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ABSTRACT

ANALYSIS OF SELF-PROCESSING MECHANISM OF GALACTOSE OXIDASE
BY SITE-DIRECTED MUTAGENESIS AND
HETEROLOGOUS EXPRESSION IN ESCHERICHIA COLI

Genger, Burcak
M.S., Department of Biotechnology
Supervisor: Prof. Dr. Ziimriit Begiim Ogel

Co-Supervisor: Prof. Dr .Michael J. McPherson

December 2005, 153 pages

In this study, self-catalytic maturation of heterologously expressed pro-galactose
oxidase was analysed in E.coli by altering some amino acids which were supposed to
play a crucial role in pro-peptide removal. Galactose oxidase (GOase; EC 1.1.3.9)
from Fusarium graminearum; having a molecular mass of 68kDa, is a monomeric,
copper containing enzyme with an unusual thioether bond. The enzyme is produced
as a precursor with an additional 8 amino acid pre- and a 17- amino acid pro-
sequence at the N terminus. Previous work has shown that the pre-peptide is
removed possibly by a protease during secretion, whereas the 17 amino acid pro-
peptide is removed autocatalytically by the aerobic addition of Cu®" to the precursor,
preceding the formation of the thioether bond at the active site. The pro-gao gene
was on ProGON1 and ProGOMNI constructs which were previously established on
pET101/D/lacZ vector in England by directed evolution. ProGON1 contains silent

mutations at the N-terminus different from native galactose oxidase whereas
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ProGOMNI has six further mutations within the mature enzyme, providing high
expression. The cleavage site mutations R-1P/A1P, R-1X/A1X, S2A, and the H522A
mutation just against the cleavage site in the three dimensional configuration, were
carried out by site-directed mutagenesis. Those and some extra mutations were
confirmed by DNA sequence analysis. Next, mutant galactose oxidases were
expressed in E. coli BL21 Star (DE3), and were purified by Strep-Tactin®
Sepharose® column, operating on the basis of affinity chromatography.
Subsequently, SDS-PAGE was performed to analyze self-processing by detecting
molecular mass difference of protein bands resulting from pro-sequence removal or
existence. When the bands obtained in SDS-PAGE were compared, it was seen that
the products of original recombinant plasmids, i.e. ProGON1, ProGOMN1; and the
mutational variants showed no difference in band size, all slightly above 70kDa;
indicating pro-sequence presence on all constructs. Non-mutants and some of the
mutants showed galactose oxidase activity, signifying proper active site construction
by thioether bond formation. ProGOMN1 was submitted for N-terminal amino acid
sequencing to be able to assert that a size above 70kDa is not solely due to the
existence of a 1 kDa Strep-tag II at C-terminus. Sequencing data affirmed the
presence of both the pre-peptide and the pro-preptide showing that processing has
not occurred at the N-terminus. Accordingly, in this study, it was shown for the first
time that the existence of a pre-pro-peptide at the N-terminus of galactose oxidase
does not prevent thioether bond formation at the active site. Furthermore, since the
pro-peptide is cleaved autocatalytically, the lack of removal of the pre-peptide in
E.coli in the presence of Cu *" and oxygen is very likely to be the cause of lack of
pro-peptide cleavage. In future studies the region corresponding to the pre-peptide

will be deleted to prove this hypothesis.

Keywords: Galactose Oxidase, pro-peptide, self-processing, autocatalytic cleavage,

site-directed mutagenesis.
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GALAKTOZ OKSIDAZIN KENDINI ISLEME MEKANIZMASININ ALAN-
HEDEFLi MUTAJENEZLE ANALIZI VE
ESCHERICHIA COLI ‘DE HETEROLOG EKSPRESYONU

Genger, Burcak
Yiiksek Lisans, Biyoteknoloji Boliimii
Tez Danismant: Prof. Dr. Ziimriit Begiim Ogel

Yardimer Tez Danigmani: Prof. Dr. Michael J. McPherson

Aralik 2005, 153 sayfa

Bu ¢alismada E.coli’de heterolog olarak ifade edilen pro-galaktoz oksidazin kendi
kendini katalizleyen olgunlasma mekanizmasi, pro-peptidin uzaklastirilmasinda
onemli rolii oldugu diisiiniilen bazi amino asitler degistirilerek analiz edilmistir.
Fusarium graminearum kokenli galaktoz oksidaz (GOase; EC 1.1.3.9) 68kDa
molekiiler kiitleye sahip, monomerik, alisilmadik bir tiyoeter bagina sahip bakir
iceren bir enzimdir. Enzim N-terminalinde 8 amino asitlik ilave pre-peptide ve 17
amino asitlik pro-sekansa sahip bir dncii olarak iiretilir.Daha 6nceki ¢aligmalar, pre-
peptidin salgilanma sirasinda muhtemelen bir proteazla uzaklagtirildigini, buna
karsilik 17 amino asitlik pro-peptidin de bakirin aerobik olarak Onciiye ilavesiyle
aktif bolgede tiyoeter bagi olusumu Oncesinde otokatalitik olarak ayrildiginm
gbstermektedir. pro-gao geni daha onceden Ingiltere’de yonlendirilmis evrim ile
pET101/D/lacZ vektoriinde olusturulan ProGON1 ve ProGOMNI yapilar

tizerindedir. ProGOMNI1 yiiksek ekspresyonu saglamak tlizere islenmis enzimde ileri
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altt mutasyona daha sahipken, ProGON1 yaban galaktoz oksidazdan farkli olarak
yalnizca N-terminalinde anlamsiz mutasyonlar igerir. Kesim bodlgesi mutasyonlari
R-1P/A1P, R-1X/A1X, S2A; ve ii¢ boyutlu konfiglirasyonda kesim bdlgesinin tam
karsisinda  bulunan  HS522A  mutasyonu, alan-hedefli  mutajenez  ile
gerceklestirilmistir.Bunlar ve meydana gelen bazi ekstra mutasyonlar DNA dizi
analiziyle dogrulanmigtir.Daha sonra, E.coli BL21 Star (DE3)’de ifade edilen mutant
galaktoz oksidazlar afinite kromatografisi esasina gore c¢aligan Strep-Tactin®
Sepharose® kolonu ile saflastirilmigtir. Ardindan, pro-sekans varligt ya da
yoklugundan kaynaklanan protein bantlarinin molekiiler kiitle fark: tespit edilerek,
kendi kendine islenme analiz edilmistir. SDS-PAGE sonucu clde edilen bantlar
karsilagtirildiginda, orijinal rekombinant plazmitler, yani ProGON1, ProGOMN1; ve
mutasyonal varyant tirinlerinin 70kDa’nin biraz {izerinde bulunup tiim yapilarda pro-
sekans varligina isaret ederek bant boyutlarinin higbir fark gostermedigi goriilmiistiir.
Mutant olmayanlar ve bazi mutantlar, tiyoeter bagi olusumuyla uygun aktif bolgenin
olustuguna dikkat cekerek galaktoz oksidaz aktivitesi gostermistir.70 kDa’nin
iistindeki bir boyutun yalnizca C-terminaldeki 1 kDa’lik Strep-tag II ‘den
kaynaklanmis olamayacagini kesinlikle belirtebilmek igin ProGOMNI1 N-terminal
amino asit dizilemesine gonderilmistir. Dizileme verileri, N-terminalde islenme
gerceklesmedigini gosteren pre-peptid ve pro-peptid varligimi onaylamistir.Bu
nedenle, bu ¢aligmada galaktoz oksidazin N-terminalindeki pre-pro-peptid varliginin
aktif bolgede tiyoeter bag1 olusumunu engellemedigi ilk kez gosterilmistir. Ustelik,
pro-peptid otokatalitik olarak kesildiginden, Cu*" ve oksijen varliginda E.coli’de pre-
peptidin uzaklagtirilamamasi, pro-peptid kesiminin gerceklesmemesi icin ¢ok olasi
bir sebeptir. Ileriki caligmalarda bu hipotezi kamtlamak icin pre-peptid bdlgesi

cikarilacaktir.

Anahtar Kelimeler: Galaktoz Oksidaz, pro-peptide, kendi kendine islenme,

otokatalitik kesim, alan- hedefli mutajenez.
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CHAPTER 1

INTRODUCTION

1.1 Galactose Oxidase

Galactose oxidase (GOase; EC 1.1.3.9) from Fusarium graminearum (NRRL 2903)
is a member of cupredoxins and is an extracellular monomeric enzyme, with a

relative molecular mass of 68kDa (Kosman et al.,1974).

The reaction catalyzed by galactose oxidase is the oxidation of primary alcohols to
their corresponding aldehydes, coupled to the two-electron reduction of O, but with

only a single copper at the active site (Tressel and Kosman,1982).
RCH,OH + O, — RCHO + H,0,

Galactose oxidase includes an unusual thioether bond between a tyrosine and a

cysteine (Tyr-272 and Cys-228) that plays a role as an intrinsic cofactor.

HD—Q— Yiie

5
e

Tyr-Cys

Figure 1.1 The thioether bond (Whittaker and Whittaker, 2003)



1.1.1 Subsrate Specificity

The biologically relevant substrate of GOase is not known, as the enzyme exhibits
broad substrate specificity from small alcohols through sugars to oligo- and
polysaccharides (Avigad et al., 1962; Maradufu et al., 1971; Maradufu and Perlin,
1974; Mendonca and Zancan, 1987).

The most commonly used experimental substrate is D-galactose, which is converted
from an alcohol into an aldehyde by oxidation at the C-6 position. There is no known
inducer of the enzyme, including D-galactose, which is probably not the natural
substrate of the enzyme (Ogel et al., 1994). L-Sorbose is routinely used in the
production and purification of galactose oxidase, with no information on the

mechanism of induction or derepression (Ogel and Ozilgen, 1995).

A wide range of primary alcohols, including terminal D-galactose residues of oligo-
and polysaccharides, can act as substrates for the enzyme, but GOase displays strict
stereo- and regio specificity (Firbank et al., 2003). Among those, D-glucose and L-
galactose are not substrates (Ito et al., 1992). In addition to catalyzing the oxidation
of alcohols, the enzyme further converts aldehydes to the corresponding carboxylates

(Kelleher and Bhavanandan, 1986).
1.1.2 Application Areas of Galactose Oxidase

Galactose oxidase is important for variable applications since it shows remarkably

high degree of specificity for galactose and its derivatives among hexose sugars.
1.1.2.1 Medical Applications and Clinical Assays

Galactose oxidase has numerous applications in biosensors, chemical synthesis and
diagnostics (Sun et al., 2001). Sensors incorporating GOase have been used to
measure D-galactose, lactose and other GOase substrate concentrations (Vega et al.,
1998; Tkac et al., 1999), blood samples (Vrbova et al., 1992) and other biological
fluids (Johnson et al.,1982). GOase-catalyzed oxidation of cell surface

polysaccharides is an essential step in the radiolabelling of membrane bound



glycoproteins (Calderhead and Lienhard, 1998; Gahmberg and Tolvanen, 1994). The
enzyme can be used to detect a disaccharide tumor marker D-galactose-B[1,3]-N-
acetylgalactosamine (Gal-GalNAc, also known as the Thomsen—Friedrich antigen or
T-antigen (Springer, 1997)) in colon cancer and precancer (Yang and Shamsuddin,
1996; Said et al., 1999). It is also used for induction of interferon in human

lymphocyte culture (Dianzani et al.,1979).
1.1.2.2 Food, Drug and Material Industry

Galactose oxidase is widely used in process monitoring (Szabo et al., 1996), quality
control in the dairy industries (Adanyi et al., 1999; Mannino et al., 1999) and
enzymatic synthesis for the production of nonnutritive sugar substitutes in foods
(Mazur, 1991). Enzymatic synthesis of carbohydrates by GOase circumvents the
requirement for protecting the hydroxyl groups ( Root et al., 1985; Mazur and Hiler,
1997; Liu and Dordick, 1999).

In a fascinating study, galactose oxidase has been engineered by directed evolution
methods to possess glucose 6-oxidase activity (Sun et al., 2002). Enzymatic ability to
oxidize glucose at the 6-hydroxy group generating aldehyde is not found in any
currently described oxidase. Galactose oxidase, with three mutations, manifests low
but significant glucose oxidase activity, which provides a good basis for further
refinement of the new enzyme activity, potentially providing benefits for the food,

pharmaceutical and material industries (Rogers and Dooley, 2003).
1.1.2.3 Carbohydrate Polymer Construction

Under benign environmental conditions, constructing non-natural carbohydrate
polymers that are closely related to natural products is a synthetic use for galactose

oxidase (Andreana et al., 2002).
1.1.3 Structural and Functional Features of Galactose Oxidase

The gene encoding galactose oxidase (gaoA) of Dactylium dendroides, reclassified

as Fusarium spp. (NRRL 2903) (Ogel, et al., 1994), has been cloned and sequenced



(McPherson et al., 1992).Unlike most other filamentous fungal genes (Gurr et al.,
1987) the gaoA gene is intronless. The entire coding region is ~2.0 kb with 120 bp at
the N-terminus corresponding to a leader sequence. The translation product of the
mature enzyme coding region consists of 639 amino acids (McPherson et al., 1992;
Ito et al., 1991). A detailed crystal structure of the enzyme has been established (Ito
etal., 1991) (Figure 1.2).

Figure 1.2 a. Ca backbone of galactose oxidase. The complete molecule is coloured
according to domains (the first domain in red, the second yellow and the third blue).
b. Computer-generated ribbon diagram (Pristle, 1988) of the second domain,

looking along the pseudo-sevenfold axis.

The mature enzyme comprises three predominately B-sheet domains with only a
single a helix (Ito et al., 1991 and 1994) (Figure 1.2). This preponderance of
B structure both within and between domains probably contributes to the remarkable
stability of the enzyme, which is active in 6 M urea (Kosman et al., 1974). Domain |
consists of eight B-strands in a jelly-roll motif with a five stranded antiparallel
B-sheet facing a three-stranded antiparallel B-sheet. Domain II is the largest, with a
seven-bladed B-propeller fold surrounding a central cavity. 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. Three of the four protein ligands to the
copper, Tyr-272, Tyr-495, and His-496, are provided by domain II. Domain III is a

bundle of seven, mostly antiparallel, B-strands surrounding a hydrophobic core. One



long antiparallel B-ribbon penetrates into the central cavity of the domain II
propeller, and at the tip of this loop is the fourth protein ligand to the copper,
His-581. The overall structure of the copper-free precursor is similar to the mature
enzyme, but with significant local differences (Figurel.4).The structure of the
precursor also reveals the presence of an additional sugar at the surface of domain II.
The electron density suggests at least a disaccharide, with the first ring stacking
almost parallel to the ring of Tyr-484, but its identity has not been determined. As the

sugar is some distance from the active site its biological relevance is uncertain.
1.1.3.1 Location and Interactions of the Pro-Sequence

The three-dimensional crystal structure of pro-GOase was determined by Firbank et
al., (2001). The structure was solved by molecular replacement using the structure of
the mature enzyme as a model. The precursor structure was rebuilt and refined to 1.4
A to give a final model with good stereochemistry. The 17-residue N-terminal pro-
sequence is present as a loop between domains I and II of GOase, with residues —1 to
—12 visible in the final electron-density maps, implying that residues —13 to —17 are
mobile. The main chain of the pro-sequence makes a number of hydrogen bonds to
regions of the mature enzyme sequence, while side chains also form hydrogen bonds
to several residues, and there are 14 hydrogen bonds to water molecules (Firbank et

al., 2003).
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Figure 1.3 Stereoview of the residues of the pro-sequence and the amino acids with
which they form hydrogen bonds. The carbon atoms of the pro-sequence are green,

whereas those of the mature sequence are yellow (Firbank et al., 2001).
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1.1.3.2 Structural Differences between Precursor and Mature Protein

The Ca positions of the precursor, excluding the pro-sequence, were aligned with
those of the mature enzyme (Protein Data Bank ID code 1GOG). Whereas the
majority of the two structures are very similar, overall (rmsd of 0.7 A), residues
colored yellow in Figure 1.4, 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 5.1 A, with
the greatest deviations found in domain II. Some residues of the active site show
significant rearrangements, with movements of side chains and adjacent main-chain
regions. In addition, the presence of the pro-sequence affects the position of Ala-1

moving it by over 4 A from its location in the mature protein (Firbank et al., 2001).
1.1.3.3 Cofactor Formation and Post-Translational Processing Steps
1.1.3.3.1 Tyrosyl-Cysteine Cross-Link and Catalytic Mechanism

Numerous enzymes use a variety of cofactors for achieving their impressive catalytic
prowess. Generally, these cofactors are generated via complex multistep biosynthetic
pathways involving many proteins. A less commonly encountered means of cofactor
biosynthesis, but one that is found with increasing frequency, involves the
posttranslational modification of the endogenous amino acids in the enzyme. These
modifications can occur via autocatalytic processes or may be catalyzed by other

auxiliary proteins (Xie and van der Donk, 2001).

Galactose oxidase is the best-characterized member of a family of enzymes known as
radical copper oxidases (Whittaker, 2003). X-ray -crystallographic studies on
galactose oxidase have revealed the structural basis for the unusual reactivity of
galactose oxidase: the protein contains a novel post-translational covalent
modification, a cross-link between tyrosine and cysteine side chains, forming a
tyrosyl—cysteine (Tyr—Cys) dimeric amino acid (Ito et al.,1991). Spectroscopic and
biochemical studies have demonstrated that this Tyr—Cys site is the redox-active site
in the protein, forming a stable free radical upon mild oxidation (Whittaker and

Whittaker, 1990; Babcock et al., 1992; Gerfen et al., 1996).



Galactose oxidase is unusual among metalloenzymes in appearing to catalyze two-
electron redox chemistry at a mononuclear metal ion active site (Kosman, 1985;
Ettinger and Kosman, 1982; Hamilton, 1982). The absence of additional cofactors or
metal ions required that the second redox site be a protein group, most likely one of
the potentially redox active amino acids tyrosine, cysteine, cystine, or tryptophan
(Whittaker and Whittaker, 1988). The second redox active centre necessary for the
reaction was found to be situated at a tyrosine residue (Whittaker and Whittaker,

1990).

The active site of galactose oxidase is a shallow, exposed copper complex, in which
the metal is bound by four amino acid side chains: two tyrosines (Tyr272 and Tyr495)
and two histidines (His496 and His581) (Ito et al., 1991). As indicated above, one of
the two tyrosines (Tyr272) has been found crystallographically to be cross-linked at
the Ce carbon of the phenolic side chain to the Sy sulfur of Cys228, forming tyrosyl—
cysteine (Tyr—Cys). The thioether bond that links the two residues affects both the
structure and reactivity of the protein. Structurally, the cross-link contributes to the
rigidity of the active site, similar to the effect a disulfide bond would have on the
protein. However, unlike a disulfide bond, the thioether bond is formed irreversibly
and is not susceptible to reductive cleavage. The cross-link forms spontaneously in the
protein in the presence of reduced copper (Cu'") and dioxygen (vide infra) (Whittaker
and Whittaker, 2003).
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Figure 1.5 Schematic drawing of the active site of galactose oxidase
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Galactose oxidase is the first representative of a new class of copper active sites,

direct participation of the protein in active redox chemistry. Oxidation step is



required for catalytic activity, and is the basis of two-electron redox activity. If
anaerobic addition of substrates takes place, this results in reduction of the two-
electron redox unit (Whittaker and Whittaker, 1988). The enzyme functions as a

2-equiv oxidase with RCH,OH primary alcohol/sugar substrates,

RCH,0H + GOase,, - RCHO + GOase,,
(Whittaker, 1995)

followed by reaction with O,

GOase,,, + 0, - GOase, + H,0,
(Kain et al., 1996)

In GOase, the number of metal ions involved in the reaction does not match the
number of electrons transferred. This paradox has been solved with the identification
of a tyrosyl free radical incorporated into the redox unit during the catalytic cycle.
The enzyme exists in three well-defined and stable oxidation levels. (Fontecave and

Pierre, 1998)

+8° +@
Cu?*-Tyr 2  Cu®*-Tyr 2 Cut
-8 -8
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After the substrate binds to the equatorial copper position the first step is a proton
transfer from the alcohol to the axial tyrosinate (Tyr495). Next, a hydrogen atom is
transferred from the substrate to the modified tyrosyl radical. The resulting substrate-
derived ketyl radical is then oxidized through electron transfer to the copper center,
yielding Cu(I) and aldehyde product. The two latter steps have been suggested to
occur simultaneously (Wachter and Branchaud, 1996 and 1996; Wachter et al.,
1997). The Cu(l) and tyrosine are, finally reoxidized by molecular oxygen,
regenerating Cu(Il) and tyrosyl, and giving hydrogen peroxide as product (Himo and
Siegbahn, 2003). The proposed catalytic mechanism for GOase is shown in
Figurel.6.
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Figure 1.6 The mechanistic scheme for the catalytic cycle of galactose oxidase

(Whittaker and Whittaker, 1988 and 1993; Branchaud et al.,1993)
1.1.3.3.2 Self-Catalytic Maturation of Galactose Oxidase

A growing number of enzymes have been reported that undergo posttranslational
modifications of amino acids within their active sites to create a wide variety of
structurally and functionally diverse cofactors. These modifications can be divided
into two general classes. One involves proteins that undergo one-electron oxidations
of amino acids to provide amino acid radicals on tyrosine, glycine, tryptophan and
cysteine residues (Stubbe and van der Donk, 1998). The second class undergoes
more extensive posttranslational modifications that involve new bond-forming
reactions (Okeley and van der Donk, 2000). Amine oxidases and lysyl oxidase
contain the quinone cofactors 2,4,5-trihydroxyphenylalanine quinone (TPQ) and
lysyl tyrosylquinone (LTQ), respectively (Janes et al., 1990; Wang et al., 1996).
A notable recent cryocrystallographic study of a copper amine oxidase has revealed
the structures of some intermediates in the autocatalytic conversion of tyrosine
into 2,4,5-trihydroxyphenylalanine quinone in the presence of copper and oxygen
(Kim et al., 2002). The most complex cofactor described to date 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).
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The terminal electron transport protein cytochrome ¢ oxidase (CcO) is
posttranslationally modified through a crosslink between histidine and tyrosine in both
bacteria (Ostermeier et al.,1997) and mammals (Yoshikawa et al., 1998). His and Tyr
residues are also crosslinked in catalase HPII from Escherichia coli, but the linkage in
this protein involves a bond between the Cp of tyrosine and N of histidine (Bravo et

al., 1997).

In galactose oxidase, as well as glyoxal oxidase, a tyrosine residue is crosslinked by a
thioether bond between Ce of the aromatic ring and the sulfur atom of a cysteine (Ito
et al., 1991). This crosslinked tyrosine serves as a ligand to a catalytically essential
copper and is oxidized to the tyrosyl radical form in the active state of the protein

(Whittaker and Whittaker, 1988 and 1990).

The discovery of posttranslationally modified endogenous cofactors has led to great
interest into the mechanisms of their formation (Xie and van der Donk, 2001). Some
of these structures, such as tryptophan tryptophyl quinone (TTQ) in methylamine
dehydrogenase (Graichen et al., 1999) and formylglycine in sulfatases (Szameit et
al., 1999) are generated by accessory proteins. Others, on the other hand, including
TPQ (Cai and Klinman, 1994; Matsuzaki et al., 1994; Ruggiero et al., 1997), the
MIO structure in phenylalanine ammonia lyase (Schwede et al., 1999), and the
chromophore in green fluorescent protein (Heim et al., 1994) are produced by

autocatalytic processes.

Unique among this latter group is galactose oxidase because its self-catalytic
maturation following the removal of its signal sequence, involves at least three

processing events:

1. Cleavage of an 8 amino acid pre-peptide

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

3. Formation of the thioether bond (a two-electron process) and a further one
electron oxidation to give the cation radical active form of the enzyme (McPherson et

al., 1992)

11



The latter two events have been shown to take place in vitro on the addition of
copper and oxygen, even in the presence of protease inhibitors. It was shown that
both reactions do not proceed when the protein is heterologously expressed (in
Aspergillus nidulans) and purified under strictly metal-free conditions (Rogers et al.,
2000). In copper-limited conditions, heterologous expression of galactose oxidase
results in three forms of the protein identifiable as distinct bands on SDS-PAGE
(Figure 1.7). The lower band is mature galactose oxidase, which runs anomalously
on SDS-PAGE (at 65.5 kDa) (McPherson et al., 1993; Baron et al.,1994) owing to
the presence of the thioether bond that introduces an intramolecular loop between
residues Tyr228 and Cys272. The middle band (68.5 kDa) migrates with the
expected apparent molecular mass of mature galactose oxidase, indicating that this is
an incompletely processed form of the protein mirrored by the variant C228G, which
is unable to generate a thioether bond (Baron et al, 1994).The upper band (70.2 kDa)
is a precursor of galactose oxidase, which has been revealed by N-terminal
sequencing to have the additional 17 amino acid at the N terminus (Rogers et al.,

2000).

kDa Premat malGO proGO

GO
70.2_ -

68.5— M-
65.56— "

Figure 1.7 SDS-PAGE mobility assay showing three species of GOase. premature
GO, (no pro-sequence, no thioether bond); mature GO,(no pro-sequence, thioether
bond formed); pro-GO, pro-sequence present, no thioether bond) (Firbank et al.,
2003)

1.2 Proteolytic Processing of Extracellular Proteins

Proteolytic processing of fungal extracellular proteins as outlined below, was
analyzed by Ogel, Z.B.(1993, unpublished).The targeting and translocation of newly

synthesized proteins to various cellular compartments or to the extracellular medium
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requires an efficient sorting system involving the precise recognition and transfer of
proteins to their target locations. Although this process is not fully understood and
may vary between different cell types and organelles it is, in general based on the
presence or absence of peptide signals within the structure of individual proteins. In
the case of extracellular proteins, this signal is most exclusively 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
(Ogel, unpublished study). In eukaryotes, following entry to the ER usually by co-
translational translocation, the signal peptide is cleaved by signal peptidase and is
therefore not associated with the mature form of the protein (Rapoport et al., 1992).
Those proteins destined for secretion from the cell are transferred from the ER to the
golgi complex and subsequently, often following glycosylation, to the outer surface

via secretory vesicles (Kelly, 1985).

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

and polar (von Heijne, 1986a).

Transient peptides, that undergo proteolytic processing, may be found at the N- or C
terminus of proteins. At the N-terminus transient peptides may consist of only a
signal peptide or may also contain one or more additional peptides, namely pro-
peptide(s) between the signal peptide and mature protein. Such N-terminal transient

peptides are often referred to as a leader peptide. In light of the widely accepted
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passive bulk flow hypothesis, proteins translocated into the ER are secreted unless
they possess additional signals for targeting to other cellular compartments (Wieland
et al., 1987). Since passage into the ER requires only an N-terminal signal peptide,
this should normally be sufficient for export. However, many extracellular proteins
appear to be processed in more than one stage. For example, pro-peptides have
consistently been identified in proteases where they serve to maintain an intracellular
inactive configuration or are important for proper folding (Silen and Agard, 1989;
Zhu et al., 1989; Simonen and Palva, 1993). In mammalian cells, examples exist
where pro-regions are processed to produce alternative forms of secretory hormones

(Benoit et al., 1987).

In recent years several filamentous fungal genes encoding extracellular proteins have
been cloned and sequenced allowing the analysis of their transient peptides. Such a
comparative analysis should contribute to studies directed towards an understanding
of protein secretion in filamentous fungi because the efficiency of secretion and
access to the correct secretory route, as well as proper folding and stability could all
be influenced by transient peptides and particularly by those at the N-terminus (Ogel,
unpublished study).

The presence of a pro-peptide in filamentous fungal extracellular proteins has been
mostly proposed due to the nature of residues at the leader peptide-mature protein
junction, rather than the length of the leader peptide. This has been the case
particularly in those proteins where a basic residue is found preceding the cleavage
site at the mature N-terminus. In none of the 161 eukaryotic and 36 prokaryotic
signal sequences analysed by von Heijne (1986a) is a basic residue found at position
-1, relative to the cleavage site. Although unusual residues can be used in position -1
when no better cleavage site is available in the vicinity (von Heijne, 1986a), in
almost all of the proteins with a basic residue preceding the cleavage site a
favourable signal sequence cut site is found further upstream, supporting additional

proteolytic processing (Ogel, unpublished study).
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1.2.1 Proteolytic Processing of Propeptides
1.2.1.1 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 cleavage takes place
following a 'Lys-Arg' pair whereas 'Lys-Lys' and 'Arg-Arg' pairs are less
encountered. Dibasic processing of pro-peptides is likely to be a conserved feature
rather than a similarity due to high homology and there is no correlation between
protein function and the presence of a pro-peptide. Among the proteases, neutral
protease II (Npll), a zinc metalloprotease of A. oryzae, has been shown to have a

pro-peptide that is cleaved following two basic residues (Tatsumi et al.,1991).
1.2.1.2 Monobasic Processing

A considerable number of filamentous fungal extracellular proteins possess a
monobasic cleavage site at their leader-mature protein junction. It is suggested that
the presence of a pro-hexapeptide 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
(Bussink et al., 1991b). 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 adjacent to a Leu or
Ile. The fact that the pro-peptides contain both hydrophilic and hydrophobic residues
and the absence of sequence homology 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 significant. In filamentous fungi there are
no examples where proline is present immediately before or after the basic residue
at the cleavage site. Nevertheless, since the role of proline is suggested to be one at the

level of three-dimensional structure, rather than the primary sequence (Schwartz, 1986),
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a similar function'can still be attributed to the proline residues within the structure of

pro-peptides of filamentous fungi where monobasic processing takes place.

It is clear from previous studies that the mature part of the protein also plays a role in
the export process (Li et al., 1988). Minor factors such as the net charge or
hydrophobicity at the N-terminus of filamentous fungal exported proteins could
likewise influence translocation across the cell membrane or the cell wall. It has been
pointed out that there is usually a net charge of zero or less in the region surrounding
the signal peptide cleavage site and the first five residues at the N-terminus of the
mature protein (von Heijne, 1986b; Li et al., 1988; Boyd and Beckwith, 1990).
Hydrophobic regions are also found in the membrane spanning domains of integral
membrane proteins and are also important for the export process due to the essential
hydrophobic core of the signal peptide. It is not known whether hydrophobicity at the
N-terminus of mature proteins is a factor that may influence the translocation of

proteins into the extracellular medium (Ogel, 1993).
1.2.2 Autocatalytic Processing

As it is situated above some precursor proteins undergo proteolytic processing,
whereas cleavage of pre-sequences of some precursors is not due to extraneous or
intrinsic protease activity. As it is observed in GOase, cleavage of pro-sequence
occurred despite the protease inhibitor cocktail just by using available reagents such
as copper and dioxygen (Rogers et al., 2000). At least one other protein generates its
cofactor by posttranslational modification involving an autocatalytic cleavage of a
peptide bond. Histidine decarboxylase is composed 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 derives from Ser-82 of the pro-enzyme (van Poelje and Snell, 1990). In
GOase, however, cleavage of the pro-sequence and formation of the cofactor must be
separate processes because an intermediate form lacking the N-terminal pro-peptide
but without the crosslink has been identified (Rogers et al., 2000). This observation
suggests that the mechanisms of both modifications may be elucidated in future

investigations.
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Amyloid beta precursor protein (APP) which is the source of fibrillary peptides that
are 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. The process in the two proteins could be related,
their functions may overlap and their distributions coincide. It is proposed that PrP
catalyses its own cleavage, the C-terminal fragment functions as an o secretase and
the N-terminal segment chaperones the active site; the o secretase releases
anticoagulant and neurotrophic ectodomains from APP. Nothing is known of the
enzyme responsible for the endoproteolytic cut except that it is inhibited by metal
chelators (Jimenez-Huete,1998). A radically new function of PrP is suggested: a
proenzyme that catalyses its own cleavage and the release of neurotrophic APP from
its membrane anchor. The prosegment, as in many pro-enzymes, may act as a

chaperone (Abdulla, 2001).
1.2.3 Functional Roles of Putative Propeptides

In Ogel’s unpublished study, transient peptides of filamentous fungal extracellular
proteins and their potential roles were also analysed. Based on previous studies on
bacterial proteases, long pro-peptides (50 to over 100 residues) are important for
proper folding and activation of the enzyme; rather than the export process (Silen and
Agard, 1989; Simonen and Palva, 1993). This could also be the case for filamentous
fungal proteases. There is no clear evidence as to the role of short pro-peptides (6-9
residues). They could be involved in aspects of the secretion process, 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 studies on heterologous expression of active
cutinase of Fusarium solani in E. coli (Soliday et al., 1984; Martinez et al., 1992).
There is some evidence that the leader region of galactose oxidase may also be
required for protein folding. These enzymes, and perhaps certain other filamentous
fungal secreted proteins, may have evolved a mechanism for folding into their active
conformation with the aid of transient pro-regions. In addition to allowing protein

folding, pro-peptides could also be involved in retarding the folding process (Hardy
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and Randall, 1992). From studies in prokaryotes it is known that an early function of
the leader sequence is to slow down the folding process to allow interaction with the
chaperone. This process appears to be essential for export because in order to be
transferred across a membrane a soluble protein should not be in its final

thermodynamically stable folded form (Hardy and Randall, 1992).

It has been suggested that the leader peptide protects producing strains from suicide
by keeping the enzyme in an inactive state until processing takes place in the Golgi
system (Lamy and Davies, 1991). Evidence for the function of such short pro-
peptides in Bacillus species indicates that they are unlikely to play an active role in
secretion but one possibility is that they might stabilize the secreted proteins by
allowing folding into a protease-resistant conformation (Simonen and Palva, 1993).
In higher eukaryotes, there are mainly two routes for the secretion of proteins;
constitutive and the regulated pathways (Kelly, 1985). Although relatively short pro-
peptides, often at the N-terminus, are mostly responsible for intracellular targeting,
deletions resulting in the removal of pro-peptide regions of certain mammalian
proteins have not affected targeting of the mature protein to the regulated pathway
(Chidgey, 1993). There is some evidence that at least some of the secreted proteins
may pass through the vacuole before being transported to the extracellular medium
(Peberdy, 1994). This is supported by an early study on the regulation of galactose
oxidase synthesis and secretion which states that the export of the enzyme to the
extracellular medium is a regulated process influenced by pH and culture density
(Shatzman and Kosman, 1977). It was suggested that at pH below 7.0 the enzyme is
stored in the vacuole portion of the cell and secreted when the pH is raised to 7.0,
accompanied by a decrease in vacuolization (Shatzman and Kosman, 1977). The
vacuole in filamentous fungi may indeed have a role in the storage and/or processing
of certain secreted proteins prior to export and certain pro-peptides could have a role

in the sorting process (Ogel, unpublished study).
1.2.3.1 Possible Roles of GOase Pro-sequence

The N-terminal part of cloned gaoA gene includes a 16 amino acid signal peptide, an

8 amino acid putative pre-peptide and a 17 amino acid pro-sequence which has been
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proposed to be associated with secretion (McPherson et al., 1993) and which is
cleaved in a copper-mediated self-processing reaction (Rogers et al., 2000).
However, functional expression of low levels of mature GOase in E. coli was

accomplished in the absence of the pro-sequence (Sun et al., 2001).

Structural comparison of pro-GOase with mature GOase reveals overall structural
similarity, but with some regions showing significant local differences in main chain
position and some active-site-residue side chains differing significantly from their
mature enzyme positions. These structural effects of the pro-peptide suggest that it
may act as an intramolecular chaperone to provide an open active-site structure
conducive to copper binding and chemistry associated with cofactor formation
(Firbank et al., 2003). An intriguing aspect of pro-GOase processing is the
mechanism by which the pro-sequence is cleaved in a copper-dependent manner.
Although structural data reveal the site of pro-sequence cleavage, it does not point to
any obvious mechanism. Copper may bind transiently, near the cleavage point. It is
interesting to note that site-specific cleavage events have been observed when 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
GOase is also near the disulphide formed between Cys-515 and Cys-518, and
experiments are underway to probe any role for this site in pro-sequence cleavage

(Firbank et al., 2003).

1.3 GOase Processing in Different Heterologous Systems and Mutational

Variants
1.3.1 Processing in Fungi

According to the predictive algorithm of von Heijne, if Arg(-1) can be a target for
signal peptidase cleavage and 16-18 amino acid can act as a a signal, the remaining
23-25 residues of the leader sequence must act as a pro- or pre-pro-peptide, removed
at a later stage during the secretion process. To provide evidence for the two-stage
processing of galactose oxidase leader peptide, a most direct approach would be the

isolation of pro-galactose oxidase and determination of its N-terminal amino acid
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sequence. For the isolation of galactose oxidase precursor, mutagenesis at the leader-
mature enzyme junction was carried out to prevent processing of the putative pro-
peptide. At the monobasic cleavage site of galactose oxidase Arg-Ala was substituted
into Phe-Phe. A second Arg-Ala pair is not found within the 639 amino acids of
mature galactose oxidase. This mutation resulted in an enzyme that was correctly
processed but which displayed a significantly low efficiency of export compared to
wild type galactose oxidase heterologously expressed in A. nidulans (Ogel, 1993).
The mutant enzyme was located to a region close to the outer surface, either the cell
membrane or the cell wall. Since the only difference between the mutant and the
wild-type enzyme appeared to be a single amino acid residue at the N-terminus
(AlalPhe), this has raised the question as to whether 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 caused by a single basic amino acid
difference at the N-terminus. Phe at the beginning of mature galactose oxidase may
influence export by altering the balance at the N-terminus, in this case by changing

the degree of hydrophobicity (Ogel, 1993).

In later studies, this proposed two-step cleavage by Ogel (1993) and the presence of
the pro-sequence was confirmed by copper limited and metal-free growth and the
crystallographic studies, as explained before in section 1.1.4.1 and 1.1.4.3.2 (Rogers
et al., 2000; Firbank et al., 2001).

Heterologous expression (Baron et al., 1994) of the Fusarium protein in Aspergillus
nidulans under copper-limited conditions resulted in the appearance of multiple
protein forms (Figurel.7). These different species of GOase undergo similar
posttranslational modifications as it does in its native host Fusarium ssp. As it is seen

in Table 1.1 pro-sequence initiation site is the same with the wild type pro-GOase.
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Table 1.1 Summary of galactose oxidase forms

I= the Is the

M, M-terminal  pro-sequence  thioether bond
ikDa)®  sequence” present? formed?
pro-sequence 702 AVxxxIPEG yes no
form
unmodified 68.5  ASAPIGxAL no no
form
thioether ~(5.5 ABAPIGSTAI no yes

form

4 Estimated from SDS-PAGE. * Sequencing was performed by
standard auwtomated Edman procedures. “x” 1s an unidentified amimo
acid. These results are consistent with the nucleotide sequence (Genbank
MBEGE19).

