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Abstract:
Copper-containing proteins have been the focus of many biological and structural studies. The structure
and function of galactose oxidase has been studied intensely. In this study, three mutants of galactose
oxidase, W290H, W290F, and W290G were analyzed and compared to wild type through structural
and functional studies in order to probe the role of tryptophan 290 within the protein. In the wild type
protein, tryptophan 290 stacks over a tyrosine-cysteine thioether bond. That same tyrosine plays a role
in the catalytic action of galactose oxidase as a tyrosyl radical. The stacking tryptophan was found to
protect the cross-link thus stabilizing the active, radical form of galactose oxidase.
Tyrosinase, another copper-containing protein, has been expressed and purified from Streptomyces.
Due to low protein yields, expression was attempted in Escherichia coli. Although the E. coli
expression systems were not successful, other options exist which should be examined in order to
obtain adequate amounts of recombinant protein in order for characterization to proceed.
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ABSTRACT
Copper-containing proteins have been the focus of many biological and
structural studies. The structure and function of galactose oxidase has been studied
intensely. In this study, three mutants of galactose oxidase, W290H, W290F, and
W290G were analyzed and compared to wild type through structural and functional
studies in order to probe the role of tryptophan 290 within the protein. In the wild
type protein, tryptophan 290 stacks over a tyrosine-cysteine thioether bond. That
same tyrosine plays a role in the catalytic action of galactose oxidase as a tyrosyl
radical. The stacking tryptophan was found to protect the cross-link thus stabilizing
the active, radical form of galactose oxidase.
Tyrosinase, another copper-containing protein, has been expressed and
purified from Streptomyces. Due to low protein yields, expression was attempted in
Escherichia coli. Although the E. coli expression systems were not successful, other
options exist which should be examined in order to obtain adequate amounts of
recombinant protein in order for characterization to proceed.

I
INTRODUCTION
Overview of Protein Copper Centers

Transition metal ions such as copper, iron, molybdenum, and manganese play
major roles in biology because they exist in multiple oxidation states in vivo. Copper
exists biologically in the +1 and +2 states(l). Cu(I) can have coordination numbers of
two, three, or four while Cu(II) favors five (most common), although four and six
coordinate complexes are also well known(2). Almost all known biological
applications of copper proteins involve oxidation-reduction (redox) reactions, either to
carry out an electron transfer event, or to effect a redox transformation of a substrate
molecule.
The active sites of copper proteins have been categorized into three classes
based on their geometric and electronic structures: type I, or blue copper, type 2, and
type 3 (3-5). Recently, this list has expanded to include other copper centers
including trinuclear copper clusters composed of a type 2 and type 3 center, the
mixed-valent binuclear Cua site, the CuB-heme center of cytochrome c oxidase, as
well as the tetranuclear Cuz center of nitrous oxide reductase(3). Type I copper
centers such as azurin are characterized by a single Cu atom in the active site, an
intense blue color, and a narrow hyperfine coupling in the EPR spectrum(4). They are
usually coordinated by three strong ligands, a cysteine and two histidines, and may
also have one or two weaker ligands such as methionine (4). Type 2 copper centers
such as amine oxidase contain a single Cu atom, exhibit weak optical absorption
bands, and a normal Cu EPR spectrum with values g_L 2.06, g|| 2.29, and A|| 16.1
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mT(6). Generally, the type 2 sites are coordinated by two or three histidine residues
and a water molecule or hydroxide ion(4). The type 3 copper center such as catechol
oxidase contains a coupled binuclear copper site, strong absorption in the near-UV
with X max = 330nm, and no EPR signal due to a pair of Cu atoms which are
antiferromagnetically coupled(3). Type 3 copper sites are usually coordinated by
three histidines and a bridging ligand such as oxygen or hydroxide (Figure I).

Figure I. Copper centers. The models shown come from azurin, (type I), nitrite
reductase, (type 2), and catechol oxidase, (type 3) (7).

This study centers on proteins from two of the three different classes of
copper centers. First, galactose oxidase (GOase, EC 1.1.39), which has a type 2
copper center and post-translational modification (PTM) of a tyrosine residue. This
tyrosine, (Y272) which also participates in the catalytic mechanism as a tyrosyl
radical, is covalently linked to the sulfur of C228 in a thioether bond (Figure 2). The
cross-link is believed to modulate the reactivity and redox potential of the tyrosyl
radical(9; 10). Second, tyrosinase (EC 1.14.18.1) which has a type 3 binuclear copper
center and, in some proteins, a PTM of a His-Cys cross-link (Figure 2). The cross
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link does not seem to play a role in catalysis; however, in tyrosinase, as well as
GOase, the mechanism of formation of the covalent linkage remains unknown(8).
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Figure 2. Cross-links of GOase and Tyrosinase (8).

Galactose Oxidase
Galactose oxidase is an extracellular copper containing enzyme that is secreted
by Fusarium sp{\I). The Fusarium GOase enzymes are the ones primarily studied,
however, recently putative GOase enzymes have been discovered in Stigmatella
aurantiaca, a gram-negative soil bacteria as well as Streptomyces coelicolor A3(2), a
gram-positive soil bacteria(12;13). Galactose oxidase catalyzes the oxidation of
primary alcohols to their corresponding aldehydes while reducing dioxygen to
hydrogen peroxide (H2O2) as shown in Equation 1(14).
RCH2OH + 0 2 -» RCHO + H2O2 (Eq. I)
Although the enzyme can utilize a wide variety of substrates, it is stereospecific in its
substrate requirements^ 5). For example, D-galactose is a substrate, however, Lgalactose and D-glucose are not(16). Although the biological role for GOase is
unknown, its broad substrate range may exist in order for the organism to rapidly
form H2O2 rapidly as a defense against bacteria(17).
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Applications of Galactose Oxidase
Galactose oxidase has many potential uses ranging from medical to synthetic
applications. Assays have been developed to detect galactose in blood and other
biological fluids in order to detect disorders such as galactosemia, or the inability to
break down galactose into glucose (18-20). Ifleft undetected, galactose accumulates
in the blood and body tissues. This build-up of galactose can lead to jaundice, an
enlarged liver, cataracts, mental retardation, and possibly death(21). Treatment is the
lifetime elimination of dairy products from the diet. Attractive industrial applications
of GOase involve the biotransforamtion of glyco-biopolymers (glycolipids,
glycoproteins, polysaccharides) into desirable materials such as sweeteners,
flavorants, or paper strength additives (22-27). As GOase liberates one molecule of
H2O2 per molecule of aldehyde that is formed, it can be used to indirectly quantitate
the number of aldehyde residues introduced into a biomolecule or cell surface (2327). Synthetic chemists are also mimicking GOase activity with small, low molecular
weight catalysts for applications as synthetic tools and pharmaceuticals(22). The high
stereospecificity, mild reaction conditions, and environmentally-sound GOase based
system holds advantages over conventional chemical systems that are often hard to
control, non-specific, costly, or hazardous(22). Recently, GOase has been modified
by directed evolution to introduce glucose 6-oxidase activity(28). The selective
oxidation of the 6-hydroxy group of D-glucose to introduce an aldehyde functionality
is not catalyzed by known oxidase enzymes(28). Selective functionalization at the
glucose C-6 position in oligo- and polysaccharides is a synthetically useful reaction
that would facilitate further modifications for food, pharmaceutical and materials
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applications. Recently, GOase has been used in the detection of rectal and lung
cancer(29). This technique takes advantage of both GOase and Schiffs reagent.
GOase forms aldehydes while Schiffs reagent (basic fuschin) reacts with the
aldehydes to produce a magenta color(29). The galactose oxidase Schiffs (GOS)
reaction can detect D-galactose-(3 [l-3]-N-acetyl-D-galactosamine, or Thomsen
Friedenreich antigen, which is present in neoplastic tissues and remote non-neoplastic
mucosa from individuals with cancer but not in individuals without cancer(29).
Applications of GOase will no doubt increase as more is known about its mechanism
and large scale production of the enzyme is achieved.

Structure
Dactylium dendroides, recently reclassified as a Fusarium species galactose
oxidase is a single polypeptide chain of 639 amino acids with a molecular weight of
68 kDa(30). GOase is interesting in that it undergoes several processing events to
achieve its mature form. First, the signal sequence for extracellular secretion is
cleaved, followed by cleavage of a seventeen amino acid N-terminal prosequence
upon exposure to copper and dioxygen(31). The role of this prosequence is unknown,
but may involve protein folding or maintaining inactive protein intracellularly.
Lastly, a Y272-C228 cross-link is formed upon exposure to copper and dioxygen in a
self processing reaction(31). This cross-link aids in the catalytic cycle of the
enzyme(31). GOase is part of an increasing number of enzymes that are
posttranslationally modified via self-processing reactions to form the active site.
The crystal structure of GOase has been solved to 1.7 A resolution(32;33).
The crystals were grown in acetate buffer at pH 4.5 where the protein is inactive.
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They were subsequently transferred to PIPES buffer to obtain a structure at pH 7 and
additionally treated with a copper chelator, diethyldithiocarbamate (DDC) to obtain
the apo structure^3).
The structure of GOase is divided into three domains that are mostly |3
structure (Figure 3). Domain I (residues 1-155) has a p-sandwich structure which is
linked to domain II by a well ordered stretch of amino acids. Domain II (residues
156-532) looks like a seven-bladed propeller where each blade is made of a four
stranded antiparrallel P-sheet. Domain III (residues 533-639) is located on the top of
domain II and two of its seven p-strands reach down through the middle of the
propeller of domain II providing a ligand to the copper(34).

Figure 3. Overall 3-D structure of GOase as ribbon diagrams drawn using the
program MOLSCRIPT. (a) Side view of the molecule with domains I and III
shaded, (b) View of domain II approximately along the pseudo seven-fold axis
(34).
The active site sits at the solvent accessible surface of domain II, close to the
seven-fold axis (Figure 4). It has an apparent square pyramidal coordination and is
ligated by two equatorial histidines (H496, H581) and two tyrosine residues, one
equatorial (Y272) and one axial (Y495). The axial tyrosine is considered a weak
ligand because it is 2.69A from the Cu ion. Tyrosine 495 is the active site base.
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abstracting a proton from the copper bound alcohol substrate in the active site(35).
The fourth equatorial position is proposed to be the substrate binding site(36).

Tyr 495

Tyr495
HIS496

Hls496

Tyr272

Tyr272

pH 4.5

Water

pH 7.0

Figure 4. (a) Active site of GOase. (b) Schematic diagram of copper
coordination at pH 4.5. (c) Schematic diagram of copper coordination at
pH 7.0 (34).

The structures determined at pH 4.5 and 7.0 exhibit differences in the copper
coordination geometry. When the crystal was transferred to a non-acetate buffer at
pH 7, the acetate ligand was replaced with HzO (Figures 4b & 4c). The water
molecule is located in a similar position to the acetate, with the Cu(II)-O distance
measuring 2.8 A. This distance is too long for a strong Cu(II)-OHz bond and
therefore, at pH 7, the copper center may have a distorted tetrahedral, pseudo-three
coordinant geometry(3 4).
Spectroscopic studies have been very important in understanding the active
site structure of GOase. Circular Dichroism (CD) studies show a change in active site
geometry between the inactive (semi-reduced) and active (oxidized) form of the
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enzyme(37). On the other hand, Extended X-ray absorption fine structure (EXAFS)
spectra for the inactive and activated forms are virtually identical, consistent with at
most minor changes in copper ligand distances(36). The differences in active site
structures could be due to an artifact of crystallization. The crystals grown at pH 4.5
and then transferred to pH 7 are unable to turn over substrate because in that crystal
form, substrate is unable to diffuse into the active site(14). A crystal form of GOase
in its active form where substrate is allowed to diffuse into the active site would give
much needed insights to the substrate bound active site. Our collaborators at the
University of Leeds have made some progress in this area, however turnover is too
fast, and they are looking for “slower” substrates to use for this purpose (personal
communication. University of Leeds).
An interesting feature of the structure is the presence of a thioether bond
between the equatorial tyrosine (Y272) and cysteine (C228), ortho to the tyrosine

W a te r

Figure 5. Active site of mature GOase.
Inset depicts indole ring of W290 directly
stacking over the C228 sulfur of the
thioether bond (34).
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hydroxyl substituent (Figure 5). Furthermore, the indole ring of tryptophan 290
(W290) lies parallel to the plane of Y272 at a distance of 4 A. It is stacked over the
thioether bond such that the six membered ring of the W290 sidechain is directly
over the C228 sulfur atom. The other side of the indole ring is exposed to solvent and
therefore, W290 may act to protect the crosslink from solvent.
The structure of GOase suggests a model for binding alcohol substrates.
Calculations of the water-accessible surface show a pocket at the copper site, which is
filled by the ligand acetate ion and one water molecule in the native structure^ 8). A
manual docking experiment using computer graphics (lacking either energy
minimization or adjustment of protein side chains) shows that this pocket is
structurally complementary to D-galactose in its chair conformation^ 8). This model
also suggests favorable interactions between the enzyme and substrate with 04 and
03 hydrogen bonding with R330, and possibly 02 with Q406(38). On the other hand,
C6, C5, and C4 have hydrophobic interactions with F 194 and F227 forming one wall
of the pocket(38). This hydrophobic portion of the pocket may play a role in the
catalytic activity of GOase.

