
catalysis of various reactions. The B- propeller motifs can act as scaffolds that can acquire
specific activities by decoration of flexible loops with functional amino acids (Deacon,
2008).

Domain III is a bundle of seven, mostly antiparallel, B-strands surrounding a hydrophobic
core. One long antiparallel B-ribbon passes through the central cavity of the domain Il
propeller, and there is His-581 residue, the fourth protein ligand to the copper at the tip of
this loop axis (Firbank et al., 2001). The gap between this loop and domain Il is occupied by
some well-ordered 40 water molecules. It is thought that domain I11 has a structural key role,
which is stabilising domain Il ( Deacon, 2008).

There are two disulfide bonds which includes the residues close to each other in the amino
acid alignment. Cys18 and Cys27 are in domain | whereas Cys515 and Cys518 are in the
terminatory part of domain Il and reside close to the active site (McPherson, et al. 2001).

1.2.4 Locations and Interactions of the Residues of the Pro-sequence

Pro-GAO was expressed and produced in A. nidulans and then purified and crystallized in
copper-free conditions (Rogers, 2000). The structure of the precursor enzyme was rebuilt
and refined to a 1.4 A by molecular replacement using the structure of the mature enzyme as

a model (Firbank et al., 2001).
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The 17-aa N-terminal pro-sequence resides between domains | and 1l of GAO. Residues -1
to —12 are visible in the final electron-density maps. These residues form a loop that turns
back at the residues -5/-6 directing the pro-sequence away from the main body. The
remaining residues (—13 to —17) and the side chain of the twelfth residue (lle -12), are not
visible (Firbank et al., 2001).

The main chain of the pro-sequence makes a number of hydrogen bonds to the mature
enzyme sequence, to itself especially at turn residues and side chains also form hydrogen
bonds to several residues (see Figure 1.7). Apart from these, there are 14 hydrogen bonds to
water molecules (Firbank et al., 2003).
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Figure 1.7 3-D structural representations of the pro-sequence residues with the amino acids
which they form hydrogen bonds. The carbon atoms of the pro-sequence are green, whereas
mature sequence carbon atoms are yellow (Firbank et al., 2001).

1.2.5 Structural Differences between the Mature and the Precursor Enzyme

Although the overall structure of the copper-free precursor is similar to the mature enzyme
(Protein Data Bank ID code 1GOG), local differences are remarkable between them .While
the overall similarity (without pro-sequence) show a rmsd of 0.7 A, domain Il exhibits the
highest deviation. Residues colored yellow in Figure 1.8 which include the five regions of
the precursor main chain (1-5, 189-200, 216-225, 255-261, and 290-296) show a rmsd of
5.1A. Important rearrangements were detected at some of the side chains and adjacent main-
chain regions of the active site residues. Moreover, the position of Ala-1 differs by over 4 A
from its original location when the pro-sequence is present (Firbank et al., 2001).

One of the five regions that change position in the precursor form is the one consists of the
residues from 1-5. The presence of the pro-sequence prevents the second loop (189-200)
from taking its original position in the mature protein. The third region (216-227)
significantly differs between the two forms, differing by up to 6.1A from the mature protein
at main-chain positions. The differences including hydrogen bonding result in a change in
the position of the fourth region, corresponding to the adjacent B-strand (residues 254-
261).The residues in this strand section are not directly interacting with the pro-sequence.
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The fifth region forms a loop (residues 290-296) containing the active site residue Trp-290,
stacking directly on top of Tyr-272 and the thioether bond. The C, backbone between Trp-
290 and Glu-296 differs by up to 8.0 A (suggesting high mobility or disorder). The active
site is more accessible due to the loop rearrangement affecting the stacking Trp-290 in the
precursor protein (Figure 1.9). The thioether bond forming residues, Cys-228 and Tyr-272 in
the mature enzyme, are exposed because of the absence of Trp-290. However, the thioether
bond is not present in the precursor form, the side chains of both residues have quite
different rotamers from their mature form. Main-chain movements of these two are smaller,
with C , of Tyr-272 and Cys-228 moving by 1.2 and 1.4A, respectively.

The other three protein ligands to the copper, Tyr-495, His-496, and His-581, have main-
chain C, movements of less than 0.4 A. In the precursor, the electron density at Cys-228
shows additional electron density, suggesting oxidation to an S-OH group (Figure 1.9 C). It
is not determined yet that whether this apparent oxidation is an intermediate product in
thioether bond formation (tyrosine might attack onto an electrophilic sulfur) or is an artifact
as a result of crystallization or radiation damage (Firbank et al., 2001).

R

Trp 290

Tyr 272

His 581

Phe 227
Tyr 495 | ©

Figure 1.9 Stereoview of active site residues in precursor galactose oxidase (A) and in the
mature protein (B) including the copper ligands (Tyr-272, Tyr-495, His-496, and His-581),
thioether bond partners, Cys-228 and Tyr-272, the stacking Trp-290, and Phe-227. The
sulfur of the cysteine appears to have been oxidized to a sulfenic group in the precursor form

(©).

1.3 Protein-derived Cofactors in Enzymes

Various enzymes use varieties of cofactors generated by complex multistep biosynthetic
pathways in order to exhibit their catalytic powers. In cofactor biosynthesis, a less commonly
encountered one, but with an increasing frequency, is the posttranslational modification of
the endogenous amino acids in the enzyme. Most part of the protein-derived cofactors
remained unrecognized until recent years since they cannot be identified from the gene
sequence and for most of the known protein-derived cofactors, there is no known sequence
motif which can be used for the prediction of the modification site (Davidson , 2007). By the
discovery of these cofactors, their formation mechanisms have taken great attention. These
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modifications can be classified in two groups. One of these posttranslationally modified
protein groups, cofactors are generated by one-electron oxidations of amino acids yielding
amino acid radicals on tyrosine, glycine, tryptophan and cysteine residues (Stubbe & van der
Donk, 1998). The second group undergoes more extensive posttranslational modifications
that involve covalent modification of a residue, peptide cleavage and new bond-forming
reactions (Rogers et al., 2008). Posttranslational modifications occur either by autocatalytic
processes or by involvement of accessory proteins (Xie & van der Donk, 2001). The most
frequently modified residue appears to be tyrosine which becomes part of cross-links or
modified as quinones. These cofactors are generally catalytically active and associated with
metal centers.

Examples carrying posttranslationaly modified cofactors include; histidine decarboxylase,
cytochrome ¢ oxidase, catalase HPII, tyrosinase, catechol oxidase, haemocyanin,
phenylalanine ammonia lyase, histidine ammonia lyase, sulphatase, methylamine
dehydrogenase, copper amine and lysyl oxidases, and galactose and glyoxal oxidases
(Okeley & Van Der Donk, 2000).

Including Tyr-Cys thioether cross-link in galactose oxidase (Rogers, 2000), in copper amine
oxidases, 2,4,5-trinydroxyphenylalanine quinone (TPQ)(Janes et al., 1990; Cai & Klinman,
1994)) in phenylalanine ammonia lyase the MIO structure (Schwede et al., 1999), and the
chromophore in green fluorescent protein (Heim et al., 1994) are produced by autocatalytic
processes whereas tryptophan tryptophyl quinone (TTQ) in methylamine dehydrogenase
(Graichen et al.,1999) and formylglycine in sulfatases (Szameit, et al.,1999) are generated
by accessory proteins . Histidine at Y-H bond of cytochrome ¢ oxidase at the CuB site in
both bacteria (Ostermeier et al.,1997) and mammals (Yoshikawa et al., 1998), acts as a a
copper ligand, and a tyrosyl radical at this location has been implicated to take part in
catalysis (Proshlyakov et al., 2000). In Escherichia coli catalase HPII, His and Tyr residues
also form a cross-link, however the bonding is between the Cg of tyrosine and N; of histidine
(Bravo et al., 1997). The Y69-C161 cross-link of Mycobacterium tuberculosis sulfite
reductase (Schnell et al., 2005) is reported to play a role in catalysis whereas cysteine-
tyrosine cross-link of mouse (McCoy et al., 2006) and rat (Simmons et al., 2006) cysteine
dioxygenase are proposed to act in enzymatic turnover. Glyoxal oxidase also contains a Cys-
Tyr bond. KatG has an autocatalytically and oxidatively (via compound I) formed M-Y-W
cross-link adjacent to the heme cofactor (Yamada, et al., 2002) that forms during a turnover
reaction (Ghiladi, et al., 2005) conferring to catalase activity to the catalase-peroxidase
enzyme (Smulevich, et al., 2006). The most complex cofactor described up to now is the
unusual cysteine tryptophylquinone that is encaged by three novel Cys to Asp or Glu thioether
linkages found in a quinohaemoprotein amine dehydrogenase (Satoh et al., 2002).The
mechanisms of the formation of the posttranslationally modified cofactors have not been
fully elucidated yet. A better understanding of the mechanisms of the biogenesis of these
cofactors would make it possible to have an idea on introducing catalytic or redox centers
within an existing protein to form protein- derived cofactors through amino acid sequence
design or modification regardless of additional exogenous cofactor requirement (Davidson,
2007).
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1.4  Cofactor Formation and Self-Catalytic Maturation Capability of the GAO
1.4.1 Active Site and Generation of the Thioether Bond

Galactose oxidase is the best-characterized member of a family of enzymes known as radical
copper oxidases (Whittaker, 2003) which contains a single copper atom at its active site
(Amaral et al., 1963; Ito et al.,1991 ). This metal ion is bound by four amino acid side chains:
two tyrosines (Tyr272 and Tyr495) and two histidines (His496 and His581) which are ligands
to the copper (Ito et al., 1991) (Figure 1.10). X-ray crystallographic studies on galactose
oxidase have revealed that the protein contains a novel cofactor constituted between Ce
carbon of the phenolic side chain of Tyr272 and the Sy sulfur of Cys228, forming tyrosyl—
cysteine (Tyr-Cys) cross-link (Ito et al.,1991). Galactose oxidase is unusual among
metalloenzymes in terms of catalyzing two-electron redox chemistry at a mononuclear metal
ion active site (Kosman, 1985; Ettinger and Kosman, 1982; Hamilton, 1982). The second
redox active centre required for the reaction was found to be located at this Tyr—Cys site and
the cross-linked tyrosine is oxidized to a stable free radical upon mild oxidation (Whittaker
& Whittaker, 1990). Cys-Tyr’ cofactor abstracts a hydrogen atom from the substrate
interacting with the copper, however less is known about the role of the thioether bond
(Whittaker & Whittaker, 1990; Babcock et al., 1992; Gerfen et al., 1996). Besides affecting
the reactivity of the protein it contributes to the rigidity of the active site (Whittaker, 2005).The
function of this bridge has been attributed to lowering the tyrosine redox potential to 400 mV
(Johnson et al., 1985) from ~ 1000 mV for an unmodified tyrosine residue.