Accordingly, the 41 amino acid leader peptide is likely to consist of a signal, pre- and
a pro-peptide. The pre-peptide cleavage site appears to be after the His-Lys at
position -19 and -18 (Figure 1.8). This pre-peptide is likely to be cleaved, after the
removal of the signal peptide, by a dibasic processing protease (Kex2-like) during
secretion. Following cleavage of the pre-peptide, the pro-peptide is cleaved by

autocatalytic cleavage.

-41 -26 -24 -19-18 +1
M AVAVTVPHKAVGTGIPE....... SLRASAPI

_.__’t?:l:l:l:l:l::l

1
/

P g —

Signal Peptide i i Pre-Peptide Pro-Peptide Mature

Enzyme

Figure 1.8 N-terminal part of GOase and cleavage sites for different processing

events
1.3.2 Processing in Yeast

In order to improve the activity of GOase towards appropriate substrates there have
been recent reports of directed evolution based on error-prone PCR (Delagrave et al.,

2001). Galactose oxidase from Fusarium spp. (NRRL 2903) was expressed in Pichia
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pastoris X-33. The constructs used in this work contained the coding sequence for
the 17 amino acid pro-form of the enzyme linked in-frame to the a-mating factor

secretion signal of the vector, and are therefore referred to as Pro-GOase.

The results identified mutations at Cys383, Tyr436 and Val494 that were
subsequently combined by subcloning and assayed for additive contributions to
enhanced activity. Series of single and double mutations comprising V494A, C383S
and Y436H were generated for comparison with the triple mutant clone,
C383S/Y436H/V494A. These mutants were all tested with respect to catalytic
efficiency and molecular masses.C383S/V494A  double mutant and
C383S/Y436H/V494A show enhancement in activity when compared with wild-
type. For the majority of the samples there is good agreement between the expected
and observed molecular masses whereas some of the variants differ from the

expected value by 10 or more mass units, although the reason for this is unclear.

The pro-GOase protein produced in P. pastoris displayed a mixture of N-terminal
extended species rather than the expected 17 amino acid N-terminal pro-sequence
observed when produced in Aspergillus nidulans (Rogers et al., 2000). The
majority of the protein has the 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 construct in the
filamentous fungus Aspergillus nidulans or of the native enzyme from Fusarium
graminearum where in both cases there is a single mature enzyme species starting
at Ala +1 (Baron, et al., 1994; McPherson et al., 1992). This observation is
consistent with a previous report of mixed N-terminal sequences from constructs
expressing GOase containing a pro-sequence in P. pastoris (Whittaker and
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. Expression of the full-length native
sequence results in a mixture of partly processed and mature galactose oxidase.
The reason for the differences in N-terminal processing by these two hosts is

unclear; however, the recombinant enzymes prepared from P. pastoris and A.
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nidulans exhibit similar properties including kinetics, UV/vis spectra and three

dimensional structure (S. 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, indicating
that the polypeptide has a ragged end, consistent with inefficient processing of the
pro-peptide and partial digestion of the presequence linker. One of the possible signal
peptidase cleavage sites consistent with these sequence results (AVA-VTV) is
indicated in Table 1.2. The clean N-terminal sequence of the protein expressed as a
gla fusion construct (Table 1.2) confirms that the gla pro-sequence is correctly

processed to generate the authentic mature protein.

Table 1.2 N-terminal sequence analysis of recombinant galactose oxidase expressed

in P. pastoris (Whittaker and Whittaker, 2000)

Expressed proteln Sequence

20 10 1
1. glaCADX MHFRSLLALSCLVCTCLANVISKRASAPIC
Cyclenumber 12 34 586
SAPICG

Results A
40 30 20 10 1
2. GADX MKHLLTLALCFSSINAVAVTVPHKAVGTGIPEGSLOQFLSLRASAPI
Cycle number 1 2 3 4 3
(AL SY (AP T
vt Tl w1l gl
Results lcllelle]lcl ]
ISIILIIKII IINI
VRV AR JVE]

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
because the pro-sequence contains a suboptimal cleavage site. Inspection of the
signal sequence indicates that correct processing would require cleavage at an
isolated Arg residue rather than the preferred Lys-Arg dibasic recognition site for
Kex2 cleavage, resulting in a protein product that is heterogeneous and exhibits low
specific activity (Whittaker and Whittaker, 2000). The requirement for a Lys-Arg
motif for Kex2-like maturation of recombinant secretory proteins in Pichia has

previously been observed (Marti'nez-Ruiz et al., 1998).
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In this study we suggest that the above interpretations of Whittaker are incorrect or
incomplete. This is because the signal sequence is likely to be cleaved following
Ala(-26). This site is one of the sites giving a high score by the analysis of von
Heijne (Ogel, 1993). The remaining peptide is cleaved as explained before in section

1.3.1 and 1.1.4.3.2.
1.3.3 Processing in Bacteria

According to the study of McPherson et al., (1993), in which E. coli expression
system was investigated for GOase, it was found that E. coli-expressed GOase is a
cytoplasmic protein even when the leader sequence is present. The majority of the
GOase produced is inactive; GOase activity has only been observed when the leader
sequence is present, suggesting it may be important for correct protein folding in
E. coli. A similar observation has been reported for heterologous expression of active
cutinase of Fusarium solani which has a leader sequence of 32 residues could be
achieved in E. coli only in the presence of the 15 amino acids long putative pro-
peptide (Soliday et al., 1984; Martinez et al., 1992). Without the pro-peptide cutinase
activity was not detected. However, the pro-peptide was not efficiently processed in
E. coli and, therefore, procutinase was used in X-ray crystallographic structural
studies although no density was observed for the 16 amino acids at the N-terminus
indicating a disordered structure (Martinez et al., 1992). Alternatively, the leader
sequence may direct the inefficient export of GOase to the periplasm of E. coli,
resulting in low levels of active enzyme that arise due to the thioether-bond
formation. It was thought that, bacterial expression does not represent a convenient

system for the purification of GOase variants.

The application of GOase mentioned before would benefit from access to enzyme
variants that are more stable and active towards non-natural substrates. A
prerequisite to enzyme modification by powerful directed evolution methods
(Arnold, 1998; Petrounia and Arnold, 2000) is functional expression in a host
organism that permits creation and rapid screening of mutant libraries. E. coli is an
excellent host for directed evolution, but does not support functional expression of

many important eukaryotic enzymes. To date, all biochemical studies of GOase have
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been performed on the enzyme obtained from its natural source or from fungal
(McPherson et al., 1993; Xu et al., 2000) and yeast (Whittaker and Whittaker, 2000)
expression systems not suitable for directed evolution. Expression of GOase has been
attempted as it was mentioned above (McPherson et al., 1993), but functional
enzyme was obtained only as a lacZ fusion (Lis and Kuramitsu, 1997). Functional

expression of GOase in E. coli was later achieved by directed evolution (Sun et al.,

2001).

According to this study, to increase the total activity of GOase in E. coli, random
mutagenesis was applied to the entire mature GOase gene also to just the region of
the gene encoding domains II and III which are responsible for catalytic activity
(McPherson et al., 1993). The highest activity mutant was identified which carries
S10P, M70V, P136, G195E, V494A, and N535D mutations having advantageous
effects on thermostability and expression. Also it was shown that the effects of
mutations were not cumulative. The 30-fold increase in total activity for this best
variant relative to wild-type reflects an 18-fold increase in GOase expression and a
1.7 fold increase in catalytic efficiency. The broad substrate specificity of wild type
GOase is retained in the evolved enzymes (Sun et al., 2001). Oxidized form of the
enzyme produced in E. coli has redox potential and stability comparable to the
GOase from Fusarium (Baron et al., 1994; Reynolds et al., 1997). Enhanced
thermostability and improved expression in E. coli facilitate protein purification and

characterization.

In this thesis study, pro-GOase gene which was previously developed by directed
evolution method (Sun et al., 2001) was used. Site-directed mutagenesis was carried
out on this gene and expression studies were performed in E. coli to understand the

autocatalytic pro-peptide cleavage mechanism of GOase.
1.4 Aim of the Study

The discovery of posttranslationally modified endogenous cofactors has led to great
interest into the mechanisms of their formation (Xie and van der Donk, 2001).The

studies on galactose oxidase have demonstrated that no enzymes or accessory
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proteins are required for the maturation of GOase except the addition of Cu™ and
dioxygen. This oxidative and copper-mediated proteolysis event is new to the

literature (Rogers et al, 2000).

The mechanism of maturation of the pro-GOase has not been definitely determined
yet. This thesis aims finding out autoprocessing mechanism of galactose oxidase pro-
peptide by applying site-directed mutagenesis to the amino acid residues that may
play an essential role in self-cleavage. Multiple mutations within and around the
cleavage site were carried out for this aim. Since pro-sequence may act as an
intramolecular chaperone responsible for positioning of active site residues, an
inhibitor of catalytic activity or may enhance the level of secretion (Eder and Fersht,
1995; Baardsnes, 1998), the idea of the possibility of clarifying the self-processing

mechanism became stronger by the mutations put into practice here.
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CHAPTER 2
MATERIALS AND METHODS
2.1 Materials
2.1.1 Chemicals and Enzymes

The chemicals and the enzymes involved within the experiments are listed in

Appendix A with their suppliers.

2.1.2 Growth Media, Buffers and Solutions

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

2.2 Methods

2.2.1 Bacterial strains

XL1-Blue and BL21 Star (DE3) E .coli strains were chosen for propagation of the

plasmid carrying gao gene and for high-level heterologous expression, respectively.
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Table 2.1 Bacterial strains and their genotype

STRAINS GENOTYPE

XL 1-Blue recAl, endAl, gyrA96, thi-1, hsdR17, supE44, relAl, lac,
[F’proAB,laciqZ.M15, Tn10 (tetr)] (Bullock et al., 1987)

BL21 Star (DE3) | F- ompT hsdSg (rs ‘ms *) gal decm rne131 (DE3)

2.2.1.1 BL21 Star (DE3) as a Host Strain

The most widely used host is BL21 Star (DE3), which has the advantage of being
naturally deficient in both lon and ompT proteases. This results in a higher yield of
intact recombinant proteins. The suffix "DE3" indicates that the host is a lysogen of
*DE3, a lambda derivative that has the immunity region of phage 21, carrying a
DNA fragment containing the lacl gene and T7 RNA polymerase gene under the
control of the IPTG-inducible lacUV5 promoter. Such strains are used to induce

high-level protein expression in T7 promoter-based systems.

2.2.2 Cultivation and Storage of the Strain

For plasmid isolation, XL1-Blue cells were cultivated in proper amount of antibiotic
containing LB Medium (Appendix B) at 37 °C by shaking at 200 rpm overnight in a
Falcon tube or flask having a volume of nearly 4 times larger than the culture

volume.

For expression of gao, BL21 Star (DE3) cells were cultivated in 5 ml LB medium
containing 5 pl ampicillin as a preculture. After 6 hours, 25 pl of the culture was
transferred into 25 ml fresh medium and incubated overnight. Then 5 ml of this
overnight culture was used for 250 ml medium inoculation. During the experiment,

the conditions were 37°C and 200 rpm.
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Glycerol stocks were prepared both for XLI1-Blue and BL21 Star (DE3) strains
including all types of mutations and stored at -80 °C. For 1 ml glycerol stock; 800ul

of the overnight culture was mixed with 200 pl previously sterilized 100% glycerol.

Strains were also kept on plates containing appropriate antibiotics (Appendix B), and

were subcultured at suitable intervals and maintained at 4 °C.

2.2.3 Competent E .coli Preparation

2.2.3.1 Preparation of Heat Shock Competent E. coli Cells with CaCl,

A single colony was picked from agar plate containing the desired strain and
inoculated into 5 ml of LB-broth and was incubated overnight at 37°C in orbital
incubator at 200 rpm. 100 ml LB-broth was inoculated with 1 ml of overnight culture
and grown at 37°C until the optical density at 550 nm reached 0.4-0.5. The culture
was dispensed into two 50 ml falcon tubes and chilled on ice for 10 minutes. Then
the tubes were centrifuged at 6000 rpm for 5 minutes at 4°C. After discarding the
supernatant, cells were resuspended in a total volume of 50 ml ice-cold solution I (25
ml for each tube), (Appendix B) kept on ice for 15 minutes and centrifuged at 6000
rpm for 5 minutes at 4°C. Then the pellet was resuspended in a total volume of 7 ml
ice-cold solution I (3.5 ml for each tube) (Appendix B).Then, glycerol was added to a
final concentration of 20%. 300 pl of cells were dispensed into sterile eppendorf

tubes and stored at -80°C until use.

2.2.3.2 Preparation of Heat Shock Competent E. coli Cells with RbClI,

Required strain was streaked from glycerol stock onto LB-agar plate (Appendix B)
and was grown overnight at 37°C. A single colony was picked and inoculated into
5 ml of SOB (LB can be used instead) and was grown overnight at 37°C in an orbital
shaker incubator at 200 rpm. 50 ml of pre-warmed SOB media (or LB) was
inoculated with 1 ml overnight culture and was grown at 37°C in orbital incubator at
200 rpm until ODsgs was 0.4 (2-3 hrs). Cells were then transferred into 50 ml Falcon
Tube and chilled on ice for 5 minutes, followed by centrifugation (Hermle rotor) at

3000 rpm for 10 minutes. The supernatant was discarded and cells were resuspended
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in 20 ml of ice-cold Tfbl buffer and incubated on ice for 5 minutes. After
centrifuging cells at 3000 rpm for 10 minutes and discarding the supernatant the tube
was wiped dry with tissue. Pellet was resuspended in 2 ml of Tfb 2 buffer and
incubated on ice for 15 minutes. Upon dispensing 250 [1l aliquots into sterile

eppendorf tubes, competent cells were frozen in liquid nitrogen and stored at —70°C.
2.2.4 Site-Directed Mutagenesis

In this study, all mutations on ProGON1 and ProGOMNI1 constructs were done by
using QuikChange® Site-Directed Mutagenesis Kit (Stratagene) according to the
manufacturer’s instructions with some modifications, as described below in section
2.2.4.2. This method is based on four major steps; (for schematic drawing see Figure

3.5)

1. Preparation of the plasmid
2. Thermal cycling
3. Digestion of parental DNA by Dpnl

4. Transformation and repair of the mutated DNA
2.2.4.1 Mutagenic Primer Design

Primer oligonucleotides were designed as follows: Both of the primers contained the
desired mutations and annealed to the same sequence on opposite strands of the
plasmid. Primers were between 25 and 45 bases in length with a melting temperature
(Tm) of 78°C or higher. The desired mutation (deletion or insertion) was placed in
the middle of the primer with ~10—15 bases of correct sequence on both sides, GC
content of the primers was 40% optimally and primers terminated in one or more C
or G bases. Primers were purified in order to prevent unwanted mutations, and to

increase mutation efficiency.
2.2.4.2 Mutant Strand Synthesis Reaction (Thermal Cycling)

During the mutant strand synthesis and transformation manufacturer’s instructions

were followed by slight modifications.
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A 50 pl reaction mixture contains;

w 10 x reaction buffer for KOD Hot Start DNA Polymerase to give a
final concentration of 1x reaction buffer

0.2mM dNTP mix

ImM MgSO4

~20 ng of dsDNA template

4

¢

125 ng of 5’ oligonucleotide primer

¢ 4

+ 125 ng of 3’ oligonucleotide primer
1 unit KOD Hot Start DNA polymerase (Novagen) (1U/ul)
w Sterile ddH,O was added to a final volume of 50 pl.

4

Mineral oil was not added to prevent the evaporation since the gradient thermal

cycler had a hot-top assembly.

Each reaction was optimized and performed by using the cycling parameters outlined

in Table 2.2 below.

Table 2.2 Thermal cycling parameters for QuikChange® Site-Directed Mutagenesis

Kit (Stratagene)
Segment Cycles Temperature Time
1 1 94°C 30 seconds
94°C 30 seconds
55°C 1 minute
2 24
8 minutes
68°C (1 minute/kb of
plasmid length)
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2.2.4.3 Dpn | Digestion of the Amplification Products

In order to digest the parental DNA, Dpnl restriction digestion was applied. Dpnl is a
restriction enzyme digesting only the methylated DNA isolated from E. coli,
however, it can not act on the unmethylated DNA synthesized by thermal cycling, in

vitro.

1 pul of the Dpn I restriction enzyme (10 U/ul) was directly added to each
amplification reaction by using a small, pointed pipet tip. Each reaction mixture was
gently and thoroughly mixed by pipetting the solution up and down several times.
Reaction mixtures were spun down in the microcentrifuge for 1 minute and
immediately incubated at 37°C for 1 hour to digest the parental (i.e., the nonmutated)

supercoiled dsDNA.

2.2.4.4 Transformation of XL1-Blue Supercompetent Cells

XL1-Blue supercompetent cells (from Stratagene) were gently thawed on ice. For
each sample reaction to be transformed and (-) control, 25 ul of the supercompetent
cells was aliquoted to a prechilled Falcon® 2059 polypropylene tube.1.42 M
-mercaptoethanol was added to each tube and kept on ice for 10 minutes by being
swirled every 2 minutes. 1 pl of the Dpn I-treated DNA (20 ng/ul) from the sample
reaction was transferred to separate aliquots of the supercompetent cells, except (-)
control. The transformation reactions were swirled gently to mix and were incubated
on ice for 30 minutes. They were heat-shocked for 45 seconds at 42°C and then
placed on ice for 2 minutes. This heat pulse was optimized for transformation in
Falcon 2059 polypropylene tubes. 250ul of SOC medium (Appendix B) preheated to
42°C was added to the transformation reactions and were incubated at 37°C for 1
hour with shaking at 225-250 rpm. Each transformation reaction was aliquoted onto
two agar plates containing the appropriate antibiotic for the plasmid vector

(Appendix B).The transformation plates were incubated at 37°C for >16 hours.
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2.2.4.5 Determination of the Plasmids Carrying Desired Mutations

After transformation of mutated plasmids obtained by QuikChange® Site-Directed
Mutagenesis Kit to the XL1-Blue cells was completed, four colonies from each
mutation type were chosen and sequenced by LI-COR Dye Primer Labelled
Sequencing technique at Automated DNA Sequencing Service, Biochemistry and

Microbiology, Leeds University, UK.

2.2.5 DNA Isolation and Analysis

2.2.5.1 Plasmid DNA Isolation with QlIAprep® Spin Miniprep Kit

In order to harvest the bacterial cells carrying plasmid of interest, Sml overnight
culture was centrifuged at 6500 rpm at 4°C for 5 minutes. Pelleted bacterial cells
were resuspended in 250 pl buffer P1 (RNase was added to a final concentration of
100 pg/ml). 250 pl P2 buffer was added, inverted gently 4-6 times to mix until it
became viscous and slightly clear and the mixture was incubated for a total of
exactly 5 minutes. 350 pl N3 buffer was then added, and was mixed gently 4-6 times,
avoiding localized precipitation and tubes were then centrifiuged at 13000 rpm for 10
minutes. After supernatants were collected, they were applied onto QIAprep Spin
Column, centrifuged for 30-60 seconds, and flow through was discarded. Columns
were washed optionally by adding 0.5 ml buffer PB and centrifuged for 30-60
seconds, flow through was discarded. Then column was washed by 0.75 ml PE
Buffer (contains ethanol), and centrifuged for 30-60 seconds. After flow through was
discarded, an additional 1-minute centrifugation took place to remove residual wash
buffer. Unless the flow through was discarded, residual wash buffer was not
completely removed resulting in the inhibition of subsequent enzymatic reactions
due to the ethanol present in the buffer. Column was placed into a clean 1.5 ml
centrifuge tube. To elute DNA 50 pl EB buffer (10mM Tris-Cl, pH=8,5) or water

was added, left for 1 minute and then centrifuged for 1 minute at 13000 rpm.

33



2.2.5.2 Plasmid DNA Isolation with QIAfilter® Plasmid Maxi Kits

A single colony was picked from a freshly streaked selective plate and a starter
culture of 2 ml LB medium containing the ampicillin (50pg/ml) was inoculated.
Culture was incubated for nearly 8 hours at 37°C with vigorous shaking (~300 rpm).
A flask with a volume of at least 4 times the volume of the culture was used for
growth. The starter culture was diluted 1/500 to 1/1000 into selective LB medium.
Cells were grown at 37°C at 300 rpm for 12-16 hours then harvested by
centrifugation at 6000 rpm for 15 minutes at 4°C. All the traces of supernatant was
removed by inverting the tube. Bacterial pellet was resuspended completely in
RNase added 10 ml Buffer P1 (to a final concentration of 100 pug/ml).Next, 10 ml
Buffer P2 was added and mixed thoroughly by inverting 4-6 times and incubated at
room temperature for precisely 5 minutes. During incubation QIAfilter Cartridge was
prepared.10 ml chilled Buffer P3 was added, mixed immediately but gently by
inverting 4-6 times. The lysate was transferred into the QIAfilter Cartridge
immediately in order to prevent later disruption of the precipitate layer. After pouring
the lysate into the barrel of the cartridge it was incubated at room temperature for 10
minutes. Precipitate was floated and formed a layer on the top of the solution At the
end of the 10 minutes QIAGEN-tip 500 was equilibrated by applying 10 ml Buffer
QBT( gravity flow). The cap was removed from the QIAfilter Cartridge outlet nozzle
and the plunger was gently inserted into the QIAfilter Cartridge and the cell lysate
was filtered into the previously equilibrated QIAGEN-tip. The cleared lysate was
allowed to enter the resin by gravity flow. QIAGEN-tip was washed with 2 x 30 ml
Buffer QC and DNA was eluted with 15 ml Buffer QF. Glass tubes were
recommended to collect the eluate, they were soaked into 0.1 M HCI, then washed
with dH,O and 70% ethanol before using. DNA was precipitated by adding 10.5 ml
(0.7 volumes) room temperature isopropanol. The eluate was mixed and centrifuged
immediately at 11000 rpm for 30 minutes at 4°C, the supernatant was discarded
carefully. DNA was washed with 5 ml 70% ethanol (freshly prepared) and following
centrifugation at 11000 rpm for 10 minutes, the supernatant was decanted. The pellet
was air-dried for 20 minutes and redissolved in a suitable volume of TE buffer pH=8

or 10 mM Tris-Cl pH=8.5.
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2.2.5.3 Plasmid DNA Isolation with Alkaline Extraction Procedure

5 ml overnight culture of bacterial cells carrying plasmid of interest was centrifuged
at 6500 rpm at 4°C for 5 minutes. Cells were resuspended in 200 pl Solution I
(Appendix B) and incubated at room temperature for 15 minutes. 200 pl Solution II
was added and mixture was gently inverted 7-8 times (Appendix B) and incubated on
ice for precisely 5 minutes. After addition of Solution III, it was gently mixed 7-8
times and incubated on ice for 15 minutes. Mixture was centrifuged at 13000 rpm at
4°C for 10 minutes. Supernatant was transferred into a new 1.5 ml microcentrifuge
tube. 2 volume of cold ethanol (96%) was added and kept at -80°C for nearly 1 hour.
Then it was centrifuged at 13000 rpm at 4°C for 10 minutes to discard the
supernatant. Pellet was resuspended in 200 pl NE buffer and incubated on ice for 1
hour. 5 ul plasmid was loaded onto agarose gel (optional) in order to detect plasmid
DNA at this step. Suspension was centrifuged at 13000 rpm at 4°C for 15 minutes.
Supernatant was removed and put into a new 1.5 ml microcentrifuge tube. 2 volumes
of cold ethanol (96%) was added and kept at -20°C for nearly 30 minutes. Mixture
was centrifugated at 13000 rpm at 4°C for 10 minutes. Supernatant was discarded,
pellet was air dried for 5-10 minutes and was resuspended in 20-30 pl ddH,O. RNase
treatment was done either after plasmid isolation (1/2-1 hour at 37 °C) or during the

incubation with Solution I (Appendix B).

2.2.5.4 Agarose Gel Electrophoresis and Visualization of DNA

For the investigation of DNA samples, both after plasmid isolation and restriction
enzyme digestion, appropriate amount of agarose (1 and 1,2 %, respectively ) was
dissolved in 1 x TAE buffer (Appendix B) by boling the mixture in a microwave
oven for nearly 3 minutes. After cooling the gel to 50-60 °C ethidium bromide
solution (Appendix B) was added to a final concentration of 0,5 pg/ml in order to
stain the DNA and make it visible under UV light. The gel was then poured into a
mould with a comb of proper size, and was affixed and allowed to solidify for
approximately 15 minutes. As it became completely polymerized, it was placed into
an electrophoresis tank filled with 1 x TAE buffer and combs were removed. The

DNA samples were loaded into then wells of the agarose gel by mixing with
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6 x loading dye (commercial). DNA size markers were also loaded. Separation of the
DNA fragments by electrophoresis was carried out at 100 V for nearly 40 minutes.
Then, the gel was visualized on UV transilluminator at 320 nm and photographed by

Nikon digital camera.

Agarose concentration DNA fragment range
(%, wiv) (kb)
0.3% 5-60
0.4% 1-30
0.7% 0.8-12
1.0% 0.5-10
1.2% 0.4-7
1.5% 0.2-3
2.0% 0.1-2

DNA concentration by agarose gel electrophoresis was calculated according to the

following formula:

DNA concentration: (DNA quantity in band ) x (concentration of marker) x

(volume of marker used) x (intensity ratio of bands) x (1/ loaded quantity of DNA)
2.2.5.5 Restriction Enzyme Digestion
With Clal, single enzyme digestions were performed.

Sample DNA : 0.5 pl plasmid DNA (85 ng/ul)

Buffer : 2 ul 10 x Multi-core buffer
Restr.Enzyme : 0.5 pul (10U/ul)
ddeO 217 ul

Total volume : 20 pl

In Ncol single enzyme digestion, 500-600 ng of the relevant purified plasmid DNA

was added into reaction mixture.
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Sample DNA : 13 pl plasmid DNA (41 ng/ul)

Buffer : 1.5pl (10 x Buffer Tango, MBI Fermentas)
Restr.Enzyme : 0.5 pul (10U/ul)

Total Volumw

In Pstl and EcoRI double digestion, nearly 600-900 ng of pure plasmid DNA was
used. 10 x Buffer O" was added in order to achieve one time and one-fold

concentration finally.

Sample DNA : 10 pl plasmid DNA (85 ng/pl)

Buffer : 1.5ul (10 x Buffer O", MBI Fermentas)
Restr.Enzyme : 1 pul (0.5 pl from each ) (10U/ul )
Total Volumm

Reaction mixtures were incubated overnight at 37°C. Then they were spun down by

a microcentrifuge and analysed by agarose gel electrophoresis.
2.2.6 Heterologous Expression in E .coli
2.2.6.1 Transformation of BL21 Star (DE3) Cells

BL21 Star (DE3) competent cells were gently thawed on ice. 50 pl of the
supercompetent cells were aliquoted to a prechilled Falcon® 2059 polypropylene
tube. 1 pl of the plasmid DNA (20 ng/ul) was transferred to separate aliquots of the
supercompetent cells, except the (-) control. The transformation reactions were
mixed by tapping, not by pipetting and incubated on ice for 30 minutes. Then they
were incubated for exactly 30 seconds at 42°C and quickly placed on ice and kept on
ice for 2 minutes. 450-500 ul of SOC medium preheated to 42°C was added to the
transformation reactions and they were incubated at 37°C for 1 hour with shaking at
225-250 rpm. Each transformation reaction was aliquoted onto two agar plates
containing the appropriate antibiotic for the plasmid vector (Appendix B). The

transformation plates were incubated at 37°C for >16 hours.
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2.2.6.2 pET System

The pET System is one of the most powerful system yet developed for the cloning
and expression of recombinant proteins in E. coli. It is based on the T7 promoter-

driven system.

Target genes are cloned in pET plasmids (Figure 2.1) under the control of the strong
bacteriophage T7 promoter, transcription and translation signals; expression is
induced by providing a source of T7 RNA polymerase in the host cell. T7 RNA
polymerase is so selective and active that almost all of the cell's resources are
converted to target gene expression. The desired product can comprise more than

50% of the total cell protein a few hours after induction.

After plasmids are established in a non-expression host, they are most often
transformed into a host bearing the T7 RNA polymerase gene (1 DE3 lysogen) under
the control of the lacUV5 promoter, and expression is induced by the addition of
IPTG (Isopropyl-B-thiogalactopyronoside) for expression of target proteins. Figure
2.2 illustrates in schematic form the host and vector elements available for control of
T7 RNA polymerase levels and the subsequent transcription of a target gene in a pET

vector.
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Figure 2.2 Control elements of the pET system
2.2.6.3 Heterologous Expression in BL21 Star (DE3)

Day 1

An LB plate containing 50 pg/ml ampicillin was streaked from glycerol stock of

BL21 Star (DE3).

Day 2

A single colony was picked and inoculated into 50 pg/ml ampicillin containing 5 ml
LB, in a 50 ml falcon tube. Cells were grown at 37°C at 200 rpm. At the end of 6
hours 25 pl of the culture was transferred into fresh 25 ml LB in a 100 ml flask and

was grown overnight at 37°C at 200 rpm.
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Day 3

With 5 ml of the overnight culture 250 ml LB containing the 50 pg/ml ampicillin in a
1L flask was inoculated and was incubated at 37°C at 200 rpm to an ODsgs of 0.4 for
about 2 hours. When the ODsos value was captured, culture was transferred to 25°C
and monitoring was continued until ODsos reaches to 0.6-0.7. 1 ml pre-induction
sample was taken in order to compare pre-induction and post-induction conditions.
Then the culture was induced with 1M IPTG to a final concentration of 1 mM and
was incubated at 25°C at 200 rpm overnight. 1 ml sample at 1, 2, 4 and 6 hour time-

points can also be taken and kept at -20°C for analysis later if something goes wrong.

Day 4

After 16-21 hours, the culture was transferred into 250 ml Sorvall tubes and the cells
were harvested by centrifugation in a Sorvall GSA rotor at 6000 rpm at 4°C for 10
minutes. The pellets were resuspended in 5 ml 1x PBS (phosphate-buffered saline)
(Appendix B) containing one complete protease inhibitor tablet (Complete Mini,
ROCHE). After being pipetted and aliquoted into 50 ml Falcon tubes the cells were
sonicated using bursts of 10 seconds on 40 seconds off for 7 cycles by placing the
Falcon tubes in an ice-filled beaker to prevent heating. Sonicated cells were
centrifuged in a Sorvall SH MT rotor at 11000 rpm at 4°C for 5 minutes. Supernatant
was collected and transferred into clean 15 ml falcon tube. Meanwhile, dialysis
tubing (10k MWCO dialysis tubing, Sigma) was prepared by boiling in dH,O twice
for 3 minutes and waited for cooling down. The boiled dialysis tubing was kept in
20% ethanol at 4°C. Supernatant was dialysed against 2 x 1L 1 x PBS buffer at 4°C,

after being dialysed once for 3 hours the buffer was refreshed and left overnight.

2.2.7 Enzyme Assays and Protein Analysis

2.2.7.1 Qualitative GOase Activity Assay

In order to observe the activity of the mutant GOases crude extracts were assayed.

100 mM CuSO4 was added into the supernatants to a working concentration of

41



50 uM-=-also the pellets can be resuspended in 1 x PBS containing 50 uM CuSO,4 for

further protein analysis-.

GOase assay solution including the substrate ABTS was prepared (Appendix B) to
detect galactose oxidase activity. 30-40 ul of supernatant assumed to be containing
the desired enzyme was added into 200 pl assay solution and colour change was
monitored—if the enzyme is active, conversion of colourless transparent solution into

green should be detected-.

This assay was performed with pure samples as well. They were all dialysed against
20mM PIPES+1mM Cu(NOs), pH=6,1 at 4°C overnight to ensure full processing of

the enzyme.
For a quantitative assay, absorbance can be measured at 414 nm.
2.2.7.2 Strep-tag Based Purification of the Mutant GOases

Purification is the next step after obtaining the cell extracts of the mutant samples
that have been induced with 1mM IPTG as to express the mutant gao. In order to
gain the purified GOase, Strep-Tactin® Sepharose® column was used which works
on the principle of affinity basis. It was imported from Germany (IBA GmbH's,
Gottingen) with financial support from TUBITAK Scientific Research Group
(TBAG).

One-step purification by creating a resin that is completely specific to the target
protein is the ideal solution in order to get rid of the requirement of considerable

amount of optimization and sample of contaminants.

In affinity chromatography a ligand that specifically interacts with the target protein
i1s immobilized on a chromatography matrix; the target protein binds to the column,
and unwanted proteins are eluted. In some cases, the affinity ligand is an antibody
against the protein of interest; in others, the target protein is expressed from a
plasmid that encodes for an "affinity tag" specific to a particular ligand.

Strep-tag II™ purification system (IBA GmbH's, Gottingen) also relies on the

streptavidin-biotin interaction. N- or C-terminal fusion proteins of this tag can then
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be purified by immobilization on a unique StrepTactin affinity column have been
developed for this purpose. Strep-Tactin is a specially designed streptavidin
derivative with a high binding affinity for Strep-tag II. The eight-residue Strep-tag 11
(WSHPQFEK) represents an improvement over its predecessor, the Strep-tag, which
is nine amino acids long and is restricted to C-terminal fusions. Competitive elution
of the fusion protein is achieved by adding small amounts of desthiobiotin, a biotin

analog, to the washing buffer.

All operations were performed at a temperature amenable to the stability of the
recombinant GOase; at 4 °C. To achieve optimal purification results, it was complied
with the specified volumes and their ratios (column bed, washing volumes etc.).
Throughout this thesis, purification experiments were performed with a column filled
with 5 ml Strep-Tactin Sepharose® 4FF, 4% agarose. At low expression levels,
applied cell extract volumes were increased to take advantage of the column

capacity, without changing other volumes.

First the top then the bottom cap was removed from the column and the excess
storage buffer was allowed to drain off. By adding 2 CV (CV = column volume) of
Buffer W (100 mM Tris, pH 8.0, 150 mM NaCl, 1 mM EDTA); the column was
equilibrated. Throughout the protocol, however, for recombinant GOase purification
through Strep-Tactin column, buffers were prepared without EDTA, since it is a

metalloprotein.

Then the cell extract having a volume between 0.5 and 10 CV was added to the
column (concentrated cell extracts are preferable; if quantification is possible, cell
extract containing between 50 and 100 nmol recombinant Strep-tag II fusion protein
per 1 ml column bed volume can be applied). Frozen cell extracts were centrifuged
(Eppendorf mini spinplus microcentrifuge) at 14,000 rpm at 4°C for 5 minutes before
applying them to the column in order to remove any aggregates that might have
formed. After the cell extract had completely entered the column, the column was
washed 5 times with 1 CV of Buffer W. The eluate was collected in a 50 ml Falcon

tube as to apply 20 ul of it to an analytical SDS gel.
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In order to elute the recombinant GOase, 6 times 0.5 CV Buffer E (Appendix B)
containing a reversibly binding specific competitor was added and the eluate was
collected in 6 fractions. 20 pl of each fraction could be used for SDS-PAGE analysis.
The purified Strep-tag II fusion protein was usually eluted in the 3rd to 5th fractions.

Collected fractions were stored at -20 °C.

For regeneration, the column was washed 3 times with 5 CV Buffer R (Appendix B).
The colour change from yellow to red indicates the regeneration process and the
intensity of the red colour is an indicator of the column activity status. Buffer R was
removed by adding 2 times 4 CV of Buffer W before the next purification run. The

column was stored at 4°C overlaid with 2 ml of Buffer W or Buffer R.

If generation of authentic recombinant protein was desired desthiobiotin and EDTA
(if it was used) can be removed by gel chromatography or dialysis after purification
of the recombinant protein (with N-terminal Strep-tag II and subsequent factor Xa
cleavage site). Biotinylated factor Xa can be applied according to the manufacturers
instructions (Roche Diagnostics GmbH, Mannheim). After digestion, Strep-tag II,
biotinylated factor Xa, and uncleaved recombinant protein can be separated from the
authentic recombinant protein by another Strep-Tactin chromatography whereby the
authentic recombinant protein is collected from flow through fractions. Because of
its small size, Strep-tag generally does not interfere with the folding or bioactivity of
the fusion partner. Thus, removal of the tag becomes superfluous. Therefore, this last

application was not performed in this study.

Short protocol of the Strep-Tactin chromatography cycle

2.5 - 50 ml cell extract was loaded to the column.

1. After the protein extract was loaded onto the Strep-Tactin matrix, column was
washed 5 times with 1 CV (column volume) Buffer W (5 x 5 ml).

2. Recombinant protein was eluted by the addition of 6 times 0.5 CV Buffer E
(6 x 2.5 ml).

3. The column was regenerated by the addition of 3 times 5 CV Buffer R (3 x 25 ml).
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4. The column was equilibrated by the addition of 2 times 4 CV Buffer W prior to
the next purification run (2 x 20 ml).

5. The column was stored at 4° C overlaid with 2 ml Buffer W or R.

Table 2.3 Recommended volumes for working with Strep-Tactin columns

Column Protein Extract || Washing Buffer || Elution Buffer
Volume Volume Volume Volume
\ 0.2 ml | 01-02ml || 5x02ml || 6x0lml |
\ 1 ml | 05-10ml | 5x 1 ml | 6x05ml |
‘ Sml I 2.5-50 ml I 5x5ml | 6x25ml |
\ 10 ml | 5100ml || 5x10ml || 6x5ml |
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2.2.7.3 Laemlli SDS-Polyacrylamide Gel Electrophoresis

SDS-PAGE was performed via Blue Vertical 102 and Blue Power 500
Electrophoresis System, (SERVA Electrophoresis GmbH). 2 combs and 4 spacers, 2
plain glass plates and 2 notched (the small one) glass plates were rinsed with dH»O

and also wiped with ethanol. They were dried and it was ensured that they were
tissue-free. After placing spacers flush with the edges of notched plate, large gel was
overlaid to create "sandwich". Sandwich was slid into the electrophoresis unit, with
the small plate innermost. Glass plates were allowed to sit flush with the bottom of
the running unit. By inserting the wedges and pressing them down the sandwich was
affixed to the inner core running unit. When running only one gel, a dummy plate
was required on the other side of the unit to retain the top of the buffer level. The
inner core was placed onto the silicon pads of the gel casting module. Cams were
loosely tightened to assemble the inner core running unit onto the silicon pads.
Combs were checked forming tight fit in glass plates. 1 cm beneath well base was

marked to indicate height of separating gel before removing combs.

