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Chapter 1

Literature review on the studies of transmembrane electron transfer

reaction catalyzed by cytochrome bs¢; and the aims of my study



1-1. History of cytochrome bsq study

Cytochrome bsq; in chromaffin granule membrane: Cytochrome bsg), first
discovered in chromaffin vesicles of bovine adrenal medulla (/) and, later, found to be
distributed in many neuroendocrine tissues (2-7), is structurally and functionally very
different from other cytochromes such as cytochromes bs and P-450 (8) and was
proposed to be the most likely candidate for a transmembrane electron carrier in the
neuroendocrine vesicles (9). A cytochrome bse; has also been spectrophotometrically
identified in noradrenaline storage vesicles from bovine splenic nerves (/0) and in the
membranes of serotonin dense core vesicles in porcine platelets, which have an
embryologically distinct origin from those of the adrenal catecholamine-synthesizing
cells (/7). Later, the cytochrome was purified in octaethylene glycol dodecylether by
ammonium sulphate fractionation followed by aminohexyl-Sepharose hydrophobic
column chromatography (72). This procedure yielded a single protein band with an
apparent molecular weight of 22,000 on sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE). Its isoelectric point was estimated as 6.2 and was
suggested to be identical to the major granule membrane component, chromomembrin
B. Cytochrome bs¢; was also purified by preparative gel electrophoresis in the presence
of Triton X-100 (/3) and its molecular weight was determined to be 20,500 by
sedimentation studies (/4). Later, it was reported that cytochrome bs¢; could be reduced
by ascorbic acid (AsA) very rapidly (8, 15, 16). The adrenal medulla is the central core
of the adrenal gland, surrounded by the adrenal cortex. In higher animals, the
chromaffin cells in the adrenal medulla are the body’s main source of the catecholamine
hormones (neurotransmitters) such as adrenaline and noradrenaline, which are stored in

neurosecretory vesicles in sub-molar concentrations. In the neurosecretory vesicles,



biosynthesis of these neurotransmitters is performed by a group of enzymes containing
a copper ion in each of the active center. Dopamine B-hydroxylase (DBH) catalyzes the
hydroxylation of dopamine and tyramine to noradrenaline and octopamine, respectively,
in the chromaffin vesicles of adrenal medulla. On the other hand, peptidylglycine
a-amidating monooxygenase (PAM) enzyme converts the C-terminal carboxyl group of
various neuropeptides and prohormones, such as vasopressin and oxytocin, to an amide
group during processing in the neuroendocrine secretory vesicles. These enzymes
require two electron equivalents for the reduction of the chelating copper and for the
activation of a molecular dioxygen, and utilize ascorbic acid (AsA) as an electron donor
of the reaction (/7-20). In the neuroendocrine vesicles, AsA is present in millimolar
concentrations but not enough concentrations for the enzymatic reactions. For example,
the AsA concentration in chromaffin vesicles is about 22 mM (27), whereas the
concentration of the product (norepinephrine and epinephrine) is 550 mM (22), meaning
that the catecholamine / AsA ratio in chromaffin vesicles is about 25:1. Therefore, the
intravesicular AsA must be re-generated and re-used many times. Upon the biological
oxidation of AsA for supplying electron equivalents to the catalytic center of the
enzyme inside the neuroendocrine secretory vesicles (23), AsA is converted to
monodehydroascorbic acid (MDA) radical via monovalent oxidation rather than
divalent oxidation to form dehydroascorbate. Furthermore, since there is no
transmembrane transporter for AsA in the chromaffin vesicle membranes (24), it has
been postulated that cytochrome bsg; has an important role as a transmembrane electron
carrier which conveys a reducing equivalent from the extravesicular AsA to the
intravesicular MDA radical (24-32). The pH gradient across the chromaffin vesicles

membrane generated by V-type proton motive ATPase might create a thermodynamic



force driving this transmembrane electron flow. This is because the midpoint reduction
potential of AsA is pH dependent (33) being 90 mV higher in the intravesicular pH (5.5)
than in the cytosolic pH (7.0). Since the midpoint potential of cytochrome bs¢; does not
depend on pH (34), AsA should reduce the cytochrome more readily at higher pH. On
the other hand, MDA radical should oxidize it more readily at lower pH (34). Later, an
identical form of cytochrome bs¢; was found to be present as an integral component of
both chromaftin vesicles from adrenal medulla and neurosecretory vesicles from
posterior pituitary based on the spectrophotometric and immunological techniques (35).
Thus, cytochrome bse; is very unique in the physiological functions, in the electron
transfer mechanism, and in the tissue-specificity than any other cytochromes which
have ever known. To reveal these characteristic natures in a molecular level, purification
of cytochrome bss; protein might be absolutely required. Cytochrome bs¢; was purified
from bovine adrenal medulla for the first time by Silsand and Flatmark (/3). However,
their procedure had some problems in the purity and the stability of the protein. Later,
many other procedures had been introduced for the purification of this protein, using
Triton X-100, Nonidet P-40, sodium cholate, and p-octyl glucoside as a solubilizing
detergent (12, 13, 35-40). However, no one had ever succeeded to analyze the detailed
properties of the cytochrome bs¢; in the highly purified state. Very recently, Tsubaki et
al. have succeeded in establishing a new purification procedure of cytochrome bse; from
bovine adrenal chromaftin vesicles, which included B-octyl glucoside as a detergent and
w-aminooctyl Sepharose 4B resin in the hydrophobic column chromatography step (41).
The purity and stability of their sample was much more superior to those of previous

ones.



Biochemical properties of bovine chromaffin granule cytochrome bsg;:
Chromaffin granule cytochrome bs¢; (CGCytb) was identified 35 years ago for the first
time in the bovine adrenal chromaftin granules (42). So far, CGCytb is still the best
characterized member among the cytochrome bs¢ protein family. Although the X-ray
crystal structure data are not available for any of the members of cytochromes bs¢;, their
biochemical and biophysical properties have been studied to some extent using various
techniques. Different from most of other h-type cytochromes, cytochromes bs; were
readily and quickly reducible with AsA, but not with NADH or NADPH (43, 44). The
purified cytochrome bs¢; in reduced form showed a, 3, and Soret (or y-peak) absorption
maxima at 561, 530, and 427 nm, respectively (44, 45). The redox potential of
cytochromes bsq; was atypically high (between +120 mV and +160 mV) (44, 46, 47).
Previously, some investigators suggested that cytochromes bs¢; contained only one
heme group per protein molecule or that cytochrome bs¢; proteins form a dimer
coordinated by three heme prosthetic groups (48, 49). However, redox titration and
electron paramagnetic resonance (EPR) studies of the purified cytochromes bse; in our
lab and other groups strongly supported the presence of two heme centers in a protein
molecule, with slightly different redox potentials, and located on each side of the
membranes (41, 44, 45). EPR spectra of the purified bovine cytochrome bs¢; in the
oxidized state showed the presence of two distinct heme b centers, with a usual low-spin
EPR signal (g,=3.14) and a highly anisotropic low-spin EPR signal (g,=3.70) (41).
Recent EPR spectra of the purified Zea mays cytochrome bs¢; in the oxidized state
showed the presence of two heme centers with distinct EPR signals (g,=3.69 and
g2,/-3.21) (50). On the other hand, Burbaev et al. (51) reported that the intact chromaffin

vesicle membranes from bovine adrenal medulla showed three different EPR signals



derived from the ferric form of cytochrome bs¢;. A typical g, signal from the low-spin
cytochrome bs¢; observed at g~3 actually comprised of a high potential component
with g,=3.14 and a low potential one with g,=3.11. In addition, a highly temperature
sensitive low-spin heme signal at g,=3.7 was observed. The g, values of the usual
low-spin signals were very similar to those of microsomal cytochrome bs (g,=3.05,
g,=2.22, and g,=1.41) (52), chloroplast cytochrome bss9 (g,=2.94, g,=2.27, and g,=1.54)
(53), and the cytochrome b component of bo-type ubiquinol oxidase (g,=2.98, g,=2.26,
and g,=1.45) (54), all of which are known to have bisimidazole ligands. The other EPR
species showed a HALS-type (a highly anisotropic low—spin) signal (g,=3.70), having a
lower redox potential than the other, and a temperature-sensitive character. These
properties were very similar to cytochromes b (bses, 2=3.75; bsea, g2,=3.45) of the
mitochondrial complex III (55, 56) and chloroplast cytochrome bg (bse3, 2= 3.5) (57).
Presence of two independent heme b centers in cytochrome bss; was supported by the
observation of two potentiometrically different forms (midpoint potentials, +170 mV
and +70 mV, respectively) of cytochrome bse; determined by an optical potentiometric
technique (34). It had not been understood for a long time why the b-type heme center
with identical bis-imidazole coordination structure could produce two distinct g, signals.
But this question was solved later by the X-ray crystal structure of bovine mitochondrial
complex III determined by Iwata ef al. in1998 (58). In 2005, Takeuchi et al. reported
that when either of two Cys residues near the intravesicular heme center of bovine
cytochrome bs¢; was modified with 4,4’-dithiopyridine, only the usual low-spin signal
with g,=3.14 was affected in the EPR spectra (59). Thus, the two g, signals (g,=3.69 and
g,=3.14) were assignable to the cytosolic heme and the intravesicular heme, respectively.

Moreover, in 1998, Kobayashi et al. succeeded in observing the fast electron transfer



reaction from intravesicular ferrous heme of bovine cytochrome bss; to MDA radical, in
millisecond order just after the generation of MDA radical in the AsA solution by using
a pulse radiolysis technique (60). Following the electron donation to MDA radical, the
electron acceptance reaction of the oxidized heme from AsA was observed in a slower
time domain. When the MDA radical concentration dependency was examined, only
one equivalent of electron residing in the fully reduced heme centers of cytochrome bsg)
was used for the rapid reduction with MDA radical (60). Thus, it was speculated that
three steps of electron transfer reactions occurring in bovine cytochrome bsg;: (1)
cytosolic AsA to the cytosolic heme center, (2) from the cytosolic heme center to the
intravesicular heme center, (3) from the intravesicular heme center to intravesicular
MDA radical. Recently it was observed that heterologously expressed Zea mays
cytochrome bs¢; had an efficient electron donating ability to MDA radical (Nakanishi et
al. unpublished) as found for bovine cytochrome bs¢;. Srivastava et al. (9) reconstituted
the purified cytochrome bse; into phospholipid vesicles for the first time and reported
that these AsA-loaded vesicles would reduce external cytochrome c. Surprisingly,
however, the turnover number measured for cytochrome bs¢; in the reconstituted system
is approximately 100 times greater than that observed in the native membranes (6/). In
2003, Seike et al. succeeded in the reconstitution of purified bovine cytochrome bse;
into AsA-loaded proteoliposomes but in a reverse orientation (62). Further, they showed
that cytochrome bse; in AsA-loaded vesicle membranes could supply electron
equivalents to support the extravesicular DBH activity without the addition of any
mediators, but that this activity was enhanced significantly by the addition of
ferricyanide (62).