Tyrosyl Radical
As shown in Equation I, GOase catalyzes a two electron oxidation of an
alcohol. Since GOase only has a mononuclear copper site, where Cu(II)

Cu(I) are

the physiologically relevant redox states, a two electron reaction seemed improbable
A
from the copper alone. As isolated, GOase is a mixture of the oxidized and semireduced forms, making it very difficult to study. In 1988, Whittaker identified the
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existence of the two forms of the protein by reacting the enzyme with potassium
ferricyanide and potassium ferrocyanide(37). Ferricyanide and ferrocyanide produced
the active (oxidized) and semi-reduced forms of the protein, respectively. A third
redox form, the reduced active site copper, was obtained by anaerobic substrate
reduction. This was a major advance in GOase research because it allowed for
homogeneous mixtures of GOase to be produced in order to probe the two electron
reaction.
EPR studies of the different oxidation states of the protein showed that the
ferrocyanide reduced protein had a typical Cu(II) spectrum which disappeared upon
treatment with ferricyanide(37). The EPR spectrum of the ferricyanide treated protein
revealed a minor amount of a free radical signal which Whittaker proposed resulted
from a redox active amino acid, either Y, C, or W(37). Since the oxidized protein is
largely EPR silent, Whittaker removed the copper from the active site with DDC and
treated the enzyme with ferricyanide. This generated a stable radical that is EPR
detectable(39). The spectrum observed was characteristic of an aromatic radical,
specifically a tyrosyl radical(39). To confirm that the radical was indeed derived from
tyrosine, isotopic labeling experiments were performed. The labeled EPR spectrum
of GOase was different when compared to the unlabeled protein and the difference
spectrum showed a collapsed hyperfme structure (Figure 6). The hyperfine structure
originates from the interaction of a tyrosine methylene group proton with the unpaired
electron. The isotopic perturbation of the hyperfine splitting proved that the radical
species was derived from tyrosine. With this information in hand, the two electron
reaction that GOase catalyzes could be understood in terms of an active, oxidized
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form of the protein containing a tyrosyl radical (Cu(II)-Y ). The semi-reduced
(Cu(II)-Y) form is enzymatically inactive in the fact that this form does not bind
substrate and the tyrosyl radical is absent(40).

Figure 6. EPR spectra of the radical site. (A) Oxidized apogalactose oxidase.
(B) Oxidized apogalactose oxidase prepared from pH] tyrosine labeled protein.
(C) Difference EPR spectrum obtained by subtracting 30% of A (corresponding to
unlabeled tyrosine fraction) from spectrum B (39).

Catalytic Mechanism
As a result of the spectroscopic and structural studies, a catalytic mechanism
was proposed (Scheme 1)(41). Alcohol substrate binds to the copper ion in the

Scheme I. Turnover cycle of GOase
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oxidized enzyme via the Cg oxygen. Y495 abstracts a proton from the coordinated
oxygen thus activating the substrate for hydrogen abstraction by the radical Y272,
resulting in a reduced species. The aldehyde product dissociates from the copper ion
with dioxygen reoxidizing the Cu(I)-Y to its active form Cu(II)-Y' with concomitant
production of hydrogen peroxide(41).

Research Goals
The structure of galactose oxidase shows that W290 is stacked over the Y272C228 thioether bond. The crosslinked tyrosine is a copper ligand, and participates in
the catalytic cycle as a tyrosyl radical. Tryptophan has been known to participate in
planar stacking interactions with other aromatic amino acid residues. It seems likely
that W290 is a very important residue integral to the proper functioning of GOase and
therefore, it is imperative to understand its role within the enzyme.
Many hypotheses have been put forth for the role of W290. The stacking
tryptophan may contribute to the stabilization of the tyrosyl radical by acting as a
barrier to the solvent, stacking the indole ring of W290 directly over the C228-S by TtTt interactions with Y272(17;38). W290 has also been proposed to maintain the active
site conformation and access to Cu(II)(42).
Site directed mutagenesis of W290 allows for the exploration of the role that
this amino acid plays in the structure and catalytic mechanism of GOase. This study,
in collaboration with the University of Leeds, has examined three mutants of GOase:
W290H, W290F, and W290G in order to elucidate the function of W290 in galactose
oxidase. The amino acids W290 was mutated to are shown in Figure 7. The histidine
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side chain mimics the five-membered ring of the W290 indole while the
phenylalanine side chain mimics the six-membered ring of the indole. These two
residues allow for dissection of W290 to examine the role of the two rings that make
up the indole ring separately. W290G was examined to probe the effects of
essentially no side chain on the behavior of GOase.

9"' Trp

Figure 7. Amino acids that replaced
W290.

Tyrosinase

Tyrosinase is an enzyme that catalyzes both the o-hydroxylation of
monophenols (cresolase activity) and the two electron oxidation of o-diphenols to
o-quinones (catecholase activity) Equation 2 & 3(3). Early labeling studies by
Mason showed that the oxygen incorporated into the phenolic substrate is derived
from molecular 02(43). The two electrons required to reduce the second oxygen atom
to H2O are supplied by the substrate(44). The oxidase reaction (Eq. 3) is much more
rapid that the oxygenation reaction (Eq. 2) making oxygenation of the substrate to
dihydroxyphenalanine (dopa) the rate determining step. The rapid two
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electron oxidation of dopa to the dopaquinone product then undergoes a series of
nonenzymatic reactions to form the pigment melanin(3).

DOPA

Equations 2 & 3.

Tyrosinase is widely distributed in nature and the primary structures for the
enzyme from Streptomyces, Neurospora crassa, Agaricus bisporus, Rana
nigromaculata, Mus musculus, and Homo sapiens have been reported (45-49). The
frog, mouse, and human enzymes show 80% identity and are approximately the same
size at 532, 533, and 548 amino acids respectively, corresponding to about 61 kDa
(47;48;50). These three enzymes are very different from Streptomyces and
Neurospora tyrosinases which have 273 and 407 amino acids corresponding to 30.9
and 46 kDa, respectively(45;46). The differences extend beyond primary structure in
that the tyrosinase from Agaricus bisporus is an 012P2 tetramer with subunits of 43 and
67 kDa and the human tyrosinase is a membrane bound monomer (49;51-55).
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Structure
Tyrosinase has typically been difficult to characterize due to pigment
contamination and heterogeneous protein preparations(56). Although crystals of the
Neurospora protein were reported, diffraction quality crystals were not obtained(57).
The structural information that does exist for tyrosinase has come from spectroscopic
comparisons of the proteins catechol oxidase, the plant form of tyrosinase, which only
has catecholase activity, and hemocyanin, an O2 carrier in mollusks and arthropods.
All characterized tyrosinases have a type 3 binuclear copper center with each
copper coordinating three histidines(14). Chemical and spectroscopic studies have
been performed on a series of five mollusk and five arthropod hemocyanins and
fungal tyrosinases which demonstrate these proteins have very similar active sites
(44;52;53;58-65). Figure 8 shows derivatives of the active site which include deoxy
[Cu(I) Cu(I)], mixed-valent half-met [Cu(II) Cu(I)], EPR non-detectable met [Cu(II)Cu(II)], EPR detectable dimer [Cu(II)-Cu(II)], and oxy form [Cu(II)Oi^ Cu(II)](3).

.N

N

\

/

N'

Deoxy

Haff-Met

•»-1.4&-•Met(EPfiiCTHUBCtabb)

Dimer(EPRdetecH)M

figure 8 . Derivatives of the active site.
L=exogenous ligand. A third copper
coordinating histidine is present, but is not
shown for clarity (3).
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The resting form of tyrosinase is the met form which exhibits no EPR signal
due to antiferromanetic coupling between the two copper ions which requires a
superexchange pathway associated with a bridging ligand(44). Met tyrosinase is able
to oxidize diphenol, but not monophenol substrates(66). The oxytyrosinase site is
produced from met tyrosinase by treatment with H2Oa or by the 2 electron reduction
of the deoxy site followed by the reversible binding of dioxygen (52;53;65).
Oxytyrosinase reacts with monophenol as well as diphenol substrates(66;67).
Oxyhemocyanin exhibits unique spectroscopic features: an extremely intense
absorption band at 350nm with an extinction coefficient of 20,000 M"1cm"1, a low O-

— ■-oxyhemocyanin " 2000
----- oxytyrosinase
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?

1600 v

15000

300

— oxyhemocyanin
----- oxytyrosinase

400

500
600
700
w avelength (nm)

800

900

Raman Shift (cm*1)

Figure 9. Similarities in the spectroscopic features of oxyhemocyanin and
oxytyrosinase. (A) Absorption spectra of oxytyrosinase and oxyhemocyanin.
(B) Resonance Raman spectra of the 0 -0 stretching of oxytyrosinase and
oxyhemocyanin. 18O2 upper and 16O2 lower (3).
O stretching frequency of 750 cm"1, and a Cu-Cu distance of 3.6 A as determined by
EXAFS and X-ray crystallography (60;68-70). These features are characteristic of a
side on -r|2:r|2peroxide bridging mode, (see oxy form Figure 8). Oxytyrosinase
exhibits the same spectral features and therefore, a similar coordination environment
has been proposed for its active site (Figure 9A & B) (3;52;53;65;69;71).
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While the [Cu(II)Oz^Cu(II)] unit of oxytyrosinase is very similar to that of
oxyhemocyanin, the tyrosinase site is more accessible. This is shown in ligand
displacement reactions, where the rates of peroxide displacement by azide (khemo ^ .04
h"1, Ictyr=.95 h'1) are very different between the two proteins (61;64;65).
Spectroscopic studies have shown that substrates and aromatic carboxylic acid
inhibitors bind directly to the Cu(II) in a trigonal bipyramidal geometry, which are
midway along the reaction coordinate for an axial to equatorial rearrangement^?;?!).
It has also been shown by EPR that substrates and inhibitors have additional
stabilizing interactions with residues in the binding pocket of tyrosinase(67;72).

Molecular Mechanism
The above considerations have led to a molecular mechanism for the
monophenolase and diphenolase activity of tyrosinase based on the geometric and
electronic structure of the oxyhemocyanin active site(67). In the cresolase cycle, the
monophenol binds to the axial position of one of the coppers of the oxy site and
undergoes a trigonal bipyramidal rearrangement toward the equatorial plane which
orients the o-position for hydroxylation by peroxide. This generates a coordinated odipheno-site, which is oxidized to the quinone, resulting in a deoxy site ready for
further dioxygen binding. In the catecholase cycle, both the oxy and met sites react
with o-diphenol, oxidizing it to the quinone. In comparing the kinetic constants for
mono vs. diphenolic substrates, it is found that bulky substituents on the ring
dramatically reduce the mono but not diphenolase activity(67). This suggests that
while the monophenolase substrates require the axial to equatorial rearrangement for
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o-hydroxylation, the diphenolic substrates do not need to rearrange at the copper site
to react (Scheme 2)(67).

Monophanolaee
cycle

met-D

Scheme 2. Catalytic cycle for the monooxygenation of monophenols and the
oxidation of o-diphenols to o-quinones by tyrosinase. The axial copper ligands
are not included for clarity. T=Iyrosine and D=DOPA bound forms (67).

This mechanism accounts well for the kinetic patterns for this enzyme(68).
The lag phase present for monophenolase but not diphenolase activity derives from
the fact that the resting form of tyrosinase contains 10-15% of the oxy form and
monophenolic substrates can only react with the oxy component(53). Diphenol can
react with met tyrosinase, converting it to the deoxy form and bringing it into the
monophenolase cycle. Diphenol can also react with both the met and oxy sites;
however, monophenol can compete with diphenol for binding to the met tyrosinase
site, inhibiting its reduction(3). The final product of the four electron oxidation is the
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o-dopaquinone, which rearranges to the diphenol leukodopachrome, which then can
react with additional o-dopaquinone to yield dopachrome and dopa (Scheme 3)
(3;73;74).

NH,+

T y rrin w j

Tyrjehe

m^1

HO

m,+

HO
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W,+
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LetikcOORAfltinme

Scheme 3. The fate of o-dopaquinone (3).

Biological Role of Tyrosinase
Tyrosinase has been adapted to serve diverse physiological roles in different
organisms (75-77). In fungi and vertebrates, tyrosinase catalyzes the first step in the
formation of pigment called melanin from tyrosine. In plants, the enzyme substrates
are a wide variety of phenolic compounds. Tyrosinase oxidizes these compounds in
the browning reaction observed when tissues are damaged, yet the function of this
reaction is still unclear(67). One possibility is protection of the wound from
pathogens or insects. In insects, tyrosinase is thought to be involved in wound healing
and maybe sclerotization, or hardening of the cuticle.
Mutations in the genes encoding some of the enzymes and regulatory proteins
involved in melanin biosynthesis result in various forms of oculocutaneous albinism
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(OCA). OCA has been broadly divided into three types which typically involve the
skin, hair, and eye: OCAl, or tyrosinase related OCA, 0CA2, or tyrosinase positive
OCA, and OCA3, which correlates with mutations in tyrosinase-related protein-1
(TYRP-1)(78;79). Most individuals affected with OCAl have white hair, milky white
skin, and blue eyes at birth(79). During the first twenty years of life, the eyes become
a darker blue or blue-gray and the skin may appear to have more color. Sun exposure
produces erythema, redness of the skin due to inflammation and a burn if the skin is
unprotected and a generalized tan is absent or minimal in most individuals with
OCA(79). Individuals with 0CA2 have minimal to moderate amounts of pigment
remaining in the skin, hair, and eyes due to residual tyrosinase activity. Those with
0CA3 have minimal pigment reduction(78).
Tyrosinase not only plays a major role in albinism, but is a marker for
melanoma as well. Melanoma is a form of skin cancer that begins in melanocytes, or
the cells which produce melanin. The structural marker of melanocytes is the
presence of melanosom.es which are melanin containing organelles(80). In malignant
melanoma, the structure of the melanosomes is abnormal and the melanocytes can
metastasize rapidly(81). Tyrosinase represents a powerful marker of melanoma since
its expression is limited to melanocytes. Interestingly, tyrosinase or its mRNA can be
detected even in undifferentiated amelanotic melanosomes through Northern blotting
or reverse transcriptase polymerase chain reaction (rtPCR)(81). The rtPCR technique
can actually detect circulating metastatic cells before their clinical expression^I).
An interesting finding in the past ten years is the fact that tyrosinase is found
to be expressed in human and mouse post-mortem brain tissue(82;83). Although the
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function of tyrosinase in the brain remains unknown, it might be involved in the
metabolism of catecholamines such as dopamine (DA). DA is thought to be involved
in neurodegenerative diseases such as schizophrenia and Parkinson’s disease and
therefore tyrosinase may be a possible candidate for predisposition to such
ailments(83;84).
Detailed study of the biochemistry and molecular biology of tyrosinase will
allow for the development of more effective treatments of tyrosinase-related diseases.
For example, model compounds which mimic the action of tyrosinase may be able to
reduce the affects of albinism. Furthermore, understanding the mechanism may lead
to the earlier detection and treatment of neurodegenerative disorders where tyrosinase
may play a role.