A suitable percentage separating gel was prepared by combining the
following components in a plastic universal or flask. TEMED and APS (freshly
made) (Appendix B) was added just before the gel was ready to pour in order to
avoid polymerization. Using plastic Pasteur pipette, before pouring the gel mixture

ddH»O was poured between gel plates up to the top to observe any leakage. Water

was drained off and gel mixture was poured up to the level indicated. It was overlaid

with ddH7O and left to set for about 1 hour. Stacking gel was prepared by combining

the following components in a plastic bijoux or flask (Preparation of both separating
gel buffer and stacking gel buffer were given in Appendix B). Water overlay was
poured off and the area above gel was dried by using 3MM filter paper. Stacking gel
was poured above separating gel after addition of proper amounts of TEMED and
APS. Combs were inserted by avoiding bubble formation and allowed to set for

approximately 30 minutes.
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Table 2.4 Required amounts of components of separating gel

Separating gel Volume (ml)

12.5% 15% 10% | 8%

x1) (x2) (x20)| x1) (x2) (x20)| (x1) | (x1)

GB 1.2 24 24 1.2 24 24 1.2 1.2
30% acrylamide | 2.1 4.2 42 2.6 5.2 52 1.7 1.3
stock

H»>O 1.7 3.4 34 1.2 24 24 2.1 2.5
APS (25%) 0.03 | 0.06 0.03 | 0.06 0.03 | 0.03
TEMED 0.003 | 0.006 0.003 | 0.006 0.003 | 0.003
(Total) (5) | (10) | (100) | (5) | (10) | (100) [ (5) (5)

Table 2.5 Required amounts of components of stacking gel

Stacking gel Volume (ml)

7.5% (x1) (x2) (x20)
SGB 0.6 1.2 12
30% acrylamide stock 0.4 0.8 8
HyO 1.4 2.8 28
APS (25%) 0.02 0.04
TEMED 0.002 0.004
(Total) (2.4) (4.8) (48)

When the gels were polymerised, the gel casting adapter was removed by loosening
the cams. Afterwards, the running unit was placed into the tank and the appropriate
volume of 1 x running buffer (from 10x stock) (Appendix B) was added to the upper

(700 ml) and lower chambers (200 ml). Lower buffer chamber was filled so almost to
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top of gel sandwich to let the current throughout the gel. Combs were removed and
wells were washed out with running buffer. Samples were prepared (for 2 gels, 20
maximum) including molecular weight markers. For denatured proteins, sample
denaturing mix was made by adding 1:4 B-mercaptoethanol to sample buffer
(Appendix B). 1/3 volume sample denaturing mix (x4 concentrated) was added to
each sample (7 ul SDM, 21 pl sample), so SDM was at a final concentration of x1. It

was tried to make all samples to same volume.

For 0.75 cm spacers and 10-well comb, maximum volume was ~35 ul. Samples were
boiled for 5 min and allowed to cool on bench. Samples were centrifuged at 12500
rpm at room temperature for 5 minutes in Eppendorf mini spinplus microcentrifuge.
By using a fine-pointed gilson tip sample was delivered as close as possible to base
of well thus displacing running buffer bewaring of bubbles as this might have caused
sample overflow. If there were less samples than 8 loaded/gel, they were filled with
1:1 H,O:sample denaturing mix in order to prevent "smiling" of outer samples
(equivalent volume of sample maintains the uniform electrical resistance across the
gel). After placing the lid the leads were attached to the Blue Power 500 power
supply (in each case red-red, black-black).Constant voltage of 150 V was applied and
current at start was ~60 mA per gel. When 2 gels were required, the current chosen
was twice the current of one but the same voltage. The gel was run for about
normally 2 hours. Once blue dye was migrated at base of gel, power supply was
disconnected, lid was removed and inner core running unit was pulled from lower
buffer chamber. Buffer was poured off and wedges were removed. To release the gel
from glass plates one spacer was pushed 1/2 way out of sandwich and gently twisted,
instead a knife could be used for same purpose. Any corner of gel can be cut to
record orientation; loading turn of the samples in accordance with the marker or
ladder might have also help orientation after staining. Preceding staining with
Coomassie Blue R 250, the gel was fixed with 20% trichloroacetic acid (Appendix
B) for '4 hour at room temperature. Then it was rinsed with dH,O 2-3 times for 3
minutes. The gel was transferred to 50-100 ml staining solution (Appendix B) and
stained for overnight. After replacement of staining solution with 100 ml destaining

solution (Appendix B) the gel was destained for 45 minutes refreshing the solution
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every 15 minutes. The photograph of the gel was taken and the gel was kept in
preserving solution (Appendix B). If dry gel is required, 2 sheets damp 3MM paper

can be placed on the gel and it can be covered with cling film. After trimming, the

gel can be dried at 800C for 45 minutes-1 hour, by using vacuum gel drier.

Size separation %age gel Optimal protein loading

70-200 kDa 5.0% Individual polypeptide ~ 0.5-5 pg
40-150 kDa 7.5% Complex mixture 25-50 ng
20-100 kDa 10.0%

10-70 kDa 12.5%

8-50 kDa 15.0%

2.2.7.4 Determination of Protein Concentration by Bradford’s Dye Binding Assay

To prepare a standard the amounts given in the table below were used.

Table 2.6 The amounts required for standard preparation

Tube BSA Distilled Bradford Protein
number | standard(pl) | water (ul) | solution(ml) | (mg/ml)
1 - 500 5 0
2 5 495 5 0.01
3 10 490 5 0.02
4 15 485 5 0.03
5 20 480 5 0.04
6 25 475 5 0.05

Distilled water was added to the tubes. Then BSA protein standard was dispensed to
each tube at proper amounts. After addition of the Bradford’s solution (it must be at
room temperature before addition) the tubes were vortexed and mixed well. These
tubes were kept in dark for 10 minutes and then the optical density was monitored at
595 nm within 1 hour. According to the results a standard curve was attained. The

optical density of the sample protein was measured for different amounts until the
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value read from the spectrophotometer fell into the range between the values
obtained from standard curve. Then with the formulation given below the unknown

protein concentration was calculated accordingly.

AOD
Protein (mg /ml) = 22 x Dilution Factor
Slope
02 - y2= 3,5636x
c R®=0,9834
OD at 595 c 0,15
: Lo
Protein nm o 01
0 0 =
0,01 0,043 o 0,05
0,02 0,079 ©
0,03 0,108 0 | | |
0,04 0,145 0 0,02 0,04 0,06
0,05 0,171 Protein (mg/ml)

Figure 2.4 Standard curve for calculating ProGOMNI1 concentration.

150 ul sample was taken and the absorbance value obtained was just within the range

that change between 0.043-0.171 at ODsps.

0.089 390 _ 4,083 mg/mi= 83pg/ml
3.5636 150

Protein (mg/ml) :

Similarly, the fractions 3 and 6 (Figure 3.31) were collected in the same tube. The
concentration was calculated (23 pg/ml) after the absorbance was measured at ODsys.

This dilute sample was used in electroblotting.
2.2.7.5 Protein Electroblotting for N-terminal Sequencing

As to get clear results of the N-terminal sequencing of the protein samples,
electrophoretic transfer onto the PVDF membrane was required since this is the best

way preventing proteins from degradation during transportation. PVDF membrane
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has high mechanical strength, chemical stability and enhanced binding capacity in

the presence of SDS.

In this experiment Mini Trans-Blot Cell Assembly, Bio-Rad was used. SDS-PAGE
gel was kept at 4°C to provide exact polymerization. Gel loading should be estimated
to provide sufficient protein in only a few tracks. Generally, a few 10s to a few 100s
of picomoles of protein is appropriate. SDS-PAGE was run with 4 wells filled with
140 pl sample (105 pl sample in total and 35 pl sample denaturing mix) with a
concentration of 23 pg/ml sample; providing approximately 3,5 fold of the amount
desired for the N-terminal sequencing. After SDS-PAGE was run, this fresh gel was
used in electroblotting. First of all, sequencer grade (low porosity) PVDF-type
membrane was thoroughly pre-wetted with 100% HPLC-grade methanol for nearly 5
minutes, then equilibrated for 15 minutes in the blotting buffer. It was noted that the
membrane should have turned translucent in methanol and remained so after
equilibrating in blotting buffer (Appendix B); the reappearance of white (i.e. dry)

membrane must have been avoided.

The gel was rinsed in blotting buffer for 15 minutes to wash away excess
Tris/glycine/SDS electrophoresis buffer (TGS), which may leave a residue on the
blot which interferes with sequencing, and the blotting papers were also prewetted in

blotting buffer for 15 minutes.
Buffer Volumes
Recommended buffer volumes were determined as follows:

3 MM Filter Paper 0.2 ml/cm”®x # of sheets
Membrane 1.0 ml/cm?

Gel 1.5 ml/cm?

The sizes of the membrane and the blotting papers were exactly the same as
polyacrylamide gel to be blotted so as to minimise the surface area exposed to the
electrode: this reduces the amount of current that needs to be passed in order to affect

transfer (and reduces heating effects). Buffer type, pH and pl were very important
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since this determines the direction of movement, thus accurate orientation of the
membrane and the gel is the crucial step in blotting. Because the pl value of
galactose oxidase is 8,07 it will be negatively charged in blotting buffer having a pH
value of 10,5. This wil make the protein move towards anode. After placing fiber pad
onto the gray side of the cassette 2-3 sheets of pre-wetted filter papers were overlaid.
Then the equilibrated gel was placed, afterwards the membrane was placed onto the
gel. Here, the orientation took place under basic conditions, so during set up
membrane was resting on the anode side of the gel. Gel sandwich was completed by
laying the equilibrated filter papers flat on to the membrane and the fiber pad lastly.
The bubbles which might have formed were removed by rolling a glass tube gently
on each layer in order to get good results. Finally the cassette was closed firmly and
placed in the module. Frozen Bio-Ice cooling unit was added and following the

placement of the module into the tank, the tank was completely filled with buffer.

The gel was electroblotted at 100 V, 350 mA for 1 hour. Following the detachment
of the module, the gel was subsequently stained with Coomassie Blue to establish the
effectiveness of the transfer. Also the membrane was stained with Coomassie Blue
immediately after blotting while it was still wet for 2-3 minutes. It was destained for

15 minutes and kept in ddH,O for 4 hours. The blot was dried between 2 sheets of

filter paper and stored in a sealed bag at -20 OC ready for N-terminal sequence

analysis.

In order to be sequenced, generally a few 10s to a few 100s of picomols of protein
was appropriate which makes approximately 680-700 ng of pure GOase. Two fold of
the beginning culture was used to obtain bulk amount of protein. Cultivation and

purification was done as mentioned before in Section 2.2.6.3 and 2.2.7.2.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Strategy Followed to Explore the Mechanism of Pro-Peptide Self-Processing

Galactose oxidase is a unique enzyme which is maturated in a stepwise manner as

explained in section 1.1.4.3.2.

In order to clarify the mechanism of autocatalytic cleavage of GOase pro-peptide,
site-directed mutagenesis was carried out to obtain different mutant types. Following
confirmation of the desired amino acid changes by DNA sequencing, expression
studies took place in E. coli. Purification of GOase was performed by using affinity
chromatography technique. Finally, these pure enzymes were analysed by SDS-
PAGE as to see whether pro-sequence was removed or not to make a statement about
the effectiveness of the mutations. The experimental strategy followed is

demonstrated in Figure 3.1.
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Figure 3.1 Experimental strategy followed in this study
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N- terminus of GOase starts with the putative 8 amino acid pre-sequence preceding

propeptide after removal of the signal peptide.

MKHLLTLALCFSSINAVAVTVPHKAVGTGI
I [ |
| M Il

signal peptide pre-sequence 17 amino acid

2
SAPIGSAISR..

PEGSLQFLSL-Ililflx
pro-peptide lll mature sequence

Cleavage site for pro-peptide
Figure 3.2 Amino acid sequence of the N-terminus of GOase

3.1.1 Constructs Carrying GOase Gene

In this thesis, the manipulation of galactose oxidase gene was carried out by two
constructs which were previously developed by directed evolution (Frances
H.Arnold , Leeds University, U.K.); ProGON1 and ProGOMN1. ProGON1 contains
the wild type GOase carrying only silent mutations at the N-terminus, whereas
ProGOMNI carries 5 non-synonymus and 1 synonymus mutation in the mature
protein coding region, in addition to silent mutations at N-terminus corresponding to
the pro-peptide region. Both ProGONI1 and ProGOMNI constructs contain a Strep-
tag at the C-terminus to allow purification by affinity chromatography and a

pre-pro-peptide at the N-terminus.

Strep-tag 11

ProGON1* ! | : | |

Silent Mutations Pre-pro-peptide ~ A21T undesired mutation Strep-tag 11
\ S10P T M70V P136 G195E V494A N535D

ProGOMN1* | [ | |

Figure 3.3 Shematic diagram of pro-galactose oxidase genes used in this study
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The maps and the sequences of ProGON1 and ProGOMNI constructs and native gao
together with the amino acid alignments of these templates are also given in

Appendix C.

3.1.2 Preparation of the ProGON1 and ProGOMN1 templates for Site-Directed

Mutagenesis

In addition to those mutations, both ProGOMNI1* and ProGONI1* constructs
contained an undesired mutation (Ala21Thr, demonstrated with an asterisk) which
had to be reverted back by site-directed mutagenesis (Figure 3.3). It was shown that
the one with the T21A reversion among mature constructs has slightly higher
expression than the one with the mutation (Deacon, personal communication).
Therefore, it was decided to first correct this mutation in the ProGO constructs.

Mutations were carried out as described below in section 3.3.

3.2 Design of Mutational Primers

To study the mechanism of autocatalytic cleavage of GOase pro-sequence, four
different primers were designed. Three of these primers were planned to constitute
mutations at the cleavage site and one was close to the cleavage site in the three

dimensional structure of the enzyme.

In this study, the mutations introduced to the appropriate points that are likely to

possess a crucial role in processing were;

1. R-1P/A1P
2. R-1X/A1X
3. S2A

4. H522A
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3.3 Construction of ProGON1 and ProGOMNL1 by Reversion of A21T Mutation on
the Templates

XL1-Blue Supercompetent cells (Stratagene) were transformed with the plasmids
carrying undesired A21T mutation according to the procedure given in section
2.2.44. Plasmid isolation was done in order to get starting material for
QuikChange® Site-Directed Mutagenesis Kit (Stratagene). The band with an
expected size of 7805bp was visualised by agarose gel electrophoresis as seen in

Figure 3.4.

bp

23130*

9416
G257

4361*

2322
2027

Figure 3.4 Isolation of plasmid carrying the undesired mutation A21T. M, A
DNA/Hind IIT (50pg/ml); 1, PROGON1*; 2, ProGOMNI1*.

3.3.1 General Strategy of the QuikChange® Mutagenesis System

The QuikChange® Site-Directed Mutagenesis Kit is used to make point mutations,
switch amino acids, and delete or insert single or multiple amino acids.A high
fidelity DNA polimerase (KOD Hot Start / Pfx DNA Polymerase, two synthetic
mutant oligonucleotide primers (each complementary to opposite strands of the
vector) and a supercoiled double-stranded DNA (dsDNA) vector with an insert of

interest were used. The procedure is simply based on degradation of parental DNA

58



by Dpnl endonuclease which is specific for methylated and hemimethylated DNA
after temperature cycling. The nicked vector DNA containing the desired mutations
is then transformed into XL1-Blue cells and the nick is repaired. The basic procedure

is demonstrated in Figure 3.5.

59



Step 1
Plasmid Preparation Gene in plasmid with
target site mutation
N\ ) Parental DNA

plasmid

Denaturation and
annealing of
Step 2 mutagenic primers
Thermal Cycling
j
4 \
1 Mutagenic primers
Extension and
formation of nicked
circular strands
- l
Dpnl digestion of
Step 3 nonmutated template
Digestion DNA
| \
Nicked circular
strands
XL1-Blue cells repair
Step 4 ' the nicks in the
Transformation mutated plasmid
Mutated DNA
plasmid

Figure 3.5 Overwiew of the QuikChange® Site-Directed Mutagenesis Method
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3.3.2 QuikChange® Application and Optimization of Annealing Temperature

In order to find the optimum annealing temperature, five different reaction mixtures
were prepared to run at temperatures from 53°C to 61 °C by using a gradient thermal
cycler.ProGON1* and ProGOMNI* were used as templates with primers
FGGO T21A F and FGGO _T21A R which were given in Appendix D.

M 1 2 3 4 5 6 7 8 9 10 11

bp

23130%

9416
5357

4361*

2322
2027

Figure 3.6 Agarose gel electrophoresis showing the results of gradient temperature
cycling for establishing the optimum annealing temperature for the QuikChange®
Site-Directed Mutagenesis System. M, A DNA/Hind III (50ug/ml);  1-5, Putative
ProGONT1 obtained at temperatures 53 °C, 55 °C, 57 °C, 59 °C, 61 °C, respectively;
6-10, Putative ProGOMNI1 obtained at temperatures 53 °C, 55 °C, 57 °C, 59 °C, 61

oC, respectively; 11, Negative control.

As seen in Figure 3.6, optimum annealing temperature for both of the constructs was

550C.

QuikChange was performed in order to revert the undesired mutation (A21T)
according to the mutant strand synthesis reaction given in section 2.2.4.2.The

templates and the primers were the same which were used in annealing temperature
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optimization above. Thermal cycling parameters were: 94 °C x 30 sec., 24 x (94 °C x

30 sec., 55°C x 1 min., 68 °C x 8 min) as given in Table 2.2 in details.

bp

23130

9416
G537

43561*

2322
2027

Figure 3.7 QuikChange® Site-Directed Mutagenesis System results visualized by
agarose gel electrophoresis. M, A DNA/Hind III (50pg/ml); 1, Putative ProGONI;
2, Putative ProGOMN1; 3, (-) control

Two bright bands were obtained with an expected size (7805bp) as shown in Figure

3.7.

3.3.3 Transformation of XL1-Blue Cells byProGOMN1 and ProGON1

The amplification products which were thought to be carrying T21A conversion were
transformed into XL1-Blue cells according to the procedure explained in section

2.2.44.

3.3.4 Plasmid Isolation and Detecting Reversion of Undesired Mutation by

Sequence Analysis

Several colonies were selected for plasmid isolation and further sequence

determination to detect T21A reversion, the right sequence.
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1 2 3 45 6 M 7 8 9 10 11 12

bp

2330

M6
G357

4361*

2322
2027

Figure 3.8 Isolation of plasmid from E.coli transformants following QuikChange®
mutagenesis for T21A reversion. M, A DNA/Hind III (50pg/ml); 1-6, Putative
ProGONI1 clones; 7-12, Putative ProGOMNI1 clones.

After estimation of plasmid DNA concentration, 250 ng of each sample was
subjected to sequence analysis as described in section 2.2.4.5. According to those
data, among the ProGON1 and ProGOMNI1 samples ProGON1s and ProGOMN14

had the correct conversion (T21A).

To obtain a sufficiently high amount of plasmid for further use in mutagenesis, large
scale plasmid isolation was done for ProGON1 and ProGOMNI1 with QIAfilter®

Plasmid Maxi Kits as described in section 2.2.5.2.
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bp

23130

9416
53237

43561*

2322
2027

Figure 3.9 Large scale plasmid isolation of ProGONI1 and ProGOMNI1 and
restriction enzyme digestion results with Clal. M, A DNA/Hind III (50pg/ml); 1,
ProGON1; 2, ProGOMNI1; 3, ProGONI1 digested with Clal; 4, ProGOMNI1 digested
with Clal.

3.4 Generation of Mutational Variants by Site-Directed Mutagenesis

The mutations were designed in order to prevent the possible roles of important
conformational determinants that might participate in self-processing. In a previous
study by Ogel (1993), Arg-Ala was substituted into Phe-Phe as explained in section
1.3.1. It was shown that this mutation did neither alter the cleavage process nor the
site of cleavage (Ogel, 1993). However, for a thorough investigation further

mutations are necessary at or surrounding the cleavage site.

Here, codons were altered as little as possible modifications (see Appendix C and D).
Arg-1Pro, Ser2Ala and His522Ala substitutions were carried out supposing the
inhibition of the cleavage by changing polarity and putative reactivity of side chains.
Similarly, the cleavage site mutation Arg-1X/AlalX was designed in order to
generate a library of cleavage site mutations. Here, four types of this library were

analyzed; this can be continued in a separate study.
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3.4.1 Results of Thermal Cycling and Dpnl Digestion

In order to achieve mutations explained in Section 3.2 QuikChange® Site-Directed
Mutagenesis Kit was used by making use of suitable primer oligonucleotides as
described in section 2.2.4.1 and shown in Table D.1. For all mutations the protocol
explained in section 2.2.4.2 was followed. All these mutations were performed on

ProGON1 and ProGOMNI1.

23130%

416
BESST

43561 *

2322
2027

Figure 3.10 Results of site-directed mutagenesis application demonstrating all
mutant types attained on each construct. 1-4, ProGONI1; 1, N-RPAP; 2, N-RXAX; 3,
N-S2A; 4, N-H522A; M, A DNA/Hind III (50pg/ml); 5-8, ProGOMNI;
5, MN-RPAP; 6, MN-RXAX; 7, MN-S2A; 8, MN-H522A (see for the abbreviations)

Below are given the Dpnl digestion (see section 2.2.4.3) results to determine the size

matching the bands expected.
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b

23130

416
|ty

43651*

7805 bp

2322
2027

Figure 3.11 The bands representing mutant gao genes with 20ng/ul template DNA
after Dpnl digestion. 1, N-RPAP; 2, N-HisA; 3, MN-RPAP; 4, MN-RXAX;
5, MN-H522A.

As it is seen in Figure 3.10; N-RXAX, N-S2A and MN-S2A mutant forms could not

be obtained at this stage of the experiments.

However, several trials of thermal cycling were performed in order to achieve all
mutants by altering the amount of the template plasmid DNA without changing the
annealing temperature. Sng/ul template DNA was used instead of 20ng/pl. Some
mutant fragments obtained after thermal cycling were strangely getting stuck within
the wells, the reason for this was thought to be concatamer formation. It was shown

that increasing the annealing temperature gradually could solve this problem.

N-S2A (see Figure 3.12) mutation was generated at a later stage of this study,
although ProGONI1 template later shown was not very suitable for mutations as

explained below.
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bp

251.30*

9416
BS57Y

43561 *

7805 bp

2322
2027

Figure 3.12 Dpnl digestion results of the mutants amplified over the templates
having a concentration of Sng/ul. M, A DNA/Hind III (50pg/ml); 1, N-RPAP;
2, N-S2A; 3, MN-RPAP.

3.4.2 Transformation of the Mutants into E. coli and Sequence Analysis

As soon as the mutant gao genes were attained, these constructs were transformed
into XL1-Blue cells as described in section 2.2.4.4. This was followed by plasmid

isolation and sequence analysis.

For DNA sequencing, four representative colonies were chosen per mutation and
were cultivated as it explained in section 2.2.4.5. After transformation into XL1-
Blue cells, plasmid mini-preparations were done using QIAprep® Spin Miniprep Kit
as explained before. Isolated plasmid DNAs were digested using the restriction
enzyme Clal (Section 2.2.5.5). Both the plasmids before digestion (Figure 3.13. and
Figure 3.15.) and the digested products (Figure 3.14 and Figure 3.16) were then
loaded on an agarose gel to analyze the isolation efficiency and the accuracy. Yield is
important for providing the appropriate amount of DNA for sequencing and it also
indicates efficient isolation. Digestion using Clal which has a unique restriction site

on the vector would confirm the isolate of interest by giving a single fragment.
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M 1 2 3 4 56 7 8 9 10 11 12

bp

23130

8416
=T

4361*

2322
2027

Figure 3.13 Plasmid isolation results of ProGONI mutants. M, A DNA/Hind III
(50pg/ml); 1-4, N-RPAP; 5-8, N-S2A; 9-12, N-H522A.

M1 2 3 4 5 6 7 8 9 10 11 12

bp

23130

9416
5357

4361+

7805 bp

2322
2027

Figure 3.14 Mutated ProGON1 plasmid after Clal digestion. 1-4, N-RPAP; 5-8, N-
H522A; 9-12, N-S2A.
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M 1 2 3 4 56 7 8 9 10 11 12

bp

2330

9416
337

4361*

2322
2027

Figure 3.15 Plasmid isolation results of ProGOMNI1 mutants M, A DNA/Hind III
(50pg/ml); 1-4, MN-RPAP; 5-8, MN-RXAX; 9-12, MN-H522A.

M 12 3 4 5 6 7 8 9 10 11 12

7805 bp

Figure 3.16 Restriction enzyme digestion with Clal for mutated ProGOMN1
plasmid. M, A DNA/Hind III (50pg/ml); 1-4, MN-RPAP; 5-8, MN-RXAX; (lane 5
was not loaded) 9-12, MN-H522A.
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As it was mentioned before and seen in Figure 3.13 and Figure 3.15. N-RXAX
mutant of ProGONI1 and MN-S2A mutant of ProGOMNI1 could not be obtained.
These mutations were later repeated and successfully obtained by using same

conditions given in section 3.4.1.

As explained above, four representative mutant clones were obtained for each
mutation. These mutants were then analyzed by DNA sequencing. Alignments of
both the DNA sequence and amino acid sequence were done by Clustal W
programme (Appendix E). As it is seen in the data given, a 36 bp triplication (72 bp
extra bit of sequence) appeared within all samples of ProGON1 constructs except
one of the S2A clones, N-S2A 1. On the other hand, ProGOMNI1 constructs did not

seem to have such an undesirable triplication.

Taking into account the possibility that the problem resulted from sequencing,
restriction enzyme digestion was applied both to the unmutated templates and the
mutants to determine whether there is indeed a triplication or not (Appendix C).
According to the plasmid restriction digests of Pst I & ECoRI, the expected band

sizes were;

4550 bp
1776 bp
860bp
559 bp —> 631 bp if there was 72 bp extra sequence
60 bp

N-S2A 1 which did not seem to have having the triplication was taken as a reference
point for comparison with other samples and especially with the ProGON1 and

ProGOMNI1 templates.
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Figure 3.17 Double restriction enzyme digestion with Pst I & EcoRI for the
detection of the 72 bp extra sequence L, 100bp ladder; 1, ProGONI*; 2,
ProGOMNI1*; 3, ProGONI1; 4, ProGOMNI1; 5, MN-RPAP 1; 6, N-S2A 1,7, N-S2A 2.

According to the results ProGON1* and ProGOMNI1* showed the expected band
sizes. On the other hand, it was obvious that the template ProGONT1 and the mutants
(here only the N-S2A 2 was shown as a representative) amplified over ProGONI, all
carry a 631 bp band indicating triplication within the gao gene.

3.4.3 Preparation of ProGON1 without Triplication

QuikChange® Site-Directed Mutagenesis Kit was used for a second time with
primers FGGO T21A F and FGGO T21A R which were given in Table D.1 to
obtain original ProGON1 (this time using Pfx DNA polymerase as described in
section 2.2.4.2).
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bp
21226

4268

2027

1375
947

564

Figure 3.18 Agarose gel electrophoresis showing a single band of amplified putative

ProGON1 M, X DNA/EcoRI+Hind IIT (0.5 pg/ul); 1, putative ProGONT.
Restriction digestions were also made using Ncol. The expected band sizes for Ncol
digestion were;

7031 bp
774 bp —> 846 bp if there was 72 bp extra sequence

774bp
559bp

Figure 3.19 Detection of expected fragments as a product of multiple digestions.
Lane 1-3 denote Pst I & EcoRI double digestion, lane 4-6 denote for Ncol single
digestion. M, A DNA/EcoRI+Hind IIT (0.5 pg/ul); 1, ProGON1; 2, MN-S2A 1 ; 3,
MN-S2A 2 ; 4, ProGONI1; 5, MN-S2A 1 ; 6, MN-S2A 2.
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These results confirmed that the ProGON1 constructs had an extra sequence whereas
the ProGOMNI1 constructs did not (Appendix E). Therefore, further studies were
continued with the ProGOMNI1 mutants. As an advantage, those clones are based on
the template generated by directed evolution and were previously shown to have
much higher efficiency of expression in E. coli (Deacon, personal communication).
In Table 3.2, besides the desired mutations, some extra mutations were also present

on some of the clones (Appendix E).

3.5 Heterologous Expression and Purification of Mutant GOase Proteins

3.5.1 Heterologous Expression of Mutant GOase Enzymes

Following the verification of mutants by DNA sequencing, the plasmids were
transformed into BL21 Star (DE3) (Invitrogen) cells by heat shock transformation
method (section 2.2.6.1). BL21 Star (DE3) is an optimised strain for recombinant
protein expression allowing high-level expression of T7-regulated genes with IPTG
induction. Its protease and RNase deficient nature enhance the capability of

recombinant protein expression.

After transformation, single colonies were picked from plates as a representative of
each type of mutation. Cells were then grown for the expression of mutant GOase.
The experimental procedure is indicated in Section 2.2.6.3. When the cells were
harvested, cell extracts were obtained without using protease inhibitor in order to
compare its effect on cleavage. However later, experiments in the presence of
protease inhibitor (Complete Mini, ROCHE) were also performed to hinder possible
protease activity and qualitative GOase assay was performed as described in section
2.2.7.1.Accordingly, the results shown in Table 3.1 were obtained (also see Figure

3.20).
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1 2 3 4 5 6 7 8 9 10 11 12 13

Figure 3.20 A set of qualitative assay results of the ProGON1, ProGOMNI and the
mutants. 1, ProGOMNI; 2, ProGONI1; 3, MN-RPAP 1; 4, MN-RPAP 3; 5, MN-RPAP 4;
6, MN-RXAX 3; 7, MN-RXAX 4; 8, MN-H522A 1; 9, MN-H522A 2; 10, MN-S2A 1;
11, MN-S2A 2; 12, MN-S2A 3; 13, MN-S2A 4.

As it is seen in Figure 3.20 above MN-H522A 2 has a light green colour which may

indicate low expression level or degradation.

According to the result in Table 3.1 no colour change among mutant samples may
denote either lack of expression of the recombinant protein or lack of processing.

This was later clarified by SDS-PAGE after purification.
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Table 3.1 Activity results of the mutants and mutants with extra unexpected

mutations

ACTIVITY APPROXIMATE
CONTROLS TYPE MOLECULAR

MASS

EXTRA APPROXIMATE
MUTATIONAL ACTIVITY
VARIANTS MUTATIONS MOLECULAR
MASS
N-S2A 1 S20C,Q22L + -

* Hardly detectable activity by qualitative GOase assay
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3.5.2 Purification and Analysis of GOase Mutants

Each dialysed cell extract carrying a mutational variant of GOase was loaded to the
equilibrated column. After the adsorption of the Strep-tag II fused GOase to the
column, the column was washed. Then the recombinant mutant GOase enzyme was
eluted in 6 fractions. Subsequently the column was regenerated and equilibrated to be

ready for the next run (section 2.2.7.2).

3.5.2.1 Effect of Copper Treatment on ProGOMN1-Generated Unmutated
GOase

SDS-PAGE analysis was made first with ProGOMNI1 as a positive control. Each
fraction of ProGOMNI1 was loaded to the wells of the gel. In these trials,
ProGOMNI1 was not treated with Cu®".

Ka L 1 2 3 4 5 6 7 8 9

200
150
120
100
85

70
60

50

Figure 3.21 Purification of unmutated ProGOMNI1 from Strep-Tactin® Sepharose®
column in 6 fractions. L, Protein ladder; 1, Crude Extract (Pre-load); 2, Flow

through; 3,GOase (commercial, Sigma); 4-9, Fractions 1-6.

The bands belonging to ProGOMNI in Figure 3.21 migrated slightly above the

70 kDa band. Even though there was a trace amount of copper in the cells, which
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was realized from the colour change in qualitative assay, Cu(SO4) was added to a
final concentration of 50 uM and cell extracts were incubated for several hours at
room temperature in order to assure cleavage of the pro-sequence. Results of

copper-treated ProGOMN 1 -generated unmutated GOase were shown in Figure 3.22.

kDa L 1 2 3 L 4 5

200
150
120
100
85

70
60

50

Figure 3.22 SDS-PAGE to realize ProGOMNI processing after Cu®" treatment.
L, Protein ladder; 1, Crude Extract (Pre-load); 2, Flow through; 3, GOase
(commercial, Sigma); 4, ProGOMNI (-) copper; 5, ProGOMNI (+) copper.

As it is seen in Figure 3.22, there was no difference between the sizes of bands after
copper treatment. After aerobic addition of copper into the pure GOase, self-catalytic
removal of pro-sequence is expected yielding a 65.5 kDa processed enzyme. An
intriguing point here is the migration of the protein above 70 kDa. The difference
between the observed and expected band sizes was first supposed to be resulting
from the Strep-tag II at the C-terminus allowing purification. Mutant GOases were

purified and analyzed in order to find an explanation to this ambiguity.
3.5.2.2 Effect of Different Protease Inhibitors

In expression applications for the original construct and the mutational variants, the

same type of protease inhibitor was used (Complete Mini,ROCHE). The effect of the
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protease inhibitor was also investigated by using two different kinds of protease
inhibitor, one was EDTA-free and the other may have contained EDTA. Since
EDTA is a chelating agent and may act on metalloproteins, it was possible that it
effects self-processing by GOase. This experiment was carried out on unmutated

GOase from ProGOMNI1 (Figure 3.23).

70kDa <“— R
A
=
*

Figure 3.23 Protease inhibitor type effect on cleavage. L, Protein ladder; 1, GAO
(commercial); 2, ProGOMNI1 (- protease inhibitor); 3, ProGOMNI1 (+ protease
inhibitor); 4, ProGOMNI1 (+ EDTA-free protease inhibitor)

It was seen that protease inhibitor with or without EDTA has no crucial role on self-

processing, as all proteins were the same size.
3.5.2.3 SDS-PAGE Analysis of GOase Mutants

As mentioned before, the mutations were designed so that they can possibly prevent
the cleavage of the pro-peptide. So, if cleavage did not take place this should yield a
protein of size larger than ProGOMN1-generated unmutated GOase. Although the
size of the unmutated GOase was larger than expected, as mentioned above, this was
likely to be due to the existence of the Strep-tag. Since cleavage of the pro-peptide

was autocatalytic, absence of cleavage in the unmutated GOase was something
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unexpected. Thus in any case, mutations should yield a larger protein if they were
able to prevent cleavage. Except MN-S2A mutations (they are all shown together on
the same gel, Figure 3.27); only one single gel was shown per mutation as a

representative (see Figures 3.24-3.26).

kDa
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Figure 3.24 MN-RPAP 1 fractions collected from Strep-Tactin® Sepharose®
column L, Protein ladder ; 1, Crude Extract (Pre-load); 2, Flow through; 3,GOase

(commercial, Sigma); 4-9, Fractions 1-6.
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Figure 3.25 MN-RXAX 3 fractions gathered from Strep-Tactin® Sepharose®
column L, Protein ladder ; 1, Flow through; 2, GOase (commercial, Sigma ); 3-8,

Fractions 1-6.
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Figure 3.26 SDS-PAGE for MN-H522A 2 fractions L, Protein ladder ; 1, Crude
Extract (Pre-load); 2, Flow through; 3-8;Fractions 1-6.
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Figure 3.27 SDS-PAGE analysis for MN-S2A samples altogether L, Protein ladder ;
1, MN-S2A 1; 2, MN-S2A 2; 3, MN-S2A 3; 4, MN-S2A 4.

In MN-H522A 2 sample (indicated with arrows in Figure 3.26) there was a lower-
size band pointing out a possible degradation. MN-H522A 2 contains an extra
mutation (N521K) which may generate a putative processing site (Lys-Ala) for a

specific protease (see Table 3.1 and Appendix E). Low activity by GOase-HRP
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coupled assay, previously shown in Figure 3.20, may be due to these two point

mutations located against the cleavage site on three dimensional configuration.

When the Table 3.1 was examined, it can be seen that in some samples there is
activity in spite of no band was detected such as N-S2A 1, MN-RXAX 4, and
MN-HS522A 3 possibly due to the low expression level.

According to the Table 3.1, in some mutant types neither the bands nor the activity
was observed. MN-RXAX 1 and MN-RXAX 2 have deletions leading a frame shift
which results in a totally different protein. On the other hand, MN-RPAP 2 and
MN-H522A 4 mutants may have conformational changes on their main structure

caused by extra mutations.

As can be seen in Figures 3.24-3.27, the size of bands of all mutants indicates the
same molecular weight. It was expected that especially on unmutated GOase and also
the mutants which yielded green colour formation on ABTS assays indicating
activity, pro-sequence should have been removed. However, the size of the protein

bands were all the same and larger than expected.

As it was mentioned before, all GOase constructs including the mutants were
carrying an eight amino acid encoding Strep-tag at C- terminus. This would result in
a 1 kDa increase in molecular mass. If the pro-sequence had been removed the

expected band size would be 66.5 kDa (mature peptide +1 kDa Strep-tag).

All the bands migrated slightly above the 70 kDa band. This size is unlikely to have
resulted only from the Strep-tag itself. The peptide mass was estimated by using
Peptide Mass Prediction program. According to this data, if the pro-sequence had not
been removed the expected size of the protein is approximately 69.5 kDa (65.5 kDa
mature peptide + ~1 kDa for the 8 amino acid preceding sequence before pro-

sequence + 1.7 kDa pro-sequence + 1 kDa Strep-tag ).

In order to explain the situation there were two possible approaches. Since it was not
evident that processing had occurred, it was decided to evaluate Strep-tag carrying

mature GOase (without the pre-pro-peptide) and the others together in an
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SDS-PAGE. The second approach was to submit ProGOMN1-generated GOase for

N-terminal amino acid sequencing.
3.5.3 Analysis Based on Comparison with MatGOMNG

MatGOMNG is the best construct among the developed mature GOases which shows
the highest expression in E.coli (Deacon, personal communication). The schematic
diagram of this construct can be seen in Figure 3.28.

Silent Mutations Strep-tag 11

\ S10P M70V  P136  GI95E VA494A N535D |
MatGOMNG

Figure 3.28 Schematic diagram of MatGOMNG6 construct

In addition to MatGOMNG6, the protein product of ProGONI1 was also obtained
following its recovery without the unwanted triplication. The mutants were loaded to
the same SDS-PAGE gel together with the control samples (Figure 3.29 and Figure
3.30).

70 kDa «— Sid

Figure 3.29 Comparison of the mutant GOases with mature enzyme MatGOMNG6. L,
Protein ladder; 1, ProGOMNI1; 2, ProGON1; 3, MatGOMNG6; 4, MN-RPAP 1; 5,
MN-RPAP 3 (very dilute); 6, MN-RPAP 4; 7, MN-RXAX 3.
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Figure 3.30 SDS-PAGE for comparison of the mutant GOases with mature enzyme
MatGOMNS6. L, Protein ladder; 1, ProGOMNI1; 2, ProGONI1; 3, MatGOMNG6;
4, MN-H522A 1; 5, MN-H522A 2; 6, MN-S2A 1; 7, MN-S2A 2; 8, MN-S2A 3 ;
9, MN-S2A 4.