Stopped-flow analysis of bovine cytochrome bsg;: The reaction kinetics



between cytochrome bsq; and AsA or MDA radical has been studied in some details
using chromaffin vesicles (63) and their ghosts (36-38, 42, 64, 65). It was reported that
the reduction of oxidized cytochrome bsq; in chromaftin vesicles by external AsA
exhibited the Michaelis-Menten kinetics with the apparent K, of around 300 uM (42,
63) or 4 mM (65). However, no detailed study had been reported for the reaction of AsA
with purified cytochrome bse;, except for our pulse radiolysis studies (60). In 2003,
Takigami et al. reported the stopped-flow analysis of bovine cytochrome bs¢; in the
detergent solubilized state for the first time (66). The time course of the reduction of
oxidized cytochrome bss; with AsA could not be fitted with a single exponential
function but with a linear combination of at least four single exponential equations (66).
This result indicated that the two hemes b prosthetic groups in cytochrome bss; must be
involved in the different electron transfer reactions with AsA and MDA radical,
respectively. The fastest phase of the four components in the reduction process was
assigned to the electron donation from AsA to heme b on the extravesicular side of
bovine cytochrome bsg;. The apparent Ki=2.2 mM for AsA at pH 6.0 was obtained from
the transient phase kinetics analysis of the fastest phase, which might adopt a two-step
bi-uni sequential ordered mechanism (66). In addition, in an acidic pH (<5.5), a clear
time-lag in the electron transfer from AsA to the oxidized heme center was observed.
This result might indicate that a key amino acid residue(s) with pK, around 5-6 might
be present at the substrate binding site to interact with a bound AsA molecule. Very
recently, stopped-flow analyses for the site-directed mutants of Zea mays cytochrome
bss1 was conducted and confirmed the importance of the conserved Lys® residue. In the
analysis, both K83D and K83E mutants showed a significant decrease in the electron

accepting rate from AsA, although their final heme reduction levels were almost the



same with that of the wild-type protein (Nakanishi et al., unpublished data).

Inhibition of the electron transfer reaction from AsA by DEPC: Njus and
Kelly reported previously that the treatment of cytochrome bs¢; in intact chromaffin
vesicles with dietylpyrocarbonate (DEPC), a histidyl imidazole group-specific reagent,
inhibited its reduction by external AsA and this inhibition was reversed by addition of
hydroxylamine (67). On the basis of their observation, they proposed that a His residue
is involved in the reaction between AsA and cytochrome bse;. Later, Tsubaki et al. (68)
found that the electron accepting ability of the purified bovine cytochrome bs¢; from
AsA was selectively inhibited by the treatment with DEPC (69). However the electron
donating activity from reduced heme b center to MDA radical was retained after the
treatment. MALDI-TOF mass analyses revealed that two fully conserved His residues
(His* and His'"', the heme axial ligands on the cytosolic side) and one well-conserved
Lys residue (Lys®’) were the major modification sites (68). Further, they found that the
electron accepting ability from AsA could be protected by the presence of AsA during
the DEPC-treatment, suggesting the presence of an AsA-binding site on the cytosolic
side (70). Since DEPC attacks the deprotonated nitrogen atom of an imidazole group
(69), it is postulated that the non-coordinated nitrogen atom of the coordinating
imidazole group of the cytosolic heme center might be specifically N-carbethoxylated.
This specific N-carbethoxylation might be directly coupled to the inhibition of electron
acceptance of the cytosolic heme center from AsA.

Cytochrome bsg; residing in plant plasma membranes: Presence of b-type
cytochromes in higher plant PM (plasma membrane) was first reported by Brain et al.
(71) and Jesaitis et al. (72). After the discovery of the presence of b-type cytochromes in

the PM of higher plants, characterization studies were performed to obtain a more



detailed description and identification of the cytochrome species. AsA-reducible
cytochromes with a wavelength maximum near 561 nm and a typical high redox
potential (E," around +140 mV) were found to be ubiquitous in PM preparations from
different plant species and tissues (47, 73). This cytochrome, named as cytochrome bsg)
from the wavelength maximum of its a-band, was purified to homogeneity from plasma
membranes isolated from bean hypocotyls and was shown to be a heme-containing
glycoprotein with a molecular mass of approximately 55 kDa (74). The involvement of
a b-type cytochrome, analogous to the one described above, in the transmembrane
electron transport in the PM vesicles has been documented (75). AsA could reduce
cytochrome bsg; on the cytosolic side of the membranes while MDA could oxidize it on
the apoplastic side. Thus, PM cytochrome bss; was proposed to constitute a simple
transmembrane electron transfer system to regenerate extracellular AsA in plants (76).
In agreement with this electron-transfer activity, redox titrations of PM cytochrome bse;
indicated the presence of two distinct heme centers per polypeptide (74).

Recently, a new method using two anion exchange chromatographic steps
(Mono-Q columns) was successfully employed for the partial purification of an
AsA-reducible b-type cytochrome from etiolated beans hypocotyls PM (74, 77, 78).
After a single freeze-thaw cycle and consecutive ultracentrifugation of the
phase-partition-purified PM vesicles, solubilization of the PM proteins was conducted
with 1% (v/v) Triton X-100R (2 mg per mg protein) as a solubilizing detergent.
However, the physiological functions of the partially purified protein from plants still
remained unknown. A number of properties of the cytochrome bs¢; in plasma
membranes raised a particular interest of many investigators. First, PM-cytochromes

bse1 from various plant species tested so far showed very similar standard redox
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potentials (E,") each other. Second, the plant PM-cytochrome bs6; could transfer
electrons from a cytoplasmic electron donor to an extracellular electron acceptor. Third,
the PM-cytochrome bs6; showed some homology to a mammalian protein present in the
chromaffin granule membranes with similar E,’, a-band maxima, and the electron
transport characteristics. All these results seemed to indicate that these proteins
constitute a new protein family within the class of b-type cytochromes and are present
at least in the kingdoms of plants and animals (79).

Cytochrome bsq; family proteins: The cDNA cloning of cytochrome bse; from
bovine adrenal medulla was succeeded and sequenced in 1984 (40). Later, BLAST
(basic local alignment search tool) and PSI-BLAST (position specific iterated BLAST)
were conducted to obtain better insights on the structure and function of cytochrome
bse1 family proteins (80-82). In the meantime, cytochromes bss; were identified in a
large number of eukaryotes, but were absent in prokaryotes. A group of different forms
of membrane bound b-type diheme cytochromes, named as cytochrome bs¢1, were also
found in bacteria (83, 84). However, these proteins did not share the sequence
homology with the authentic “cytochrome bse¢; family”, which is the subject of my Ph.D.
dissertation, and were expected to have a completely different architecture in the
coordination of two heme prosthetic groups.

Most eukaryotic species contain multiple forms of cytochrome bs¢;. For
example, six homologues in human, seven in mouse, six in C. elegans, and 16 in plant,
A. thaliana. All members share well-conserved features (Fig. 1-1). Namely, all
sequences contain six putative transmembrane domains (TMDs), with TMD 2-5 being
more conserved and being known as the “core cyt b561 domain”. All have four

completely-conserved His residues (His**, His®®, His'**, and His'®', based on the
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numbering of bovine cytochrome bsq;) within the core TMD 2-5. The first and third His
residues in the TMD2 and TMDA4, respectively, were suggested to coordinate one heme
on the electron-donating side of the protein (Fig. 1-2). The second and fourth His
residues in the TMD3 and TMDS, respectively, were suggested to coordinate the second
heme on the electron-accepting side of the protein. In addition, there were two
well-conserved motifs “SLHSW” and “ALLVYRVF”, being suggested to have roles for
the bindings to MDA radical and AsA, respectively, on either side of the protein (85).
However, these predictions await conclusive experimental proof. The two conserved
motifs showed some variations in the sub-families of cytochrome bs¢; (Fig. 1-1),
indicating the possible functional diversity of the bs¢; proteins (817).

Several other forms of mammalian cytochromes bs¢; were identified; namely
one located in the duodenal brush-border membrane, duodenal cytochrome bsqs; (DCytb)
(86) and one located in macrophage lysosomes, lysosomal cytochrome bse; (LCytb)
(87). DCytb was also found in human erythrocyte membranes where it may function as
a MDA radical reductase (88). All three mammalian cytochromes bs¢;, DCytb, CGCytb,
and LCytb, showed AsA-dependent trans-membrane ferrireductase activity when
expressed in yeast cells (§9). A one form of plant cytochrome bsq; was recently reported
as a constituent of the tonoplast membrane with a frans-membrane ferrireductase
activity (90). The observation that cytochromes bs¢; may be involved in the iron
metabolism has opened new perspectives for their physiological functions. Another
interesting member of the cytochrome bse; family is TSCytb (tumor suppressor
cytochrome bsg;) encoded by the human gene /07/F6, which has been identified as a
candidate tumor suppressor factor since this gene was found to be located in the

frequently-deleted region (found in lung and breast cancers) of human chromosome
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3p21.3 (91, 92). Indeed, forced over-expression of wild-type /01F6 protein in human
lung cancer cell lines significantly inhibited tumor cell growth by induction of apoptosis
and alteration of cell cycle processes. However, the molecular mechanism underlying
these effects is still unclear (93). In several plant and animal species, a new form of
cytochrome bs¢; has been identified. These forms contained the “cytochrome b561-like
core domain” in connection with other unrelated domains. These ‘fusion proteins’
frequently contain the dopamine f-hydroylase homology (DoH) domain as well (94).
One such example is SDR2 (stromal cell-derived receptor 2) protein in mammals, which
had been shown to have a ferric reductase activity when expressed in Xenopus oocytes
(95).

Cytochromes bs¢; are widespread in plants as well and, further, there are
multiple homologues being expressed in many of plant species (87, 83). The plant
cytochrome bsq; sequences all contain the conserved features described above for
animal species. The physiological roles of plant cytochrome bs¢;, which might be
apparently different from those of animal cytochrome bs¢, since plants have no
neuroendocrine vesicles, has become a one of the most important aims to be clarified in
my study. Genome analysis showed that there are sixteen putative cytochrome bsg)
isoforms in A. thaliana; one of which has already been over-expressed in yeast
(Saccharomyces serevisiae) cells and the recombinant protein has been characterized to
some extent (43). One form of A. thaliana cytochrome bsq; protein (TCytb) was found
to be localized in the tonoplast membranes, which was found to be AsA-reduicible
having absorbance characteristics similar to those of chromaffin granule cytochrome
bse1. Indication for the presence of cytochrome bsq; in plant tonoplast membranes was

also obtained by examining the AsA-reducible b-type cytochromes in the
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tonoplast-enriched bean membrane fractions (43). Recently, one form of cytochrome
bse1 from maize, Zea mays, was successfully over-expressed in yeast cells Pichia
pastoris in our group. Biochemical and biophysical analyses of the purified sample
showed that the heterologously expressed protein was in a fully-functional form
(Nakanishi et al. unpublished).

Due to the high abundance of a single form of cytochrome bs¢; in the
chromaffin granules membrane and relative easiness of its purification, CGCytb has
been well-characterized. However, other forms of cytochrome bs¢, particularly plant
cytochromes bsq1, are much less abundant and, in most cases, their tissue and
subcellular localization is still not well understood. Therefore, to conduct the studies on
their biochemical properties in more details, generation of a recombinant form of plant
cytochrome bsq; and its efficient purification might be highly desired.

Possible roles and locations of plant cytochromes bsg;: There are two
proposals being raised as the possible locations of plant cytochromes bse; either in the
cell membrane (or plasma membranes) or in the vacuole membranes (tonoplast
membranes). In both cases, cytochrome bs¢; catalyzes transmembrane electron transfer
reaction and is likely to use cytosolic ascorbate (AsA) as a source of the electron
equivalents (67, 80).

The cell membranes are found in all cells and contain a wide variety of
biological molecules, primarily proteins and lipids, which are involved in a vast array of
cellular processes such as cell adhesion, ion channel conductance, cell signaling, and
most importantly transport of various nutrients including iron. One likely role of plant
cytochrome bsg; is participation in the transport of iron into the cytosolic side in

collaboration with a ferrous ion transporter residing in the cell membranes. In this case,
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cytochromes bse; are postulated to work as a ferrireductase and are located in the cell
membranes (90). One such example was shown previously for Dcytb in higher animals.
In this case, electron equivalent from cytosolic AsA might be used to reduce the
extracellular ferric ion, after the transmembrane electron transfer. The other possibility
is such electron equivalents might be used for the regeneration of AsA from MDA
radical. Such regeneration of AsA might be essential for some enzymatic reactions
being present outside of the cell membranes, in which AsA is employed as the electron
donating substrates.