Figure 1.10 A diagram showing the four ligands and the stacking tryptophan to the copper in
a square pyramidal geometry of galactose oxidase. The acetate ion from the crystallisation
buffer (Ito et al., 1991) is thought to indicate the binding of the substrate position.

When the thioether bond formation mechanism is considered, it was initially proposed that

thioether bond was formed by involvement of initial coordination of Tyr272 to Cu ** and

subsequent formation of tyrosine radical (Firbank et al, 2001). However, later studies on this

mechanism carried out by the P.pastoris-expressed mature GAO under strict copper-free

conditions revealed that the mechanism rather prefers the initial coordination of Cys228 and

Cu %, indicating the anaerobic formation of the thioether bond. It seems more likely that
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thioether bond formation occurs in the trans-Golgi network and it is not oxidized and
transformed into the tyrosyl radical until it reaches to the more oxidizing environment (Rogers
et al., 2008). On the other hand, the second postulated mechanism over the early oxidation of
Cys228, attributed to the sulfenate modification (see Section 1.2.5), is not compatible with the
anaerobic processing, supporting the suggestion that occurrence of electron density is an
artifact due to X-ray exposure (Rogers et al., 2008).

1.4.2 Oxidation States and Putative Catalytic Mechanism of the GAO

Galactose oxidase is the first representative of a new class of copper active sites,
incorporation of the protein in active redox chemistry. In GAO, the number of metal ions
involved in the reaction is not compatible with the number of electrons transferred. This
paradox has been solved with the identification of a tyrosyl free radical directly participating
into the redox unit during the catalytic cycle. It has three possible redox states in order to
carry out the two electron oxidation of alcohols to aldehydes as shown in Figure 1.11
(Whittaker & Whittaker, 1988b).

RCH,OH ~ _RCHO
+2e
+le + le’
Reductant Reductant .
= B e
Oxidant
-le
GAOQX GAOSemi GAOred
Green (Active) Blue (Inactive) Colorless
‘\Z/‘
Hzoz ¢ 02

Figure 1.11 Schematic diagram representing the redox states of galactose oxidase. GAQO,y
represents the fully active form of the enzyme, GAOenm is a partially oxidised (semi-
reduced) but inactive form and GAOy is the reduced form of the enzyme, e represents an
electron (adopted from Whittaker &Whittaker, 2000).

Oxidation step is necessary for catalytic activity, and is the basis of two-electron redox
activity (Whittaker &Whittaker, 1988a). Although the GAO, form is not involved in the
catalytic cycle, it is important for a full insight of the properties of the enzyme
(Messerschmidt, 1994).

GAO is obtained as a mixture of semi-reduced and oxidized (only a small amount) form
when it is isolated. Incubation with a mild oxidant such as ferricyanide yields fully oxidised
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galactose oxidase (Whittaker & Whittaker,1988a) whereas incubation with the reductant
ferrocyanide results in the reduced or semi-reduced forms of galactose oxidase.

Although the mechanism of catalysis is not completely understood, a bi-bi ping-pong
mechanism has been proposed by early studies on galactose oxidase (Hamilton et al., 1973).

The analysis of the reaction is complicated by occurrence of two distinct half reactions in a

ping-pong kinetics following enzyme, each involving distinct bond-making and bond-
breaking processes (Messerschmidt, 1994; Whittaker, 2005) ( see Figure 1.12).

RCH,OH RCHO O, H20;

B

" GAO red

Figure 1.12 Schematic drawing of two half reactions of galactose oxidase reacting with
primary alcohols. GAQ,, and GAO,.q represents oxidized and reduced galactose oxidase,
respectively (adopted from Deacon, 2008)

The proposed catalytic mechanism for GAO is shown in Figurel.13 in a stepwise manner
(Whittaker, 1998). For proceeding of the catalysis, the enzyme must contain both the radical
and Cu* (fully oxidised form). First of all, it is thought that substrate binds to the copper,
with displacement of the equatorial solvent ligand (e.g. H,O). Then the proton is transferred
from the hydroxyl group of the alcohol substrate to the phenolate oxygen of Tyr 495, acting
as a catalytic base (step (1) to (2) in Figure 1.13). Wild-type enzyme and mutagenesis studies
provide strong evidence for this uptake (Whittaker & Whittaker, 1993; Reynolds et al.,
1995). Next, hydrogen atom is thought to be abstracted from the substrate intermediate by
the Tyr 272°, resulting in quenching of the tyrosine radical and formation of substrate radical
(step 2 to 3 in Figure 1.13).The abstracted hydrogen has been shown to be the pro-S
hydrogen (Minasian et al., 2004). One electron transfer to the copper center leads to the
oxidation of the substrate-derived ketyl radical, generating Cu(l) and aldehyde product (steps
3 to 4 in Figure 1.13). Product aldehyde is released and molecular oxygen is bound to the
Cu * in an endon coordination (steps 4 to 5 in Figure 1.13).Electron transfer gives rise to
superoxide adduct formation (steps 5 to 6 in Figure 1.13) and oxidation of Cu ** to Cu®".
Following the electron and hydrogen atom transfer reforming the radical on Tyr 272 and
generation of a peroxide anion species, proton is transferred from Tyr 495 to the peroxide
anion and hydrogen bond isformed between Tyr 495 and Cu ** (step 6 in Figure Figure 1.13),
the resulting product hydrogen peroxide is released and the enzyme is ready for the new
cycle (step 6 back to 1 in Figure 1.13) (Deacon, 2008). The metal ion, acting as a one-
electron storage site, and Tyr—Cys cofactor, together form an efficient two-electron catalytic
complex that can be turned on and off by reversible one-electron reduction, which controls
the enzyme activity in the extracellular space (Whittaker, 2005)
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Figure 1.13 Schematic representation of the proposed catalytic cycle of galactose oxidase
(McPherson et al.,2001)

1.4.3 Post-translational Processing Steps Leading to Maturation

Galactose oxidase belongs to the class of proteins that generate their protein-derived
instrinsic cofactors by self-assembly as indicated in Section 1.3.

Galactose oxidase is unigue among this group is because its conformational travel through
the primary amino acid sequence to the mature and oxidized form involves at least four
processing events:

1. Cleavage of a secretion signal sequence

2. Cleavage of a 17-aa N-terminal pro-sequence

3. Formation of the Cys228-Tyr272 thioether bond (a two-electron process)

4. Further one electron oxidation yielding Y272 radical (McPherson et al., 1992;
Firbank et al., 2001).

The latter three events have been shown to occur by a self-processing mechanism in vitro on
the addition of copper and oxygen, even in the presence of protease inhibitors, indicating that
not involving any additional processing enzymes. It was shown that pro-peptide cleavage
and thioether bond formation do not proceed when the protein is heterologously expressed in
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Aspergillus nidulans and purified under strictly metal-free conditions (Rogers et al., 2000).
Later, Rogers (2008) has shown that molecular oxygen is only required for the radical
formation, not for the formation of the thioether bond.

Heterologous expression of galactose oxidase in copper-limited conditions, gives rise to
three forms of the protein which can be identified as distinct bands on SDS-PAGE (Figure
1.14). The lower band belongs to the mature galactose oxidase and the presence of the
thioether bond introduces an intramolecular loop between Tyr228 and Cys272 which forces
the protein to run anomalously on SDS-PAGE (65.5 kDa) (McPherson et al., 1993; Baron et
al.,1994) .The middle band (68.5 kDa) is an incompletely processed form of the protein
mirrored by the variant C228G, which is not able to generate a thioether bond (Baron et al,
1994). The resulting protein is in a fully extended, linear conformation of the galactose
oxidase primary structure migrating with the expected apparent molecular mass. The upper
band (70.2 kDa) is a precursor of galactose oxidase, carrying the additional N-terminal 17
amino acid pro-sequence as revealed by N-terminal amino acid sequencing . In terms of
order of processing, results from SDS-PAGE analysis suggest that pro-sequence cleavage
may occur before thioether bond formation since a band corresponding to a protein with both
the pro-sequence and thioether bond has not been identified yet (Rogers et al., 2000).

kDa Premat matGO proGO
GO

70.2_ —

68.5— _
65.5— -

Figure 1.14 SDS-PAGE mobility assay results of three types of GAO. prematGO, (no pro-
sequence, no thioether bond); matGO,(no pro-sequence, thioether bond formed); proGO,
pro-sequence present, no thioether bond) (Firbank et al., 2003)

Based on the reason that will be detailed in Section 1.6.2.1, the maturation process of the
GAO may contain one more proteolytic additional step which includes the removal of 8-aa
pre-peptide.

1.5 N-terminal Endoproteolytic Processing Mechanism of Fungal Precursor
Enzymes

Post-translational modifications of one form or another such as phosphorylation,
glycosylation and sulphation of amino acid side-chains, as well as a-amidation of C-terminal
residues is central to the synthesis of the fully active form of almost all proteins (Eipper et
al., 1992). Another fundamental example is protein processing by limited proteolysis, which
can be classified into three groups: (1) signal peptide removal of preproteins by signal
peptidase in the RER; (2) limited proteolysis of proteins after their release from the cell of
origin, as a classic example being the activation of zymogens (Neurath,1957); and (3)
intracellular processing of proproteins (Halban & Irminger, 1994).
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Secretory proteins and peptides are mostly synthesized as inactive precursors, usually as pre-
pro-proteins that undergo posttranslational processing to become biologically active mature
proteins (Duckert et al.,2004). Transient peptides at the N-terminus may involve only a
signal peptide or one or more additional peptides. A single additional peptide is called a pro-
peptide, however if there are two additional peptides, they are called pre-peptide and pro-
peptide, respectively. Such N-terminal transient peptides are often referred to as a leader
peptide (Ozogiir et al., 2009; Ogel et al., unpublished data).

