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ABSTRACT

Cytochrome b561, a transmembrane heme protein present in neurotransmitter
storage vesicles, shuttles electrons from the cytosolic Asc to the intragranullar matrix to
regenerate Asc. Although Cyt b561 has been purified, cloned and sequenced from
various sources, the physical structure is yet unresolved. Previous studies have shown
that one of the hemes in the protein is pH labile under mild alkaline conditions. In the
present study, Zn (II) protoporphyrin IX (ZnP) was reconstituted using the altered
protein to further study the mechanism of the transmembrane electron transfer reaction
of Cyt b561. The ZnP reconstituted protein was found to quench 90% of the fluorescence
compared to the same concentration of free ZnP in the solution. The Significance of
these findings with respect to the physiological role of Cyt b561 is discussed.
In part II, the research has focused on two commonly using CNS dopaminergic
models, SH-SY5Y and MN9D cells, which are poorly characterized with respect to their
catecholamine metabolism. Differentiated and undifferentiated cells of both cell lines
were used to detect the baseline levels and uptake studies. After performing the kinetic
experiments for low, medium and high passage cells, we concluded that SH-SY5Y
could not be considered as a fully functional CNS dopaminergic model and medium and
high passage cells may be characterized as noradrenergic. MN9D cells store high
baseline levels of DA but both the differentiated and undifferentiated forms show poor
catecholamine uptake characteristics, probably due to the high intracellular DA levels.
Therefore, MN9D may be a better CNS dopaminergic model with some deficiencies in
DA uptake and release.
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PART I: CHARACTERIZATION OF Zn RECONSTITUTED
CYTOCHROME b561
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CHAPTER I
INTRODUCTION
Ascorbic acid (Asc) which is widely distributed in neuroendocrine tissues acts as
a stoichiometric reductant for dopamine β-monooxygenase (DβM) in adrenergic and
noradrenergic neurons, in chromaffin granules of the adrenal medulla, and
peptidylglycine

α-hydroxylating

monooxygenase

(PHM)

in

posterior

pituitary

neurosecretory vesicles.1 Asc functions as a single-electron reductant, producing
semidehydro-ascorbic acid as the immediate product during both DβM and PHM
turnover. Since neuroendocrine secretory vesicles of the adrenal medullae or other
endocrine glands do not transfer reduced Asc across the vesicle membrane, a
transmembrane hemoprotein, cytochrome b561 (Cyt b561), was proposed to shuttle
electrons from the cytosolic pool of Asc [1-3 mM] to regenerate intragranullar Asc from
semidehydro-ascorbate.2-4 Bovine adrenal chromaffin granule Cyt b561 has been purified
to homogeneity, cloned, sequenced, and shown to be a single polypeptide of 27,700
Da.5-8 The reduced protein shows a characteristic UV-vis spectrum with a Soret band at
427 nm, an asymmetric α-band at 561 nm and a broad β-band at 530 nm. Several other
cytochromes with similar functions have been identified from plants and various other
sources.9 In contrast to the early proposal that Cyt b561 contains one b type heme
recent studies suggest that two spectroscopically distinguishable heme centers

4, 5, 10

11-13

,

are

present in Cyt b561 of intact chromaffin granule membranes.
There is a growing interest in the study of metal-substituted enzymes to better
understand their biological roles and favorable chemical and spectroscopic properties.

2

By incorporating closed-shell metals into one of the heme pockets, metal-substituted
derivatives are expected to show fluorescence and phosphorescence and therefore
provide another approach to the study of the structure-function relationship in heme
proteins.
Wanduragala et al.14 have previously shown that the heme located in the
extravesicullar side of the Cyt b561, is pH labile and under mild alkaline conditions
transforms to a high spin altered form which is bleached by H2O2 and aerobic dithionite.
The pH alteration of Cyt b561 causes the conversion of low spin heme to a high spin
form suggesting that one of the axial ligands is replaced by a weak ligand such as
water. Thus, Zn (II) protoporphyrin IX (ZnP) heme reconstituted protein should
structurally resemble the pH altered protein and is a good model for the mechanistic
details of the transmembrane electron transfer reaction. In the present study, the labile
altered heme was replaced with ZnP. Since Zn (II) is a d10 metal, it does not undergo
redox reactions and ZnP “prefers” to stay in its long lived triplet excited state rather than
in its singlet excited state. In this triplet state, ZnP is a strong reductant and it can
transfer electrons to the second heme center in the oxidized state with rapid quenching
of the ZnP fluorescence.
The specific objectives of the research were to (i) reconstitute ZnP to the pH
labile heme center of Cyt b561; (ii) purify and characterize the reconstituted protein using
biochemical and biophysical techniques; and (iii) analyze the results with respect to the
physiological function, especially the electron transfer from the cytosolic heme to matrix
heme of the protein.
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CHAPTER II
BACKGROUND AND SIGNIFICANCE

2.1

Biochemical Role of Cytochrome b561
Asc plays an important role as a molecular antioxidant and cofactor to several

metabolic enzymes.15 Asc is widely distributed in neuroendocrine tissues and acts as a
stoichiometric reductant for DβM in storage vesicles adrenergic and noradrenergic
neurons, in chromaffin granules of the adrenal medulla, and PHM in posterior pituitary
neurosecretory vesicles.1 Many species including humans, higher primates and guinea
pigs are unable to synthesize Asc as they lack L-gulonolactone oxidase, the final
enzyme of the Asc biosynthetic pathway in mammals. Therefore, efficient mechanisms
for Asc absorption, transport and recycling are important in these species.15
Asc can exist in three oxidation states in a biological system: fully reduced Asc
(ascorbate), fully oxidized Asc (dehydroascorbate, A2-) and the intermediate oxidation
state (semidehydroascorbate, SDA, A ). In the DβM reaction, Asc acts as a single
electron donor producing SDA. Since neuroendocrine secretory vesicles of the adrenal
medullae and other endocrine glands do not transfer reduced Asc across the vesicle
membrane, a transmembrane hemoprotein, Cyt b561, was proposed to shuttle electrons
from the cytosolic pool of Asc [1-3 mM] to regenerate intragranullar Asc [22 mM] from
SDA.2, 5, 16 Therefore, Cyt b561 acts as a redox mediator between the extravesicullar and
intravesicullar Asc pools and its activity is crucial for the overall function of these
vesicles. Furthermore, intragranullar Asc prevents the auto-oxidation of catecholamines
present

at

high

concentrations

[500-600

4

mM]

within

the

granule.2

2.2

Adrenal Chromaffin Granule
The molecular details of catecholamine metabolism have been extensively

studied using bovine chromaffin granules as a model. As Cyt b561 used in this project
was isolated from bovine chromaffin granules, it is beneficial to give a brief introduction
to the structure and molecular organization of the chromaffin granule.
Determination of the biochemical composition of bovine chromaffin granules has
achieved considerable progress in the past.17

This is known to be the best

characterized biogenic amine storage vesicle and may be used to determine
fundamental mechanisms/processes of similar vesicles from other sources.
A schematic diagram, which shows the salient features of the chromaffin granule,
is shown in Figure 1. Tyrosine, an amino acid, is converted to 3, 4-dihydroxy-Lphenylalanine (L-DOPA) in the presence of cytosolic tyrosine hydroxylase after it is
taken up by the chromaffin cell via an amino acid transporter. L-DOPA is converted to
DA by aromatic amino acid decarboxylase (AADC) and then transported into the
granule by the vesicular monoamine transporter (VMAT). The conversion of dopamine
(DA) to norepinephrine (NE), catalyzed by DβM, takes place inside the granule with the
concomitant oxidation of Asc to SDA. It has been shown that Cyt b561 shuttles reducing
equivalents into the granule by oxidizing Asc in the cytosolic pool. The pH gradient
generated by ATPase is the thermodynamic driving force for the process. Finally, the
enzymatic action of semidehydroascorbate reductase (SDR) in the outer mitochondrial
membrane, which utilizes NADH, regenerates the Asc from SDA completing the redox
cycle.18 Some of the constituents of the chromaffin granule are discussed later in more
detail.
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Figure 1: Schematic Diagram of Catecholamine Storage Vesicle.19
VMAT- vesicular monoamine transporter; m-DβM - Membrane bound DβM; s-DβM –
Soluble DβM
Each chromaffin cell contains 10,000-30,000 chromaffin granules. The granules
are spherical, organelles with an average diameter of about 280 nm. Granules have a
very high membrane surface area of approximately 7400 μm2 compared to cell surface
area of 800 μm.2, 20
2.2.1 Soluble Content
Lysate consists of 80% of the total protein in the granule. Chromogranin A (about
40%), sDβM (4-6%), met-leu-enkaphaline, catecholamines and Asc are the main
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constituents found in the granule. 80% of catecholamines in the granule are in the
soluble form.2, 21
2.2.2 Membrane Components
Membrane proteins are integrated in the lipid bilayer and play a key role in cell
viability and cell metabolism. They function as transporters and signal transmitters
between intra- and extra-cellular compartments. Only a limited number of integral
proteins have been crystallized and analyzed so far by X-ray crystallography because of
their high hydropohobicity.22
Similar to all membranes, the chromaffin granule membrane has a bimolecular
leaflet with fluid mosaic structure.23 It has been estimated that ~45% of the membrane
mass is protein of, which 20% is mDβM, 12% is Cyt b561, 1.4% is ATPase and 2-4% is
actin.24
The membrane of the chromaffin granule maintains one of the lowest protein-lipid
ratios found within mammalian membranes, and an extremely high percentage of the
lipid content (10-20%) is phosphatidylethanolamine.25
2.2.2.1 H+-ATPase
The H+ translocating ATPase in the granule membrane is responsible for the
inwardly directed translocation of H+ and the establishment of a large transmembrane
H+ electrochemical gradient. The intragranullar pH of 5.5 is maintained within the
chromaffin granule as opposed to the physiological pH of 7.2 in the cytosol. Large ratios
between catecholamine concentration within the granule and cytoplasm are achieved by
chemiosmotic coupling between H+-ATPase and a monoamine transporter.25, 26
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2.2.2.2 Monoamine Transporter
The first description of ATP-dependent catecholamine uptake by chromaffin
granules was proposed by Kirshner.27 Monoamine accumulation from the cytoplasm into
storage organelles is mediated by VMAT in all monoaminergic cells. Evidence from
numerous experiments suggests that both electrochemical and pH gradients, generated
by a transmembrane proton translocating ATPase, are essential for the intragranullar
accumulation of monoamines.19 There are two isoforms of VMAT (VMAT-1 and VMAT2) that are differently expressed in monoaminergic cells. VMAT-2 is the monoamine
transporter in neurons whereas VMAT-1 is exclusively expressed in neuroendocrine
cells.

Somewhat surprisingly, the neuronal VMAT-2 isoform has been abundantly

expressed in chromaffin granules of the adrenal medulla and is the major membrane
transporter in chromaffin granules. VMAT-2 exhibits a three-fold affinity towards
monoamines compared to VMAT-1.28
VMAT is an acidic integral glycoprotein with an apparent mass of 70 kDa.
According to cDNA analysis, this transporter contains 515 amino acids and 12 putative
transmembrane domains.29 Despite the pharmacological importance of VMAT, the
regulatory mechanism of these transporters is still poorly understood. Recent work has
demonstrated a possible regulation through intrinsic activity. For example, VMAT-2 is
thought to be regulated by constitutive phosphorylation. The overall structural
information is still elusive due to the fact that it is a very hydrophobic intrinsic protein.30
The electrochemical gradient generated by hydrolysis of ATP by the ATPase
proton pump is utilized by VMAT to accumulate its substrate inside the catecholamine
storage vesicles. ATP dependent monoamine uptake is inhibited by proton ionophores
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which disrupt the proton gradient. Reserpine and ketanserin are slightly more potent
inhibitors for VMAT-2 than VMAT-1 whereas tetrabenazine is a specific inhibitor for
VMAT-2. Additionally, amphetamine and MPP+(1-methyl-4-phenylpyridinium ion) are
more potent inhibitors of VMAT-2 than of VMAT-1 whereas fenfluramine is more potent
inhibitor for VMAT-1.28
2.2.2.3 Dopamine-β-Monooxygenase (DβM)
DβM catalyzes the conversion of DA to NE within the neurosecretory vesicles of
the adrenal medullae. DβM is known to exist in two forms: soluble (sDβM) and
membrane bound (mDβM). The two forms have been shown to be similar in their
immunoreactivity, carbohydrate content, mobilities on denaturing gels and binding
affinities of various substrates. They are dissimilar in subunit structures and
hydrophilicity mainly due to the difference in the polypeptide chains and the
carbohydrate composition.31
2.2.2.3.1 Structure
DβM is a copper containing glycoprotein with an apparent molecular weight of
300 kDa. It consists of four subunits which are arranged in pairs of dimers linked via
disulfide bonds. It has been reported that mDβM consists of two subunits (70 kDa and
75 kDa) and this structural complexity is also observed within the soluble form. Although
the purified sDβM runs as a single band on SDS-PAGE under nondenaturing conditions
it shows three distinct bands (75 kDa, 72 kDa and 69 kDa) indicating that sDβM may
contain multiple subunits. In addition, the hydrophilicity of the two forms also differs. It
has been reported that mDβM is amphiphilic in nature whereas sDβM shows hydrophilic
behavior. However the mechanism of biosynthesis of the two forms of DβM has been
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controversial. Two possibilities may be considered: either sDβM is a proteolytic
cleavage product of mDβM or sDβM and mDβM are synthesized from two independent
mRNAs.31
2.2.2.3.2 Catalytic Mechanism
OH
2 SDA

2 Asc
DβM
NH2

HO
OH

2e
+

H2O

O2+2H

NH2

HO
OH

Dopamine

Norepinephrine

Scheme 2: Conversion of Dopamine to Norepinephrine

DA to NE conversion reaction (Scheme 1) consumes one mole of oxygen, two
moles of protons, and two moles of electrons producing one mole of water and
incorporating one atom of oxygen into each NE. Although it was originally believed that
Asc acted as a two electron donor in the DβM reaction producing fully oxidized Asc,32
later it was shown that in this process two Asc molecules inside the granule undergo
one-electron oxidation producing 2 moles of SDA.33,

34

Neither fully reduced Asc nor

SDA can penetrate the granule membrane and intragranullar Asc is regenerated from
SDA transferring electrons across the membrane from cytoplasmic Asc through Cyt b561.
25, 35

2.3

Structure and Function of Cytochrome b561
During the past forty years, evidence has accumulated on the presence of a

specific high-potential, ascorbate-reducible b-type cytochrome in the chromaffin granule
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membrane. This cytochrome is named Cyt b561 according to the wavelength maximum
of its α band in the reduced form. Cyt b561 is the only hemeprotein found in the
chromaffin granule membrane.10 In addition to that there are two more redox centers
identified in the chromaffin granule to date: DβM and NADH-acceptor oxidoreductase.36
The role of the latter enzyme is unknown

37

and is most likely a contaminant.2 In

chromaffin granules, the concentration of Cyt b561 has been reported to be as high as
7.4 nmol/mg membrane protein, equivalent to 15-20% of the total membrane protein.6
Known structural and functional information of Cyt b561 is presented in the following
discussion for a better understanding of this protein.
Cyt b561 is co-localized with DβM or PHM in granule membranes. According to
the immunological studies, Cyt b561 is found in a variety of neuronal and endocrine
tissues

38

, including hypothalamus, pituitary

39

, blood vessels, erythrocytes
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and retina

.40 Spectral studies have identified Cyt b561 in synaptic vesicles (containing DβM) from
bovine splenic nerve

41

and rat vas deferens

42

, and in secretory vesicles (containing

PHM) of the angler fish Islets of Langerhans.43 In addition to mammalian tissues, similar
proteins have also been identified in plant tissues 44 and in planarian tissues. 45 To date,
five mammalian Cyt b561 family members have been reported, among them three are
evolutionarily linked.46 They are chromaffin granule Cyt b561, duodenal brush border cell
plasma membrane Cyt b561 and lysosomal membrane Cyt b561. In addition to the
electron translocation activity of chromaffin granule Cyt b561, it shows ferric-reductase
activity. This function has been confirmed by expressing Cyt b561 in yeast and Xenopus
(Frog species) oocytes.15
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2.3.1 Structure of Cytochrome b561
Cyt b561 is the major membrane protein component previously characterized as
chromomembrin B.38 This is a single polypeptide transmembrane protein with an
apparent molecular weight of ~ 28 kDa. Bovine 5, mouse 7, and human b561 8 have been
cloned and sequenced. The amino acid sequence of Cyt b561 is not significantly
homologous to other membranous cytochromes.5 An unusually high midpoint redox
potential

41

and an asymmetric α-band at 561 nm in its reduced UV-visible absorption

spectra are the key characteristics of Cyt b561.
Perin et al.5 have determined the amino acid sequence of Cyt b561. The structure
predicted by the sequence suggested that this protein has 273 amino acids and is
extremely hydrophobic. Hydropathy plots have indicated the presence of six membrane
spans with high average hydrophobicity, separated by a hydrophilic sequence with
clusters of positive charges. These positive charges are mainly located in the
cytoplasmic side and are proposed to be responsible for the interaction with Asc.
According to the proposed structural model, all membrane spans are α-helical and both
C and N terminals are predicted to be on the cytoplasmic side (Figure 2).
Even though the C terminal domain i.e. (KRPLQAEEQALSMDF) can be
specifically removed by protease treatment of intact secretory vesicles, the N terminus
(SMEGPASP ARAPGALPY) of the cytochrome is blocked regardless of the purification
method used, suggesting a possible post translational modification.12 Based on this
information, it was believed that the N terminal amino acid segment with the sequence
is not available for protease cleavage or fatty acid acylated or buried in the membrane.12
Nakamura et al. 47 have recently reported that the N terminal peptide is acetylated at the

12

amino terminal Met residue by using Matrix-assisted laser desorption and ionization
time-of-flight mass spectrometry (MALDI-TOF-MS).
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Figure 2: Six Helix Model Proposed for Bovine Cyt b561 by Perin et al.5

In contrast to the initial model of Perin et al.5 a second model (Figure 3) with five
membrane spans was proposed by Srivastava et al.48 This model was proposed using
human brain Cyt b561 cDNA data to clarify the unavailability of N terminus of this protein
for antibodies and proteases.12, 48 The topological studies and cDNA data suggested the
availability of five trans-membrane segments in this model. The cDNA data further
showed that the apocytochrome b561 is 22 amino acids shorter than that previously
proposed

5

for bovine Cyt b561. The amino acid segment between the helix one and two

of the previous model contained fewer hydrophilic amino acids which may cause an
asymmetric orientation of the helices.5 This model was also proposed for mouse Cyt
b5617 and suggested that the five helix model fits best for all three species. These
13

authors suggested that the fit of bovine Cyt b561 to a six membrane span model was a
special case. Considering all the experimental data on heme content, topological
accessibility and the predicted criteria on hydrophobic transmembrane segments, the
six helix model is more plausible.49

Figure 3: Five Helix Model Proposed for Human Cyt b561 by Srivastava et al.48

Cyt b561 is one of the more basic proteins in the membranes with an experimentally
proposed isoelectric point of 6.2 using 2-D gel electrophoresis.10 Wakefield et al.50
isolated this protein by using chromatofocusing but the protein eluted at least 0.8 pH
units above the reported value. This anomalous behavior may be due to the different
experimental conditions.
The molecular weight of Cyt b561 has been reported to vary from 20,500 to 30,000 based
on SDS-PAGE, a technique known to be unreliable for membrane proteins.6,

14

51

Even

though Cyt b561 oligomers of apparent MW of 44,000, 66,000 and 88,000 have been
detected in 2D gels suggesting the probable monomer MW of 22,000, the 27,000 MW
was assumed as the major MW of this protein based on SDS-PAGE.6 Flatmark and
Gronberg

52

reported that Cyt b561 has a marked tendency to aggregate in the absence

of detergents and in the presence of ionic detergents the prosthetic heme dissociates
completely.41 Hydrodynamic properties of Cyt b561 were evaluated using Triton X-100.
Based on these studies, a MW of 53,300 was estimated for the hydrated proteindetergent complex, supporting a model in which one monomer of Cyt b561 is bound to
45 – 50 molecules based on the molecular weight of 20,500 of the detergent in a mixed
micelle.52 However later studies including the cDNA data, estimated an apparent
molecular weight of this protein as ~28 kDa.8, 53
2.3.1.1 Heme Prosthetic Group
In 1925, the term “cytochrome” was first described by Keilin.54 According to his
description these are a group of intracellular heme containing proteins (Hemoproteins or
Hemeproteins) that undergo oxido-reduction reactions exhibiting intense absorption
bands between 510-615 nm in the reduced state.54 Depending on the nature of the
heme and its mode of binding to the protein, cytochromes are mainly grouped as a, b,
and c (Figure 4).
Hemes a and b are not covalently bound to the protein but held through axial
ligands. Cytochromes with c-type heme are covalently bound to the protein via the
vinyllic side chains of the heme.55
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Oxidized and reduced heme centers of cytochromes are referred to as ferriheme
and ferroheme respectively. Hemochrome refers to the low spin heme in which both
axial positions are occupied by strong field ligands (eg: Pyridine). The prosthetic group
in Cyt b561 heme belongs to the b class as deduced by pyridine hemochrome which
gives the characteristic α-band at 557 nm similar to that of hemoglobin.13, 56
Initial studies suggested that the axial ligands that coordinate with heme of Cyt
b561 are an imidazole and a methionine.5 However, subsequent studies have
unequivocally confirmed that both ligands are histidines.52 Rapid reduction or oxidation
of Cyt b561 in granule ghosts by external electron donors/acceptors (but reduced slowly
by internal donors) suggests that the heme is very close to the extravesicullar side.52, 57,
58