Research Goals
A molecular mechanism for tyrosinase has been postulated, but direct
experimental evidence has not been presented. To date, no structure of any tyrosinase
has been obtained. The study presented herein initially sought to provide
Streptomyces glaucescens tyrosinase and tyrosinase mutants expressed in
Streptomyces Hvidans in order to study the geometric and electronic structures
through spectroscopy as well as attempt to elucidate the structure through X-ray
crystallography. However, the protein preparations from Streptomyces did not
produce enough high activity, homogeneous protein and the focus changed to trying
to express tyrosinase in a system which typically expresses high levels of soluble,
recombinant protein.
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EXPRESSION, PURIFICATION, AND CHARACTERIZATION OF GALACTOSE
OXIDASE MUTANTS
Introduction

To allow for the in-depth study of an enzyme including mutant forms, it is
advantageous to express in a host which does not itself express the same or similar
protein. Initially GOase from Dactillium dendraides (Fusarium spp.) was expressed
in Aspergillus nidulans because: (I) it is a well characterized filamentous fungus and
techniques for its genetic manipulation have been developed; (2) it is a proven host
for the high level expression of heterologous genes and the production of secreted
proteins; and (3) it does not contain endogenous GOase activity(85). The Aspergillus
system produces wild type GOase at about 30-50 mg/L of culture compared to the
native Fusarium system which produced 2-5 mg/L of culture(85). The W290H and
W290G mutants were expressed to 8-10 mg/L culture when purified from. Aspergillus.
Some disadvantages exist when utilizing this expression system. First, it takes
approximately 12 days to grow cultures (plates to harvest) and express the protein.
Second, the mutants express at relatively low levels and therefore, working with large
volumes of growth media is necessary. Third, transformation'm. Aspergillus is very
time consuming and inefficient with one to seven stable transformants per pg
DNA(85). Furthermore, the amount of protein secreted varies from culture to culture
making protein yields variable. Lastly, some Aspergillus recombinants tend to be
over-glycosylated, which can lead to diminished activity of recombinant protein(86).
In light of the disadvantages of using the Aspergillus expression system, wild
type GOase and one mutant, W290F, have recently been expressed in the yeast Pichia
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pastoris. Pichia pastoris has been developed as an efficient host for secretory
expression of a wide range of heterologous proteins with yields as high as Ig/L of
culture in some cases(87). Pichia also has the advantage of easy, well-developed
genetic manipulations. Since protein yields are so high in this system, the volumes
necessary for protein production are more manageable. Furthermore, the
transformants are very stable and protein yields are more consistent.

Materials, Methods, and Results

Construction of Expression Plasmids
Aspergillus Expression Vectors for W290H & W290G. All of the expression
plasmids were constructed by Andy Baron and Kate Spooner at the University of
Leeds. A previously generated plasmid, pGAOl I which contains the gene for GOase,

Add Bg/ll linkers
Digest with flg/I!
and AlaI
Purify 1.6 and 1.1-kb
V
fragments
I
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1.6-tb Il-W

Figure 10. Generation of Aspergillus
expression plasmids (85).
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gaoJ, was used in order to generate pGOF101(85). In the expression vector
pGOFlOl, the GOase coding sequence was brought under the control of the inducible
and highly expressing Aspergillus awamari glaA (glucoamylase) promoter as shown
in Figure 10. pGAOl I was digested with EcoKW, which cleaves 84bp before the
initiating ATG codon of the GOase coding region(8 8 ). This site was then modified
by the addition of BglW linkers. The GOase coding sequence has a single Bglll site
and therefore digestion with BglW and Xbal released two fragments of 1.1 and 1.6kb,
which were ligated withXbaHBglW digested pGPT-pyrG to generate pGOFlOl. The
DNA sequence of the 2.7 kb insert was sequenced and found to be identical to the
GOase coding sequence(85).
The mutant plasmids were generated using a PCR-based method (Figure 11).
This procedure is based on the gene splicing by overlap extension approach involving
the use of a PCR-generated mutant “megaprimer” to produce a mutated fragment of
A . PCR I
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Figure 11. Mutagenesis
strategy (85).
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the target gene (85;89;90). The fragment was then digested with suitable restriction
enzymes and ligated with similarily digested plasmid to generate a galactose oxidase
gene containing the desired mutation(85). The whole gene was then sequenced to
identify the correct mutants.

Pichia pastoris Expression Vectors for Wild type and W290F. ThePichia
expression vectors used for wild type and W290F GOase were constructed by our
collaborators at University of Leeds using the pPICZaA vector (Figure 12)
(Invitrogen, San Diego, Ca). This vector was primarily chosen because it has a
secretion signal sequence from the Saccharomyces cerevisiae a factor prepro peptide
directing recombinant proteins out of the cell(91). The a signal sequence is cleavable
from the protein of interest by a Kex 2 endopeptidase in the secretory pathway(87).
The coding sequence (cds) for wild type and W290F GOase were amplified by PCR
using a sense primer “B” which is complimentary to the GOase cds directly after the
prosequence, which gets cleaved in the mature protein, introducing an. XhoI site.
Antisense primer “D l” was designed to introduce a stop codon and NofI site at the Cterminus. The PCR product and pPICZaA vector were digested with AhoI and NotI
and were subsequently ligated. Both the wild type construct (BDl) and the W290F
construct (BDlWF) were sequenced and those plasmids with the correct sequence
were then transformed into appropriate Pichia cell strains.
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Figure 12. P i c h i a expression plasmid
for wild type or W290F.

Transformation o f A s p e r g i l l u s and P ic h ia

A s p e r g illu s

Transformation. These transformations were performed at the

University of Leeds according to the procedures of Ballance and Turner(92;93).
A s p e r g i l l u s n id u la n s

strain G l91 was used which is unable to grow in the absence of

exogenous uracil. That characteristic is due to a mutation in the p y r G gene that
encodes the enzyme orotidine-5’-phosphate decarboxylase which is involved in
pyrimidine nucleotide synthesis(85). The vector pGOFlOl contains the A .

n id u la n s

pyrG gene allowing for transformants to be isolated by repeated subculturing of
uracil-independent sporulating colonies(85).

P ic h ia

Transformation. Wild type GOase (pBDl) was transformed at the

University of Leeds, however the pBDIWF vector still needed to be transformed into
P ic h ia .

Cell strains of P i c h i a , KM71 and GSl 15 (Invitrogen, San Diego, Ca) were

made electrocompetent using standard methods(91). pBD IWF was linearlized using
Sacl

and 10 pg of DNA was used to electroporate each cell line. Positive
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transformants were selected on YPD agar containing I M sorbitol and 100 |ig/|iT.
Zeocin (Invitrogen, San Diego, Ca). Transformants were then screened for their
methanol utilization phenotype (mut+or muf). GSl 15 cells are typically mut+ due to
an intact alcohol oxidase gene (AOXl) which allows for the cells to metabolize
methanol as the sole carbon source. KM71 cells are muf , resulting from a mutated
AOXl gene, however an A 0X2 gene is still intact and the cells can utilize methanol at
a slow rate. Transformation into both strains was investigated as it was unknown
which strain would express the protein of interest or at what level. MMH and MDH
plates were prepared and each transformant was first streaked on MMH (methanol as
carbon source) then MDH (dextrose as carbon source). Both m uf and muf"
phenotypes grow well on the MDH plates, however, on the MMH plates, the muf
phenotype is exhibited by slower growth than its m u f counterpart.

Small-scale Expression of W290F
A single colony from each KM71 transformant was used to innoculate 100 mL
of BMGY in a I L flask (baffled flasks were used whenever available) and one colony
from each GSl 15 transformant was used to innoculate 25 mL of BMGY in a 250 mL
flask. All cultures were grown overnight to an ODgoo of 2 - 6 at 30°C and 300 rpm.
Once the proper ODgoo was reached, the KM71 cultures were induced using sterile
techniques by collecting the cells via centrifugation and then resuspending the pellet
in 12 mL of BMMY in a 125 mL flask, where the GS 1,15 pellets were resuspended in
135 mL BMMY in a 2 L flask. Every 24h, 100% MeOH was added to 0.5% in each
flask. The time course and yield of GOase was determined by taking I mL samples at
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selected time-points: KM71- 24, 48, 72, 96, 120, and 144 hours post-induction,
GS115-6, 12, 24, 36, 48, 60, 72, 84, and 96 hours post-induction. The samples were
spun down, the supernatant transferred to a clean 1.5 mL tube and stored at -80°C
until further analysis.
Each time-point sample was thawed and centrifuged to dispose of any
insoluble matter. Qualitative and quantitative activity assays were performed on the
supernatant to verify if any active GOase was expressed. A coupled assay was
utilized including

8

mg of D-galactose, 20 mg ABTS and 300 units of horseradish

peroxidase per 20 mL of 100 mM KPO4 , pH 7.0(15). For qualitative assays, 100 pL
of assay mix and 50 pL of protein supernatant were pipetted into wells of a microtiter
plate and the development of green coloration was observed. Those samples which
rapidly turned green (I min or less) were then subjected to a spectrophotometric
assay. Quantitative assays were performed on an HP8453 spectrophotometer. Protein
(5 pL of sample) was added to I mL of assay mix and the rate of change of A415 was

L

measured at 25°C. The enzymatically active samples were then analyzed by SDSPAGE using a PHAST system (Amersham Pharmacia Biotech, Sweden).

Results of Transformation and Small-scale Expression of W290F. The
transformation efficiency was low with only seven GSl 15 (all mut+) and five KM71
(all muts) transformant colonies. Qualitative assays showed that none of the GSl 15
transformants had any visible activity towards D-galactose while four of the five
KM71 transformants did have appreciable visual activity. Select timepoint samples of
the active transformants were analyzed by SDS-PAGE to probe expression levels, as
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well as activity assays to identify the highest activity transformant (Figure 13 and
Table I).

G el# l
Lane I. #1, 72h
Lane 2. #2, 72h
Lane 3. #4, 72h
Lane 4. #5, 72h
Lane 5. #1. 96h
Lane 6. #2, 96h
Lane 7. #4,96h
Lane 8. Goasevery faint band

Gel #1

G el#2
Lane I. #1, 120
Lane 2. #2, 120
Lane 3. #4, 120
Lane 4. #5, 96h
Lane 5. #1, 144
Lane 6. #2, 144
Lane 7. #4,144h
Lane 8. Goasevery faint band

Figure 13. SDS-PAGE of KM71 positive transformants at different
timepoints. The number in legend (#) is KM71 transformant number, time
post induction. Lanes numbered from left to right.