Although the process of the targeting and translocation of newly synthesized proteins is not
fully elucidated and may vary between different cell types and organelles it is, in general
dependant on whether the individual proteins have peptide signals within their structure
(Ogel et al., unpublished data). This signal is mostly in the form of an N-terminal peptide
known as the signal peptide which facilitates translocation of proteins through hydrophobic
membrane barriers; specifically the endoplasmic reticulum (ER) in eukaryotic cells and the
cytoplasmic membrane in prokaryotes.The interaction of the signal peptide with its cognate
protein complex (SRP or signal recognition particle) on the ribosome assures that secretory
proteins are synthesized on the RER and translocated into the lumen of this organelle,
usually co-translationally (Blobel & Dobberstein,1975; Walter & Lingappa, 1986; Meyer,
1991; Lingappa, 1991; Rapoport , 1992). Then the cleavage of the signal peptide by signal
peptidase occurs rapidly. The secretory proteins become folded into their tertiary structure in
the RER, accompanied by chaperone proteins (Rose & Doms, 1988; Landry & Gierasch,
1991; Hurtley & Helenius, 1989; Helenius et al.,1992; Rothman, 1989; Kelley and
Georgopoulos, 1992). In addition to oligomerization (Hurtley & Helenius, 1989),
glycosylation is also initiated within the RER and proceeds up to the trans-Golgi although
glycosylation is not mandatory for every secretory protein (a non-glycosylated secretory
protein proinsulin).It is the trans-Golgi network (TGN) that sorts out the proteins to be
secreted via the regulated pathway or the constitutive pathway. Studies showed that passage
through the trans-Golgi was an obligatory step in secretion (Tartakoff & Vassalli, 1978;
Ravazzola et al., 1981). These observations were affirmed by the morphological studies
monitoring the intracellular trafficking of regulated and constitutive secretory proteins (Orci,
et al.,1987; Tooze et al.,1987). The glycosylation pattern of the proteins also supports that
the TGN is the last compartment common to both secretory pathways (Moore & Kelly,
1985; Huttner, 1988).Then these proteins are transported to the outer surface via secretory
vesicles (Kelly, 1985).

Recently, cloning and sequencing studies of filamentous fungal genes encoding extracellular
proteins brings the role of transient peptides and particularly those at the N-terminus to light
since they can act on the destiny of the secretory route of proteins, stability, assistance for
proper folding (Ogel et al., unpublished data) as well as functional effects such as inhibiton.

15.1 Pre-peptide Processing

Signal peptides, the N-terminal pre-regions direct the precursors to the appropriate cellular
compartments (Duckert, et al., 2004).
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Most of the proteolytic processing events take place at the N-terminal part of proteins.
Among those, signal peptide cleavage is possibly the most well-known, for which software
programmes are established to predict cleavage sites precisely, such as the SignalP Server
(Nielsen et al., 1997).

Sequence comparisons of characterized signal peptides have failed to identify homology at
the level of their primary structures. Nonetheless common three regions with distinct
characteristics have consistently been described both in eukaryotic and prokaryotic signals.
These are n-region, h-region and c-region which include a basic N-terminus of one to five
residues (precore), a hydrophobic core of at least eight residues, and a neutral but polar C-
terminal region of variable length (postcore). Residues at positions -3 (must not be aromatic,
charged or large and polar) and - 1 (must be small; Ala, Ser, Gly, Cys, Thr, or GIn) relative
to the cleavage site appear to be most important as structural determinants of the signal cut
site (Perlman & Halvorson, 1983; von Heijne, 1985,1986a).

1.5.2 Pro-peptide Processing

Although alluded to earlier (Li, et al.,1965), since Steiner and colleagues provided the first
direct evidence for the processing of a higher-molecular-mass precursor, proinsulin, into
insulin which is a smaller, biologically active peptide hormone (Steiner et al., 1967; Steiner
& Oyer; 1967); it has become apparent that the vast majority of regulatory peptides are
derived from a higher-molecular-mass precursor, or pro- protein, by limited proteolysis. This
process is now known as pro-protein conversion (Halban & Irminger, 1994).

At their N-terminus transient peptides may contain only a signal peptide or may also have
one or more additional peptides, called as pro-peptide(s) between the signal peptide and
mature protein. In light of the widely accepted passive bulk flow hypothesis, proteins
translocated into the ER are secreted if they do not possess additional signals for targeting to
other cellular compartments (Wieland et al., 1987). Since an N-terminal signal peptide is
necessary only for passage into the ER, this should normally be sufficient for export.
However, more than one step seems to be required for various extracellular proteins.

The nature of residues at the leader peptide-mature protein junction is much more effective
than the length of the leader peptide on the presence of a pro-peptide in filamentous fungal
extracellular proteins. This has been the case particularly in those proteins where a basic
residue is found preceding the cleavage site at the mature N-terminus. None of the 161
eukaryotic and 36 prokaryotic signal sequences analysed by von Heijne (1986a) contains a
basic residue at position -1, relative to the cleavage site. When no better cleavage site is
available in the vicinity, unusual residues can be used in position -1 (von Heijne, 1986a),
however in almost all of the proteins with a basic residue preceding the cleavage site a
favourable signal sequence cut site is found further upstream, indicating additional
proteolytic processing (Ogel et al., unpublished data).

Pro-peptides do not exist only in secreted proteins but also in some of the proteins that do not
pass through the endoplasmic reticulum and relatively less is known about the function and
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mechanism of the removal of pro-peptides. Ozogiir and colleagues (2009) have developed an
application that helps prediction of the pro-peptide cleavage site of fungal extracellular
proteins which display mostly a monobasic or dibasic processing site.

Proteolytic processing events in cell biology attract more attention due to recent findings
related to their critical functions including gene expression (Sakai et al., 1998), cell cycle
(Wilkinson, 1995), embryogenesis (Cui et al., 1998; Dubois et al., 1995; Peschon et al.,
1998; Roebroek et al., 1998), apoptosis (Weidemann et al., 1999), cell trafficking (Springael
et al.,2002), human diseases such as Alzheimer’s (Evin et al., 2003), and endocrine/neural
functions (Rouill¢ et al., 1995; Seidah et al., 1994; Nakayama, 1997; Creemers et al.,1998;
Seidah et al., 1998).

1.5.2.1 Monobasic Processing

Possession of a monobasic cleavage site at their leader-mature protein junction is common
among a considerable number of filamentous fungal extracellular proteins. Based on the
comparison of the precursors of the fungal proteins polygalacturonase Il of Aspergillus
tubigensis and Aspergillus niger, a-sarcin of Aspergillus giganteus, and cellobiohydrolase 11 of
Trichoderma reesei; Bussink et al., (1991) suggested that a pro-hexapeptide is present at
monobasic processing sites of filamentous fungal extracellular proteins with the consensus
sequence ser-PRO-leu-GLU-ala-ARG, where residues in upper case are completely conserved.
A comparison of the pro-peptide regions of proteins with a monobasic cleavage site at their
leader-mature protein junction suggests that the proposed pro-hexapeptide is not completely
conserved. Considering the putative pro-peptides of proteins that are subject to monobasic
processing, a common sequence motif does not exist, with the exception of a proline that is
consistently present and frequently a Leu or lle is adjacent to this residue. The fact that the pro-
peptides contain both hydrophilic and hydrophobic residues and the absence of common
sequence motif or similarity could either indicate processing by different proteases or the
importance of conformational determinants for cleavage. In the latter case the presence of a
proline may be highly important. There are no examples where proline is present immediately
before or after the basic residue at the cleavage site in filamentous fungi. Nevertheless, since
proline is suggested to take a role at the level of three-dimensional structure, rather than the
primary sequence (Schwartz, 1986), a similar function'can still be attributed to the proline
residues within the structure of pro-peptides of filamentous fungi which undergo monobasic
processing.

1.5.2.2 Dibasic Processing

Among leader peptides where bipartite processing takes place, pro-peptide cleavage
following two basic residues appears to be most common among glucoamylases and lignin
peroxidases. In the majority of dibasic processing sites 'Lys-Arg' pair is the most frequently
encountered one at the cleavage sites, whereas 'Lys-Lys' and 'Arg-Arg' pairs are less
common (Ogel ,1993). Dibasic processing of pro-peptides is likely to be a conserved feature
rather than a similarity due to high homology and no correlation has been found between
protein function and pro-peptide presence. Among the proteases, neutral protease 1l (Npll), a
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zinc metalloprotease of A. oryzae, has been shown to have a pro-peptide that is cleaved by
dibasic processing (Tatsumi et al.,1991). Auto-processing of pro-peptides are common
among proteases (Silen & Agard, 1989; Egnel & Flock, 1991, 1992).However, purified Npll
was processed into its mature form in vitro by the addition of ZnCl, following the Thr (+1)
residue rather than two Arg residues, yielding Glu(2) as the N-terminal of the mature protein.
This shift in pro-peptide processing might be due to a conformational change in the purified
enzyme (Tatsumi et al.,1991). At the same time it may indicate the autocatalytic cleavage is
likely to be dependent on structural motif of the pro-region rather than conserved residues in
the primary sequence (Ogel et al., unpublished data).

It is clear from previous studies that the mature part of the protein has also significant effect
in the export process (Li et al., 1988). The net charge or hydrophobicity of filamentous
fungal exported proteins at their N-terminus could likewise influence translocation across the
cell membrane or the cell wall. It has been expressed that there is usually a net charge of zero
or less in the region surrounding the signal peptide cleavage site and the first N-terminal five
residues of the mature protein (von Heijne, 1986b; Li et al., 1988; Boyd & Beckwith, 1990).
At the first position following the cleavage, Ala (+1) appears to be the most abundant amino
acid. Unlike the negatively charged amino acids Asp and Glu, none of the positively charged
residues appear at position +1 (Ogel et al., unpublished data). Hydrophobic regions of the
membrane spanning domains in integral membrane proteins are also important for the export
process since the signal peptide has an essential hydrophobic core. It is not known whether
hydrophobicity at the N-terminus of mature proteins is affecting the translocation of proteins
into the extracellular medium (Ogel, 1993).