Most mature plant cells have one or several vacuoles that typically occupy
more than 30% of the total cell volume, and that can occupy as much as 90% of the
volume for certain cell types and conditions (96). Each vacuole is surrounded by a
membrane called as “tonoplast”. Vacuoles house large amounts of a liquid called cell
sap, composed of water, various enzymes, inorganic ions (like K" and CI"), salts (such
as Ca”"), and other substances, including toxic byproducts removed from the cytosol to
avoid interference with metabolism (97-99). Transport of protons (H") from cytosol to
vacuole aids in keeping cytoplasmic pH stable, while making the vacuolar interior more
acidic, allowing various degradative enzymes inside to act properly. Although having a
large central vacuole is the most common case, the size and number of vacuoles may
vary in different tissues and stages of development.

One important role of plant vacuole is the storage of various metal ions,
particularly, iron and copper, which might be very toxic if excess amounts of these ions
reside in cytosolic fraction causing an oxidative damage to various cytosolic enzymes
and molecules by forming the reactive oxygen species (ROS). Once stored in the

vacuoles, however, the ferrous iron could be easily oxidized in the acidic condition.
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Therefore, when such iron was required in the cytosol fraction or in other cell organelle,
the ferric iron must be reduced back and be transported into cytosol via ferrous ion
transporter(s) residing in the vacuole membranes. Accordingly, cytochrome bsg)
residing in the tonoplast membranes has such a role as a transmembrane ferric reductase,
again, utilizing cytosolic AsA as a source of electron equivalents.

Possible membrane topology of cytochrome bss;: Most membrane proteins
follow a predictable topological organization pattern and, therefore, cytochrome bs¢) is
also likely to follow this rule. Since cytochrome bsq; has six consecutive hydrophobic
a-helices with intervening short hydrophilic loops, it might be expected that
anti-parallel transmembrane o-helices (TMHs) would be buried within the membranes
and hydrophilic loops alternate between a cytoplasmic and extracytoplasmic location.
Since there was strong evidence that the NH,-terminus of bovine cytochrome bs¢; was
located on the cytoplasmic side, the COOH-terminus should be also facing cytoplasmic
side, as noted above. The topology of our six-transmembrane helices models for both
bovine (Fig. 1-2) and Zea may cytochromes bs¢; is based on these considerations. If the
cytochromes were located on the plasma membranes, “extracytoplasmic” means the out
side of the cell; whereas if the cytochromes were residing in the vacuole membranes, it
means the intravesicular side. Thus, the extracytoplasmic side and the intravesicular
side are topologically identical and, therefore, the direction of the electron transfer in
both membranes will be topologically identical employing cytosolic AsA as the source
of electron equivalents.

Possible signal and sorting sequences of cytochrome bss;: Majority of the
membrane proteins with a multipass transmembrane structure on organelles of the

secretory pathway are synthesized on membrane-bound ribosomes and are
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co-translationally integrated into the endoplasmic reticulum (ER) membrane, where
they acquire unique topology (/00). The code to the final topology of a membrane
protein is concealed within its amino acid sequence and is deciphered during the
insertion of the polypeptide chain into the membranes. There are many properties of the
nascent polypeptide chain that contribute to establishing the topology (101, 102). The
most prominent topological signals within the membrane polypeptides are the
NH,-terminal segments of ~20 amino acids with an overall hydrophobic character (the
“signal sequence” or the “signal peptide”). The hydrophobic region of a signal sequence
emerging from the free ribosome is recognized by a signal recognition particle (SRP),
and then the ribosome-nascent chain complex is targeted onto the ER membrane. Upon
binding to the SRP receptor on the ER membranes, SRP releases the signal sequence
and the translation continued on the membrane bound ribosome (/03). When the
nascent polypeptide chain is fed into the translocon in the ER membranes, the
hydrophobic segments form « -helical structure (TMHs) and are folded into the
membranes laterally, while the hydrophilic parts remain in the cytoplasm or are
translocated to the other side of the membranes. At this critical occasion, the topogenic
process is determined mainly by the hydrophobic segments and the so-called topogenic
sequences. The signal sequence and the type II signal anchor sequence initiate the
translocation of the following C-terminal side, while the type I signal anchor sequence
translocates the preceding N-terminal side (104, 105). The translocation that is initiated
by the signal sequence or the type II signal-anchor sequence is stopped by the following
hydrophobic segment, the so-called stop-transfer sequence. Thus, the topogenic
properties of the transmembrane segment should directly correlate with the final

topology of each membrane protein (106,107).
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Such signal sequences are not so relevant, however, in the amino acid
sequences of cytochromes bs¢;. Therefore, it might be expected that the first
transmembrane helix of the cytochrome is likely to serve as a start-transfer sequence.
Since there are more positive-charged amino acid residues immediately preceding the
hydrophobic core in most of the cytochrome bs¢; sequence, the NH,-terminal sequence
remained on the cytosolic side. Until the subsequent stop-transfer sequence to be
recognized by the translocon apparatus, the translocation continues. In this way, six
transmembrane helices might function in alteration as start-transfer and stop-transfer
sequences and finally the COOH-terminal sequence remained on the cytosolic side.
After the integration into the ER membranes, plant cytochrome bss; molecules must be
transported to their destination, either to the plasma membrane or to the vacuole
membranes, by the vesicular transport mechanism. For the transport of the cargo
proteins to the target organelle to be occurred, each transmembrane protein should have
a sorting signal(s) within the cytosolic domains of the molecules. Such sorting signals
specific to plant vacuoles are named as “vacuolar sorting determinant” (VSD), and are
categorized as ssVSD (sequence-specific VSD) and ctVSD (COOH-terminal VSD)
(108). The former has NPIRL consensus sequence, whereas the latter has no consensus
sequence but constituting with a rather hydrophobic amino acid residues. However,
again, in the sequences of various plant cytochrome bs¢, neither of them was identified
yet. Although the elucidation of molecular mechanisms for cellular transport of
transmembrane protein including cytochrome bs¢; by the unidentified signal sequence
or sorting signals might be a very attractive target, it was not pursued in my Ph.D. study

and is waiting for a clarification by future studies.
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1-2. Aims of the study

Aims of my Ph. D. study: The aim of my study was elucidation of the
AsA-specific transmembrane electron transfer mechanism catalyzed by cytochrome bsg¢)
in a molecular level. The purification of plant cytochromes bse1, however, had been a
very difficult task in the past. Indeed, there has been scarce information regarding the
nature of plant cytochromes bsq;. Recently, however, our group has succeeded in the
construction of the heterologous expression system for Zea mays cytochrome bse;.
Fusion proteins by adding an affinity tag (6xHis-tag) moiety to the recombinant proteins
are frequently formed and are expressed in order to simplify the purification steps.
Affinity chromatography is a powerful purification method where usually only one-step
might be enough to obtain the expressed protein in the purified state in high
homogeneity. Following this molecular biological strategy, we modified the Zea mays
cytochrome bss; cDNA with a 6xHis-tag sequence at the position corresponding to the
C-terminal end of the Zea mays cytochrome bsq; protein. The 6xHis-tag moiety can be
used as target for the Ni-NTA agarose chromatography. Elucidation of the physiological
role of plant cytochrome bse;, which might be distinctly different from those of animal
cytochrome bse1, was the target to be clarified during my Ph.D. study. Further,
clarification of the underlying electron transfer mechanism from the putative substrate,
AsA, to the heme center was another target of my Ph.D. study. For these purpose, I
employed the site-directed mutagenesis study for the recombinant Zea mays cytochrome
bse1 protein.

Organization of thesis: The introductory chapter, Chapter 1, provides the
necessary background for conducting the research on cytochromes bse;, particularly

from animals and plants species.
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We have succeeded in the purification of heterologously expressed 6x
His-tagged Zea mays cytochrome bs¢; in Pichia pastoris cells. In Chapter 2, I described
the development and optimization of the expression systems for the recombinant Zea
mays cytochrome bse; in Pichia pastoris yeast cells. Then, I also described the
procedures for the purification of the 6xHis-tagged recombinant protein. Surprisingly,
presence of the 6xHis-tag moiety at the COOH-terminus of the protein influenced
significantly on its expression levels. Purification of the Zea mays cytochrome bse; from
our expression system yielded a protein sample with very similar physico-chemical
properties to those of yeast recombinant CGCytb and bovine CGCytb in the
detergent-solubilized state. Therefore, our new system offers a great improvement in the
yield and other advantages over existing insect and yeast cell systems for the production
the recombinant cytochrome bs¢; for the detailed studies on their structure and
functions.

We also have performed extensive site-directed mutagenesis studies on Zea
mays cytochrome bsg; to clarify the underlying molecular mechanism of the
AsA-specific electron transfer reaction in cytochrome bsg;. In Chapter 3, I described a
part of such results obtained from the site-directed mutagenesis study. In my Ph. D.
study, I have conducted a mutagenesis study with a particular interest on the two
conserved amino acid residues (Arg’” and Tyr'") residing in the putative AsA-binding
sequence. Changing the positive charge at the Arg’” residue to a neutral or a negative
one did not affect significantly on the final heme reduction level when AsA was used as
a reductant. However, characteristic pH-dependent initial time-lag upon the electron
acceptance from AsA in an acidic pH region was almost completely lost for R72A and

R72E mutants. In the case of Tyr’' mutants (Y71A and Y71F), we did not observe any
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significant influences on the final heme reduction level with AsA as a reductant.
However, the mutations at Tyr’' residue did affect significantly on the characteristic
pH-dependent initial time-lag.

In Chapter 4, I conclude the results of my Ph.D. study with a short summary of
my research efforts and several suggestions for the future works in the field of

cytochrome bse; study.
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Figure 1-1. Multiple alignment of Zea mays cytochrome bs¢; amino acid sequence with those

of animal and plant cytochromes bs¢;. Below the aligned sequences, 27 totally-conserved amino

acid residues including 4 His residues, potential axial ligands for the two heme prosthetic groups,

were indicated by an asterisk. Additionally, the “SLHSW” and the “ALLVYRVFR” sequences were

also indicated by a box, respectively. Amino acid sequence of cytochromes bsq; from bovine, pig,

human, mouse, frog, C. elegans, planaria, Arabidopsis thaliana, and Zea mays were aligned.
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Figure 1-2. Structural model of bovine cytochrome bsg;. Two well-conserved motifs

“ALLVYRVFR” and “SLHSW” and five conserved His residues (His™*, His*, His''’, His'?

and His'®" are indicated based on the model. His** and His'? are the heme axial ligands on

the intravesicular side, whereas His*® and His'®' are the heme axial ligands on the cytosolic
g y

side. The heme b on the cytosolic side has a function for the electron acceptance from AsA;

on the other hand, the heme b on the intravesicular side may donate electron equivalent to

MDA radical to reproduce AsA.
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Chapter 2

Purification and biochemical analyses of Zea mays cytochrome bsg;

heterologously expressed in Pichia pastoris
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2-1. Abstract

Cytochromes bsg; constitute a novel class of transmembrane electron transport
proteins present in large variety of eukaryotic cells, with a number of highly relevant
common structural features including the six hydrophobic transmembrane a-helices and
the two heme ligation sites. Of particular interest is the presence of a number of plant
homologues that encode proteins having possible ascorbate and monodehydroascorbate
radical-binding sites proposed previously for mammalian cytochromes bse;. In the
present study, we conducted a molecular cloning of cytochrome bss; cDNA from corn
plant, Zea mays, its functional heterologous expression in yeast Pichia pastoris, its
purification, and its biochemical analyses. The purified recombinant Zea mays
cytochrome bs¢; protein (WTZMbse1-Hg) showed characteristic visible absorption peaks
very similar to those of bovine cytochrome bsg;. The results from a stopped-flow
analysis indicated that Zea mays cytochrome bse; utilizes ascorbate and possibly,
monodehydroascorbate radical as a physiological electron donor and acceptor,
respectively. Pre-treatment of the purified Zea mays cytochrome bsq; with
dietylpyrocarbonate in the oxidized form caused a drastic inhibition of the electron
transfer from ascorbate and such inhibition was protected by the presence of ascorbate
during the treatment with diethylpyrocarbonate. These results suggested that plant
cytochrome bss; might perform an ascorbate-related transmembrane electron transfer
reaction by utilizing a very similar molecular mechanism with that of bovine
cytochrome bsg;. Our new system offers an improvement in the yield and other
advantages over existing insect and yeast cell systems for the producing the

recombinant cytochrome ZMbs¢ for the studies on the structure and functions.
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2-2. Introduction

During the past twenty-five years, evidence has accumulated on the presence of
a specific high-potential ascorbate-reducible b-type cytochrome in the plasma
membranes of higher plants. This cytochrome is named cytochrome bse; according to
the wavelength maximum of its a-band in the reduced form. More recent evidence
suggested that this protein is homologous to a b-type cytochrome present in chromaffin
granules of neuroendocrine cells of higher animals. These cytochromes bs¢; probably
constitute a novel class of transmembrane electron transport proteins present in large
variety of eukaryotic cells (7). Of particular interest is the recent discovery of a number
of plant genes that show striking homologies to the genes encoding for the mammalian
neuroendocrine cytochrome bsq;. A number of highly relevant structural features,
including six hydrophobic transmembrane o-helices, heme ligation sites, and possible
ascorbate (AsA) and monodehydroascorbate (MDA) radical-binding sites (2), are
almost perfectly conserved in all these proteins. It is our most requisite to understand
the physiological roles of plant cytochrome bs¢; and its molecular mechanism operative
for the transmembrane electron transfer in the biomembranes.