There is a distinct difference between the sizes of the MatGOMNG6 and the other
samples. Since the significant difference between the mature construct and the pro-
constructs is the existence of pro-sequence, this experiment strongly indicates that all
the mutational variants and the original constructs ProGOMNI1 and ProGONT1 still

carry the pro-sequence.

3.6 Analysis of the N-terminal Amino Acid Sequence of ProGOMN1-generated
GOase

Samples to be sent for N-terminal sequence analysis were first loaded on SDS-PAGE

gel (Figure 3.31) for the determination of concentration.
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Figure 3.31 SDS-PAGE for detecting the amount of protein from two fold cell
extract. L, Protein ladder; 1, ProGOMNI (- protease inhibitor); 2, ProGOMNI
(+ EDTA-free protease inhibitor); 3-8; Fractions 1-6 of ProGOMNI(+ protease
inhibitor).

3.6.1 Electroblotting

After concentration was determined (section 2.2.7.4), 4 wells of gel were loaded with
adequate amount of sample in order to provide the desired quantity for N-terminal
sequencing. After the SDS-PAGE was run, the procedure explained in section 2.2.7.5

was followed. The membrane on which the samples were electroblotted was kept at -

20 °C ( Figure 3.32).

Figure 3.32 ProGOMN!I electroblotted PVDF membrane after staining.
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3.6.2 N-terminal Sequencing

Sequence analysis was performed in the Institute of Molecular and Cellular Biology,
Faculty of Biological Sciences, University of Leeds, UK. According to the report the

following sequence had been obtained:

Val-Ala-Val-Thr-Val-Pro-Gly?-Ser?-Ala-Val (initial yield c. 4pmol).

When these residues were aligned with ProGOMNI1 deduced amino acid sequence of
GOase; it is seen that the pro-sequence is still there together with the 8 amino acid
preceding sequence (below). So, even the unmutated GOase was not processed when

heterologously expressed in E. coli.

27
QUERY V-A-V-T-V-P-G-S-A-V
EE T I % %k
PROGOMN1 V-A-V-T-V-P-H-K-A-V-G-T-G-I-P-E-G-S-L-Q-F-L-S-L-R-A-S-A
I || |
| | — |
8 amino acid 17 amino acid pro-sequence
pre-sequence

Taking into account other studies, especially the ones based on eukaryotic expression
hosts, the pre-peptide cleavage may require a proteolytic process. So, the lack of
specific proteases for this site or any different posttranslational modifications in
E. coli might hinder this cleavage. Furthermore, the presence of pre-peptide may
inhibit the autocatalytic cleavage of the pro-peptide. The pre-peptide may also have a
role in vacuole targeting and sorting prior to secretion as explained in section 1.2.3.
Following intracellular targeting in filamentous fungi, the pre-peptide might be

cleaved.

Until now, mature, pre-mature and pro- forms of the enzyme have been detected. The

intermediate pre-mature form lacking both the Cys-Tyr cross-link and the
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pro-sequence indicated that they were separate reactions, in vivo (Rogers et
al.,2000). Since a form which carries both the pro-sequence and the thioether bond
was not detected so far, it was suggested that pro-sequence cleavage precedes
thioether bond formation. However, in this study this fourth form of the enzyme
(PRO-MATURE enzyme) is explored for the first time. It is asserted that thioether
bond formation is independent of pro-peptide removal and may take place before

self-processing of pro-peptide, refuting the idea that gives priority to self-cleavage.

228 272
Mature GOase C Y*

-
C

\

Pre-mature GOase G228 Y*

228 272
Pro-GOase I C y*

228 272
Pro-mature GOase | Cc y*

N\

pre-sequence pro-sequence
Figure 3.33 Forms of GOase

This also brings out a further strong statement .1t is certain that GOase can be active

in spite of the pro-sequence presence at its N-terminus.
3.7 Future Prospects

Recently, developments particularly in protein engineering and directed evolution
studies may progress with the use of different enzymes in areas which have not been

used before.

Galactose oxidase is a member of a growing class of proteins with novel
posttranslationally modified redox-active amino acids. A greater understanding of
these modifications might allow incorporation of similar centers into designed

enzymes (Firbank et al, 2001).
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The current work provides a contribution to the study of the mechanism of
autocatalytic cofactor generation in galactose oxidase and may also provide insights
into the biogenesis of cross-linked cofactors found in other proteins. Self-processing
capability, using available reagents such as metal ions and dioxygen to generate new
types of reactivity might represent a key step in the evolution of enzymes (Rogers et

al, 2000).

Galactose oxidase may prove a prototype for understanding copper-dependent
proteolytic events that can occur in certain disease states, such as Alzheimer

precursor protein cleavage.

Which folding properties of the cupredoxins are necessary for the function is the
subject of site-directed mutagenesis studies. It is obvious that the efforts to clarify the
activation mechanism in galactose oxidase by mutations in pro-sequence will offer a

solution for modelling and theoretical studies of several new enzymes.

On the basis of this study the encoding sequence of pro-GOase for 8 amino acid
residues, preceding the 17-amino acid pro-sequence, can also be deleted by site-
directed mutagenesis in order to analyze whether pro-sequence could be removed
without that short oligopeptide. If it is detected that the pro-sequence is being
cleaved, this time any desired mutations can also be carried out on this newly

generated construct to explore autocatalytic processing.
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CHAPTER 4

CONCLUSION

The aim of this study was to analyze the autocatalytic cleavage mechanism of
galactose oxidase pro-sequence by site-directed mutagenesis in a heterologous
system, E. coli. It was clear that this finding would bring light to such ambiguities

observed in other posttrandationally modified enzymes.

In this thesis, four point mutations were carried out on previously developed
constructs carrying manipulated gao by directed evolution. The successfully
generated mutations were R-1P/A1P, R-1X/A1X, S2A, and H522A. Following
expression in BL21Star (DE3) the mutant galactose oxidases were purified in order
to detect the mutation effect on cleavage. The SDS-PAGE results indicate that all the
mutants including the unmutated templates, till have the pre-pro-sequence at their
N-termini, which was later confirmed by N-terminal amino acid sequencing. On the
other hand, it was signified by qualitative galactose oxidase assays that all mutational
variants together with the unmutated constructs show activity inspite of the

pre-pro-sequnce.

Apart from the effect of mutations, as an unexpected result, pro-sequence does not
affect thioether bond formation at the active site. As a matter of great importance,
this pro-sequence carrying active pro-GOase represents the fourth elusive form of the
enzyme (carries both the pro-sequnce and thioether bond) which has been able to be
observed for the first time. Furthermore, this finding also contradicts with the
supposition that pro-sequence cleavage may take place before the formation of the
thioether bond, since it was shown here that these events are totaly irrelevant,

seperate events either of which can occur formerly.
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Of further importance, is the observation of lack of cleavage in the pre-pro-GOase
construct. Since pro-GOase processing is autocatalytic, in the presence of copper and
dioxygen, absence of processing is likely to be prevented by the pre-peptide. This
suggestion should be further studied by deleting the sequence corresponding to the
pre-peptide, on ProGON1 and ProGOMNL1 constructs.
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APPENDIX A

CHEMICALS, ENZYMES AND THEIR SUPPLIERS

Chemicals

Agar Difco
Agarose Sigma
ABTS Applichem
Acrylamide Applichem
Amonium peroxidisulfate Fluka
-Mercaptoethanol Merck
Bisacrylamide Applichem
Bovine Serum Albumin Sigma
Bromophenol Blau Merck
CaCl, Sigma
Coomassie Brillant Blue G 250 Merck
Coomassie Brillant Blue R 250 Merck
Cu(NOs), Merck
Cupric sulfate Sigma
d-Desthiobiotin Sigma
D-Galactose Sigma
D(+)-Glucose monohydrate Merck
EDTA Merck
Ethidium Bromide Sigma
Glacial Acetic Acid Merck
Glucose Sigma
Glycerol Merck

97



HABA

HCI

IPTG
Isopropanol
KCI

KH,PO,4
Methanol
MOPS

NaCl

Na,CO;
NaHCOs3
Na,HPO,4.7H,O
NaH,PO4
NaOH
Phosphoric acid
PIPES

SDS

Sodium Acetate

TEMED

Trichloroacetic acid

Tris Base
Trypton
Yeast Extract

Enzymes

Galactose oxidase

Horseradish peroxidase

KOD Hot Start DNA Polymerase
Pfx DNA polymerase

RNase A
Clal

Sigma
Merck

MBI Fermentas
Merck
Fluka
Merck
Merck
Calbiochem
Merck
Merck
Merck
Merck
Merck
Merck
Merck
Sigma
Merck
Merck
Fluka
Riedel-de Haen
Merck
Merck
Merck

Sigma
Sigma
Novagen
Invitrogen
Sigma

Promega



Dpnl
EcoRI
Ncol
Pstl

Protease Inhibitors

Complete, Mini
Complete, Mini EDTA-free

DNA and Protein size markers

GeneRuler® 100 bp DNA Ladder Plus
GeneRuler® Protein Ladder

A DNA/Hind III DNA Marker

A DNA/EcoRI+Hind III Marker

Kits

QIAprep® Spin Miniprep Kit

QIAfilter® Plasmid Maxi Kits

Dialysis Membrane
pET101/D/lacZ Vector
Strep-Tactin® Sepharose®

MBI Fermentas
MBI Fermentas
MBI Fermentas
MBI Fermentas

Roche
Roche

MBI Fermentas
MBI Fermentas
MBI Fermentas
MBI Fermentas

Qiagen
Qiagen

Sigma
Invitrogen

IBA GmbH's
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APPENDIX B

PREPARATIONS OF GROWTH MEDIA, BUFFERS AND SOLUTIONS

Agarose (1%)

1 g agarose is dissolved in 100 ml 1 x TAE buffer by strring and dissolving.

Ampicillin (50 mg.mI™ stock)

500 mg ampicillin is dissolved in 10 ml ddH»O, filter sterilised (0.2 um filter),
aliquoted into ~400 ul and stored at -20°C. It is used at a dilution of 1/1000 (400 pl in

400 ml) to give 50 pg.ml" working concentration.

APS (25%)

1 g ammonium persulphate is dissolved in 4 ml dH,O. It can be stored fresh at 4°C

for about one week.

Blotting Buffer (pH=10,5) (500 ml)
NaHCO; 042¢g 10 mM
NaCO; 0.159 ¢ 3 mM

Methanol 100ml  20%
After mixing all, ddH,O is added to 500ml
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Bradford’s Solution (1x) (1L)

100 mg Coomassie blue G250

50 ml 95% ethanol

100 ml phosphoric acid

After the dye is completely dissolved, it is diluted to 1 L with dH,O and filtered
through 3MM filter paper.

BSA Protein Standart (1 mg.ml™)

104.17 mg BSA (96%) is dissolved in 0.85% NaCl and 0.1% sodium azide. This
solution is stored at 4°C.

Buffer P1 (Resuspension Buffer)

50 mM Tris-Cl, pH = 8.0

10 mM EDTA

100 pg/ml RNase A

Buffer P2 (Lysis Buffer)

200 m M NAOH

1% SDS

Buffer P3 (Neutralization Buffer)

3.0 M potassium acetate, pH = 5.5
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Buffer QBT (Equilibration Buffer)

750 mM NaCl
50 mM MOPS, pH = 7.0
15% isopropanol

0.15% Triton X-100

Buffer QC (Wash Buffer)

1.0 M NaCl

50 mM MOPS, pH = 7.0

15% isopropanol

Buffer QF (Elution Buffer)

1.25 M NacCl

50 mM Tris-ClL, pH = 8.5;

15% isopropanol

Buffer W (Washing buffer)

100 mM Tris-Cl pH 8.0
150 mM NacCl

Buffer E (Elution buffer)

100 mM Tris-Cl pH 8.0

150 mM NacCl
2.5 mM desthiobiotin
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Buffer R (Regeneration buffer)
100 mM Tris-Cl pH 8.0
150 mM NacCl

1 mM HABA (hydroxy-azophenyl- benzoic acid)

Coomassie blue Staining Solution (1 L)

Methanol 450 ml  (45%)
Acetic acid 70ml (7%
dH»>O 480 ml

Coomassie blue R250 2.5 g (0.25%)

Coomassie blue is dissolved in methanol, acetic acid and HpO are added to 1 L. It is

sotered in dark bottle at room temperature, recycled if necessary.

CU(NOg)z (1 mM)

0.188 mg is dissolved in 1 ml dH,O.

CuSO,4 (100 mM)

15.95 g is dissolved in dH,O.

Destaining Solution (2 L)

Methanol 500 ml (25%)
Acetic acid 150 ml (7.5%)
dH»O 1350 ml

After mixing all, it is stored in dark bottle at room temperature, recycled if necessary
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DNase-free RNase

RNase A is dissolved in 0.01 M NaAc (pH = 5.2) to give a final concentration of 10
mg/ml. The solution is heated to 100°C for 15 minutes in a boiling water bath for the
inactivation of DNase. It is cooled slowly to room temperature. 0.1 volume of 1 M
Tris-HCI (pH = 7.5) is added until the pH of the solution is 7.0. The solution is
dispensed into

aliquots and stored at -20 °C.

EDTA (0.5 M, pH = 8.0)

186.1 g of ethylenedinitrilotetraacetic acid disodium salt dihydrate is added to 800 ml
of distilled water. It is stirred vigorously on a magnetic stirrer while the pH is
adjusted to 8.0 with NaOH pellets. The solution is dispensed into aliquots and

sterilized by autoclaving.

Ethanol (20%) (500 ml)
Absolute ethanol 100 ml
H,O 400 ml

Ethanol (70%) (100 ml)
Absolute ethanol 70 ml
H,O 30 ml

Ethidium Bromide Solution (10 mg/ ml)
EtBr 02¢g
Hy0 20 ml
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EtBr is dissolved carefully by stirring several hours, stored by wrapping in foil/in
dark bottle at room temperature. Also a 10 mg ethidium bromide tablet can be

dissolved in 1 ml distilled water

Fixing Solution (20%0)( 100 ml)

20 g trichloroacetic acid

dH»O is added to 100 ml and trichloroacetic acid is dissolved in it.It is kept at room

temperature.

Galactose Oxidase Assay Solution

D galactose S54¢g
ABTS 22 mg
HrP (90 U/mg) 8.25 mg

100 mM Napi, pH 7 50 ml
All reagents are mixed and dissolved. It is stored by wrapping in foil/in dark bottle at

0°C.

Gel Buffer (GB) (pH 8.9) (100 ml)
Tris 185¢g (1.5 M)
SDS 04¢g (0.4%)

Volume is made up to 100 ml by dH»O. pH is adjusted by HCI (~2 ml). It is filtered

and stored at 4°C.
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IPTG (1 M)

2,4 g IPTG is dissolved in 10 ml dH,O, filter sterilized, dispensed in to aliquots and
stored at -20°C.

LB (Luria-Burtani broth) Ampicillin Agar (per Liter)

10 g of NaCl
10 g of tryptone

5 g of yeast extract
20 g of agar (2%)

Deionized H,O is added to a final volume of 1 litre. After adjusting pH to 7.2 with
10N NaOH the medium is autoclaved.l ml of 50 mg/ml ampicillin stock is added
when it cools down to nearly 55°C to give a final concentration of 50 pg/ml. Then it
is poured into the petri dishes ( 20-25 ml/ 90 mm plate).They are sealed with
parafilm and stored at 4°C.

LB (Luria-Burtani) Medium (per Liter)

10 g of NaCl
10 g of tryptone

5 g of yeast extract

To reach a final volume of 1 liter deionized H,O is added. After adjusting pH to 7.2
with 10 N NaOH the medium is autoclaved. If it is desired, 1 ml of 50 mg/ml
ampicillin stock is added when it cools down to nearly 55°C to give a final

concentration of 50 pug/ml. It is stored at 4°C.
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LB Tetracycline Agar (per Liter)

10 g NaCl
10 g tryptone
5 g yeast ex tract

20 g agar

Final volume is adjusted to 1 liter with distilled water. After adjusting pHto 7.0 with
NaOH, the medium is autoclaved. 1.5 ml 10 mg/ml tetracycline is added when it
cools to 55°C, and poured to petri dishes. The plates are covered with parafilm and
stored in dark at 4°C.

Loading dye (6x)

0.2% bromophenol blue

0.2% xylene cyanol FF

60% glycerol

60 mM EDTA

MgCl, (2M)

19 g MgCl, is dissolved in 90 ml dH»O and the volume is made up to 100 ml with

dH»O, sterilized by autoclaving.

NaOH (10 N)

20 g NaOH pellets are dissolved in 50 ml dH,O and store in plastic bottle.
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NE Buffer

0.3 M NaAC (pH 7.0)
PBS (x1)

NaCl 8g
KCl 02¢g
Na,HPO4 (anhy) 1.44 ¢
KH,PO, 024 ¢

Distilled H,O is added to 1000 ml. If necessary, pH is adjusted to 7.4 by phosphoric
acid to make more acidic/ 1 M NaOH to make more alkali. It is sterilized by

autoclaving.

Phosphate buffer (100 mM, pH 7.0) ( 2L)

NaH,PO4 12.17 g

Na,HPO4 173 ¢

From table ratio of NaH,PO4to Na,HPOj4 to give pH 7.0 was 39 gand 61 g
[ NaH,PO4=0.39x2x0.1 x156.01g =12.17¢g

Na,HPO4=0.61 x2x0.1x141.96g =173¢g ]

PIPES (20mM, pH 6.1)

6.048 g PIPES is dissolved in 1L dH7O, it is noted that PIPES does not dissolve until

close to pH 6.1
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Preserving Solution (1L)

Acetic acid 100 ml
Glycerol 100 ml
dH»>O 800 ml

Running buffer (10x) (pH 8.3) (1 L)

Tris 30g (0.25 M)
Glycine 144. g (1.91 M)
SDS 10g (1%)

All the reagents are dissolved in dHpO, volume is made up to 1L with dHO and

stored at 40C.

Sample buffer (x4) (4ml)
20 % SDS 2.0 ml
1 M Tris-HCI, pH7 1.0 ml
Glycerol 1.0 ml

Bromophenol blau  few grains

Everything is mixed, stored at room temperature.
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SDM

Sample buffer (x4) 4.0 ml (80%)
Mercaptoethanol 1.0 ml (20%)

It is prapered just before use (freshly made).

SDS (10%)

10g SDS is dissolved 100ml dH,O carefully by wearing a mask. It is autoclaved and

stored at room temperature.

SOC Medium (1L)

20 g bactotryptone
5 g bactoyeast extract

0.5 g NaCl

They are dissolved in 950 ml dHO. After addition of 10 ml 250 mM KCl, pH is
adjusted to 7.0 with 5 N NaOH (~0.2 ml). The volume is made up to 1L with dH>O

and the medium is autoclaved. When it is cooled to 60°C, 20 ml sterile 1 M glucose

is added. Also, before use 5 ml of sterile 2 M MgCl, is added.
Sodium Acetate (3 M, pH =5.2)
408.1 g of sodium acetate is dissolved in 800 ml distilled water. The pH of the

solution is adjusted to 5.2 with glacial acetic acid. The volume is adjusted to 1 liter

with distilled water. The solution is sterilized by autoclaving.
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Solution I (Alkaline Lysis)

50 mM Glucose
25 mM Tris-HCI (pH 8.0)
10 mM EDTA

Solution 11 (Alkaline Lysis)

0.2 N NaOH
1% SDS

Solution 111 (Alkaline Lysis)

3 M NaAC (pH 4.8)

Solution I (Competent E .coli Preparation) (50 ml)

10 mM Tris-HCI (pH=S8)

50 mM CaCl,

20%  Glycerol

500 pl 1M Tris-HCI (pH=8) and 2,5 ml 1 M CacCl, are added to 47 ml distilled and
sterile water to reach a 50 ml final volume. Secondly, with the same concentrations
to reach 7 ml final volume this time, 70 pl 1M Tris-HCl (pH=8), 350 ul IM CaCl,
and 1,4 ml glycerol are added to 5180 pl distilled and sterile water.

Stacking Gel Buffer (SGB) (100 ml, pH to 6.7)

Tris 51g (0.4 M)
SDS 04¢g (0.4%)
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Volume is made up to 100 ml by dH»O. pH is adjusted by HCI (~3 ml). It is filtered

and stored at 4°C.

TAE Buffer (50x, per Liter)

242 g of Tris base is dissolved in 600 ml distilled water. The pH is adjusted to 8.0
with approximately 57 ml glacial acetic acid. Then 100 ml 0.5 M EDTA (pH 8.0) is

added and the volume is adjusted to 1 liter.

TE Buffer
10 mM Tris-HCI (pH 8.0)
1.0 mM EDTA (pH 8.0)

Tetracycline (10 mg.ml™ stock)
100 mg tetracycline is dissolved in 10 ml 50% ethanol. If possible (does not always
dissolve fully) it is filter sterilised (0.2 pm filter), aliquoted and stored at -20°C.

Tfb 1 250ml MW

3 mM KAC 0.735g 98.14
100 mM RbCl2 3.025¢ 121

10 mM CaCl2 0.37g 147.02
50 mM MnCl 2.475¢g 197.91

Glycerol (15%) 37.5ml

Before adding glycerol pH is adjusted to 5.8 with 0.2M acetic acid, then it is filter

sterilised.
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Tfb 2 100ml MW

10 mM MOPS 0.21g 209.3
75 mM CaCl2 l.1g 147.02
10 mM RuCI2 0.12g 120.94
Glycerol (15%) 15ml

Before the addition of glycerol pH is adjusted to pH 6.5 with KOH, then it is filter

sterilised.
Tris-HCI Buffer (1M, pH=8) 1L
121.1 g Tris base is dissolved in 800 ml of distilled water. pH is adjusted to the

desired value with concentrated HCI. Then to achieve 1 liter volume certain amount

of distilled water is added, sterilized by autoclaving.
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APPENDIX C

MAPS AND SEQUENCE DATA OF THE PROGON1 AND PROGOMN1

Figure C.1.The map of pET101D ProGON1 vector
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ProGON1
atggttgcagttaccgttcctcacaaggecgtaggaactggaattcctgaagggagtcttcagttcctgagecttcgagect
cagcacctatcggaagcegccatttctcgcaacaactgggecgtcacttgegacagtgcacagtcgggasatgaatgcaa
caaggccattgatggcaacaaggataccttttggcacacattctatggcgccaacggggatccaaageccectcacacat
acacgattgacatgaagacaactcagaacgtcaacggcttgtctatgetgectcgacaggatggtaaccaaaacggcetgg
atcggtcgecatgaggtttatctaagctcagatggcacaaactggggceagecctgttgegtcaggtagttggttcgecgac
tctactacaaaatactccaactttgaaactcgecctgetegcetatgttegtettgtegcetatcactgaagegaatggecagect
tggactagcattgcagagatcaacgtcttccaagctagttcttacacagecceccagectggtcttggacgetggggtecy
actattgacttaccgattgttcctgeggctgcagcaattgaaccgacatcgggacgagtecttatgtggtcttcatatcgeaat
gatgcatttggaggatccectggtggtatcactttgacgtcttcctgggatccatccactggtattgtttccgaccgeactgtg
acagtcaccaagcatgatatgttctgecctggtatctccatggatggtaacggtcagatcgtagtcacaggtggcaacgat
gccaagaagaccagtttgtatgattcatctagcgatagctggatccegggacctgacatgcaagtggetegtgggtatcag
tcatcagctaccatgtcagacggtcgtgtttttaccattggaggctcctggageggtggegtatttgagaagaatggegaag
tctatagcccatcttcaaagacatggacgtcectacccaatgecaaggtcaacccaatgttgacggetgacaagcaaggat
tgtaccgttcagacaaccacgcgtggctctttggatggaagaagggttcggtgttccaagcgggacctagcacagecatg
aactggtactataccagtggaagtggtgatgtgaagtcagccggaaaacgccagtctaaccgtggtgtageecctgatge
catgtgcggaaacgctgtcatgtacgacgcecgttasaggaaagatcctgacctttggeggcetceccagattatcaagactc
tgacgccacaaccaacgcccacatcatcacceteggtgaacceggaacatctecccaacactgtctttgetagcaatgggtt
gtactttgcccgaacgtttcacacctctgttgttcttccagacggaagcacgtttattacaggaggcecaacgacgtggaattc
cgttcgaggattcaaccceggtatttacacctgagatctacgtccctgaacaagacactttctacaagcagaaccccaactc
cattgttcgegtctaccatageattteecttttgttacctgatggcagggtatttaacggtggtggtggtctttgtggegattgta
ccacgaatcatttcgacgcgcaaat ctttacgccaaactatctttacaatagcaacggcaatctcgegacacgtcccaagat
taccagaacctctacacagagcgtcaaggtcggtggcagaattacaat ctcgacggattcttcgattagcaaggcegtegtt
gattcgctatggtacagcgacacacacggttaatactgaccagcgecgcattcecctgactctgacaaacaatggaggaa
atagctattctttccaagttcctagegactctggtgttgctttgectggetactggatgttgttcgtgatgaactcggecggtatt
cctagtgtggcttcgacgattcgegttactcagggeggtggegattcttggagecatcegeagtttgagaaatgatgageg
gccgecage

The gao gene hasa4 x glycine + 1 x serine linker and an 8 amino acid Strep-tag 11 at

its C-terminal.
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Figure C.2 The map of pET101D ProGOMNL1 vector
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ProGOMN1
atggttgcagttaccgttcctcacaaggecgtaggaactggaattcctgaagggagtcttcagttectgagecttcgagect
cagcacctatcggaagegccattectcgcaacaactgggeegteacttgegacagtgcacagtcgggaaatgaatgcaa
caaggccattgatggcaacaaggataccttttggcacacattctatggcgecaacggggatccasageecectcacacat
acacgattgacatgaagacaactcagaacgtcaacggcttgtctgtgetgectcgacaggatggtaaccaaaacggctgg
atcggtcgecatgaggtttatctaagetcagatggcacaaactggggcagecctgttgegtcaggtagttggttcgecgac
tctactacaaaatactccaactttgaaactcgecctgctegetatgttegtettgtegcetatcactgaagegaatggecagec
ctggactagcattgcagagatcaacgtcttccaagctagttcttacacageeccecagectggtettggacgetggggtec
gactattgacttaccgattgttcctgeggcetgcageaattgaaccgacatcgggacgagtecttatgtggtcttcatatcgea
atgatgcatttgaaggatccectggtggtatcactttgacgtcttcctgggatceatccactggtattgtttccgaccgeactgt
gacagtcaccaagcatgatatgttctgecctggtatctecatggatggtaacggtcagatcgtagtcacaggtggcaacga
tgccaagaagaccagtttgtatgattcatctagegatagcetggatccecgggacctgacatgcaagtggetegtgggtatca
gtcatcagctaccatgtcagacggtcgtgtttttaccattggaggctectggageggtggegtatttgagaagaatggegaa
gtctatagcccatcttcaaagacatggacgtecctacccaatgccaaggtcaacceaatgttgacggctgacaagcaagy
attgtaccgttcagacaaccacgcgtggctetttggatggaagaagggtteggtgttccaagegggacctagcacageca
tgaactggtactataccagtggaagtggtgatgtgaagtcagecggaaaacgecagtctaaccgtggtgtageecctgat
gccatgtgeggaaacgctgtcatgtacgacgeegttaaaggasagatcctgacctttggeggetecccagattatcaaga
ctctgacgccacaaccaacgcccacatcatcaceeteggtgaacceggaacatctcecaacactgtetttgctageaatgg
gttgtactttgccegaacgtttcacacctctgttgttcttccagacggaagceacgtttattacaggaggecaacgacgtggaa
ttccgttcgaggattcaaccceggtatttacacctgagatctacgtcectgaacaagacactttctacaagcagaaccecaa
ctceattgttcgegcettaccatageattteccttttgttacctgatggcagggtatttaacggtggtggtggtctttgtggegatt
gtaccacgaatcatttcgacgcgcaaatctttacgecaaactatctttacgatagcaacggcaatctegegacacgtcecaa
gattaccagaacctctacacagagcgtcaaggteggtggcagaattacaatctegacggattcttcgattagcaaggegtce
gttgattcgctatggtacagcgacacacacggttaatactgaccagegecgcattceectgactctgacasacaatggagg
aaatagctattctttccaagttcctagegactctggtgttgetttgectggcetactggatgttgttcgtgatgaactcggeeggt
gttcctagtgtggcttcgacgattcgegttactcagggeggtggeggttettggagecatcegeagtttgagaaatgatgag
cggeegecage

The gao gene hasa4 x glycine + 1 x serine linker and an 8 amino acid Strep-tag |1 at

its C-terminal.
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Fusarium graminearum gao with the encoded amino acid sequence

at gaaacacct tttaacact cgctctttgctt cagcagcat caat gct gt t gct gt caccgt ¢
MKHLULTLALU CFSSI NAVAVTYV
cct cacaaggccgt aggaact ggaat t cct gaagggagt ct t cagt t cct gagecttcga
P HKAVGTGI PEGSL QFUL S L R
gcct cagcacct at cggaagcgcecat tt ct cgcaacaact gggecgt cact t gcgacagt
A S A PI GSAI S RNNWAVTCTD S
gcacagt cgggaaat gaat gcaacaaggccat t gat ggcaacaaggat acctttt ggcac
A Q S GNEI CNIKAI DGNIKDTF WH
acatt ct at ggcgccaacggggat ccaaagccccct cacacat acacgat t gacat gaag
T F Y GANGDWPIKWPWPWHTYTI DMK
acaact cagaacgt caacggctt gt ct at gct gcct cgacaggat ggt aaccaaaacggc
T T Q NV NGL S ML PR QDGNIG QNG
t ggat cggt cgccat gaggt t t at ct aagct cagat ggcacaaact ggggcagcecct gt t
WI GRHEVY L S SDGTNWGS PV
gcgt caggt agt t ggt t cgccgact ct act acaaaat act ccaact t t gaaact cgccct
A S GSWFADSTTI KYSNUFETRP
gctcgetatgttcgtcttgt cget at cact gaagcgaat ggccagcect t ggact agcat t
A RY VR RLV AI TEANGIOQPWT S I
gcagagat caacgt ctt ccaagct agt t ctt acacagccccccagcect ggt ct t ggacgce
A EI NVF QASSYTAPIOQPGL GR
t ggggt ccgact att gactt accgat t gt t cct gcggcet gcagcaat t gaaccgacat cg
wGeGP TI DL PIT VP AAAAI EPT S
ggacgagt cct t at gt ggt ct t cat at cgcaat gat gcat t t ggaggat cccct ggt ggt
GRV L MWSSYRNDATFG GG GSUP GG
atcactttgacgtcttcct gggat ccat ccact ggtattgtttccgaccgcact gt gaca
I T L T S S WDWPSTGI VSDRTVT
gt caccaagcat gat at gt t ct gccct ggt at ct ccat ggat ggt aacggt cagat cgt a
vV T K HDMZFTCWPGI S MDGNUG QI V
gt cacaggt ggcaacgat gccaagaagaccagt t t gt at gat t cat ct agcgat agct gg
V TG G NDAIKK KT S L Y DS S S D S W
at cccgggacct gacat gcaagt ggct cgt gggt at cagt cat cagct accat gt cagac
Il P GP DMQVARGY QS S ATMSD
ggtcgtgtttttaccattggaggct cct ggagcggt ggegt at t t gagaagaat ggcgaa
GRV FTI G666 S WS GGV F E KN G E
gt ct at agcccat ct t caaagacat ggacgt ccct acccaat gccaaggt caacccaat g
VY S PSS KTWTSLPNAIKVNUPM
tt gacggct gacaagcaaggat t gt accgt t cagacaaccacgcgt ggct ct t t ggat gg
L T ADKQGLYRSIDNHAWLF G W
aagaagggtt cggt gt t ccaagcgggacct agcacagccat gaact ggt act at accagt
K K 6S VFQAGPSTAMNMWY Y TS
ggaagt ggt gat gt gaagt cagccggaaaacgccagt ct aaccgt ggt gt agcccct gat
G S GDVKSAGKIRQSNIRGVAUPD
gccat gt gcggaaacgct gt cat gt acgacgccgt t aaaggaaagat cct gacct tt gge

A MCGNAVMYDA AV K GIK 1 L T F G
ggct ccccagat t at caagact ct gacgccacaaccaacgcccacat cat caccct cggt
G S PDY QDS SDATTNAMHI I TL G

gaacccggaacat ct cccaacact gt ct t t gct agcaat gggt t gt act t t gcccgaacg
E P GTSPNTVFASNGLYFART
tttcacacctctgttgttcttccagacggaagcacgttt attacaggaggccaacgacgt
FHTSVVLPDGSTUFI T GG QRR
ggaattccgttcgaggatt caaccccggt atttacacct gagat ct acgt ccct gaacaa
GI PF EDSTWPVFTWPEI Y VP EQ
gacact tt ct acaagcagaaccccaact ccatt gtt cgcgt ct accat agcatttccctt
DT FYKQNWPNSI VRVYHSI S L
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ttgttacct gat ggcagggt at tt aacggt ggt ggt ggt ctt t gt ggcgat t gt accacg
L L PDGRVZFNGSGSGSGLT CGHDT CTT
aat cattt cgacgcgcaaat ctttacgccaaact at cttt acaat agcaacggcaat ctc
NHFDAOQQI FTWPNYULYNJZSNUGNIL
gcgacacgt cccaagat t accagaacct ct acacagagcgt caaggt cggt ggcagaat t
A T RPKI TRTSTQS YV KYV G G R I
acaat ct cgacggat t ctt cgat t agcaaggcgt cgt t gat t cgct at ggt acagcgaca
T I S T D S SI S K ASULI RYGTA AT
cacacggt t aat act gaccagcgccgcat t cccct gact ct gacaaacaat ggaggaaat
HT V NTD QRRI P L TL TNNGGN
agctattctttccaagttcctagcgact ctggtgttgetttgectggctactggatgttg
SY S FQVZPSDSOGVALUPGY WML
tt cgt gat gaact cggccggt gtt cct agt gt ggctt cgacgat t cgegt t act cagt ga
FVMNSAGVZPSVASTI RV TQ -
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GAO and PROGONTL1 (a.a seguence alignment)

CLUSTAL W (1.82) multiple sequence alignment

GAO
PROGONL1

GAO
PROGONL1

GAO
PROGONL1

GAO
PROGONL1

GAO
PROGONL1

GAO
PROGONL1

GAO
PROGONL1

GAO
PROGON1

GAO
PROGONL1

GAO
PROGON1

GAO
PROGONL1

GAO
PROGONL1

MKHLLTLALCFSSI NAVAVTVPHKAVGTG PEGSL QFL SLRASAPI GSAI SRNNWAVTCD
--------------- MVAVTVPHKAVGTG PEGSLQFLSLRASAPI GSAI SRNNWAVTCD

R Sk R S S S S S S S S S S S S S S R R R R S S S S

SAQSGNECNKAI DGNKDTFWHTFYGANGDPKPPHTYTI DMKTTQNVNGL SM. PRQDGNQN
SAQSGNECNKAI DGNKDTFWHTFYGANGDPKPPHTYTI DVMKTTQNVNGL SM.PRQDGNQN

R R R R R R R R S S S S S R R R R R R R R R R R S R R S S R R R R S R S

GW GRHEVYL SSDGTNWGSPVASGSWFADSTTKYSNFETRPARYVRLVAI TEANGQPW'S
GW GRHEVYL SSDGTNWGSPVASGSWFADSTTKYSNFETRPARYVRLVAI TEANGOPW'S

R R R R SR R R S S S S S S R R S R R R R R R R R R S R R S S S S R R R S R R R S R

| AEI NVFQASSYTAPQPGLGRWGPTI DLPI VPAAAAI EPTSGRVL MABSYRNDAFGGSPG
| AEI NVFQASSYTAPQPGLGRWGPTI DLPI VPAAAAI EPTSGRVL MABSYRNDAFGGSPG

R R R R SR R R S S S S S S R R S R R R R R S R R R S R R S S S S S R R R S S R R R S

G TLTSSVWDPSTG VSDRTVTVTKHDVFCPG SMDGNGQ VWTGGENDAKKTSL YDSSSDS
G TLTSSWDPSTG VSDRTVTVTKHDVFCPG SMDGNGQ VWTGGENDAKKTSL YDSSSDS

R R R R SR R S S S S S S S R R S R R R R R R R S S S R R S S S R R R R R S S

W PGPDMQVARGYQSSATMSDGRVFTI GGSWEGGVFEKNGEVYSPSSKTWI SLPNAKVNP
W PGPDMQVARGYQSSATMSDGRVFTI GGSWEGGVFEKNGEVYSPSSKTWISLPNAKVNP

R R R R SR R R S S S S S S R S R R R R R R S R S R R S S S kR R R S R S S R

M. TADKQGL YRSDNHAW. FGAKKGSVFQAGPSTAMNWY Y T SGSCDVKSAGKRQSNRGVAP
M. TADKQGL YRSDNHAW. FGAKKGSVFQAGPSTAMNWY YT SGSCDVKSAGKRQSNRGVAP

R R R Sk SR R R S S S S S S S R R R S S S R S R S S S R R S S S kR R R S S R S S R

DAMCGNAVMYDAVKGKI LTFGGSPDYQDSDATTNAHI | TLGEPGTSPNTVFASNGLYFAR
DAMCGNAVMYDAVKGKI LTFGGSPDYQDSDATTNAHI | TLGEPGT SPNTVFASNGLYFAR

khkhkkhkhkhhkhhkhhhhhkhhkhhhkhhkhhkhhhhhkhhkhhkhhhkhhkhhhkhhkhhkhhkhhkhkhkkhkhk*

TFHTSWLPDGSTFI TGGORRG PFEDSTPVFTPEI YVPEQDTFYKOQNPNSI VRVYHSI S
TFHTSVWWLPDGSTFI TGGORRG PFEDSTPVFTPEI YVPEQDTFYKQNPNSI VRVYHSI S

khhkkhhkhhkhhkhhhkhhkhhkhhhhhhhkhh kb hkhhkhhhkhhkhhkhhhkhhkhhkhhkhhhkhkhkkhkkk*

LLLPDGRVFNGGGGEL CGDCTTNHFDAQ FTPNYLYNSNGNLATRPKI TRTSTQSVKVGGER
LLLPDGRVFNGGGGELCGDCTTNHFDAQ FTPNYLYNSNGNLATRPKI TRTSTQSVKVGCER

khhkhkhhkhhkhhkhhhhhkhhkhhkhhhkhhkhhhhhkhhkhhhkhhhhkhhhhhkhhkhhhhhkhhkhhkhhkhk*

60
45

120
105

180
165

240
225

300
285

360
345

420
405

480
465

540
525

600
585

I TI STDSSI SKASLI RYGTATHTVNTDQRRI PLTLTNNGGNSYSFQVPSDSGVALPGYWM 660
| TI STDSSI SKASLI RYGTATHTVNTDQRRI PLTLTNNGGNSYSFQVPSDSGVALPGYWM 645

khhkhkhkhkhhkhhkhhhhhhhkhhhhhkhhkhhhkhhkhhkhhkhkhhkhhkhhhhhkhhkhhkhhhkhkhkkhkhk*

LFVIVNSAGVPSVASTI RVTQ- - - = =< = <= === === o - = 680
LFVIVNSAGVPSVASTI RVTQGGGGSWBHPQFEK- - AAAS 682

khkkkhhkhhkhhkhhkhhhkhkhkkk
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GAO and PROGOMNL1 (a.a seguence alignment)