1.5.3 Autocatalytic N-terminal Processing

Up to date, post-translational processing of proteins, including processes such as activation
of proenzymes by partial proteolysis, amino acid sidechain modifications by
phosphorylation, alkylation, or acylation, and conjugation with prosthetic groups, was
supposed to be catalyzed by other proteins with the evidence of characterization of several
enzmes modifying proteins. However, at least five types of self-catalyzed protein
rearrangements that do not require the intervention of other enzymes, have been discovered,
including protein splicing and autoproteolysis of hedgehog proteins, glycosylasparaginases
pyruvoyl enzyme precursors and galactose oxidase (Perler et al.,1997; Rogers, 2000).

The most complex of these modifications is protein splicing, which requires the co-ordinated
cleavage of two peptide bonds that flank the protein splicing element (the intein) and the
ligation of the external protein domains (the exteins) to form a functional protein whereas
autoprocessing of hedgehog proteins, glycosylasparaginases, pyruvoyl enzyme precursors,
and galactose oxidase involves the cleavage of a single peptide bond. The latter three have
N-terminal modifications.

As it is observed in GAO, cleavage of pro-sequence occurred in spite of the protease
inhibitor cocktail only by utilizing available reagents such as copper and dioxygen (Rogers et
al., 2000). Among those above; in addition to GAO, pyruvoyl enzyme precursors (histidine
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decarboxylase) generate their cofactor by posttranslational modification involving an
autocatalytic cleavage of a peptide bond. However, for glycosylasparaginases, little is known
about the catalytic groups other than His150 that are required for this process (Guan et al.,
1996).

Histidine decarboxylase consists of two subunits that originate from the self-processing of an
inactive pro-enzyme. During the autocatalytic cleavage, an essential pyruvoyl group is
formed at the amino terminus of the a-subunit that is derived from Ser82 of the pro-enzyme
(van Poelje & Snell, 1990). However, in GAO, pro-sequence cleavage and cofactor
formation must be separate processes because an intermediate form without the N-terminal
pro-peptide and crosslink has been identified (Rogers et al., 2000). The mechanisms of both
modifications require more investigations for being elucidated in future. Although the site of
pro-sequence cleavage was clear by the structural data, it does not reveal any obvious
mechanism. An interesting point of pro-GAO processing is the mechanism by which the pro-
sequence is cleaved in a copper-dependent manner, in which copper may bind transiently,
near the cleavage site (Firbank et al., 2003). It is also intriguing that site-specific cleavage
events have been observed as copper binds close to the site of a disulphide bridge in the
amyloid precursor protein implicated in Alzheimer’s disease (Multhaup et al., 1998). The
site of cleavage in GAO is also near the disulphide bond formed between Cys515 and
Cysb18, and experiments are underway to assign any role for this site in pro-sequence
cleavage (Firbank et al., 2003).

It is known that addition of copper and oxygen leads to the in vitro processing of galactose
oxidase (Rogers et al.,2000). Copper which is a highly toxic transition metal presents in vivo
as less than one free copper ion per cell (Rae et al., 1999) and intracellularly, it is associated
with metallochaperone proteins that are responsible for its delivery, by direct interaction, to
target copper-requiring proteins (Rae et al., 1999; Harrison et al., 2000; Rosenzweig &
O’Halloran, 2000). Since galactose oxidase can be expressed heterologously in other
organisms it seems unlikely that these hosts contain a suitable copper chaperone to facilitate
intracellular copper delivery to GAO. Based on this, it seems possible that processing occurs
outside the cell where higher free copper levels are present.

On the other hand, amyloid beta precursor protein (APP), the major components of amyloid
plaques in Alzheimer's disease and prion protein (PrP) are cell membrane elements
implicated in eurodegenerative diseases. Both proteins undergo endoproteolysis and the
process in the two proteins could be related in terms of their functions and their distributions.
A radically new function is suggested that PrP catalyses its own cleavage; the C-terminal
fragment functions as an a secretase which releases anticoagulant and neurotrophic
ectodomains from APP while the N-terminal segment chaperones the active site. The
prosegment, may act as a chaperone, as in many pro-enzymes (Abdulla, 2001). It is only
known about the enzyme responsible for the endoproteolytic cut is its inhibition by metal
chelators (Jimenez-Huete et al.,1998).
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1.5.4 Pro-peptides and Their Functions

Proprotein processing leads to the generation of at least two, and frequently many more,
smaller peptides from limited proteolysis of a single precursor (Halban & Irminger, 1994).

For a better understanding of some of the peptides generated by conversion that do not have
any known biological function as secretory products, a role has been attributed by
intracellular sorting and conversion events for these peptides (while they are still retained
within the precursor molecule). The roles of the pro-region of prosomatostatin in targeting to
the regulated pathway (Stoller & Shields, 1989) and that of the connecting peptide (C-
peptide) of proinsulin in proinsulin conversion (Gross et al., 1989) are the two examples of
postulated involvement. Additional functions suggested for pro-regions include helping the
precursor to fold into its correct three-dimensional structure, or simply as a spacer peptide
assuring the minimum length believed to be required for a preprotein penetration into the
lumen of the RER (Docherty & Steiner, 1982).

For example, pro-peptides have consistently been identified in proteases where they serve to
maintain an intracellular inactive configuration or as it is indicated above some prodomains
act as intramolecular chaperones that mediate correct folding of the newly synthesized
proteins (Silen & Agard, 1989; Zhu et al., 1989; Simonen & Palva, 1993). In mammalian
cells, pro-regions are shown to be processed to produce alternative forms of secretory
hormones (Benoit et al., 1987).Other prodomains are only indirectly involved in folding and
have other functions such as transport and localization, oligomerization, regulation of
activity (Shinde & Inouye, 2000) and quality control of folding (Bauskin et al., 2000).

Limited endoproteolysis of the corresponding precursor frequently occurs at motifs
containing multiple basic residues, arginine or lysine, immediately C-terminally of the basic
amino acid motifs (Seidah & Chretien, 1999).

In Ogel and colleagues’ unpublished study, analysis of transient peptides of filamentous
fungal extracellular proteins and their potential roles were also carried out. Importance of
long pro-peptides (50 to over 100 residues) of bacterial proteases for proper folding and
activation of the enzyme (Silen & Agard, 1989; Simonen & Palva, 1993) could also be the
case for filamentous fungal proteases. The role of short pro-peptides (6-9 residues) is not
clear, which could be involved in secretion process (can enhance the level of secretion) (Eder
& Fersht, 1995; Baardsnes et al., 1998) such as targeting, passage through the outer
membrane, the release of proteins into the extracellular medium, in maintaining an inactive
configuration or in protein folding. Some evidence for the latter arises from heterologous
expression studies on active cutinase of Fusarium solani in E. coli (Soliday et al., 1984;
Martinez et al., 1992). Conversely in some cases, pro-peptides could also be involved in
retarding the folding process. The studies in prokaryotes indicated that an early function of
the leader sequence is to slow down the folding process allowing interaction with the
chaperone. Since for a soluble protein to be transferred across a membrane should not be in
its final thermodynamically stable folded form, this process seems to be essential for export.
(Hardy & Randall, 1992).
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Lamy & Davies (1991) has suggested that the leader peptide protects producing strains from
suicide by keeping the enzyme in an inactive state until processing is carried out in the Golgi
system. Such short pro-peptides in Bacillus species are unlikely to act on secretion directly
but one possibility is that they might stabilize the secreted proteins by allowing folding into a
protease-resistant conformation (Simonen & Palva, 1993). Pro-peptide region deletions of
certain mammalian proteins have not affected targeting of the mature protein to the regulated
pathway, even though relatively short pro-peptides, often at the N-terminus, are mostly
responsible for intracellular targeting (Chidgey, 1993).

1.5.4.1 Putative Functional Roles of GAO Pro-peptide

Although there is overall structural similarity between pro-GAO (retaining a 17-residue N-
terminal pro-peptide extension and lacking the Tyr—Cys site) with mature GAO, significant
alterations have been reported in main chain position and some active-site-residue side
chains before and after the removal of the pro-peptide. The open structure of the active site
of pro-GO, secreted by metal-starved Aspergillus cultures suggests a role that the
prosequence acts as an intramolecular chaperone for positioning of active-site residues,
including copper ligands, to facilitate the chemical processes required for thioether bond
formation, including efficient initial copper binding (Firbank et al., 2001,2003).
Furthermore, studies of Seneviratne (1993) and McPherson et al., (1993) supported the idea
that pro-sequence may be important for proper protein folding. However, this proposal is at
odds since galactose oxidase is efficiently expressed in its mature, functional form from
chimeric fusion protein precursors in P.pastoris containing a different leader sequence,
glucoamylase signal peptide of A. niger (Whittaker , 2005; Whittaker & Whittaker, 2000).
Furthermore, heterologous expression of functional mature GAO was accomplished in the
absence of the pro-sequence including directed evolution studies in E.coli (Deacon et al.,
2004; Lis & Kuramitsu, 1997; Rogers et al., 2008; Sun et al., 2001). Similarly, the role of
the pro-sequence was investigated in studies using an N-terminally processed (i.e., no pro-
sequence) recombinant galactose oxidase precursor protein without tyrosine-cysteine cross-
link. Mature galactose oxidase formation in vitro from that precursor by addition of O, and
Cu'* is also supports that the pro-sequence is unlikely to be acting as an intramolecular
chaperone (Whittaker & Whittaker, 2003).

The N-terminal part of cloned gaoA gene includes a 17 amino acid pro-sequence which has
been proposed to be associated with secretion (McPherson et al., 1993) and which is cleaved
in a copper-mediated auto-processing reaction (Rogers et al., 2000).

The short length feature of the galactose oxidase pro-sequence (17-aa) resembles to that of
fungal cutinase (Longhi & Cambillau; 1999) than to proteases. This prevents it from acting
as a direct steric inhibitor of the active site without ruling out an inhibitory role through
affecting the structure of the active site (Firbank, 2001).

It is known that at least some of the secreted proteins may pass through the vacuole before
being transported to the extracellular medium (Peberdy, 1994). The study on the regulation
of galactose oxidase synthesis and secretion states that the export of the enzyme to the
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extracellular medium is a regulated process affected by pH and culture density. It was
suggested that below pH 7.0 the enzyme is stored in the vacuole of the cell and secreted
when the pH is raised to 7.0, accompanied by a decrease in vacuolization (Shatzman and
Kosman, 1977). The filamentous fungi vacuole may indeed take place in the storage and/or
processing of certain secreted proteins prior to export and certain pro-peptides could have a
role in the sorting stage (Ogel et al., unpublished data).