Purification of plant cytochromes bs¢1, however, seemed a very difficult task in
the past. Indeed, there has been scarce information regarding the nature of plant
cytochromes bsq1. We decided to exploit a heterologous expression system to study plant
cytochromes bse;. The use of the methyltrophic yeast, Pichia pastoris, as a cellular host
for the expression of recombinant proteins has become increasingly popular in recent
days. Pichia pastoris is much easier to genetically manipulate and to culture than
mammalian cells and can be grown to high cell densities under the control of alcohol

oxidase (AOX1) promoter. In the present study, we have succeeded in constructing the
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heterologous expression system of His-tagged Zea mays cytochrome bs¢; protein in
Pichia pastoris cells. Detailed studies on its biochemical characterization of the purified

sample are also reported.

2-3. Materials and methods

Preparation of Zea mays bss/pPICZB construct and expression of
recombinant Zea mays cytochrome bsq; in yeast Pichia pastoris cells: Pichia
pastoris expression kit were purchased from Invitrogen (Carlsbad, CA). For the
construction of 6xHis-tagged Zea mays cytochrome bse1/pPICZB plasmid (Invitrogen,
Carlsbad, CA), the Zea mays cytochrome bsq1/pBluescript II SK(+) plasmid which
contains the full length Zea mays bss; cDNA (AB182641) was used as the template to
amplify the bs¢; gene by PCR, with using following two primers; PPMb561s (sense
primer), 5’-ACGGAATTCG AATCCATGGG GCTTGGC-3’; PPHMbS561a (anti-sense
primer), 5’-TTTCTAGATC AGTGGTGGTG GTGGTGG TGG TTTTCTGGAA-3’.
The sense primer introduced an EcoRI site upstream of the initiation codon (underlined).
The former anti-sense primer introduced a hexa-histidine (6xHis) sequence before, and
an Xbal site immediately after, the stop codon, resulting in the expression of the
recombinant Zea mays cytochrome bse; protein having a C-terminal 6xHis-tag
(WT-ZMbss1-Hg; in which the C-terminal part of the deduced amino acid sequence was
*lGASVVVAAIAPVRLEEPQGYDPIPENHHHHHH?* in its C-terminal region). The
PCR amplified product was digested with EcoRI and Xbal, purified by agarose gel
electrophoresis, inserted into an expression cassette of the pPICZB vector under the

control of the inducible alcohol oxidase promoter (AOX1) and the resulting plasmid
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was used to transform E. coli XL1-Blue competent cells. The transformants were
screened for proper insertion of the 6xHis-tagged Zea mays cytochrome bse; gene. The
resulting construct, designated as pPICZB-ZMbse1-Hise, was verified by restriction
digestion analyses and by DNA sequencing (Applied Biosystems, Foster City, CA). The
transformation of Pichia pastoris cell was performed according to the manufacture’s
procedure (Invitrogen, Carlsbad, CA). The pPICZB-ZMbs6;-Hg construct (10 ug) was
linerized with Pmel, and was transformed into Pichia pastoris GS115 competent cells
(His", Mut") (Invitrogen, Carlsbad, CA) to give a methanol-inducible Zea mays
cytochrome bsq; protein expression. The transformants were selected on YPDS plates
containing zeocin (100 ug/mL). Genomic DNA from Pichia pastoris integrants was
extracted and PCR analysis was conducted to confirm the presence of the Zea mays
cytochrome bs¢; gene at the AOXI1 locus, using primers in the AOX1 promoter. To
produce starter cultures, a single colony of Pichia pastoris
GS115/pPICZB-WTZMbse1-Hisg was inoculated in 25 mL of buffer glycerol complex
(BMGY) medium and was cultured at 30°C with shaking at 225 rpm overnight. The
cells were then transferred into 225 mL of BMGYH medium (1.34 % yeast nitrogen
base, 1 % yeast extract, 2 % peptone, 0.1 M potassium phosphate buffer, pH 6.1, 1 %
glycerol, 0.4 ug biotin/mL, and 0.04 mg histidine/mL) containing zeocin (25 ug/mL)
and cultivation was continued under the same condition. When ODgg of the culture
reached to 3.0, the cells were collected by centrifugation at 5,000 rpm for 5 min at room
temperature. The pelleted cells were suspended in 250 mL of BMMYH medium
(BMGYH medium without glycerol but with 1.0 % (v/v) methanol) supplemented with
A-ALA (0.5 mM) and hemin (40 uM). The cell culture was continued at 30°C for 96 h

with shaking at 225 rpm and, in every 12h, 100 % methanol solution was added to the
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culture to make the final methanol concentration of 1 % (v/v) to maintain the induction
of the protein expression.

Preparation of Pichia pastoris microsomal fraction: The cultured cells were
centrifuged at 5,000 rpm for 5 min at room temperature. The pelleted cells were
suspended with buffer A (50 mM potassium-phosphate buffer, pH 6.0, 2.0 M sorbitol,
0.1 mM dithiothreitol, 0.1 mM EDTA). To the suspension, zymolyase (from
Arthrobacter luteus) (Seikagaku Corp., Tokyo, Japan) was directly added to 0.5 mg/mL
and the mixture was incubated for 3h at 30°C with shaking at 240 rpm. The mixture was
centrifuged at 5,000 rpm for 10 min at 4 C. The pellets were re-suspended with buffer B
(50 mM potassium-phosphate buffer, pH 7.0, 0.65 M sorbitol, 0.1 mM dithiothreitol, 0.1
mM EDTA, 1.0 mM PMSF). Then, the suspension was sonicated with an Astrason
S3000 ultrasonic processor (Misonix Inc., Farmingdale, NY) at 48 W (with duty cycle
of 50 %) for 3.0 min on ice and, then, was centrifuged at 10,000 rpm for 10 min at 4°C.
The supernatant was ultracentrifuged at 30,000 rpm for 60 min at 4'C. The resultant
pellet was re-suspended with 50 mM potassium-phosphate buffer, pH 7.0, containing
10 %(w/v) glycerol. This yeast microsomal fraction was saved in —80°C until use.

Solubilization of microsomal membranes and purification of the
recombinant Zea mays cytochrome bsq; protein: The recombinant 6xHis-tagged
WTZMbse; protein expressed in Pichia pastoris cells was readily solubilized from
microsomal membrane fractions with 1.0% (w/v) n-octyl-f-D-glucoside (B-OG) in 50
mM potassium-phosphate buffer (pH 7.0), 10% (v/v) glycerol and 1 mM AsA, on ice
with stirring for 3h. The detergent-solubilized solution containing the cytochrome was
concentrated using a Millipore ultrafiltration apparatus (membrane MWCO=30,000;

Millipore, Billerica, MA) and then applied to a DEAE-Sepharose CL-6B (Amersham
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Biosciences, GE Healthcare Bio-sciences) ion-exchange column that had been
pre-equilibrated with 35 mM potassium-phosphate (pH 7.0) buffer. The adsorbed
cytochrome in the column was eluted with 35 mM potassium-phosphate (pH 7.0) buffer
containing 1 % B-OG and 1 mM AsA. After the analyses with SDS-PAGE and with
measuring the absorbance at 425 nm, active fractions were collected, combined and
concentrated. The concentrated sample was supplemented with 300 mM NaCl and 10
mM imidazole and was applied to a 5 ml volume of Ni*-NTA agarose (QIAGEN,
Hilden, Germany) column that had been pre-equilibrated with buffer A (50 mM
potassium-phosphate buffer, pH 7.0, containing 1 % p-OG , 10 % glycerol, 300 mM
NaCl, and 1 mM AsA) containing 10 mM imidazole. The column was then washed with
20 bed volumes of buffer A containing 20 mM imidazole. The His-tagged protein was
then eluted with buffer A containing 250 mM imidazole. The eluate was concentrated
with a Millipore ultrafiltration apparatus (membrane MWCO=30,000; Millipore,
Billerica, MA) and imidazole was removed by gel filtration on a PD-10 column
(Amersham Bioscience) equilibrated with 50 mM potassium-phosphate (pH 7.0) buffer
containing 1 % B-OG.

Biochemical analyses of the purified recombinant Zea mays cytochrome bsq;:
The concentration of the purified cytochrome bs¢; was determined by using a millimolar
extinction coefficient of 27.7 mM 'cm™ (3). For immunoblotting, unstained protein
were transferred electrophoretically onto a nitrocellulose membrane and probed with
rabbit anti-C-terminal peptide of Zea mays bse1 antibodies (1:1000) (Takara-Bio, Ohtsu,
Japan). Visualization of immunoreactive bands was done using horseradish peroxidase
(HRP)-conjugated secondary antibodies, 4-chloro-1-napthol, and diluted hydrogen

peroxide. NH,-terminal amino acid sequence of the purified 6xHis-tagged WTZMbse;
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in the gel was analyzed as follows. Proteins in the gel were electro-blotted onto a PVDF
membrane (sequi-Blot, 0.2 wm. Bio-Rad, USA). The Ponceau S-stained protein band on
the PVDF membrane was cut using a clean razor and was directly analyzed with an ABI
protein sequencer (Model492; Applied Biosystem, USA) up to 10 cycles. Mass
spectrometric analyses were conducted with a Voyager DE Pro mass spectrophotometer
(Applied Biosystems, Foster City, CA) using a 20kV accelerating voltage. The mass
spectra were acquired by adding the individual spectrum from 256 laser shots. For
peptide analysis the samples were run in reflector mode. The recombinant wild-type
protein (WTZMbss1-Hg) was digested either with TPCK-treated trypsin (0.01 mg/mL)
or Staphylococcus aureus V8 protease (0.01 mg/mL), respectively. After 48h of
incubation at room temperature, the peptide solutions were diluted 1:9 (v/v) with a
matrix solution ( « -cyano-4-hydroxycinamic acid (Aldrich, Gillingham, England), 50
mg/ml in 50% acetonitrile in 0.3% TFA). The mixtures (typically, 1.0 uL) were
deposited on the sample plate, allowed to air-dry, and analyzed. The search of the
corresponding fragments in the amino acid sequence of Zea mays bss; was conducted
using GPMAW (v 6.11) (Lighthouse Data, Odense M, Denmark).