CLUSTAL W (1.82) multiple sequence alignment

GAO
PROGOVNL

GAO
PROGOVNL

GAO
PROGOVNL

GAO
PROGOVNL

GAO
PROGOVNL

GAO
PROGOWNL

GAO
PROGOVNL

GAO
PROGOVNL

GAO
PROGOWNL

GAO
PROGOWNL

GAO
PROGOVNL

GAO
PROGOVNL

MKHLLTLALCFSSI NAVAVTVPHKAVGTG PEGSL QFL SLRASAPI GSAI SRNNWAVTCD
--------------- MVAVTVPHKAVGTG PEGSL QFLSLRASAPI GSAI PRNNWAVTCD

R R R R SR SR S S S S S R S S S S S S R R R S R S S S

SAQSGNECNKAI DGNKDTFWHTFYGANGDPKPPHT YT DIVKTTQNVNGL SM.PRQDGNQN
SAQSGNECNKAI DGNKDTFWHT FYGANGDPKPPHT YTI DIVKT TQNVNGL SVL PRODGNQN

khkkkhkhkhhkhhkhhhhhkhhhhhkhhkhhkhhkhhhkhhkhhkhkhkhhkhhkhkhhkhhkhhhkh k- khkkhkhkk

GW GRHEVYL SSDGTNWGSPVASGSWFADSTTKYSNFETRPARYVRLVAI TEANGOPW'S
G GRHEVYL SSDGTNWGSPVASGSWFADSTTKYSNFETRPARYVRLVAI TEANGOPWI'S

R R R X

| AEI NVFQASSYTAPQPGLGRWGPTI DLPI VPAAAAI EPTSGRVL MABSYRNDAFGGSPG
I AEI NVFQASSYTAPQPGLGRWGPTI DLPI VPAAAAI EPTSGRVLMASSYRNDAFEGSPG

khkhkkkkhhkhhkhhhkhhkhhkhhhkhhkhhhhkhhhkhhkhhkhkhhkhhkhhkhkhkhkhhkkhkhkhhk *hk*

G TLTSSWDOPSTG VSDRTVTVTKHDMFCPG SMDGNGQ VWTGGENDAKKTSL YDSSSDS
G TLTSSWDOPSTG VSDRTVTVTKHDMFCPG SMDGNGQ VWTGGENDAKKTSL YDSSSDS

R R Sk SR R R S S S S S S S R S S R S S S R S S S S T R R S S S S S S

W PGPDMQVARGYQSSATMSDGRVFTI GGSWEGGVFEKNGEVYSPSSKTWISL PNAKVNP
W PGPDMQVARGYQSSATMSDGRVFTI GGSWEGGVFEKNGEVYSPSSKTWISL PNAKVNP

R R Sk SR R S S S S S S S S S S S R R S S R S S S S S R R S S S S S S R

M. TADKQGL YRSDNHAW. FGAKKGSVFQAGPSTAMNWY Y T SGSCDVKSAGKRQSNRGVAP
M. TADKQGL YRSDNHAW. FGAKKGSVFQAGPSTAMNWY YT SGSGDVKSAGKRQSNRGVAP

R R Sk SR R R S S S S S S R S S R R S S R S T S S S R R S S S S R R

DAMCGNAVMYDAVKGKI L TFGGSPDYQDSDATTNAHI | TLGEPGTSPNTVFASNGL YFAR
DAMCGNAVMYDAVKGKI LTFGGSPDYQDSDATTNAHI | TLGEPGTSPNTVFASNGLYFAR

R R Sk SR R R S S S S S S S S R S R S S S R S S T S R R S S S S S S R R

TFHTSVWWLPDGSTFI TGGORRG PFEDSTPVFTPEI YVPEQDTFYKQNPNSI VRVYHSI S
TFHTSVWWLPDGSTFI TGGQRRG PFEDSTPVFTPEI YVPEQDTFYKQNPNSI VRAYHSI S

R R Sk SR Sk S S S S S S S S R R S R R S S R S R S T S R R S T S R R

LLLPDGRVFNGGGGL CGDCTTNHFDAQ FTPNYLYNSNGNLATRPKI TRTSTQSVKVGGER
LLLPDGRVFNGGGGEL CGDCTTNHFDAQ FTPNYL YDSNGNLATRPKI TRTSTQSVKVGGER

R R Sk S Sk R S S S S S S R S S R S S S R S S S S R S S S U S R R S R S S

| TI STDSSI SKASLI RYGTATHTVNTDQRRI PLTL TNNGGNSYSFQVPSDSGVAL PGYWV
| TI STDSSI SKASLI RYGTATHTVNTDQRRI PLTL TNNGGNSYSFQVPSDSGVAL PGYWV

R R R Sk SR R R S S S S S S R R S R S R S S R S R S S S S R R S S S S S kR S R S R R Sk S

LFVIVNSAGVPSVASTI RVTQ - - = =« = === <= === o - = 680
LFVIVNSAGVPSVASTI RVTQGGGGSWEHPQFEK- - AAAS 682

k ok kkkkkkkkkkkkhkkkkk kK
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APPENDIX D

MUTAGENIC PRIMERS

Table D.1. Mutagenic Primers Used in QuikChange® Site-Directed Mutagenesis Kit

o sequence 7o renc
FGGO_T21A_F CGTCACTTGCGACAGTGCACAGTCGGGAAATGAATGC 856 37 bases
FGGO_T21A_R GCATTCATTTCCCGACTGTGCACTGTCGCAAGTGACG 856 37bases
FGGO R-1P/A1P F | GAGTCTTCAGTTCCTGAGCCTTCGAGCCTCAGCACCTATCGGAAGCG [ 8930 47 bases

- ~ | GAGTCTTCAGTTCCTGAGCCTTCCGCCGTCAGCACCTATCGGAAGCG
FGGO_R-1PIATP_R | CGCTTCCGATAGGTGCTGACGGCGGAAGGCTCAGGAACTGAAGACTC] 89.3 ) 47 bases
FGGO R-1X/A1X F | GAGTCTTCAGTTCCTGAGCCTTCGAGCCTCAGCACCTATCGGAAGCG [ 8330 47 bases

- ~ | GAGTCTTCAGTTCCTGAGCCTTNNSNNSTCAGCACCTATCGGAAGCG
FGGO_R-1X/A1X_R || CGCTTCCGATAGGTGCTGASNNSNNAAGGCTCAGGAACTGAAGACTC [ 824 47 bases
FEBO_SAF | 10 GOCTTO0AGO00CCECCOCTATCGOAAGCACE 724 30baes
FGGO_S?A_R GGCGCTTCCGATAGGTGCTGCGGCTCGAAGGCTCAG 724 36bases
FGGO H522A F | GGCGATTGTACCACGAATCATTTCGACGCGCAAATCTTTACG 8670 42 bases

- - GGCGATTGTACCACGAATGCCTTCGACGCGCAAATCTTTACG
FGGO_H522A_ R | CGTAAAGATTTGCGCGTCGAAGGCATTCGTGGTACAATCGCC 86.7| 42 bases

N=A+C+G+T  S=G+C

The each first line in the sequence column belongs to the unmutated original gao.
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APPENDIX E

NUCLEOTIDE AND AMINO ACID SEQUENCE ALIGNMENTS OF

MUTATIONAL VARIANTS

ProGON1 MUTANTS

N-RPAP 1 / T7P Primer

GAO
N-RPAP 1

GAO
N-RPAP 1

GAO
N-RPAP 1

GAO
N-RPAP 1

GAO
N-RPAP 1

GAO
N-RPAP 1

------ ATGAAACACCTTTTAACACTCGCTCT TTGCT TCAGCAGCA- - TCAATCCTGITG
NTNTAGANATAATTTTGTNTAAC- TTTAAGAAGGAAT TCAGGAGCCCTTCACCATGGT TG

* * % * kkk*k * *kkkkk k*k%k * k% *k k%

CTGI CACOGT COCT CACAAGEOCGTAGGAACTCGAAT TCCTGAAGEGAGTCTTCAGT TCC
CAGITACCGT TCCTCACAAGGOOGTACGAACTGEAAT TCCTGAAGSGAGTCTTCAGT TCC

*k kk kkkhkhkk hhkkhkhkkkkhkhkhkhkhkkhkhkhkhkhkhhkhkkhhhkhkhhhhhhhkhdhhkdrkhdhkhrxrhkhhrrrk*k

TGAGCCT TOGAGCCT CAGCACCTAT CGGAAGOGCCAT TTCTOGECAACAACTGEECOGT CA
TGAGCCT TOCECOGT CAGCACCTAT CGGAAGCGCCAT TTCTOECAACAACTGEECOGT CA

*kkkkkkkk*k R R R R R R R EREEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEES

CTTQOGACAGT GCACAGTOREAAATGAATG G - - s mmmmmmmmmmmmmmmee o
CTTGOGACAGT GCACAGT CGEGAAAT GAATGOGT CACT TAOGACAGT GCACAGT OGEEAA

kkhkkhkhkkkkhhhkkkhkhkhhkkhkkhkhhhkkkhkdhhkkhkrkk%x

ATGAATGOGT CACT TGOGACAGOGCACAGT CGEGAAATGAATGCAACAAGECCATTGATG

kkhkkkkkkkhhkhkkkkrkkx

GCAACAAGCGATACCT TTTGECACACAT TCTATGEOCOCAACCEEEATCCAAAGCCCCCTC
GCAACAAGCATACCT TTTGECACACAT TCTATGEOGOCAACCEEEATCCAAAGCOOCCTC

kkhkkhkhkhkkkhkkhhhkhkkhkhhhkhkkhkhhhhkkhkkhhhhkhkkhhhhkkhkhhhhhkhdhhhdkhdhhkkkhdhhkkxdkdhkx**x%

N-RPAP 1 and GAO Amino Acid Sequence Alignment

GAO

N- RPAP 1

GAO

N- RPAP 1

17 VAVTVPHKAVGTG PEGSLQFLSLRASAPI GSAI SRNNVWAVTCDSA
VAVTVPHKAVGTG PEGSLQFLSL  SAPI GSAI SRNNWAVTCDSA
VAVTVPHKAVGTG PEGSLQFLSLPPSAPI GSAI SRNNVWAVTCDSA

56 gggagccagggagacggacct caccct gcagagat caat ggat gag
tctct caact gcgt caggt att gt ccccct ggct cgaagct cgage
tatcttcgcaatattagttgcgct ggaat caccttcccgectccta

63 - QSGNECNKAI DGNKDTFWHTFY
QSGNECNKAI DGNKDTFWHTFY

- H cac] AQSGNECNKAI DGNKDTFWHTFY

194 CAGICGGGA Intron 1 CAGCgct gagt aagaggaagat tcatt
<2----- [196 : 261]-2> cacgaagaact agaaactgacta

aggat accgct t ccgt ct gcact
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GAO

N-RPAP 1

85 GANGDPKPPHTYTI DMKTTQNVNGL SM_PRQDGNONGW GRHEVYL SSD
GANGDPKPPHTYTI DIVKTTQNVNGL SM.PRQDGNONGW GRHEVYL SSD
GANGDPKPPHTYTI DVKTTQNVNGL SM.PRQDGNQNGW GRHEVYL SSD

332 ggaggcacccat aagaaaacagagt t accccggacagt agccggtcat g
gcagacaccacact at accaat agt ct t cgaagaaaggt ggaat at gca
cccgt aget cacgt cggat gcccegt ggt agt t caccget ct gt t acat

N-RPAP 2 / T7P Primer

GAO
N RPAP 2

GAO
N RPAP 2

GAO
N RPAP 2

GAO
N RPAP 2

GAO
N RPAP 2

GAO
N-RPAP 2

- - AT- GAAACACCTTTTAACA- - CTCCTCTTTGCTTCAGCACCA- - TCAATGCTGITGC
CTNTAGAAATAATTTTGTNTAACT TTAAGAAGGAAT TCAGGAGCCCTTCACCATGGI TGC
*

* kk*k*k * * %% * kkkkk **k*x * k* *kkk*x

TGTCACCGT COCTCACAAGECOGT AGGAACTGGAAT TOCTGAAGSGAGT CTTCAGT TCCT
AGITACCGT TCCTCACAAGSCOGT AGGAACT GGAAT TCCT GAAGCGAGT CTTCAGT TCCT

RR I kR R R R Rk Sk kR AR R Rk S R R S kI

GAGCCTTOGAGCCT CAGCACCTATOCGAAGCGEOCAT TTCTCRCAACAACTGEECCGT CAC
GAGCCTTOOECCGT CAGCACCTATCCGAAGCGEOCAT TTCTCECAACAACTGEECCGT CAC

*khkkkkkkh*k Kk hkkkkkhkkhkhkhkhhkhkhkhhhkhkhkhhhkhkrhhdhkrhhdhkhkhhhhkhkhhhkhkrhhhk

TTGOGACAGT GCACAGT OGGGAAATGAATGG: - - = - = = - === === == c o= c oo oo oo
TTGOGACAGT GCACAGT CGGGAAAT GAAT GOGT CACT TGOGACAGT GCACAGT CGEGAAA

R e S e S S AR R S R R

TGAATGOGTCACT TGCGACAGOGCACAGT CEEGAAATGAAT CCAACAAGECCAT TGATGG

R S S

CAACAAGGATACCT TTTGGECACACAT TCTATGEOGCCAACCEEGATCCAAAGCCOCCTCA
CAACAAGGATACCT TTTGGECACACAT TCTATGEOGCCAACCEEGATCCAAAGCCOCCTCA

R R EEEEEEEEEEEREEEEEEESEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE]

N-RPAP 2 and GAO Amino Acid Sequence Alignment

GAO

N- RPAP 2

GAO

N- RPAP 2

GAO

N- RPAP 2

17 VAVTVPHKAVGTG PEGSLQFLSLRASAPI GSAI SRNNWAVTCDSA
VAVTVPHKAVGTG PEGSLQFLSL  SAPI GSAI SRNNVWAVTCDSA
VAVTVPHKAVGTG PEGSLQFLSLPPSAPI GSAI SRNNVAVTCDSA

56 gggagccagggagacggacct caccct gcagagat caat ggat gag
tct ct caact gcgt caggt at t gt ccccct gget cgaagcet cgagce
tatcttcgcaatattagttgcgct ggaat caccttcccgectccta

63 - QSGNECNKAI DGNKDTFWHTFY
QSGNECNKAI DGNKDTFWHTFY

-: H cac] AQSGNECNKAI DGNKDTFWHTFY

194 CAGICGGGA Intron 1 CAGCgct gagt aagaggaagattcatt
<2----- [196 : 261]-2> cacgaagaact agaaactgacta

aggat accgctt ccgt ct gcact

85 GANGDPKPPHTYTI DMKTTONVNGL SMLPRQDGNONGW GRHEVYL SSD
GANGDPKPPHTYTI DVKTTQNVNGL SM.PRQDGNQNGW GRHEVYLSSD
GANGDPKPPHTYTI DMKTTQNVNGL SM.PRQDGNONGW GRHEVYL SSD

332 ggaggcacccat aagaaaacagagt t accccggacagt agccggt cat g
gcagacaccacact at accaat agt ct t cgaagaaaggt ggaat at gca
cccgt aget cacgt cggat gccccgt ggt agt t caccget ct gt t acat
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N-RPAP 3 / T7P Primer

GAO
N RPAP 3

GAO
N-RPAP 3

GAO
N-RPAP 3

GAO
N-RPAP 3

GAO
N RPAP 3

GAO
N RPAP 3

------- ATGAAACACCTTTTAACACTCGCTCTTTGCTTCAGCAGCA- - TCAATCCTGI T
CNNNT. AGAAANAATI\N\GTNTAAC- TTTAAGAAGGEAAT TCAGGAGCCOCCNCACCANGENT

* % * kkk%k * *kkkk kk*k * % * %

GCTGICACG- CGTOCCTCACAAGECOGTAGGAACT GGAAT TCCTGAAGCGAGT CTTCAGT T
GCAGTNACGOGTNCCNCACAAGEOCGT AGGAACTGGAAT TCCTGAAGCGAGT CTTCAGI T

Kk kk kk kkk kk khkkhkhkkkhkhkhkhkhkhkhkhkkhkhkhkhkkhkhkhkhkhkkhkhkhkhkkhkhkhkhkkhkhkhkhhkkhk

CCTGAGCCT TOGAGCCTCAGCACCT ATCCGAAGCGEOCAT TTCTCGCAACAACT GEEOCGT
CCTGAGCCT TCOGCCGT CAGCACCT ATCEGAAGCGEOCAT TTCTCGCAACAACT GEE0CGT

kkkkkkkkhkkx * kkkkkhkhkkkkkhkhkhkhkhkhkhkhkhkhkhhkhkhkdkdhkhhhhkhkhkhrrxhkdhhkxrdhhx

CACTTGOGACAGT GCACAGT OGBGAAATGAAT GG - - = < - = < = =< === <2< oo s e o -
CACTTGOGACAGT GCACAGT CGEGAAAT GAAT GOGT CACT TGOGACAGT GCACAGT GGG

khkkhkhkhkkkkhhhkkhkhhhhkhkhdhhkdkhdhhkxddhhxxk

AAATGAATGOGT CACT TGOGACAGCGCACAGT CGEGAAAT GAATGCAACAAGECCATTGA

kkhkkkkkkhkhkkkkhkkkx

TGECAACAAGGATACCT TTTGECACACAT TCTAT GEOGOCAACGEEGATCCAAAGCOCCC
TGGECAACAAGCGATACCT TTTGECACACAT TCTATGEOGCCAACCEEEAT CCAAAGCOCCC

kkhkkhkhkhkkkhkkhhhkhkkhkhhhkhkkhkhhhhkkhkkhhhkhkhkhhhhkhkdhhhkhkhdhhhkhkkhdhhkkkhdhhkxdkddkx**x*%

N-RPAP 3 and GAO Amino Acid Sequence Alignment

GAO

N- RPAP 3

GAO

N- RPAP 3

GAO

N- RPAP 3

21 VPHKAVGTG PEGSLQFLSLRASAPI GSAI SRNNVWAVTCDSA
++HKAVGTA PEGSLQFLSL  SAPI GSAI SRNNWAVTCDSA
XXHKAVGTG PEGSLQFLSLPPSAPI GSAI SRNNWAVTCDSA

70 gccagggagacggacct caccct gcagagat caat ggat gag
t caact gcgt caggt at t gt ccccct ggct cgaagct cgage
NNcgcaat at t agt t gcgct ggaat caccttcccgectccta

63 - QSGNECNKAI DGNKDTFWHTFY
QSGNECNKAI DANKDTFWHTFY

- H cac] AQSGNECNKAI DGNKDTFWHTFY

196 CAGICGGGA Intron 1 CAGCgct gagt aagaggaagat tcatt
<2----- [198 : 263]-2> cacgaagaact agaaact gacta

aggat accgctt ccgt ct gcact

85 GANGDPKPPHTYTI DMKTTQNVNGL SM.PRQDGNONGW GRHEVYL SSD
GANGDPKPPHTYTI DMKTTQNVNGL SM. PRQDGNONGW GRHEVYL SSD
GANGDPKPPHTYTI DVKTTQNVNGL SM.PRQDGNQNGW GRHEVYLSSD

334 ggaggcacccat aagaaaacagagtt accccggacagt agccggt cat g
gcagacaccacact at accaat agt ct t cgaagaaaggt ggaat at gca
cccgt agct cacgt cggat gccccgt ggt agt t caccget ct gt t acat

N-RPAP 4 / T7P Primer

GAO
N- RPAP 4

GAO
N- RPAP 4

- - - ATGAAACACCTTT- - TAACACTCCCTCTTTGCTTCAGCAGCA- - TCAATGCTGITGC
NTCT NGNCNTNCTTTTGT TTAACT TTAAGAAGGAATTCAGGACI:CCT TCACCATGGITGC

* kK% * % kkkkk k*k*k * k k *kkk*k

TGTCAC- CGTCCCTCACAAGGCCGTAGGAACTGGAAT TCCTGAAGGGAGTCTTCAGTTCC
AGTTACGCGT TCCTCACAAGGCCGTAGGAACTGGAATTCCTGAAGCGAGT CTTCAGTTCC

kk kk kkhkk khkhkhkkhkkhkkhkhkkhkkhkhkhhkkhkhkhkkhhkkhkhhkkhhkhkkhhkkhkhhdhhkhkkhhkkhhhrhkhhkhkkhhkhkkhkkxkx
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GAO TGAGCCTTCGAGCCT CAGCACCTATCGGAAGCGCCATTTCTCGCAACAACT GGGCCGT CA

N- RPAP 4 TGAGCCT TCOGOCGT CAGCACCT ATCGGAAGCGOCAT TTCT CGCAACAACT GBGOCGT CA
*kkkkkkkk*k * EE R R R S I I S I R I S I I R S I R S I R S I R S S I R I I R kS I I
GAO CTTGOGACAGT GCACAGT CGGGAAATGAATGC: - - = - - = == == === == o s oz oc oo -
N- RPAP 4 CTTGOGACAGT GCACAGT CGGGAAAT GAAT GCGT CACT TGCGACAGT GCACAGT CGGGAA
EE R IR S S I S I S R S T O
GAO el AACAAGGCCATTGATG
N- RPAP 4 ATGAAT GOGT CACT TGOGACAGCGCACAGT CGGGAAAT GAATGCAACAAGGCCATTGATG
*khkkhkkhkkhkhkhkkhkhkkkkkx
GAO GCAACAAGGATACCTTTTGGCACACAT TCTAT GGOGCCAACGGGGAT CCAAAGOCOCCTC
N- RPAP 4 GCAACAAGGATACCTTTTGGCACACAT TCTAT GGOGCCAACGGGGAT CCAAAGCCOCCTC

EE R R O S S S R R O S R S O O

N-RPAP 4 and GAO Amino Acid Sequence Alignment

GAO 21 VPHKAVGTG PEGSLQFLSLRASAPI GSAI SRNNVWAVTCDSA
VPHKAVGTG PEGSLQFLSL  SAPI GSAI SRNNVWAVTCDSA
VPHKAVGTG PEGSLQFLSLPPSAPI GSAI SRNNWAVTCDSA
N- RPAP 4 69 gccagggagacggacct caccct gcagagat caat ggat gag
t caact gcgt caggt at t gt ccccct ggct cgaagct cgage
ttcgcaatattagttgcgcet ggaat caccttcccgectccta

GAO 63 - QSGNECNKAI DGNKDTFWHTFY
QSGNECNKAI DGNKDTFWHTFY

-: H cac] AQSGNECNKAI DGNKDTFWHTFY

N RPAP 4 195 CAGICGCGA Intron 1 CAGCgct gagt aagaggaagattcatt
<2----- [197 : 262]-2> cacgaagaact agaaact gacta

aggat accgctt ccgt ct gcact

GAO 85 GANGDPKPPHTYTI DMKTTQNVNGL SM.PRQDGNONGW GRHEVYL SSD
GANGDPKPPHTYTI DMKTTQNVNGL SM.PRQDGNONGW GRHEVYL SSD
GANGDPKPPHTYTI DVKT TQNVNGL SML PRQDGNONGW GRHEVYL SSD
N- RPAP 4 333 ggaggcacccat aagaaaacagagt t accccggacagt agccggt cat g
gcagacaccacact at accaat agt ct t cgaagaaaggt ggaat at gca
cccgt aget cacgt cggat gcceegt ggt agt t caccget ct gt t acat

N-S2A1 /T7P Primer

GAO ATGTCAACATGAAACACCTTTTAACACTCGCTCTTTGCTTCAGCAGCA- - TCAATGCTGT 58

NS2A1 ---ee-- - ATAATTTTGTNTAAC- TTTAAGAAGGAAT TCAGGAGCCCTTCACCATGGT 49
* % * kk k% * kkkkk kk*k * %k * %

GAO GCTGTCACCGT CCCTCACAAGGCCGTAGGAACT GGAATTCCTGAAGGGAGTCTTCAGTT 118

N-S2A 1 TGCAGTTACCGT TCCTCACAAGGCCGTAG AACTGGAATTCCTGAAGGGAGTCTTCAGTT 108
kkk kk Khkhkkhkkhkk khkkhkkkhkhkhkkhkhkkhkhkkhkhkhkkh khhkhkkhkhkkhhkkhhkhkkhhkkhkkhkhkdhkhkkhhkkhkhkhkrhkhkkhkhk

GAO CCTGAGCCT TCGAGCCTCAGCACCTAT CGGAAGCGCCATTTCTCGCAACAACTGECECCGT 178

N-S2A 1 CCTGAGCCT TCGAGCCGCAGCACCT ATCGGAAGCGCCATTTCTCGCAACAACTGGECCGT 168

R R S I O S R T S

GAO CACTTGCGACAGT GCACAGT CGGGAAAT GAATGCAACAAGGCCATTGATGGCAACAAGGA 238

N-S2A 1 CACTTGCGACT GTGCACT GT CGGGAAAT GAAT GCAACAAGGCCATTGATGGCAACAAGGA 228
khkkhkkkhkkhkhkkhkk khkhkkhk *hkhhkhkkhhkkhkhhrhkhhhkkhhkhhhkdhkhkhhkdrhdhkhrhxhrhkrxhkx*x

GAO TACCTTTTGGCACACATTCTATGCCGCCAACGGGEGAT CCAAAGCCCCCTCACACATACAC 298

N-S2A 1 TACCTTTTGGCACACAT TCTATGGCGCCAACGGGGAT CCAAAGCCCCCTCACACATACAC 288

Rk IR I b S R R R I I kR R I R IR R bk kS R R b I S
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GAO GATTGACATGAAGACAACT CAGAACGT CAACCCCTTGTCTATGCTGCCTCGACAGGATGG 358
N-S2A 1 GATTGACATGAAGACAACT CAGAACGT CAACGGCTTGTCTATGCTGCCTCGACAGGATGG 348

R R S R Sk kS b Sk S R R R R S R T S R R S b S R R o T

N-S2A 1 and GAO Amino Acid Sequence Alignment

GAO 17 VAVTVPHKAVGTG PEGSLQFLSLRASAPI GSAI SRNNWAVTCDSAQSG
VAVTVPHKAV TG PEGSLQFLSLRA+API GSAI SRNNWAVTCD A SG
VAVTVPHKAV! TG PEGSLQFLSLRAAAPI GSAI SRNNWAVTCDCALSG
N S2A 1 48 gggagccagg2agacggacct caccgggcagagat caat ggat gt gct g
tctctcaact cgtcaggtattgtgcccctggctcgaagct cgagcetcg
tatcttcgca tattagttgcgctacaatcaccttcccgect cctagga

GAO 66 NECNKAI DGNKDTFWHTFYGANGDPKPPHTYTI DMKTTONVNGLSMLPR
NECNKAI DGNKDTFWHT FYGANGDPKPPHT YT DIMKT TQNVNGLSMLPR
NECNKAI DGNKDTFWHTFYGANGDPKPPHTYTI DIMKTTQNVNGLSMLPR
N-S2A 1 194 agt aagaggaagatt catt ggaggcacccat aagaaaacagagttaccc
aagaact agaaact gact agcagacaccacact at accaat agt cttcg
taccgcttccgt ctgcact cccgt aget cacgt cggat gccccgt ggt a

GAO 115 QDGNOQNGW GRHEVYL SSDGTNWGSPVASGSWFADSTTKYSNFETRPAR
QDGNQNGW GRHEVYL SSDGTNWESPVASGSWFADSTTKYSNFETRPAR
QDGNONGW GRHEVYL SSDGTNWGSPVASGSWFADSTTKYSNFETRPAR
N S2A 1 341 cggacagt agccggt cat ggaat gacggt gat t ggt aaat t at gaccgc
aagaaaggt ggaat at gcagcagggct ccgggt cacccaacat acgccg
gttcaccgctctgttacat cacgecttgattgeccttaaccctatcttc

N-S2A 2 /T7P Primer

GAO ATGTCAACATGAAACACCTTTTAACACTOGCTCTTTGCTTCAGCAGCA- - TCAATGCTGT 58
NS2A 2 eeeeeee-- AATAATTTTGTNTAAG TTTAAGAAGGAATTCAGGAGCOCTTCACCATGGT 50
* % * Kk k k% * *kkkk *k%x * % % * %
GAO TGCTGTCACCGT COCT CACAAGEO0GT AGGAACT GGAAT TCCTGAAGGGAGTCTTCAGT T 118
N-S2A 2 TGCAGTTACOGTTOCT CACAAGEO0GTAGGAACT GRAATTCCTGAAGGGAGTCTTCAGTT 110
R S R R R R SRS E R E R R R R R R R SRR EEEEEEEEEEEEEEE R SRS E RS RS R
GAO CCTGAGOCTTOGAGOCT CAGCACCTATOGGAAGOGOCAT TTCTOBCAACAACTGRROOGT 178
N-S2A 2 OCTGAGOCT TOGAGOCGCAGCACCTATOBGAAGOGOCAT TTCTCRCAACAACTGREO0GT 170
R R R R R R SRR R R RS SRR R R R R R RS RS EEEEEEEEEEEEEEREE SRR SRS R
GAO CACTTGOGACAGT GCACAGT COGGAAATGAATGG: - - - = - = < == =< == m e e oe o 212
N-S2A 2 CACTTGOGACAGT GCACAGT COGGAAAT GAAT GOGT CACT TGOGACAGT GCACAGTOGEG 230
EE S E SRR SRS SRS EE S EEEEEEREEEEEEEEE SRS
Y e AACAAGGOCATTGA 226
N-S2A 2 AAATGAAT GOGT CACT TGOGACAGOGCACAGT CGGGAAATGAATGCAACAAGGCCATTGA 290
EREE R SRR EE SRS SR
GAO TGECAACAAGGATACCTTTTGRCACACAT TCTATGEOGOCAACGEEGATOCAAAGCOOCC 286
N-S2A 2 TGECAACAAGGATACCTTTTGRCACACAT TCTATGEOGOCAACGREGATOCAAAGCOOCC 350

kkhkkhkhkhkkkhkkhhhkkkhkhhhhkkhkhhhhkkhkkhhhhkhkdhhhkkhkhhhhkhkhkhhhkdkhdhhkkkhdhhkkxrkdhkx**x%
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N-S2A 2 and GAO Amino Acid Sequence Alignment

GAO

N S2A 2

GAO

N- S2A 2

GAO

N- S2A 2

17 VAVTVPHKAVGTA PEGSLQFLSLRASAPI GSAI SRNNWAVTCDSA
VAVTVPHKAVGTG PEGSLQFLSLRA+API GSAI SRNNVWAVTCDSA
VAVTVPHKAVGTG PEGSLQFLSLRAAAPI GSAI SRNNVAVTCDSA

49 gggagccagggagacggacct caccgggcagagat caat ggat gag
tct ct caact gcgt caggt at t gt gcccct gget cgaagcet cgage
tatcttcgcaatattagttgcgctacaat caccttcccgectccta

63 - QSGNECNKAI DGNKDTFWHTFY
QSGNECNKAI DGNKDTFWHTFY

-: H cac] AQSGNECNKAI DGNKDTFWHTFY

187 CAGICGGGA Intron 1 CAGCgct gagt aagaggaagat t cat t
<2----- [189 : 254]-2> cacgaagaact agaaactgacta

aggat accgct t ccgt ct gcact

85 GANGDPKPPHTYTI DMKTTONVNGL SMLPRQDGNONGW GRHEVYL SSD
GANGDPKPPHTYTI DVKTTQNVNGL SM.PRQDGNQNGW GRHEVYLSSD
GANGDPKPPHTYTI DMKTTQNVNGL SM.PRQDGNONGW GRHEVYL SSD

325 ggaggcacccat aagaaaacagagt t accccggacagt agccggt cat g
gcagacaccacact at accaat agt ct t cgaagaaaggt ggaat at gca
cccgt aget cacgt cggat gccccgt ggt agt t caccget ct gt t acat

N-S2A 3 /T7P Primer

GAO
N S2A 3

GAO
N S2A 3

GAO
N S2A 3

GAO
N-S2A 3

GAO
N S2A 3

GAO
N S2A 3

TCCTCACAAGEOOGTAGAACTGEAAT TCCTGAAGSGAGT CTTCAGT TCCGGAGCCTTCAA 120

** *

CATGAAACACCTTTTAACACTOCCTCTTTGCT TCAGCAGCATCAATCCTGI TGCTGTCAC 67
GCOGCAGCACCT AT CEEAAGOEOOCCT GAGCCTTOG- AGCCECAGCACG: - TATCEGEAAG 177
* * *

* Kk kkkk*k X * * k% *% % * kk*%x * % *

OGTCCCTCACAAGCCOGTAGGAACTGEAATTCCTGAAGEAG - - - - - - TCTT- CAGITC 119
CGOCCCTGA- - - - GCCTTOGGAGOCCCAGCACCTATOCGAAGCECCATTTCTCCRCAACAA 233
k% kkkk * kkkxk k kk*x * * * * %k *%k k% * k% * %
CTGAGCCTTCGA- - GOCTCAGCACCTA- TOGGAA- - - - - - - GOCCCATTTCTOCA- - - - 165
CTGEE00GTCACT TAOGACAGT GCACAGT CGEEAAATGAAT GCGTCACT TGOGACAGI GC 293
*kk kkk k% * % * k% * * kkkk * k% *k*k k% * %
ACAACTEEC - ------ OGTCACTTGOGACAGT GCACAGT CGEGAAATGAATGCAACAA 217
ACAGT CGEGAAATGAATGOGT CACT TGOGACAGOCCACAGT CGCCGAAATGAATGCAACAA 353
* k% * Kk kkhkkhkkkkhkkhhkhkkkhkhhkk ) hhkkkkhhhkkkhkdhhkkhkdkhhkkkkhkdhkk*x*%

GEOCATTGATGECAACAAGGATACCT TTTGECACACAT TCTAT GEOGOCAACCEEGATCC 277
GGOCATTGATGECAACAAGGATACCT TTTGECACACAT TCTATGEOCCCAACGEEEATCC 413

kkhkkhkhkhkkkhkkhhhkkkhkhhhhkkhkhhhhkkhkkhhhhkhkdhhhkhkdhhhkhkhkhhhkdkhdhhkkkhdhhkkxdkddkx**x%

N-S2A 3 and GAO Amino Acid Sequence Alignment

GAO

N- S2A 3

42 ASAPI GSAI SRNNWAVTCDSA -Q
A+API GSAI SRNNVWAVTCDSA Q
AAAPI GSAI SRNNVWAVTCDSA -: H cac] AQ

196 gggcagagat caat ggat gagCAGTCGGGA I ntron 1 CAGCgc
cccct gget cgaagcet cgage  <2----- [261 : 326]-2> ca
caat caccttcccgcctccta ag
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GAO

N-S2A 3

GAO

N-S2A 3

64 SGNECNKAI DGNKDTFWHTFYGANGDPKPPHT YT DMKT TQNVNGL SML
SGNECNKAI DGNKDTFWHTFYGANGDPKPPHTYTI DIVKTTQNVNGL SM-
SGNECNKAI DGNKDTFWHT FYGANGDPKPPHTYTI DIVKTTOQNVNGLSML

334 tgagtaagaggaagatt cattggaggcacccat aagaaaacagagttac
cgaagaact agaaact gact agcagacaccacact at accaat agt ctt
gat accgctt ccgt ct gcact cccgt aget cacgt cggat gccccgt gg

113 PRODGNONGW GRHEVYL SSDGTNWGSPVASGSWFADST TKYSNFETRP
PRODGNONGW GRHEVYL SSDGTNWGSPVASGSW DSTTKYSNFETRP
PRODGNONGW GRHEVYL SSDGTNWGSPVASGSWF! DSTTKYSNFETRP

481 cccggacagt agccggt cat ggaat gacggt gat t 4gt aaatt at gacc
cgaagaaaggt ggaat at gcagcagggct ccgggt acccaacat acgc
tagttcaccgctctgttacatcacgccttgattge cttaaccctatct

N-S2A 4 [T7P Primer

GAO
N S2A 4

GAO
N S2A 4

GAO
N S2A 4

GAO
N S2A 4

GAO
N-S2A 4

GAO
N S2A 4

ATGICAACATGAAACACCT TTTAACACTCCCTCTTTGCT TCAGCAGCA- - TCAATCCTGT 58
-------- AAATAATTTTGTNTAAC TTTAAGAAGGAAT TCAGGAGOCCCTTCACCATGGT 51
* %

* * kkk*k * *kkhkkkk K*k%x * Kk * * %

TGCTGT CACCGTCOCT CACAAGEOCGTACCAACTCGAATTCCTGAAGCSCAGTCTTCAGI T 118
TGCAGI TACOGT TCCTCACAAGEOOGTACCAACTGRAATTCCTGAAGSGAGTCTTCAGT T 111

kkhkkh kk Khkhkkkhk Fhkhkhhhkhkhkhhhkhkhkhdhkhkhkhhhkhkdhhhhkhkrhkhhhkhkhkhhkhkhkhhhkhkrhhkhk

CCTGAGCCT T- CGAGCCTCAGCACCTAT CGGAAGCGOCATTTCTOGCAACAACTEEACCG 177
CCTGAGCCT TTCGAGCOGCAGCACCT AT CEGAAGOGOCAT TTCTCECAACAACTGEECCG 171

khkkhhkhkhkkhhhk hhhhhkh Fhkhhddhkhhddhdhdhddhrdhhdhrdhhddhhdddhrrddxrhix*x

TCACTTGOGACAGT GCACAGT CBGGAAATGAAT GG - - - - = < = =< === === <= s oo o - 212
TCACTTGOGACAGT GCACAGT COGGAAAT GAAT GOGT CACT TGOGACAGT GCACAGTOGG 231

kkhkkhkhkhkkkkhhhkkkhkhhhkhkhkkhdhhkhkhdhhkkdhhkxxrk*k

----------------------------------------------- AACAAGGOCATTG 225
GAAAT GAAT GOGT CACT TGOGACAGOGCACAGT OBGGAAAT GAATGCAACAAGEOCATTG 291

kkhkkhkkkkkhkhkkkkk*k

ATGECAACAAGGATACCT TTTGECACACAT TCTAT GEOCCCAACGEEGATCCAAAGCOCC 285
ATGECAACAAGGATACCT TTTGECACACAT TCTATGEOGCCAACGEEGATCCAAAGCCOC 351

R EEEEEEEEEEEEREEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE LSS

N-S2A 4 and GAO Amino Acid Sequence Alignment

GAO

N S2A 4

GAO

N S2A 4

17 VAVTVPHKAVGTG PEGSLQFLSLRASAPI GSAI SRNNWAVTCDSA
VAVTVPHKAVGTG PEGSLQFLS RA+API GSAI SRNNVWAVTCDSA
VAVTVPHKAVGTG PEGSLQFLS! RAAAPI GSAI SRNNWAVTCDSA

50 gggagccagggagacggacct ca4cgggcagagat caat ggat gag
tctctcaactgcgt caggtattg gcccct gget cgaagct cgage
tatcttcgcaatattagttgcgc acaatcaccttcccgectccta

63 - QSGNECNKAI DGNKDTFWHTFY
QSGNECNKAI DGNKDTFWHTFY

- H cac] AQSGNECNKAI DGNKDTFWHTFY

189 CAGICGGGA Intron 1 CAGCgct gagt aagaggaagattcatt
<2----- [191 : 256]-2> cacgaagaact agaaactgacta

aggat accgctt ccgt ct gcact
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GAO

N S2A 4

85 GANGDPKPPHTYTI DMKTTQNVNGL SM_PRQDGNONGW GRHEVYL SSD
GANGDPKPPHTYTI DIVKTTQNVNGL SM.PRQDGNONGW GRHEVYL SSD
GANGDPKPPHTYTI DVKTTQNVNGL SM.PRQDGNQNGW GRHEVYL SSD

327 ggaggcacccat aagaaaacagagtt accccggacagt agccggtcat g
gcagacaccacact at accaat agt ct t cgaagaaaggt ggaat at gca
cccgt aget cacgt cggat gcccegt ggt agt t caccget ct gt t acat

N-H522A 1/T7P Primer

GAO
N H522A 1

GAO
N H522A 1

GAO
N H522A 1

GAO
N-H522A 1

GAO
N-H522A 1

GAO
N-H522A 1

CGTCCCTCACAAGCCOGTAGGAACTGGAAT TCCTGAAGCGAGT CTTCAGI TCCTGAGCCT 74
CGTTCCTCACAAGECOGTAG AACTGGAATTCCTGAAGSGAGT CTTCAGI TCCTGAGCCT 119

kkhkkh khkkhkkhkhkhkhdhhhkhkhkhdhhk dhhhkhkhFdhhdhddhhdxdddhdrdddhhdddhkhxrdhkrrhik

TCGAGCCTCAGCACCTATCCGAAGCECCAT TTCTCECAACAACTGEECOGTCACTTGOCGA 134
TOGAGCCTCAGCACCT ATOCGAAGCGEOCAT TTCTCECAACAACTGEE0CGTCACT TGO 179

khkkhhhkhkhdhhkhhdhhhdddhdhhddhhdddhdxdddhdrdddhdrdddddhdddddrdxrddxxrsx*x

CAGTGCACAGTOGBGAAATGAATGG: - - - - = - = =« =« = m o m e e e e e e oo 159
CAGTGCACAGTOGRGAAAT GAATGOGT CACT TGOGACAGT GCACAGTOGGEGAAATGAATG 239

kkhkkhhkhkhkkhdhhhkhhdhhdhhrxrhhhxx

------------------------------------- AACAAGBOCATTGATGECAACAA 182
CGTCACTTGOGACAGOGCACAGT CGEGAAAT GAATGCAACAAGGUCAT TGATGECAACAA 299

Rk S R R AR R Sk S o

GGATACCTTTTGECACACAT TCTATGEOEOCAACGEECATCCAAAGOCCOCTCACACATA 242
GGATACCTTTTGECACACAT TCTAT GECECCAACGEEGEAT CCAAAGOCCCOCTCACACATA 359

RR R S R AR R ek S S S S R R S S R R Rk e S O R

CACGATTGACATGAAGACAACT CAGAACGT CAACGECT TGTCTATGCTGCCTCGACAGEA 302
CACGATTGACATGAAGACAACT CAGAACGT CAACGECT TGTCTATGCTGCCTCGACAGEA 419

R R EEEEEEEEEEEREEEEEEESEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE]

N-H522A 1 and GAO Amino Acid Sequence Alignment

GAO

N-H522A 1

GAO

N-H522A 1

GAO

N-H522A 1

17 VAVTVPHKAVGTG PEGSLQFLSLRASAPI GSAI SRNNWAVTCDSA
VAVTVPHKAV TG PEGSLQFLSLRASAPI GSAI SRNNVWAVTCDSA
VAVTVPHKAV! TG PEGSLQFLSLRASAPI GSAI SRNNVAVTCDSA

50 gggagccagg2agacggacct caccgt gcagagat caat ggat gag
tctctcaact cgtcaggtattgtgcccctgget cgaaget cgage
tatcttcgca tattagttgcgctacaatcaccttcccgectccta

63 - QSGNECNKAI DGNKDTFWHTFY
QSGNECNKAI DGNKDTFWHTFY

-: H cac] AQSGNECNKAI DGNKDTFWHTFY

187 CAGICGGGA Intron 1 CAGCgct gagt aagaggaagattcatt
<2----- [189 : 254]-2> cacgaagaact agaaact gacta

aggat accgctt ccgt ct gcact

85 GANGDPKPPHTYTI DMKTTONVNGL SMLPRQDGNONGW GRHEVYL SSD
GANGDPKPPHTYTI DVKTTQNVNGL SM.PRQDGNQNGW GRHEVYLSSD
GANGDPKPPHTYTI DMKTTQNVNGL SM.PRQDGNONGW GRHEVYL SSD

325 ggaggcacccat aagaaaacagagt t accccggacagt agccggt cat g
gcagacaccacact at accaat agt ct t cgaagaaaggt ggaat at gca
cccgt aget cacgt cggat gccccgt ggt agt t caccget ct gt t acat
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N-H522A 1/GOFORB Primer

GAO TGGAATTCOGT TOGAGGAT TCAACCCOGGTAT T TACACCT GAGATCTACGTCOCTGAACA
N-H522A 1 TCGAATTCOGT TOGAGGAT TCAACCOOGGT AT TTACACCTGAGAT CTACGTCOCTGAACA
IR R R R RS S EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE]
GAO AGACACTTTCTACAAGCAGAACCOOCAACTCCAT TGT TOGCGTCTACCATAGCATTTCOCT
N-H522A 1 AGACACTTTCTACAAGCAGAACCOCAACT CCATTGT TOGOGT CTACCATAGCATTTCCCT
R R EEEE SRR RS SRR S EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEERESEEEEEEE]
GAO TTTGI TACCTGATGECAGSGTATTTAACGGTGGTGGTGGTCTTTGTGECGATTGTACCAC
N-H522A 1 TTTGITACCTGATGECAGSGTATTTAACGGT GGTGGTGGTCTTTGIGEOGATTGTACCAC
R R EEEE SRR EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE]
GAO GAATCATTTCGACGOGCAAATCTTTACGCCAAACTATCT TTACAATAGCAACGECAATCT
N-H522A 1 GAATGOCT TCGACGOGCAAATCT TTACGCCAAACTATCT TTACAATAGCAACGECAATCT
*k k% EEEEEEE R R EEEEEEEEEEEEESEEEEEEEEEEEEEEEEEEEEESEEEEEEEE]
GAO CGOGACACGT CCCAAGAT TACCAGAACCT CTACACAGAGCGT CAAGGTOGGT GECAGAAT
N H522A 1 CGOCGACACGT COCAAGAT TACCAGAACCT CTACACAGAGCGT CAAGGT CGGTGECAGAAT
kkhkkhkhkhkkkhkkhhhkhkkhkhhhhkkhkhhhhkkhkkhhhhkhkkhhhhkkhkdhhhkhkhdhhhdkhdhhkdkkhdhhkkxrkdhhxxx*x*%
GAO TACAATCTOGACCGAT TCT TCGAT TAGCAACCCGT CGT TGAT TOCCTATGGTACAGCGAC
N H522A 1 TACAATCTOGACGGAT TCTTCGAT TAGCAAGEOGT CGT TGATTCECTATGGTACAGCGAC

kkhkkhkhkhkkkhkkhhhkhkkhkhhhkhkkhkhhhhkkhkkhhhkhkhkhhhhkhkdhhhkhkhdhhhkhkkhdhhkkkhdhhkxdkddkx**x*%

N-H522A 1 and GAO Amino Acid Sequence Alignment

GAO 477 YFARTFHTSVVLPDGSTFI TGGQRRG PFEDSTPVFTPEI YVPEQDTFY
YFARTFHTSVWLPDGSTFI TGGQRRG PFEDSTPVFTPEI YVPEQDTFY
YFARTFHTSVVLPDGSTFI TGGQRRA PFEDSTPVFTPEI YVPEQDTFY
N- H522A 1 148 ttgcat cat ggccggaat aaggcccgact ggt acgt acgat gcgcgat t
at cgct acct tt caggcet t cggagggt ct aaccct t ccat at caaact a
ctcagtccttttacacgttaacaat at gcgt acgat at gccct aact cc

GAO 526 KQNPNSI VRVYHSI SLLLPDGRVFNGGGGELCGDCTTNHFDAQ FTPNYL
KQN\PNSI VRVYHSI SLLLPDGRVFNGGGGELCCDCTTN FDAQ FTPNYL
KQNPNSI VRVYHSI SLLLPDGRVFNGGGGELCGDCTTNAFDAQ FTPNYL
N H522A 1 295 acacat agcgt caat ctt cggagt aggggct ggt aaagt ggcat acat c
aaacact t gt aagt ctt t caggt t aggggt ggagccact acat t ccaat
ggccccttcecectctctgattcgatcecttttttcttcgtcccgactgactt

GAO 575 YNSNGNLATRPKI TRTSTQSVKVGGRI Tl STDSSI SKASLI RYGTATHT
YNSNGNLATRPKI TRTSTQSVKVGCRI Tl STDSSI SKASLI RYGTATHT
YNSNGNLATRPKI TRTSTQSVKVGCRI Tl STDSSI SKASLI RYGTATHT
N H522A 1 442 taaagacgaccaaaaat acagagggaaaat agttaaagtt act gagaca
aagagat ccgcat cgcccagt at gggt ct ccacct gacct t gagcccac
ctccct cgat cgt cact agccgcet cat acggt t gt cggggt ctt agacg

N-H522A 2/T7P Primer

GO OGT COCTCACAAGCOGT ACGAACT GRAAT TCCTGAAGEGAGT CTTCAGT TCCTGACCCT 74

N HB22A 2 OGT TCCTCACAAGECOGT AGCAACTGEAAT TOCTGAAGESGAGT CTTCAGT TCCTGAGSCT 120
kkhkk hhkkhkkhkkkhkkhkkhkkhhkhkhhkkhhkkhhkkhhhkkhhkhhhkkhhhkhhkkhhhkkhhkdhhkkhhkhdhkkhhkxdhkrdx*x%x

GO TOGAGCCTCACGCACCTAT CGGAAGCECCAT TTCTCECAACAACT GEEOCGTCACT TAOA 134

N HB22A 2 TOGAGOCTCAGCACCTATOCGAAGOCCCAT TTCTCECAACAACTGEECOGT CACT TGO 180

kkhkkkkhkkhkhkkkhhkkhhkkhhkhkhhkkhhkkhhkkhhhkkhhkhhhkkhhhkhhkkhhhkkhhkdhhxkhhkhdhxkdhxdhkrdx*x%x
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GAO
N HB22A 2

GAO
N HB22A 2

GAO
N HB22A 2

GAO
N HB22A 2

CAGTGCACAGT OGEGAAATGAATGG - - - - = = === === = cm s omaeoacm oo 159
CAGTGCACAGT CGEGAAAT GAATGOGT CACT TGOGACAGT GCACAGT CGGGAAATGAATG 240

SRR R SR R R R o R R R

------------------------------------- AACAAGGOCATTGATGRCAACAA 182
OGTCACTTGOGACAGOGECACAGT OBGGAAAT GAATGCAACAAGROCATTGATGECAACAA 300

khkkkhkhkkkhhkkhkhkkkhkkkhkhkxkhkhkkhxkxx

GGATACCTTTTGECACACAT TCTATGEOGCCCAACGEEEGATCCAAAGCOCOCTCACACATA 242
GGATACCT TTTGGECACACAT TCTATGEOGCCCAACGEEEGAT CCAAAGCOCCCTCACACATA 360

LR EEEE S S SRS SR SRR SRR R R SR EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE]

CACGATTGACATGAAGACAACT CAGAACGT CAACGCTTGTCTATGCTGOCTCGACAGEA 302
CACGATTGACATGAAGACAACT CAGAACGT CAACECTTGTCTATGCTGOCTCGACACEA 420

LR EEE RS S E R EEEEE SRR EEEEEEREEREEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE]

N-H522A 2 and GAO Amino Acid Sequence Alignment

GAO

N- H5222A 2

GAO

N-H522A 2

GAO

N- H522A 2

17 VAVTVPHKAVGTG PEGSLQFLSLRASAPI GSAI SRNNVWAVTCDSA
VAVTVPHKAVGTG PEGSLQFLSLRASAPI GSAI SRNNVAVTCDSA
VAVTVPHKAVGTG PEGSLQFLSLRASAPI GSAI SRNNVWAVTCDSA

50 gggagccagggagacggacct caccgt gcagagat caat ggat gag
t ct ct caact gcgt caggt at t gt gcccct ggct cgaagct cgage
tatcttcgcaatattagttgcgct acaat caccttcccgectccta

63 - QSGNECNKAI DGNKDTFWHTFY
QSGNECNKAI DGNKDTFWHTFY

-: H cac] AQSGNECNKAI DGNKDTFWHTFY

188 CAGICGGGA Intron 1 CAGCgct gagt aagaggaagattcatt
<2----- [190 : 255]-2> cacgaagaact agaaact gacta

aggat accgctt ccgt ct gcact

85 GANGDPKPPHTYTI DMKTTQNVNGL SM.PRQDGNONGW GRHEVYL SSD
GANGDPKPPHTYTI DMKTTQNVNGL SM.PRQDGNONGW GRHEVYL SSD
GANGDPKPPHTYTI DVKT TQNVNGL SML PRQDGNONGW GRHEVYL SSD

326 ggaggcacccat aagaaaacagagtt accccggacagt agccggt cat g
gcagacaccacact at accaat agt ct t cgaagaaaggt ggaat at gca
cccgt aget cacgt cggat gcceegt ggt agt t caccget ct gt t acat

N-H522A 2/GOFORB Primer

N-H522A 2 and GAO Amino Acid Sequence Alignment

GAO

N- H522A2

GAO

N- H522A2

477 YFARTFHTSVVLPDGSTFI TGEGQRRG PFEDSTPVFTPEI YVPEQDTFY
YFARTFHTSVVLPDGSTFI TGGQRRA PFEDSTPVFTPEI YVPEQDTFY
YFARTFHTSVVLPDGSTFI TGGQRRA PFEDSTPVFTPEI YVPEQDTFY

148 ttgcat cat ggccggaat aaggcccgact ggt acgt acgat gcgcgat t
at cgct acct tt caggcet t cggagggt ct aaccct t ccat at caaact a
ctcagtccttttacacgttaacaat at gcgt acgat at gccct aact cc

526 KOQNPNSI VRVYHSI SLLLPDGRVFNGGGGELCGDCTTNHFDAQ FTPNYL
KQNPNSI VRVYHSI SLLLPDGRVFNGGGE.CGDCTTN FDAQ FTPNYL
KQNPNSI VRVYHSI SLLLPDGRVFNGGGEELCGDCTTNAFDAQ FTPNYL

295 acacat agcgt caat ct t cggagt aggggct ggt aaagt ggcat acat c
aaacact t gt aagt ct tt caggt t aggggt ggagccact acat t ccaat
ggccccttccctctctgattcgatcttttttcttcgt cccgactgactt
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GAO

N- H522A2

575 YNSNGNLATRPKI TRTSTQSVKVGGRI Tl STDSSI SKASLI RYGTATHT
YNSNGNLATRPKI TRTSTQSVKVGGERI TI STDSSI SKASLI RYGTATHT
YNSNGNLATRPKI TRTSTQSVKVGGRI Tl STDSSI SKASLI RYGTATHT

442 taaagacgaccaaaaat acagagggaaaat agttaaagttact gagaca
aagagat ccgcat cgcccagt at gggt ct ccacct gacct t gagcccac
ct ccct cgat cgt cact agccgct cat acggt t gt cggggt ct t agacg

N-H522A 3/ T7P Primer

GAO
N HB22A 3

GAO
N HB22A 3

GAO
N H522A 3

GAO
N HB22A 3

GAO
N H522A 3

GAO
N HB22A 3

OOCTCACAAGEOOGT AGGAACT GGAAT TCCTGAAGGEGAGT CT TCAGT TACTGAGCCT TG 77
TOCTCACAAGCOOGTAGANACTCEAAT TCCTGAAGSGAGTCTTCAGT TCCTGAGCCTTGG 120

kkhkkkhkhkkkhkkhhkkkhkkhkx R R R Rk S R o Sk R Rk R R R R R R o o

AGCCTCAGCACCTATOCEGAAGOEOCAT TTCTCECAACAACT GEECOGT CACT TGOGACAG 137
AGCCTCAGCACCTATOCGAAGOEOCAT TTCTCCCAACAACT GEECOGT CACT TGOGACAG 180

khhkhkhhkkhhhkdhhhhdhhdhhdhddhddhddhhddxdhhdddhdxdddddxdhdddxddxddrdxdx

TQCACAGTOGBGAAATGAATGG - - - = - = - = < == = = x = e mm e e e oe oo 159
TQCACAGT OGBGAAAT GAAT GOGT CACT TGOGACAGT GCACAGT OGBGAAATGAATGOGT 240

R R S R R R R R R

---------------------------------- AACAAGGOCATTGATGECAACAAGEA 185
CACTTGOGACAGOGCACAGT CGEGAAAT GAAT GCAACAAGEOCAT TGATGRCAACAAGEA 300

R R o R R R R R R R

TACCTTTTGECACACAT TCTATGEOG0CAACCEEGATOCAAAGOCOOCTCACACATACAC 245
TACCTTTTGECACACAT TCTATGEOBCCAACCEEGATCCAAAGCCOOCTCACACATACAC 360

R R o R AR R Rk ok o R R AR R R R o o R R R R R R Ak kR o

GATTGACATGAAGACAACT CAGAACGT CAACGCT TGTCTATGCTGOCTOGACAGGATGG 305
GATTGACATGAAGACAACT CAGAACGT CAACGCT TGTCTATGCTGOCTOGACAGGATGG 420

LR EEE RS E RS SR SRR SRS EEEEEEREEREEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE]

N-H522A 3 and GAO Amino Acid Sequence Alignment

GAO

N-H522A 3

GAO

N- H522A 3

GAO

N- H522A 3

17 VAVTVPHKAVGTG PEGSLQFLSLRASAPI GSAI SRNNWAVTCDSA
VAVTVPHKAV TG PEGSLQFLSLRASAPI GSAI SRNNVWAVTCDSA
VAVTVPHKAVX TG PEGSLQFLSLRASAPI GSAI SRNNVAVTCDSA

47 gggagccagggagacggacct caccgt gcagagat caat ggat gag
tct ct caact acgt caggt at t gt gcccct gget cgaagcet cgagce
tatcttcgcaNt attagttgcget acaat caccttcccgectccta

63 - QSGNECNKAI DGNKDTFWHTFY
QSGNECNKAI DGNKDTFWHTFY

-: H cac] AQSGNECNKAI DGNKDTFWHTFY

185 CAGICGGGA Intron 1 CAGCgct gagt aagaggaagattcatt
<2----- [187 : 252]-2> cacgaagaact agaaactgacta

aggat accgctt ccgt ct gcact

85 GANGDPKPPHTYTI DMKTTONVNGL SMLPRQDGNONGW GRHEVYL SSD
GANGDPKPPHTYT! DVKTTQNVNGLSM.PRQDGNQNGW G HEVYLSSD
GANGDPKPPHTYTI DMKTTQNVNGL SM.PRQDGNONGW G HEVYLSSD

323 ggaggcacccat aagaaaacagagt t accccggacagt ag4cggt cat g
gcagacaccacact at accaat agt ct t cgaagaaaggt g aat at gca
cccgt aget cacgt cggat gcceccgt ggt agt t caccget t gttacat
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N-H522A 3/GOFORB Primer

GAO
N HB22A 3

GAO
N HB22A 3

GAO
N HB22A 3

GAO
N HB22A 3

GO
N HB22A 3

GO
N HB22A 3

ATCTACGTOCCTGAACAAGACACT TTCTACAAGCAGAACCCCAACTCCATTGI TGEOGTC 1560
ATCTACGT COCTGAACAAGACACT TTCTACAACCAGAACCOCAACTCCATTGI TGROGTC 322

LR EEEE S E RS SRS SRR SR SRR R R EEEEREEEEEEEEEEEEEEEEEEEEEEEEEEEE S

TACCATAGCATTTCOCTTTTGI TACCTGATGCAGSGTATTTAACGGTGGTGGTGGTCTT 1620
TACCATAGCATTTOOCTTTTGI TACCTGATGECAGEGTATTTAACGGTGGTGGTGGICTT 382

LR EEE RS E RS SRS SRR SR SRR SRR SR EEEEREEEEEEEEEEEEEEEEEEEEEEEEEEEEEE]

TGTGEOGATTGTACCACGAATCATTTOGACGCGCAAATCTTTACGOCAAACTATCTTTAC 1680
TGTGEOCGATTGTACCACGAATGCCT TCGACCCCCAAATCTTTACCOCAAACTATCTTTAC 442

khkkkhkkkhkhkkkhkkkhkhkkhkxkhkkkhxx EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE ST

AATAGCAACCECAATCTOBOGACACGT OCCAAGAT TACCAGAACCTCTACACAGAGOGTC 1740
AATACCAACGECAATCTOEOGACACGT COCAAGAT TACCAGAACCTCTACACAGAGCGTC 502

LR EEE RS E RS SR SRR SRR R EEEEREEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE]

AAGGTCCEGTGRCAGAAT TACAAT CTOGACGEAT TCTTCGATTAGCAAGCGTOGT TGATT 1800
AAGGTOCGTGECAGAAT TACAAT CTCGACGEAT TCT TCGATTAGCAAGEOGTOGT TGATT 562

kkhkkkkhkkhkhkkkhhkkhhkkhhkhkhhkkhhkhhkkhhhkkhhkhhhkkhhhkhhkkhhhkkhhkddhhxhhkddhxdhkxkdhrdx*x%x

OCCTATGGTACAGCGACACACACCGT TAATACTGACCAGOCCOGCAT TOOCCTGACTCTG 1860
OCCTATGGTACAGOGACACACACSGT TAATACTGACCAGCGEOCGECATTAOOCTGACTCTG 622

kkhkkkkhkkhkhkkkhhkkhhhkkhhkhkhhkkhhkkhhkkhhhkkhhkhhhkkhhhkhhkkhhhkkhhkdhhkkhhkddhxdhkxkdhrdx*x%x

N-H522A 3 and GAO Amino Acid Sequence Alignment

GAO

N-H522A 3

GAO

N- H522A 3

GAO

N-H522A 3

485 SVVLPDGSTFI TGGQRRG PFEDSTPVFTPEI YVPEQDTFYKQNPNSI V
SVWLPDGSTFI TGGQRRA PFEDSTPVFTPEI YVPEQDTFYKQNPNSI V
SWLPDGSTFI TGEQRRA PFEDSTPVFTPEI YVPEQDTFYKQNPNSI V

170 tggccggaat aaggcccgact ggt acgt acgat gcgcgat t acacat ag
ctttcaggcttcggagggt ct aaccct t ccat at caaact aaaacact t
ttttacacgttaacaat at gcgt acgat at gccct aact ccggeccctt

534 RVYHSI SLLLPDGRVFNGGGEELCCDCTTNHFDAQ FTPNYLYNSNGNLA
RVYHSI SLLLPDGRVFNGGGG.CGDCTTN FDAQ FTPNYLYNSNGNLA
RVYHSI SLLLPDGRVFNGGGGE.CGDCTTNAFDAQ FTPNYLYNSNGNLA

317 cgt caat ctt cggagt aggggct ggt aaagt ggcat acat ct aaagacg
gt aagt ct tt caggt t aggggt ggagccact acat t ccaat aagagat ¢
ccctctctgattcgatcttttttcttcgtcccgactgacttctccctcg

583 TRPKI TRTSTQSVKVGGRI Tl STDSSI SKASLI RYGTATHTVNTDQRRI
TRPKI TRTSTQSVKVGGRI Tl STDSSI SKASLI RYGTATHTVNTDQRRI
TRPKI TRTSTQSVKVGGRI Tl STDSSI SKASLI RYGTATHTVNTDQRRI

464 accaaaaat acagagggaaaat agtt aaagt t act gagacagaagccca
cgcat cgcccagt at gggt ct ccacct gacct t gagcccact acaaggt
at cgt cact agccgct cat acggt t gt cggggt ct t agacgt tt cgect

N-H522A 4/ T7P Primer

GO
N HB22A 3

GO
N HB22A 3

ATCTACGT COCTGAACAAGACACT TTCTACAAGCAGAACCOCAACTCCATTGI TGEOGTC 1560
ATCTACGTOCCTGAACAAGACACT TTCTACAAGCAGAACCOCAACTCCATTGI TAROGTC 322

kkhkkkkhkkhkhkkkhhkkhhhkkhhkhkhhkkhhkhhkkhhhkkhhkhhhkkhhhkhhkkhhkkhhkhhhkkhhkhkdhkkhhkkdhkrdx*x%x

TACCATAGCATTTOOCTTTTGT TACCTGATGECAGEGTAT TTAACGGTGGIGGETAGICTT 1620
TACCATAGCATTTCOCTTTTGI TACCTGATGCAGSGTATTTAACGGTGGTGGTGGTCTT 382

kkhkkkkhkkhkhkkkhhkkhhkkhhkhkhhkkhhkkhhkkhhhkkhhkhhhkkhhhkhhkkhhhkkhhkdhhxkhhkhdhxkdhxdhkrdx*x%x
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GAO
N H522A 3

GAO
N HB22A 3

GAO
N HB22A 3

GAO
N-HB22A 3

TGTGEOGATTGTACCACGAATCATTTOGACGCGCAAATCTTTACCOCAAACTATCTTTAC 1680
TGIGECGATTGT ACCACGAATGCCT TOGACEOCRCAAATCTTTACCOCAAACTATCTTTAC 442

khkkhkhkkhhkhdhhhkhdrhhkhkhxk Rk R R S S ok S R R R R I R o R

AATAGCAACCECAATCTOBOGACACGT OCCAAGAT TACCAGAACCTCTACACAGAGOGTC 1740
AATACCAACGECAATCTOEOGACACGT COCAAGAT TACCAGAACCTCTACACAGAGCGTC 502

LR EEE RS E RS SR SRR SRR R SR EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE]

AAGGTOGGTGECAGAAT TACAAT CTCGACGEAT TCTTCGATTAGCAAGEOGTOGT TGATT 1800
AAGGTOSGTGECAGAATTACAAT CTOGACGGAT TCT TOGAT TAGCAAGEOGTGGI TGATT 562

LR EEEE S S SRS SR SRR SRR R R SR EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE]

OCCTATGGTACAGOGACACACACGGT TAATACT GACCAGCGEOCGECATTCOCCTGACTCTG 1860
OGCTATGGTACAGOGACACACACSGT TAATACT GACCAGCGECORCAT TAOCCTGACTCTG 622

LR EEE RS S E R EEEEE SRR EEEEEEREEREEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE]

N-H522A 4 and GAO Amino Acid Sequence Alignment

GAO

N-H522A 4

GAO

N-H522A 4

GAO

N-H522A 4

17 VAVTVPHKAVGTG PEGSLQFLSLRASAPI GSAI SRNNVWAVTCDSA
VAVTVPHKAV TG PEGSLQFLSLRASAPI GSAI SRNNVAVTCDSA
VAVTVPHKAV! TE PEGSLQFLSLRASAPI GSAI SRNNVWAVTCDSA

50 gggagccagg2agacggacct caccgt gcagagat caat ggat gag
tctctcaact cgtcaggtattgtgcccct gget cgaaget cgage
tatcttcgca tattagttgcgctacaatcaccttcccgectccta

63 - QSGNECNKAI DGNKDTFWHTFY
QSGNECNKAI DGNKDTFWHTFY

-: H cac] AQSGNECNKAI DGNKDTFWHTFY

187 CAGICGGGA Intron 1 CAGCgct gagt aagaggaagattcatt
<2----- [189 : 254]-2> cacgaagaact agaaact gacta

aggat accgctt ccgt ct gcact

85 GANGDPKPPHTYTI DMKTTQNVNGL SM.PRQDGNONGW GRHEVYL SSD
GANGDPKPPHTYTI DMKTTQNVNGL SM.PRQDGNONGW GRHEVYL SSD
GANGDPKPPHTYTI DVKT TQNVNGL SML PRQDGNONGW GRHEVYL SSD

325 ggaggcacccat aagaaaacagagt t accccggacagt agccggt cat g
gcagacaccacact at accaat agt ct t cgaagaaaggt ggaat at gca
cccgt aget cacgt cggat gcceegt ggt agt t caccget ct gt t acat

N-H522A 4/GOFORB Primer

GAO
N HB22A 4

GO
N HB22A 4

GO
N HB22A 4

GO
N HB22A 4

GAO
N HB22A 4

ATCTACGTOCCTGAACAAGACACT TTCTACAAGCAGAACOCCCAACTOCATTGI TGBOGTC 1560
ATCTACGTOOCTGAACAAGACACT TTCTACAAGCAGAACOCCAACTCCATTGITOROGTC 325

LR EEE RS S SRR SR SRR SRR EEEEREEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE]

TACCATAGCATTTOOCTTTTGT TACCTGATGECAGEGTAT TTAACGGTGGIGGETGGICTT 1620
TACCATAGCATTTCOCTTTTGI TACCTGATGCAGSGTATTTAACGGTGGTGGTGGTCTT 385

kkhkkkkhkkhkhkkkhhkkhhkkhhkhkhhkkhhkhhkkhkhhkkhhkhhhkkhhhkhhkkhhhkkhhkdhhkkhhkhdhkkhhkxkdhkrdx*x%x

TGIGACGATTGT ACCACGAATCAT TTOGACGOCCAAATCT TTACGCCAAACTATCTTTAC 1680
TGTGEOGATTGTACTACGAATGCCT TCGACGCGCAAATCTTTACCOCAAACTATCTTTAC 445

kkhkkkkhkkkhkhkkkhkkhkk *khkkkk%x kkhkkkkhkkkhhkkhkkhkkhhkkhkhhkkhhkhkdhkkhhkkkhhkkhkhkkdhkkdk*x*x

AATAGCAACGECAATCT CEOGACACGT COCAAGAT TACCAGAACCTCTACACAGACCGTC 1740
AATAGCAACSECAATCTOBOGACACGT OCCAAGAT TACCAGAACCTCTACACAGAGOGTC 505

kkhkkkkhkkhkhkkkhhkkhhkkhhkhkhhkkhhkhhkkhhhkkhhkhhhkkhhhkhhkkhhhkhhkdhhxhhkddhxkhhkxdhkrdx*x*x

AAGGT OSGTGECAGAATTACAAT CTOGACGEAT TCT TOGAT TAGCAAGECGTGGI TGATT 1800
AAGGTOCGTGECAGAAT TACAAT CTCGACGEAT TCT TOGATTAGCAAGEOGTOGT TGATT 565

khhkhkhhkkhhkhkdhhhhdhhhhddhddhddhddhdddrdhdhddhdhdxddddrdhdddxddxddrrdxsx
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GAO OCCTATGGTACAGOGACACACACSGT TAATACT GACCAGCEOCGECATTCOCCTGACTCTG 1860
N HB22A 4 OCCTATGGTACACCGACACACACSGT TAATACTGACCAGOECOGBCAT TOOCCTGACTCTG 625

R R R R R R R ok o R R R R R Rk A R R R R ek ok R R

N-H522A 4 and GAO Amino Acid Sequence Alignment

GAO 477 YFARTFHTSVWVLPDGSTFI TGGORRA PFEDSTPVFTPEI YVPEQDTFY
YFARTFHTSVVLPDGSTFI TGGQRRA PFEDSTPVFTPEI YVPEQDTFY
YFARTFHTSVVLPDGSTFI TGGORRG PFEDSTPVFTPEI YVPEQDTFY
N-H522A 4 149 ttgcat cat ggccggaat aaggcccgact ggt acgt acgat gcgcgat t
atcgctacctttcaggcttcggagggt ct aacccttccat at caaacta
ctcagtccttttacacgttaacaat at gcgt acgat at gccct aact cc

GAO 526 KONPNSI VRVYHSI SLLLPDGRVFNGGGE-CADCTTNHFDAQ FTPNYL
KQNPNSI VRVYHSI SLLLPDCRVFNGGGGELCGEDCTTN FDAQ FTPNYL
KQN\PNSI VRVYHSI SLLLPDGRVFNGGGGELCCDCTTNAFDAQ FTPNYL
N-H522A 4 296 acacat agcgt caat ctt cggagt aggggct ggt aaagt ggcat acat c
aaacact t gt aagt cttt caggtt aggggt ggagccact acat t ccaat
ggccccttcecctctctgattcgatcecttttttctttgtcccgactgactt

GAO 575 YNSNGNLATRPKI TRTSTQSVKVGGRI TI STDSSI SKASLI RYGTATHT
YNSNGNLATRPKI TRTSTQSVKVGGRI Tl STDSSI SKASLI RYGTATHT
YNSNGNLATRPKI TRTSTQSVKVGGERI TI STDSSI SKASLI RYGTATHT
N H522A 4 443 taaagacgaccaaaaat acagagggaaaat agtt aaagtt act gagaca
aagagat ccgcat cgcccagt at gggt ct ccacct gacct t gagcccac
ctccctcgat cgt cact agccgcet cat acggtt gt cggggt ct t agacg
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ProGOMN1 MUTANTS

MN-RPAP 1/T7P Primer

GAO (OOGTOOCTCACAAGEOOGT AGGAACT GGAAT TOCTGAAGGGAGT CTTCAGT TCCTGAGCC 118
M\- RPAP 1 OOGTTOCTCACAAGGOOGTAG: AACTGGAATTOCTGAAGGGAGTCTTCAGTTCCTGAGCC 116
EE R R RS S EE RS S SRR EEEE RS EEEEEEREE SRR EEEEEEEEEEEEEEREESESEEEEE]
GAO TTOGAGCCTCAGCACCTATOGGAAGOGOCAT TTCTOGCAACAACT GBGOOGTCACTTAOG 178
M\- RPAP 1 TTOOGOOGT CAGCACCTATOGGAAGOGOCAT TOCTOGCAACAACT GRGOOGTCACTTGOG 176
* % % IR R R R RS SRR E SRR RS EEEEEEEIEEEEEEEEEEEEEEEEEEEEESEEEESSE]
GAO ACAGTGCACAGT CGGGAAAT GAATGCAACAAGGCCAT TGATGRCAACAAGGATACCTTTT 238
M\- RPAP 1 ACAGTGCACAGT CGGGAAAT GAATGCAACAAGGCCATTGATGRCAACAAGGATACCTTTT 236
EE R R E RS S SRR S S S SRR EEEE SRR EE SRR R R SRR R EEEEEEEEEEEEEREESEEEESEES]
GAO GECACACATTCTATGROGCCAACGGEEGATCCAAAGOOOOCTCACACATACACGATTGACA 298
M\- RPAP 1 GECACACATTCTATGROGCCAACGEGGATCCAAAGOOOOCTCACACATACACGATTGACA 296
RS EEE S S S SRS S S SRR SR EE SRR SRR EEEEEEEEEEEEEEEESEEEEEESESEESEES]
GAO TGAAGACAACTCAGAACGT CAACGECT TGTCTATGCTGOCTOGACAGGATGGTAACCAAA 358
M\- RPAP 1 TGAAGACAACT CAGAACGT CAACGRCT TGTCTGT GCTGOCTOGACAGGATGGTAACCAAA 356
RS EEES S S SRS S S SRR EEEEEEEEEEEEEEENEEEEEEEEEEEEESEEEEEESEEEESEES]
GAO ACCGCTGGATOGGT OGOCAT GAGGT TTATCTAAGCT CAGATGGCACAAACTGRGECAGCC 418
M\- RPAP 1 ACGGCTGGATOGGTOGOCAT GAGGT TTATCTAAGCT CAGATGRCACAAACT GRGGCAGCC 416

kkhkkhkhkhkkkhkkhhhkhkkhkhhhhkkhkhhhhkkhkkhhhkhkhkkhhhhkkhkdhhhkkhkhdhhhkhkkhdhhkkkhdhhkkxdkdhkx*%x%

MN-RPAP 1 and GAO Amino Acid Sequence Alignment

GAO 17 VAVTVPHKAVGTG PEGSLQFLSLRASAPI GSAI SRNNVWAVTCDSAQSG
VAVTVPHKAV TA PEGSLQFLSL  SAPI GSAI  RNNWAVTCDSAQSG
VAVTVPHKAV! TE PEGSLQFLSLPPSAPI GSAI PRNNVWAVTCDSAQSG
M\- RPAP 1 48 gggagccagglagacggacct caccct gcagagaccaat ggat gagcet g
tctctcaact cgtcaggtattgtccccct gget cgaaget cgagecacg
tatcttcgca tattagttgcgct ggaat caccttcccgect cctagga

GAO 66 NECNKAI DGNKDTFWHTFYGANGDPKPPHTYTI DMKTTONVNGLSMLPR
NECNKAI DGNKDTFWHTFYGANGDPKPPHTYTI DMKTTONVNGLS+LPR
NECNKAI DGNKDTFWHTFYGANGDPKPPHTYTI DMKTTONVNGLSVLPR
M\- RPAP 1 194 agt aagaggaagatt catt ggaggcacccat aagaaaacagagtt gccc
aagaact agaaact gact agcagacaccacact at accaat agt cttcg
taccgcttccgt ctgcact cccgt aget cacgt cggat gccecegt ggt a

GAO 115 QDGNQNGW CRHEVYL SSDGTNWGESPVASGSWFADSTTKYSNFETRPAR
QDGNONGW GRHEVYL SSDGTNWGSPVASGSWFADSTTKYSNFETRPAR
QDGNONGW GRHEVYL SSDGTNWGSPVASGSWFADSTTKYSNFETRPAR
WMN\- RPAP 1 341 cggacagt agccggt cat ggaat gacggt gat t ggt aaat t at gaccgc
aagaaaggt ggaat at gcagcagggct ccgggt cacccaacat acgccg
gttcaccgctctgttacat cacgeccttgattgeccttaaccctatcttc