Table I. GOase activity of transformants during
expression trial at certain timepoints
Sample* Activity (Au/min)
#l,72h
0.422
0.387
#2, 72h
#4, 72h
0.431
0.272
# 5 ,72h
0.711
#1, 96h
0.929
#1, 120h
1 .1 2
# 1 ,144h
0.643
#4, 96h
0.664
# 4 ,120h
* 5pL of supernatant added to ImL assay mix.
Although protein yields were comparable, each transformant had different
specific activity (Table I). GOase activity was at an optimum between five and six
days post induction. The highest activity transformant was subsequently selected for
scale-up of expression and purification.
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Expression and Purification of GOase
Aspergillus Expression and Purification of W290H and W290G. Conidia for
inoculation were prepared using silica gel stocks. Two silica beads from either A.
nidulans W290H or W290G were incubated on Aspergillus minimal medium plates
for three days at 37°C. After three days, one of the beads was scraped with an
inoculating loop and a fresh minimal medium plate was densely streaked and allowed
to grow for another three days at 37°C. When the plate was covered with a dense
lawn of mycelia, 10 mL of TWS was added to the plate and spores were scraped with
a loop. Eight I L cultures of Aspergillus minimal medium in 2 liter flasks were
inoculated with the spore suspension (-1.125 mL/flask) and allowed to grow at 30°C
and 180 rpm for three days. Expression from the glaA promoter was induced by the
addition of 50.3 mL/flask of Cu-enchanced 20% maltose (0.516 mM CuSCL, final
concentration in each flask 24.75 pM). Growth was continued for another three days.
The culture medium was harvested by vacuum filtration using Whatman No. 4
filter paper to remove all mycelium. Tris buffer (I M Tris, pH 8 .8 ) was added to the
medium (1/20 to 1/40 of filtered growth media volume) to maintain the pH at ~ 8 .8
during ammonium sulfate precipitation. Ammonium sulfate was added to 30% and
stirred for one hour. A second addition of ammonium sulfate was made to 80%
saturation and stirred for another three hours. The medium was then spun down in a
Sorvall RC-5B refrigerated centrifuge (GSA rotor, DuPont Instruments) at 11,000
rpm for 25 minutes. The pellet was suspended in a minimal volume of 10 mM KPO4,
pH 7.3 and dialyzed against that buffer overnight with three or four 4 L changes. The
dialysate was centrifuged to remove any particulate matter and loaded onto a 5 x 17
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cm Cellulose Phosphate (Sigma, MO) column (-200 mL) equilibrated in 10 mM
KPO4 , pH 7.3. After washing with at least three column volumes of 10 mM buffer,
GOase was eluted with a gradient of 200 mL IOmM KPO4 , pH7.3 and 200 mL
IOOmM KPO4, pH 7.3. Elution of the protein was monitored by A280 and peak
fractions were pooled and subjected to an ammonium sulfate (ultrapure) precipitation
to 80% saturation for one hour. The precipitate was centrifuged and the pellet was
resuspended in 20 mM PIPES, pH 6.1. Copper loading of the protein was performed
as follows: (I) dialysis against I L 20 mM PIPES, pH 6.1 (3h minimum), (2) I L 20
mM PIPES, pH 6.1 with I mM Cu(NO3)2, (3) I L 20 mM PIPES, pH 6.1, and 4. 4 L
50 mM KPO4 , pH 7.0. After Cu-loading, GOase was centrifuged to remove any
insoluble material and concentrated in a Millipore ultrafree 15 mL PES5 (MWCO 5K)
centrifugal filter device (Millipore Co, MA). Activity assays, concentration
measurements and SDS-PAGE gels were performed on the pure protein prior to flash
freezing in liquid N 2 and storage at -80°C.
Pichia pastoris Expression and Purification of W290F. A single colony
streaked from a glycerol stock was used to innoculate 10 mL of BMGY and grown
overnight at 30°C and 300 rpm. The culture (2.5 pL) was used to innoculate six 10
mL BMGY cultures that were grown to an ODgoo 2-6. These cultures (10 mL) wereused to innoculate 6 x IL BMGY and grown to an ODgoo 2-6. When the cultures
reached the proper ODgoo they were centrifuged in sterile 500 mL centrifuge bottles at
I Ik for ten minutes. Each pellet was resuspended in 500 mL BMMY (induction) in
2.8 L baffled flasks and incubated at 25-30°C and 300 rpm. Every twenty-four hours,
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100% MeOH was added to 0.5%. Cultures were harvested five to six days post
induction by centrifuging at 7k for ten minutes. The supernatant was collected and
purification proceeded as previously described.
Results of Protein Preparations. The elution profiles of a W290H, W290G,
and W290F prep are shown in Figure 14 A-C. Purification of GOase from either the
Aspergillus or Pichia expression system produces protein of >99% purity by SDSPAGE (Figure 15). The Pichia system expresses protein to approximately 23 mg/L
(total of 70 mg from 3 L of culture) where Aspergillus expresses only 8-10 mg/L

W290H Elution Profile
Cellulose Phosphate
W 290G Elution Profile
C ellulose Phosphate

Fraction number
Fraction Number

Figure 14 A&B. Elution profile of W290H (A) and W290G (B).

Elution Profile W290F
Cellulose Phosphate

Fraction Number

Figure 14C. Elution profile of W290F.
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(total yield 70-80 mg from

8

L of culture). The ease of using the Pichia expression

system and the smaller volumes required further improves an already simple
technique for isolating GOase from culture medium.

Figure 15. SDS-PAGE
from a W290G prep. Lane
I: pre-column. Lane 2:
post-column. Lane3: LMW
stds. The arrow and circle
indicate contaminants.
I 2 3

Galactose Oxidase Enzyme Assay and Kinetic Analysis
Activity assays were performed as previously described. Enzyme kinetic
measurements were performed using two different substrates, D-galactose and 2methyIene-1,3-propanediol (2-M-l,3-P). The concentration range for D-galactose
was 2.5 mM to 907.5 mM in a 1.5 mL cuvette (reaction volume I mL). The rate of
change of absorbance at 415 nm was recorded and Kmand Vmax values were
calculated from a plot of rate vs. substrate concentration by fitting the data to the
Michaelis-Menten model using non-linear curve fitting techniques (Origin, Microcal,
Ma). The amount of protein used for each assay was: (I) wild type = 5pL of 1.30x103 mg/mL, (2) W290F = 5pL of 4.33x10-3 mg/mL, (3) W290H = 5pL of 0.5 mg/mL,
and (4) W290G = 15pL of 0.15 mg/mL.
The substrate 2-methylene-l,3-propanediol was used at a concentration range
of 2 mM to 500 mM. With this substrate, kinetic data was collected on a Clark-type
Oi electrode according to the manufacturer’s protocol, monitoring oxygen
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consumption (or H2 O2 production) throughout the reaction (Instech, PA). Reaction
buffer (100 mM KPO4 , pH 7.0, 15 u/mL HRP) was added to the reaction chamber,
then the required amount of substrate, and finally protein in the following amounts:
(I) wild type =IOpL of 0.0518 mg/mL, (2) W290F =20pL of 0.0226 mg/mL, (3)
W290G =20pL of 17.45 mg/mL, and (4) W290H =40pL of 16.05 mg/mL. Data was
again analyzed through a nonlinear regression fit to the Michaelis-Menten equation
using Origin (Origin, Microcal, MA).

Kinetic Analysis Results. The specific activity of GOase and the three
mutants using D-galactose as substrate is shown in Table 2. From the activity
measurements, it is evident that W290F is the highest activity mutant compared to
wild type.
Table 2. Specific activity of GOase and W290 mutants using
D-galactose as substrate
W290H
Wild Type
W290F
Protein
S.A. (u/mg)
96.6+4.3
0.445 ±.02
321+6.7

W290G
1.09±.04

The kinetic parameters using D-galactose are shown in Table 3 and Figures
16A-D. The data show that wild type and W290H exhibit typical Michaelis-Menten
kinetics while W290F and W290G tend to be linear throughout the concentration
range, i.e. saturation was not observed and therefore, kinetic constants could not be
obtained for those mutants using this substrate. It is interesting that W290H, which
has a lower specific activity than W290G, did reach saturation but neither W290G,
nor W290F displayed typical Michaelis-Menten behavior. This may partly be
attributed to viscosity because as high concentrations of D-galactose are reached,
viscosity effects can affect the behavior of the protein.
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Figure 16A. Kinetics of wild type GOase using
D-galactose as substrate.
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Figure 16B. Kinetics of W290H GOase using
D-galactose as substrate
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Figure 16C. Kinetics of W290F GOase using
D-Galactose as substrate.
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2nd Order Fit
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Figure 16D. Kinetics of W290G GOase using
D-Galactose as substrate

Table 3. Summary of kinetic parameters using D-Galactose as substrate.
kca(/Km
Sample
Km
kcat
Wild type
30.86±2.9 mM
549± 16 s"‘
17.79 ±0.097 s" mM"1
W290H
0.71 ± 0.060 s"1
0.0218±0.22 s"1 mM"1
32.60±6.8 mM
ND
N.D
N.D
W290G*
N.D.
N.D.
N.D.
W290F*
* Could not be determined from the data.
In an attempt to obtain kinetic parameters for W290F and W290G,
2 -methylene-1 ,3-propanediol

was used as substrate in conjunction with an oxygen

electrode by measuring O2 uptake (Figures 17A-C and Table 4). Whereas kinetic data
were measured for wild type and W290F, due to the lack of activity of W290G and
W290H, as well as the lack of sensitivity of the electrode compared to the
spectrophotometric method, kinetic constants were not obtained as there was no clear
trend in the data (Figure 17C).
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Table 4. Summary of kinetic parameters using 2-methylene-1,3 -propanediol.
Sample
Km
kcat/Km
kcat
Wild type
56.99±4.08 mM
283.1+7.0 s"1
4.97+0.076 s"1 mM"1
W290F
28.56+3.61 mM
166.0+6.4 s"1
5.18+0.13 s"1 mM"1
W290G*
N.D
N.D
N.D
W290H*
N.D.
N.D.
N.D.
* Could not be determined from the data
The Kmvalues for wild type and W290H are similar (Table 3) suggesting that
the affinity of W290H for D-galactose has not changed compared to wild type while
the kcat for both proteins are quite different. W290H binds the substrate as efficiently
as wild type, yet is very inefficient in turning it over. When the Kmfor wild type and
W290F are compared using the substrate 2-M-l,3-P (Table 4), it seems that W290F
has a two-fold higher affinity for the substrate over wild type, albeit, both have low
affinity with Kmin the mM range. The kcat for W290F is about half that of wild type
indicating that substrate is not turned over as efficiently. The low catalytic turnover
may be due to the fact that the more exposed active site due to the size of the different
290 side chains in the mutants is not able to retain substrate as well as the wild type
GOase.
Atomic Absorption Spectrometry
Copper analysis of protein was performed using a Buck Scientific Model 210
VGP flame AA according to the manufacturer’s protocol. Protein samples were
always made at a concentration I mg/mL.
Atomic Absorption Spectrometry Results. All mutants examined have similar
copper loading to wild type (Table 5). This indicates that W290 does not have a role
in acquiring copper or retaining copper in the active site.
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Table 5. Copper content of GOase and the mutants.
Sample
Wild type
W290F
W290G
W290H
Copper/protein*
1.2+0.08
1.0+0.06
1.3
+0.10
0.96+0.09
* Error present is due to protein concentration measurements over atomic absorption
measurement.
Proton Uptake
Tyrosine 495 is proposed to abstract a proton from the bound substrate in the
catalytic cycle of GOase(95). To test the ability of the axial tyrosine to abstract a
proton in the mutant proteins, proton uptake experiments were performed. These
experiments entail a thymol blue mediated titration in CO2Tree water so there is
essentially no buffering in the system. Water (1.2 L) was boiled vigorously with
stirring for ten minutes and then capped and cooled under an argon atmosphere on ice
using a magnetic stir bar/plate. Once cooled, the water was transferred to an argon
purged glove bag which already contained 1.461 g NaCl in a 500 mL media bottle, 2
g NaOH, 0.0214 g thymol blue, I mL 12 M HCl each in a 50 mL Falcon tube, and
0.028 g NaN2 in a gas tight bottle. CO2-Ifee water was added to each bottle/tube in
the glove bag so the final concentration of the NaCl was 50 mM, the NaOH was I M,
the thymol blue was 8.76e-4 M, the HCl was 240 mM, and the NaN2 was 0.430 M.
60|_lL and 2OpL of I M NaOH were added to gas tight bottles along with 20mL of
CO2 water and then crimp sealed to make 3 mM and I mM NaOH, respectively. The
pH of the thymol blue solution was adjusted with 240 mM HCl to -pH

8

(solution is

dark brick red) and the pH of the 50 mM NaCl was adjusted to -7.8. Protein samples
were thawed, spun and transferred to a 15 mL Millipore centrifugal filter device and
buffer exchanged into 50 mM NaCL
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Protein and thymol blue, each to a final concentration of 80p.M in a volume of
ImL (reaction mix brought up to I mL using 50 mM NaCl) were added to a 3 mL gas
tight cuvette containing a micro stir bar. The temperature being held constant at
25°C, small aliquots (5-10jaL) of either I mM or 3 mM NaOH are added and the
change in absorbance at 600 nm was monitored. Once AAgoo becomes linear, the
system is poised for proton abstraction by Y495. Two aliquots of azide ([N3~]=10Kd)
were then added which bind to the copper of the active site of the protein causing the
Y495 to dissociate from the Cu, abstracting a proton from solution in the process.
The AAgoo is recorded after azide addition.
The amount OfH+ abstracted by Y495 using can be quantified using the values
from the thymol blue titration. The linear part of AAgoo vs. vol NaOH added allows
determination of the “volume of NaOH added” upon azide binding. “Volume of
NaOH added” is actually the Y495 abstracting protons from solution thus behaving as
if a corresponding amount of NaOH has been added to the reaction. Therefore, the
moles of NaOH reacted is actually the moles of H+ abstracted from solution by Y495,
which can be converted to nmoles and a ratio of H+Zprotein can be calculated. No
proton uptake was measured in enzyme-free control experiments.
Proton Uptake Results. It has been shown that the axial tyrosine abstracts a
proton from solution in these experiments at a ratio of ~0.8H+/protein(35;95). In the
studies presented here, the mutant protein ratios were less, indicating that the W290
mutants do affect the ability of Y495 to abstract a proton from bulk solvent (Figure
18, 19A & B, and Table 6 ).
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Figure 18. Typical spectra of a proton uptake
experiment. The absorbance at 400 nm decreases
while the absorbance at 600 nm increases.
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Figure 19A. Aeoo vs volume NaOH (3 mM). Certain points
are not included for the linear fit.
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Figure 19B. Aeoo vs. volume NaOH (I mM). Certain points are not included
for the linear fit.
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Table 6 . Proton uptake values
Sample
Wild type
Wild type*
W290F
W290G
W290H
H /protein
0.63*
0.44+0.02
0 .2 0 ±0 . 0 2
0.24+0.03
0.29±0.0
* Only one trial performed with I mM NaOH. All other data was obtained using 3
mM NaOH.
Dissociation Constants for Azide Binding
Kd azide experiments were performed in order to know how much azide
([NsI1=IOKd) to add during the proton uptake experiments to provide a

1 0 -fold

excess

over Kd for the W290 mutants. Protein was concentrated to -18.3 mg/mL. Two mg
protein was reduced to the semi-reduced form with 0.5 M ferrocyanide and loaded
onto a 10 mL Biogel P 6 D-G (BioRad, CA) column equilibrated with ten column
volumes of 50 mM KPO4 pH 7.0. Freshly semi-reduced protein (1.2 mL) was
transferred to a 3 mL quartz cuvette containing a micro magnetic stir bar at 25°C. 50
mM NaNg was added in aliquots from 0 to 5 mM, incubating/stirring for thirty
seconds after each addition and the absorbance at 380 run was recorded. The dilution
corrected absorbance at 380 nm was plotted against the concentration of azide added
and fit using non-linear curve fitting to determine the Kd for azide binding (Origin,
Microcal, MA).
Results ofK d Analysis with Azide. The Kd (azide) for galactose oxidase and
the three mutants are shown in Table 7. The semi-reduced form of the protein was
used for these experiments for consistency. It has been shown that azide binding is
independent of the oxidation state of the protein(8 8 ). The Kd values seem to follow
the trend in activity, ie. the mutants do not bind as strongly as the wild type with the
exception of the W290H mutant. This mutant binds azide with similar affinity as the
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wild type. This may be a result of the H290 being protonated and therefore the active
site would be expected to bind azide with greater affinity than the other mutants.