Stopped-flow spectroscopic measurements of the recombinant Zea mays
cytochrome bsq;: Rapid kinetic measurements were carried out using an RSP-100-03DR
stopped-flow rapid-scan spectrometer (UNISOKU Co. Ltd., Osaka, Japan), as
previously described (4). One chamber of the apparatus contained the oxidized form of
WTZMbse; (2.0 um or indicated in the text) in 50 mM sodium acetate (pH 5.0), 50 mM
potassium-phosphate (pH 6.0) or 50 mM potassium-phosphate (pH 7.0) buffer
containing 1.0 % n-octyl-p-glucoside. The other chamber contained a test concentration

of sodium ascorbate (AsA) (2, 4, 8, 16 mM) in the same buffer. The temperature of both
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chambers and the sample holder was maintained at 20°C by connecting to a thermo-bath
(Tokyo Rikakikai Co. Ltd., Model NCB-1200; Tokyo, Japan). The mixing was carried
out with a 1:1 (v/v) ratio. Heme reduction of cytochrome bs¢; was followed
spectrophotometrically either by absorbance change at 427 nm using a photomultiplier
(single wavelength mode) or by multiple wavelengths (rapid scan mode; ~360~640
nm) using a photodiode array (512 channels). Data points were collected in every 120
msec (with 1-msec exposure time) for 1 min. The time-courses of the absorbance
change at 427 nm were fitted by use of a non-linear least-squares method of a built-in
software of the apparatus (or “Igor” software, v. 6.03) with a single (or a linear

combination of) exponential decay equations.

2-4. Results and discussion

Properties of the recombinant Zea mays cytochrome bsg;: The recombinant
6xHis-tagged WTZMbsq1 (WTZMbse1-Hises) was expressed successfully under the
control of the methanol-inducible promoter (AOX) in yeast Pichia pastoris cells. The
purified WTZMbse;-Hisg showed characteristics visible absorption spectra with
absorption peaks at 414 nm for the oxidized form and at 561, 529, and 427 nm for the
dithionite-reduced form (Fig. 2-1), which were very similar to those of bovine
neuroendocrine cytochrome bsq; (3). The SDS-PAGE (Fig. 2-2) and Western blotting
(Fig. 2-3) of the purified sample showed a single protein band at 26.2 kDa.
MALDI-TOF mass spectrum of the intact Zea mays cytochrome bsq; (WTZMbse-Hise)
in the presence of 1 % B-OG was directly analyzed in a linear mode. The spectrum

showed a clear [M+H ] peak at 26,176.9 (m/z), slightly lower than the theoretical value

45



0f 26,247.84 (Fig. 2-4). MALDI-TOF mass spectrometric analyses on the tryptic and
V8-protease peptides of the recombinant WTZMbse-Hiss showed many partially
cleaved polypeptides (Fig. 2-5A and 2-5B). We identified most of the polypeptides and
found that there was no undesirable mutation being introduced. The NH;-terminal
amino acid sequencing (10 cycles) of the purified WTZMbse-Hiss showed a sequence
of GLGLGVRAAP, corresponding to the authentic sequence of ZMbse; gene.
MALDI-TOF-MS analyses of the digested peptides of WTZMbs¢;-Hisg also confirmed
that the Met residue at the initiation site was removed.

Electron transfer activity of the recombinant Zea mays cytochrome bsg;: The
purified WTZMbse;-Hise protein showed a rapid electron acceptance from AsA with a
final reduction level of ~80 % when examined spectrophotometrically by a manual
mixing method. Further, we found that the rapid electron accepting ability of
WTZMbsei-Hise from AsA was inhibited significantly upon the treatment with
dietylpyrocarbonate (DEPC) in the oxidized state, as found previously for bovine
neuroendocrine cytochrome bse; (5, 6, 7). The modification sites with DEPC were
analyzed by MALDI-TOF mass spectrometry and were found as the two His axial heme
ligands and one conserved Lys residue, very similar to the results for bovine
cytochrome bsg; (6, 7). These results suggested that plant cytochromes bse; utilize AsA
as physiological electron donor in a very similar mechanism as found in bovine
neuroendocrine cytochrome bsg; (8).

Stopped-flow analyses of Zea mays cytochrome bsq;: The electron acceptance
reaction of oxidized WT-ZMbse-Hg was further analyzed by stopped-flow spectrometry
(Fig. 2-6). The absorbance change at 427 nm after mixing of oxidized form of

WT-ZMbse1-He (final 1uM) with AsA (final 2 mM) was presented against time scale.
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The result showed that, in initial phase of the electron acceptance from AsA, the heme
reduction rate of WT-ZMbse1-Hs was much slower at pH 5.0 than that measured at pH

7.0, as observed for bovine cytochrome bse; (7) and for WT-ZMbse; (9).

2-5. Conclusion

In conclusion, our new expression system offers a great improvement in the
yield and the quality and other advantages over the existing insect and yeast cell
systems for producing the recombinant WTZMbse;. This system was also found to be
very suitable for the production of various site-directed mutants for the studies on the

structure and functions of cytochrome bsg;.
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Figure 2-1. Visible absorption spectra of the purified recombinant Zea mays cytochrome
bs¢1 (WTZMbsg-Hg). Spectrometric analysis was carried out using a Shimadzu UV2400
spectrometer (Shimadzu, Kyoto, Japan). Oxidized form, AsA-reduced form, dithionite-reduced
from are presented (Protein concentration was 0.742 uM in 50 mM potassium-phosphate buffer

pH 7.0 containing 1% p-0G).
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Figure 2-2. SDS-PAGE analysis on the solubilization and purification of the recombinant
Zea mays cytochrome bsg, heterologously-expressed in yeast Pichia pastoris cells. Oh,
before the induction with MeOH (final 1.0 %); M, microsomal fraction (10 ug); Pellet, pellet
fraction after the solubilization with 3-OG (1.0 %); SF, supernatant fraction after the
solubilization with B-OG (10 ug); CSF, concentrated supernatant fraction (10 ug); DEAE,
partially purified fraction after the DEAE-Sepharose column chromatography (10 ng); PD-10,
final form after the Ni*"-NTA agarose column and PD-10 column chromatography (2 ug);

LMW, low molecular weight markers.
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Figure 2-3. SDS-PAGE and Western blotting analyses of the purified recombinant Zea
mays cytochrome bsg; (WTZMbsg-Hg). SDS-PAGE was conducted on a 15 % gel. After the
electrophoresis, the gel was stained with CBB-R250. A part of the gel was cut and the gel was
electro-blotted onto a nitrocellulose membrane. The membrane was treated with a 100 x diluted
primary antibody (anti-C-terminal Zea mays bse; peptide rabbit IgG antibody) and then with a
1000 x diluted HRP-conjugated anti-rabbit IgG antibody. The staining of the protein band was
conducted with 4-chloro-1-napthol and hydrogen peroxide. Lane 1, LMW marker, lanes 2, 3,

purified WTZMbse1-He (2.0 ng of protein).
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Figure 2-4. MALDI-TOF mass analysis of the purified recombinant Zea mays cytochrome
bs¢1 (WTZMbsg-Hg). Mass spectrometric analysis was carried out on a Voyager DE Pro mass
spectrometer (Applied Biosystem, Foster City, CA) using a 20 kV accelerating voltage. The mass
spectrum was acquired in a linear mode by adding the individual spectrum from 256 laser shots.
The protein solutions were diluted 1:9 (v/v) with a matrix solution,
3,5-dimethoxy-4-hydroxycinnamic acid (Aldrich, Gillingham, England), 50 mg/ml in 30 %

acetonitrile in 0.3 % TFA.
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Figure 2-5A. MALDI-TOF-mass spectrum of trypsin-cleaved peptides from
WT-ZMbse-Hg. Mass spectrum of WT-ZMbse;-Hg after the treatment with TPCK-treated
trypsin was shown in the region from 2500 to 5000 m/z. Authentically-cleaved peptides by
trypsin are indicated in boldface. Peaks indicated by asterisk (*) are due to the K" ion form

[M+K] of the molecular ion.
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Figure 2-5B. MALDI-TOF-mass spectrum of the V8-protease-cleaved peptides from
WT-ZMbse-Hg. Mass spectrum of WT-ZMbse;-Hg after the treatment with V8-protease was
shown in the region from 3500 to 8000 m/z. Authentically-cleaved peptides by V8-protease are
indicated in boldface. Peaks indicated by asterisk (*) are due to the K ion form [M+K ] of the

molecular ion.
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Figure 2-6. Stopped-flow analysis on the electron transfer from AsA to the purified WT-

ZMbsg1-Hg at three different pH. The electron accepting reaction of the oxidized

WT-ZMbss1-Hg was measured at 427 nm by stopped-flow spectrometry using the solution

mixing system with a 1:1 volume ratio. The absorbance changes were plotted against the time

in a linear time scale from 0 to 60 sec. Buffer conditions are described in the text.
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Chapter 3

Roles of conserved Arg’> and Tyr’' in the ascorbate-specific
transmembrane electron transfer reactions catalyzed by Zea mays

cytochrome bsg;
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3-1. Abstract

Cytochromes bs¢1, a novel class of transmembrane electron transport proteins
residing in large variety of eukaryotic cells, have a number of common structural
architecture with the six hydrophobic transmembrane a-helices bundle and two heme
ligation sites. Our recent studies on a recombinant Zea mays cytochrome bse¢;, which
was produced by a heterologous expression system using yeast Pichia pastoris cells,
suggested that the “concerted proton/electron transfer mechanism”, which was
hypothesized to be operative in bovine cytochrome bs¢; upon electron acceptance from
ascorbate, was likely to be functioning in plant cytochromes bs¢; as well and that the
conserved Lys® residue on a cytosolic loop had very important roles for the binding of
ascorbate and the electron transfer from it. In the present study, we conducted a
site-directed mutagenesis study on the conserved Arg’> and Tyr'' residues residing in
the same loop with that of Lys®. Changes of a positive charge at the Arg’* residue did
not affect significantly on the final heme reduction level with ascorbate as a reductant.
However, the characteristic pH-dependent initial time-lag upon electron acceptance
from ascorbate in an acidic pH region was almost completely lost for R72A and R72E
mutants. Substitution of Tyr”" residue with Ala or Phe did show some influences on the
final heme reduction level and affect on the pH-dependent initial time-lag causing an
acceleration of the electron transfer, particularly at a lower pH. These observations were
interpreted as the existence of some specific interactions of Tyr’' and Arg’” residues
with the bound substrate. However, their mechanistic roles were distinctly different
from that of Lys® and might be related for expelling monodehydroascorbate radical

from the substrate-binding site to prevent the reverse electron flow.

58



3-2. Introduction

The plasma membranes (PM) of higher plants contain an ascorbate-reducible,
high-potential (E’,=~ +140 mV) b-type cytochrome, named cytochrome bs¢; due to it’s
a-band maximum at 561 nm in the reduced form. Presence of the b-type cytochromes in
the plasma membranes of higher plants has long been demonstrated in a variety of plant
species and in different tissues (/-6).

The availability of the primary sequences of cytochrome bs¢; from bovine
adrenal gland chromaftin cells and from other animal species has recently resulted in
the identification of many homologous sequences in plant as well (7, §). Further
extensive studies found that cytochrome bsq;-like genes distribute in nearly all the
organisms including invertebrates (insects, nematodes, platheminthes, tunicates),
vertebrates (mammals, amphibians), fungi, and plants (monocots, dicots, and
gymnosperms) (5). Presence of cytochrome bs¢; in a wide variety of species indicates
the general importance of this class of proteins in eukaryotic cell functions. Members of
the cytochrome bsq; family are characterized by a number of common structural features,
including six hydrophobic transmembrane a-helices, four totally conserved His residues,
possibly coordinating two heme prosthetic groups (9-16). Further, putative
substrate-binding sites for ascorbate (AsA) and monodehydroascorbate (MDA) radical
are almost perfectly conserved among the members of animal and plant cytochrome bsg,
subfamilies (9-16). The strict conservation of these essential structural features suggests
that the mode of action and physiological functions of these membrane proteins may be
very similar each other.