.
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Figure 5: Three Heme Model Proposed by Kamensky et al.66

The heme stoichiometry of the purified Cyt. b561 has been a controversial issue
over the last two decades. Although early studies suggested that Cyt b561 possesses
one heme4,

5, 10, 12, 52, 59

, recent studies suggest that there are two heme prosthetic

groups with distinct reduction potentials.13, 47, 49, 60-63 The EPR data of oxidized Cyt b561
with different midpoint potentials (170 and 70mV) and heme content analysis have been
used as evidence for the two heme stoichiometry.13 Tsubaki et al.13 have proposed that
one of the hemes (extravesicullar side) could be coordinated with either His88(helix 3)His161 (helix5) or His92 (helix 3)- His

161

(helix 5) and the second heme (intravesicullar
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side) could be coordinated with His54(helix2)-His122(end of helix 4) in Cyt b561. In very
recent studies, it has been revealed that the extravesicullar side of heme is coordinated
with His88(helix 3)-His161 but not with His92 (helix 3)- His

161

(helix 5).64 However, the

second structural model with five α helices spanning the membrane was inconsistent
with the two heme model since this model simply cannot accommodate more than one
heme per polypeptide as reported. Liu et al.65 have reported that in addition to pairs of
axial His residues, additional amino residues may contribute to the heme centers. They
monitored this by replacing His92 and His110 with different amino acids. As the
changes in lineshape of the optical absorbance spectra they concluded that His92 can
be considered as part of the extravesicullar heme center and His110 as part of the
intravesicullar heme center.
Palmer and Kamensky

66

have recently proposed a structural model for Cyt b561

with two polypeptide chains and 3 heme centers. In this model, each monomer
contained one heme, while the third heme was crosslinked via imidazoles of amino acid
sidechains of the monomers in an intermolecular fashion (Figure 5). However, the most
widely accepted model of Cyt b561 is the two heme model originally proposed by
Tsubaki et al.13 Figure 6 illustrates a variation of this model recently proposed by
Nakanishi et al.49
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Figure 6: The Recently Proposed Transmembrane Structural Model of Cyt b561 by
Nakanishi et al.49: His54 and His122 are the heme axial ligands on the intravesicullar
side, whereas His88 and His161 are the heme axial ligands on the cytosolyic side. The
heme b on the cytosolic side accepts electrons from Asc; the heme b on the
intravesicullar side may donate electrons to SDA to reproduce Asc.
2.3.1.2 Ascorbate/ Semidehydroascorbate Binding Domains
Cyt b561 has long been known to play a role in the neuroendocrine-specific
transmembrane electron transfer from extravesicullar Asc to intravesicullar SDA to
regenerate Asc. The reaction between Asc and Cyt b561 is believed to proceed through
a concerted proton/electron transfer mechanism. It is believed that Cyt b561 should have
two specific sites, one located on the extravesicullar side for Asc binding and the other
on the intravesicullar side for SDA binding.
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Multiple alignment sequence of Cyt b561

from widely distinct spectra showed that there are two fully conserved segments. There
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are two fully conserved regions in Cyt b561 sequences; the one on the cytoplasmic side
of the vesicle (69ALLVYRVFR77) is believed to bind Asc, while the other on the interior
side (120SLHSW124) is responsible for SDA binding.13 Kobayashi et al.67 have evaluated
the electron transfer process of each individual heme center by pulse radiolysis and
reported that the hemes of Cyt b561 are located at close proximity to the Asc and SDA
radical binding sites. They observed that only half of Cyt b561 oxidized in the presence of
excess SDA, and after pretreating the Cyt b561 under mild alkaline conditions, the SDA
radical could not oxidize the Cyt b561. From these observations they concluded that the
heme centers of Cyt b561 have very distinct roles within the membrane structural model
proposed for diheme Cyt b561. Clusters of arginine and lysine (cationic amino acids)
present on either side of the membrane may play a significant role in the binding of both
Asc and SDA and facilitating the electron transfer across the membrane.4
Wakefield et al.36 studies have proposed that DβM and Cyt b561 are functionally
coupled to the mitochondrial SDR (Asc regeneration reaction in the cytoplasm of the
chromaffin cell which utilizes NADH as the reductant.) via Asc. They reported that DβM
activity inside the granule oxidizes the Cyt b561 only in the presence of Asc and this
action could be reversed by SDR. Harnadek et al.68 confirmed this evidence by
performing an experiment in the presence and absence of H2O2 with chromaffin granule
ghost loaded with horseradish peroxidase. In addition, Scarpa and co-workers
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further

showed that the electron transfer mechanism from the cytosolic Asc to the intragranullar
SDA is bioenergetically favorable. The transfer of the electrons across the membrane
(cytosolic Asc to the intragranullar SDA) should be driven by both the membrane
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potential (Δψ~60 mV inside positive) and the pH gradient generated by H+/ATPase
(ΔpH~1.5 units inside acidic).70
2.3.2

Redox Chemistry of Ascorbate
Cyt b561 is rapidly oxidized and reduced by external electron acceptors and

donors. Since the Km of Cyt b561 for Asc is 340 μM
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, if the intragranullar Asc

concentration is greater than 10 mM, the Cyt b561 will always be in the reduced state.
Nakanishi et al.49 have recently proposed a histidine cycle mechanism for the
concerted proton/electron transfer from Asc to Cyt b561 by modifying the original
mechanism suggested by Njus et al.3 The new mechanism was proposed based on
observations obtained from diethylpyrocarbonate (DEPC) modified Cyt b561. DEPC is a
well known His-specific reagent. In the presence of DEPC, the electron accepting ability
of Cyt b561 from Asc was selectively inhibited, but electron donating activity from
reduced heme to SDA was retained.72 The major DEPC modification sites were
determined by MALDI-TOF analyses and revealed His88, His161 and Lys85 as the
major modification sites.67 The fact that the electron-accepting ability was unaffected
when DEPC modification was carried out in the presence of Asc further confirmed the
presence of Asc binding site of Cyt. b561 located on the cytosolic side.73 As DEPC
attacks the deprotonated N atom of an imidazole group, Nakanishi et al.49 postulated
that the non-coordinated N atom in the imidazole group of the cytosolic heme center is
responsible in electron transfer reaction. The mechanism proposed by Njus et al.3 was
similar to this mechanism but was instead proposed for the one heme model. According
to the new model proposed, after releasing the product (SDA), the electron at the
cytosolic heme center is transferred into the second heme on the intravesicullar side
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and the proton on the axial imidazole group is transferred to the outer surface of Cyt
b561 molecule via an unknown relay system.
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Figure 7: Histidine Cycle Mechanism for the Concerted Proton/Electron Transfer
Reaction from Asc to Heme Center of Cyt b56149
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2.3.3 EPR Studies on Cytochrome b561
Low temperature EPR studies of Burbaev et al.74 revealed the presence of three
different forms of heme in Cyt b561. Two typical low spin species were observed at gz ~
3; a high potential component at gz = 3.14 and a low potential component at gz = 3.11.
The third heme component at gz = 3.7 was found to be highly temperature sensitive and
was fully retained upon 50% reduction of the Cyt b561 but disappeared upon 100%
reduction. According to the EPR data, Burbaev et al.74 concluded the presence of
multiple forms of redox-active heme centers in Cyt b561.
Based on heme quantification by pyridine hemochrome assay and EPR studies,
Tsubaki et al.13 reported that purified Cyt b561 contained two hemes per molecule of
protein. They also suggested that the heme at gz = 3.70 has a lower redox potential and
acts as a favorable electron acceptor and should be located in the extravesicullar side
and the higher redox potential signals (gz = 3.14 and gz = 2.84) should be in the
intravesicullar side of the granule.
The three heme model proposed by Kamensky and Palmer
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reported that a

third highly axial low spin (HALS type) at g = 3.62, which is only reducible by dithionite,
in addition to the low potential heme at gz = 3.7 and the high potential heme at g ~3
previously reported were also present in Cyt b561. The pronounced asymmetry of the αband of Cyt b561 reported by Apps et al.6 was also observed by these authors in their
low temperature (77 K) UV-vis studies. It is interesting to note that all three heme
centers have the α-band clearly split into two in their low temperature absorption spectra
and the overlap of these split peaks (or shoulders) may contribute to the overall
asymmetry of the α-band. Even though spectroscopic evidence was presented for the
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existence of a third heme, it is hard to envisage a role for such a heme in the proposed
models.
Recently, Wanduragala et al.14 raised questions about the authenticity of the gz =
3.7 signal of Cyt b561 but the two heme model and EPR signals at the low potential
heme gz = 3.7 and high potential heme gz = 3.1 are widely accepted.61
2.3.4 Circular Dichroism (CD) Studies of Cytochrome b561
Circular dichroism (CD) is a technique that is sensitive to the long range
interactions between two or more chromophores. This technique has been extensively
used to understand the reaction mechanisms and structural changes related to
substrate binding and to deduce the proximity of these chromophores to each other in
multi heme proteins. In addition to that, this technique has been used to deduce the
number of chromophores present in a protein based on the exciton coupling theory.75
The mechanism of dipole coupling between the electronic transitions of different hemes
is called exciton coupling, which produces bisignate CD spectra having a cross over
point similar to the λmax of its absorption spectra. It has been known that CD in the far
ultraviolet region (178-260 nm) arises from the amides of the protein backbone and is
sensitive to the conformation of the protein and CD bands in the near ultraviolet (350260 nm) and visible regions arise from aromatic and prosthetic groups. Therefore, CD
spectra are a valuable tool in the structure-activity analysis of heme proteins.76
Bisignated Cotton effect with zero crossovers at absorbance maxima in the
oxidized and reduced CD spectra are characteristic of exciton coupling between two
heme centers of a protein and usually the intensity of the reduced spectra is larger than
that of the oxidized form. Most of the membrane bound b type cytochromes contain two
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hemes [a high potential heme (bh) and the low potential heme (bl)] per protein molecule
and these hemes are usually held by two axially coordinated histidines of the protein.77
Palmer and Degli Eposti

78

have used the “exciton coupling theory” to interpret the CD

spectra of a membrane bis-heme, cytochrome b of the mitochondrial bc1 complex and
concluded that the two hemes undergo a relative angular displacement upon reduction
causing an increase in the rotational strength of the CD. Furthermore, Degli Eposti et
al.77 have carried out several spectral manipulations to describe the CD spectral
contributions from each heme center of yeast cytochrome b and concluded that the
contribution from the dipole coupling between the heme and the aromatic residues are
more important than the exciton coupling between the hemes towards the CD spectrum
of the oxidized heme. However, the large increase in the intensity of the Soret CD of
the reduced cytochrome b was attributed to the heme-heme exciton coupling.
The two heme model for Cyt b561 was first proposed by Degli Eposti et al.79
based on CD studies of the granule membranes. According to their results, the intensity
of the positive and the negative lobes of the CD spectrum increased by ~ 1/3 though the
dipole moment decreased upon reduction which is unusual for a single-heme protein.
However, the zero cross over points of the bisignate Soret Cotton effect in the reduced
and the oxidized spectra does not correspond to the respective absorbance maximum.77
Wanduragala
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reported that the isolated chromaffin granule Cyt b561 has zero cross

over points at 413.5 and 424.5 nm for oxidized and reduced forms of Cyt b561,
respectively, in agreement with the previously reported CD spectra of intact membranes
of higher plants81. In addition, the CD spectra of his pH alteration studies of oxidized
protein (discussed later in detail- 2.3.6) showed very low intensity in the 380-450 region
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which explains the loss of interaction between the two hemes present in this protein.
The unaffected far UV region in his results further explains that the protein is in its
native state.
2.3.5 Mild Alkaline Treatment of Cytochrome b561
Okuyama et al.82 showed that incubating the purified, oxidized Cyt b561 at pH 8.4
(mild alkaline conditions) altered the characteristic spectral patterns and the electron
accepting ability of Asc. The EPR spectra of the oxidized form in which the gz= 3.14
species was converted to the gz = 2.84 species upon elevation of pH.13 Based on these
observations, Okuyama et al.82 proposed the existence of two types of heme centers in
Cyt b561, where one is labile upon mild alkaline treatment and other is not. Kobayashi et
al.67 examined the oxidation and reduction reactions of the mild alkaline treated Cyt b561
(pH 8.0) and concluded that the heme center responsible for the donation of electrons
to the SDA radical is selectively modified upon alkaline treatment of the oxidized Cyt
b561.
Wanduragala et al.14 further investigated the nature of the heme centers by using
mild alkaline conditions. According to their observations, the low spin heme in oxidized
form transformed to an altered high spin form and slowly to Asc nonreducible form after
incubation under mild alkaline conditions. Those changes are associated with a time
dependent shift of the spectral bands of oxidized Cyt b561 from 415 nm to 410 nm and
the appearance of weak band at 610 nm corresponding to the high spin heme. They
showed that increase in the intensity of the 610 nm band could be fit to a first order
process and therefore is a well-behaved unimolecular process. In addition, these
authors showed that more than half of the Asc nonreducible altered Cyt b561 could be
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converted back to the native Cyt b561 by pH adjustment followed by dithionite reduction
demonstrating that most of the Asc nonreducible protein was not irreversibly denatured.
They have used these observations to argue against the two heme model and heme
hypothesis proposed by Okyama et al.82
2.3.6 Zn substitution in Heme proteins
It is well known that non correlating bound heme centers in most heme
containing cytochromes can be replaced by ZnP (Figure 8).83 This concept of ZnP has
been used to monitor the lead toxicity in the medical field. In the presence of high levels
of lead, the production of heme is depleted in blood. After supplementing with ZnP, one
can monitor the red blood cells in such way that it is possible to detect the total heme
content in a patient's blood sample.84 As previously reported, replacement of Fe(II) by
Zn(II) does not perturb the conformation of many 5- coordinated hemoproteins, and the
triplet-excited state of ZnP is long lived and suitable for various kinetic studies.83, 85 In
addition, the fluorescence and phosphorescence quantum yield of the ZnP in certain
models (eg: hemoglobins) is high and therefore, emission is easily detectable.86 It is
reported that replacement of the iron center with Zn(II) alters the protein folding
landscape

of

Cytochrome

c.

Neither

the

protein

structure

nor

the

folding

thermodynamics are perturbed by either of these metal ion substitutions, as shown by
spectroscopic and structural probes.83, 85 Zn(II) is normally five-coordinate. As a result,
there is little or no barrier to ligand binding in unfolded Zn-substituted Cytochrome c, in
which the folding rate is much higher than that of Fe(III) –cyt c.87 Recently, Qian et al.88
reported that Zn-substituted Cytochrome c is hexa-coordinated and not pentacoordinated by using 1H NMR and NOE.
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2.3.6.1 Zn (II) Protoporphyrin IX
In terms of size and charge, Zn(II) resembles Fe(II). Unlike d6 Fe(II), Zn(II) is a
d10 metal and consequently has no empty d orbital for redox reactions. ZnP are closedshell metalloporphyrins that have four additional antibonding σ* electrons in dz2 and dx22

y

orbitals, not present in low-spin Fe(II) porphyrins. The strong influence of the

antibonding electrons of Zn are offset by its much stronger Lewis acid properties in
comparison to Fe(II).89

N

N

Zn
N

N

OH

O
O

OH

Figure 8: Zn (II) Protoporphyrin (IX)

Figure 9 illustrates the absorbance, fluorescence and phosphorescence spectra
of ZnP. The free ZnP has its maximum absorption at 419 nm and its β and α bands are
at 546 nm and 583 nm respectively and maximum emission at 590 nm and 640 nm.90
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Figure 9: Absorption, Fluorescence and Phosphorescence Spectra of ZnP 91

Soret (nm)

β (nm)

α (nm)

Zn-myoglobin

428

553

595

Zn-cytochrome c

423

549

584

ZnP450

449

568

602

Table 1: Absorption Maxima at 298 K of Various Zn-Substituted Hemoproteins.83, 89

The ZnP in heme pockets of various proteins show different absorption maxima
either blue or red shifted depending on the nature of the heme environment as shown in
Table 1.89
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2.3.6.2 Electron Transfer in Metal Substituted Hemoproteins
The heme photo-excited states rapidly decay by thermal dissipation. It is well
known that iron not only quenches the porphyrin fluorescence but also makes the heme
a powerful quencher of fluorescence of Trp and Tyr residues in hemoglobin and
myoglobin.90
The excited state electron transfer between two closely located redox centers is
possible (Figure 10). The lifetimes of photoexcited heme states are strongly affected by
substitution of the heme with other metalloporphyrins such as ZnP. This not only
enhances the fluorescence of the porphyrin but favors the transition of its singlet excited
state to a long-lived triplet state. These triplet excited states are good reductants, if the
protein contains a suitable redox cofactor in the oxidized state. If this center does not
exist or is not capable of accepting electrons (eg: reduced), decay of the triplet excited
state occurs via phosphorescence, thermal dissipation, delayed fluorescence, and
quenching by solvent components (eg: O2).90, 92
Nitric reductase, a recombinant enzyme expressed in Pseudomonas putida
contains the c-heme and weakly bound d1 heme. Bellelli et al.92 have reconstituted ZnP
with this weakly bound d1 heme and monitored the electron transfer process by stop
flow analysis. The heme center in this enzyme can be oxidized and reduced after the
ZnP reconstitution. The observed fluorescence emission was 70% quenched in the
oxidized enzyme, as compared to the reduced heme.
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Figure 10: Energy- Level Diagram of Zn-Substituted, Two Redox-Site Hemoproteins90.
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CHAPTER III
EXPERIMENTAL METHODS
3.1

Materials
Asc, K3Fe(CN)6, sodium dithionite and Zinc(II) protoporphyrin IX were obtained

from Aldrich. Tween-20 and trypsin (Bovine pancreas) were purchased from Sigma.
Dithiothreitol was from Boehringer-Mannheim. SDS-PAGE reagents and DC (detergent
compatible) protein assay kit were from Bio-Rad, n-octyl β-D-glucopyranoside was from
Calbiochem. BCA protein assay kit was from Pierce chemicals. Microcon YM-30 ultrafiltration devices were from Millipore Co, USA. All other chemicals were of the highest
purity obtainable.
3.2

General Methods
All UV-visible spectrophotometric measurements were carried out on a Varian

300 Bio double beam UV-visible spectrophotometer equipped with a temperatureregulated multi-cell compartment at 25°C using 1.00 cm quartz cuvettes. All
chromatographic protein separations were carried out on a FPLC system (PharmaciaLKB) equipped with a diode array detector at 4°C. The purities of the proteins were
estimated by SDS-gel electrophoresis. CD spectra were recorded using a JASCO J-810
spectropolarimeter fitted with a temperature controller. All fluorescence steady-state and
timed-resolved studies were carried out using Fluorolog Jobin Yvon -Spex florometer.
3.3

Chromaffin Granule Isolation
Chromaffin granules were prepared as previously described with minor

modifications.93 Bovine adrenal glands collected at a local slaughterhouse were stored
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on ice during collection and transportation to the laboratory. The glands were dissected
the same day and medullary tissue was collected in ice cold 0.3 M sucrose, 10 mM
HEPES buffer, pH 7.0. The tissues collected were diluted with the same buffer (1:5 w/v
tissue: buffer ratio) and homogenized at low speed with a Biospec biohomogenizer
[model M/33/1281-01]. The homogenate was placed in 250 mL centrifuge bottles and
centrifuged at 3,600 rpm (1200 x g) for 10 min at 4°C in a pre-cooled JA-16.25 rotor
(Beckman J2MC centrifuge). The supernatant was saved to be combined with the
supernatant from the next centrifugation. The pellet was resuspended in 100 mL of
buffer (0.3 M sucrose, 10 mM HEPES, pH 7.0) and homogenized with the
biohomogenizer and centrifuged as before. Supernatants were combined and
centrifuged again as before. The resulting supernatant was placed in 50 mL centrifuge
tubes and centrifuged at 17,000 rpm at 4°C for 30 min in a pre-cooled JA-17 rotor
[Beckman J2MC centrifuge]. The supernatants were discarded and the fat (if any)
sticking to the tube was removed with cotton swabs. The pellets were washed very
carefully by swirling with ~1-2 mL of 0.3 M sucrose, 10 mM HEPES buffer, pH 7.0 with a
gentle tap to remove the yellowish white fluffy upper layer. The washed pellets were
resuspended (special caution was taken not to include any red blood cells appearing as
a red dot at the bottom of the centrifuge tube) in 200-300 mL of the same buffer as
before and homogenized using a Potter-Elvehjem homogenizer and the centrifugation
step was repeated. The pellets were resuspended as before in a total volume of 85 mL
of 0.3 M sucrose, 10 mM HEPES buffer, pH 7.0 and homogenized using the PotterElvehjem homogenizer and the homogenate (15 mL x 6) was layered on top of 1.6 M
sucrose, 10 mM HEPES buffer, pH 7.0 (45 mL x 6) in ultracentrifuge tubes. These were
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then centrifuged at 27,500 rpm (58,700 x g) for 90 min at 4°C in a pre-cooled Sorvall A641 rotor [Beckman Optima LE-80 Ultracentrifuge]. The supernatant and membranous
material was removed under suction. The pink pellets obtained were washed with 3 x 1
mL of 1.6 M sucrose, 10 mM HEPES buffer, pH 7.0 to remove any remaining fat
(usually appearing as a yellowish layer on top of the pellets). The pellets were then
washed with 0.2 M Tris-phosphate, pH 7.0 to remove the sucrose and resuspended in
56 mL of 0.2 M Tris-phosphate buffer, pH 7.0 and homogenized using a PotterElvehjem homogenizer. Then the volume of the homogenate was measured and 1/7
volume of a solution of glycerol: 0.2 M Tris-phosphate buffer, pH 7.0 [3:7 (v/v)] was
added to the homogenate and allowed to lyse for 20 min at room temperature. The
chromaffin granules were transferred to a plastic bottle, frozen as a thin film using liquid
nitrogen, and stored at -70°C.
3.4