1.6  Use of Different Heterologous Expression Systems for Production and Processing
of GAO

Several expression studies of Fusarium graminearum (NRRL 2903) gaoA, including site-
directed mutagenesis applications in order to understand the functional features of different
residues, especially around active site, together with the thioether bond constituents and to
alter the catalytic efficiency and substrate range were carried out in different hosts such as
P.pastoris (Deacon et al., 2004; Hartmans et al., 2004; Rogers et al., 2008), A. nidulans
(Baron et al,1994; Rogers et al., 2000; Firbank et al., 2001) and E.coli (Seneviratne, 1993;
McPherson et al.,1993; Lis & Kuramitsu, 1997; Delagrave et al., 2001; Sun et al., 2001;
Escalettes & Turner, 2008).

1.6.1 Expression of GAO by Directed Evolution in E.coli

In addition to the the hosts as explained above a few expression trials were carried out in
E.coli, however functional enzyme was succeeded to be obtained only as a lacZ fusion (Lis
& Kuramitsu, 1997).Two constructs were obtained as derivatives of pUC118, in which GAO
starts from the second codon of the mature protein, one of them terminates at its original
termination codon whereas the other is followed by an in-frame GBD coding sequence.

Functional expression in a host organism that permits creation and rapid screening of mutant
libraries is a prerequisite to enzyme modification by powerful directed evolution methods
(Arnold, 1998; Petrounia & Arnold, 2000). E. coli is an excellent host for directed evolution
studies, however many important eukaryotic enzymes have not been functionally expressed
in E.coli. Until the biochemical characterization of the E.coli-expressed GAO by directed
evolution was reported by Sun et al.(2001), all have been performed on the enzyme obtained
from its natural source or from fungal (McPherson et al., 1993; Xu et al., 2000) and yeast
(Whittaker & Whittaker, 2000) expression systems which are not suitable for directed
evolution.

Directed evolution studies based on error-prone PCR have been reported so as to improve
the activity of GAO towards appropriate substrates (Delagrave et al., 2001). A digital
imaging system, known commercially as ‘Kcat’, which relies on simple, widely known
colorimetric activity assays was used to screen microcolonies for activity against guar and
methylgalactose. The pBAD-myc/his vectors (Invitrogen) were used for recombinant
expression of entire GAO orf in E.coli. Error-prone PCR was performed for single mutations
and then double and triple mutants were constructed from these single mutants obtained by
error-prone PCR using standard molecular cloning techniques, which is called “manual
recombination”.
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According to the second directed evolution study of Sun et al., (2001) to increase the total
activity of GAO in E. coli, random mutagenesis was applied to the entire mature gaoA gene
also to just the region of the gene which is responsible for catalytic activity (McPherson et
al., 1993). In this case, cultivation, lysis and assays in microtiter plates were carried out by
individual bacterial colonies for screening the libraries and further rounds of random
mutagenesis to these variants resulted in increased activity. The variant A3.E7 was the
highest activity showing mutant identified which carries S10P, M70V, P136 (silent
mutation), G195E, V494A, and N535D mutations.These mutations provide advantageous
effects in terms of thermostability, enhanced expression and reduced pl. It was shown that
the effects of mutations were not cumulative. This best variant displayed a 30-fold increase
in total activity relative to wild-type, which reflects an 18-fold increase in GAO expression
and a 1.7 fold increase in catalytic efficiency. The broad substrate specificity of wild type
GAO was retained in the enzyme variants obtained by directed evolution (Sun et al., 2001).
Oxidized form of the enzyme produced in E. coli had redox potential and stability
comparable to the Fusarium GAO (Baron et al.,, 1994; Reynolds et al., 1997). The
advantageous effects of GAO achieved in E. coli facilitate protein purification and
characterization.

Deacon and colleagues (Deacon, 2008; Deacon et al., 2011) generated the mutations (S10P,
M70V, P136 (silent mutation), G195E, V494A, and N535D) reported by Sun et al., (2001)
in pPICaproGO by QuikChange Site-Directed Mutagenesis approach resulting in clone
pPICaproGO-M1. The PCR-amplified fragments from pPICoproGO and pPICaproGO-M1
were subcloned into pET101D vector. Additionally, three N-terminal silent mutations were
also introduced to the mature GAO decided by ProteoExpert (Roche Applied Science)
software. Three N-terminal silent mutations were introduced into the Pre-Pro-GAO construct
as well, not by ProteoExpert but by base substitutions. The pre-pro- and mature GAO
carrying constructs were either carrying the silent mutations or the mutations of Sun et
al.,(2001) or a combination of both.

In this thesis, Pre-Pro-GAO constructs (Deacon, 2008), namely Pre-ProGON1 and Pre-
ProGOMNL1 will be used for heterologous expression of GAO in E.coli and details of these
constucts will be given in Section 2.1.4.

1.6.2 Pro-peptide Processing in Recombinant GAO
1.6.2.1 GAO Pro-peptide Processing in Fungi

Aspergillus nidulans was used in various expression studies of GAO. In the study of Baron
and colleagues (1994) wild-type enzyme was produced from the original Fusarium spp.
NRRL 2903 strain (native wild-type enzyme) and heterologous expression of Fusarium
graminearum GAO (coding region) protein and mutational variants (C228G,W290H and
Y272F-unable to be purified-) was performed in Aspergillus nidulans. Crystal structure of
the Aspergillus-expressed wild-type GAO and that of mutational variants were obtained. It
was found to be the crystal structures of the native wild-type enzyme (lto et al., 1991,1994)
and the A. nidulans expressed wild-type were essentially identical. C228G variant also
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provide insight into the mobility difference between the variants on SDS-PAGE, which
results from the thioether bond formation.

According to the studies of Ogel (1993) based on predictive algorithm of von Heijne, the
first 16-18 amino acids of GAO can act as a signal peptide for ER translocation, the
remaining 23-25 residues of the leader sequence must act as a pro-peptide, removed at a later
stage of secretion process. In addition to crystallographic studies, the most direct approach in
order to provide evidence for the two-stage processing of galactose oxidase leader peptide
would be the isolation of pro-galactose oxidase and submission to N-terminal amino acid
sequencing. At the leader-mature enzyme junction of galactose oxidase, at the monobasic
cleavage site, Arg-Ala pair was substituted into Phe-Phe to prevent processing of the
putative pro-peptide. This mutation resulted in an enzyme that was correctly processed but
displayed a significantly low efficiency of export compared to heterologously expressed wild
type galactose oxidase in A. nidulans (Ogel, 1993). The location of the mutant enzyme was
close to the outer surface, either the cell membrane or the cell wall. It is not clear that the
membrane or cell wall retention was caused by the pro-peptide that was not cleaved but
cleaved during purification of the enzyme, or whether this retention was indeed due to a
single basic amino acid difference at the N-terminus (AlalPhe). Phe residue at the beginning
of mature galactose oxidase may influence export by altering the hydrophobicity balance at
the N-terminus (Ogel, 1993).

In later studies, this proposed two-step cleavage of GAO and the presence of the pro-
sequence by Ogel (1993) was affirmed by heterologous expression of gaoA under copper
limited and metal-free growth conditions (Rogers et al., 2000) and by the crystallographic
studies (Firbank et al., 2001) in Aspergillus nidulans, as explained before in Section 1.2.4
and 1.4.3. This heterologous expression of Fusarium graminearum GAO protein in A.
nidulans under copper-limited conditions gave rise to the appearance of multiple protein
forms (see Figure 1.14, Table 1.1). These different species of GAO undergo similar
posttranslational modifications as it does in its native host Fusarium ssp (Baron et al., 1994).

Table 1.1 Galactose oxidase forms classified according to their possession of pro-sequence
or thioether bond (Rogers et al., 2000).

I= the [s the
M, M-terminal  pro-sequence  thioether bond
ikDa)y*  sequence” present? Formed?
pro-sequence 702 AVxxxIPEG yes 1o
form
unmodified 68.5  ASAPIGxAL no no
form
thioether ~B65.5 ASAPIGETAL no yes
form
a Estimated from SDS-PAGE. * Sequencing was performed by
standard automated Edman procedures. “x™ 1s an wnidentified amino
acid. These results are consistent with the nucleotide sequence (Genbank

MEGELD).
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Accordingly, the 41 amino acid leader peptide is likely to consist of a signal peptide, pro-
peptide and an additional putative pre-peptide between these. Based on the above results
both on signal peptide cleavage and crystallographic studies revealing a 17-aa pro-peptide,
there appears to be a pre-peptide cleavage site after the His-Lys at position -19 and -18 After
the removal of the signal peptide by signal peptidase, this pre-peptide is likely to be cleaved
by a monobasic/dibasic processing protease during secretion (Figure 1.15). The autocatalytic
pro-peptide cleavage is likely to take place following pre-peptide cleavage possibly by
proteases (Genger (Kocuklu), 2005; Ogel, personal communication, 2005).

-41 -26 -24 -19-18 -1+1
MKHLLTLALCFSSINAVAVTVPHKAVGTGIPEGSLOFLSLRASAPI

'''''''''''''''''''''''''''''''''''''' /):.".-' ,':'.'J-'.'.'-'.'.'-1'.'-1'.‘-1'.'-'.'.'-'.'.'-?J-'.'.'-'.'.'-'.'.'-'.'J-'.'.'-'.'.'L. '

R o T

Signal Peptide i Pre-Peptide Pro-Peptide Mature
C Enzyme

Y

Figure 1.15 A diagram showing N-terminal part of GAO indicating cleavage sites for
different processing events (dashed arrows show the possible cleavage sites for signal
peptide- Ogel, 1993)

1.6.2.2 GAO Pro-peptide Processing in Yeast

There are two best representatives where pro-form of GAO is used and processing of the
pro-sequence is subjected and revealed as consequences of the studies in which Pichia
pastoris is used as an expression host.

In the study of Wilkinson et al., (2004), galactose oxidase from Fusarium spp. (NRRL 2903)
has been cloned and expressed in Pichia pastoris X-33. The constructs used in this work
were regenerated according to the variants identified by Delagrave and colleagues (2001) by
QuikChange Multi Site-Directed Mutagenesis Kit (Stratagene) and investigated by
generating a series of single and double mutants comprising V494A, C383S and Y436H for
comparison with the triple mutant clone, C383S/Y436H/V494A. The variants C383A and
Y436A were also studied. These mutants were all tested in terms of catalytic efficiency and
molecular masses. C383S/VV494A is found to be the most efficient variant against 1-methyl-
o,D-galactose and also against guar with Ke(s™?) values of 1495+114 and 58+ 4,
respectively. The constructs contained the 17-aa N-terminal pro-sequence of the enzyme in-
frame with the a-mating factor as a secretion signal, and are accordingly referred to as Pro-
GAO.