Purification of plant cytochrome bs¢1, however, was found to be a very difficult

task in the past (/-6). Indeed, there has been scarce information regarding the nature of
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plant cytochrome bs¢;. However, recent progress on plant cytochromes bse; study
suggested that they also utilize AsA as a physiological electron donating substrate (15,
17-19) to supply electron equivalents via transmembrane electron transfer to other
reactions operative on the opposite side of the membranes (20). To perform this unique
transmembrane electron transfer, two heme b prosthetic groups are each locating near
the two highly-conserved sequences (the putative AsA-binding sequence on the
cytosolic side and the putative MDA radical-binding sequence on the intravesicular
side) (7, 10). This molecular architecture is consistent with a view that cytosolic heme b
center has a role to receive an electron equivalent from cytosolic AsA and, after the
intramolecular transmembrane electron transfer, the reduced heme center on the
opposite side of the membranes donates the electron equivalent to MDA radical. In the
case of neuroendocrine bovine cytochrome bse;, this postulation was verified using
various biochemical and biophysical techniques (17, 12, 21-23).

For plant cytochrome bse;, however, there have been only a few detailed
studies being conducted, although a form of Arabidopsis cytochrome bs¢; was reported
to have reductase activities for ferric-chelates when expressed in Saccharomyces
cerevisiae cells (15). For the putative physiological functions of plant cytochrome bsg;,
two possibilities might be raised. As one possible role, it might utilize AsA as the
physiological substrate on the cytosolic side to re-generate AsA on the other side of
membranes, as found for neuroendocrine cytochrome bse; in animals (24-26). Such
re-generated AsA on the other side of biomembranes might be used for cell growth and
cell division and/or coupling to other redox proteins (5, /9). The other possibility is that
plant cytochrome bs¢; might work as a transmembrane ferrireductase to reduce ferric ion

to ferrous state (/5) and have an indirect role for the cellular iron absorption, as
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proposed for Dcytb, a homolog of cytochrome bs¢; identified in the duodenal plasma
membrane (27). Indeed, it was shown that a member of cytochrome bs¢; family had a
ferrireductase activity more or less (/4, 28). However, since the sub-cellular and
tissue-specific localization of plant cytochrome bse; was still not completely understood
(6, 17-19, 29, 30), it might be too early to make conclusive arguments. For the better
understanding of the exact physiological role of this unique plant membrane protein,
more detailed studies concerning the biochemical nature and molecular mechanism of
transmembrane electron transfer reaction might be required.

Recently, we have succeeded in the construction of a heterologous expression
system for Zea mays cytochrome bse; (Fig. 3-1) using methyltrophic yeast Pichia
pastoris cells, established its purification procedure, and opened a new way for the
detailed biochemical and biophysical analyses of plant cytochrome bs¢; (20). Our
analysis using stopped-flow and pulse radiolysis techniques showed that purified
wild-type Zea mays cytochrome bsq; (WT-ZMbse) protein had significant abilities for
the electron acceptance from AsA and the electron donation to MDA radical (20).
Further, our comparative study on WT-ZMbse with bovine cytochrome bse; using a
site-specific chemical modification technique demonstrated that the “concerted
proton/electron transfer mechanism”, which was hypothesized to be operative in bovine
cytochrome bsg; upon electron acceptance from AsA (37), was likely to be operative in
Zea mays cytochrome bse; as well (20). In our more recent study, we performed a
site-directed mutagenesis study on this cytochrome bse; with particular interests on the
conserved amino acid residues residing in the putative AsA and MDA radical binding
sites (32). Three site-directed mutants, K83 A, K83E, and K83D, showed a significant

decrease in their electron accepting abilities from AsA both in the initial electron
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transfer rate and in the final reduction level, indicating that Lys*’ has a very important
role for the binding of and electron transfer from AsA (32).

In the present study, we focused on two amino acid residues (Tyr'' and Arg’?)
with a high conservation among the sequences of plant and animal cytochrome bs; as
the targets for a detailed site-directed mutagenesis study (Fig. 3-1). Although these
residues are locating on a cytosolic loop connecting the hydrophobic a-helices (helices
2 and 3) and are likely to have some roles for the electron acceptance from AsA rather
than structural integrity of the cytochrome itself, their exact roles and mechanisms in
the electron transfer reactions have scarcely been understood.

The first target residue, Tyr'' (corresponding to Tyr’> of bovine cytochrome
bse1), is locating on the same loop with that of the Lys®*’ residue and is within a part of
“motifl” (7) and putative “AsA-binding sequence” (/0) (Fig. 3-1). Since the
conservation of this Tyr residue is very high and is one of a few aromatic residues close
to the cytosolic heme center, it might be very reasonable to assume having very
important roles for the electron accepting reaction from AsA. To investigate the role of
conserved aromatic side-chain group, we constructed and expressed two site-directed
mutants, namely, Y71A-Hg and Y71F-Hg.

The second and more important target residue in the present study was Arg’>,
which is locating next to the Tyr'' residue in the same loop and is within a part of
“motifl” (7) and putative “AsA-binding sequence” (/0). More importantly, the
positive-charge of this side-chain group might be participating in the direct interaction
with AsA molecule, in collaboration with other positively-charged residues including
Lys® (32), which might have a guiding role upon the approach of AsA molecule to the

substrate-binding site on the cytosolic side (Fig. 3-1). Further, AsA-dependent reduction
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level assay on the site-directed mutants R72A of recombinant mouse cytochrome bsq; in
the yeast membrane fraction (/3) and of recombinant bovine cytochrome bs¢; in
purified state (33) indicated the importance of the positive-charge for the high-affinity
AsA-binding. However, for the recombinant Arabidopsis thaliana cytochrome bsey, its
K70A mutant (the corresponding position to the Arg’* of Zea mays cytochrome bsg; was
replaced with Lys residue in the Arabidopsis cytochrome bsq1) in yeast microsomal
membranes did not show any such effect (34). To solve these apparently contradictory
results, we decided to construct three site-directed mutants, namely, R72A-Hg, R72D-Heg,
and R72E-Hg.

To investigate the physiological and mechanistic roles of these conserved
residues on the cytosolic side for the electron transfer reactions catalyzed by Zea mays
cytochrome bs¢1, we performed detailed biochemical and biophysical analyses on each

of the site-directed mutants in a highly purified state.

3-3. Materials and methods

Site-directed mutagenesis: The cloned full-length Zea mays cytochrome bse;
(AB182641; DDBJ/EMBL/GenBank) was ligated into EcoRI-Xbal site of pPICZB
vector, as described previously (20). We further introduced a hexa-histidine (6xHis)
sequence at the 3’ end of the Zea mays cytochrome bsg; gene (20). The resulting
expression vector, pPICZB-WTZMbse1-He, could express the recombinant Zea mays
cytochrome bsq; protein with a C-terminal hexa-histidine sequence (WT-ZMbse1-Hg)
(Fig. 3-1). The amino acid sequence of its C-terminal part was, therefore,

*lGASVVVAAIAPVRLEEPQGYDPIPENHHHHHH?*). Site-specific mutations were,
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then, introduced using Quickchange 1II site-directed mutagenesis kit (Stratagene Corp.,
La Jolla, CA). All the primers, which were used for the mutagenesis, are listed in Table
3-1. Five site-specific mutants with a C-terminal 6xHis-tag moiety (R72A-Hg, R72D-Hg,
R72E-Hg, Y71A-Hg, and Y71F-Hg) were, thus, constructed. These constructs were each
confirmed by DNA sequencing using an ABI 3100 Genetic Analyzer (Applied
Biosystems, Foster City, CA).

Expression of Zea mays cytochrome bss; mutants in yeast, Pichia pastoris,
cells: The resulting pPICZB plasmids containing modified or mutated Zea mays
cytochrome bs¢; gene were each linearized with Pmel and were used for the
transformation of Pichia pastoris cell strain GS115 (His", Mut'). The transformation
was performed according to the manufacture’s procedure (Invitrogen, Carlsbad, CA).
The transformants were selected on YPDS plates containing zeocin (100 ug/mL).
Genomic DNA from Pichia pastoris integrants was extracted and PCR analysis was
conducted to confirm the presence of the Zea mays cytochrome bse; gene at the aox1
locus, using primers in the alcohol oxidase promoter. The expression and purification of
Zea mays cytochrome bsq; mutants were followed by the procedure as described in our
previous studies (20, 32).

Solubilization of microsomal membranes and purification of Zea mays
cytochrome bsq; mutants: The expressed wild-type Zea mays cytochrome bsg; and its
mutants were purified as follows. Yeast microsomal membrane fractions containing Zea
mays cytochrome b, (or its mutants) were solubilized with 1.0 % (w/v) n-octyl-f3-
D-glucoside (Anatrace, Maumee, OH) in 50 mM potassium-phosphate buffer (pH 7.0),
10 % (v/v) glycerol and 1 mM AsA (Na-ascorbate, Wako Pure Chemical Industries, Ltd.,

Osaka, Japan). After stirring at 4°C for 3h, the solubilized extracts were centrifuged at
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20,000 rpm for 20 min. The detergent-solubilized cytochrome was concentrated and
applied to a DEAE-Sepharose CL-6B (Amersham Bioscience, GE Healthcare
Bio-Sciences, Buckinghamshire, England) ion exchange column that had been
pre-equilibrated with 35 mM potassium-phosphate (pH 7.0) buffer. The adsorbed
cytochrome in the column was eluted with 35 mM potassium-phosphate (pH 7.0)
containing 1% n-octyl-f-D-glucoside (f-OG) and 1 mM AsA. After the analyses with
SDS-PAGE and with measuring absorbance at 425 nm, active fractions were collected,
combined, and concentrated. The concentrated sample was supplemented with 300 mM
NaCl and 10 mM imidazole, and was applied to a 5 ml Ni-NTA agarose (QIAGEN,
Hilden, Germany) column that had been equilibrated with buffer A (50 mM
potassium-phosphate buffer, pH 7.0, containing 1% B-OG, 10% glycerol, 300 mM NacCl,
10 mM imidazole and 1 mM AsA). The column was then washed with 20 bed volumes
of buffer A containing 10 mM imidazole. The 6xHis-tagged protein was eluted with
buffer A containing 240 mM imidazole. The eluate was concentrated with a Millipore
ultrafiltration membranes MWCO=30,000 (Millipore, Billerica, MA) and imidazole was
removed by gel filtration on a PD-10 mini-column (Amersham Bioscience, GE
Healthcare Bio-Sciences, Buckinghamshire, England) equilibrated with 50 mM
potassium-phosphate (pH 7.0) buffer containing 1% p-OG. SDS-PAGE analysis was
performed using 15% gels according to the method of Laemmli (35). The concentration
of the purified Zea mays cytochrome bss; mutant was determined
spectrophotometrically using a difference extinction coefficient of 27.7 mM'cm™ at 561
nm minus 575 nm in the reduced state (9). Final protein concentration was determined
by a modified Lowry method (36).

MALDI-TOF mass spectrometory: Mass spectrometric analyses were
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conducted with a Voyager DE Pro mass spectrometer (Applied Biosystems, Foster City,
CA) using a 20-kV accelerating voltage. The mass spectra were acquired by adding the
individual spectrum from 256 laser shots. For peptide analysis the samples were run in a
reflector mode. Other experimental conditions were essentially the same as in
previously described (71, 12, 20). All the Zea mays cytochrome bss; mutant proteins
(Y71A-Hs, Y71F-Hg, R72A-Hg, R72D-Hg, and R72E-Hg) and the recombinant
wild-type protein (WT-ZMbse1-Hg) (~100 uM) were each digested either with
TPCK-treated trypsin (0.01 mg/mL) or Staphyrococcus aureus V8 protease (0.01
mg/mL), respectively. After 48h of incubation at room temperature, the peptide
solutions were diluted 1:9 (v/v) with a matrix solution (a-cyano-4-hydroxycinamic acid
(Aldrich, Gillingham, England), 50 mg/ml in 50% acetonitrile in 0.3% TFA). The
mixtures (typically, 1.0 uL) were deposited on the sample plate, allowed to air-dry, and
analyzed. The search of the corresponding fragments in the amino acid sequence of Zea
mays cytochrome bsq; mutants was conducted using the program GPMAW (v 6.11)
(Lighthouse Data, Odense M, Denmark).