MN-RPAP 2 /T7P Primer

GAO COGTCOCTCACAAGECOGTAGGAACT CGAAT TCCTGAAGCGAGT CTTCAGT TCCTGAGCC 118
M\- RPAP 2 COGT TCCTCACAAGEOOGT AGGAACTGGAAT TCCTGAAGGEAGT CTTCAGT TCCTGACCC 116

kkhkkhk kkhkkhkhkhkkkhkkhhhkkkhkkhhhhkkhkkhhhkhkkhkkhhhhkhkhhhhkhkhkhhhkhkhdhhkkkhdhhkkxrkdhkx**x*%
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GAO
M\ RPAP 2

GAO
M\ RPAP 2

GAO
M\ RPAP 2

GAO
M\ RPAP 2

GAO
M\- RPAP 2

TTOGAGCCTCAGCACCTATCGGAAGCGEOCAT TTCTCGCAACAACT GEECCGTCACTTGCG 178
TTCOGCOGT CAGCACCT ATCGGAAGOGCCAT TCCTCECAACAACT GEECOGTCACTTACG 176

* k% h khkkkhkhkhkhkhhhkhkhhkhhhkhkhkhdhhkhh Fhkdhhhdhkdkhkhdkhkhkhhhkhkhkhhhkhkrhhhk

ACAGT GCACAGT CEEGAAAT GAATGCAACAAGECCAT TGATGECAACAAGGATACCTTTT 238
ACAGT GCACAGT CCEGAAATGAATGCAACAAGCECCAT TGATGECAACAAGGATACCTTTT 236

R R EEEE SRR EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEREEEEEEEE]

GGCACACAT TCTAT GEOCCCAACGEEGAT CCAAAGOCOCCCTCACACATACACGATTGACA 298
GGCACACAT TCTAT GEOCCCAACCEEGAT CCAAAGCOCCCTCACACATACACCGATTGACA 296

R R EEEE S EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE]

TGAAGACAACT CAGAACGTCAACGCTTGT CTATGCTGOCTCGACAGEATGGTAACCAAA 358
TGAAGACAACTCAGAACGT CAACGECT TGT CTGT GCTGCCTCGACAGGATGGTAACCAAA 356

EEEEEEEEEEREEEEEREEEEEEESEEEEEEEEEIEEEEEEEEEEEEEEEEEEEEEEEEEE S

ACCECTGEATOCGT CBCCATGAGGT TTATCTAAGCT CAGATGECACAAACTGEEECACCC 418
ACGECTGGATCGGTCEOCAT GAGGT TTATCTAAGCT CAGATGECACAAACTGEEECACCC 416

kkhkkhkhkhkkkhkkhhhkkkhkhhhhkkhkhhhhkkhkkhhhhkhkkhhhhkkhkdhhhkhkhkhhhkdkhdhhkkkhdhhkkxrkddkxx*x*%

MN-RPAP 2 and GAO Amino Acid Sequence Alignment

GAO

M\ RPAP 2

GAO

MN- RPAP 2

GAO

MN- RPAP 2

17 VAVTVPHKAVGTG PEGSLQFLSLRASAPI GSAI SRNNVWAVTCDSAQSG
VAVTVPHKAVGTG PEGSLQFLSL  SAPI GSAI  RNNWAVTCDSAQSG
VAVTVPHKAVGTG PEGSLQFLSLPPSAPI GSAI PRNNVWAVTCDSAQSG

47 gggagccagggagacggacct caccct gcagagaccaat ggat gagct g
t ct ct caact gcgt caggt at t gt ccccct ggct cgaagct cgagcacg
tatcttcgcaatattagttgcgct ggaat caccttcccgect cctagga

66 NECNKAI DGNKDTFWHTFYGANGDPKPPHTYTI DMKTTONVNGLSMLPR
NECNKAI DGNKDTFWHTFYGANGDPKPPHTYTI DMKTTONVNGLS+LPR
NECNKAI DGNKDTFWHTFYGANGDPKPPHTYTI DMKTTONVNGLSVLPR

194 agt aagaggaagatt catt ggaggcacccat aagaaaacagagtt gccc
aagaact agaaact gact agcagacaccacact at accaat agt cttcg
taccgcttccgt ctgcact cccgt aget cacgt cggat gcccegt ggt a

115 QDGNQNGW GRHEVYL SSDGTNWGSPVASGSWFADSTTKYSNFETRPAR
QDGNQNGW GRHEVYL SSDGTNWGSPVASGSWFADSTTKYSNFETRPAR
QDGNONGW GRHEVYL SSDGTNWGSPVASGSWFADSTTKYSNFETRPAR

341 cggacagt agccggt cat ggaat gacggt gat t ggt aaat t at gaccgce
aagaaaggt ggaat at gcagcagggct ccgggt cacccaacat acgccg
gttcaccgctctgttacat cacgecttgattgeccttaaccctatcttce

MN-RPAP 2 / GOFORB Primer

GO
M\- RPAP 2

GO
M\- RPAP 2

GO
M\- RPAP 2

GAO
M\ RPAP 2

Ci GI TACCTGATGECAGSGTATTTAACGGTGGTGGTGGTCTTTGTGACGATTGTACC 1680
CI GI TACCTGATGCAGGEGTATTTAACGGTGGTGGTGGTCTTTGTGACCGATTGTACC 400

kkhkkkkhkkhkhkkkhhkkhhhkkhhkhkhhkkhhkkhhkkhkhhkkhhkkhhhkkhhhkhhkkhhhkkhhkhhhkkhhkrdhkkhhkxkdhkhd k%%

ACGAATCATTTCGACEOCCAAATCTTTACGOCAAACTATCTTTACAATAGCAACCECAAT 1740
ACGAATGCCT TOGACGCGCAAATCTTTACGOCAAACTATCTTTACGATAGCAACGECAAT 460

*kkkkkk khkkkhkkkhkkhkkhhkkhkhhkkhhkkdhhkkhhhkkhhkkhhkkhhkhhhkkhhkhd,kx * *xkdkkhk kxkdk*x* k%%

CTCCOGACACGTOCCAAGAT TACCAGAACCT CTACACAGAGCGT CAAGGTOGGTGECAGA 1800
CTCGOGACACGT COCAAGAT TACCAGAACCT CTACACAGAGOGTCAAGGTOGGTGCACGA 520

kkhkkkkhkkhkhkkkhhkkhhkkhhkhkhhkkhhkhhkkhhhkkhhkhhhkkhhhkhhkkhhhkkhhkddhhkhhkhddxdhkxdhrdx*%x

ATTACAATCTOCGACGGAT TCT TCGAT TAGCAAGSOGTOGT TGAT TORCTATGGTACAGOG 1860
ATTACAATCTOGACGGATTCT TCGAT TAGCAAGEOGTOGT TGATTCRCTATGGTACAGOG 580

khhkkhhkkhhhkdhhhhdhhhhdhddhddhddhdddxdhdhddhdhdxdddddxddddxddrddrrdxsx
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GAO ACACACACGGT TAATACT GACCAGOGOOGCAT TAOCCTGACTCTGACAAACAATGGAGGA 1920

M\ RPAP 2 ACACACACGGT TAATACT GACCAGOGEOCECAT TCCCCTGACTCTGACAAACAATCGAGEA 640
R R R R R R R ok o R R R R R Rk A R R R R ek ok R R

GAO AATAGCTATTCTTTOCAAGT TOCTAGCGACTCTGGTGT TGCT TTGOCTGACTACTGGATG 1980

M\ RPAP 2 AATACGCTATTCTTTOCAAGI TOCTAGCGACTCTGGTGI TGACT TTAOCTACTACTGEATG 700

LR EEE RS E RS SR SRR SRR R SR EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE]

MN-RPAP 2 and GAO Amino Acid Sequence Alignment

GAO 477 YFARTFHTSVWVLPDGSTFI TGGORRA PFEDSTPVFTPEI YVPEQDTFY
YFARTFHTSVVLPDGSTFI TGGQRRA PFEDSTPVFTPEI YVPEQDTFY
YFARTFHTSVVLPDGSTFI TGGORRG PFEDSTPVFTPEI YVPEQDTFY
M\- RPAP 2 149 ttgcat cat ggccggaat aaggcccgact ggt acgt acgat gcgcgat t
atcgctacctttcaggcttcggagggt ct aacccttccat at caaacta
ctcagtccttttacacgttaacaat at gcgt acgat at gccct aact cc

GAO 526 KQNPNSI VRVYHSI SLLLPDGRVFNGGGGELCGDCTTNHFDAQ FTPNYL
KQNPNSI VR YHSI SLLLPDGRVFNGGGGELCGDCTTN FDAQ FTPNYL
KQNPNSI VRAYHSI SLLLPDGRVFNGGGGELCGDCTTNAFDAQ FTPNYL
M\- RPAP 2 296 acacat agcgt caat ctt cggagt aggggct ggt aaagt ggcat acat c
aaacact t gcaagt ctt t caggt t aggggt ggagccact acat t ccaat
ggccccttcetcectetctgattcgatcecttttttcttcgtcccgactgactt

GAO 575 YNSNGNLATRPKI TRTSTQSVKVGGRI TI STDSSI SKASLI RYGTATHT
Y+SNGNLATRPKI TRTSTQSVKVGGRI Tl STDSSI SKASLI RYGTATHT
YDSNGNLATRPKI TRTSTQSVKVGGERI TI STDSSI SKASLI RYGTATHT
M\- RPAP 2 443 tgaagacgaccaaaaat acagagggaaaat agtt aaagtt act gagaca
aagagat ccgcat cgcccagt at gggt ct ccacct gacct t gagcccac
ctccct cgat cgt cact agccgcet cat acggt t gt cggggt ct t agacg

MN-RPAP 3/ T7P Primer

GAO COGT COCTCACAAGEOOGT AGGAACTGGAAT TCCTGAAGEEAGT CTTCAGT TCCTGAGCC 118
M\ RPAP 3 C GITOCTCACAAGECOGTAGGAACT CGAAT TCCTGAAGCSGAGT CTTCAGT TCCTGAGCC 115
R R SRR R R R RS SRR EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE]
GAO TTOGAGCCTCAGCACCTATCGGAAGCGEOCAT TTCTCGCAACAACT GEECCGTCACTTGCG 178
M\ RPAP 3 TTCOGOOGT CAGCACCT ATCGGAAGOGOCAT TCCTCECAACAACT GEECOGTCACTTGCG 175
* k% Kk khkkkkhkhkkkkkhkhkhkhkhkkhkhkhkhkhkhhhhkkd hhkkdhhhhhkhdhhdkddhkhrxrhkhhrxrkx*k
GAO ACAGT GCACAGT CEEGAAAT GAATGCAACAAGECCATTGATGECAACAAGGATACCTTTT 238
M\ RPAP 3 ACAGT GCACAGT CCCGAAAT GAATGCAACAAGECCAT TGATGECAACAAGEATACCTTTT 235
IR R EE RS SRR EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEREEEEEEEE]
GAO GGECACACATTCTAT GEOGOCAACCEEGATCCAAAGOOCCCT CACACATACACGATTGACA 298
M\- RPAP 3 GGCACACAT TCTAT GEOCCCAACGEEGAT CCAAAGOCOCCCTCACACATACACCGATTGACA 295
kkhkkhkhkhkkkhkkhhhkhkkhkhhhkhkkhkhhhhkkhkkhhhhkhkhhhhkkhkhhhhkhkhkhhhdkkhdhhkkkhdhhkkxrkddkx**x*%
GAO TGAAGACAACTCAGAACGT CAACGECT TGT CTATGCTGOCTOCGACAGCGATGGTAACCAAA 358
M\- RPAP 3 TGAAGACAACT CAGAACGTCAACCCTTGT CTGTGCTGOCTOGACAGEATGGTAACCAAA 355
kkhkkhkhkhkkkhkkhhhkhkkhkhhhkhkkhkhhhhkkhkkhhhkhkhkkhhhkk,x ,hkkhkhkhhhkhkkhdhhkkkhdhhkkxdkddkx**x%
GAO ACCECTGEATOGGT CECCATGAGGT TTATCTAAGCT CAGATGECACAAACTGEEECACCC 418
M\- RPAP 3 ACGECTGGATCGGTCEOCAT GAGGT TTATCTAAGCT CAGATGECACAAACTGEEECAGCC 415

kkhkkhkhkhkkkhkkhhhkhkkhkhhhhkkhkhhhhkkhkkhhhhkhkkhhhhkkhkhhhhkhkhdhhhhkhdhhkkkhdhhkdxdkdhkx**x*%
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MN-RPAP 3 and GAO Amino Acid Sequence Alignment

GAO

MN- RPAP 3

GAO

MN- RPAP 3

GAO

M\ RPAP 3

21 VPHKAVGTG PEGSLQFLSLRASAPI GSAI SRNNWAVTCDSAQSGNECN
VPHKAVGTG PEGSLQFLSL  SAPI GSAI RNNWAVTCDSAQSGNECN
VPHKAVGTG PEGSLQFLSLPPSAPI GSAI PRNNVWAVTCDSAQSGNECN

58 gccagggagacggacct caccct gcagagaccaat ggat gagct gagt a
t caact gcgt caggt at t gt ccccct ggct cgaagct cgagcacgaaga
ttcgcaat attagttgcgct ggaat caccttcccgect cct aggat acc

70 KAI DGNKDTFWHTFYGANGDPKPPHTYTI DIVKTTQNVNGL SMLPRQDGN
KAI DGNKDTFWHTFYGANGDPKPPHT YT DIVKT TQNVNGL S+LPRQDGN

KAI DGNKDTFWHTFYGANGDPKPPHTYTI DIVKT TONVNGL SVL PRQDGN

205 agaggaagatt catt ggaggcacccat aagaaaacagagttgccccgga
act agaaact gact agcagacaccacact at accaat agt ct t cgaaga
gcttccgt ct gcact cccgt aget cacgt cggat gccccgt ggt agt tc

119 ONGW GRHEVYL SSDGTNWGSPVASGSWFADST TKYSNFETRPARYVRL
QNGW CRHEVYL SSDGTNWGSPVASGSWFADST TKYSNFETRPARYVRL
ONGW GRHEVYL SSDGTNWGSPVASGSWFADSTTKYSNFETRPARYVRL

352 cagt agccggt cat ggaat gacggt gat t ggt aaat t at gaccgct gcc
aaggt ggaat at gcagcagggct ccgggt cacccaacat acgccgat gt
accgctctgttacat cacgccttgattgecccttaaccctatcttetttt

MN-RPAP 4 / T7P Primer

GAO
M\ RPAP 4

GAO
M\ RPAP 4

GAO
M\ RPAP 4

GAO
M\ RPAP 4

GAO
M\ RPAP 4

GAO
M\- RPAP 4

COGT COCTCACAAGEOOGT AGGAACTGGAAT TCCTGAAGGEAGT CTTCAGT TCCTGACCC 118
COGTI TOCTCACAAGECOGTAGGAACT CGAAT TCCTGAACCCAGT CTTCAGT TCCTGAGCC 116

khkhk hhkhhkhkhhhhhdhhhdhhhddhhhddhdhdhddhrdhddhrdhhdddrhdddhrrddrrrix*x

TTOGAGCCTCAGCACCTATCGGAAGCGEOCAT TTCTCGCAACAACT GEECCGTCACTTACG 178
TTCOGOOGT CAGCACCT ATCGGAAACGOCAT TCCTORCAACAACT GEECOGTCACTTGCG 176

* k% Kk khkkkkhkhkkkkkhkhkhkhkkhkkhk khkkhkhkhkkk hhkdkkhkhkhkhkhkhdhkhkdkddhkhkxrhkhrhrkk

ACAGT GCACAGT CEEGAAAT GAATGCAACAAGECCATTGATGECAACAAGGATACCTTTT 238
ACAGT GCACAGT CCEGAAATGAATGCAACAAGCECCAT TGATGECAACAAGEATACCTTTT 236

R R EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEREEEEEEE S

GGCACACAT TCTAT GEOCCCAACGEEGAT CCAAAGOOCCCTCACACATACACGATTGACA 298
GGCACACAT TCTAT GEOCCCAACCEEGAT CCAAAGOCOCCCTCACACATACACCGATTGACA 296

R R EEEE SRR EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEREEEEEEEE]

TGAAGACAACT CAGAACGTCAACGECT TGT CTATGCTGOCTCGACAGEATGGTAACCAAA 358
TGAAGACAACTCAGAACGT CAACGECT TGT CTGTGCTGCCTCGACAGGATGGTAACCAAA 356

kkhkkhkhkhkkkhkkhhhkkkhkhhhhkkhkhhhhkkhkkhhhhkkhkkhhhkk,x ,hkkhkhdhhdkhdhhkkddhhkkxrkdhkx**x%

ACCECTGEATOGGT CECCATGAGGT TTATCTAAGCT CAGATGECACAAACTGEEECACCC 418
ACGECTGGATCGGTCEOCAT GAGGT TTATCTAAGCT CAGATGECACAAACTGEEECACCC 416

kkhkkhkhkhkkkhkkhhhkkkhkhhhhkkhkhhhhkkhkkhhhhkhkdhhhkhkdhhhkhkhkhhhkdkhdhhkkkhdhhkkxdkddkx**x%

MN-RPAP 4 and GAO Amino Acid Sequence Alignment

GAO

WN- RPAP 4

17 VAVTVPHKAVGTG PEGSLQFLSLRASAPI GSAI SRNNVWAVTCDSAQSG
VAVTVPHKAVGTG PEGSLQFLSL  SAPI GFAI  RNNVAVTCDSAQSG
VAVTVPHKAVGTG PEGSLQFLSLPPSAPI GNAI PRNNVWAVTCDSAQSG

47 gggagccagggagacggacct caccct gcagagaccaat ggat gagct g
t ct ct caact gcgt caggt at t gt ccccct gact cgaagct cgagcacg
tatcttcgcaatattagttgcgct ggaat caccttcccgect cctagga
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GAO

MN- RPAP 4

GAO

MN- RPAP 4

66 NECNKAI DGNKDTFWHTFYGANGDPKPPHTYTI DMKTTQNWNGLSM_PR
NECNKAI DGNKDTFWHTFYGANGDPKPPHTYTI DMKTTONVNGLS+LPR
NECNKAI DGNKDTFWHT FYGANGDPKPPHTYTI DVKTTQNVNGLSVLPR

194 agt aagaggaagatt catt ggaggcacccat aagaaaacagagttgccc
aagaact agaaact gact agcagacaccacact at accaatagtcttcg
taccgcttccgt ct gcact ccecgt aget cacgt cggat gcceccgt ggt a

115 QDGNONGW GRHEVYL SSDGTNWGSPVASGSWFADSTTKYSNFETRPAR
QDGNONGW GRHEVYL SSDGTNWGSPVASGSWFADST TKYSNFETRPAR
CQDGNQNGW GRHEVYL SSDGTNWGSPVASGSWFADSTTKYSNFETRPAR

341 cggacagt agccggt cat ggaat gacggt gatt ggt aaat t at gaccgc
aagaaaggt ggaat at gcagcagggct ccgggt cacccaacat acgccg
gttcaccgctctgttacatcacgecttgattgeccttaaccctatcttce

MN-RXAX 1/ T7P Primer

GAO
M\ RXAX 1

GAO
M\ RXAX 1

GAO
M\ RXAX 1

GAO
M\ RXAX 1

GAO
M\ RXAX 1

GAO
M\ RXAX 1

COGTCOCTCACAAGECOGTAGGAACT CGAAT TCCTGAAGCGAGTCTTCAGT TCCTGAGCC 118
COGTI TOCTCACAAGECOGTAGGAACT CGAAT TCCTGAAGCCAGT CTTCAGT TCCTGAGCC 116

khkhk hhkhhhkhhhhhhhhdhhhddhhhddhdhdhddhrdhhdhdrdrddddrdrddddrrrddrrrixx

TTOGAGCCTCAGCACCTATCGGAAGCGOCAT TTCTCGCAACAACT GEECCGTCACTTGCG 178
TTTT- GTGI CAGCACCTATOCGAAGCGEOCAT TOCTCECAACAACTGEECCGTCACTTAOG 175

* % * khkkhhkhkhkkhdhhhhhdhhhhhdhdhhhdhd dhddhhddddhrxdhddrrhddrrrddxx

ACAGT GCACAGT CEEGAAAT GAATCCAACAAGECCATTGATGECAACAAGGATACCTTTT 238
ACAGT GCACAGT CCCGAAAT GAATGCAACAAGECCAT TGATGECAACAAGEGATACCTTTT 235

RR R S R AR R ek R S S R R R S R R R R R S R R R R Sk R

GGCACACAT TCTAT GEOCCCAACGEEGAT CCAAAGOCOCCCTCACACATACACCGATTGACA 298
GECACACATTCTAT GEOGOCAACCEEGATCCAAAGOOOCCT CACACATACACGATTGACA 295

R R EEEE SRR EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE]

TGAAGACAACT CAGAACGTCAACGECTTGT CTATGCTGOCTCGACAGEATGGTAACCAAA 358
TGAAGACAACTCAGAACGT CAACGECT TGT CTGTGCTGCCTCGACAGGATGGTAACCAAA 355

R R R R R R EEEEEEEEEEEEEEEEEEEEEIEEEEEEEEEEEEEEEEEEEEEEEEEE S

ACGECTGGATCGGTCEOCAT GAGGT TTATCTAAGCT CAGATGECACAAACTGEEECAGCC 418
ACCECTGGATOGGTCEOCATGAGGT TTATCTAAGCT CAGATGECACAAACT GEBEECAGCC 415

R R R EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEREEEEEEEE]

MN-RXAX 1 and GAO Amino Acid Sequence Alignment

GAO

M\- RXAX 1

GAO

M\- RXAX 1

17 VAVTVPHKAVGTG PEGSLQFLSLRASAPI GSAI SRNNVWAVTCDSAQSG
VAVTVPHKAVGTGE PEGSLQFLSL  SAPI GSAI RNNWAVTCDSAQSG
VAVTVPHKAVGTG PEGSLQFLSL! VSAPI GSAI PRNNVWAVTCDSAQSG

47 gggagccagggagacggacct cac2gt gcagagaccaat ggat gagct g
tctctcaactgcgt caggtattgt tccctgget cgaagcet cgagcacg
tatcttcgcaatattagttgcgect gaatcaccttcccgectcctagga

66 NECNKAI DGNKDTFWHTFYGANGDPKPPHTYTI DMKTTONVNGLSMLPR
NECNKAI DGNKDTFWHT FYGANGDPKPPHTYTI DVKTTQNVNGLS+LPR
NECNKAI DGNKDTFWHTFYGANGDPKPPHTYTI DMKTTONVNGLSVLPR

193 agt aagaggaagat t cat t ggaggcacccat aagaaaacagagt t gccc
aagaact agaaact gact agcagacaccacact at accaat agt ctt cg
taccgcttccgt ctgcact cccgt aget cacgt cggat gcccegt ggt a
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GAO

M\- RXAX 1

115 QDGNONGW GRHEVYL SSDGTNWGSPVASGSWFADSTTKYSNFETRPAR
QDGNONGW GRHEVYL SSDGTNWGSPVASGSWFADSTTKYSNFETRPAR
QDGNQNGW GRHEVYL SSDGTNWESPVASGSWFADSTTKYSNFETRPAR

340 cggacagt agccggt cat ggaat gacggt gatt ggt aaatt at gaccgc
aagaaaggt ggaat at gcagcagggct ccgggt cacccaacat acgccg
gttcaccgctctgttacatcacgecttgattgeccttaaccctatcttce

MN-RXAX 2/ T7P Primer

GAO
M\ RXAX 2

GAO
M\ RXAX 2

GAO
M\ RXAX 2

GAO
M\ RXAX 2

GAO
M\ RXAX 2

GAO
M\ RXAX 2

COGT COCTCACAAGEOOGT AGGAACTGGAAT TCCTGAAGGEAGT CTTCAGT TCCTGACCC 118
COGT TCCTCACAAGEOOGT AGGAACTGGAATTCCTGAAGEEAGT CTTCAGT TCCTGAGCC 116

kkhkkhk khkhhhkhhdhhkdhdddhhhddhhhddhdhdddhdxdddhdrddddhddddhdxrddxxrd*x

TTCGAGCCTCAGCACCTATCGGAAGOGOCAT TTCTCECAACAACT GEECOGTCACTTGCG 178
TT- AACCGOCAGCAC- TATCGGAAGCGEOCAT TCCTCGCAACAACT GEECCGTCACTTGOG 174

* % * * khkkhkhhk hhhkhkkhdhhkhkhdhhdkd Fhddddhkdxdddhkhkdddhkhxrhkhkrhhihk

ACAGT GCACAGT CCCGAAAT GAATGCAACAAGECCAT TGATGECAACAAGGATACCTTTT 238
ACAGT GCACAGT CCCGAAAT GAATGCAACAAGCCCCAT TGATGECAACAAGGATACCTTTT 234

khkhhhkhkhdhhhhdhhhhhhdhdhhddhhhddhdhdddhrdhddhrdrhdddrdrddddrrrddxrrixx

GGCACACAT TCTAT GEOCCCAACGEEGAT CCAAAGOCOCCCTCACACATACACCGATTGACA 298
GGECACACATTCTAT GEOGOCAACCEEGAT CCAAAGCOCCCT CACACATACACGATTGACA 294

RR R S R R R e S S A R R R S R SRR R S S R e S R R S R R

TGAAGACAACT CAGAACGTCAACGCTTGT CTATGCTGOCTOGACAGEATGGTAACCAAA 358
TGAAGACAACTCAGAACGT CAACGECT TGT CTGT GCTGOCTOGACACGATGGTAACCAAA 354

khkkhhhkhkhdhhhhdhhhhhhdhhhddhhhddhdd dhddhddhrdhhdddrdrddddrrrddrrrix

ACGECTGGATCGGTCEOCAT GAGGT TTATCTAAGCT CAGATGECACAAACTGEEECACCC 418
ACGECTGGATCGGTCEOCATGAGGT TTATCTAAGCT CAGATGECACAAACTGEEECAGCC 414

R R EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE]

MN-RXAX 2 and GAO Amino Acid Sequence Alignment

GAO

M\- RXAX 2

GAO

M\ RXAX 2

GAO

M\ RXAX 2

17 VAVTVPHKAVGTA PEGSLQFLSLRASAPI GSAI SRNNWAVTCDSAQSG
VAVTVPHKAVGTG PEGSLQFLSL  ++ | GSAI RNNWAVTCDSAQSG
VAVTVPHKAVGTG PEGSLQFLSLN! ASTI GSAI PRNNVAVTCDSAQSG

47 gggagccagggagacggacct cacalgaaagagaccaat ggat gagct g
tctctcaact gcgt caggt att gt a cgct ggct cgaaget cgageacg
tatcttcgcaatattagttgcgetc cctcaccttcccgectcctagga

66 NECNKAI DGNKDTFWHTFYGANGDPKPPHTYTI DMKTTONVNGLSMLPR
NECNKAI DGNKDTFWHTFYGANGDPKPPHTYTI DMKTTONVNGLS+LPR
NECNKAI DGNKDTFWHTFYGANGDPKPPHTYTI DMKTTONVNGLSVLPR

192 agt aagaggaagat t catt ggaggcacccat aagaaaacagagtt gccc
aagaact agaaact gact agcagacaccacact at accaat agt cttcg
taccgcttccgt ctgcact cccgt aget cacgt cggat gccecegt ggt a

115 QDGNQNGW GRHEVYL SSDGTNWGSPVASGSWFADSTTKYSNFETRPAR
QDGNQNGW GRHEVYL SSDGTNWESPVASGSWFADSTTKYSNFETRPAR
QDGNONGW GRHEVYL SSDGTNWGSPVASGSWFADSTTKYSNFETRPAR

339 cggacagt agccggt cat ggaat gacggt gat t ggt aaat t at gaccgc
aagaaaggt ggaat at gcagcagggct ccgggt cacccaacat acgccg
gttcaccgctctgttacat cacgecttgattgeccttaaccctatcttc
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MN-RXAX 3/ T7P Primer

GAO
M\ RXAX 3

GAO
M\ RXAX 3

GAO
M\ RXAX 3

GAO
M\ RXAX 3

GAO
M\- RXAX 3

GAO
M\- RXAX 3

COGT COCTCACAAGEOOGT AGGAACTGGAAT TCCTGAAGGEAGT CTTCAGT TCCTGACCC 118
C GITCCTCACAAGECOGTAGNCACT CGAAT TCCTGAACCGAGTCTTCAGT TCCTGAGCC 115

* kk kkkkhkhkkkkhkkhkhkkkkkhkkk khkkhkhkkkkhkhhkhkhkkhhhhkhkhhhkkxdhhhrrrdhkrrkhdhhxkx

TTOGAGCCTCAGCACCTATCGGAAGCGEOCAT TTCTCGCAACAACT GEECCGTCACTTGCG 178
TTTGCAGCTCAGCACCTATCGGAAGCGEOCAT TCCTCGCAACAACT GEECCGTCACTTACG 175

*% % khkkhkhkkkkhkhhkhkkkhhhhkhkhhhhkhkhhdhdx dhkdhhkhkdhhkdxddhkhkrxrrdhrrrdhixx

ACAGT GCACAGT CEEGAAAT GAATGCAACAAGECCAT TGATGECAACAAGGATACCTTTT 238
ACAGT GCACAGT CCEGAAATGAATGCAACAAGCECCAT TGATGECAACAAGEATACCTTTT 235

R R EEEE SRR EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE]

GGCACACAT TCTAT GEOCCCAACGEEGAT CCAAAGOOCCCTCACACATACACGATTGACA 298
GGCACACAT TCTAT GEOCCCAACCEEGAT CCAAAGCOCCCTCACACATACACCGATTGACA 295

R R EEEE SRR EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE]

TGAAGACAACTCAGAACGT CAACGECT TGT CTATGCTGOCTOCGACAGGATGGTAACCAAA 358
TGAAGACAACT CAGAACGTCAACGCTTGT CTGTGCTGOCTOGACAGEATGGTAACCAAA 355

kkhkkhkhkhkkkhkkhhhkkkhkhhhkhkkhkhhhhkkhkkhhhkhkhkkhhhkk,x ,hkkhkddhhhdkhdhhkkkddhhkkxrkdhkx**x%

ACCECTGEATOGGT CBCCATGAGGT TTATCTAAGCT CAGATGECACAAACTGEEECACCC 418
ACGECTGGATCGGTCEOCAT GAGGT TTATCTAAGCT CAGATGECACAAACTGEEECACCC 415

kkhkkhkhkhkkkhkkhhhkhkkhkhhhkhkkhkhhhhkkhkkhhhkhkhkhhhhkhkdhhhkhkhdhhhkhkkhdhhkkkhdhhkxdkddkx**x*%

MN-RXAX 3 and GAO Amino Acid Sequence Alignment

GAO

M\ RXAX 3

GAO

M\ RXAX 3

GAO

MN- RXAX 3

21 VPHKAVGTG PEGSLQFLSLRASAPI GSAI SRNNVAVTCDSAQSGNECN
VPHKAV+TA PEGSLQFLSL +SAPI GSAI  RNNWAVTCDSAQSGNECN
VPHKAVXTGA PEGSLQFLSLCSSAPI GSAI PRNNWAVTCDSAQSGNECN

58 gccagggagacggacct cact at gcagagaccaat ggat gagct gagt a
t caact Ncgt caggt at t gt ggccct ggct cgaagcet cgagcacgaaga
ttcgcactattagttgegcet ccaat caccttcccgect cct aggat acc

70 KAl DGNKDTFWHTFYGANGDPKPPHTYTI DIVKT TQNVNGL SMLPRQDGN
KAl DGNKDTFWHTFYGANGDPKPPHT YT DIVKTTQNVNGL S+LPRQDGN

KAI DGNKDTFWHTFYGANGDPKPPHT YT DIVKT TQNVNGL SVL PRQDGN

205 agaggaagatt catt ggaggcacccat aagaaaacagagtt gccccgga
act agaaact gact agcagacaccacact at accaat agt ct t cgaaga
gcttccgt ct gcact ccecgt aget cacgt cggat gecccegt ggt agttc

119 QNGW GRHEVYL SSDGTNWGSPVASGSWFADSTTKYSNFETRPARYVRL
QNGW GRHEVYL SSDGTNWGESPVASGSWFADST TKYSNFETRPARYVRL
NGW GRHEVYL SSDGTNWGESPVASGSWFADST TKYSNFETRPARYVRL

352 cagt agccggt cat ggaat gacggt gatt ggt aaat t at gaccgct gcc
aaggt ggaat at gcagcagggct ccgggt cacccaacat acgccgat gt
accgctctgttacat cacgccttgattgceccttaaccctatcttetttt

MN-RXAX 4/ T7P Primer

GAO
M\ RXAX 4

GAO
M\ RXAX 4

COGTCOCTCACAAGECOGTAGGAACT CGAAT TCCTGAAGCGAGT CTTCAGT TCCTGAGCC 118
G- GTTCCTCACAAGEOOGT AGGAACTCGAATTCCTGAAGGEAGT CTTCAGT TCCTGACCT 112

*k kk kkhkkhkhkkkkhkkhkhhkkkhkkhhhkhkkkhhhkhkkkhhhhkkhkkhhhhkhkhkhhhkhkkhdhhkkkhdhhkkxrkdhhx*r*x

TTCGAGCCTCAGCACCTATCGGAAGOCCCAT TTCTOGCAACAACT GEECOGTCACTTACG 178
TTGEEEECTCAGCACCTATCEGAAGCGEOCAT TOCT CGCAACAACT GEECCGTCACTTACG 172

Kk Kk Kk Khhkkkkhkkhkhkhkkkhkkhkkhkhkkkhkkhkkhkhkkkkhhhkkk khhkkhkkhkhhkhkkkhkdhkhkkkhkdhkhkkkhkhhkhhkhk*k
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GAO
M\ RXAX 4

GAO
M\ RXAX 4

GAO
M\ RXAX 4

GAO
M\ RXAX 4

ACAGT CCACAGT CEEGAAAT GAATCCAACAAGECCATTGATGECAACAAGGATACCTTTT 238
ACAGT GCACAGT CCCGAAAT GAATGCAACAAGECCAT TGATGECAACAAGGATACCTTTT 232

RR R S R AR R ek R S S S R Rk S S R R R R R R R o

GGCACACAT TCTAT GEOCCCAACGEEGAT CCAAAGOCOCCCTCACACATACACGATTGACA 298
GGCACACAT TCTAT GEOCCCAACCEEGAT CCAAAGOCOCCCTCACACATACACCGATTGACA 292

R R EEEE SRR EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEREEEEEEEE]

TGAAGACAACT CAGAACGTCAACGECTTGT CTATGCTGOCTCGACAGEATGGTAACCAAA 358
TGAAGACAACTCAGAACGT CAACGECT TGT CTGT GCTGCCTCGACAGGATGGTAACCAAA 352

EEEEEEEEEEREEEEEREEEEEEEEEEEEEEEEEIEEEEEEREREEEEEEEEEEEEEEEEE LS

ACGECTGGATCGGTCEOCAT GAGGT TTATCTAAGCT CAGATGECACAAACTGEEECAGCC 418
ACGECTGGATCGGTCEOCAT GAGGT TTATCTAAGCT CAGATGECACAAACTGEEECAGCC 412

R R EEEE SRR EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE]

MN-RXAX 4 and GAO Amino Acid Sequence Alignment

GAO

MN- RXAX 4

GAO

MN- RXAX 4

GAO

MN- RXAX 4

21 VPHKAVGTG PEGSLQFLSLRASAPI GSAI SRNNVAVTCDSAQSGNECN
VPHKAVGTA PEGSLQFLS SAPI GSAI RNNWAVTCDSAQSGNECN
VPHKAVGTG PEGSL QFL SFGGSAPI GSAI PRNNWAVTCDSAQSGNECN

55 gccagggagacggacct cat ggt gcagagaccaat ggat gagct gagt a
t caact gcgt caggt at t gt ggccct ggct cgaagcet cgagcacgaaga
ttcgcaat attagtt gcgct gcaat caccttcccgect cct aggat acc

70 KAI DGNKDTFWHTFYGANGDPKPPHTYTI DIVKT TQNVNGL SM.PRQDGN
KAI DGNKDTFWHTFYGANGDPKPPHTYTI DIVKT TONVNGL S+L PRQDGN

KAl DGNKDTFWHT FYGANGDPKPPHT YT DIVKT TQNVNGL SVL PRQDGN

202 agaggaagatt catt ggaggcacccat aagaaaacagagtt gccccgga
act agaaact gact agcagacaccacact at accaat agt ct t cgaaga
gcttccgt ct gcact ccecgt aget cacgt cggat gcccegt ggt agttc

119 QNGW GRHEVYL SSDGTNWGSPVASGSWFADSTTKYSNFETRPARYVRL
QNGW CRHEVYL SSDGTNWGSPVASGSWFADST TKYSNFETRPARYVRL
QNGW GRHEVYL SSDGTNWGSPVASGSWFADSTTKYSNFETRPARYVRL

349 cagt agccggt cat ggaat gacggt gatt ggt aaat t at gaccgct gcc
aaggt ggaat at gcagcagggct ccgggt cacccaacat acgccgat gt
accgctctgttacat cacgccttgattgeccttaaccctatcttetttt

MN-S2A 1/GAOstr Primer

GAO
M\- S2A 1

GO
M\ S2A 1

GO
M\ S2A 1

GO
M\ S2A 1

GAO
M\-S2A 1

OGT COCTCACAAGEOCGTAGGAACT GEAAT TCCTGAAGEGAGT CTTCAGT TOCTGAGCCT 119
COGT TOCTCACAAGEOCGTAGGAACT GGAAT TCCTGAAGGSGAGT CTTCAGT TOCTGAGCCT 119

RS S SRS SRR RS RS EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEES

TCOGAGCCTCAGCACCTATCEGAAGOCECCAT TTCTORCAACAACT GEEOCGTCACT TAOA 179
TOGAGOCGCAGCACCTATOCEGAAGOEOCAT TCCTCECAACAACTGEECOGT CACT TGO 179

kkhkkkhkhkkkh khkkhkkhkkkhhkkhhhkkhhkhkhhkkhhkkhhkkk *hkkhkhkkhhhkhhkkhhkdhkddkxkdhkrdkxrhkx*x%x

CAGT GCACAGT CEGAAATGAATGCAACAAGCCCCAT TGATGCAACAAGEATACCTTTTG 239
CAGTGCACAGT CGEGAAAT GAATGCAACAACGEOCAT TGATGECAACAAGCGATACCTTTTG 239

kkhkkkhkhkkkhhkkkhkkhhkkhhhkkhhhkkhhkhhhkkhhhkkhhkkhhhkkhhkkhhhkkhhhkhhkkhhkkhhkrhkxkdhkrdkxrhkx*x%x