Purification and Characterization of Cytochrome b561

3.4.1 Purification of Cytochrome b561 from Chromaffin Granules
The lysed frozen granules were diluted in 50 mM KH2PO4, pH 7.0 (1:1 (v/v)), and
centrifuged at 17,000 rpm for 30 min at 4°C (Beckman J2MC centrifuge). The
supernatant was discarded and the pellet was rinsed with KH2PO4, pH 7.0 buffer. The
pellet was re-suspended in 50 mL (for 50 g wet medulla tissue) of 50 mM potassium
phosphate, pH 7.0 containing 2% (w/v) Tween-20 and 18% (w/v) Asc and stirred for 1 h
at 4°C in the dark, under nitrogen. Then the suspension was centrifuged at 50,000 rpm
for 1h in the Beckman Optima LE-80 ultracentifuge using pre-cooled 70.1 Ti rotor at
4oC. The Tween-20 washed pellets were re-suspended in 50 mL (for 75 g of wet
medulla tissue) of 25 mM diethanolamine.HCl, pH 9.3, containing 1% (w/v) n-octyl β-D34

glucopyranoside, and 0.5 mM dithiothreitol. The sample was stirred in the dark for 1 h at
4°C under nitrogen for complete solubilization and was centrifuged at 50,000 rpm for 1 h
at 4°C. The supernatant was loaded onto a Mono-Q column (Pharmacia-LKB HR 10/10;
pre-equilibrated with 25 mM diethanolamine⋅HCl, pH 9.3 containing 1% (w/v) n-octyl βD-glucopyranoside, 0.5 mM dithiothreitol) controlled by a Pharmacia FPLC system
equipped with a flow through cell assembly and a diode array UV-vis spectrophotometer
(Hewlett Packard) as the detector, at 4°C, with a flow rate of 2 mL/min. The column was
washed with the equilibration buffer at 2 mL/min until the A280 returned to baseline. The
Cyt b561 was eluted at a flow rate of 2 mL/min using a step gradient of NaCl (0 - 62.5
mM for 5 min, 62.5 - 150 mM for 100 min, and 150 mM to 500 mM for 10 min) in 25 mM
diethanolamine.HCl, pH 9.3, containing 1% n-octyl β-D-glucopyranoside, 0.5 mM
dithiothreitol. In a typical experiment most of the Cyt b561 elutes at 85-115 mM NaCl.
Fractions with high 427 nm absorbance were combined, concentrated, and
reconstituted into the storage buffer containing 20 mM potassium phosphate, pH 6.8,
20% (w/v) glycerol, 1% (w/v) n-octyl β-D-glucopyranoside, except when special storage
conditions were necessary for subsequent experiments.
3.4.2 Preparation of Oxidized Cytochrome b561
Purified Cyt b561 was oxidized with a slight excess of K3Fe(CN)6 in 100 mM
potassium phosphate buffer, pH 6.8, 20% (w/v) glycerol, 1% (w/v) n-octyl β-Dglucopyranoside. The excess K3Fe(CN)6 and K4Fe(CN)6 were removed by ultra-filtration
in an Amicon Cell using a YM-30 membrane. The concentrated, oxidized Cyt b561 was
stored at -70ºC in a storage buffer containing 20 mM potassium phosphate buffer, pH
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6.8, 20% (w/v) glycerol, 1% (w/v) n-octyl β-D-glucopyranoside for the following
experiments, unless otherwise stated.
3.4.3 UV-visible Spectral Characteristics of Oxidized and Reduced Cytochrome
b561
All spectra were recorded in 100 mM potassium phosphate buffer, pH 6.8, 20%
(w/v) glycerol, 1% (w/v) n-octyl β-D-glucopyranoside. The spectra were recorded
immediately after the reduction of the oxidized Cyt b561 with 2 mM Asc followed by 5 mM
dithionite. The concentration of Cyt b561 was determined by using an extinction
coefficient of 267.9 mM-1 cm-1 at 427 nm for the dithionite reduced protein.13
3.4.4 Purity and Molecular Weight Determination of Cytochrome b561
Purity of Cyt b561 was determined by SDS polyacrylamide gel electrophoresis
(general protocol given in Appendix B). Gel electrophoresis with different SDS
concentrations was carried out to estimate the molecular weight of the protein.
3.5

Structure-Function Studies of Zn-substituted Cytochrome b561

3.5.1 Alteration Studies of Cytochrome b561
Oxidized Cyt b561 in storage buffer was diluted in 100 mM potassium phosphate
buffer, pH 8.5, containing, 20% (w/v) glycerol, 1% (w/v) n-octyl β-D-glucopyranoside
and incubated at 25ºC. The spectra of the sample were recorded every 3 min for a
period of 60 min against an identical control except that Cyt b561 was substituted with
storage buffer.
3.5.2 Zn(II) Protoporphyrin IX Reconstitution into Cytochrome b561
Oxidized Cyt b561 (known concentration) was altered as described in Section
3.5.1 and then the altered protein was treated with ZnP (Protein: ZnP; 1:10) in 100 mM
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potassium phosphate buffer, pH 8.0, containing 20% (w/v) glycerol, 1% (w/v) n-octyl βD-glucopyranoside and incubated for 4-5 h. Immediately after the incubation 5 mM
dithionite was added. The sample was reconstituted with running buffer (50 mM
KH2PO4, 250 mM KCl, 1% (w/v) n-octyl β-D-glucopyranoside, pH 7.0) and concentrated
by ultra-filtration in an Amicon cell using a YM-30 membrane. The concentrated sample
was passed through a Superdex-200 gel filtration column (Pharmacia-LKB) preequilibrated with 50 mM potassium phosphate buffer 250 mM KCl, pH 7.0, containing
1% (w/v) n-octyl β-glucopyranoside controlled by a Pharmacia FPLC system. The
fractions were collected and combined according to UV-vis spectra, then concentrated,
reconstituted in 20 mM potassium phosphate buffer, pH 6.8, 20% (w/v) glycerol, 1%
(w/v) n-octyl β-D-glucopyranoside and stored at -70oC.
3.5.2.1 Fluorescence Studies of Native and Zn substituted Cytochrome b561
The fluorescence emission spectra of a 100 μL sample of diluted oxidized Cyt
b561, and sample with the same concentration of Zn substituted Cyt b561 and free ZnP
were recorded. (Excitation wavelength was set at 418 nm and emission scans were
recorded from 405 to 750 nm).
The fluorescence lifetime decays of Zn substituted Cyt b561, concentration
matched authentic ZnP, a mixture of oxidized b561 and ZnP (same concentrations) were
recorded. The data were generated by using time-correlated single photon counting
(TCSPC) measurements (Excitation wavelength was set at 418 nm, emission wave
length was set at 590 nm and time equivalence for the channel was 0.01224 ns). The
experimental data were collected by Drs. Yuri Illetchev and Swetlana Illetchev.
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3.5.2.2 Heme Content Analysis of Native and Zn-substituted Cytochrome b561
Heme content of purified Cyt b561 and Zn-reconstituted Cyt b561 was determined
by the pyridine hemochromogen method of Berry et al.56 without any modification.
Protein concentrations were determined by a modified Lowry procedure94 using the BioRad detergent compatible protein assay using bovine serum albumin as a standard. For
comparison purposes, the heme content of myoglobin was also determined in parallel
with Cyt b561.
3.5.2.3 Trypsin and Guanidine Hydrochloride Digestion of Zn Substituted
Cytochrome b561
A Stock solution of trypsin (0.42 μM) was prepared using 20 mM Tris, pH 7.9. An
appropriate amount of trypsin was added to known aliquots of Zn-substituted protein
(1:50; trypsin: Zn-substituted Cyt b561) and the emission spectra were monitored with
time.
A stock solution of 8 M Guanidine hydrochloride (GdnHCl) was prepared and
introduced different concentrations (0.5 M-6.0 M) were mixed with Zn-reconstituted b561.
The emission spectra of Zn-reconstituted b561 were also monitored in the presence of
0.5 M- 6.0 M GdnHCl as a function of time.
3.5.2.4 CD Studies of Native and Zn substituted Cytochrome b561
Oxidized Cyt b561, Asc followed by dithionite reduced Cyt b561 and Znreconstituted b561 samples were used for CD studies. Each sample was placed in a
quartz cell of path length 0.1 cm and the spectra were recorded from 500 to 190 nm.
Five scans were collected for each sample with a scan rate of 100 nm/min (band width
of 1 nm) and a scanning window of (time constant = 4s) 0.67 nm. The oxidized Cyt b561
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sample was reduced with 100 mM stock of Asc to give a final concentration of ~2 mM
and the CD spectra were recorded. Finally, the sample was reduced with solid dithionite
and the fully Cyt reduced b561 and Zn-reconstituted Cyt b561 CD spectra were recorded
again. Oxidized and Zn-reconstituted Cyt b561 concentrations were matched based on
the intensities of UV-vis spectra.
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CHAPTER IV
RESULTS
4.1

Purification of Cytochrome b561 from Chromaffin Granules
Purification of Cyt b561 to homogeneity was accomplished using an ion exchange

(mono Q, Pharmacia LKB) column. The purification was performed according to a
procedure developed in our laboratory.80 Inclusion of the sucrose gradient step in
granule purification has yielded Cyt b561 of far superior quality and removed almost all
the contaminants (specially fat) yielding a clean pink granule pellet. Membranes were
then washed with 20% Tween-20 to remove loosely bound proteins and lipids. They
were further solubilized with n-octyl β-D-glucopyranoside resulting in complete
solubilization of membrane proteins. In most preparations, Cyt b561 eluted in at least two
pools (Figure 11).
Those two fractions eluted very closely at a salt concentration between 82.5 to
115 mM (The eluting buffer has a salt concentration of 500 mM). These two fractions
were spectroscopically identical and were usually combined and stored for subsequent
experiments. The isolated protein was exchanged into the storage buffer (20 mM
potassium
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Figure 11: Typical Elution Profile of the Isolation of Cyt b561 from Detergent Solubilized
Chromaffin Granule Membranes: Absorbance spectra of the eluted proteins were
recorded from 250-600 nm at 30 s intervals. Fractions with absorbance at 426 nm (-----)
and 280 nm (____) were pooled and concentrated in an Amicon concentrator as
described in the Experimental section.
4.1.1 Spectroscopic Characteristics of Purified Cytochrome b561
In comparison to tedious isolation methods13,

53, 95

used in several other

laboratories to isolate the protein, the method developed in our laboratory is
straightforward. This single column purification procedure yielded electrophoretically
pure Cyt b561 in high yield.
As shown in Figure 12, the oxidized spectrum has maximum absorption at 415
nm and both Asc and dithionite reduced, purified Cyt b561 displayed the characteristic
Uv-vis spectra with a Soret band at 427 nm and α- and β-bands at 561 and 530 nm,
respectively. Relative intensities of the 427 nm absorption bands indicated that while
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most freshly isolated, K3Fe(CN)6 oxidized Cyt b561 can be reduced by Asc (2 mM), the
remaining portion can only be reduced by dithionite (5 mM) at pH 6.8. The A427/A561
ratios for Asc and dithionite reduced Cyt b561 were 5.72 and 5.37, respectively, at pH
6.8. In addition, A427/A415 ratios for Asc and dithionite reduced spectra were 1.95 and
2.26, respectively, demonstrating that freshly isolated Cyt b561 contains ~85-90 % Asc
reducible and ~10-15% Asc non-reducible, but dithionite reducible populations of Cyt
b561, at pH 6.8. Furthermore, A427/A280 ratio for the purified Cyt b561 was ~3.7 and
comparable with that obtained by Tsubaki et al.13 (A427/A280 was ~3.9).
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Figure 12: UV-vis Spectra of Oxidized and Reduced Cyt b561: K3Fe(CN)6 oxidized b561
(____); 2 mM Asc reduced Cyt b561 (ּּּּ); 5 mM dithionite reduced Cyt b561 (- - - ). All the
spectra were recorded at 25°C in 100 mM potassium phosphate buffer, pH 6.8,
containing 20% (w/v) glycerol, 1% (w/v) n-octyl β-D-glucopyranoside.
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4.1.2 SDS-PAGE of purified Cytochrome b561
As evident from Figure 13, the Cyt b561 purified according to the above procedure
yielded electrophoretically pure protein with an apparent molecular weight of ~28 KDa in
0.1% SDS-PAGE gels, consistent with literature reports.8,

53

The solubilized

membranes, Tween wash and detergent solubilized Mono Q wash were also included in
the same gel to show the efficiency of purification in various stages proceeding through
the purification.

Cyt b561

A

B

C

D

E

Figure 13: Discontinuous SDS-PAGE with 15% Total Acrylamide in the Resolving gel:
Gels were stained with the silver stain from Bio-Rad. Samples were from a b561
preparation: (A) Solubilized granule; (B) Tween wash; (C) Detergent solubilzed Mono Q
load; (D) Molecular weight marker; (E) purified b561.
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Figure 14: Time Course of UV-vis Spectral Alteration of the Oxidized b561 at pH 8.0 and
25ºC: K3Fe(CN)6 oxidized b561 was incubated at 25ºC in 100 mM potassium phosphate
buffer, pH 8.0, containing 20% (w/v) glycerol, and 1% (w/v) n-octyl β-D-glucopyranoside
and the UV-vis spectra were recorded every 3 min for a period of 60 min.

4.2

Structural Alteration Studies of Cytochrome b561

4.2.1 Alteration of Cytochrome b561,oxi at pH 8.0

Incubation of K3Fe(CN)6 oxidized Cyt b561 (b561,oxi) at pH 8.0 and 25ºC resulted in
a time dependent shift of the Soret band at 415 nm (characteristic for native Cyt b561,oxi)
and the appearance of a weak band in the 610 nm region. As shown in the spectra in
Figure 14, the Soret band at 415 nm gradually shifted to a new less intense band at 407
nm with a well defined isobestic point at 404 nm. In addition, both the α− and β- bands
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decayed slowly and two new absorption bands appeared at 610 nm in a time dependent
manner. In contrast to the behavior of Cyt b561,oxi, the reduced form did not display any
spectral alterations under similar conditions even with longer periods of incubation.
After 1 h incubation under the above conditions, only about 40% of the protein
could be reduced to the native form with 2 mM Asc. The remaining Asc non-reducible
portion showed an absorption band at about 408 nm. Further reduction of the Asc
reduced sample with 5 mM dithionite under aerobic conditions almost completely
removed the band at 408 nm. (Figure 15)
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Figure 15: Reduction of Mild Alkaline Treated Oxidized Cyt b561 with Asc and Dithionite:
A solution of oxidized Cyt b561(_______) in 250 μL of 100 mM potassium phosphate buffer,
pH 8.0, containing 20% (w/v) glycerol, 1% (w/v) n-octyl β-D-glucopyranoside was
incubated at 25 ºC for 1 h (ּּּּּּּ); and reduced with 2 mM Asc (- - - -) followed by 5 mM
dithionite (-ּ ּ-ּ ּ -).
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4.3

Zn (II) Protoporphyrin IX reconstitution into Cytochrome b561

After reconstituting ZnP with altered Cyt b561, the sample was passed through a
gel filtration column and fractions were collected according to their UV-vis spectral
patterns. The fractions with similar spectral characteristics were combined and
concentrated. Three different pools of Zn-reconstituted proteins were isolated. The first
eluted, concentrated fraction was neither Asc nor dithionite reducible (Figure 16A). The
second eluted fraction did not show any reduction by Asc but showed a slight reduction
(<5%) by dithionite (Figure 16B).This may be due to contamination of unreconstituted
Cyt b561 with Zn-reconstituted protein. The third isolated fraction was very similar to
oxidized Cyt b561 and it was easily reduced by Asc and dithionite (Figure 16C) justifying
that it may be unreconstituted Cyt b561.
The major fraction of Zn-substituted b561 has a maximum absorption (Soret band)
at 416 nm and the β and α bands appeared at 545 nm and 580 nm respectively (Figure
17). The UV-vis spectrum observed was neither similar to ZnP spectrum, which has
maximum absorption at 419 nm and α and β bands at 583 nm and 546 nm respectively,
nor oxidized b561. In addition to that, the spectral width of the band at 416 nm is
considerably wider than the oxidized Cyt b561 and ZnP spectra, suggesting that this
could be a hybrid of ZnP and heme protein.

46

0 .3 0

A

Absorbance (au)

0 .2 5
0 .2 0
0 .1 5
0 .1 0
0 .0 5
0 .0 0
200

300

400

500

600

700

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

0 .3 0

B

0 .2 5

Absorbance (au)

800

0 .2 0
0 .1 5
0 .1 0
0 .0 5
0 .0 0
200

300

400

500

600

700

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

0 .3 0

C

0 .2 5
Absorbance (au)

800

0 .2 0
0 .1 5
0 .1 0
0 .0 5
0 .0 0
200

300

400

500

600

700

800

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

Figure 16: Asc and Dithionite Reduction of Fractions Isolated after Zn Reconstitution to
Cyt b561: After incubating the ZnP with pH altered cyt b561 and the sample was passed
through a gel filtration column. The eluted fractions were collected and concentrated
according to their spectral patterns in 20 mM potassium phosphate buffer, pH 6.8, 20%
(w/v) glycerol, 1% (w/v) n-octyl β-D-glucopyranoside. A) First eluted fraction; B) Second
eluted fraction; C) Third eluted fraction; Zn-substituted protein (______) , Asc reduced
protein(ּּּּּּּ), and dithionite reduced protein (- - -).
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Figure 17: The UV-vis Spectrum of Zn-Substituted Cyt b561: the first eluted fractions
were compared according to their UV-vis spectral patterns, combined, concentrated and
reconstituted in 20 mM potassium phosphate buffer, pH 6.8, 20% (w/v) glycerol, 1%
(w/v) n-octyl β-D-glucopyranoside buffer. The Soret band is at 416 nm and α, β bands
are at 580 nm and 545 nm respectively.
4.3.1 SDS-PAGE of Zn-Substituted Cytochrome b561

The relative molecular weight of Zn-substituted Cyt b561 was clarified by SDSPAGE and compared with native Cyt b561. The Zn-substituted Cyt b561 always appeared
at higher MW (~30 kDa) than the native Cyt b561 (~28 kDa).
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Cyt b561

A
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C

Figure 18: Discontinuous SDS-PAGE (15%) for Zn-Substituted Cyt b561. Gels were
stained with the silver stain from Bio-Rad. (A) purified Cyt b561; (B) Zn-reconstituted Cyt
b561; (C) Molecular weight marker.
4.3.2 Fluorescence Studies of Native and Zn substituted b561

Emission spectra of concentration matched samples based on UV-vis spectra of
ZnP, Zn-substituted Cyt b561 and Cyt b561 were analyzed. After irradiation of the samples
at 427 nm, ZnP showed an emission spectrum with maxima at 590 nm and 640 nm. No
emission spectrum was observed for Cyt b561 but Zn-substituted Cyt b561 showed ~90%
quenched emission spectra when compared with ZnP (Figure 19).
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Figure19: Comparison of Emission Spectra of Cyt b561, Zn-substituted Cyt b561 and ZnP:
Same concentration of ZnP, Zn-substituted Cyt b561 and native Cyt b561 sample (100 μL)
were irradiated at 427 nm and the emission spectra were recorded. ZnP (ּּּּּּּ), Znsubstituted Cyt b561 (_______) and native Cyt b561 (- - - -).
As three different fractions eluted, comparative fluorescence studies were
performed to identify the nature of those fractions. According to our observations, the
first eluted fraction had the highest intensity and the last eluted one had the least
intensity confirming that the first eluted fraction may contain a higher amount of bound
Zn. The third fraction may have more heme than Zn (Figure 20).
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Figure 20: The Comparison of Emission Spectra of Fractions Isolated after ZnReconstitution: A similar concentration of each fraction was used (100μL) for the
experiment: Fraction 1(_____), Fraction 2(-ּ ּ-ּ ּ -), and Fraction 3 (--------)

The decay data clearly show that the ZnP-substituted Cyt b561 has a much higher
rate of lifetime decay in comparison to either authentic ZnP or a concentration matched
mixture of oxidized Cyt b561 and ZnP (Figure 21).
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Figure 21: Zn-substituted Cyt b561 Fluorescence Decay Data: Excitation wavelength 418 nm, emission wave length - 590 nm, and time equivalence for the channel _____
0.01224 ns. The first 800 ns of the decays are shown. Instrument response (
), ZnP
______
_______
______
), ZnP +Cyt b561 (
) and Zn-substituted Cyt b561 (
) All the spectra were
(
recorded at 25°C in 100 mM potassium phosphate buffer, pH 6.8, containing 20% (w/v)
glycerol, 1% (w/v) n-octyl β-D-glucopyranoside.
4.3.3 Heme Content Analysis of Zn-Substituted Cytochrome b561