According to the mass spectrometry data, the major form of the GAO protein produced

in P. pastoris displayed a mixture of N-terminal extended species. It contains additional

residues, Ser-3, Leu-2 and Arg-1 at the N-terminal end (Wilkinson et al., 2004). This

finding contrasts with the production of recombinant enzyme from a pro-sequence

containing construct in the filamentous fungus Aspergillus nidulans or of the native

enzyme from Fusarium graminearum where in both cases there is a single mature
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enzyme species starting with Ala +1 (Baron, et al., 1994; McPherson et al., 1992; Rogers
et al.,, 2000). This result is consistent with a previous report of mixed N-terminal
sequences from constructs expressing GAO with a native 41-aa leader peptide in P.
pastoris (Whittaker & Whittaker, 2000). In Whittakers’ study galactose oxidase cDNA
has been cloned for expression in Pichia pastoris both as the full-length native sequence
and as a fusion with the glucoamylase signal peptide sequence (glaA) of A. niger.
Expression of the full-length native sequence results in a mixture of mature and partly
processed galactose oxidase. The reason for the differences in N-terminal processing by
P. pastoris in these two expressions is unclear; however, the recombinant enzymes
prepared from P. pastoris and A. nidulans exhibit similar properties in terms of kinetics,
UV/vis spectra and three dimensional structure (Deacon et al., 2004).

The N-terminus of the full-length GAOX cDNA expression product is highly heterogeneous,
with multiple residues appearing in each sequence cycle. The ragged end of the polypeptide
is consistent with inefficient processing of the pro-peptide and partial digestion of the
presequence linker. The sequencing results also indicate one of the possible signal peptidase
cleavage sites (AVA-VTV) as shown in Table 1.2. The clean and correct N-terminal
sequence of the protein expressed as a gla fusion construct (Table 1.2) confirms that the gla
pro-sequence is efficiently processed to generate the authentic mature protein. Furthermore,
it can be stated that the gla signal sequence is recognized by the secretory machinery of the
yeast based on this study and previous expression studies by glucoamylase signal peptide in
P.pastoris (Fierobe et al., 1997; Whittaker et al., 1999; Whittaker & Whittaker, 2000).

Table 1.2 N-terminal sequencing for recombinant galactose oxidase expressed in P. pastoris
(Whittaker & Whittaker, 2000).

Expressed protein Sequence
20 10 1

1. glaCADX MHFRSLLALSGLVCTGLANVISKRASAPIC

Cyclenumber 12 34 56

Results ASAPICG

40 30 20 10 1
2 GAOX MEHLLTLALCFSSINAVAVITIVPHKAVGCGTGIPEGSLOQFLSLRASAPI

Cyecle number 1 2 3 4 5
(AL S AV P T
Pyt 1l
Results lc|lp|le]lc] o]
ISIILIIKII IINI

The formation of two major protein products during expression of full-length GAOX
suggests that Pichia is unable to efficiently process the native signal peptide, perhaps due to
the presence of a suboptimal cleavage site in pro-sequence. The signal sequence analysis
points out that correct processing would rather prefer an isolated Arg residue for cleavage to
the favoured Lys-Arg dibasic recognition site for Kex2 cleavage, resulting in a protein
product that is heterogeneous and exhibits low specific activity (Whittaker & Whittaker,
2000). A dibasic Lys-Arg motif requirement for Kex2-like maturation of recombinant
secretory proteins in Pichia has previously been reported (Marti'nez-Ruiz et al., 1998).
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In this study we suggest that the above interpretations of Whittaker are incomplete since the
the signal sequence is likely to be cleaved following Ala (-26). This is because Ogel (1993)
based on the weight matrix approach of von Heijne (1986a), explained that this site gives the
highest score, which does not rule out that Ala (-24) is a strong competitor for the signal
peptide cleavage (Ogel, 1993; (Whittaker & Whittaker, 2000). The remaining peptide is
supposed to be cleaved as explained before in Section 1.4.3 and 1.6.2.1 (Genger (Kocuklu),
2005).

1.6.2.3 GAO Pro-peptide Processing in Bacteria

Expression of pro-GAO has been attempted in E.coli several times. The extracellular trials
include the use of native galactose oxidase secretion signal, together with the lac promoter
and use of alygnate lyase signal peptide with alyA strong bacterial promoter of this protein.
Low levels of functional GAO was only obtained by the native signal peptide construct,
however the protein could not be secreted (Seneviratne, 1993; McPherson et al., (1993).
Together with the cytoplasmic expression studies, it was suggested that E. coli-expressed
GAO is a cytoplasmic protein even when the leader sequence was present. The majority of
the produced GAO was inactive; GAO activity had only been observed when the leader
sequence was present, emphasizing that it might be important for correct protein folding in
E. coli. Similarly, heterologous expression of active cutinase of Fusarium solani could be
achieved in E. coli only in the presence of 15-aa long putative pro-peptide which is a part of
a leader sequence of 32 residues (Soliday et al., 1984; Martinez et al., 1992). Cutinase
activity was not detected without this 15-aa pro-peptide. Since the pro-peptide was not
efficiently processed in E. coli, procutinase was used in X-ray crystallography, although no
density was observed for the 16 amino acids at the N-terminus, which indicates a disordered
structure (Martinez et al., 1992). Alternatively, the leader sequence may lead the inefficient
export of GAO to the periplasm of E. coli, resulting in low levels of active enzyme that arise
due to the formation the thioether-bridge. It was thought that, bacterial expression system is
not convenient for the purification of GAO variants (Seneviratne,1993; McPherson et al.,
(1993).

For cytoplasmic expression of GAO (Seneviratne,1993; McPherson et al., 1993) two
constructs were generated to express galactose oxidase with and without its pro-sequence.
The expression was carried out in under the lac promoter, using pRH1090 (Baldwin et al.,
1990) as a vector and XL1 Blue (Stratagene) as the expression strain. No functional
galactose oxidase expression was reported (might be due to sufficient copper unavailability,
not clear) inspite of a band migrating at the expected molecular weight in western blotting.

In another study, enhanced production of galactose oxidase in Fusarium graminearum was
reported by use of pET21a vector and IPTG induction, both with and without its pre-pro-
sequence. However, the GAO protein belongs to another strain, F. graminearum PH-1 with
different amino acid sequence at the N-terminal. Moreover, the study does not focus on the
processing of the pro-peptide, it is not clear whether pro-peptide is cleaved in experiments
performed with pro-peptide containing constructs. SDS-PAGE results of recombinant GAO
without pre-pro-sequence is given, but GAO with pre-pro-sequence is absent (Choosri et al.,
2011).
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In our previous study (Genger (Kocuklu), 2005), four different mutations were designed in
order to analyse the autocatalytic cleavage mechanism of GAO pro-sequence in E.coli with
Pre-ProGONL1 and Pre-ProGOMNZ1 constructs as indicated in Section 1.6.1.Three mutations
were at the cleavage site (R-1P/A1P, R-1X/A1X, S2A) and one was close to the cleavage
site (H522A) in the three dimensional structure of the enzyme. 13 different mutational
variants were obtained resulted from both desired and undesired extra mutations. Following
heterologous expression in the presence of protease inhibitor and copper loading under
aerobic conditions, it was reported that none of the mutant proteins underwent self-cleavage.
All the mutational variants, including the products of original recombinant plasmids, Pre-
ProGONL1 and Pre-ProGOMNZ1, showed no difference in band size, all slightly above 70kDa;
indicating pre-pro-sequence presence on all constructs, which was confirmed by N-terminal
sequencing (Pre-ProGOMN1 only). Non-mutants and SDS-PAGE detectable all mutants
showed galactose oxidase activity, signifying proper active site construction by thioether
bond formation. Since the pro-peptide is cleaved autocatalytically, the lack of removal of the
putative pre-peptide in E.coli in the presence of Cu ?* and oxygen, which might be cleaved
by a protease in fungus, is supposed to be the cause of lack of pro-peptide cleavage.
Therefore, the region corresponding to the 8-aa pre-peptide is proposed to be deleted to
prove this hypothesis (Genger (Kocuklu), 2005).

In this thesis, pro-peptide processing will be investigated in the absence of 8-aa pre-peptide
in E.coli by Pre-Pro-GAO constructs as well.

1.7  Protein Expression Approach
1.7.1 IPTG Induction

Today, DNA sequencing is a very important tool that provides coding sequences of many
proteins of a huge number of organisms. Recombinant DNA technology renders it possible
to clone these sequences into proper vectors for expression of the new protein in new hosts.
PET expression system carries a lacUV5 and T7 promoter which are inducible with IPTG to
express clones effectively in E.coli. pET expression system is explained in Section 2.2.6.2 in
detail.

BL21 Star (DEJ) is found to be the best expression host with the experiments carried out by
MatGOMNS®G, encoding the mature galactose oxidase, which showed the highest level of
protein expression (Deacon et al., 2011). In addition to the analysis of host strains, Deacon
and colleagues (2011) have also analysed the effect of induction temperature and harvest
time. Accordingly, optimum temperature was found as 25°C, for maximum soluble
expression for all strains. As it is seen in Figure 1.16, the acivity is getting higher for almost
all of the hosts when the harvest time is 16-22 hours.

IPTG induction method will be detailed in Section 2.2.6.3.1.
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Figure 1.16 Screening optimum GAO expression parameters in different expression strains
at different induction temperatures (20-37°C) at different harvest times changing between 0 -
22 hours (Deacon, 2008).

1.7.2 Auto-induction

Auto-induction is a kind of protein expression method reported by Studier (2005) for target
gene expression in pET T7 polymerase-based vectors based on an optimized expression
media (Studier & Moffatt, 1986; Studier et al., 1990).The system uses three main carbon
sources; glucose, glycerol and lactose and due to the catabolite repression system of E.coli,
monitoring of growth and induction at a specified cell density is not required when compared
to the IPTG induction. When there is D-glucose in the medium, upon the initial growth the
expression of target gene was repressed by D-glucose, a catabolite repression actor. This
process is regulated at different levels:

A) E.coli rather prefers the metabolism of glucose, since catabolism of another carbon source
would bring an extra burden to the cell, such as production of large numbers of enzymes for
utilization.