GCACACATTCTATGEOGOCAACGEEGATOCAAAGOCCCCTCACACATACACGATTGACAT 299
GCACACATTCTATGEOGE0CAACGEEGATCCAAAGCOOCCTCACACATACACGATTGACAT 299

khkkkhkhkkkhhkkhkkhhkkhkhhkkhhhkkhhkhhhkkhhhkhhkkhhhkkhhhhhkkhhhkhhkhhhkkdhddhxdhkxdxrkx%x%x

GAAGACAACTCAGAACGT CAACGCT TGT CTATGCTGCCTOGACAGGATGGTAACCAAAA 359
GAAGACAACT CAGAACGT CAACGECT TGTCTGTGCTGOCTCGACAGGATGGTAACCAAAA 359

khhkkhhhkdhhhdhhkdhhhdhhdhhdhhdhdhhdhdd dhdddxdhhdddddxddrdddxddrdxrdxdx
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GAO
M\- S2A 1

OOCTCGATOGGTOBCG- ATGAGGT TTATCTAAGCTCAGATGECACAAACTGEEECACCC 418
OGEECTCEATOEGTOBCOCATGAGGT TTATCTAAGCT CAGATGECACAAACTGEEECACCC 419

khhkkhhkhkkhhkhdhhhhdhdh ddhhhdhdhdhdhhddhdhhdrdhhdrddrdrddrddrdrhdrdx

MN-S2A 1 and GAO Amino Acid Sequence Alignment

GAO

MN- S2A 1

GAO

MN- S2A 1

GAO

M\ S2A 1

4 LLTLALCFSSI NAVAVTVPHKAVGTG PEGSLQFLSLRASAPI GSAI SR
L TL + VAVTVPHKAVGTA PEGSLQFLSLRA+API GSAI R
LFTLRRI XxEPFTMVAVTVPHKAVGTA PEGSLQFLSLRAAAPI GSAI PR

10 ttataaaNgct aagggagccagggagacggacct caccgggcagagacc
ttctggtcactcttctctcaactgcgtcaggtattgtgccectggetcg
gttaagt cgcccgt at ctt cgcaat att agt t gcget acaat caccttc

53 NNWAVTCDSAQSGNECNKAI DGNKDTFWHTFYGANGDPKPPHTYTI DIVK
NNVAVT CDSAQSGNECNKAI DGNKDTFWHTFYGANGDPKPPHT YT DIVK
NNWAVTCDSAQSGNECNKAI DGNKDTFWHT FYGANGDPKPPHTYTI DIVK

157 aat ggat gagct gagt aagaggaagat t cat t ggaggcacccat aagaa
aagct cgagcacgaagaact agaaact gact agcagacaccacact at a
ccgcect cct aggat accget t ccgt ct gcact ccegt aget cacgt cgg

102 TTQNVNG. SM.PRQDGNONGW GRHEVYL SSDGTNWGSPVASGSWFADS
TTONVNGLS+LPRQDGNONGW G HEVYL SSDGTNWGSPVASGSWFADS
TTQNVNGL SVLPRQDGNQNGW G HEVYL SSDGTNWGSPVASGSWFADS

304 aacagagttgccccggacagt ag4cggt cat ggaat gacggt gat t ggt
ccaat agt ct t cgaagaaaggt g aat at gcagcagggct ccgggt cac
atgcccegt ggt agtt caccget tgttacat cacgecttgattgecct

MN-S2A 2/GAQOstr Primer

GAO
M\- S2A 2

GAO
M\- S2A 2

GAO
M\- S2A 2

GAO
M\- S2A 2

GAO
M\ S2A 2

GAO
M\ S2A 2

GCTGTCACCGTCOCT CACAAGEOOGTACGAACTCGAAT TCCTGAAGSGAGTICTTCAGT TC 111
GCAGT TACOGT TOCTCACAAGEOOGT AGEAACTCEAATTCCTGAACCSGAGTCTTCAGI TC 120

Kk kk hhkkkhkk khhkhkhkkhkhkhkhkhkhkhkhkhkhkhkkhkhkhkhhkhhkhkhkhkhhkhkdkhhdrhkhrdxhhkrdkxrhxdx

CTGAGCCT TOGAGOCT CAGCACCTATOCGAAGORCCAT TTCTOBCAACAACTGEEOCGTC 171
CTGAGCCT TOGAGOOECACCACCTATOCGAAGOGCCAT TACTOECAACAACTGEECCGTC 180

EEEE SRR EEEEEEEE I EEEEEEEEEEEEEEEEEEEEEEIEEEEEEEEEEEEEEEEEEEES

ACTTGOGACAGT GCACAGT CGEGAAATGAATCCAACAAGECCAT TGATGECAACAACCAT 231
ACTTGOGACAGT GCACAGT OGAAATGAATGCAACAAGEOCAT TGATGECAACAAGEAT 240

EEEE S SRR S EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE ST

ACCTTTTGECACACAT TCTATGEOCCCAACGEEEATOCAAAGOOCOCTCACACATACACG 291
ACCTTTTGECACACAT TCTATGEOCCCAACCEEEATOCAAAGCOCOCT CACACATACACG 300

EEEEEEE SRS S EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEES

ATTGACATGAAGACAACT CAGAACGTCAACECT TGTCTATGCTGOCTCGACACGATGGT 351
ATTGACATGAAGACAACT CAGAACGT CAACEXCT TGTCTGTGCTAOCTOCGACACGATGGET 360

kkhkkhkhkkkhhkkkhkkhhkkhkhhkkhhhkkhhkhkhhkkhhhkkhhkkhhkkhhkkhhkkdk ,hkkhhkkhhkddkkdhkrxdkxxkx%x%

AACCAAAACCCTGEAT OGGT OEOCATGAGGT TTATCTAAGCTCAGATGECACAAACT GG 411
AACCAAAACCGECTGEATOSGTOEOCATGAGGT TTATCTAAGCTCAGATGECACAAACT GG 420

kkhkkkhkhkkkhhkkkhkkhhkkhkhhkkhhhkkhhkhhhkkhhhkkhhkkhhhkkhhkhhhkkhhhkhhkhhkkhhkddhkdhkrdxhkx%x%x
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MN-S2A 2 and GAO Amino Acid Sequence Alignment

GAO

MN- S2A 2

GAO

MN- S2A 2

GAO

M\- S2A 2

17 VAVTVPHKAVGTA PEGSLQFLSLRASAPI GSAI SRNNWAVTCDSAQSG
VAVTVPHKAVGTG PEGSLQFLSLRA+API GSAI  RNNWAVTCDSAQSG
VAVTVPHKAVGTG PEGSLQFLSLRAAAPI GSAI PRNNVAVTCDSAQSG

58 gggagccagggagacggacct caccgggcagagaccaat ggat gaget g
t ct ct caact gcgt caggt at t gt gcccct gget cgaaget cgageacg
tatcttcgcaatattagttgcgetacaat caccttcccgect cct agga

66 NECNKAI DGNKDTFWHTFYGANGDPKPPHTYTI DMKTTQNWWNGLSM_PR
NECNKAI DGNKDTFWHTFYGANGDPKPPHTYTI DMKTTONVNGLS+LPR
NECNKAI DGNKDTFWHT FYGANGDPKPPHTYTI DVKTTQNVNGLSVLPR

205 agt aagaggaagattcatt ggaggcacccat aagaaaacagagtt gccc
aagaact agaaact gact agcagacaccacact at accaatagtcttcg
taccgcttccgt ct gcact cccgt aget cacgt cggat gcceccgt ggt a

115 QDGNQNGW GRHEVYL SSDGTNWGSPVASGSWFADSTT
QDGNQNGW GRHEVYL SSDGTNWGESPVASGSWFADSTT
QDGNQONGW GRHEVYL SSDGTNWGSPVASGSWFADSTT

352 cggacagt agccggt cat ggaat gacggt gat t ggt aa
aagaaaggt ggaat at gcagcagggct ccgggt caccc
gttcaccgctctgttacat cacgecttgattgecctta

MN-S2A 3/GAOstr Primer

GAO
M\- S2A 3

GAO
M\- S2A 3

GAO
M\- S2A 3

GAO
M\- S2A 3

GAO
M\ S2A 3

GAO
M\- S2A 3

COGTOCCTCACAAGSCOGT AGGAACTGEAAT TOCTGAAGSCGAGT CTTCAGT TCCTGAGCC 118
COGT TCCTCACAAGCOGT ACGAACT GRAAT TCCTGAAGEGAGTCTTCAGT TCCTGACCC 112

khkkh khhkhkhhkhhkhdhkhhhdhhdhdhhdhhdddhhdddhhddddrddrddrdhrdxhdrrdx

TTOGAGCCTCAGCACCTATCGEGAAGCEOCAT TTCTCECAACAACT GBE0OGTCACTTAOG 178
TTOGAGCOGCAGCACCT ATORGAAGOCCCAT TACTORCAACAACTGEECCGTCACTTAG 172

khkkhkkkhk K hkkhkkdhkkhhhkhhkhkhhkhhhkhhkhkdhdx dkhkkhkhkdhhkdkhrdrhhrdxdhrdrxrhxix

ACAGTGCACAGTCGEGAAATGAATGCAACAACGOCAT TGATGECAACAAGGATACCTTTT 238
ACAGTGCACAGT CEEGAAATGAATGCAACAAGCCAT TGATGRCAACAAGGATACCTTTT 232

EEEEE SRS RS EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEES

GECACACATTCTATGEOCCCAACGEEG ATCCAAAGOCOCCTCACACATACACGATTGAC 297
GECACACAT TCTATGEOGCCAACCEEECATCCAAAGCCOCCTCACACATACACCGATTGAC 292

EEEEEEEEEEEEEEEEEEEEEEEEEEEIEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEES

ATGAAGACAACTCAGAACGT CAACECT TGTCTATGCTGOCTOGACAGGATGGTAACCAA 357
ATGAAGACAACT CAGAACGT CAACECT TGTCTGTGCTGOCTCGACAGGATGGTAACCAA 352

khkkkhkhkkkhhkkkhkkhhkkhkkhhkkhhhkkhhkhhhkkhhkhhkkhhkk, *hkkdhhkhhkkdhkkdhkddkxdhkrxdxrkx%x%x

AACCECTGEATOEGTOBOCATGAGGT TTATCTAAGCTCAGATGECACAAACTGEEECACC 417
AACCECTGGATOSGTOEOCATGAGGT TTATCTAAGCTCAGATGECACAAACTGEEECACC 412

kkhkkkhkhkkkhhkkhkkhhkkhkkhhkkhhhkkhhkhhhkkhhhkkhhkkhhhkkhhkkhhhkkhhhkhhkkhhhkkhhkddhkdhkrdkxxhkx%x%x

MN-S2A 3 and GAO Amino Acid Sequence Alignment

GAO

M\ S2A 3

17 VAVTVPHKAVGTG PEGSLQFLSLRASAPI GSAI SRNNVWAVTCDSAQSG
VAVTVPHKAVGTG PEGSLQFLSLRA+API GSAI  RNNWAVTCDSAQSG
VAVTVPHKAVGTG PEGSLQFLSLRAAAPI GSAI PRNNVWAVTCDSAQSG

43 gggagccagggagacggacct caccgggcagagaccaat ggat gaget g
t ct ct caact gcgt caggt at t gt gcccct ggct cgaagct cgagcacg
tatcttcgcaatattagttgcgct acaat caccttcccgect cctagga
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GAO

MN- S2A 3

GAO

MN- S2A 3

66 NECNKAI DGNKDTFWHTFYGANGDPKPPHT YT DIMKTTQNVNGLSMLPR
NECNKAI DGNKDTFWHTFYGAN DPKPPHTYT! DIMKTTQNVNGLS+LPR
NECNKAI DGNKDTFWHTFYGAN! DPKPPHT YT DIMKT TQNVNGLSVLPR

190 agt aagaggaagatt cattggadgcacccat aagaaaacagagttgccc
aagaact agaaact gact agca acaccacact at accaat agtcttcg
taccgcttccgtctgcactccc tagctcacgt cggatgeccccgtggta

115 QDGNQNGW CRHEVYL SSDGTNWGSPVASGSWFADSTT
QDGNONGW GRHEVYL SSDGTNWGSPVASGSWFADSTT
QDGNONGW GRHEVYL SSDGTNWGESPVASGSWFADSTT

338 cggacagt agccggt cat ggaat gacggt gat t ggt aa
aagaaaggt ggaat at gcagcagggct ccgggt caccc
gttcaccgctctgttacat cacgccttgattgecctta

MN-S2A 4 /GAOstr Primer

M\ S2A 4
GAO

M\- S2A 4
GAO

M\- S2A 4
GAO

M\- S2A 4
GAO

M\- S2A 4
GAO

M\- S2A 4
GAO

COGI TOCTCACAAGECOGTAGGAACT CGAAT TCCTGAAGCSGAGT CTTCAGT TCCTGAGCC 120
COGTCOCTCACAAGCECOGTAGGAACT CGAAT TCCTGAAGCCCAGT CTTCAGT TCCTGAGCC 356

khkhk hhkhhhkhhhhhhhhdhhhddhhhddhdhdhddhrdhhdhdrdrddddrdrddddrrrddrrrixx

TTOGAGCOGCAGCACCTATCGGAAGCGEOCAT TOCT CGCAACAACT GEECCGTCACTTGCG 180
TTCGAGCCTCAGCACCTATCGGAAGOCCCAT TTCTOGCAACAACT GEECOGTCACTTACG 416

khkkhhhkhkkhdh hhhkhhhhhhdhhhddhhhddhdd dhddddhrdhddddrdrdddhrrddrrhixx

ACAGT GCACAGT CEEGAAAT GAATCCAACAAGECCAT TGATGECAACAAGGATACCTTTT 240
ACAGT GCACAGT CCCGAAAT GAATGCAACAAGCECCAT TGATGCAACAAGEGATACCTTTT 476

khkkhhhkhkkhdhhhhhdhhhhhhdhhhddhhhddhdhdddhdrdhddhrdrddddrdrddddrrrddxrrix*x

GGCACACAT TCTAT GEOCCCAACGEEGAT CCAAAGOCOCCCTCACACATACACCGATTGACA 300
GECACACATTCTAT GEOGOCAACCEEEATCCAAAGOOCCCT CACACATACACGATTGACA 536

IR R EE RS SRR EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEREEEEEEEE]

TGAAGACAACT CAGAACGTCAACGECT TGT CTGT GCTGOCTCGACAGEATGGTAACCAAA 360
TGAAGACAACTCAGAACGT CAACGECT TGT CTATGCTGCCTCGACAGGATGGTAACCAAA 596

khkkhkhkhkkkkhhhkkkhhhhhkhkkhhhhkhkhhhhkhkhhhhkdx dhkkdhdhhrrhdhhkrkrdhkhrrddhrxrkx*k

ACGECTGGATCGGTCEOCAT GAGGT TTATCTAAGCT CAGATGECACAAACTGEEECAGCC 420
ACCECTGGATOGGTCEOCATGAGGT TTATCTAAGCT CAGATGECACAAACT GEBEECAGCC 656

R EEEEEEEEEEEEREEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE LSS

MN-S2A 4 and GAO Amino Acid Sequence Alignment

GAO

M\ S2A 4

GAO

M\ S2A 4

19 VTVPHKAVGTG PEGSLQFLSLRASAPI GSAI SRNNVAVTCDSAQSGNE
+TVPHKAVGTA PEGSLQFLSLRA+API GSAI RNNWAVTCDSAQSGNE
X TVPHKAVGTA PEGSLQFLSLRAAAPI GSAI PRNNWAVT CDSAQSGNE
57 gagccagggagacggacct caccgggcagagaccaat ggat gagct gag
Nct caact gcgt caggt at t gt gcccct gget cgaagct cgagcacgaa
tcttcgcaatattagttgcget acaat caccttcccgect cct aggat a

68 CNKAI DGNKDTFWHTFYGANGDPKPPHTYTI DIVKTTONVNGL SMLPRQD
CNKAI DGNKDTFWHTFYGANGDPKPPHTYTI DIVKT TONVNGL S+LPRQD
CNKAI DGNKDTFWHTFYGANGDPKPPHTYTI DMKTTONVNG. SVLPRQD

204 taagaggaagatt catt ggaggcacccat aagaaaacagagttgccccg
gaact agaaact gact agcagacaccacact at accaat agt ctt cgaa
ccgcttcegt ct gcact cccgt aget cacgt cggat gccccgt ggt agt
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GAO

M\- S2A 4

117 GNONGW GRHEVYL SSDGTNWGSPVASGSWFADST TKYSNFETRPARYV
GNONGW GRHEVYL SSDGTNWGESPVASGSWFADST TKYSNFETRPARYV
GNONGW GRHEVYL SSDGTNWGSPVASGSWFADST TKYSNFETRPARYV

351 gacagt agccggt cat ggaat gacggt gatt ggt aaat t at gaccgctg
gaaaggt ggaat at gcagcagggct ccgggt cacccaacat acgccgat
tcaccgctctgttacat cacgccttgattgecccttaaccctatcttcett

MN-H522A 1/GOFORB Primer

GAO
M\- HB22A 1

GAO
M\ HB22A 1

GAO
M\ HB22A 1

GAO
M\ HB22A 1

GAO
M\ HB22A 1

GAO
M\- HB22A 1

Ci GI TACCTGATGECAGSGTATTTAACGGTGGTGGTGGTCTTTGIGAOGATTGTACC 1680
Ci GI TACCTGATGECAGEGTATTTAACGGTGGTGGTGGTCTTTGTGACGATTGTACC 389

khhkhkhhkkhhhkdhhhhdhhhhddhddhddddhdddxdhhdddhdxdddddxddhdddxddxddrrdxdx

ACGAATCATTTCGACGOCCAAATCTTTACGOCAAACTATCTTTACAATAGCAACCECAAT 1740
ACGAATGOCT TOGACGCGCAAATCTTTACGOCAAACTATCTTTACGATAGCAACGECAAT 449

*kkkkk*k hhkkkhhkhhhdhhhdhdhhdhdhddhdddhdhdddxdhdddx dxdxddxddxdxd*x

CTOCOGACACGTOCCAAGAT TACCAGAACCT CTACACAGAGCGT CAAGGTOGGTGECAGA 1800
CTOCOGACACGTOCCAAGAT TACCAGAACCT CTACACAGAGCGT CAAGGTCEGTGECAGA 509

R R S R AR R R R Sk S S R AR R R R ok S R R R R R R R Rk R o

ATTACAATCTCGACGGATTCTTCGAT TAGCAAGEOGTOGT TGATTOSCTATGGTACAGOG 1860
ATTACAATCTCGACGGAT TCT TOGAT TAGCAAGSOGTCGT TGAT TORCTATGGTACAGSG 569

R R R R R R R R R R Rk R R Rk ok S R Rk S o R AR o

ACACACACGGT TAATACTGACCAGOGCOCCAT TOCCCTGACT CTGACAAACAATGGAGEA 1920
ACACACACGGT TAATACT GACCAGOGEOCECAT TACCCTGACTCTGACAAACAATCGAGA 629

R R o R AR R Rk ok o R R AR R R R o o R R R R R R Ak kR o

AATACCTATTCTTTOCAAGT TOCTAGCGACTCTGGTGT TGCTTTGOCTGCTACTGGATG 1980
AATACCTATTCTTTOCAAGT TOCTAGCGACTCTGGTGT TGCTTTAOCTGCTACTGGATG 689

LR EEE RS E RS SR SRR SRS EEEEEEREEREEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE]

MN-H522A 1 and GAO Amino Acid Sequence Alignment

GAO

M\- H522A 1

GAO

M\ H522A 1

GAO

M\ H522A 1

485 SVVLPDGSTFI TGGQRRA PFEDSTPVFTPEI YVPEQDTFYKQNPNSI V
SVWVLPDGSTFI TGEQRRA PFEDSTPVFTPEI YVPEQDTFYKQNPNSI V
SVWWLPDGSTFI TGGQRRA PFEDSTPVFTPEI YVPEQDTFYKQNPNSI V

162 tggccggaat aaggcccgact ggt acgt acgat gcgcgat t acacat ag
ctttcaggcttcggagggt ct aaccctt ccat at caaact aaaacact t
ttttacacgttaacaat at gcgt acgat at gccct aact ccggeccct t

534 RVYHSI SLLLPDGRVFNGGGELCCDCTTNHFDAQ FTPNYLYNSNGNLA
R YHSI SLLLPDGRVFNGGGG.CGDCTTN FDAQ FTPNYLY+SNGNLA
RAYHSI SLLLPDGRVFNGGGGE.CGDCTTNAFDAQ FTPNYLYDSNGNLA

309 cgt caat ctt cggagt aggggct ggt aaagt ggcat acat ct gaagacg
gcaagt ct tt caggt t aggggt ggagccact acat t ccaat aagagat ¢
ctctctctgattcgatcttttttcttcgtcccgactgacttctccctcg

583 TRPKI TRTSTQSVKVGGRI Tl STDSSI SKASLI RYGTATHTVNTDQRRI
TRPKI TRTSTQSVKVGGRI Tl STDSSI SKASLI RYGTATHTVNTDQRRI
TRPKI TRTSTQSVKVGGRI Tl STDSSI SKASLI RYGTATHTVNTDQRRI

456 accaaaaat acagagggaaaat agtt aaagttact gagacagaagccca
cgcat cgcccagt at gggt ct ccacct gacct t gagcccact acaaggt
at cgt cact agccgcet cat acggt t gt cggggt ctt agacgt tt cgect
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MN-H522A 2/GOFORB Primer

GAO
M\ HB22A 2

GAO
M\- HB22A 2

GAO
M\- HB22A 2

GAO
M\- HB22A 2

GAO
M\- HB22A 2

GAO
M\- HB22A 2

CI GI TACCTGATGECAGGEGTATTTAACGGTGGTGGTGGTCTTTGTGACGATTGTACC 1680
Ci GI TACCTGATGECACEGTAT TTAACGGTGGTGGTGGTCTTTGTGACGATTGTACC 385

LR EEEE S E RS SRS SRR SR SRR R R EEEEREEEEEEEEEEEEEEEEEEEEEEEEEEEE S

ACGAATCATTTOGACGCGCAAATCTTTACGOCAAACTATCTTTACAATAGCAACGECAAT 1740
ACGAAAGCCCT TCGACCOCCAAATCTTTACGOCAAACTATCTTTACGATAGCAACGECAAT 445

*kkkk EEEE R R SRR SRR EEEEEEEEEEEEEEEEEEEEEEEEIEEEEEEEEEEEEE ST

CTGGEOGACACGT COCAAGAT TACCAGAACCT CTACACAGAGOGTCAAGGTOGGTGECAGA 1800
CTOG0GACACGTCOCAAGAT TACCAGAACCT CTACACAGAGCGT CAAGGTCGGTGCAGA 505

LR EEEE S S SRR SR SRR SRR EEEEREEREEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE]

ATTACAATCTCGACGGAT TCT TCGAT TAGCAAGEOGTOGT TGATTORCTATGGTACAGOG 1860
ATTACAATCTCGACGGAT TCT TCGAT TAGCAAGOGTOGT TGAT TORCTATGGTACAGDG 565

LR EEE RS E RS SR SRR SRR R EEEEREEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE]

ACACACACGGT TAATACT GACCAGOGOOCCAT TCCCCTGACTCTGACAAACAATCGAGA 1920
ACACACACGGT TAATACTGACCAGOGCOCCAT TOOCCTGACT CTGACAAACAATGGACA 625

kkhkkkkhkkhkhkkkhhkkhhkkhhkhkhhkkhhkhhkkhhhkkhhkhhhkkhhhkhhkkhhhkkhhkddhhxhhkddhxdhkxkdhrdx*x%x

AATACGCTATTCTTTOCAAGI TCCTAGCGACTCTGGTGT TACT TTACCTGCTACTGGATG 1980
AATAGCTATTCTTTOCAAGT TOCTAGCGACTCTGGTGT TGCT TTAOCTGACTACTGGATG 685

kkhkkkkhkkhkhkkkhhkkhhhkkhhkhkhhkkhhkkhhkkhhhkkhhkhhhkkhhhkhhkkhhhkkhhkdhhkkhhkddhxdhkxkdhrdx*x%x

MN-H522A 2 and GAO Amino Acid Sequence Alignment

GAO

M\ H522A 2

GAO

MN- H522A 2

GAO

MN- H522A 2

482 FHTSVVLPDGSTFI TGGQRRG PFEDSTPVFTPEI YVPEQDTFYKOQNPN
FHTSVVLPDGSTFI TGGQRRA PFEDSTPVFTPEI YVPEQDTFYKOQNPN
FHTSVLPDGSTFI TGGQRRG PFEDSTPVFTPEI YVPEQDTFYKOQNPN

149 tcat ggccggaat aaggcccgact ggt acgt acgat gcgcgat t acaca
tacctttcaggcttcggagggt ct aaccctt ccat at caaact aaaaca
tccttttacacgttaacaat at gcgt acgat at gccct aact ccggecc

531 SI VRVYHSI SLLLPDGRVFNGGGGELCGDCTTNHFDAQ FTPNYLYNSNG
S| VR YHSI SLLLPDGRVFNGGGGLCCDCTT FDAQ FTPNYLY+SNG
S| VRAYHSI SLLLPDGRVFNGGGGLCGDCTTKAFDAQ FTPNYLYDSNG
296 tagcgtcaat cttcggagt aggggct ggt aaagt ggcat acat ct gaag
cttgcaagtctttcaggttaggggt ggagccact acatt ccaat aagag
cttctctctctgattcgatcttttttcttcgacccgactgacttctcce

580 NLATRPKI TRTSTQSVKVGERI Tl STDSSI SKASLI RYGTATHTVNTDQ
NLATRPKI TRTSTQSVKVGGRI Tl STDSSI SKASLI RYGTATHTVNTDQ
NLATRPKI TRTSTQSVKVGGRI Tl STDSSI SKASLI RYGTATHTVNTDQ

443 acgaccaaaaat acagagggaaaat agt t aaagt t act gagacagaagc
at ccgcat cgcccagt at gggt ct ccacct gacctt gagcccact acaa
t cgat cgt cact agccgct cat acggt t gt cggggt ctt agacgtttcg

MN-H522A 3/GOFORB Primer

GO
M\- HB22A 3

GO
M\- HB22A 3

Ci GI TACCTGATGECAGSGTATTTAACGGTGGTGGTGGTCTTTGTGACGATTGTACC 1680
CI GI TACCTGATGECAGGGTATTTAACGGTGGTGGTGGTCTTTGTGACCGATTGTACC 374

kkhkkkkhkkhkhkkkhhkkhhhkkhhkhkhhkkhhkhhkkhhhkkhhkhhhkkhhhkhhkkhhkkhhkhhhkkhhkhkdhkkhhkkdhkrdx*x%x

ACGAATCATTTCGACEOCCAAATCTTTACGOCAAACTATCTTTACAATAGCAACCECAAT 1740
ACGAATGOCT TOGACCOGCAAATCTTTACGOCAAACTATCT TTACGATAGCAACGECAAT 434

*kkkkk*k khkkkhkkkhkkhkkhhkkhkkhhkkhhkkdhkkhhhkkhhkkhhkkhhkhhhkkhhkhdkx *,*xkdkkhkdkxkdkx*xkx*x%
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GAO
M\ H522A 3

GAO
M\ H622A 3

GAO
M\- H622A 3

GAO
M\- H622A 3

CTCGOGACACGT COCAAGAT TACCAGAACCT CTACACAGAGOGTCAAGGTOGGTGECACGA 1800
CTCCOGACACGTOCCAAGAT TACCAGAACCT CTACACAGACCGTCAAGGTCEGTGECAGA 494

R R R R R R R ok o R R R R R Rk A R R R R ek ok R R

ATTACAATCTCGACGGATTCTTCGAT TAGCAAGEOGTOGT TGATTORCTATGGTACAGOG 1860
ATTACAATCTCGACGGAT TCT TCGAT TAGCAAGOGTOGT TGAT TORCTATGGTACAGDG 554

LR EEE RS E RS SR SRR SRR R SR EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE]

ACACACACGGT TAATACTGACCAGOGOOCCAT TOOCCTGACT CTGACAAACAATGGAGEA 1920
ACACACACGGT TAATACT GACCAGOGOOGCAT TAOCCTGACTCTGACAAACAATGGAGCA 614

LR EEEE S S SRS SR SRR SRR R R SR EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE]

AATAGCTATTCTTTOCAAGT TOCTAGCGACTCTGGTGT TGCTTTGOCTGACTACTGEATG 1980
AATACGCTATTCTTTOCAAGI TOCTAGCGACTCTGGTGI TACT TTAOCTACTACTGEATG 674

LR EEE RS S E R EEEEE SRR EEEEEEREEREEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE]

MN-H522A 3 and GAO Amino Acid Sequence Alignment

GAO

M\ H522A 3

GAO

M\ H522A 3

GAO

M\ H522A 3

486 VVLPDGSTFI TGEQRRG PFEDSTPVFTPEI YVPEQDTFYKQNPNSI VR
VVLPDGSTFI TGGQRRA PFEDSTPVFTPEI YVPEQDTFYKQNPNSI VR
VWLPDGSTFI TGEQRRGA PFEDSTPVFTPEI YVPEQDTFYKQNPNSI VR

150 ggccggaat aaggcccgact ggt acgt acgat gcgcgat t acacat age
tttcaggcttcggagggt ct aaccctt ccat at caaact aaaacacttg
tttacacgttaacaat at gcgt acgat at gccct aact ccggccccttc

535 VYHSI SLLLPDGRVFNGGGGE.CGDCTTNHFDAQ FTPNYLYNSNGNLAT
YHSI SLLLPDGRVFNGGGGLCGDCTTN FDAQ FTPNYLY+SNGNLAT
AYHSI SLLLPDGRVFNGGGELCGDCTTNAFDAQ FTPNYL YDSNGNLAT

297 gtcaat cttcggagt aggggct ggt aaagt ggcat acat ct gaagacga
caagt ctttcaggttaggggt ggagccact acat t ccaat aagagat cc
tctctctgattcgatcttttttcttcgtcccgactgacttctccctcga

584 RPKI TRTSTQSVKVGGERI Tl STDSSI SKASLI RYGTATHTVNTDORRI P
RPKI TRTSTQSVKVGGRI Tl STDSSI SKASLI RYGTATHTVNTDQRRI P
RPKI TRTSTQSVKVGGRI TI STDSSI SKASLI RYGTATHTVNTDQRRI P
444 ccaaaaat acagagggaaaat agt t aaagt t act gagacagaagcccac
gcat cgcccagt at gggt ct ccacct gacct t gagcccact acaaggt ¢
t cgt cact agccgct cat acggt t gt cggggt ct t agacgtttcgectc

MN-H522A 4/GOFORB Primer

GAO
M\- HB22A 4

GO
M\ HB22A 4

GO
M\ HB22A 4

GO
M\ HB22A 4

GAO
M\- HB22A 4

CTTTTGI TACCTGATGECAGSGTATTTAACGGTGGTGETGGTCTTTGTGEOGATTGTACC 1680
CTTTTGITACCTGATGRCAGEGTATTTAACGGTGGTGGTGGETCTTTGTGECGATTGTACC 385

LR EEEE S E RS EEEEEEEEEEEEEEREEEEEEEEEEEEEEEEEEEEEEEEEEEEE IS

ACGAATCATTTCGACEOCCAAATCTTTACGOCAAACTATCTTTACAATAGCAACCECAAT 1740
OCGTATGCCT TCGACGOCCAAATCTTTACCSCCAAACTATCTTTACCGATAGCAACGECAAT 445

* %k k% khkkkhkhkkhkkhkkhhkkhkhhkkhhkhkdhkhhhkhhkhdhkkhhkhhhkkhhhdkx *,*xkdkkhdkxkdhk*x*xkx*x%

CTOCOGACACGTOCCAAGAT TACCAGAACCT CTACACAGACCGT CAAGGTOGGTGECAGA 1800
CTCGOGACACGT COCAAGAT TACCAGAACCT CTACACAGAGOGTCAAGGTOGGTG3CACA 505

kkhkkkkhkkhkhkkkhhkkhkhhkkhhkhkhhkkhhkhhkkhhhkkhhkhhhkkhhhkhhkkhhkkhhkdhhkkhhkddhkhhkxkdhkrdx*x%x

ATTACAATCTCGACGGAT TCT TCGAT TAGCAAGEOGTOGT TGAT TARCTATGGTACAGSG 1860
ATTACAATCTOGACGGATTCT TCGAT TAGCAAGEOGTOGT TGATTORCTATGGTACACOG 565

kkhkkkkhkkhkhkkkhhkkhhkkhhkhkhhkkhhkhhkkhhhkkhhkhhhkkhhhkhhkkhhhkhhkdhhxhhkddhxkhhkxdhkrdx*x*x

ACACACACGGT TAATACT GACCAGOGOOGCAT TAOCCTGACTCTGACAAACAATGGAGGA 1920
ACACACACGGT TAATACT GACCAGOGCOCCAT TOOCCTGACT CTGACAAACAATGGAGA 625

khhkhkhhkkhhkhkdhhhhdhhhhddhddhddhddhdddrdhdhddhdhdxddddrdhdddxddxddrrdxsx
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GAO AATAGCTATTCTTTOCAAGT TOCTAGCGACTCTGGTGT TGCTTTGOCTGACTACTGGATG 1980
M\- HB22A 4 AATACGCTATTCTTTOCAAGT TCCTAGCGACTCTGGTGI TACT TTAOCTACTACTGEATG 685

R R R R R R R ok o R R R R R Rk A R R R R ek ok R R

MN-H522A 4 and GAO Amino Acid Sequence Alignment

GAO 482 FHTSVVLPDGSTFI TGGQRRG PFEDSTPVFTPEI YVPEQDTFYKQNPN
FHTSVWLPDGSTFI TGGQRRG PFEDSTPVFTPEI YVPEQDTFYKQNPN
FHTSVVLPDGSTFI TGGQRRG PFEDSTPVFTPEI YVPEQDTFYKQNPN
M\- HS522A 4 149 tcat ggccggaat aaggcccgact ggt acgt acgat gcgcgatt acaca
tacctttcaggcttcggagggt ctaacccttccat at caaact aaaaca
tccttttacacgttaacaat at gcgt acgat at gccct aact ccggccc

GAO 531 SI VRVYHSI SLLLPDCRVFNGGGGELCCDCTTNHFDAQ FTPNYLYNSNG
SI VR YHSI SLLLPDGRVFNGGGGE.CCDC FDAQ FTPNYLY+SNG
S| VRAYHSI SLLLPDGRVFNGGGGELCCDCPPYAFDAQ FTPNYLYDSNG
MN\- HS522A 4 296 tagcgtcaat cttcggagt aggggct ggt cct gt ggcat acat ct gaag
cttgcaagtctttcaggttaggggt ggagccact acatt ccaat aagag
cttctctctctgattcgatcttttttcttcgtcccgactgacttctcce

GAO 580 NLATRPKI TRTSTQSVKVGGRI TI STDSSI SKASLI RYGTATHTVNTDQ
NLATRPKI TRTSTQSVKVGGRI Tl STDSSI SKASLI RYGTATHTVNTDQ
NLATRPKI TRTSTQSVKVGGRI Tl STDSSI SKASLI RYGTATHTVNTDQ
WMN- H522A 4 443 acgaccaaaaat acagagggaaaat agtt aaagt t act gagacagaagc
at ccgcat cgcccagt at gggt ct ccacct gacct t gagcccact acaa
t cgat cgt cact agccgct cat acggt t gt cggggt ctt agacgtttcg

Although al the sequence of the mutants was analyzed, here only the sequence

anaysis of the site of interest is given. The other sites are compatible with the

original sequence.
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THE GENETIC CODE AND SINGLE-LETTER AMINO ACID

T

TTT Phe[F]
TTC Phe [F]
TTA Leu|[L]
TTG Leu[L]

CTT Leu L]
CTC Leu[L]
CTA Leu[L]
CTG Leu[L]

ATT lle [I]
ATC lle [1]
ATA lle [1]
ATG Met [M]

GTT Va [V]
GTC Va [V]
GTA Va [V]
GTG Va [V]

APPENDIX F

DESIGNATONS

Second Position of Codon

C

TCT Ser [S]
TCC Ser [9]
TCA Ser [S]
TCG Ser [S]

CCT Pro [P]
CCC Pro [P]
CCA Pro[P]
CCG Pro[P]

ACT Thr [T]
ACC Thr [T]
ACA Thr [T]
ACG Thr [T]

GCT Ala[A]
GCC Ala[A]
GCA Ala[A]
GCG Ala[A]

Figure F.1. The genetic code

A

TAT Tyr [Y]
TAC Tyr [Y]

TAA Ter [end]
TAG Ter [end]

CAT His[H]
CAC His[H]
CAA GIn[Q]
CAG GIn[Q]

AAT Asn[N]
AAC Asn [N]
AAA Lys[K]
AAG Lys[K]

GAT Asp [D]
GAC Asp [D]
GAA Glu [E]
GAG Glu [E]

152

G

TGT Cys [C]
TGC Cys [C]

TGA Ter [end]

TGG Trp [W]

CGT Arg[R]
CGC Arg[R]
CGA Arg [R]
CGG Arg [R]

AGT Ser [9
AGC Ser [
AGA Arg [R]
AGG Arg [R]

GGT Gly [G]
GGC Gly [G]
GGA Gly [G]
GGG Gly [G]

OGro4H4H oro4H4 o>r04 X 04

O = — -

53 O —~=—-—unw O T



AA':"C'INDO MASS® || pl°
Alanine ALA A | 71.09 | 6.107
Arginine ARG R || 156.19 | 10.76
Aspartic Acid || ASP D | 114.11 | 2.98
Asparagine ASN N || 115.09 | -
Cysteine CYS C [/103.15 | 5.02
w clu [ E|l12012 |38
Glutamine GLN Q|128.14 | -
Glycine GLY G ||57.05 | 6.064
Histidine HIS H || 137.14 || 7.64
Isoleucine ILE | ]/113.16 | 6.038
Leucine LEU L ||113.16 || 6.036
Lysine LYS K ||128.17 || 9.47
Methionine MET M || 131.19 ||5.74
Phenylalanine || PHE F |/147.18 ||5.91
Proline PRO P (9712 | 6.3
Serine SER S ||87.08 | 5.68
Threonine THR T ||101.11 || -
Tryptophan TRP W 186.12 | 5.88
Tyrosine TYR Y |/ 163.18 || 5.63
Valine VAL V [|99.14 | 6.002

® mass [dalton],

The Merck Index, Merck & Co. Inc., Nahway, N.J., 11(1989); CRC Handbook of Chem.& Phys.,
Cleveland, Ohio, 58(1977)

Figure F.2 Single-letter and three letter amino acid designations with their mass and
pl values
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