Heme content analysis by pyridine hemochrome assay gave an average heme to
protein ratio of 1.7:1 for Cyt b561. Protein concentrations were determined using Biorad
DC protein assay. Myoglobin was used as a standard; both protein analysis and heme
analysis for myoglobin were carried out in parallel. Assuming that purified Cyt b561 has
two hemes, the heme/protein ratio for Zn-substituted Cyt b561 was calculated to be 0.63
suggesting at least one heme of the native Cyt b561 is replaced with ZnP (Table 2).
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Protein

Bio-Rad

Hemochrome

Heme:protein

Cyt b561

16.17

27.25

1.69

2.00

Zn sub

15.46

8.14

0.53

0.63

Table 2: Heme Content Analysis of Cyt b561 and Zn-reconstituted Cyt b561, Heme
determination by pyridine hemochrome method56 and protein analysis using
manufacturer’s protocols were carried out for both Cyt b561 and Zn-substituted Cyt b561 in
parallel.
4.3.4 Trypsin

and

Guanidine

Hydrochloride

Digestion

of

Zn-Substituted

Cytochrome b561

To further evaluate the incorporation of ZnP into the heme pocket, the trypsin
digested protein was analyzed by fluorescence. Trypsin predominantly cleaves peptide
chains at the carboxyl side of the amino acids lysine and arginine, except when either is
followed by proline.96 Trypsin digested Zn-substituted Cyt b561 gave emission spectra
with increased intensity in a time dependent manner, suggesting that the digestion of
protein releases incorporated ZnP (Figure 22).
In addition to trypsin, the chaotropic agent GdnHCl was used to denature the
protein. According to our observations, after using higher concentrations, no intensity
increment was observed in the emission spectra. It may due to the protein aggregation
rather than protein denaturation. Therefore, low concentrations were used to denature
the protein. 1 M GdnHCl showed the highest intensity when compared with 2 M and 3
M, and these spectra were blue shifted slightly compared with original emission spectra
of Zn-substituted Cyt b561 (Figure 23).
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Figure 22 : Trypsin Digestion of Zn-substituted Cyt b561: 1% (w/v) trypsin solution, 20mM
Tris, pH 7.9 was prepared and introduced to Zn-substituted Cyt b561 solution (1:1; v/v)
and incubated monitoring the intensity of the emission spectrum; 0 min (_____), 30 min
(……), 1 h (-----), 1 h 30 min (__..__..__), 2 h (__ __ __), 2 h 30 min (__.__.__), 3 h (___ ___)
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Figure 23: Guanidine Hydrochloride Digestion of Zn-substituted Cyt b561 : Zn substituted
Cyt b561 was treated with 1 M, 2 M and 3 M GdnHCl and the emission spectra were
monitored. Control (_____), 1 M GdnHCl (……), 2 M GdnHCl (__..__) and 3M GdnHCl (---).
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4.3.5 CD Studies of Native Cytochrome b561 and Zn-Substituted Cytochrome b561

CD spectra of the native Cyt b561 in the Soret region are shown in Figure 24B.
The CD spectrum of both the oxidized and the reduced form show a bisignated Cotton
effect most probably due to exciton coupling. The zero cross over points are at 413.5
and 424.5 nm for oxidized and reduced form of Cyt b561, respectively. These results are
in agreement with the previously reported CD spectra of intact membranes 97, indicating
that no heme is lost during the isolation process.
CD spectra in the UV region provide valuable information regarding the protein
structure. CD spectrum of purified Cyt b561 in the UV region is shown in Figure 24A and
the corresponding spectra in the Soret region are shown in panel B for both the oxidized
and the reduced Cyt b561. It is evident from Figure 24A that Cyt b561 shows the
characteristic absorption curves for a α-helix type structure. Therefore, the protein
environment in buffer containing detergent seems to resemble the predicted
transmembrane protein organization. It is noteworthy to mention that below 200 nm the
interference from the detergent is significant and that an accurate value for the helical
content could not be determined.
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Figure 24: CD Spectra of Purified Cyt b561 in the Soret and in the UV Region: 100 μL of
oxidized Cyt b561 in 20 mM potassium phosphate buffer pH 6.8 containing 20% (w/v)
glycerol, 1% (w/v) n-octyl β-D-glucopyranoside was placed in a quartz cuvette with a
path length of 0.1cm and recorded the corresponding spectra at a 100 nm/min scan
rate. Panel A: Oxidized Sample (——). Panel B: Oxidized Sample (—), and 2 mM Asc
reduced Sample (ּּּּ).
Zn-substituted Cyt b561 has a CD spectrum in the UV region similar to oxidized Cyt b561,
confirming the unaltered α helix structure after reconstitution of ZnP (Figure 25). The
visible region was hard to observe as the intensity of the CD spectrum was very low.
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Figure 25: CD Spectra of Oxidized and Zn-substituted Cyt b561 in the UV Region: 100
μL of similar concentration of oxidized b561 and Zn-substituted b561 in 20 mM potassium
phosphate buffer pH 6.8 containing 20% (w/v) glycerol, 1% (w/v) n-octyl β-Dglucopyranoside was placed in a quartz cuvette with a path length of 0.1cm and
recorded the corresponding spectra at a 100 nm/min scan rate. Oxidized Sample (………)
Zn-substituted Sample (——).
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CHAPTER V
DISCUSSION
5.1

Purification and Heme Content Analysis of Cytochrome b561

The single column isolation method developed in our laboratory

80

was used

satisfactorily to purify large quantities of Cyt b561 under milder conditions in high yields.
Detergent solubilized Cyt b561 eluted as two bands in Mono Q column in contrast to
observations of Wanduragala

80

where Cyt b561 eluted as three distinct bands (Figure

11). This difference may be due to the column conditions and the efficiency of column
separation, heterogeneity of the protein or protein aggregation. n-Octyl β-Dglucopyranoside detergent concentration of ~34 mM was used in all the steps of the
isolation procedure which is above the critical micellar concentration of 23 mM and
hence Cyt b561 could be associated with the micellar environment. If Cyt b561 is in the
monomeric form, then the heterogeneity may be due to the differences of the detergent
micellar environment. A similar heterogeneity of the protein has been observed with all
previously reported isolation methods and has been attributed to protein aggregation
and the formation of oligomers.6, 98
Heme content analysis of the purified protein gave a heme to protein ratio of 1.7.
This is in good agreement with the previously reported values for the two heme model.13
The UV-vis spectral analysis gave a A427/A280 ratio of 3.7 similar to what was reported
by Tsubaki et al.13 These authors have used the relatively high A427/A280 ratio to argue
the presence of two distinct heme centers in the protein. In addition, heme analysis by
the pyridine hemochrome method correlated well with the heme concentration
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estimated from the UV absorption spectra using the extinction coefficients reported by
Flatmark and co-workers.53
Purified Cyt b561 migrates as a single band in 0.1% SDS-PAGE with an apparent
molecular weight of ~28,000 Da (Figure 13). Most research groups have reported that
the molecular weight of this protein is in the range of 20,500 to 30,000 Da.6,

51

This

anomalous behavior may be due to the high hydrophobicity of Cyt b561 and the fact that
the SDS-PAGE technique is known to be unreliable for the molecular weight
determination of highly hydrophobic membrane proteins. Early gradient acrylamide gel
studies have also given similar values for the molecular weight of Cyt b561.10,
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However, recent studies including cDNA analysis show that the molecular weight of this
protein is close to 28,000 Da.8, 53
5.2

pH Induced Alteration Studies of Cytochrome b561

As reported earlier

14

, oxidized Cyt b561 readily transforms into an altered high

spin form under mildly alkaline conditions in time dependent manner as indicated by the
characteristic changes of the UV-vis spectra (Figure 14). According to Wanduragala et
al.14, oxidized Cyt b561 is relatively stable in the pH range of 6.0-7.0, but is rapidly

altered above pH 7.5. As the pKa of histidines in proteins are normally in the range of
6.0-7.5, the mild basification of the oxidized protein could lead to the deprotonation and
replacement of one of the axial histidines by a weak ligand such as water, transforming
the heme from low spin to high spin. In addition Wanduragala

80

has also reported that

the alteration of the heme in oxidized Cyt b561 does not significantly alter the native
secondary and tertiary structure of the protein based on the CD spectral analysis.
Therefore, there is no possibility that Cyt b561 is being unfolded and denatured during
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the pH alteration process. Further studies have shown that the altered heme of Cyt b561
is not released to the solution, but associated with the protein based on the visible
absorption spectral properties of altered heme and free heme under similar
experimental conditions.
The characteristics of the altered Cyt b561 are unusual and interesting. For
example, the altered high spin form of oxidized Cyt b561 could not be reduced with Asc
and attempted reduction with strong reducing agent, dithionite, completely bleached the
Asc non-reducible portion of the heme spectrum (Figure 15). These findings are in good
agreement with data previously reported by Wanduragala et al.14 In addition, previous
studies from other laboratories

13, 67

have also reported that two chemically distinct

heme centers are present in purified Cyt b561 and one heme center of the oxidized
protein is labile and loses the ability to accept electrons from Asc upon mild alkaline
treatment (pH 8.0).
5.3

Zn Porphyrin Reconstitution into Cytochrome b561

Based on the above information we reasoned that the labile heme of oxidized Cyt
b561 could be removed by dithionite treatment and reconstituted with other
metalloporphyrins for structure-function studies. Since the size and charge of Zn(II)
resembles Fe(II), and Zn(II) is a d10 metal which has no empty d orbitals for redox
reactions, and the fact that zinc prophyrins are fluorescent, ZnP was chosen for our
studies. After reconstitution of oxidized Cyt b561 with ZnP, three spectroscopically
distinct protein fractions were isolated. The major fraction showed absorption maxima at
416 nm and β and α bands at 545 nm and 580 nm respectively. The spectroscopic
properties of this fraction were neither similar to oxidized Cyt b561 nor ZnP. As illustrated
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in Figure 17, its Soret band is significantly broad and show characteristic normal β and
α bands. The comparative analysis of the UV-vis spectral patterns of Zn-substituted Cyt

b561 indicated that it is a hybrid of oxidized Fe-heme and ZnP as expected. In
agreement with this proposal the heme content of ZnP-substituted Cyt b561 was
estimated to be 0.63 per mole, which is equivalent to half of the heme in the native
protein. These findings further support the conclusion that one of the heme centers of
the pH altered protein could be reconstituted with ZnP while keeping the second heme
center intact. Even though many attempts were made to accurately quantify the ZnP in
the reconstituted protein, they were not successful due to the technical difficulties.
Attempts to oxidize or reduce the Zn-substituted Cyt b561 were not successful
(Figure 16A). As previously reported by Bellelli et al.90, the Zn-reconstituted recombinant
enzyme, nitric reductase, expressed in Pseudomonas putida could be easily oxidized
and reduced. Previous studies form our laboratory have shown14 that the pH altered
protein is not significantly reduced by Asc even after adjusting the pH back to 6.5 after
alteration, but showed moderate reduction with dithionite. However, ZnP reconstituted
protein did not show any reduction either with Asc or dithionite. It is likely that either the
heme center that is responsible for accepting electrons from the reductant is substituted
with ZnP and the second heme site is incapable of accepting electrons from the
reductant or the remaining heme center in the protein is somewhat altered and does not
accept electrons from an external reductant.
5.3.1 SDS-PAGE of Zn-Substituted Cytochrome b561

Although a significant difference in molecular weights between ZnP and native
protein was not expected, the apparent molecular weight determined for the Zn-
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reconstituted Cyt b561 was somewhat higher than that of the native protein (~30 kDa). In
addition, the ZnP reconstituted protein could also be cleanly separated from the native
protein by gel filtration. These unexpected differences could not be fully explained from
the current experimental data.
5.3.2 Fluorescence Studies of Native Zn-Substituted Cytochrome b561

Comparative fluorescence spectroscopic studies of free ZnP and concentration
matched Zn reconstituted Cyt b561, indicated that the ~90% of the ZnP emission is
quenched in the reconstituted protein. The efficient quenching of the emission spectra
of ZnP reconstituted protein in comparison to free ZnP could be due to the fast excited
state electron transfer from ZnP to a closely located redox center in the protein. As
previously reported by Bellelli et al.90, the lifetimes of photoexcited heme states are
strongly affected by substitution of the heme with a metaloporphyrin and ZnP favor the
transition of its singlet excited state to a long-lived triplet state, which acts as a good
reductant. If the second heme of ZnP reconstituted protein is in its oxidized state, it can
accept an electron from the triplet ZnP easily, leading to rapid quenching of its emission
spectra.
Time-correlated single photon counting (TCSPC) measurements were carried out
to further characterize the metal centers of Zn substituted Cyt b561. The acquired data
clearly indicate that the rate of the life time decay of Zn substituted Cyt b561 is higher
than that of ZnP itself or a mixture of Zn-P/oxidized Cyt b561, further confirming that there
is a fast excited state electron transfer from ZnP to an acceptor site in the reconstituted
protein. As argued above, most likely the acceptor site is the oxidized second heme
center of the reconstituted protein. These findings are also consistent with the
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fluorescence quenching data, in which shows the possibility of transferring an electron
from excited triplet state of ZnP to the closely located oxidized heme center. The
possibility that nonspecific interaction between ZnP and Cyt b561 is responsible for the
fast decay of the reconstituted protein fluorescence could be ruled out based on the
similar fluorescence life time decays observed for free ZnP and a mixture of ZnP and
Cyt b561. Therefore, these findings further support the conclusion that ZnP is
reconstituted into one of the heme binding sites of the Cyt b561 and that the second
heme may remain in the protein in the oxidized state as argued above.
5.4

Trypsin Digestion and Guanidine Hydrochloride Denaturation of ZnSubstituted Cytochrome b561

To

further

characterize

the

ZnP

reconstituted

Cyt

b561,

a

series

of

digestion/denaturation experiments were carried out. These experiments were designed
based on the rationale that if the quenching of the emission of ZnP is due to the excited
state electron transfer to the second heme site in the reconstituted protein, then the
digestion/denaturation of the protein should abolish the effective quenching. Trypsin is a
protease which catalyzes the cleavage of proteins and peptides from the carboxyl side
of the Lys and Arg.96 GdnHCl is presumed to bind to peptide bonds leading to the
unfolding of the proteins. Upon treatment of the reconstituted protein with trypsin the
intensity of the ZnP emission spectrum increased in a time dependent manner as
expected. However, the increase of the intensity of the emission spectrum was not
quantitative (Figure 22) probably due to the non-specific interaction of ZnP with amino
acid residues in cleaved peptides. Treatment of the purified reconstituted protein with 1
M GdnHCl also showed a significant increase of the intensity of the emission spectra
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(Figure 23). However, increasing concentrations of GdnHCl did not increase the
intensity of the emission spectra as expected following a similar trend that was
observed with trypsin treatment. This unexpected behavior has not been investigated in
detail. However, nonspecific interactions due to the very high hydrophobicity of Cyt b561
may contribute to these anomalous behaviors.
5.5

CD Studies of Native Cytochrome b561 and Zn-substituted Cytochrome b561

The CD spectra are typical of the highly α-helical proteins and show
characteristic minima at 222 and 208 nm and a cross over point around 201 nm. The
CD spectra of native Cyt b561 (Figure 24) also show these characteristic strong bands
indicating the high α-helical content in agreement with previous reports.59, 79, 80 The CD
spectra of Zn-substituted Cyt b561 (Figure 25) indicate that the protein structure is intact
(α-helix content) and therefore, the possibility that Cyt b561 being unfolded during the pH
alteration or Zn- reconstitution process could be ruled out.
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CHAPTER VI
CONCLUSIONS
DβM catalyzes the conversion of dopamine to norepinephrine in the presence of
reducing equivalents provided by Asc. There is no mechanism to regenerate Asc from
SDA or dehydroascorbate within the secretory vesicles and these molecules are unable
cross the granule membrane. It is believed that Cyt b561 acts as the redox mediator
between the cytosolic and the intragranullar Asc pools. Although extensive studies
support the essential role of Cyt b561 in Asc regeneration, the structure-function
relationship of Cyt b561 is still poorly understood. Even though the heme stoichiometry of
Cyt b561 has been the center of controversy over the past decade, our research strongly
supports the theory that this protein has two heme centers. CD spectroscopy and UVvis studies presented herein suggest that the purified Cyt b561 is in the native form and
these results are in full agreement with those in the literature. Further, the CD spectra of
the purified protein are identical to the intact membrane spectrum suggesting no heme
is lost during the purification.
According to the literature the purified oxidized Cyt b561 can be readily
transformed into an altered high spin form under slightly alkaline conditions, in a time
dependent manner as indicated by the characteristic changes of the UV-vis spectra.
Since one of these altered high spin hemes is labile, it could be exchanged with ZnP.
The UV-vis spectra of Zn-reconstituted b561 show that the Soret band of the
reconstituted protein is significantly broader, suggesting that the protein may contain a
heme site in addition to the ZnP reconstituted site. Asc non-reducibility of the heme of
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the Zn-reconstituted Cyt b561 suggests that heme must be in the altered oxidized form
and could not accept an electron from Asc. In agreement with this proposal, the Znreconstituted protein was found to contain ~50% of the heme of native b561 based on
heme determination by the hemochrome assay. The SDS-PAGE (15%) appears to
indicate that the Zn-reconstituted Cyt b561 has a slightly higher molecular weight than
Cyt b561 and also it is easily separable by gel filtration. However, the significance of
these observations is not clear at present. The strong and very fast quenching of the
ZnP fluorescence in the reconstituted Cyt b561 further suggests that the electron transfer
between the two hemes of native Cyt b561 is very fast and could be modeled by using
the Zn-reconstituted Cyt b561.
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CHAPTER I
INTRODUCTION
Studies of the catecholaminergic nervous system functions and dysfunctions
have been greatly aided by the availability of convenient and specific cell models for
dopaminergic, noradrenergic and adrenergic neurons. Among these, the noradrenergic
cell line PC12, which is derived from pheochromocytoma of the rat adrenal gland has
been well characterized and extensively used as a convenient model for a wide array of
studies including monoamine biogenesis, protein trafficking, secretary vesicle dynamics,
and actions of psychoactive drugs.1, 2 It has also been extensively used as a convenient
model to study dysfunctions of the catecholaminergic nervous system including
neurodegenerative diseases and drug addiction. More recently, two additional cell lines,
SH-SY5Y

3

and MN9D

4

with distinct neurobiological characteristics are gaining

popularity as models for catecholaminergic neurons, especially in studies related to the
neuropharmacology, neurotoxicology and etiology of various neurodegenerative
diseases. The most recent literature characterizes these two cell lines as good models
for central nervous system (CNS) dopaminergic neurons. However, they are relatively
poorly characterized with respect to catecholamine biogenesis and metabolism.
To determine whether SH-SY5Y and MN9D cell lines are reasonable CNS
models, we attempted to examine the catecholamine biogenesis and metabolism of
these cells. To determine whether SH-SY5Y and MN9D cell lines are reasonable CNS
models, we attempted to examine the catecholamine biogenesis and metabolism of
these cells. The specific objectives were to (i) examine the baseline catecholamine
levels of undifferentiated and differentiated SH-SY5Y and MN9D cells; (ii) investigate
78

the DA and NE uptake into undifferentiated and differentiated SH-SY5Y and MN9D
cells; (iii) evaluate the effects of cell passages of SH-SY5Y cells on the catecholamine
uptake and biogenesis; (iv) compare and contrast the DA and NE uptake kinetics of
SH-SY5Y and MN9D cells to determine the nature of membrane amine transporters;
and (iv) determine the protein expression levels of monoamine transporters and DβM in
SH-SY5Y and MN9D cells under various experimental conditions and correlate the
results with the uptake kinetic data.
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CHAPTER II
BACKGROUND AND SIGNIFICANCE

2.1

General Overview of Biosynthesis and Importance of Catecholamines

The catecholamines dopamine (DA), norepinephrine (NE) and epinephrine (E)
are neurotransmitters in the periphery and in the CNS. DA is the precursor of NE, which
is mainly found in the brain as well as in postganglionic and sympathetic neurons and
serves as a neurotransmitter in several pathways in the CNS.5 DA is thought to control
many diverse processes, from movement to drug addiction. DA dendrites extend into
various regions of the brain, controlling different functions through the stimulation of α
and β adrenergic and D1 and D2 dopaminergic receptors.6
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The

following

enzymes

are

predominantly

involved

biosynthesis(Scheme 1) / degradation pathways (Scheme 2).
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in

catecholamine

2.1.1 Tyrosine Hydroxylase (TH)

TH, the rate limiting enzyme, for the biochemical synthesis of catecholamines
catalyzes the addition of a hydroxyl group to the meta position of tyrosine (Tyr), thus
forming 3, 4-dihydroxy-L-phenylalanine (L-DOPA) in the presence of the cofactor,
biopterin, and molecular oxygen. TH is primarily a soluble enzyme and it has a Km for
Tyr in the micromolar range. α-Methyl-p-tyrosine, analog of Tyr, is a competitive
inhibitor of TH.5
L- DOPA is used as a prodrug to increase DA levels in patients undergoing
treatment for Parkinson's disease, since it is able to cross the blood-brain barrier,
whereas DA itself cannot. Once L-DOPA has entered the CNS, it is metabolized to DA
by aromatic L-amino acid decarboxylase (AADC).5
2.1.2 Aromatic Amino Acid Decarboxylase (AADC) / Dopa Decarboxylase