(§ )

0 .0 2 -

W 290G Kd A zide
R A2= 0.99802
Kd= 1.69±0.057 (m M )

C oncentration A zid e (m M )

Figure 20. Typical Graph of Kd experiment.
Table 7. Azide binding constants for Wild type and the mutants
Wild type
W290F
W290G
Sample
Kd (mM)
1.69±0.057
0.146±0.007
0.730±0.006

W290H
0.130±0.006

Azide Complexes of Oxidized W290H, W290G, and Semi-Reduced W290G
To further assess the behavior of Y495 as well as the geometry and electronic
structure of the oxidized and semi-reduced forms of the mutants, the optical spectra of
the oxidized and semi-reduced W290H and W290G azide complexes were examined.
The oxidant used was caesium octacyanomolybdate [CsMo(CN)g] (ferricyanide is not
a strong enough oxidant for W290H and W290G), which was synthesized by Dr.
Melanie Rogers. 1-2 grains were dissolved in either 250 or 500 pL of 50 mM
NaOAc pH 4.5 or 50 mM K P O 4 pH 7.0 and the A390 was measured with the
concentration of the solution determined using E399 1330 M' 1 cm'1. CsMo(CN)g was
added at a twelve-fold excess over protein and immediately applied to a Biogel P6 DG column equilibrated in appropriate buffer (Bio-Rad, CA). The reductant used was
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0.5 M ferrocyanide which was added to the protein at 1/10 of the volume of protein,
incubated for 5 minutes and loaded onto the column. The protein-containing fractions
(1.2 mL) were then added to a 1.5 mL cuvette and the spectrum from 300-900 nm was
recorded. Azide was added ([N3"] =IOKd), mixed, and the spectrum of the azide
complex was recorded.
Results of Optical Spectra of Azide Complexes. The addition of azide to the
oxidized or semi-reduced proteins produced the spectra shown in Figures 21A-E.
Wild type azide complexes exhibit bands at 375 nm, 559 nm, and 747 nm for semireduced and bands at 383 nm, 499 nm, and 890 nm for the oxidized complex(96;97).
W290F bands were seen at 385 nm, 552 nm and 745 nm in the semi-reduced W290F
azide complex and in the oxidized W290F azide complex at 394 nm and 500 nm with
two shoulders at 570 nm and 665 nm. W290G exhibited bands at 375 nm and 518 nm
for the semi-reduced azide complex and at 326 nm and 438 nm with shoulders at 515
nm and 598 nm for the oxidized azide complex. Bands were seen at 371 nm and 534
nm with a shoulder at 720 nm for the semi-reduced azide complex of W290H and at
372 nm with shoulders at 568 nm and 685 nm for the oxidized azide complex(85)

X /n m

Figure 21 A & B. Optical Spectra of (A) Semi-reduced wild type (solid
line), semi-reduced wild type azide complex (dashed line). (B) oxidized wild
type (solid line), oxidized wild type azide complex (dashed line) (96).

45

6000

Oxidized

W 290F

Oxidized

W 2 9 0 F a z i d e c o m p lex

Semi-Reduced

W 290F

Semi-Reduced

W 290F

azide com plex

5000

4000

570 (sh)

3000

665 (sh)

2000

W avelength (nm )

Figure 21C. Optical spectra of the oxidized and semi-reduced azide
comolexes of W290F.

5000-1

W 290G
W 290G
W 290G
W 290G

E 4000 0

1

sem i-reduced
sem i-reduced azide com plex
oxidized
oxidized azide com plex

3000-

§

T

O
£O 2 0 0 0 6
O
O
C
O
"-M 1000C
S
-

IlJ

0 I

300

438

515
598

518 _

'As

xO
i

i

400

i

I

500

1

I

600

d

I

700

y

I

800

1

I

900

W a v e le n g th (n m )

Figure 2 ID. Optical spectra of the oxidized and semireduced azide complexes of W290G

46
r ' 3000
W 2 9 0 H S e m i- R e d u c e d
W 2 9 0 H S e m i- r e d u c e d a z id e c o m p le x

2000

e 1000

600
W a v e le n g t h ( n m )

Figure 21E. Optical spectra of the semi-reduced azide complex of
W290H. The oxidized form was not performed as it dacays to the semireduced form rapidly

Dependence of Activity on pH
The pH dependence of the activity of W290G was assessed by performing
activity assays in different 100 mM buffers at varying pHs. The buffers used were
100 mM MBS, pH = 5.5, 6.0, 6.5, 100 mM KPO4, pH= 7.0, 7.5, 8.0, and 100 mM
CHES, pH=8.5, 9.0, 9.5. IOpL of 0.2 mg/mL W290G was used for each assay
(performed in triplicate) plotting the specific activity vs. pH.
Results of pH Dependence of Activity. The pH dependence of the activity of
each mutant has been analyzed and compared to wild type. The only mutant that
followed the same trend as wild type was W290F (Figure 22 courtesy of Dr. Melanie
Rogers). Both W290H and W290G exhibited no clear trend due to the poor activity
of both the mutants (Figure 23).
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Radical Decay
To assess the stability of the tyrosyl radical in each mutant, radical decay
experiments were performed at two different pH values, 4.5 and 7.0. The buffers used
were 50 mM NaoAc, pH 4.5 and 100 mM KPO4 , pH 7.0. Potassium ferricyanide or
CsMo(CN)g were used to oxidize the protein as previously described. Freshly
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oxidized protein (1.2 mL) was added to a 1.5 mL cuvette and spectra were taken at
defined time intervals from 300-900 nm (Figure 24).
Results of Radical Decay Experiments. Table 8 summarizes the radical decay
constants. Decay of W290F at pH 7.0 is best fit to a biphasic curve fit with
ki=2.35±0.65 h"1 and k2=0 .2 ±0 .0 2 h"1 (Figure 25A), compared to the monophasic
decay of wildtype at pH 7.0, 0.172±0.0017h"' (Figure 25B). The rates of decay at pH
4.5 and 7.0 were very similar between the two proteins with minimal decay over a 24
hour time period.

R a d ic a l D e c a y o f W 2 9 0 F a t p H 7 .0

" o 4000
5S 3000

600

Wavelength (nm)
Figure 24. Typical radical decay spectra.

W290F Radical Decay pH 7.0
Biphasic Curve Fit
RA2= .98992
kl=2J5±0.65h-l
k2=0.191i0.02 h-1

Time(h)
Figure 25A. Radical Decay A445 vs. time (h). (A) W290F
biphasic curve fit.
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Radical Decay Wild Type pH 7.0
RA2 = Q 9 7 8 S

kl=0.173±0.00172 h-1

V 0.10

o 0.08

Time(H)
Figure 25B. Radical Decay A445 vs. time (h). (B) Wild type first
order exponential fit.

Table 8 . Decay rates of Wild type and mutant GOase.
Wild type
W290F
W290G
Sample
0 .2 0 ±0 . 0 2
2.72±0.16
rate H ' (pH 7)
0.172±0.0017
1.06x10'5
3.95x10' 4
rate H^t (pH 4.5)
0.372±0.13
±2.7xl0 ' 4
± 1 .0 x 1 0"4
potassium phosphate buffer pH 7.0
Tsodium acetate buffer pH 4.5
** W290G and W290H trials performed by Dr. Melanie Rogers.

W290H
16.88
1.908

W290H decays very rapidly when compared to wild type, however that decay
is slowed in sodium acetate pH 4.5. To determine whether tyrosyl radical stability of
W290H was due to acetate or lowered pH, radical decay experiments were
additionally performed in different buffers, 50 mM sodium citrate at pH 4.5 and
potassium phosphate buffer, pH 7.0 with and without 50 mM sodium acetate. Table 9
shows that the decay is two-fold slower in acetate buffer compared to citrate buffer at
pH 4.5. Decay experiments performed at pH 7 with and without acetate showed no
difference in the decay rate constant, which was around Ib h '1. This data suggests
that the stability of the tyrosyl radical in the W290H mutant increases as pH
decreases.
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Table 9. Radical Decay of W290H in various buffers.*
Buffer
pH
5OmM Acetate
4.6
5OmM Citrate
4.6
I OOmM KPO4 +5 OmM Acetate
7.0
IOOmM KPO4
7.0
* Data collected by Dr. Melanie Rogers.

Decay Rate h "1
1.908
3.852
16.38
16.88

Discussion and Conclusions

Characterization of W290F, W290H, and W290G mutational variants of
galactose oxidase has contributed to the understanding of the role played by the
stacking tryptophan, W290. This study has attempted to understand how the stacking
tryptophan is involved in radical generation, stability and catalytic activity.

Crystal Structures
Crystal structures are advantageous because they contain detailed structural
information at the molecular level. Crystal structures of each mutant have been
obtained at the University of Leeds in order to examine in detail the overall fold and
active site geometry of the W290 mutants compared to wild type. The crystal
structures of the mutant proteins show that in general, there are no changes in the
positions of amino acids with the exception of the mutated residue. In the absence of
a gross movement of residues within the protein being responsible for the reduced
specific activity of the mutants examined in this study, it is likely the decrease in
activity results from subtle movement of residues in the protein attributed to the
mutation of W290, or from a direct role of W290.
The active site structure of W290F shows that the phenyl ring of F290
occupies a position very similar to that of the indole ring of W290 in the wild type
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protein (Figure 26 A&B). The phenyl ring of W290F is stacked more over Y272 than
that of W290, where the six-membered ring orients over C228-S. The imidazole ring
of W290H is stacked directly over the side chain of Y272(85). In the recently solved
W290G structure, the C-a carbon of G290 and W290 are in the same position
(personal communication, University of Leeds).
In the proposed catalytic mechanism of GOase, substrate replaces the
equatorial water molecule (Weq) as the fifth copper ligand. However, Weq was not
resolved in the structure of W290F. The active structure of W290G does have a
resolved water molecule 3 A away from the copper in the proposed substrate binding
site. If the equatorial water is missing in solution, loss of the indole nitrogen atom of
W290 in the wild type enzyme may be a contributing factor in the relocation of the
equatorial water. The four remaining copper ligands (Y272, Y495, H496, and H581)
have moved slightly relative to the copper, resulting in a distorted trigonal pyramidal
complex. The most significant structural change in W290F is its slightly altered
copper geometry, somewhere between square pyramidal (with a missing ligand) and
trigonal pyramidal. In the active site of the wild type protein, there is a putative Van
der Waals interaction between the indole ring nitrogen and Weq. In the W290F
variant this interaction is abolished and this may, in part, be responsible for the loss of
the Weq as a copper ligand. The optical spectroscopy of W290F strongly suggests that
the solution structure is different to the crystal structure, and that the water molecule
is present in the active site of W290F. It has been proposed that the indole nitrogen of
the stacking tryptophan is hydrogen bonded with substrate during catalysis(38). This
is consistent with the observation that mutation of W290 to a histidine results in no
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significant change in Kmfor D-galactose. In the W290H variant, the indole nitrogen
is conservatively replaced by an imidazole nitrogen which might hydrogen bond
equally well with substrate. The loss of the indole ring in the active site of W290F
results in a slightly more hydrophobic pocket in the postulated region of substrate
binding. The hydrophobicity of this region of the active site is enhanced by nearby
aromatic rings of F194 and F227. The increased hydrophobicity may be important in
the maintenance of the tyrosyl radical. For example, W290H variant contains a less
hydrophobic pocket than wild type, W290F, or W290G. This lowered hydrophobicity
may destabilize the radical resulting in more rapid decay of the tyrosyl radical.
The active site structure of W290F appears as though the coordination
requirements of the cupric ion are satisfied by only four ligands. The coordination is
distorted in such a way that loss OfWeq as a fifth ligand results in a distorted trigonal
pyramidal complex. Displacement OfWeq by acetate in the W290H and wild type
crystal structures (determined at pH 4.5) suggests that the exchange of the fifth copper
ligand may be facile. The insulating role of the stacking tryptophan side chain may be
fulfilled by phenylalanine, and the presence of the Weq may not be important during
catalysis.
The character of the side chain of residue 290 likely influences the stability of
the tyrosyl radical. Both tryptophan (wild type 290) and phenylalanine (W290F) have
non-polar, hydrophobic side chains, compared to histidine (W290H) which has an
ionizable side chain. The similarities in radical generation, stability, and decay of
wild type and W290F galactose oxidases may be influenced by the comparable nature
of the side chain.
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Figure 26A. Active site structures of wild type (yellow)
and W290G (green).