B) The phosphoenolpyruvate/carbohydrate transferase system (PTS) of E.coli, which is
composed of at least three proteins enzyme | (El), histidine protein (HPr) and enzyme I
(ENA), the latter is carbohydrate specific (Gorke & Stiilke, 2008) which transports and
phosphorylates carbohydrates (Deutscher et al., 2006). Following the phosphorylation of
glucose transporter EIA®® it binds to adenylate cyclase and cyclic AMP is synthesised. This
affects the activation of promoters of catabolic genes over the formation of cCAMP-CRP
complexes. In the presence of the substrate (i.e glucose) the phosphate group of the PTS
protein is transferred to the sugar and EIIA®" becomes mainly unphosphorylated. This type
of EIIA®" inhibits the transport of various sugars into the cell by binding to the non-PTS
sugar permeases. Hence, when both glucose and lactose are present, the inhibition of lactose

36



transport for the activation of lac operon by the transport of glucose is called inducer
exclusion (Gorke & Stiilke, 2008).

C) When the glucose is present in the medium, transcription of the intrinsic lac operon of E.
coli is down regulated. The lac repressor (lac ) is bound to the lac operator and prevents
transcription of the lac operon genes encoding, p-Galactosidase (lac Z), lactose permease
(lac Y) and B-galactosidase transacetylase (lac A ) (see Figure 3.18 ). Following the depletion
of glucose within the cell, lactose can be utilised by the cells and converted to allolactose.
This binds to the lac repressor protein and results in a conformational change preventing the
binding to the lac operator and rendering the access of RNA polymerase possible to the
promoter. (Figure 3.18). c-AMP is also required to bind to the catabolite activator protein
(CAP) to the promoter. The level of c-AMP is inversely proportional to the level of glucose,
when glucose is depleted, the adenylate cyclase is activated and c-AMP is formed (Figure
1.17).

Outside cell Inside cell
) 4?@0,\ ! CAP
%‘a%}o e — . — 4 —— INFREQUENT TRANSCRIPTION
e e i . Z of lac operon
iy DPBIY
HIGH i INACTIVE LOowW CAP does not
glucose i adenylyl cyclase cAMP bind to DNA
i « CAMP
< — — 28030 — Q. cap o —> FREQUENT TRANSCRIPTION
! 00 of DR of lac operon
LOW ! ACTIVE HIGH CAP-cAMP complex
glucose '+ adenylyl cyclase cAMP binds to DNA

Figure 1.17 The relationship between the concentrations of c-AMP and glucose affecting the
transcription of lac operon (Pearson Education, Inc., 2011).

Binding of c-AMP to the CAP activates the transcription by increasing formation of the
closed RNA polymerase complex. Then transcription of the genes of the lac operon by RNA
polymerase is carried out thereby further maintaining the induced gene expression by
increasing the uptake of lactose (Deacon,2008). It appears that in E.coli the products of
carbohydrate metabolism themselves are responsible for switching between glucose and
lactose use (Brown et al., 2008) (Figure 1.18).
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Figure 1.18 Catabolite repression in the inducible lac operon (adopted from Pearson
Prentice Hall,Inc., 2005).

4. Similarly production of T7 RNA polymerase in DE3 lysogen cells is controlled by the
lacUV5 promoter, thereby when glucose is present transcription of the T7 RNA polymerase
gene is inhibited since the lac repressor protein binds to the lac operator. Upon the depletion
of glucose the cells begin to utilise lactose and transcription of the T7 RNA polymerase is
initiated allowing transcription of the target gene. Additionally the target gene is under the
control of the T7 promoter which is also regulated by binding of the lac repressor. Glycerol
is added to the growth media during auto-induction, which can be used as a carbon source in
the absence of lactose, but it does not interfere with the uptake and metabolism of lactose
required for protein expression (Deacon,2008).

Induction by lactose is prevented by glucose, amino acids (during log-phase growth) and
high rates of aeration (low lactose concentrations). Auto-induction allows efficient screening
of many clones in parallel in terms of expression and solubility, as cultures have only to be
grown to saturation following inoculation.

During the work of auto-induction (Studier, 2005) a number of parameters that helps
improving the yields of proteins were identified, including the use of a lower concentration
of buffer, altering the concentrations of glucose, glycerol and lactose, and using richer broth.
Therefore, Deacon (2008) tested a number of these parameters for GAO production; like
IPTG induction, Overnight Express Auto-Induction System (Novagen), ZY-LAC auto-
induction media comparison, low salt buffer (50mM NPSC) and high salt buffer (100 mM
NPS), increasing glucose, glycerol and lactose concentrations, sodium succinate effect,
temperature and comparisons of lysis procedures. The optimum conditions for obtaining
high levels of functional galactose oxidase tested for MatGOMNG6 construct were found to be
growth in 8ZY-4 x LAC - 25 mM sodium succinate media for 48 hours (Deacon, 2008) as
indicated in Table 1.3. As it was reported by Deacon (2008), the use of auto-induction media
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developed by Studier (2005) gave rise to an overall enhancement of 120000 fold in soluble
functional galactose oxidase. By this expression system, the yield was 240 mg/L compared
to 2 pg/L for wild-type GAO expression, which was more efficient than previously reported
methods with Pichia pastoris yielding 40-50 mg/L (Deacon et al., 2004), Aspergillus
nidulans 30-50 mg/L (Baron et al., 1994) and E.coli 10.8 mg/L (Sun et al., 2001).

Table 1.3 Comparison of MatGOMNG6 enzyme activity and soluble protein expression levels
in various auto-induction media. Expression conditions of the wild- type GAO and the
optimum expression conditions for MatGOMNG are highlighted in red (Deacon, 2008).

Activity . Cost
Media & Temp | /pmol Estl_mated Fold Per L Cost
Construct - ° Yield Increase Per mg
Induction 1°C H20, /ma L IWT of Enzvime
min"' L' 9 Media Y
WT LB/IPTG 37 2 0.0021 1 £19 | £930
MN6 LBIPTG 37 220 0.079 40 £1.9 £23
MN6 LB/IPTG 25 9100 10 5100 £19 | £0.18
MNG OEV‘*r“igh‘ 37 250 0.27 140 £50 | £180
Xpress
MN6 ZY + LAC 37 26 0.029 15 £1.0 £35
MN6 ZY + LAC 25 | 19000 21 11000 | £1.0 | £0.048
MN6 gzy+2LAC | 25 | 100000 120 57000 | £5.8 | £0.050
MNG 8ZY +4LAC | 5 1 220000 240 120000 | £59 | £0.025
+ Succinate

1.8  Aims of the Study

As far as it is known, GAO is produced as a precursor protein with 8- aa putative pre-
peptide, 17- aa pro-peptide in addition to an N-terminal signal sequence. It is cleaved in a
self-processing manner, requiring only the participation of copper and dioxygen. At the same
time, GAO is a member of fast growing class of proteins bearing their instrinsic cofactors. It
has a thioether bond at the active site and the tyrosine residue acts as a second redox center.
It is believed that the removal of 17-amino acid pro-peptide is preceding the formation of the
thioether bond at the active site since a form with both pro-peptide and thioether bond has
not been detected yet, thus the order of events for maturation of the protein has not yet been
definitively determined.

In our previous study, when the GAO was expressed in E.coli with its 8-aa putative pre- and
17-aa pro-peptide, it was found out that the pre-pro- peptide was not processed on addition
of copper and oxygen in the presence of protease inhibitors.

Now, in this thesis the primary aim is to analyze the pro-peptide autoprocessing of
recombinant GAO in the absence of its 8-aa pre-peptide which may hinder the self-cleavage
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in E.coli. The deletion of 8-aa pre-peptide will be carried out by QuikChange® Site-Directed
Mutagenesis approach. Following expression and purification studies, the protein bands will
be characterised by SDS-PAGE in parallel with enzymatic activity analysis to find out
whether the pro-peptide is able to be processed or not when the putative short pre-peptide is
removed.

Clarification of the mechanism is of particular importance, since this will give insight to such
cross-linked cofactor biogenesis in other enzymes, providing a solution for modelling and
theoretical studies. A greater understanding of these modifications would allow
incorporation of similar centres into designed or adapted enzymes (Firbank et al., 2001), and
also would provide a proper and useful model for copper-dependent proteolytic events that
can occur in certain disease states, such as Alzheimer’s disease (Firbank et al.,2003).
Furthermore, the ability of self-processing may play a key role in the evolution of enzymes
(Firbank et al., 2001).

On the other hand, the second aim of this thesis is performing fundamental studies for
foundation of a split-GAO system by deletion mutagenesis studies. GAO will be tried to be
split into two parts by QuikChange®™ Site-Directed Mutagenesis approach and will be
expressed heterologously in E.coli in order to be used as a biosensor for a prospective project
at the University of Leeds in the future.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Materials
2.1.1 Chemicals, Enzymes and Equipments