AADC catalyzes the conversion of L-DOPA to DA and 5-hydroxy-L-tryptophan (5HTP) to 5-hydroxytryptamine.7 This is a pyridoxine dependent enzyme that has a low Km
and high Vmax with respect to L-DOPA; thus, endogeneous L-DOPA is efficiently
converted to DA. AADC is mainly formed in catecholamine- and 5-HTP-containing
neurons and in some non-neuronal tissues such as kidney and blood vessels. This is
the final step in the pathway of DA-containing neurons. Methyldopa and α-Methyldopa
hydrazine (carbidopa) are several good inhibitors for AADC.5
2.1.3 Dopamine-β-Monooxygenase (DβM)

DβM is a copper containing protein which catalyzes the final step in the
biosynthesis of NE from Tyr and is present in catecholamine secretory vesicles of both
adrenal medullary cells and adrenergic neurons. DβM is known to exist in two forms in
81

adrenal chromaffin cells: sDβM (soluble) and mDβM (membrane bound). The two forms
are

present

in

approximately

in

equal

amounts

and

are

similar

in

their

immunoreactivities, carbohydrate content, and binding affinities of various substrates.8
Even though it was reported that the purified soluble form of DβM has four identical
subunits (72 kDa), SDS- polyacrylamide gel electrophoresis has shown that this
enzyme contains nonidentical subunits of 75 kDa ,72 kDa and 69 kDa.9,

10

mDβM

consists of two subunits of 70 kDa and 75 kDa. Hydrophilicities of these forms also
differ. mDβM is amphilic in nature and sDβM displays hydrophilic behavior. The
dissimilarity in both subunit structure and hydrophilicity is mainly due to the difference in
the polypeptide chains and different degrees of glycosylation.10
mDβM present in noradrenergic PC12 cells also have two dissimilar subunits of
73 kDa and 77 kDa, similar to that of adrenal chromaffin cells.9,

10

In addition to that,

Sabban et al.11 have reported that these cells have two subunit forms, the 77 kDa
membrane bound form and the 73 kDa soluble form respectively, and both forms
appear to be present in approximately equal amounts.
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OCH3
OH

Homovanillic acid
(HVA)

2.1.4 Monoamine Oxidase (MAO)

MAO is a flavin-containing enzyme located in the outer membrane of the
mitochondria. This enzyme is involved in the oxidative deamination of catecholamines
into their corresponding aldehydes in the presence of molecular O2 (Scheme 2). In the
human brain, MAO levels increase 2-3- fold in an age-dependent manner, resulting in
increased oxidative stress which may induce vulnerability of the brain to age-dependent
neurodegenerative disorders, such as PD. In humans there are two isoforms of MAO: A
and B. MAO-A preferentially deaminates NE, and both isoforms can perform the
deamination of DA. The isoforms share 70% amino acid sequence identity. Clorgyline is
a good inhibitor for MAO-A and deprenyl is a good inhibitor for MAO-B. In the human
brain MAO-A is expressed in catecholamine neurons, whereas serotonergic neurons
and astrocytes contain MAO-B. 5, 12
3, 4- Dihydroxy phenylacetaldehyde (DHPA) is an unstable intermediate in
dopamine catabolism, and it is consequently converted to 3, 4- dihydroxyphenylacetic
acid (DOPAC) in the presence of the enzyme aldehyde dehydrogenase.5
2.1.5 Catechol-O-Methyltransferase (COMT)

This enzyme can be found in all cells including erythrocytes. Mg+2 is a cofactor
which is involved in the conversion of DOPAC to 4-hydroxy-3-methoxy-phenylacetic
acid/

homovanillic

acid

(HVA)

by

transferring

a

methyl

group

from

S-

adenosylmethionine to the 3-hydroxy group of DOPAC in the presence of COMT
(Scheme 3).5
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Additionally, MAO and COMT are involved in the norepinephrine degradation
pathway forming 3-methoxy-4-hydroxy-phenylglycol (MHPG) as the major metabolite
(Scheme 3).5
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2.2

Storage and Release of Catecholamines

Catecholamines diffuse from the synaptic cleft and normally undergo reuptake
and transport back to nerve terminals, or are catabolized by MAO and COMT. Those
which are taken up are localized within synaptic vesicles, in the presynaptic neuron,
preventing catabolic degradation.
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The uptake process is mediated by a carrier or transporter located on the outer
membrane of the catecholaminergic neurons. They do obey Michaelis-Menten kinetics.
The selective NE transporters are mainly found in noradrenergic neurons and the DA
transporters are mainly found in dopaminergic neurons.
The NE transporter (NET) and DA transporter (DAT) belong to Na+ and Clcoupled co-transporter gene family, which includes the transporters for biogenic
monoamines [DA, NE, and serotonin (5HT)] and transporters for γ-aminobutric acid
(GABA) and glycine. These transporters share similar amino acid sequences and
presumed protein structures, and ‘pump’ mechanisms. These transporters use the
electrochemical energy derived from the inward gradient of Na+ to drive the intracellular
accumulation of neurotransmitters against concentration gradient.5
2.2.1 NE Transporter

NET is a 12-transmembrane transporter with cytoplasmic N and C termini. Tricyclic
antidepressants and psychoactive agents, including desipramine (DEA; Figure 1),
amphetamine, and cocaine act on NET and modulate noradrenergic neurotransmission
in the CNS and peripheral nervous system. Similar to other members of the Na+-/Cl-cotransporter

gene

family,

NET

can

be

regulated

by

neuronal

activity,

neurotransmitters, peptide hormones, and second messengers.13, 14
2.2.2 DA Transporter

DAT is also a 12-transmebrane transporter and it is responsible for the rapid
reuptake of DA released by neurons at synaptic and presynaptic sites. DAT has been
implicated in a number of dopamine-related disorders, including attention deficit
hyperactivity disorder, bipolar disorder, clinical depression, and alcoholism. This protein
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consists of 620 amino acids. The cell surface expression of DAT and its transporter
activities are heavily influenced by its N-linked glycosylation, which helps the transporter
for its folding and stability.15 Cocaine and related compounds including GBR-12909
(Figure 1), WIN35428 and their analogs are specific inhibitors for DAT.16
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Figure 1: Structures of NET inhibitor (Desipramine hydrochloride) and DAT inhibitor
(GBR 12909)

2.2.3 Vesicular Monoamine Transporter (VMAT)

VMAT is an integral membrane protein with an apparent molecular weight of 6585 kDa and it has 12 transmembrane domains. This transporter is responsible for
maintaining high catecholamine concentration gradients in catecholamine storage
vesicles.17
VMAT is utilized by all monoaminergic cells to traffic monoamines and is
relatively non-specific. There are two closely related non-specific isoforms (VMAT-1 and
VMAT-2) that are differently expressed in monoaminergic cells. The central nervous
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system expresses predominantly VMAT-2 whereas VMAT-1 is exclusively expressed in
neuroendocrine cells.
The electrochemical and proton gradient generated through vesicular membrane
ATPase is utilized by VMAT to accumulate catecholamine in the catecholamine storage
vesicles against the concentration gradient. Adenosine -5'-Triphosphate (ATP) dependent monoamine uptake is inhibited by proton ionophores which disrupt the
proton gradient.18 In addition, reserpine and ketanserin are potent inhibitors for VMAT-1
and VMAT-2 whereas tetrabenazene is a specific inhibitor for VMAT-2.18 Furthermore,
amphetamine and its derivatives are inhibitors for both forms of VMAT. 19
2.3

Cell Culture

Animal cell culture became popular in the 1950s, but the practice of maintaining
of live cell lines isolated from tissue culture run back to the beginning of the 19th century.
Cell culture refers to a culture derived from dispersed cells taken from original tissue,
from a primary culture (A tissue culture, originally started from cells, tissues or organs
from an organism), or from a cell line (represents a generation of a primary cell culture)
or cell strain by enzymatic, mechanical, or chemical disaggregation. In this process,
prokaryotic, eukaryotic and plant cells are grown under controlled conditions.20, 21
Mammalian cells are grown and maintained typically at 37°C, and 5% CO2.
Culture conditions vary widely for each cell type, and variation of conditions for a
particular cell type can result in different phenotypes being expressed. In addition to
these, the most commonly varied factor in culture systems is the growth medium. The
growth media can vary in pH, glucose concentration, growth factors, and the presence

87

of other nutrients. Fetal bovine serum is a common example of a growth factor used to
supplement media.21
Cells can be grown in suspension or adherent cultures. As cells exist in the blood
stream, some cells naturally live in suspension, without being attached to a surface.
There are also cell lines that have been modified to be able to survive in suspension
cultures so that they can be grown to a higher density than adherent conditions would
allow. Adherent cells normally require a surface, such as tissue culture plastic. This
surface may be coated with extracellular matrix components to increase adhesion
properties and provide other signals needed for growth and differentiation.21
Among the common manipulations carried out on cultured cells are media
changes and passaging, or “splitting” of cells. These are generally performed using
tissue culture methods that rely on sterile techniques. Sterile techniques aim to avoid
contamination with bacteria, yeast, or other cells. Manipulations are typically carried out
in a biosafety hood or laminar flow cabinet to exclude contaminating microorganisms.
Antibiotics can also be added to the growth media. For the media change of adherent
cultures, the media is removed directly by vacuum aspiration and replaced with warmed
new media.21
The degree of sub-culturing a cell line has undergone is often expressed as
“passage number” i.e. the number of times cells have been sub-cultured into a new
vessel. Cells can be cultured for a longer time if they are split regularly. Suspension
cultures are easily passaged with a small amount of culture containing a few cells
diluted in a larger volume of fresh media. For adherent cultures, cells first must be

88

detached; this is commonly done with a mixture of Trypsin-EDTA (Trypsin-versene). It
helps to remove the cells from the surface of the plate to a suspension and removes
calcium and magnesium in the extracellular matrix, with aids in cell-cell adhesion. A
small number of detached cells can then be used to seed a new culture.21
2.3.1 Parental Neuroblastoma Cell Line, SK-N-SH

In 1970, this cell line was isolated from a bone marrow biopsy of neuroblastoma
(neuro -nerves; blastoma - cancer that affects immature or developing cells) patient.
This line is comprised of two morphologically distinct cell types, one neuroblastic-like,
having a small cell body that may extend neuritic processes and poorly attach to the
substrate, and the other epithelial-like, is large, flattened and strongly adherent.
However, the morphological homogeneity of these cells is not retained after several
months of culture and they undergo bidirectional phenotypic interconversion.3,

22

The

population doubling time for this cell line is 46.0 ± 1.9 hr.22
2.3.1.1 Catecholaminergic Nature of SK-N-SH Cells

SK-N-SH cells have the ability to convert Tyr to DA after incubating the cells
about 2 h in 20 μM Tyr but NE was not detected either in cells or in the incubation
medium.3 The conversion of Tyr to DA shows the availability of TH and AADC in these
cells. The levels of TH and AADC were quantified as 25.1 ± 5.8 pmol/h/mg protein23
and 5.7 ± 0.5 nmol/h/mg protein respectively.22 This cell line and its subclones do not
convert DA to NE even though substantial in vitro DβM activity (14.7 ± 0.4 nmol/h/mg
protein) was present. Biedler et al.3 have proposed that are that either some portion of
the enzymatic process of a normal noradrenergic cell is missing in these cells, DβM is

89

not localized in storage vesicles, the converted NE may be rapidly destroyed by MAO,
or the cofactor may be absent. However, addition of extracellular ascorbic acid (Asc) did
not increase the levels of NE suggesting that the putative factor may not be Asc.3
2.3.1.2 SK-N-SH as a Noradrenergic Model

Biedler et al.3 has characterized this cell line as noradrenergic as it contains all of
the enzymes required for the biosynthesis of the neurotransmitter NE even though they
did not observe any NE in the cells after treating the cells with 20 μM Tyr for 2 h.
Richards et al.24 further characterized this cell line as noradrenergic based on
uptake properties of DA and NE. They observed that both DA and NE accumulated in
SK-N-SH via a single competitive, saturable (Km for DA – 533 nM ; Km for NE – 1150
nM) and apparently active process. In addition, they reported that the high intracellular
concentrations of NE were measurable after incubation with DA and NE/DA ratio
increased with longer tracer incubations in the presence of exogenous Asc. Moreover,
DA uptake inhibition potencies of most tricyclic antidepressants like imipramine,
desipramine or amitriptyline were two or more orders of magnitude higher than striatal
(dopaminergic) membrane preparations. Therefore, they concluded that this cell line
would be more valuable for noradrenergic uptake studies even though it secretes DA in
preference to other catecholamines.
2.3.1.3 Ascorbic Acid Involvement in Catecholamine Synthesis of SK-N-SH

It is reported that short term exposure of SK-N-SH cells to Asc and Tyr produced
a considerable increase in DOPA, DA and NE levels. The mechanisms by which Asc
increases

the

DOPA

production

is

not

clear,

but

Asc

could

regenerate

tetrahydobiopterin, a cofactor of the TH reaction by affecting the DOPA production.25 In

90

addition, Seitz et al.25 reported that mRNA levels of TH and DβM were not affected after
short-term exposure (2 h) with Asc and Tyr but long-term exposure (incubation for 5
days) increased the TH levels significantly but not DβM levels. The mechanism by
which Asc increases the TH mRNA expression is not clear.
2.3.1.4 Monoamine Transporters in SK-N-SH

Literature has reported that NET is present in this cell line, based on both mRNA
expression and western blotting.13, 25, 26 Apparsundaram et al.13 have reported that the
protein kinase C (PKC)-dependent and -independent regulation of NE transport and
activation of M3 muscarinic acetylcholine receptors in these cells reduces the NE
transport by reducing the surface density of NETs.
2.3.1.5 Alternative Intercellular Signaling Pathways in SK-N-SH

This cell line has the ability to convert glutamate to GABA even though it
expresses low levels of glutamic acid decarboxylase, the enzyme responsible for this
conversion. In the presence of choline, SK-N-SH cells can synthesize moderate levels
of acetylcholine (Ach). These cells express choline acetyltransferase (0.37 nmol/h/mg
protein),

the

enzyme

required

for

the

acetylation

of

choline,

as

well

as

acetylcholinesterase (170 nmol/h/mg protein) and butyrylcholinesterase (70 nmol/h/mg
protein), the enzymes responsible for catalyzing the termination of ACh action.3
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2.3.2 SH-SY Cells

Figure:2 Clonal SH-SY Subline Derived from SK-N-SH: Cells have long, neutrite-like
processes and typically grow in tight aggregates separated by a distance of 2 to 5 times
the diameter of an aggregate. Phase contrast, x 450.3
SH-SY (Figure 2), a subclone of SK-N-SH, was shown to contain a small
proportion of epithelial like cells (Table: 1). These cells contain 11.47 nmol/h/mg of DβM
activity as determined by using a radioenzymatic method. Treatment of these cells with
20 μM Tyr for 2 h showed higher accumulation of DA compared to the other two SK-NSH subclones.3 However, Biedler et al.3 did not observe a detectable amount of NE in
these cells but observed that these cells contain all the necessary enzymes needed to
synthesize NE. Therefore, this research group categorized these cells as noradrenergic.
In addition, these cells have the ability to convert glutamate to GABA, and contain the
enzymes required for synthesis and degradation of Ach.3
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2.3.3 SH-SY5 Cells

The twice-cloned SHSY5 cells, separated out after nine weeks of continuous
culture of SH-SY appeared to contain homogeneous neuoroblast-like cell populations
when studied for transmitter properties.3, 23 At the beginning of the culture, no epithelial
cells were observed but the frequency of appearing epithelial cell colonies and of
colonies containing both cell types increased with time in culture (Table: 1).23 There is
no detailed information regarding this subclone except its DβM activity, which is 3.84
nmol/h/mg protein.3

Cloned

Transfer No.

line

Time in

Frequency of colony type, %

culture, wk

Neuroblast

Epithelial

Mixed

SH-SY

3

7

96.9

3.1

0

SH-SY5

3

10

100

0

0

4

12

99.7

0.3

0

6

16

93.1

3.2

3.7

10

24

93.4

2.4

4.2

3

12

100

0

0

7

20

99.7

0.3

0

13

32

98.1

1.5

0.4

19

44

95.1

3.7

1.2

SH-SY5Y

Table 1: Distribution of Colony Types in the SH-SY Clone and Subclones:
Change with time in culture 23
2.3.4 SH-SY5Y Cells

The human neuroblastoma cell line, SH-SY5Y, is the thrice cloned subline of SKN-SH cells. These cells have small, round cell bodies, scant cytoplasm, and neutrite-like
cytoplasm processes, and they form dense mounding aggregate (pseudoganglia). SHSY5Y cells constitute predominantly of neuroblastic N-type with only a small proportion
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of epithelial S-type. However, the proportions of S-and N-types were known to vary
under the growing conditions (Table: 1).23
2.3.4.1 TH in SH-SY5Y Cells

It is known that these cells contain a considerable amount of TH, which was first
quantified by Ross et al.23 in SH-SY5Y as 6.8 ± 0.1 pmol/h/mg. TH levels in SH-SY5Y
may modulate in the presence of various factors.
McMillan and coworkers recently investigated that TH levels can be modulated
by melatonin, an antioxidant and free radical scavenger, in SH-SY5Y cells. Melatonin is
indoleamine hormone that has neuroprotective effects on models of neurodegeneration.
According to their results, the TH protein level significantly increased after introducing
0.5 nM and 1 nM melatonin.27
Chen et al.28 showed that the TH protein levels increase after introduction of
1mM lithium for 24 h even though the mechanism underlying is unknown. This may be
one reason that lithium has been used as a treatment for manic-depressive illness
(MDI).
2.3.4.2 AADC in SH-SY5Y Cells

No quantitative data are available for AADC activity in SH-SY5Y cells. However,
western blotting experiments have supported the presence of AADC in SH-SY5Y cells.
This shows the ability of these cells to synthesize DA from L-DOPA.29
2.3.4.3 DβM in SH-SY5Y Cells

Biedler et al.3 have first reported the presence of DβM (3.84 nmol/h/mg protein)
in these cells. Ross et al.23 also reported that a substantial DβM activity is present in
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these cells (10.9 ± 0.1 nmol/h/mg), but found no evidence of NE production even after
treatment with Asc.
According to Oyrace et al.9 DβM in SH-SY5Y cells exist in three forms. They are
membrane bound, soluble and secreted forms. The membrane bound form of the
enzyme consists of three species with apparent molecular weights of 73 kDa, 77 kDa
and 82 kDa. The molecular weight of soluble and secreted forms is approximately 73
kDa. The membrane bound and soluble forms are stored intracellularly which exhibit
different glycosylation.9
Recently, Hassan et al.30 have shown that the DβM levels in SH-SY5Y cells
increased by the treatment of ethanol. This increase is concentration and time
dependent.
2.3.4.4 Ascorbic Acid Involvement in Catecholamine Synthesis of SH-SY5Y Cells

Asc is involved as a cofactor in the conversion of DA to NE. High concentrations
(above 100 μM) of DA and L-DOPA are toxic to SH-SY5Y cells. This toxic effect can be
reversed in these cells after treating with Asc up to 300 μM. This may due to the
scavenging ability of Asc towards superoxides and hydroxyl radicals. At higher
concentrations, (above 400 μM) however, the Asc is toxic to the cells. It has been
shown that Asc possesses both an antioxidant and pro-oxidant activity towards SHSY5Y cells.31
May et al.32 showed that Asc is taken up into SH-SY5Y cells through a saturable
process with increasing concentrations of extracellular Asc. The apparent Km of
transport was 113 ± 23 μM, with a maximal rate of 93 ± 7.5 pmol/mg/min. In addition,
they also reported that low millimolar intracellular concentrations of Asc can also be
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maintained by recycling dehydroascorbate (DHA) in these cells, which readily take up
DHA and efficiently convert into Asc.
2.3.4.5 MAO in SH-SY5Y Cells

It has been shown that SH-SY5Y cells contain predominantly MAO-A by the use
of N-methyl(R)salsolinol, an MAO-A inhibitor and endogenous dopaminergic neurotoxin.
As this blocks the DA degradation pathway, it reduced the membrane potential of
isolated mitochondria and induced apoptosis in SH-SY5Y cells.12
2.3.4.6 DAT in SH-SY5Y Cells

The availability of DAT in these cells has been reported. It is reported that parkin,
a protein-ubiquitin E3 ligase, increases dopamine uptake by enhancing the expression
of dopamine transporter on the plasma membrane of SH-SY5Y. The underlying
mechanism is believed that parkin assists in ubiquitination and degradation of misfolded
DAT to prevent it from interfering with the oligomerization and cell surface targeting of
native DAT.15,

33

Jiang et al.15 further reported the Km and Vmax for DA under normal

growth conditions as 1.38 ± 0.08 μM and 2.07 ± 0.12 pmol/mg/min respectively. SHSY5Y cells were also shown to have high resistance towards to MPP+. Presgraves et
al.34 believed this may due to the low expression of DAT as MPP+ is specifically

transported into cells through DAT in undifferentiated cells.
Fountaine and Wade-Martins

35

have performed western blotting to show that

the DAT is present in these cells, having Km and Vmax for DA of 155.0 ± 23.9 nM and
287.3 ± 24.3 pmol/mg/min, respectively.
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2.3.4.7 NET in SH-SY5Y Cells