Figure 26B. Active site structures of Wild type (yellow), W290G (green),
W290H (brown), and W290F (blue). Note: a glycerol molecule
(cryoprotectant) is hydrogen bonded to Y272 in the W290G structure.
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Protein Purification
SDS-PAGE of purified W290F, W290H, and W290G Galactose oxidase
mutants showed each protein migrates in a similar manner as wild type and therefore
is in its mature form with the crosslink intact. Thus, W290 is not absolutely required
for thioether bond formation, however, at this time no information is available on how
the mutation of W290 affects the rate of thioether bond formation.
Temperature dependent color changes, or thermocbromism is observed in wild
type GOase and W290F, but not W290H or W290G over the temperature range
explored here. At room temperature, wild type and W290F are green and at -80°C
they are blue. W290G and W290H are purple-pink and orange, respectively at both
temperatures. This phenomena has been attributed to an internal proton transfer
event, where a proton is transferred from the Weq to the axial tyrosine ligand, forming
a coordinated hydroxide ion (Cu-OH ) and a protonated axial tyrosine, (Y495-OH),
which is no longer a copper ligand(98). The transition temperature (Tm) between the
two protonation states of the axial Y495 is reported as 255K(98). The lack of
thermocbromism in W290H and W290G may suggest a shift in Tm such that the
fraction of protonated Y495 is greater in W290H and W290G than in wild type or
W290F. This may be reflected by the lower proton uptake values obtained for the
mutants compared to wild type. However, the azide dissociation constants for wild
type and W290H are comparable. The increased population of protonated axial
tyrosine in W290H and W290G may, in part, explain the reduced activity of these
mutants. Additionally the observation that the tyrosyl radical is short-lived in W290G
and especially W290H compared to that of the wild type protein is another factor to
consider in explaining the lowered activity of W290H and W290G.
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Specific Activity
Investigation of the specific activity of the three mutants showed all had
lowered activity compared to wild type galactose oxidase even though major
structural changes were not observed in the crystal structures. HRP is seen to activate
GOase in the coupled assay, however, to eliminate the possibiltiy that HRP could not
activate W290F, freshly ferricyanide oxidized protein was used in the assay and no
increase in activity was observed compared to the coupled assay value(99).
Therefore, the coupled assay including HRP is adequate to fully activate the
enzyme(99).
Kinetic Analysis
Using D-galactose as a substrate, Kmand kCat for W290F and W290G were
unobtainable (Figure 16 C-D). These two variants appear to act with non-classical
behavior, in contrast to wild type and W290H (Fig 16 A-B) not becoming saturated
with D-galactose even at high concentrations. However, kinetic constants were
obtained for W290F and wild type GOase using 2-methylene-1,3-propanediol as
substrate (Figure 17 A-B). It is interesting to note that the Km(D-gal) is similar for
W290H and wild type GOase, yet between wild type and W290F (2-M-l,3-p), the Km
for W290F is half that of wild type. When the Kmfor wild type and W290F are
compared using the substrate 2-M-l,3-P (Table 4), it seems that W290F has a two
fold higher affinity for the substrate over wild type although both do not have high
affinity, with Kmin the mM range. The kcat for each variant is significantly lower
compared to wild type, which is expected due to their lowered catalytic activity. The

\
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low catalytic turnover may be due to the fact that the more exposed active site in the
mutants is not able to retain substrate as well as the wild type GOase.
Copper Atomic Absorption Spectrometry
Before detailed spectroscopic and kinetic studies are performed, it is important
to look at the ability of the proteins investigated to bind copper so differences in
spectra and or lowered catalytic activity can be either attributed to the mutation itself,
or a result of semi-copper-loaded enzyme. All of the mutants examined were fully
loaded with copper (Table 5). These results are not too surprising since W290 is not
directly involved in copper ligation. It has been shown that a mutant of galactose
oxidase, where the cysteine involved in the thioether crosslink, C228, is altered to a
glycine and has a low copper content of 0.24 Cu/protein(85). W290 it seems, does
not play a role in acquiring copper or maintaining copper in the active site.

Proton Uptake
Proton uptake experiments were performed according to the method of Dunn
and Whittaker(95; 100). Titration of GOase with azide traditionally leads to uptake of
a single proton/protein at pH > 8.0, implying that formation of the azide complex is
associated with generation of a base, most likely an active component of the active
site resulting from the spectral changes upon azide binding. The observation that this
base binds a proton at high pH (pH> 8.0) restricts the identity of the base to either
tyrosine, cysteine, lysine, or arginine based on their pKa values. The only active site
residues that can perform that role in GOase are histidine and tyrosine. Histidine was
ruled out based on the fact that its proton dissociation constant is near neutral pH
(pKa=6.0). Tyrosine 272 was ruled out because it was EPR silent in the azide complex
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of the protein indicating that the radical remains bound as a metal ligand(95). A
mutant GOase where Y495 was mutated to a phenylalanine exhibited no proton
uptake(35). Therefore, Y495 was concluded as the base which abstracts a proton
based on mutational analysis and the optical spectra before and after azide complex
formation.
The wild type ratios obtained in this study were not O-SH+/protein due to the
experimental conditions used. The NaOH solution used to titrate the thymol blue was
3 mM. In order to calculate the H+Zprotein, the titration curve needs to be linear,
which can be performed using IOpL aliquots of 3 mM NaOH. However, at the latter
end of the linear region the indicator is mostly in its basic form, so the color change is
not as large as it should be once azide is added. This is shown in one trial where
IOpL aliquots of I mM NaOH were used to titrate the wild type GOase solution.
When AAeoo became linear and azide was added, the change in Agoo was greater than
seen in previous experiments with a ratio of 0.63 H+Zprotein (Figure 19A & B). It is
clear that if too much NaOH is added during the experiment, there will be an
insufficient amount acidic thymol blue left to account for all the protons taken up
upon azide addition since both thymol blue and protein are at 80 pM. This reasoning
possibly explains why ratios of 0.8 H+Zprotein compared to 1.0 H+Zprotein have been
observed previously(35;95). The main point that can be gleaned from these
experiments is that each mutant examined had a lower proton uptake value. This may
be a result of the axial tyrosine already being protonated and dissociated from the
copper, however, the optical spectra are not consistent with that hypothesis.
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Dissociation Constant for Azide
The dissociation constants for azide for the mutants W290G and W290F are
higher than the wild type and W290H galactose oxidase values. These results were
expected due to the inactivity of the mutants. However, W290H has a comparable KtJ
to wild type most likely resulting from protonation of the H290 leading to higher
affinity for azide (Ns').

Optical Spectra of Oxidized and SemiReduced W290 Mutants and their Azide Complexes
Optical spectra can provide information on the geometric and electronic
structures of the copper active site in galactose oxidase. The band seen at 635 nm in
semi-reduced wild type protein is assigned as a Cu(II) d—>d and R—>Cu (II) ligand to
metal charge transfer (LMCT)(IOl). The oxidized and semi-reduced spectra of
W290F, W290G, and W290H and their stable azide complexes resemble those of the
wild type enzyme(102). The similarity of the spectra to wild type suggests that
mutation of W290 has not significantly perturbed the electronic structure and active
site geometry of the mutated proteins. The spectra suggest that the Weq is bound to
Cu(II) in W290F in solution, which was not inferred from the crystal structure.
Oxidized wild type GOase has a red band around 800 nm which has been
assigned as an interligand charge transfer band from the axial tyrosine to the radical
equatorial tyrosine residue via the copper d orbitals. The red band is present in the
oxidized W290F and W290G spectra demonstrating that Y495 is a competent copper
ligand allowing for intramolecular charge transfer that results in this band in the
oxidized protein(103). On complexation of W290F and W290G with azide or at low
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pH, the red band is abolished. Loss of the transition provides evidence that the axial
tyrosine is able to become protonated and dissociate from the copper ion as occurs
during turnover. The oxidized form of W290H is reported to have the red band with a
peak at 360 ran appearing upon azide binding(102). The common behavior observed
suggests that the stacking trytophan does not affect the solution active site structure of
any of the variants examined.
Dependence of Enzyme Activity on pH
Galactose oxidase has a pH optimum around pH 7.0 with the same trend
observed for W290F using D-galactose. Due to the low enzymatic activity of W290G
and W290H, it was not possible to reliably determine their pH optima. In the case of
the W290F mutant, it is apparent that the mutation did not have any affect on the pH
optimum and therefore W290 does not affect this aspect of galactose oxidase activity.

Radical Decay
The ease of generation of the tyrosyl radical along with its stability are key
characteristics of any galactose oxidase mutational variant. The tyrosyl radical of
wild type GOase is easily formed through ferricyanide treatment (430 mV)(97). This
contrasts with W290H and W290G, where CsMo(CN)S treatment (892 mV) is
required to form the radical(97). The tyrosyl radical can be formed in W290F using
ferricyanide which indicated a similar redox potential as wild type (430 mV)(97).
This is overwhelming evidence that W290 modulates the low redox potential of the
radical tyrosine in the protein.
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Although the radical of W290F has a comparable stability to wild type it is
seen to decay in a very different manner with a biphasic decay fitting to the decrease
in A 4 4 5 vs. time compared to a monophasic decay seen in wild type. The crystal
structure of this mutant shows the phenyl ring has stacked directly over Y272,
possibly enhancing radical stability. EPR experiments indicate that the radical is not
delocalized over the indole ring of the stacking tryptophan, but this does not rule out a
stabilization effect for the phenyl ring (39;104-106). The difference in the size of
tryptophan side chain compared to phenylalanine may allow greater solvent
accessibility. Increased solvent accessibility in W290F may explain the biphasic
decay observed.
Experiments have shown that the tyrosyl radical of W290H is somewhat
stabilized at pH 4.5 compared to neutral pH. In solution, if the imidazole side chain
of H290 is more mobile at pH 7.0 than under acidic conditions, the tyrosyl radical
may be reduced due to the possibility of H290 being protonated compared to wild
type. Additionally, the enhanced stability of the W290H radical at pH 4.5 compared
to pH 7.0 may result from the dissociation of Y495 from the copper ion to disconnect
the radical decay pathway as proposed by Saysell(107). However, the wild type
crystal structure shows that protonation of the axial tyrosine at pH 4.5 (~ protonated
and dissociated axial tyrosine) compared to pH 7.0 does not significantly change the
axial tyrosine O-Cu distance (personal communication, University of Leeds). Radical
stability, at acidic pH values, might be enhanced by the presence of acetate. The rate
of decay of the radical at pH 4.5 was two-fold faster in citrate buffer than in acetate.
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An alternative ring immobilization mechanism may be mediated via a second acetate
ion observed in the W290H structure(85). The second acetate ion is in proximity to
H290 and a network of H-bonds has been modeled around it(85).

Conclusion
This study aimed to elucidate the role of the stacking tryptophan of galactose
oxidase. It is apparent that the mutants do have profound effects on the behavior of
the protein. The largest effects were seen in the areas of catalytic activity and radical
stability rather than in the geometric and electronic structure of the proteins examined.
Out of the three mutants studied, W290F had characteristics closest to wild type while
W290H and W290G differed more significantly. From the results presented here, it is
evident that the role of W290 in galactose oxidase likely is to protect the crosslink
between C228 and Y272 thus stabilizing the radical form of the protein. As this is the
active form of the protein, W290 is therefore a very important residue in maintaining
the functionality of galactose oxidase. The protection that W290 provides for the
active protein is likely a result of stacking aromatic interactions of W290 with the
Y272 radical.
Future Experiments

Galactose oxidase is an interesting enzyme and there are still various aspects
which need to be investigated. Future plans for this project include expressing the
W290G and W290H galactose oxidase mutants in Pichia pastoris and our
collaborators at the University of Leeds are currently working towards that goal.

62
Galactose oxidase biogenesis studies, including prosequence cleavage and cross-link
formation are currently being investigated by Dr. Melanie Rogers. The proton uptake
experiments performed were mostly inconclusive due to the methods used and will be
repeated once fresh protein is purified. The role that the hydrophobic binding pocket
plays in the functionality of GOase needs to be investigated. Mutational analysis of
F 194 and F227 both as single mutants and as a double mutant needs to be performed.
Then they can be characterized to analyze the effect that the hydrophobicity of the
substrate binding pocket has on the structure and catalytic activity of the enzyme.
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EXPRESSION TRIALS AND PURIFICATION OF TYROSINASE

,

Introduction
The characterization of an enzyme is very difficult without a source which
allows for its purification. Wild type enzymes are often isolated from their native
organisms although usually in low quantities. In order for detailed characterization,
an overexpression system is usually sought that produces greater yields of the protein
of interest compared to the native organism. The overexpression of recombinant
protein allows for proper characterization including mutational analysis of an enzyme.
Streptomyces glaucescens tyrosinase has been previously isolated and
characterized from its native organism(108). This tyrosinase is a 30.9 kDa monomer
consisting of 273 amino acids and two copper ions in a type 3 copper site. As
observed for a number of different Streptomyces genes, the structural gene for
tyrosinase, MelC2 exhibits a strong preference for codons ending in G or C.
Streptomyces glaucescens tyrosinase is part of the MelC operon which contains a gene
upstream of MelC2, called MelCl. The gene product of MelCl, is a protein with the
same name consisting of 134 amino acids, which is the copper chaperone for
tyrosinase(13).
The interactions of MelCl with tyrosinase have been extensively studied in
the organism Streptomyces antibioticus (109-114). Tyrosinase has been found to be
inactive without the presence of functional MelCl due to lack of copper incorporation
into the active site(109). In copper-free protein preparations apotyrosinase was found
to form a stable complex with MelCl at a 1:1 molar ratio(l 14). After copper

64
incorporation, the M elCl:tyrosinase complex dissociates and MelCl aggregates in
vitro(\ 14). Streptomyces antibioticus tyrosinase is a secreted enzyme, however,
Streptomyces glaucescens tyrosinase is mostly intracellular. Streptomyces antibioticus
MelCl contains ten histidines which were mutated and it was found that only two of
these residues, H102 and Hl 17, played important roles in the ability of MelCl to
deliver Cu as well as secretion of tyrosinase (110; 111). The six copper-binding
histidines of Streptomyces antibioticus tyrosinase were found to play a role in the
final protein maturation and its dissociation from MelCl(111).
Streptomyces spp. are filamentous gram positive bacteria that are ubiquitous in
nature. They are commonly called soil bacteria because their ability to colonize soil
is greatly facilitated by growth as a vegetative hyphal mass, which can differentiate
into spores that assist in spread and persistence^ 15). It is well known that
Streptomyces produce many different antibiotics. Approximately 80% of the
antibiotics produced by microorganisms are made by members of the genus
Streptomyces(IlS). This major role for antibiotics is to defend the colony from
competitors at the time of development of aerial mycelium in the lysing vegetative
mycelial mat(l 15).
In order to obtain large quantities of pure enzyme, Streptomyces glaucescens
tyrosinase was expressed in a strain of Streptomyces Hvidans TK23 which is devoid of
any tyrosinase activity (116). This expression system does not produce more protein
per cell, however the amount of mycelia produced per liter of culture is larger with
~20 g/L for Streptomyces Hvidans compared to ~ 5g/L for Streptomyces
glaucescens(l 16). Attempts were also made to express the enzyme in E.coli.
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Experiments and Results
Expression Vector pAHl
The E. coli-Streptomyces shuttle vector is shown in Figure 27. It was
constructed by H. Jackman and was a gift from Dr. Konrad Lerch. Shuttle vector
pAHI confers both ampicillin (ap) and thiostrepton (tsr) resistance allowing cloning
steps to be performed in E. coli with subsequent transformation of Streptomyces
protoplasts by large amounts of DNA(116).