AsA-reduction level assay: All six purified Zea mays cytochrome bsq; mutants
(Y71A-Hs, Y71F-Hs, R72A-Hg, R72D-Hg, and R72E-Hg) and the wild-type protein
(WT-ZMbse1- He) were each diluted to 1 uM with 50 mM potassium-phosphate buffer
(pH 7.0, 6.0) or 50 mM sodium acetate buffer (pH 5.0) each containing 1.0 % (w/v)
n-octyl-f-glucoside. After 30 min of incubation at room temperature, UV-visible
absorption spectra of the mutants in oxidized and dithionite-reduced states were
measured in the region from 700 to 200 nm with a UV-2400PC spectrophotometer
(Shimadzu Corp., Kyoto, Japan). For the AsA-reduced state of the mutants, the

absorbance change at 425 nm was kept measured for 30 min after the addition of AsA
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(10 mM) and, then, the spectra were recorded. The final reduction level with AsA as a
reductant was calculated based on the dithionite-reduced form as the 100 % reduction
level.

DEPC treatment of Zea mays cytochrome bsq;: The oxidized WT-ZMbse- He
and four purified Zea mays cytochrome bsq; mutants (Y71A-Hg, R72A-Hg, R72D-He,
R72E-Hg) solution was diluted to 10 uM with 50 mM potassium-phosphate buffer (pH
7.0) containing 1.0% (w/v) n-octyl-p-glucoside. The sample was treated with 0.5 mM
diethylpyrocarbonate (DEPC) (Wako Pure Chemical Industries, Ltd., Osaka, Japan) for
30 min, as previously described (17, 12, 20). The DEPC-treated samples were
gel-filtered through a PD-10 column equilibrated with 50 mM potassium-phosphate
buffer (pH 7.0) containing 1.0 % (w/v) n-octyl-B-glucoside to remove the un-reacted
DEPC. During the DEPC treatment, difference spectra in UV-visible region were
recorded with a UV-2400PC spectrophotometer (Shimadzu Corp., Kyoto, Japan).

Stopped-flow analysis of the Zea mays bss; mutants: Rapid kinetic
measurements were carried out using an RSP-1000-03DR stopped-flow spectrometer
(UNISOKU, Osaka, Japan). Purified site-directed mutants (Y71A-Hg, Y71F-Hs,
R72A-Hs, R72D-Hg, and R72E-Hg) and the recombinant wild-type protein
(WT-ZMbse1-Hg) were each diluted to 2 uM with 50 mM potassium-phosphate buffer
(pH 7.0, 6.0) or 50 mM sodium acetate buffer (pH 5.0) each containing 1.0 % (w/v)
n-octyl-f-glucoside. After 30 min of incubation at room temperature, the protein
solution and AsA solution were loaded into a different chamber of the apparatus,
respectively. The temperature of both chambers was maintained at 20 °C by connecting
to a thermo-bath. The mixing of the two solutions was carried out with a 1:1 volume

ratio and the heme absorbance change at 427 nm due to the reduction with AsA was
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recorded against time. Data points were collected in every 250 usec for the
measurements of time duration of 1 sec and in every 2.5 msec and 15 msec for the
measurements of time duration of 10 sec and 60 sec, respectively. Both Igor Pro
software (v. 6.03) and a built-in software of the stopped-flow apparatus were used for

the data analyses. Other experimental conditions were described previously (37).

3-4. Results

Purification and MALDI-TOF mass spectrometric analyses of the
site-directed mutants: The core procedure used for the purification of site-directed
mutants in the present study was based on the Ni*-NTA agarose affinity
chromatography by utilizing C-terminal hexa-histidine sequence. For the evaluation
with various spectroscopic and biochemical techniques, we could obtain sufficient
amounts of purified samples from the yeast microsomal fractions containing
heterologously expressed Zea mays bse protein.

To verify the introduction of site-specific mutation in the expressed protein, we
conducted MALDI-TOF mass spectrometric analyses on the digested peptides for each
of the mutants. In the case of wild-type protein (WT-ZMbse-Hs), the identified region
covered 9-242 residues for tryptic peptides and 2-235 residues for V8 protease peptides.
In the case of Arg72 mutants (R72A-He, R72D-Hg, R72E-Hg), the identified region
covered 9-242 residues for tryptic peptides and 2-235 residues for V8 protease peptides.
Substitutions of Arg’” residue with Ala, Asp, and Glu were directly confirmed by the
inability of cleavage with trypsin at this site and by the decreases of mass (85.1 for Ala;

41.1 for Asp; 27.1 for Glu) for the peptides containing the substitutions, respectively
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(Tables 3-2 and 3-3). Typical examples are shown in Figure 3-2, where the
V8-protease-cleved peptides of WT-ZMbsq1-Hg, R72A-Hg, R72D-Hg, and R72E-Hg
were aligned in the region from 6500 to 8500 m/z to visualize the site-specific
substitution of the Arg’* residue. Another example is shown in Figure 3-3, where the
tryptic peptides of WT-ZMbss;-Hs, R72A-Hg, R72D-Hg, and R72E-Hg were aligned in
the region from 3000 to 4500 m/z to visualize the site-specific substitution of the Arg’?
residue. For the case of Y71A-Hg, we identified tryptic peptides covering 9-223 residues
and V8 protease peptides covering 2-235 residues, respectively. Substitution of the Tyr’'
residue with Ala was directly confirmed in both samples by the decrease of mass (92.1)
for the peptides containing the substitution (Tables 3-4 and 3-5 and Figures 3-4 and 3-5).
In the case of Y71F-Hg, substitution of the Tyr'' residue with Phe was similarly
confirmed in both V8 protease-treated and trypsin-treated samples by the decrease of
mass (16.0) for the peptides containing the substitution (Figures 3-4 and 3-5). It must be
noted that there was neither undesirable mutation being introduced nor any other type(s)
of post-translational modification being occurred. In addition, we could not identify
peptides containing the initiation Met residue for all the mutants examined, being
consistent with the result of NH,-terminal protein sequencing analyses for both
WT-ZMbse1-He (present study) and WT-ZMbse; (20).

Visible absorption spectra of purified Zea mays cytochrome bsgs; and its
site-specific mutants: All of the purified recombinant wild-type protein
(WT-ZMbss1-He) and its site-directed mutants (Y71A-Hg, Y71F-Hg, R72A-Hg,
R72D-Hg, and R72E-Hg) showed characteristics visible absorption spectra with peaks at
414 nm for the oxidized form and at 561, 529, and 427 nm for the dithionite-reduced

form. Figure 3-6 shows the spectra of R72A-H¢ mutant as a representative example (for
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other mutants, spectra are not shown), very similar to those of wild-type cytochrome
bse1 (WT-ZMbse1) (20) and of bovine cytochrome bsq; (9) both in oxidized and in
sodium dithionite-reduced states. These results suggested that all the mutations
introduced in the present study were not affecting the overall structure of the ZMbse;
molecule or even the local structures around the immediate surroundings of the two
heme b centers.

The pH-dependent behavior of the final reduction level: To evaluate the
overall influences of the mutations introduced, we investigated the final heme reduction
level with AsA (10 mM) as a reductant in different pH (Fig. 3-7). At pH 7.0, addition of
AsA (10 mM) to the oxidized WT-ZMbse1-He caused a quick reduction of heme b
reaching the final reduction level of ~80%, as previously reported (20), being consistent
with the notion that Zea mays cytochrome bse; utilize AsA as a physiological reductant
in maize cells. Three site-directed mutants (R72A, R72D, and R72E) for the Arg’
residue, which is locating on the cytosolic side of the molecule, did not show any
significant change in the final heme reduction level. Further, they did not show any
significant pH-dependency.

On the other hand, Y71A-H¢ mutant showed a much lower heme reduction
level than those of WTZMbse1-Hg and slight pH-dependent changes in the electron
transfer activity with AsA as a reductant. Y71F-Hs mutant showed a very different
property from those of WTZMbss1-Hg and other mutants. It showed a very high
reduction level at pH5.0, whereas at pH 6.0 and 7.0 its reduction level was somewhat
low (45~50%) (Fig. 3-7).

Inhibition of the electron accepting ability of purified Zea mays cytochrome

bss; and its site-specific mutants from AsA upon modification with DEPC: Previously
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we used diethylpyrocarbonate (DEPC) for the studies on the electron transfer
mechanism of cytochromes bs¢; (11, 12, 20). DEPC is well known as a chemical
modification reagent possessing high selectivity toward a deprotonated nitrogen atom of
an imidazole ring of His residues (38) and with a lesser reactivity to Lys, Tyr or other
residues. When the DEPC treatment was done on the purified WT-ZMbse1-Hg in
oxidized state (DEPC : WT-ZMbse1-Hs = 16 : 1), slight but clear absorbance changes in
both UV and Soret regions occurred (Fig. 3-8A). The changes in the UV region around
240 nm was due to the N-carbethoxylation of the His residues (Fig. 3-8A, inset). Extent
of the N-carbethoxylation was calculated based on the absorbance change at 240 nm
(AA240) using a molar extinction coefficient of 3.2 mM lem™! for N-carbethoxylated
histidine (38) and was found as 2.54 residues per molecule for WT-ZMbss;-Hs, and
around 2.2 residues for the mutants irrespective to the positions of the site-directed
mutation. The concerted progress in absorbance change at the Soret and UV regions
(Fig. 3-8A) was consistent with the notion that the N-carbethoxylation of His residues
occurred at or near the heme center. As observed for bovine cytochrome bse; (/1) and
WT-ZMbse; (20), we found that major modification sites with DEPC as His%, Hislsg,
and Lys® (and non-conservative His'’ with a slightly lower extent). Considering the
total number of His residues in the deduced amino acid sequence of WT-ZMbse; (20) (8
residues) and the additional C-terminal His-tag moiety (6 residues), these small values
indicated a site-specific N-carbethoxylation being occurred at the heme-cooridinating
His residues (His", His'">’) of Zea mays cytochrome bsg;.

Interestingly, we found that the DEPC-treatment of Zea mays cytochrome bse;
caused a significant inhibition of its electron acceptance ability from AsA both in the

final reduction level (Fig. 3-8B) and in the apparent rate constant (Fig. 3-8C). As shown
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in Figure 3-8B, visible absorption spectrum of the DEPC-pretreated WT-ZMbse-Hg
after the addition of AsA (10 mM) showed no clear development of sharp peaks around
o and f region; however, in the dithionite-reduced state, there were clear peaks at 561,
530, and 427 nm in the absorption spectrum, indicating full-reduction of the two heme
centers. The final heme reduction level of the DEPC-treated Zea mays cytochrome bsg)
with AsA (10 mM) as a reductant was around 35% based on the absorption at 561 and
427 nm. This specific inhibition of the electron acceptance ability from AsA caused by
the DEPC-modification had a very similar precedence for bovine cytochrome bs¢; (17,
12), as previously reported based on the analysis for WT-ZMbse; (20). Upon the DEPC
treatment of four site-directed mutants (Y71A-Hs, R72A-Hg, R72D-Hg, and R72E-Hg),
a similar inhibition of the electron acceptance from AsA (with 20~40% final heme
reduction level and the slowed electron transfer rate) was observed at pH 7.0. A typical
example was shown in Figure 3-8 (D) for Y71A-Hs, in which a significant inhibition of
the electron transfer reaction from AsA by the DEPC-treatment was obvious. These
observations suggested that the conserved Arg’* and Tyr'' residues are not directly
related to the DEPC-modification-related inhibition of the electron transfer from AsA.
Further, possible structural changes induced by these site-directed mutations did not
affect significantly on the overall inhibition mechanism caused by the
DEPC-modification.