Several experimental evidences including mRNA studies and western blotting
suggest that these cells also express NET.6, 36, 37
Amano et al.6 have performed some experiments to determine the regulation of
NET in these cells and the involvement of Ca+2 in this process. They found that inositol
triphosphate (IP3) receptor inhibitors reduce the number of transporters in SH-SY5Y
cells suggesting that intracellular Ca+2 is involved in the expression of NET regulation.
These authors further reported the Vmax and Km parameters of NE as 45.3 ± 1.35
pmol/mg protein/ min and 679.6 ± 6.3 nM respectively.6
It is known that DEA is a tricyclic antidepressant that inhibits NET. It is reported
that long term exposure (24h -72h) to 100nM of DEA decreases the surface NET mRNA
about 64 ± 8% in SH-SY5Y cells.37
2.3.4.8 VMAT in SH-SY5Y Cells

SH-SY5Y

cells

express

VMAT-2

transporter

to

uptake

the

cytosolic

catecholamines into the vesicles in order to protect catecholamines from deamination.
The availability of VMAT-2 has been shown by western blotting.29, 34
Recently, Presgraves et al.34 observed that undifferentiated and retinoic acid
(RA) differentiated cells have a higher density of VMAT-2 compared with 12-Otetradecanyl-phorbol-13-acetate (TPA) differentiated cells. The reasoning for the lower
level of VMAT in TPA differentiated cells remains unclear.
2.3.4.9 NE Release in SH-SY5Y Cells

It is reported that SH-SY5Y is a suitable noradrenergic model to study the
biochemical mechanisms underlying the cholinergic receptor (M3 muscarinic) regulation
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of calcium-dependent NE release. It was investigated by performing potassium and
carbachol-evoked experiments by using undifferentiated cells.38, 39 Goodall et al.40 have
explained that this NE release occurs by exocytosis from vesicular stores in SH-SY5Y
cells. According to their studies, two types of vesicles are present in these cells. Those
are large dense cored vesicles (LDCV) and small synaptic vesicles (SSV) and NE is
mainly found in LDCV. It is known that TPA differentiated cells have LDCV after the
cells are differentiated for 72 h.41
2.3.4.10 Receptors in SH-SY5Y

These cells have been known to express muscarinic M1, M2 and M3 receptors.39
The functions of these receptors include inhibition of adenylyl cyclase, stimulation of
phospholipase C and regulation of K+ channels further confirming their neuronal origin.5
Both M1 and M3 receptor subtypes have been reported to be linked to IP3 metabolism
and the control of intracellular Ca+2 levels.38 In addition, these cells have μ and δ opioid
receptors (often found in brain cortex and other areas in the brain), α2-adrenoreceptors
(mainly found in catecholamine releasing places), bradykinin and neuropeptide Y
receptors (mainly exist in the places rich in neurotransmitters)

5, 39

. Furthermore, these

cells express the G-proteins Gsα, Giαi, Giα2, G0α, Gzα and Gβ Most of these G-proteins
are primarily involved in the function of muscarinic M3 and bradykinin receptors. G0α is
the main G-protein found in the CNS and Gzα is closely associated with neuronal tissue.
These G-proteins are responsible in Ca+2 regulation in SH-SY5Y cells.39
2.3.5 MN9D Cells

MN9D is a stable cell line possessing properties characteristic of mesencephalic
(mid brain) DA neurons. It has been constructed by fusing embryonic mesencephalic
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cells (Rostral Mesencephalic Tegmentum- RMT) with a neuroblastoma (N18TG2) cell
line.4 When fusing Choi et al.4 used this neuroblastoma cell line (N18TG2) for three
reasons. The first reason was that due to the neural crest origin of N18TG2, it is likely
that the hybrid cell line will express neuron-specific character. The second reason was
because these N18TG2 cells do not express any catecholamine synthetic enzymes, any
catecholamine synthesizing activity will be due to the influence from RMT cells. The
third reason was to minimize the chromosomal loss as both RMT and N18TG2 have
murine origin.
2.3.5.1 Morphology, Growth Characteristics and Stability of MN9D Cells

It is reported that the MN9D cell line was morphologically different from the
original parent cell line and the size of these cells were roughly twice as large as that of
the parent cell lines.4 These cells have round cell bodies and generally lack any process
extensions.42
The doubling time of MN9D cells was reported as 24 h, but may vary with the cell
density and serum concentration. The frozen MN9D cells are known to be stable more
than one year and when thawed, they exhibited good viability without changing the
catecholamine levels and cell morphology. 4
2.3.5.2 Catecholamine Synthesizing Enzymes and Catecholamine Content in
MN9D

As shown in Table 2, these cells contain high levels of DA and DOPA. The NE
levels were about 30% of DA. This differs from the catecholamine content of mature
mesencephalic DA cells which contain predominantly DA. Choi. et al.4 explained this
discrepancy may be a function of the fact that embryonic mesencephalic cells were
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used to produce the hybrids. The exact time-course of the expression of the enzymes in
the DA synthetic pathway during early ontogeny is not well understood. TH activity can
be detected in the day 12 of rodent mesencephalon but to detect AADC takes at least
15 days. Also, at the postnatal day 14, TH activity reaches the adult levels and AADC
levels reach only 40 %. This also supports the early occurrence of TH, compared with
AADC and subsequently explains the inability of MN9D cells to convert DOPA to DA
efficiently in comparison to the mature neurons.
The presence of NE concomitant with other catecholamines supports the
expression of DβM in MN9D cells. Choi et al.4 suggested this may be due to the high
degree of homology between TH and DβM and these two enzymes may be coded by a
single gene or linked genes.
Choi et al.43 have further confirmed the dopaminergic nature of MN9D cells by
coaggregating them with neuronal and non-neuronal primary cells from different brain
regions. After co-aggregating these cells with primary embryonic cells, MN9D cells do
not receive dopaminergic innervations, and this led to the reduction in DA level. Coaggregation of these cells with dopaminoceptive cells did not show any reduction of DA
content suggesting its mesencephalic origin.
After incubation of MN9D cells with L-DOPA, K+-induced exocytosis was
detected. The catecholamine levels observed DA: NE: L-DOPA: serotonin is
100:28:6:14. These results further confirmed that these cells have typical enzymatic
properties of dopaminergic cells, including AADC and vesicular monoamine
transporter.44
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Cell Line

Endogenous catecholamine levels (ng/mg Media catecholamine
protein)

MN9D

levels (ng/mg protein/h)

DOPA

DA

NE

DOPA

DA

56.3 ± 3.2

104.7 ± 18.6

28.8 ± 6.7

31.3 ± 3.6

4.5 ± 0.4

Table 2: Endogenous and Culture Media Catecholamine Levels in MN9D; Media
catecholamine levels were measured after 24 h of incubation in fresh media by HPLCEC
2.3.5.3 Electrophysiological Properties of MN9D Cells

Choi et al.4 originally reported these cells have depolarization-induced action
potentials and voltage-activated Na+ channels by using whole-cell current-clamp and
voltage-clamp conditions, respectively.
However, some recent studies appear to indicate that undifferentiated MN9D
cells are different from the brain specific dopaminergic neurons with respect to key
electrophysiological characteristics after examination of their Na+, Ca+2, and K+
currents.42
2.4

Cell Differentiation

Differentiation is a process leading to the expression of phenotypic properties
characteristic of the functionally mature cell in vitro. However, the phenotype of cells
cultured and propagated as a cell line is different from the characteristics that
predominate in the tissue from which it was derived. This is due to several factors that
regulate the geometry, growth and as function in vitro microenvironment.20
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2.4.1 SH-SY5Y Cell Differentiation
2.4.1.1 Phorbol Diester 12-O- Tetradecanyl-Phorbol-13-acetate Differentiation of
SH-SY5Y Cells

TPA (Figure 3) is a potent tumor promoter and has been known to have several
biological effects on mouse skin such as increased synthesis of DNA, RNA and protein,
increased ornithine decarboxylase activity and inhibition of epidermal cell differentiation.
In addition, the effects of TPA and related phorbol esters vary with the type of cells. It is
known that it has the ability to inhibit the cell division and differentiation of the cells.41
Pahlman et al.41 have reported that 16 nM TPA can induce cell differentiation in
SH-SY5Y cells, but the cell proliferation was not inhibited completely even after treating
the cells with TPA for 8 days. The TPA treated cells had long, straight cell processes,
loosely attached to the substratum. These authors also reported that upon
differentiation, the NE levels increased 30, 70 and 200 times in comparison to baseline
levels. These results were proposed to be a result of either increased catecholamine
synthesis or increased ability of the cells to protect the catecholamines from
deamination. Furthermore, Pahlman et al.41 have reported that successful TPA
differentiation of SH-SY5Y cells depends on the number of cells seeded, the number of
days incubated and the concentration of TPA. Through transmission electron
microscopy, they detected increased neurosecretory granules in TPA treated cells
further suggesting the source of increasing amounts of NE.45 46
In addition, they have performed neuron specific enolase activity (NSE) analysis
and found that NSE, an enzyme normally occurring in mature neurons, increased twofold after differentiation

41

. Presgaves et al.34 have reported that TPA differentiation
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increase TH activity by three-fold and the expression of DAT by four-fold when
compared to undifferentiated cells.
The underlying mechanism of differentiation of SH-SY5Y cells has yet to be
clarified. Phalman et al.45 suggested two possible mechanisms. Either TPA binds with
different hormone receptors and this would lead to different biological responses, or
TPA non-specifically binds to the plasma membrane lipid bilayer thus inducing
differentiation.
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12-O-Tetradecanoyl-Phorbol-13-Acetate (TPA)

13-cis-Retinoic Acid (RA)

CH3CH2CH2COOH
n-Butyric Acid
Figure 3: The Structures of TPA, RA and n-butyric acid

In addition, it has also been shown that the resting membrane potential of
differentiated cells is high and they can be depolarized by an increase in external K+
concentration with concomitant influx of Ca+2 through voltage-dependent Ca+2 channels.
Both undifferentiated and differentiated cells possess muscarinic acetylcholine
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receptors, and stimulation of differentiated cells resulted in the release of NE via a Ca+2
dependent process.47
2.4.1.2 Retinoic Acid Differentiation of SH-SY5Y Cells

RA (Figure 3) is an oxidized form of retinol - vitamin A. It is known that a
deficiency of vitamin A can cause squamous metaplasia (non-cancerous tumor) in
epithelial cells but re-administration of it can restore the cell differentiation. The
molecular mechanism of vitamin A-induced differentiation of epithelial cells is unknown.
In addition, the effects of retinoids on non-epithelial cells are also known. After
administration of RA, the growth inhibition and cell differentiation were observed in
mouse S91 melanoma cell line.46 Pahlman et al.46 reported the morphological changes
of these cells upon treatment with 10 μM RA. After differentiation, the cells were more
spread out, polar and the processes were more adherent and had few varicosities.
RA treated cells have 4 times higher NE than untreated cells and NSE activity
also increased relative to control cells.46,

47

Compared to TPA differentiated cells, RA

differentiated cells were less mature. They showed increased acetyltransferase activity
indicating they have differentiated towards a cholinergic phenotype.47 In contrast to TPA
differentiated cells, no increase of DA synthetic enzymes was observed after
differentiating these cells with RA.34
Encinas et al.48 monitored the cell sub-types of RA differentiated cells. According
to their observations, a considerable number of N-type cells differentiated to more
neuronal phenotype by extending neuritic processes, but S-type cells did not undergo
apparent morphological changes. They noticed the length of incubation with RA
increased the number of S-type cells.48
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2.4.1.3 RA Differentiation Followed by TPA Differentiation of SH-SY5Y Cells

The differentiation of SH-SY5Y cells with 10 μM RA for three days followed by 16
nM TPA for additional three days produced morphological and physical characteristics
of differentiate cells. According to Pahlman et al.46 these cells were more differentiated
and had longer processes than the corresponding RA or TPA differentiated cells. The
levels of NE detected were lower but NSE activity was increased compared to that of
cells treated with TPA or RA alone.46
Presgraves et al.34 recently reported the RA/TPA treated cells exhibit the highest
levels of TH activity and DAT protein over RA or TPA differentiated cells. They observed
low levels of VMAT and three-fold and six-fold higher levels of DA D2 and D3 receptors
respectively compared to RA differentiated or undifferentiated cells. According to their
kinetic studies the Vmax of RA/TPA cells was 33.69 ± 9.5 pmol/mg protein.
2.4.1.4 NGF Differentiation of SH-SY5Y

Differentiation can be

induced after specific binding of partially purified

polypeptides such as nerve growth factor (NGF) into some cell systems.45
It is known that NGF treatment of cells leads to increase in the specific activity of
TH and DβM in vivo. After treating SH-SY5Y cells with NGF, Perez-polo et al.

49

observed morphological and physiological differentiation in cells and small elevation of
TH but no change in DβM, DA and NE levels. In addition, Encinas et al.48 reported the
differentiation of SH-SY5Y cells with brain- derived neurotropic factor (BDNF) followed
by RA and observed a significant increase of mature cells.
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2.4.2 Differentiation of MN9D Cells

It is reported that MN9D cells undergo differentiation in the presence of n-butyric
acid, glial cell line – derived neurotrophic factor (GDNF), retinoids, the transcription
factor Nurr 1, and anti-apoptopic factor Bcl-2.42, 50
2.4.2.1 Butyric acid Differentiation of MN9D Cells

Butyric acid (Figure 3), or sodium butyrate, is known to alter cell morphology,
growth and gene expression. Bases on this reasoning, butyric acid has been used to
differentiate various cells. After differentiation of MN9D cells with butyric acid have
shown a more neuronal morphology with a large flattened cell body and long processes
usually with multiple collateral branches.42, 50
2.5

Passage Number Effect on Cell Lines

Studies examining passage-dependent effects concern a wide range of cell line
types and a wide range of behaviors and functions, such as cell morphology, growth
rates, protein expression and cell signaling. There are a number of research groups
concerned with this avenue and are examining how cells change with prolonged
subculturing.51
Yu et al.52 have reported significant differences in alkaline phosphatase activity in
low passage versus high passage Caco-2 cells. According to their observation, alkaline
phosphatase activity was considerably reduced in high passage (93-108) compared to
low passage cells (28-36).52
Esquenet et al.53 used LNCaP, prostatic adenocarcinoma cells, to investigate the
response of to the synthetic androgen R1881. They observed the low passage (24) vs
high passage (80) has marked divergent responses.
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The variety of passage-related effects in cell lines demonstrates that they are
complex and heavily dependent on a host of factors such as the type of the cell line, the
tissue and species of origin, the culture conditions and the application for which the cells
are used. Therefore, it is recommended to have good cell practices such as start with
high-quality cells, optimize the cells’ environment as well as general cell culture
technique.51
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CHAPTER III
EXPERIMENTAL METHODS
3.2

Materials

All laboratory reagents and supplies were purchased from Fisher Scientific
(Pittsburgh, PA, USA) or Sigma-Aldrich (Milwaukee, WI, USA) unless otherwise stated.
All cell culture media and reagents were purchased from Sigma-Aldrich and FBS was
purchased from Valley Biomedical, Inc. (VA, USA). Bradford protein assay reagent,
bovine serum albumin standards and HRP color developing kit were purchased from
Bio-Rad (Hercules, CA, USA). Rabbit polyconal anti-DAT (DAT13A, Alpha Diagnostics,
San Antonio, TX, USA), mouse polyconal anti-NET (NET 1-17, MAb Technology, Stone
mountain , GA, USA), sheep polyconal anti-DβM (cayman chemical, Ann Arbor, MI,
USA) and horseradish peroxidase-conjugated secondary antibody (Bio-Rad, Hercules,
CA, USA) were purchased and aliquots were stored at appropriate temperatures. All
buffers and cell culture media were prepared using cell culture grade water.
3.3

General Methods

UV-vis spectra were recorded on a Varian (Palo Alto, CA, USA) Cary 300 UVvisible spectrophotometer.

Analyses of catecholamines were carried out using

reversed-phase HPLC with electrochemical detection (HPLC-EC). Catecholamines
were separated on a C18 reversed phase column [ESA, (Chelmsford, MA, USA), HR-80]
using ESA Model 582 solvent delivery module and quantified using a Coulochem-II
electrochemical detector with ESA 501 chromatographic software.
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Data analysis

All kinetic data were analyzed by non-linear least squares fit of the spectral data
to the desired kinetic equations using Sigma Plot 8.0. Results are shown as mean ±
standard error.
3.4

Cell Culture and Maintenance

Human SH-SY5Y neuroblastoma cells [CRL-2266] obtained from ATCC
(Manassas, VA, USA) and MN9D cells (a generous gift from Dr. Alfred Heller’s Lab at

University of Chicago) were cultured in 100mm2 Falcon tissue culture-treated plates and
grown to confluence in Dulbecco’s Modified Eagle’s media (DMEM) with high glucose
(4500 mg/L) supplemented with 10% fetal calf serum, 50 μg/mL streptomycin and 50
IU/mL penicillin (Gibco Invitrogen, Carlsbad, CA, USA) at 37oC and 5% CO2. Cells were
cultured until approximately 80% confluent then media was aspirated, cells were
washed with phosphate buffered saline (PBS) and Trypsin-versene (Biowhittaker,
Walkersville, MD, USA) was introduced. After incubating 1 min with Trypsine-versene,
the solution was aspirated and cells were incubated at 37oC for 5 min. The cells were
suspended in fresh DMEM media and the solution was centrifuged to isolate the cells.
The supernatant was discarded and the cell pellet was resupended in fresh DMEM
media. A 10 µL aliquot of cells was stained with 0.4% Trypan blue and live cells (bright
colored cells) were counted using a hemocytometer under phase-contrast microscopy
at 100X magnification. The desired amount of cells was seeded in either 100mm2 plates
or multi well plates depending on the nature of the experiment. The media was changed
on every 3rd day until the cells were confluent.
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The initial aliquot of cells received, regardless of the supplier, was designated
passage #1. Cells were discarded when the cultures reached cell passage #23.
Freezing media consisted of 10% FBS and 5% dimethyl sulfoxide (DMSO) in DMEM.
1x106-2x106 cells were stored per vial, frozen overnight in -70oC and stored in liquid N2.
Aseptic conditions were maintained in the cell culture lab and all equipment used
in the cell culture hood were cleaned using 70% ethanol. All pipet tips and cell culture
plates used were discarded after autoclaving for 30 minutes.
3.4

Differentiation of Neuronal Cells

3.4.1 SH-SY5Y

SH-SY5Y neuroblastoma cells were differentiated using either RA, TPA, or
RA/TPA treatments according to established literature procedures34, 45. A stock solution
of retinoic acid was freshly prepared in ethanol (3330 μM). A stock solution of TPA was
prepared in ethanol (405 μM) and stored at -20oC. Final ethanol concentrations were
kept below 0.1%, a concentration which had no detectable effect on the growth or
differentiation of SH-SY5Y cells. The progress of differentiation was assessed by the
characteristic morphological changes as well as monitoring the cell count. RA induced
differentiation of SH-SY5Y cells was carried out in 6-well plates which were seeded at
0.25x106 cells/ well. The cells were treated with 10 μM RA for 3 days in DMEM media at
which time the media was replaced with a fresh media containing same concentration of
RA and incubated for an additional 3 days. TPA induced differentiation was carried out
using an identical protocol except that RA was replaced with 16 nM TPA. The RA/TPA
differentiation was carried out using a protocol similar to the above differentiations,
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except that the second 3-day incubation was carried out with fresh 16 nM TPA
containing media, rather than a media containing RA.
3.4.2 MN9D

Differentiation of MN9D cells was carried out using n-butyrate according to the
published procedure of Choi et al.4 Stock solutions of n-butyrate (1.0 M) were made in
sterile deionized water and stored at -20oC. MN9D cells were seeded at 0.1x106 cells/
well in 6-well culture plates and were treated with 1 mM n-butyrate for 3 days in DMEM
media at which time the media was replaced with fresh 1 mM n-butyrate in DMEM and
incubated for additional 3 days. All differentiated cells were used in appropriate
experiments soon after the 6th day of differentiation.
3.5

Intracellular Catecholamine Analysis of MN9D and SH-SY5Y Cells

Intracellular catecholamines NE, DA, HVA, and DOPAC, were separated and
quantified by HPLC-EC as previously described.54, 55 Acidic cell extracts were separated
on a C18 reversed phase column (ESA, HR-80) using a mobile phase composed of 90
mM NaH2PO4 50 mM citric acid, 0.05 mM Na2EDTA, 1.7 mM 1-octanesulfonic acid
sodium salt, pH 3.0, with 10% CH3CN at a flow rate of 1.0 ml/min. All analysates were
oxidized at 300 mV. Catecholamine levels (pmoles) were determined based on
standard curves constructed with authentic samples (peak heights) under the same
experimental conditions. All catecholamine concentrations were normalized for the
protein content of each sample.
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3.5.1 Determination of Baseline Levels of Catecholamines in Undifferentiated
and Differentiated SH-SY5Y and MN9D Cells

Cells were grown to 70-80% confluence in multi well plates, media was removed
and washed with Krebs-Ringer buffer (KRB; 125 mM NaCl, 2 mM KCl, 1.4 mM MgSO4,
1.2 mM CaCl2, 1.2 mM KH2PO4, 20 mM HEPES, and 5 mM glucose). Cells were gently
scraped into KRB and aliquots were removed for protein determination. The remaining
cells were pelletted via low-speed centrifugation. The supernatant was aspirated and
each cell pellet was resuspended in 50 μl of 0.1N HClO4. The samples were centrifuged
a final time and 20 μl aliquots were subjected to HPLC-EC for catecholamine
quantification.
3.5.2 Determination of Baseline Levels of Catecholamine in TH inhibitor Treated
SH-SY5Y and MN9D Cells