MeIC operon

mp

-tyrosinase

tsr
Figure 27. Shuttle vector pAHI. The expression vector confers both
ampicillin and thostrepton and can be propagated in both E. coli and
Streptomyces (116).

PEG-Assisted Transformation of Streptomyces lividans Protoplasts
Protoplasts were prepared by the method of Kieser, T. et. al. with minor
adjustments(l 15). A 25 mL culture of YEME was inoculated with 100 pL of a
Streptomyces lividans TK23 spore suspension in a 125 mL baffled flask and grown
for ~ 72h at 30 °C and 240 rpm. Cultures were ready to harvest when they began to
produce pink pigment. Once the culture was ready, using sterile techniques, it was
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transferred to a 50 mL Falcon tube and 15 mL of 10.3% sucrose was added. The tube
was gently mixed by inversion and centrifuged for 10 min at 3,000 rpm. The
supernatant was discarded and the pellet resuspended in 2 mL of 10.3% sucrose and
transferred to a 15 mL Falcon tube and then topped off with additional 10.3% sucrose.
The solution was centrifuged as described above and the mycelial pellet washed two
more times with 10.3% sucrose. Then 30 mg of lysozyme was added to a 1.5 mL tube
along with I mL of protoplast buffer (P-buffer) and vortexed to mix. The solution
was then sterile filtered into 9 mL of P-buffer to a final concentration of 3 mg/mL.
Next, 4 mL of the lysozyme solution was added to the mycelial pellet, mixed and
incubated at 30 °C. After 30 min the solution was triturated three times with a 5 mL
pipet and allowed to incubate for another 2h. In order to see if the mycelia have been
adequately protoplasted, a phase contrast microscope was used and the appearance of
small balls rather than mycelial fragments indicates that protoplasting is complete.
For this strain, approximately 2.5h elapsed for 80-90% of the mycelia to form
protoplasts. P-buffer (5 mL) was added to the protoplasts and the solution was
filtered through cotton wool into a sterile 15 mL Falcon tube. The protoplasts were
then centrifuged for 7 min at 3,000 rpm and the pellet resuspended in 10 mL P-buffer.
Finally, I mL of the protoplast solution was transferred to ten 1.5 mL tubes and
frozen slowly overnight on ice at -80 °C.
DNA was prepared for transformation and the shuttle vector, pAHl was used
in two different forms, closed circular (CCC) and denatured (single stranded) DNA.
Denatured DNA has been shown to increase the number of transformants in certain
cases (115;117). Denaturation was performed by adding 7 pL of sterile HPLC water
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to 2 |aL DNA (1-2 jig DNA). 2 jj,L of I M NaOH was added and mixed by tapping
and then incubated at 37 °C for 10 min. The denatured DNA was then immediately
transferred to ice and 2 pL of I M HCl was added to neutralize the solution. The
DNA was kept on ice until it was used in the transformation.
Two aliquots of frozen protoplasts were thawed quickly under warm tap water
and transferred to 15 mL Falcon tubes. 10 mL of P-buffer was added to each tube and
centrifuged for 7 min at 3,000 rpm. The supernatant was discarded and the pellet
resuspended in the drop of buffer left in the tube. DNA was added (15 pL CCC and
13 pL denatured each between 1-2 pg). Immediately 0.5 mL of P-buffer containing
25% polyethylene glycol (PEG 8000) (Sigma, MO) was added to each tube and
triturated twice and then 5 mL of P-buffer were added and the sample centrifuged for
I min at 3,000 rpm. The supernatant was discarded and the pellet was suspended in I
mL P-buffer. 100 pL of the suspension was spread onto 10 R2YE plates. These
plates were grown for ~ 16.5h and overlaid with I mL of a tsr stock for a final
concentration of 25-500 pg/mL. The plates were allowed to grow for an additional
72h at 30°C.

Small-scale Expression of Streptomyces glaucescens Tyrosinase
in Streptomyces Hvidans
Six 2mL starter cultures of YEME tsr (10 pg/mL) were each inoculated with
spores from a single transformant colony and allowed to grow at 30 °C and 240 rpm.
After approximately 48h, six 50 mL minimal medium cultures were inoculated with I
mL of the starter cultures and incubated as above. After an additional 48h, expression
was induced by the addition of L-Ieucine (400 mg/L), L-methionine (100 mg/mL),
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and copper sulfate (CuSO4 5 mg/L)(l 18). Four hours later each culture was filtered
using Whatman No. 4 filter paper and the cell paste was stored at -80 °C until further
analysis.
Each pellet was thawed and diluted in 50 mM NaPO4, pH 7.5 and I mM
phenylmethylsulfonylflouride (PMSF) and sonicated for 2 min using a microtip, 50%
duty cycle, and power output 6 (Branson sonifier 450). Each sample was examined
under a phase contrast microscope to ensure adequate cell disruption and then
centrifuged for 7 min at 3,000 rpm. The supernatant was collected and tyrosinase
activity was determined with the dopachrome test(l 19). The substrate solution
consisted of 7 mM L-dihydroxyphenylalanine (L-dopa) in 0.1 M NaPO4, pH

6 .8

and

the formation of dopachrome was followed spectrophotometrically at 475 nm and 30
°C. The transformant with the highest activity was then subjected to a time-course of
expression.
Two 500 mL minimal medium cultures of the most active transformant were
induced as previously described, one at 36h and one at 48h and time-point samples
were taken as follows: Oh, 2h, 4h, 6 h, 8 h, 12.5h, and 24.5h post-induction. Each
sample was spun down and the pellet stored at -80 °C. The frozen pellets were
thawed and 5 mL of 10 mM Tris, pH 8 . 6 with 10 pM CuClz (Buffer A) was added and
the samples were sonicated as previously described. The cell supernatants were
subjected to activity assays and selected samples were analyzed by SDS-PAGE.
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Transformation and Small-Scale Expression Results
Positive transformants (ST/pAHl) were identified by dark brown/black halos
extending from a colony of spores on a R2YE agar plate. The observed halos are a
result of tyrosinase expression and melanin production. Streptomyces lividans TK23
was used as a host because it is devoid of tyrosinase activity and it yields about five
times more mycelia than Streptomyces glaucescens{\ 16).
Figure 28 shows that activity of the crude lysate was optimal at a 48h
induction harvested 2-6h post induction. Figure 29 along with the results of the
activity time course show that timepoint 48, 2 (48h induction, 2h post induction
harvest), seemed to have the largest amount of protein present at the correct molecular
weight for tyrosinase as well as the highest activity. This information was then used
to scale up the expression for purification of tyrosinase.

Activity vs. Time (48h Induction)

Activity vs. Time (36h induction)
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Figure 28. Activity time course of tyrosinase expression. A. 36 hour
induction. B. 48 hour induction.
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Figure 29. SDS-PAGE of expression time points. Time points labeled as time
of induction (hours), and time harvested post-induction (hours). Lane I. 36,6.
Lane 2. 36, 24.5. Lane 3. 48, 2. Lane 4. 48, 24.5. Lane 5. tyrosinase positive
control. Lane 6 . LMW.

Scale-up of Expression and Purification of Tyrosinase
Two 50 mL YEME tsr (10 pg/mL) of YZZpAHI were grown for ~48h. Then
15 mL of these cultures were used to inoculate six 500 mL minimal medium cultures
which were allowed to grow for 48h at 30°C and 240 rpm in 2.8 L baffled flasks.
Expression was induced as previously described and the mycelia was harvested 2-4h
post induction using Whatman no. 4 filter paper.
Twenty grams of cell paste were sonicated in 100 mL of Buffer A with I mM
PMSF (macro tip, 50% duty cycle, and power output 9) for ~5 min on ice. The
solution was centrifuged at 10.5k for 10 min using an SS34 rotor (DuPont
Instruments). The supernatant was collected and another round of sonication was
performed on the remaining cell pellet as described above. The combined
supernatants were then subjected to ultracentrifugation for Ih at 45K using a 50-Ti
rotor (Beckman) and a Sorval Ultra 80 ultracentrifuge in order to remove cell debris
and DNA. The protein supernatant was dialyzed overnight in Buffer A and loaded
onto a diethylaminoethyl cellulose (DEAE cellulose) column (5 cm x 17 cm ~200mL
media) equilibrated in Buffer A. The protein was eluted using 0.1 M NaCl in Buffer
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A and the tyrosinase-containing fractions, identified the appearance of a red color via
qualitative visual assays, and were pooled. These fractions were concentrated using
an Amicon ultrafiltration pressure cell (Amicon, Inc., MA) and then transferring to a
15 mL Millipore centrifugal device (Millipore Co., MA), concentrating the protein
solution to approximately I mL. Using an FPLC system, the I mL protein solution
was loaded onto a IOOmL Superdex 75 gel filtration column (1.6 cm x 50 cm ~100
mL media) (Amersham Pharmacia Biotech, Sweden) at 0.5 mL/min equilibrated in
Buffer A with I M NaCL The eluted fractions containing tyrosinase activity were
pooled and dialyzed into copper-free Buffer A and then loaded onto a 10 mL Mono-Q
column (I cm x 10 cm -10 mL media) (Amersham Pharmacia Biotech, Sweden)
equilibrated in copper-free Buffer A. The protein was eluted with a 500 mL linear
gradient from 0-1M NaCl in copper-free Buffer A. The protein fractions were
monitored via Aago and SDS-PAGE. The pure tyrosinase fractions were pooled and
stored a t-20 0C.
A copper-free protein preparation was also performed to confirm that
Streptomyces glaucescens tyrosinase forms a stable complex with its copper
chaperone, MelCl (Figure 32). The purification was performed as previously
described, however, metal free conditions were implemented and no copper addition
was made at the induction stage of the cultures.

Results of Scale-up and Purification
The summary of a typical purification is shown in Table 10. SDS-PAGE
analysis of the Mono-Q elution profile shows that only one peak of the four contain
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pure tyrosinase Figures 30 & 31). A band at -12.5 kDa is present in the other three
peaks which corresponds to MelCI.
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Figure 30. Mono-Q Elution profile of Tyrosinase.
The numbers correspond to peaks.
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Figure 31. SDS-PAGE of Mono-Q elution. Gel lanes
correspond to elution peaks from the Graph in Figure 30.

Table 10. Purification Table for Tyrosinase
Specific
Sample Volume Protein Activity
Activity(IUZmg)
(mL)
(IU)
(mg)
274
0 .2 2
1279
Lysate
161
54.8
182
14.45
783
DEAE
108
606
5.56
41.5
S-75
0.63
291
379
0.737
Mono-Q

%
Yield
100

286
221

106

Purification
Factor
254
505
1763
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The tyrosinase yields are very low with 0.64 mg and a specific activity of 360
u/mg. There is a trade-off regarding the time of harvest. Expression levels increase if
the cells are harvested 6 -8 h post induction with approximately

10

mg of pure

protein/ 2 0 g mycelia; however, the specific activity is drastically lowered at
approximately 100 u/mg. Copper analysis was performed as described in Chapter 2.
The final tyrsoinase sample, if fully copper-loaded would have 2 coppers/monomer,
however, the copper content of different preps consistently yielded 1 .2 - 1 .4
coppers/monomer.
Metal-Free Protein Preparation. The metal-free purification of the
MelCTtyrosinase complex produced greater yields of protein than the previous
tyrosinase preparations, with 26 mg/20 g mycelia. Figure 32 shows that the complex
is indeed formed between the two proteins in the absence of copper. Copper atomic
absorption analysis showed that the complex was only 2.54% loaded or 0.05
coppers/monomer.