All chemicals, molecular size markers, amplification and restriction enzymes, dyes and
chromogenic substrates used in this study were supplied from Sigma-Aldrich (Germany),
AppliChem (Germany), Fluka (Switzerland), Riedel-de Haén (Germany), Merck (Germany),
Invitrogen-Life Sciences (USA), Fermentas, (now is a part of Thermo Fisher Scientific,
USA), Stratagene (USA), Genemark (Taiwan), Biobasic (Canada), Novagen (Germany),
New England Biolabs (USA), Promega (USA), Expedeon (UK) and Epicentre, lllumina
Inc.(USA). Plasmid Isolation Kits were from Qiagen (Netherlands) and Fermentas (USA). In
addition to the use of Eppendorf Mastercycler® (Germany) and MWG Primus thermocyclers,
G-Storm GS2, (UK) gradient thermal cycler was also used for DNA amplification. Nucleic
acid gel electrophoresis was performed by BlueMarine 100 Horizontal Electrophoresis Unit
(SERVA Electrophoresis GmbH, Germany) and horizontal gel electrophoresis units of Scie-
Plas Green Range™ (UK). The agarose gels were monitored by Bio-Rad Gel Doc™ XR
(Bio-Rad, USA). NanoDrop® Spectrophotometer ND-1000 and its operating software v3.7
(Thermo Fisher Scientific, USA) was used for measuring DNA concentration. Centrifugation
was done either by benchtop centrifuges (Eppendorf MiniSpin® Plus, Germany; Sigma,
Germany) or Sorvall centrifuge (Thermo Fisher Scientific, USA). ProteoSpin™ Inclusion
Body Isolation Micro Kit (Norgen, Biotek Corporation, Canada) was used for IB detection.
Labsonic®P was used for disruption of the cells (Sartorius, Germany). Amicon® Ultra-4 and -
15 Centrifugal Filter Units (Millipore®, Germany) as centrifugal concentrators and
Whatman® membrane filters (GE Healthcare Life Sciences, USA) were used to concentrate
proteins and to filter sterilize buffers for purification, respectively.Concentrating the proteins
was also performed by Concentrator 5301 (Eppendorf, Germany). For degassing the
chromatography solutions Nalgene®™ (USA) filtering system was used. GradiFrac (Pharmacia
Biotech, Sweden- now is a part of GE Healthcare Life Sciences, USA) was used as FPLC
purification system and the Strep-Tactin® Sepharose® (Amersham Pharmacia Biotech,
Sweden- now is a part of GE Healthcare Life Sciences, USA) and Macro-Prep” (Bio-Rad
Laboratories GmbH, Ltd.,USA) columns were supplied from IBA GmbH's (Germany). For
detection of proteins SDS-PAGE was performed by using Blue Vertical 102 Electrophoresis
System (SERVA Electrophoresis GmbH, Germany) and Mini-PROTEAN 3 System (Bio-
Rad, USA). XCell SureLock™ Mini-Cell (Invitrogen-Life Sciences, USA) was used for
electroblotting.Western Blotting antibodies were supplied from Novagen (Germany) and
Alpha Diagnostic International (USA) for Strep-tag” and from Sigma-Aldrich (Germany) for
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His-tag.Enzyme activity measurements were carried out by temperature-controlled UV Vis
spectrophotometer (UV 1700) (Schimadzu, Japan).

2.1.2 Growth Media, Buffers and Solutions

The composition and preparation of the growth media, buffers and solutions are given in
Appendix A.

2.1.3 Vectors and Molecular Markers

pET101/D-TOPO® (Invitrogen) and pET-28c(+) (Novagen) vectors are illustrated in
Appendix C.

DNA and protein molecular markers are given in Appendix E.
2.1.4 Constructs

The deletion studies of pre-peptide on gao gene (Appendix B) was carried out by pPre-
ProGONL1 (essentially wild-type gao gene), and pPre-ProGOMNL constructs (gao gene
mutated according to the directed evolution results) constituted on pET101/D-TOPQO®
derived vector (Appendix C). pMatGOMNG6 construct, which consists of the mature
galactose oxidase coding region was also used for comparison (Figure 2.1). These constructs
were Kindly provided by Dr. Sarah E. Deacon who cloned the gao gene into the pET101/D-
TOPO"™ together with an in-frame (Gly).Ser linker followed by a Strep-tag Il coding
sequence and introduced the mutations giving S10P, M70V, P136 silent, G195E, V494A and
N535D one at a time by QuikChange® Site-Directed Mutagenesis strategy as previously
performed by directed evolution, by F. Arnold and colleagues (Sun et al. 2001). All
constructs also carried N-terminal silent mutations, which provided high-level of expression.

pPre-ProGOMNL1 = m Strep-tag I
A
pPre-ProGON1 Strep-tag 11

pMatGOMNG6 [ﬁ( Strep-tag 11

5% : N-terminal silent mutations; A3, V4, V6 (As and Ts substituted
for Csand Gs)

N-terminal silent mutations; A2, S3, 16 (designed by Roche
ProteoExpert software, see Section 1.6.1)

Pre-S: pre-sequence
Pro-S: pro-sequence

Figure 2.1 Schematic representation of the constructs used for pre-peptide and domain
deletion studies.
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Purification tag exchange and domain deletion studies of mature gao gene (MatGOMNG)
were conducted on a construct with pET-28c(+) vector (pET28cStrepTEVMNG, shown in
Appendix C). This construct was kindly provided by Prof. Michael J. McPherson.

2.1.5 Bacterial Strains
For propagation and maintenance of the plasmids E.coli strain XL1-Blue (Stratagene, USA)
was chosen. Another E.coli strain, BL21 Star (DE3) (Invitrogen) was used for high-level

heterologous expression.

Table 2.1 Bacterial strains and their genotypes

STRAIN GENOTYPE
recAl, endAl, gyrA96, thi-1, hsdR17, supE44, relAl, lac,
XL1-Blue [F’proAB,laclgZ.M15, Tn10 (tetr)] (Bullock et al., 1987)
BL21 Star (DE3) F ompT hsdSg (rs 'mg *) gal dcm rnel31 (DE3)

2.15.1 XL1-Blue

XL-1 Blue strain is chosen for many all-purpose cloning experiments. It allows blue-white
color screening, single-strand rescue of phagemid DNA and preparation and maintenance of
high-quality plasmid DNA. In addition, transformation efficiency is high > 1 x 10°
transformants/pg DNA).

2.15.2 BL21 Star (DE3)

BL21(DE3) strain is one of the most widely used expression hosts for the production of
recombinant target proteins. It has the advantage of being naturally deficient in both lon and
ompT proteases, which results in a higher yield of intact recombinant proteins. The host is a
lysogen of bacteriophage DE3, a lambda derivative that has the immunity region of phage 21
and carries a DNA fragment containing the lacl gene, the lacUV5 promoter under the control
of isopropyl-p-D-thiogalactopyranoside (IPTG), and the gene for T7 RNA polymerase
(Studier and Moffatt, 1986; Novy and Morris, 2001). Such strains having T7-regulated genes
are used to induce high-level protein expression.

The BL21 Star (DE3) E. coli strain is derived from the BL21(DE3). In addition to the A DE3
lysogen, the BL21 Star strains also contain the rnel31 mutation. rnel31gene encodes the
RNase E enzyme, an essential, 1061 amino acid E. coli endonuclease which is involved in
rRNA maturation and mRNA degradation as a component of a protein complex known as a
degradosome (Grunberg-Manago, 1999; Lopez et al., 1999).
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The N-terminal portion of RNase E (approximately 584 amino acids) is reported to be
necessary for rRNA processing and cell growth as the C-terminal part of the enzyme
(approximately 477 amino acids) is required for mRNA degradation (Kido et al., 1996;
Lopez et al., 1999). The rnel31 mutation (present in the BL21 Star strains) encodes a
truncated RNase E which lacks the C-terminal 477 amino acids of the enzyme required for
mRNA degradation (Kido et al., 1996; Lopez et al., 1999). Thus, mRNAs expressed in the
RNase E-defective BL21 Star strains exhibit increased stability in addition to enhanced
yields of recombinant proteins with more mRNA available for protein translation.

2.2 Methods
2.2.1 Cultivation, Maintenance and Storage of the Strains

For maintenance of plasmids, E.coli XL1-Blue cells were inoculated into 5ml LB Broth
containing ampicillin and carbenicillin or kanamycin with a final concentration of 50 ug/ml.
The cells were grown overnight at 37 °C at 200 rpm in an orbital shaker, whereas the plates
were grown in a stationary incubator. E.coli cells were incubated at 37 °C unless otherwise is
stated.

For short time culture storage, each strain with appropriate plasmids was kept on LB agar
plates containing proper antibiotics (Appendix A) at 4°C, and the plates were refreshed
periodically.

In order to store cultures for long term, glycerol stocks were prepared both for XL1-Blue and
BL21 Star (DE3) strains carrying all the gao gene variants including pre-peptide and domain
deletions and were stored at -80 °C following cryogenic freezing in liquid nitrogen. For 1 ml
glycerol stock; 800ul of the overnight culture was mixed with 200 pl previously sterilized
100% glycerol in a cryotube.

The growth conditions for expression of gao variants in E.coli BL21 Star (DE3) cells will be
given in Section 2.2.6.3 in detail.

2.2.2 Competent E .coli Cell Preparation
2.2.2.1 Heat Shock Competent E. coli Cell Preparation with CacCl,

A single colony was picked from a freshly streaked agar plate of the desired strain and was
used to inoculate 5 ml of LB broth, and was incubated overnight at 37°C at 200 rpm in an
orbital incubator. 1 ml of overnight culture was used to inoculate 100 ml LB broth and cells
were grown at 37°C to ODss of 0,4-0,5. The culture was dispensed into two 50 ml conical
centrifuge tubes. After chilling on ice for 10 minutes, the tubes were centrifuged at 6000 rpm
for 5 minutes at 4°C. The supernatant was discarded, then the cells in each tube were
resuspended in 25 ml of ice-cold solution I (total volume of 50 ml), (Appendix A) and kept
on ice for 15 minutes. Following centrifugation at 6000 rpm for 5 minutes at 4°C, the pellet
in each tube was resuspended in 3,5 of ml ice-cold solution | (total volume of 7 ml)
(Appendix A). Then, glycerol was added to a final concentration of 20%, and 300 pl aliquots
were dispensed into microcentrifuge tubes and stored at -80°C, until use.
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2.2.2.2 Heat Shock Competent E. coli Cell Preparation with RbCl,

Either E.coli XL1-Blue or BL21 Star (DE3) was streaked from glycerol stock onto a LB
agar plate (Appendix A) and was grown overnight at 37°C. After inoculation of a single
colony into 5 ml of SOB (Appendix A) (LB can be used instead) cells were grown overnight
at 37°C at 200 rpm in an orbital incubator. 1 ml overnight culture was used to inoculate 50
ml pre-warmed fresh SOB media (or LB) and the culture was grown under same conditions
until ODsgs reached 0,4 (2-3 hrs). Cells were transferred into a 50 ml conical centrifuge tube
and chilled on ice for 5 minutes, then centrifuged (Hermle rotor) at 3000 rpm for 10 minutes.
The supernatant was discarded and the pellet was resuspended in 20 ml of ice-cold Tfbl
buffer and chilled on ice for 5 minutes. Following the centrifugation of cells at 3000 rpm for
10 minutes and discarding the supernatant, the cells were resuspended in 2 ml of Tfb 2 buffer
and i