SH-SY5Y or MN9D cells were grown in DMEM supplemented with 1mM αmethyl-L-tyrosine and 16 nM TPA for six days and the media was changed on 3rd day
similar to the above protocol for differentiation of cells. The baseline levels of
catecholamines were determined as above (3.5.1).
3.5.3 Time Course of DA and NE Uptake of SH-SY5Y and MN9D Cells

All time course experiments were carried out using similar procedures as above,
except that incubations were carried out with a constant DA or NE concentration (10
μM) with variable incubation times (10, 20, 30, 40, 50, 60, and 90 min) at 37oC. The non

specific uptake of DA or NE were estimated by carrying out parallel experiments under
identical conditions, except that the cells were pre-incubated (10 min) with either the
DAT inhibitor GBR12909 (10 μM) or the NET inhibitor despiramine HCl (10 μM) or both
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prior to the DA or NE addition. All catecholamine uptake and conversion data were
corrected for the non-specific uptake.
3.5.4 DA/NE Uptake Kinetics

SH-SY5Y and MN9D cells (both differentiated and undifferentiated) were cultured
in multi-well plates. Cells were first washed with KRB buffer and then were incubated
10 min with 10 μM of GBR12909 (DAT inhibitor) and DEA (NET inhibitor) prior to
addition of desired concentrations of DA or NE and ascorbic acid (Asc) for either 10 min
for SH-SY5Yor 30 min for MN9D at 37oC in KRB. The first set was performed to monitor
the nonspecific catecholamine uptake. The second set was carried out the same way
without adding inhibitors, in order to determine transporter-specific uptake of
catecholamines. The concentrations of DA and NE utilized were 0, 50 nM, 100 nM, 200
nM, 300 nM, 500 nM, 1 μM, 2 μM, 5 μM and 10 μM. Following incubation, the medium
was immediately removed and cells were washed three times with ice-cold KRB. Then,
cells were gently scraped/suspended in KRB and an aliquot was removed for protein
analysis. The remaining cells were pelleted in microcentrifuge tubes by low-speed
centrifugation and lysed with 50 μl of 0.1 M HClO4. The coagulated proteins were
removed by high-speed centrifugation and 20 μl samples of the acidic extracts were
analyzed for catecholamines via HPLC-EC.
3.5.5 Effect of DAT and NET inhibitors on DA and NE Uptake into SH-SY5Y Cells

Experiments were carried using the same protocols described above for DA/NE
uptake kinetics experiments except that cells were pre-incubated with either 1 or 10 μM
DEA (NET inhibitor), or 1 or 10 μM GBR 12909 (DAT inhibitor) 10 minutes prior to
addition of 10 μM DA or NE.
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3.5.6 Bradford Protein Assay

Protein contents of the cell preparations were determined by the method of
Bradford
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using bovine serum albumin as the standard. 50 μL of cell samples in KRB

were incubated with 950 μL of Bradford protein reagent for 10 min and absorbance was
monitored at 595 nm.
3.6

Western Blotting

Low (5-6), medium (10-12) and high passage (18-20) cells were grown in 100
mm2 plates to 70-80% confluence. To blot for DAT and NET, cells were washed with
PBS, harvested, and centrifuged at low speed. To blot for DβM, cells were washed with
PBS, harvested, and suspended in 4 ml of 0.25M sucrose containing 10 mM HEPES, 1
mM MgCl2, pH 7.5. Cells were homogenized by 10 strokes with a glass homogenizer
and centrifuged at 1450 x g for 10 min. The post-nuclear supernatant was transferred
into high-speed centrifuge tubes and centrifuged at 100,000 x g for 1 h. The resulting
pellet containing the neurotransmitter vesicles was used for DβM Western blotting.
The pellets containing DAT, NET and DβM were solubilized separately with 50
mM Tris, pH 8.0, 150 mM NaCl, 1% Triton X-100, 10% protein inhibitor cocktail (Sigma)
for 30 min at 4oC. The sample was centrifuged for 10 min at 1200 x g and the
supernatant was used for the Western blotting of DAT, NET and DβM.
A sample of desired protein extract containing 100 μg of protein was boiled in 1 x
Lamelli buffer for 5 min and subjected to 8.5% SDS gel electrophoresis. Proteins were
transferred into 0.2 μm PVDF membranes (Bio-Rad, Hercules, CA, USA). After blocking
of protein binding sites of PVDF membranes with 5% nonfat dried milk in TBS
containing 1% Tween 20, they were incubated with rabbit polyconal anti-DAT (1:1000
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dilution), mouse polyconal anti-NET (1:250 dilution) or sheep polyconal anti-DβM
(1:1000 dilution) in hybridizing buffer (TBS, 1% Tween-20, 1% milk) for 4 h. Hybridized
membranes were washed three times with TBS, 1% Tween-20 (TTBS), and incubated
with the appropriate horseradish peroxidase-conjugated secondary antibodies in
hybridizing buffer for 2 h. After washing the color was developed using the HRP color
development reagent kit (Bio-Rad, Hercules, CA). The intensities of bands were
quantified by the Kodak Gel Logic 100 imaging system.
3.6 SH-SY5Y and MN9D images

Images of differentiated and undifferentiated cells were captured via phasecontrast microscopy with μ- master Thalia Photo Manager Software (Allring) at 10X and
100X magnification.
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CHAPTER IV
RESULTS

4.1

Baseline Levels of Catecholamine in SH-SY5Y Cells

Cells were grown to confluence in 12-well plates containing DMEM media
supplemented with 10% fetal calf serum, 50 μg/mL streptomycin and 50 IU/mL
penicillin. Cells were washed, scraped into KRB without treating the cells with any
catecholamines and centrifuged to isolate the pellet. The pellets were resuspended in
50 μL 0.1 N HClO4 and 20 μL aliquots were injected into the HPLC-EC column. Peak
heights were recorded from the chromatogram and all catecholamine values were
normalized to cellular protein levels. The chromatogram of the standard solution
containing DOPA, NE, E, DOPAC, DA and HVA is illustrated in Figure 4. The retention
time of each catecholamine is approximately 1.5-1.7 min for DOPA, 1.7-2.2 min for NE,
2.3-2.5 min for E, 2.5-3.0 min to DOPAC, 3.0-3.5 min for DA and 5.5-6.0 min for HVA.
Peak height, recorded in volts was converted into pmoles based on a standard curve.
Undifferentiated SH-SY5Y cells, achieved under normal growing conditions,
contained relatively low levels of catecholamines (Figure 5). The average DA and NE
levels in these cells were in the range of ~0.9 and ~4.2 pmoles/mg, respectively.
DOPAC and HVA levels were too small and could not be accurately quantified. Baseline
catecholamine levels of RA, TPA and RA/TPA differentiated cells were also quantified
to

elicit

the

difference

of

catecholamine

levels

between

differentiated

and

undifferentiated SH-SY5Y cells. While RA differentiated cells contain catecholamine
levels similar to undifferentiated cells, TPA differentiated cells were found to contain
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significantly higher levels of NE. On the other hand, catecholamine levels of RA/TPA
differentiated cells were similar to that of RA differentiated and undifferentiated cells, but
had a small increase of NE.
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Figure 4: HPLC-EC Chromatogram: A chromatogram that shows the peaks for DOPA,
NE, E, DOPAC, DA and HVA. The retention times of peaks are 1.5-1.7 min, 1.7-2.2 min,
2.3-2.5 min, 2.5-3.0 min, 3.0-3.5 min and 5.5-6.0 min respectively.
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Figure 5: Baseline Catecholamine Levels of Undifferentiated, TPA, RA, RA Followed by
TPA Differentiated SH-SY5Y cells: SH-SY5Y cells were differentiated with TPA or RA
as detailed in the Experimental Section. The intracellular catecholamines were
quantified by reversed phase HPLC-EC. Experiments were carried out in triplicates at
least three times and averages are shown. Ctrl, undifferentiated; RA, RA differentiated;
RA/TPA, RA followed by TPA differentiated; TPA, TPA differentiated SH-SY5Y cells.
4.1.1 Baseline Levels of Catecholamine in Tyrosine Hydroxylase inhibitor
Treated Differentiated SH-SY5Y Cells

The occurrence of the high levels of NE levels in TPA differentiated cells may
due to the activation of TH, activation of DβM or both. To determine the involvement of
TH, the cells were differentiated with 1mM TH inhibitor (α-methyl-L-Tyrosine) in the
presence of 16 nM TPA for six days. Analysis of catecholamine in these cells shows a
decrease of NE but no effect of DA.
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Figure 6: The Effect of TH on NE Levels in Differentiated Cells; The SH-SY5Y cells
were grown in 1 mM α-methyl-L-Tyrosine for six days with 16 nM TPA. The 3rd day of
the culture the media was changed and the inhibitor and TPA introduced. The baseline
levels of catecholamines were determined by HPLC-EC. Experiments were carried out
in triplicates at least three times and averages are shown.
4.2

DA uptake and Conversion in SH-SY5Y Cells

4.2.1 The Efficiency of DA Uptake into Undifferentiated and Differentiated SHSY5Y Cells

To determine the efficiency of uptake of DA into undifferentiated and
differentiated SH-SY5Y cells, they were incubated with 10 μM DA and 50 μM Asc for 10
min. The data presented in Figure 7 show that both undifferentiated and differentiated
SH-SY5Y cells efficiently uptake extracellular DA. Incubation of undifferentiated SHSY5Y cells with 10 μM DA, resulted in about thirty and three fold increase of intracellular
DA and NE levels, respectively. RA differentiated cells showed a minor increase of DA
uptake and NE production in comparison to undifferentiated cells under similar
incubation conditions. Interestingly, TPA differentiated cells were much more efficient in
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DA uptake compared to both RA differentiated and undifferentiated cells. The DA and
NE levels in these cells were about three and two fold higher than that of
undifferentiated cells treated under similar experimental conditions, respectively. On the
other hand, while DA uptake and conversion to NE by RA followed by TPA differentiated
cells were somewhat more efficient than that of RA differentiated cells, but less efficient
than TPA differentiated cells. The data in Figure 7 further demonstrate that the
differentiation has no significant effect on the intracellular DOPAC and HVA levels under
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Figure 7: Short Term Uptake of DA and Conversion to NE in Differentiated and
Undifferentiated SH-SY5Y Cells: The cells were incubated with 10 μM DA and 50 μM
Asc (to prevent auto-oxidation of DA) for 10 min and net intracellular catecholamine
levels (total amount subtracted from the ctrl) were determined by HPLC-EC.
Experiments were carried out in triplicates at least three times and averages are shown.
Ctrl, undifferentiated; RA, RA differentiated, RA/TPA, RA followed by TPA differentiated,
TPA, TPA differentiated SH-SY5Y cells.
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4.2.2 Effects of Ascorbate on DA to NE Conversion in SH-SY5Y Cells

50 μM Asc was used in all experiments to prevent auto-oxidation of
catecholamines. According to Lai et al.31 Asc could be used up to 400 μM with SHSY5Y cells without any cytotoxic effects. This experiment was performed to find the
involvement of Asc in the conversion of DA to NE. After 30 min incubation with and
without Asc in the presence of 10 μM DA a slight increase of NE was observed (Figure
8), but this clearly explains that most of conversion involved endogenous Asc rather
than external Asc. The amount of DA with Asc is comparatively low indicating the rest

Catecholamine Levels (pmole/mg)

converted into NE.

200
NE
DA

150

100

50

0
DA + Asc

DA

Figure 8: Effects of Ascorbate on DA to NE Conversion in SH-SY5Y Cells: The
experiment was performed by using SH-SY5Y (passage-15) with and without 50 μM
Asc in the presence of 10 μM DA for 30 min. The baseline levels of catecholamines
were determined by HPLC-EC. Experiments were carried out in triplicates at least three
times and averages are shown.
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4.3

Time Course Study of DA and NE in SH-SY5Y Cells

4.3.1 DA Time Course of SH-SY5Y Cells

The preliminary studies (Figure 9) show that the intracellular catecholamine
levels, especially NE increases under the expanded growth conditions. Therefore, a
series of uptake studies were performed using different passages of SH-SY5Y cells.

Catecholamine Levels (pmol/mg)
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High Passage (18)

Low Passage (6)

Figure 9: Baseline Catecholamine Levels of Undifferentiated High and Low Passage
SH-SY5Y cells: The intracellular catecholamines of high (18) and low (6) were
quantified by reversed phase HPLC-EC. Experiments were carried out in triplicates at
least three times and averages are shown.
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Figure 10: Dependence of the Time Courses of DA Uptake and Conversion to NE on
the Cell Passage Numbers of Undifferentiated SH-SY5Y cells: Undifferentiated high
(18), medium (11) and low (5) passages SH-SY5Y cells were treated with 10 μM DA
and 50 μM Asc and incubated for the desired periods of times and intracellular, DA, NE,
DOPAC, and HVA levels were determined by HPLC-EC. Panel A, low passage cells;
Panel B, Medium passage cells; Panel C, High passage cells. Experiments were
carried out several times in triplicates and results of a representative experiment are
shown. ●, DA; ○, NE; ▲, DOPAC; Δ, HVA. Panel D, Total DA uptake
(DA+NE+DOPAC+ HVA) into (●), high; (○), medium, and (▲), low passage cells
The DA uptake and conversion time course data in Figure 10A show that the
incubation of undifferentiated low passage (passages 5-6) SH-SY5Y cells with 10 μM
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DA and 50 μM Asc for 10, 20, 30, 40, 50, 60 and 90 minutes resulted in the increase of
intracellular DA levels in a time dependent manner and appears reached a saturation
level in about an hour under the experimental conditions. Similar experiments with
medium passage cells (passages 11-12) showed that both DA, NE levels as well as
DOPAC and HVA levels increased with time and these levels were significantly higher
than that of low passage cells (Figure 10B). The high passage cells (passages 18-20)
showed higher DA and NE levels than medium passage cells. More intriguingly, the
relative DOPAC and HVA levels in high passage cells were much lower in comparison
to both low and medium passage cells (Figure 10C). Finally, the efficiency of total DA
uptake i.e. DA + NE + DOPAC + HVA by low passage cells was very poor, in
comparison to the medium and high passage cells (Figure 10D).
4.3.2 NE Time Course of SH-SY5Y Cells

The SH-SY5Y cells were incubated with 10 μM NE and 50 μM Asc for 10, 20, 30,
40, 50 60, and 90 min. This leads to an increase of intracellular NE levels to about 400500 pmoles/mg of protein during the 60 min time period (Figure 11). In contrast to the
observations with DA uptake, efficiency of NE uptake appears to be independent of cell
passage. Similarly, no significant levels of the corresponding NE metabolites were
detected in NE incubation experiments regardless of whether cells were low, medium,
or high passage. Furthermore, total NE uptake was found to be about the same as the
total DA uptake by high passage cells.
Close inspection of the time course data for both DA and NE uptake experiment
shows that total DA or NE accumulations are not linear and unexpectedly increased
almost exponentially from 0-40 min incubation period (Figure 10D and Figure 11).
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Although this anomalous behavior was initially thought to be due to an experimental
artifact, further experiments under carefully controlled conditions have revealed that this
behavior is highly reproducible, independent of the nature of the cell passage or other
experimental parameters.
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Figure 11: Time Courses of NE Uptake into Undifferentiated SH-SY5Y Cells:
Undifferentiated low (4) and medium (15) passage SH-SY5Y cells were treated with 10
μM NE and incubated for the desired periods of times and intracellular NE levels were
determined by HPLC-EC. Experiments were carried out several times in triplicates and
results of a representative experiment are shown. (●), low passage (4); (○), high
passage (15) cells.
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4.4

DA and NE Uptake Kinetics of SH-SY5Y Cells

4.4.1 DA and NE Uptake Kinetics by using Undifferentiated and Differentiated
Medium and High Passage SH-SY5Y Cells

Initial rate kinetics of DA uptake into medium passage SH-SY5Y cells (passage
11) were determined by using HPLC-EC quantification of intracellular catecholamines
as a function of extracellular DA concentration (0-10 μM). The total uptake of DA (DA +
NE + DOPAC + HVA) was quantified after a 10 min incubation period, as detailed in the
experimental section. Analysis of kinetic data [corrected for non-specific uptake] shows
that DA uptake into undifferentiated SH-SY5Y cells obeys Michaelis Menten kinetics
with a Vmax of 6.8 ± 0.3 pmol/mg protein/min and Km of 0.30 ± 0.06 μM (Figure 12A;
Table 3). Similar experiments with TPA differentiated cells gave a Vmax of 17.28 ± 0.58
pmol/mg protein/min, and Km of 0.39 ± 0.05 μM (Figure 12A; Table 3). The Vmax/Km
parameters determined from these data show that differentiated SH-SY5Y cells take up
extracellular DA more efficiently than undifferentiated cells (Table 3). Note that the
medium and high passage cells were used in the experiments due to their high
catecholamine uptake efficiencies.
In addition to DA, SH-SY5Y cells also take up extracellular NE efficiently, as
mentioned above. As shown from the data in Figure 12B, initial rate kinetics of NE
uptake also obeys Michaelis-Menton kinetics for both differentiated and undifferentiated
SH-SY5Y cells. The Vmax and Km parameters determined for NE uptake were 4.2 ± 0.2
pmol/mg protein/min and 0.57 ± 0.09 μM for undifferentiated and 12.1 ± 0.8 pmol/mg
protein/min, and 0.73 ± 0.81 μM for differentiated cells, respectively (Table 3, Figure
12B). These kinetic parameters (Vmax/Km) indicate that DA is a relatively better substrate
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for the plasma membrane monoamine uptake system in both differentiated and
undifferentiated SH-SY5Y cells, than NE. The kinetic studies further show that the Vmax
for DA and NE uptakes were significantly higher for high passage cells in comparison to
medium passage cells regardless of whether they are differentiated or not (Table 3,
Figures 12C and 12D). In addition, the TPA differentiation of both medium and high
passage cells significantly increases the overall efficiency of the uptake of both DA and
NE.
Passage

Cellsa

Substrate

Vmax

Km (μM)

Vmax/ Km

(pmol/mg/min)

Medium

Undiffer. SH-SY5Y

DA

6.8 ± 0.3

0.3 ± 0.1

22.6

Medium

Differ. SH-SY5Y

DA

17.3 ± 0.6

0.4 ± 0.1

44.3

Medium

Undiffer. SH-SY5Y

NE

4.2 ± 0.2

0.6 ± 0.1

7.4

Medium

Differ. SH-SY5Y

NE

12.1 ± 0.8

0.7 ± 0.8

16.5

High

Undiffer. SH-SY5Y

DA

16.3 ± 0.6

0.5 ± 0.1

34.0

High

Differ. SH-SY5Y

DA

34.0 ± 1.5

1.0 ± 0.1

34.4

High

Undiffer. SH-SY5Y

NE

13.3 ± 0.7

1.3 ± 0.2

10.0

High

Differ. SH-SY5Y

NE

25.4 ± 2.0

1.1 ± 0.3

12.4

TABLE 3: Vmax, Km and Vmax/Km Values of Undifferentiated, Differentiated Medium and
High passage cells: aSH-SY5Y cells were differentiated with TPA and the kinetic
parameters were determined as detailed in the Experimental Section.
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Figure 12: Steady State NE and DA Uptake Kinetics of Differentiated and
Undifferentiated SH-SY5Y Cells: Cells were incubated with the desired concentration of
DA or NE with 50 μM Asc (to prevent auto oxidation of DA or NE) for 10 min and
intracellular catecholamine levels were determined by HPLC-EC. Data were analyzed
by fitting to the Michaelis Menten Equation. Panel A; DA uptake of medium passage
cells (11); Panel B; NE uptake of medium passage cells (11); Panel C; DA uptake of
high passage cells (19); Panel D; NE uptake of high passage cells (19) (●),
undifferentiated SH-SY5Y cells (○) TPA differentiated SH-SY5Y cells
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4.5

Effects of Specific NET and DAT Inhibitors on the DA and NE Uptake into
SH-SY5Y Cells

To determine the nature and the specificity of the plasma membrane
monoamine transporter in SH-SY5Y cells further, a series of uptake inhibition studies
were carried out with specific DAT and NET inhibitors, GRB 12909 and DEA,
respectively. As shown from the data in Figure 13, while 1 μM DEA, inhibits both DA
and NE uptake by about 80%, the same concentration of the GBR12909 inhibits uptake
only by about 5-10% suggesting that DEA is a better inhibitor for the plasma membrane

NE/DA Uptake (pmoles/mg)

catecholamine uptake system in SH-SY5Y cells.

100
DA Uptake
NE Uptake

80
60
40
20
0
Ctrl

1μM
10μM
GBR 12909

1μM
10μM
Desipramine

Figure 13: Effects of Specific NET and DAT Inhibitors on the DA and NE Uptake into
SH-SY5Y Cells: Cells were incubated with either 1 μM GBR 12909 or DEA and 10 μM
GBR 12909 or DEA for 10 min and incubated with either 10 μM DA or NE for 10 min
and the total uptakes were quantified by reversed phase HPLC-EC. Experiments were
carried out in triplicates at least three times and averages are shown.
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4.6

Western Blotting Analysis of DAT, NET and DβM in SH-SY5Y cells

As shown in Figure 14, Western blotting experiments with polyclonal mouse NET
antibodies showed a strong band in the vicinity of 75-80 kDa which is characteristic of
the NET protein.6, 57 Similar experiments with rabbit polyclonal DAT antibodies showed
a characteristic band in the vicinity of 80 kDa for the DAT protein (Figure 14).35,

58

Interestingly, these findings appear to indicate that SH-SY5Y cells express both DAT
and NET similar to noradrenergic PC12 cells.58, 59 As reported earlier

57, 60

, these cells

contain DβM, which contributes actively for the conversion of DA to NE. After
performing the granule/vesicles isolation it further proved that these cells express a
considerable amount of DβM. According to the Western Blotting it had a strong band
around 70-77kDa.