Figure 32. SDS-PAGE of a metal-free prep of the MelCTtyrosinase
complex. Each lane is a fraction off a Mono-Q column from a single
peak.
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NusA-Tyrosinase Fusion Protein
To facilitate Streptomyces glaucescens tyrosinase expression in E. coli, a
NusA-tyrosinase fusion was attempted. NusA participates in both the termination and
antitermination of transcription through binding directly to the core enzyme of the
DNA-dependent RNA polymerase(120). Recently, NusA, a 55 kDa protein, has been
shown to aid in solubilizing proteins that were otherwise insoluble when expressed in
E. coli(\2l). NusA is used in the capacity of an N-terminal fusion to the protein of
interest. A solubility modeling program predicted the probability of soluble fusion
protein expression of over 4000 E. coli proteins and NusA gave the best results(121).
This system was used to express an almost completely soluble (>90%) NusA
Rhizobium meliloti tyrosinase fusion protein, which has a molecular weight of 54
kDa, utilizes a large number of rare codons, and Was previously not able to be
overexpressed in E. coli by itself(121). Therefore, the same system was attempted for
Streptomyces glaucescens tyrosinase.
Vector Construction. The pET 43a(+) vector (Figure 33) is designed for
cloning and high-level expression of peptide sequences fused with the 491 amino acid
NusoTag (Novagen, WI). Sense primer, “MelC2sense” was designed which
engineered a Sacl site at the 5’ end of the tyrosinase cds. Antisense primer,
“MelC2anti” was designed homologous to the 3’ end of the tyrosinase cds which
contained a stop codon and a Kpnl site. PCR on the shuttle vector pAHl was
performed and the tyrosinase cds was amplified and the product verified by digestion
with Psfl. The vector as well as the PCR product were each digested with Sacl and
Kpnl, gel purified and subsequently ligated. The ligation reaction was transformed
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Figure 33. Expression Vector pET 43a(+).
(Novagen, WI).

into ToplOF’ E. coli chemically competent cells (Invitrogen, CA) and spread on Luria
Broth carbenecillin (25 pg/mL) (LB carb 25) plates at different dilutions. Colony
PCR was performed on transformants to check for the presence of the insert. Those
colonies with the correct insert were sequenced and transformed into Origami
(Novagen, WI) electrocompetent E. coli cells and expression trials were performed.
Small-scale Expression Trial of NusA-Tyrosinase. A single colony of
Origami/pNusA-tyrosinase as well as Origami (background control) was used to
inoculate 3 mL TB carb 25 (no carb in the Origami culture) liquid cultures which
were allowed to grow overnight at 37 °C and 200 rpm. A I mL aliquot of each starter
culture was used to inoculate a 50 mL culture. Each culture was grown to an
ODeoo=O-S and induced with I mM isopropyl-beta-D-thiogalactopyranoside (IPTG).
The cultures continued growing at 37 °C and 200 rpm and time-point samples were
taken at the following times: Oh, 2h, 4h, 6 h, 8 h, 12h, and 24h post-induction. The I
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mL samples were centrifuged and the pellet was stored at -80 °C. Each pellet was
treated with B-PER (Sigma, MO) according to the manufacturer’s protocol to lyse the
cells. Analysis via SDS-PAGE and activity assays were performed on the soluble and
insoluble fractions before and after NusA cleavage with enterokinase.

NusA-Tyrosinase Fusion Results. Although the expression vector had the
correct insert/sequence, an overexpression band was never observed via SDS-PAGE
at or near the correct molecular weight for the fusion protein ~ 8 6 kDa or the cleaved
fusion protein (NusA 54 kDa, tyrosinase 30.9 kDa) in the soluble or insoluble
fraction. Qualitative visual activity assays on either the fusion or enterokinase treated
soluble fraction never produced a red color even after incubation with copper.
Therefore, the NusA-tyrosinase was expressed at very low levels, if at all and was not
detected via qualitative assays or SDS-PAGE either in the soluble or insoluble
fractions. Further experiments were not attempted with this system due to the low or
non-existent expression levels.

Codon Bias-Based E. coli Expression
Streptomyces spp. genes have a 61%-80% G+C content(l 15). Therefore,
codon bias may be a problem when expressing Streptomyces genes in E. coli. Codon
bias can lead to depletion of the endogenous pools of the corresponding tRNAs which
may lead to slowing or abortion of translation with subsequent degradation of the
mRNA. Codon bias can also cause frameshifts, codon skipping, or misincorporations
and go undetected . The MelC operon of Streptomyces glaucescens does exhibit
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codon bias due to its high G+C content. The codon usage tables for E. coli were
compared with the codon usage of the MelC operon, and it was found that the codon
CCC, which encodes the amino acid proline is used at a frequency of 41.4/1000 and
the E. coli host uses it at a frequency of 5.5/1000 (122). As a result, expression in E.
coli was attempted from a codon usage point of view.
Expression System. The E. coli strain BL21 Codon Plus RP (Stratagene, CA)
has a plasmid (pACYC) that has extra copies of the argU and proL tRNA genes and
is able to “rescue” expression of genes restricted by either AGG/AGA (R codons) or
CCC (P codons) (Figure 34). This strain was used to obtain the pACYC plasmid via
mini-prep and transform it into the E. coli strain BL21 Star DE3 (Invitrogen, CA).
This strain is designed to improve recombinant protein yield through mRNA
stability(123). The entire melC\lmelC2 cds was amplified from the vector pAHl via
PCR using primers which introduced an AcoI site at the 5’ end of the cds and a stop
codon and an Ndel site at the 3’ end of the cds. The PCR product was verified via
restriction with Notl and subsequently digested with Ncol and Ndel as was the pET
19b vector (Novagen, WI). The digested vector was used either treated with alkaline
phosphatase or without it and two ligations were performed. The ligations were
transformed into Top I OF’ E. coli cells (Invitrogen, CA) and positive transformants
were screened by colony PCR to verify the presence of the insert. Additionally, minipreps were performed on some of the transformants to determine the presence of the
insert.
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Figure 34. MelC operon. Codons supplied by pACYC vector are in red and green.
MetProGluLeuserArgArgArgAlaLeuGlyAlaAlaAlaAlaLeuAla•
ATGCCCGAACTCAGCCGCCGTCGTGCGCTCGGCGCCGCAGCCGCCCTCGCC
AlaAlaAlaGlyThrGlnAlaValAlaAlaProAlaAlaThrAlaAlaGly•
GCGGCAGCCGGCACCCAGGCGGTCGCCGCCCCCGCCGCCACCGCCGCCGGT
HisHisProGlyProSerThrAlaAlaThrGlyHisHisProGlyThr
CACCACCCGGGTCCGTCCACCGCCGCCACCGGTCACCACCCCGGCACG
ProAlaSerPheAspGluValTyrLysGlyArgArgIIeGlnGlyArgPro•
CCCGCCTCCTTCGACGAGGTCTACAAGGGCCGCCGGATACAGGGCCGGCCC
AlaAlaGlyGlyHisHisGlnHisHisGlyGlyGlyTyrAlaValLeuIle•
GCCGCCGGGGGCCATCACCAGCACCACGGCGGCGGCTACGCGGTCCTCATC
AspGlyValGluLeuHisValMetGlnAsnAlaAspGlySerTrpIle
GACGGCGTGGAGCTGCACGTGATGCAGAACGCCGACGGCAGCTGGATC
SerValValSerHisTyrAspProValProThrProArgAlaAlaAlaArg•
AGCGTCGTCAGCCACTACGACCCGGTCCCCACCCCGCGGGCCGCCGCCCGG
AlaAlaValAspGluLeuGlnGlyAlaArgLeuLeuProPheProAlaAsn•
GCGGCGGTCGACGAACTCCAGGGCGCGCGGCTGCTGCCGTTCCCCGCCAAC
***ProAlaProArgSerLeuGlyAlaLeuAspMetThrValArgLys
TGACCCGCCCCGCGCTCTCTTGGAGCACTCGACATGACCGTCCGGAAG
AsnGlnAlaThrLeuThrAlaAspGluLysArgArgpheValAlaAlaVal•
AACCAGGCCACCCTGACCGCCGACGAGAAGCGGCGCTTCGTCGCCGCCGTC
LeuGluLeuLysArgSerGlyArgTyrAspGluPheValThrThrHisAsn •
CTGGAACTCAAGCGCAGCGGCCGCTACGACGAGTTCGTCACCACCCACAAC
AlaPheIIeIIeGlyAspThrAspAlaGlyGluArgThrGlyHisArg
GCCTTCATCATCGGCGACACCGACGCGGGTGAGCGCACCGGCCACCGC
SerProSerPheLeuProTrpHiSArgArgTyrLeuLeuGluPheGluArg•
tcgccctcgttcctgccctggcaccgcagatacctgctggagttcgagcgg

AlaLeuGlnSerValAspAlaSerValAlaLeuProTyrTrpAspTrpSer•
GCCCTGCAGAGCGTGGACGCCTCGGTCGCCCTCCCCTACTGGGACTGGTCC
AlaAspArgThrAlaArgAlaSerLeuTrpAlaProAspPheLeuGly
GCCGACCGCACCGCACGGGCCTCGCTGTGGGCGCCCGACTTCCTCGGC
GlyThrGlyArgSerLeuAspGlyArgValMetAspGlyProPheAlaAla•
GGCACCGGGCGCAGCCTGGACGGCCGGGTCATGGACGGACCGTTCGCCGCC
SerAlaGlyAsnTrpProIleAsnValArgValAspGlyArgAlaTyrLeu1
TCGGCCGGCAACTGGCCGATCAACGTGCGCGTGGACGGGCGCGCGTACCTG
ArgArgSerLeuGlyThrAlaValArgGluLeuProThrArgAlaGlu
CGGCGGTCGCTCGGCACCGCGGTGCGGGAACTGCCGACGCGGGCGGAG
ValGluSerValLeuGlyMetAlaThrTyrAspThrAlaProTrpAsnSer •
GTGGAGTCGGTGCTCGGCATGGCCACGTACGACACGGCCCCCTGGAACAGC
AlaSerAspGlyPheArgAsnHisLeuGluGlyTrpArgGlyValAsnLeu*
GCCTCGGACGGCTTCCGCAACCACCTGGAGGGCTGGCGCGGCGTCAACCTG
HiSAsnArgValHisValTrpValGlyGlyGlnMeLAlaThrGlyMet
CACAACCGCGTCCACGTCTGGGTGGGCGGGCAGATGGCCACCGGGATG
SerProAsnAspProValPheTrpLeuHisAsnAlaTyrValAspLysLeu•
TCGCCCAACGACCCGGTGTTCTGGCTGCACAACGCCTACGTCGACAAGCTG
TrpAlaGluTrpGlnArgArgHisProGlySerGlyTyrLeuProAlaAla•
TGGGCCGAGTGGCAGCGCCGCCACCCGGGATCCGGCTACCTCCCCGCCGCC
GlyThrProAspValValAspLeuAsnAspArgMetLysProTrpAsn
GGGACGCCCGACGTGGTGGACCTGAACGACAGGATGAAGCCCTGGAAC
AspThrSerProAlaAspLeuLeuAspHisThrAlaHisTyrThrPheAsp•
GACACCTCCCCGGCCGACCTTTTGGACCACACCGCCCACTACACCTTCGAC
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ThrAsp***ProGlyArgProSerAlaGlyIIeLeuProGlnValArgGly•
ACCGACTGACCCGGCCGGCCGTCGGCAGGCATCCTCCCGCAGGTCAGGGGT
Thr
ACC

Codon Bias Expression Results. AU molecular biology steps appear to work
successfiiUy up to the ligation step. However, each positive transformant did not
contain the insert as determined via agarose gel electrophoresis (AGE). Ligations
were performed with different insert to vector ratios as weU as using different ligases
and ligation conditions and still no insert was present. AU of the restriction enzymes
were previously tested and were found to be active.
Discussion
In order for detaUed studies of tyrosinase to be successfully accomphshed, an
adequate expression system is imperative. The initial Streptomyces expression system
can only produce up to

10

mg of lower activity or I mg of high activity protein, and

therefore is not an adequate expression system for spectroscopic and kinetic studies.
Expression in E. coli was attempted using a NusA tagged tyrosinase which did not
express protein at detectable levels, possibly due to codon bias of the Streptomyces
cds used. Therefore, expression using a plasmid which expresses the genes for rare R
and P codons was implemented. The ceU line BL21 Star DE3 was selected as the host
(Invitrogen, CA). This is because transcription in the T7 system is so rapid that newly
transcribed mRNA is often left unprotected by the ribosomes. The mRNA has a short
lifetime due to degradation, resulting in low expression levels. BL21 Star aUows for
enhanced mRNA stabUity so that the abundant mRNA is available for protein
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production. The strain has a mutated rne gene which encodes the endonuclease
KNase E, which is responsible for RNA degradation(123). Use of this cell line would
suggest that the mRNA is less susceptible to degradation and remains available for
protein translation with greater yields of recombinant proteins.

Future Experiments

Tyrosinase is very interesting from many points of view. First, the mechanism
of action has only been postulated. Second, the three-dimensional structure of any
tyrosinase has never been solved and that would provide valuable insights into its
catalytic mechanism. Third, the interaction of tyrosinase with its copper chaperone,
MelCl is very interesting in terms of the structural elements that enable MelCl to
interact with tyrosinase, i.e. what conformation changes of tyrosinase occur while it
is associated with MelCI, and by what mechanism is tyrosinase dissociated from the
complex. All of these points cannot be adequately addressed without a dependable
source of protein.
First and foremost, an adequate expression system needs to be developed
which allows for purification of larger amounts of tyrosinase. The BL21 Star/pACYC
codon bias system needs to be refined and expression trials performed. Also, there
are newly developed expression plasmids for Streptomyces which can be
examined(l 15). Once an expression system is developed, then mechanistic and
structural studies as well as interactions between MelCl and tyrosinase can be
investigated.
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