195 kDa
117 kDa
97 kDa

50 kDa

37 kDa
29 kDa
MW

NET

DAT
SH-SY5Y

DβM

DAT
MN9D

Figure 14: Comparison Analysis of NET, DAT and DβM Present in SH-SY5Y and DAT
Present in MN9D
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As mentioned above, the medium and high passage cells appear to possess an
efficient monoamine uptake and DA to NE conversion systems in comparison to low
passage cells. To determine whether this is a consequence of increased expression of
the corresponding transporters and DβM proteins, a series of quantitative blotting
experiments were carried out. These experiments showed that both DAT and NET
protein levels in low passage cells were relatively lower than that of medium and high
passage cells and that high passage cells expressed the highest levels of these
proteins (Figures 15A and 15B). Similarly, high and medium passage cells expressed
significantly higher levels of both soluble and membranous DβM in comparison to low
passage cells (Figure 15C).
4.7

Baseline Levels of Catecholamine in Undifferentiated and Differentiated
MN9D Cells

In contrast to the SH-SY5Y cells, undifferentiated MN9D cells contain high DA
and substantial baseline levels of NE. They also contain small amounts of DOPAC and
HVA similar to SH-SY5Y cells. In addition, the 1 mM n-butyric acid differentiated MN9D
cells also contain DA, NE, DOPAC and HVA levels similar to that of undifferentiated
cells (Figure 16) although the morphological characteristics of differentiated cells are
very similar to neuronal cells. However, Western blotting experiments showed that
these cells contain significant amounts of DAT protein, but NET protein could not be
detected under similar experimental conditions (Figure 14).
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Figure 15: Western Blot Analysis of Proteins from SH-SY5Y Cells: Panel A: DAT
expression of SH-SY5Y cells with low, medium and high passage cells. Panel B: NET
expression of SH-SY5Y cells with low, medium and high passage cells. Panel C: D M
expression of SH-SY5Y cells with low, medium and high passage cells
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Figure 16: Baseline Catecholamine Levels of Undifferentiated, and Differentiated MN9D
cells: MN9D cells were differentiated with 1 mM n-butyric acid as detailed in
Experimental Methods. The intracellular catecholamine levels were quantified by
reversed phase HPLC-EC. Experiments were carried out in triplicates at least three
times and averages are shown.
4.8

DA and NE Time Course Studies and Uptake Kinetics Studies of
Differentiated and Undifferentiated MN9D Cells

In contrast to SH-SY5Y cells, undifferentiated and differentiated MN9D cells
show no or little uptake with either DA or NE. Furthermore, either differentiated or
undifferentiated MN9D cells do not convert intracellular DA to NE, DOPAC, or HVA
efficiently (data not shown). Therefore detailed experiments were not performed for
MN9D cells.
Finally, when these cells were grown in the presence of 1 mM tyrosine
hydroxylase inhibitor (α-methyl-L-tyrosine) 90% of the baseline DA levels decreased, as
expected (Figure 17).
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Figure 17: Effect of TH Inhibitor, α-methyl-L-tyrosine, on the Baseline Catecholamine
Levels of MN9D Cells. MN9D cells were grown with 1mM α-methyl-L-tyrosine.
4.9

Morphological Differences of Differentiated and Undifferentiated SH-SY5Y
and MN9D Cells

SH-SY5Y and MN9D cells were differentiated as detailed in Experimental
Section (Figure 18). Similar to the earlier reports3, 22, 34, undifferentiated SH-SY5Y cells
have elongated, flattened cell bodies. After differentiation of these cells, the appearance
of cells was more similar to neuronal cells and had more processes. MN9D cells were
more rounded and scattered in undifferentiated state as reported earlier.4 After
differentiation, they had flattened cell bodies and long processes similar to neurons.
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A

C

B
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D

Figure 18: Images of SH-SY5Y (X400) and MN9D (X100) by phase contrast
microscopy: A-Undifferentiated SH-SY5Y cells B- Differentiated SH-SY5Y cells CUndifferentiated MN9D cells D- Differentiated MN9D cells
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CHAPTER V
DISCUSSION
5.1

Catecholamine Baseline Levels in Undifferentiated and Differentiated SHSY5Y Cells

The above results show that undifferentiated SH-SY5Y cells do not store
significant levels of basal catecholamines under normal growth conditions. In contrast to
undifferentiated cells, TPA differentiated cells store significant (but still low) baseline
levels of NE (but not DA) which is in agreement with previous observations.45 TPA
differentiated cells also contain low levels of DA, DOPAC and HVA. However, RA and
RA followed by TPA differentiated cells are not significantly different from
undifferentiated cells with respect to their catecholamine profiles. Therefore, in contrast
to the previous reports

34

, TPA differentiated cells are significantly different from the RA

or RA followed by TPA differentiated cells.
The high level of NE in TPA differentiated cells could be due to the activation or
increase of TH activity, since the intracellular NE levels were significantly reduced when
they were treated with 1 mM TH inhibitor, α-methyl-L-tyrosine. These findings are also
consistent with the previous studies where it has been shown that TPA differentiation of
SH-SY5Y cells significantly increases the TH expression.34
5.2

DA Uptake and Conversion in SH-SY5Y Cells

In contrast to previous reports, these cells also convert intracellular DA to NE
with high efficiency. The rate of extracellular DA uptake as well as intracellular DA to NE
conversion is significantly increased under expanded growth conditions. In addition,
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high passage cells produce relatively low levels of DA metabolites DOPAC and HVA
under uptake conditions, suggesting most DA taken up from the extracellular media is
effectively stored in the storage vesicles. However, low passage cells not only uptake
DA at a much slower rate, but also convert most intracellular DA to DOPAC and HVA,
suggesting that intracellular DA may not be effectively stored in vesicles.
5.3

Time Course Study of SH-SY5Y Cells

The results of DA uptake and DA to NE conversion time course studies further
confirm the above differences between high, medium and low passage cells. High
passage SH-SY5Y cells are more efficient in taking up extracellular DA as well as
converting it to NE. They convert only less than 5% of the newly uptaken DA to the
break-down products, HVA and DOPAC. On the other hand, the overall uptake of DA by
low passage cells were about one fourth of that of high and medium passage cells and
they convert about 50% of newly uptaken DA to HVA and DOPAC during a 1h
incubation period.

These findings confirm that the low passage cells are poorly

behaved with respect to the uptake and storage of extracellular DA and the conversion
of intracellular DA to NE.
The time courses of total DA and NE uptake into SH-SY5Y cells are complex and
nonlinear. Uptake of both DA and NE increased almost exponentially at the initial 30-40
min incubation period and thereafter slowly and linearly. This trend was found to be
highly reproducible and independent of the extracellular catecholamine concentrations
(50 or 10 μM) or number of cell passages. Control experiments show that it is also not
associated with the temperature, pH, or composition changes of the incubation media
during the experiments. Therefore, most likely this behavior may be associated with the
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effects of extra- and/or intra-cellular DA or NE on the plasma membrane amine uptake
system(s). An attractive possibility would be that high concentrations of extracellular DA
or NE up-regulates the plasma membrane amine transporter(s) activity leading to an
exponential increase of the intracellular catecholamine uptake during the initial
incubation period (~30-40 min). During prolonged incubations (> 30-40 min) the
transporter activity appears to be down-regulated, most likely by the increased
intracellular catecholamine levels, decreasing the uptake to the base line levels. Such
short term self regulation of catecholamine uptake into neuronal cells may allow the
rapid clearance of extracellular catecholamines in vivo. However, since such a
mechanism is unprecedented to our knowledge, additional studies will certainly be
necessary to further validate these proposals. Regardless of the origin, this unusual
behavior certainly complicates the steady state initial rate DA or NE uptake kinetics, and
thus extreme care should be taken in such analyses.
The results of quantitative Western blotting experiments suggest that the poor
DA uptake and DA to NE conversion by low passage cells could be due to the low
expression of plasma membrane amine transporters and DβM, respectively, in
comparison to high passage cells. In addition, the production of higher proportions of
DA breakdown products by low passage cells may suggest that the biochemical
pathways

and/or

mechanisms

responsible

for

the

effective

granulation

of

catecholamines may not be fully operative in these cells as well. In contrast to DA,
efficiency of NE uptake was not significantly dependent on the cell passage numbers. In
addition, no significant NE break-down products were detected under similar uptake
conditions suggesting effective granulation of newly uptaken NE even in low passage
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cells. These observations are consistent with the small changes in the expression of
NET protein with respect to the passage numbers, in comparison to DAT, and may
suggest that SH-SY5Y cells may have a noradrenergic rather than a dopaminergic
origin. However, additional experimental data may be necessary to fully understand the
subtle differences of these cells with respect to DA and NE.
5.4

DA and NE Kinetic Studies of SH-SY5Y Cells

The Km determined for DA and NE in the present study are in good agreement
with the values reported in the literature for SH-SY5Y cells under similar experimental
conditions.6, 35 These data clearly show that both DA and NE are kinetically competent
substrates for the plasma membrane amine transporter(s) of both undifferentiated and
differentiated SH-SY5Y cells. Based on the magnitudes of the corresponding Vmax/Km
parameters, DA appears to be the kinetically preferred substrate for the transporter(s).
5.5

DA and NE Uptake Inhibition of SH-SY5Y Cells

However, the NET specific inhibitor, DEA, was a better inhibitor for both NE and
DA uptake compared to the DAT specific inhibitor, GBR12909, suggesting that NET
could be the predominantly functional membrane transporter in these cells. More
intriguingly, Western blotting experiments show that both DAT and NET proteins are
expressed in these cells similar to PC12 cells.58, 59 These findings are consistent with
the previous contrasting reports where some suggest that the primary plasma
membrane amine transporter in SH-SY5Y cells is DAT35 and the others suggest it is the
NET.6 Thus, the apparent discrepancy between the specificity of inhibition and initial
rate kinetic data above could be due to the presence of both transporters in these cells
resulting in complex initial rate kinetics. Since DA and NE both are substrates for the
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two transporters, the initial uptake and uptake inhibition characteristics are dependent
on the relative affinities of substrates and inhibitors, rates of the transport of substrates,
as well as the relative distribution and density of the two transporters in the membrane.
5.6

Uptake Studies of MN9D Cells

In contrast to SH-SY5Y cells, undifferentiated MN9D cells store large baseline
levels of DA and significant, but lesser amounts of NE. They also contain small amounts
of DOPAC and HVA, similar to SH-SY5Y cells.
baseline catecholamine levels

In contrast to SH-SY5Y cells, the

and profiles are not significantly different in

undifferentiated and differentiated MN9D cells. In addition, both differentiated and
undifferentiated MN9D cells do not convert intracellular DA to NE at a detectable rate
under normal experimental conditions. Furthermore, undifferentiated or differentiated
MN9D cells take up extracellular DA or NE only at a very slower rate in comparison to
SH-SY5Ycells. However, since these cells express significant levels of DAT, this could
be due to the high baseline intracellular catecholamine content of these cells.
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CHAPTER VI
CONCLUSIONS

Taken together, our studies clearly show that undifferentiated high, medium or
low passage SH-SY5Y cells do not store significant baseline levels of catecholamines.
Therefore, they are not a reasonable CNS dopaminergic or noradrenergic model in the
studies where normal biosynthesis, storage, metabolism of DA or NE is required. On the
other hand, medium and high passage cells could be a suitable model to study the
catecholamine uptake through plasma amine transporters and to model the in vivo DA
to NE conversion. However, low passage cells are not suitable for such studies due to
the deficiencies mentioned above. According to the kinetics parameters determined, DA
appears to be a better substrate towards the membrane monoamine transporter, even
though the NET seems to be the active transporter in these cells based on inhibition
studies. In contrast to undifferentiated SH-SY5Y cells, TPA differentiated cells show
important noradrenergic characteristics and thus, could be used as a convenient CNS
noradrenergic model similar to PC12 cells.
On the other hand, intracellular catecholamine profiles of both undifferentiated
and differentiated MN9D cells are similar to CNS dopaminergic neurons. These cells
also express high levels of DAT but not NET, although they show poor DA uptake
characteristics. The poor catecholamine uptake could be due to the high intracellular
catecholamine levels in these cells. Therefore, these cells posses the major
characteristics of CNS dopaminergic neurons and could be used as a convenient
model. However, recently reported differences in the electrophysiological properties42
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together with the above mentioned uptake characteristics suggest that these cells may
have deficiencies in reuptake and release of DA.
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APPENDIX A

POLYACRYLAMIDE GEL ELECTROPHORESIS (PAGE)
SDS-PAGE was carried out using the Biorad Mini-Protein II Electrophoresis Cell.
Manufacturer’s protocol based on Laemmli 1 buffer system was used to separate the
proteins without any modifications.
Following stock solutions were made and stored at 4oC unless otherwise stated.

1.5M Tris HCl pH 8.8

18.15 g Tris base was dissolved in 100 mL d.d. H2O
pH was adjusted to 8.8 with 1N HCl.
0.5 M Tris HCl pH 6.8

6 g Tris base was dissolved 100 mL d.d.H2O
pH was adjusted to 6.8 with 1 N HCl.
10% SDS

1.01 g SDS in 10 mL d.d. H2O
Store @ room temperature
5X Running buffer pH 8.3

9g

Tris base

43.2 g Glycine
3.0 g SDS in 600 mL d.d. H2O
1

Laemmli, U.K., Nature, 227, 680 (1970).
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APPENDIX A (continued)

SDS Reducing sample loading buffer

4.0 mL

distilled H2O

1.0 mL

0.5 M Tris-HCl, pH 6.8

0.8 mL

Glycerol

1.6 mL

10% SDS

400 mg

Dithiothreitol (Cleland’s Reagent)

4 mg

Bromophenol blue

Store @ room temperature
Acrylamide/bis (37.5:1 mixture) stock solutions were purchased from Biorad.
15% resolving

4% stacking

1. 40% Acrylamide /Bis

3.75 mL

1 mL

2. 0.5M Tris-HCl, pH 6.8

-

2.5 mL

3. 1.5M Tris-HCl, pH 8.8

2.5 mL

-

4. 10% SDS

100 μL

100 μL

5. dd H2O

3.6 mL

6.4 mL

6. TEMED

10 μL

10 μL

7. 10% Ammonium persulfate

50 μL

50 μL

b

Total volume of resolving gel is ~10 ml
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APPENDIX A (continued)
Resolving gelsb were made according to the following recipe.
Appropriate amounts of 1, 2 & 3 were added into a round bottomed flask and
degassed for 10 min. Then 4 was added and degassed for another 5min. Then 5 & 6
was added and mixed well. The gel was poured as described in the manufacturer’s
manual and kept for 1h for polymerization.
Stacking gelc was made according to the following recipe.
1, 2 & 3 were added into a round bottomed flask and degassed for 10 min. Then 4 was
added and degassed for 5 min. Finally, 6 & 7 were added and mixed well. The gel was
poured and kept for 45 min for polymerization.
Sample preparation

All samples were made in the loading buffer and then placed in a water bath for 5
min at 95oC. Then 5 μL of each sample was applied on to the gel noting the respective
lanes. A molecular weight marker in the low range was used to determine the molecular
weight of the unknown protein. Gels were run for 45 min at a constant voltage of 200 V.
Depending on the acrylamide percentage the time usually varied. Finally the gels were
developed with Biorad silver stain according to the manufacturer’s protocol.
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APPENDIX B
WESTERN BLOTTING
Manufacturer’s protocol based on Laemmli1 buffer system was used to separate the
proteins without any modifications.
Following stock solutions were made and stored at 4oC unless otherwise stated.

a) Lysis Buffer(50 mL)
50 mM Tris , 150 mM NaCl, 1% Triton X-100, 1x protein inhibitor cocktail
Tris- 0.30275 g ; NaCl – 0.438 g ; Triton X-100-500 μL
b) Transfer Bufffer (Tris Glycine)
25 mM Tris, 192 mM Glycine, pH 8.3 (1L)
Tris-3.03 g : Glycine -14.4 g
c) 10x Tris buffered saline (TBS)- 250 mL
200 mM Tris, 5 mM NaCl, pH 7.5
Tris -6.05 g ; NaCl- 0.073 g
d) Wash solution (TTBS)- 700 mL
20 mM Tris, 500 mM NaCl, 0.05% Tween 20, pH 7.5
3.5 mL 0f 10% Tween-20 in 700 mL 1x TBS
e) Blocking solution
1% Tween -20, 5% non-fat dry milk in TBS
5 mL of Tween-20; 2.5 g non-fat dry milk in 50 mL of 1x TBS
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APPENDIX B (continued)
f) WB Hybridizing buffer
1% Tween-20, 1% non-fat dry milk in TBS
2 mL Tween-20; 0.2g non-fat dry milk in 20 mL of 1x TBS
g) First antibody solution
Dissolved the first antibody (NET- Mab Technologies, Inc.) [1:250] (20 μL in 5 mL
antibody buffer)
Dissolved the first antibody (DAT- [1:1000] dilution (10 μL in 10 mL antibody
buffer)
Dissolved the first antibody (DβM) [1:1000] dilution (10 μL in 10 mL antibody
buffer)
h) Second antibody solution
Prepared the second antibody solution by dissolving 5 μL of goat anti-rabbit IgGHRP conjugate in 15 mL of WB Hybridizing buffer 8.5% resolving gel and 4%
stacking gel

10% Ammonium persulfate (200 μL) – 20 mg in 200 μL dd H2O
0.5M DTT in Loading Buffer: 11.6 mg in 150 μL LB
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APPENDIX B (continued)
8.5% resolving

4% stacking

40% Acrylamide /Bis

2.13 mL

1 mL

0.5M Tris-HCl, pH 6.8

-

2.5 mL

1.5M Tris-HCl, pH 8.8

2.5 mL

-

10% SDS

100 μL

100 μL

dd H2O

5.23 mL

6.4 mL

TEMED

5 μL

10 μL

10% Ammonium persulfate

50 μL

50 μL

Procedure:

1. Cast the Resolving gel.
2. Prepared the cells: Washed the cells with PBS and pelleted the cells (20,000 g,
10 min @ 4oC.
3. Cast the stacking gel.
4. Determined the protein concentration.
5. If the samples needed to boil, added the required amount of DTT and boiled for 5
min.
6. Loaded 50-100 μg of protein to each well and ran the gel (45 minutes).
7. Blotting: The PVDF membrane has to pre-soaked (~ 20 min) in filtered HPLC
grade methanol prior to soaking in the transfer buffer. Equilibrated the gel and
soaked the membrane, filter paper and fiber pads in the transfer buffer 15 min.
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8. Prepared the gel sandwich as per protocol. Bloted the gel using the Mini TransBlot transfer cell using the transfer buffer. It is better to use pre-chilled buffer, and
use a magnet inside the cell during the transfer. Set up the power supply to 30 V
(current should be 90 mA) and run overnight to blot the proteins onto the PVDF
membrane.
9. Blocking Step: Immersed the membrane in the blocking buffer. Gently agitated
the solution using an orbital shaker and incubated 45 min @ RT.
10. Wash: Decanted the blocking solution and added TTBS to the membrane.
Washed for 10 min with gentle agitation @ RT.
11. First Antibody: Decanted the TTBS and added the first antibody solution to the
membrane. Incubated overnight @ 4oC with gentle agitation/ 1-2 h @ r.t.
12. Washes: Removed the unbound first antibody by washing the membrane in
TTBS for 5 min @ RT. Decanted the wash solution and repeated the wash with
another portion of TTBS for 5 min @ RT.
13. Conjugate binding step: Decanted the TTBS and added the second antibody
(Goat anti-rabbit IgG-HRP conjugate) solution and incubated for 2 hrs @ RT with
gentle agitation.
14. Final Washes: Removed the conjugate solution and washed the membrane in
TTBS for 5 min with gentle agitation at RT. Decanted the solution and washed
with another portion of TTBS for 5 min at RT. Just prior to color development,

157

APPENDIX B (continued)

15. washed the membrane in TBS for 5 min at RT with gentle agitation to remove
residual Tween-20 from the membrane surface.
Detailed Color Development Procedure

1. Developer Preparation: Warmed the HRP color developmental buffer to RT
prior to the addition of the color reagent solutions. Thawed the HRP color reagent
A in an ice bucket. HRP color reagent B should be kept at its proper storage
temperature prior to mixing. Added 75 μL HRP color reagent B to 25 mL of 1 x
HRP color development buffer (1.25 mL 10x buffer diluted up to 12.5 mL with dd
H2O at RT. Added this solution to 5 mL of HRP color reagent A immediately prior
to use. (This solution cannot be successfully stored) Protected the color
development solution from light.
2. Color Development: immersed the membrane in the color development
solution. Even low concentrations of protein should be visible within 30 min.
Avoid development periods longer than 45 min. If a heavy precipitate forms in the
color development solution, a fresh solution should be prepared and used
immediately.
3. Washing: Stopped the development by immersing the membrane in dd H2O for
10 min with gentle agitation. Changed the water at least once during the 10 min
period to remove residual color development solution.
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4. Reading, drying and storage: Took photographs while the membrane is wet to

enhance the purple color. Dried the membrane on filter paper and stored
between polyester sheets. Protected from light to minimize fading.
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