Stopped-flow analyses of Zea mays cytochrome bsg; and its site-specific
mutants on the electron acceptance activity from AsA: The electron acceptance
reaction of oxidized WT-ZMbse1-Hg and its site-directed mutants were further analyzed
by stopped-flow spectrometry (Fig. 3-9). The absorbance change at 427 nm after mixing

of oxidized form of WT-ZMbse1-Hg (final 1 uM) with AsA (final 2 mM) was presented
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against time in logarithmic scale (Fig. 3-9A) as representative examples. The result
showed that, in the initial phase of the electron acceptance from AsA, the heme
reduction rate of WT-ZMbse1-Hs was much slower at pH 5.0 than that measured at pH
7.0, as observed for bovine cytochrome bsg; (22) and for WT-ZMbse; (20). On the other
hand, such an initial time-lag at pH 5.0 was almost completely absent in R72A-Hg (Fig.
3-9B) and R72E-Hg (Fig. 3-9C) mutants. For the R72D-Hs mutant, the initial time-lag at
pH 5 still persisted but with a much reduced extent (Fig. 3-9D). It might be stressed that
there were not so much pH dependency in the initial apparent rate constants for R72A
and R72E mutants and these values were very similar to those of WT-ZMbss;-He
measured at pH 6.0.

The time-courses of the reduction process of both Y71A-Hgs and Y71F-Hg
mutants with AsA were also analyzed by stopped-flow spectrometry. In the case of
Y71A-Hg, the initial time-lag at pH 5 was almost absent (Fig. 3-9E). Further, over all
reduction process of Y71A-Hs with AsA as a reductant was similar to (or even faster
than) those of R72A-Hg (Fig. 3-9B) and R72E-H (Fig. 3-9C) mutants. Acceleration of
the electron transfer from AsA at pH 5 was clearly seen for Y71F-He mutant (Fig. 3-9F)
in comparison with the time-courses of WT-ZMbss1-Hg and the R72 mutants.

For clarification of these analyses based on the logarithmic time-scale plots,
we also calculated the apparent rate constants (kapp (sec™)) of the reduction processes
corresponding to the plotted data in Figure 3-9. For the calculation, we assumed a single
exponential decay for the initial 10 sec and 60 sec after the mixing with AsA for the
simplicity. It is obvious from Table 3-6 that WT-ZMbse1-Hs and R72D- He showed
much smaller k,,, values at pH 5 compared to those of R72A- Hg, R72E-Hs, and

Y71A-Hg at pH 5. On the other hand, Y71F-Hs showed distinctly large k., values at pH
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5, about 7~8 times larger than the corresponding values of WT-ZMbse1-Hg and 3~4
times larger than those of R72A-Hg, R72E-Hg, and Y71A-Hg. Thus, we can conclude,
from the data in Figure 3-9 and Table 3-6, that the substitution of Arg’* with Ala or Glu
caused a significant suppression of the characteristic pH-dependent time-lag in the
electron acceptance from AsA and, further more, substitution of Tyr’' with Phe caused a

significant acceleration of the electron acceptance from AsA.

3-5. Discussion

Electrochemistry of AsA and its relation to the electron transfer to the heme
center of cytochrome bss;: An AsA molecule has two acidic protons (pK,=4.04 and
pKax=11.34) (39). Therefore, three species, ascorbic acid (H,AsA), ascorbate
monoanion (HAsA"), and ascorbate dianion (AsA™), are present in solution, with the
monoanion form as a predominant species at a physiological pH. On the other hand,
MDA monoanion (MDA") radical, the one-electron oxidized form of AsA, is invariant
in the pH range 0-13 and its protonated form is virtually non-existent under
physiological conditions (26, 39, 40). Since the predominant monoanion form (HAsA")
is not a good electron donor and the scarce dianion form (AsA®) is a much powerful
electron donor, Njus and Kelley (26) postulated that cytochrome bs6; has such a
molecular mechanism to withdraw a proton from a monoanion form to facilitate the
electron transfer to the heme iron (“concerted H'/e” transfer mechanism”). We extended
their model to include the imidazole group of the cytosolic heme axial His ligand as
such a site for the proton acceptance (3/). Our model can explain reasonably (i) the

high-affinity DEPC-modification of the cytosolic heme axial His reside (/1), (ii)
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specific inhibition of electron transfer from AsA by DEPC-modification (//), and (iii)
protection of the imidazole N-carbethoxylation from DEPC by inclusion of AsA during
the DEPC-treatment (/2). In our previous (20) and present studies on the
DEPC-modification of Zea mays cytochrome bss; showed that (i) there were three major
modification sites (Lys*, His*® and His'"), (ii) N-carbethoxylation of the heme axial
ligands (His™ and His"*") caused the inhibition of electron transfer from AsA and (iii)
inclusion of AsA during the treatment with DEPC protected the electron accepting
ability from AsA. All these observations suggested strongly that the “concerted H'/e”
transfer mechanism” at the cytosolic heme center (37) is operative in plant cytochrome
bse1 as well.

Possible roles of the highly conserved residues on the cytosolic side: From
the considerations discussed in the previous section, we might expect four groups of
amino acid residues that participate in the efficient electron acceptance from AsA on the
cytosolic side; namely, (A) residues responsible for helping the approach of AsA to the
AsA-binding site and for its recognition, (B) residues responsible for the stabilization of
AsA at the AsA-binding site, which may also participate to provide a route for the
electron transfer to the oxidized heme, (C) residues responsible for withdrawing and
transferring a proton from AsA (from 2-OH), which may also have a role to provide a
route for the electron transfer, and (D) residues responsible for expelling MDA radical
from the AsA-binding site to prevent the reverse electron flow.

Previous site-specific chemical modification study on bovine cytochrome bs¢;
using DEPC suggested the importance of Lys® residue (corresponding to Lys** of Zea
mays cytochrome bse;) for the quick electron acceptance from AsA (17, 12). Indeed,

Lys™ is well conserved among animal and plant cytochromes bse; (10). Our recent study
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on WT-ZMbse (20) (and present study on WT-ZMbse1-He) using a same strategy
indicated that Lys™ had a similar high reactivity towards DEPC with that of Lys® of
bovine cytochrome bse; and such specific DEPC-modification at this Lys® caused a
significant retardation of the electron transfer from AsA. These results suggested an
important role(s) of the conserved Lys™ residue in plant cytochrome bse; as well for the
electron acceptance from AsA (20). Mechanistic role(s) of this positively-charged
residue was further analyzed by three site-specific mutants, K83 A, K83D, and K&83E in
our previous study (32). Stopped-flow analyses for these mutants showed that the
duration of the initial time-lag was much longer than that of WT-ZMbsg, in all the pH
regions measured, causing a significant retardation of the electron transfer. These
observations were consistent with the notion that a positive charge of the Lys™ residue
in the physiological pH region would have an electrostatic interaction with a
negatively-charged AsA molecule, as previously proposed (22). Thus, Lys™ residue can
be classified clearly as group A.

In the present study, DEPC-treatment of WT-ZMbse1-Hs and four site-specific
mutants (Y71A-Hs, R72A-He, R72D-Hg, and R72E-Hg) showed similar inhibitory
effects in their electron acceptance from AsA with that found for WT-ZMbsg;. It might
be noted further that DEPC-treatment of K83 A mutant of Zea mays cytochrome bse;
also showed a similar inhibition of the electron acceptance from AsA (Nakanishi et al.,
unpublished), in which only the heme axial His residue(s) were potential modification
sites. These results suggested strongly that the specific N-carbethoxylation of the heme
axial His residue(s) was the major cause of the inhibition of electron acceptance from
AsA. Thus, based on our “concerted H'/e” transfer mechanism” at the cytosolic heme

center (37), we could conclude that His™ residue might be classified as group C.
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Possible mechanistic roles of Arg”’: Both Arg’* and Tyr’' residues are
locating in the putative AsA-binding sequence, and they are well-conserved among the
members of neuroendocrine and plant cytochrome bse; protein subfamilies. Particularly,
Arg’* was proposed as an important residue for the interaction with AsA because of its
positive charge and the high conservations (/3). In the past, several X-ray crystal
structures for the AsA-bound enzyme form were reported; such as ascorbate
peroxidases (41), hyaluronate lyase (42), and mirosinase (43). In all of these structures,
Arg residue seemed to have essential roles for the AsA-binding at the active sites (44),
in which the side-chains of Arg residue were interacted with the 2-O and 3-O atoms
(41), 1-0 and 2-O atoms (42), 1-O and 2-O atoms (43) of the bound AsA molecule via
hydrogen bonding, respectively.

Indeed, site-directed mutagenesis study on mouse recombinant CGCytb in the
yeast membrane fraction indicated that mutation of Arg’* to Ala abolished high affinity
heme reduction by AsA (/3). Further, site-directed mutagenesis studies on LCytb
showed that mutation of Arg®’ (corresponding to Arg’®) to Ala resulted in an almost
complete loss of the activity in the yeast cell-surface ferric reductase assay (/4).
However, present results on the Arg’> mutants did not support these observations and
were not consistent with the notion that the Arg’* residue provides an electrostatic
substrate-binding site for AsA to facilitate the electron transfer. Removal of the positive
charge by substitution with Ala (R72A) or conversion to a negative-charged residue by
substitution with Asp (R72E) did not cause any retardation of the electron transfer from
AsA at all in a neutral pH when analyzed with stopped-flow spectrometry. More
interestingly, the initial time-lag observed for bovine bs¢; (22) and WT-ZMbse; (20) (and

in the present study for WT-ZMbse1-Hg) observed in an acidic pH (pH 5) was
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completely lost in these mutants. However, for the R72D mutant, the initial time-lag
was somewhat conserved and the apparent rate constants were still slower at pH 5
(Table 3-6). These results suggest that the Arg’” residue has a different mechanist role in
the electron acceptance from that of Lys™. In an acidic pH, the major HAsA™ and the
minor H,AsA forms are in equilibrium and somehow the Arg’” residue stabilizes the
bound AsA to shift the equilibrium in favoring the H,AsA form, although this will not
occur in the physiological conditions (the pH on the cytosolic side ~7). In this stabilized
structure, a proton (of 2-OH group) could not be removed from AsA and, therefore, a
significant initial time-lag might be observed. However, substitution of the positive
side-chain with a neutral or a negative group might cause an easier release of a proton
from the bound AsA leading to the faster electron transfer from AsA to the heme iron. In
the case of R72D mutant, however, there was no such promoting effect for the proton
release, possibly due to a shorter side-chain of Asp’* than that of Glu’* of R72E. If so,
what is the physiological role of the stabilization of the bound AsA by the Arg’* residue
in a lower pH region? The most-likely explanation is that the Arg’* residue may have a
role to destabilize the binding of MDA monoanion (MDA") radical at the AsA-binding
site to prevent the reverse electron flow. Fine discrimination between MDA monoanion
(MDA) radical and ascorbate monoanion (HAsA") might be possible since the former
has the unpaired electron spread over a highly conjugated tricarbonyl system (45) and is
presumably much planar than the latter. It might be quite reasonable for bovine
cytochrome bsg; in the chromaffin vesicle membranes to have this kind of molecular
mechanism since there are sufficient amounts of intravesicular (~10 mM) and cytosolic
(~5 mM) AsA and, therefore, the cytochrome bs¢; is almost in the fully-reduced state

and, accordingly, prevention of the reverse electron transfer might be a primary
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importance. Such a molecular mechanism might be present in plant cytochromes bse; as
well.

Possible mechanist roles of Tyr’': In the present study for the two Tyr’'
mutants, we did observe some significant influences of the mutations on the final heme
reduction level with AsA as a reductant, but in a different way. Y71A-Hs showed a
lower heme reduction level than those of WTZMbs¢;-Hg. On the other hand, Y71F-Hg
mutant showed a very high reduction level at pH5.0, whereas at pH 6.0 and 7.0 its
reduction level was much lower (45~50%) than that of WTZMbse-He. Stopped-flow
analysis of Y71A mutant did not show any drastic retardation in the electron acceptance
from AsA in neutral pH. However, again, the characteristic initial time-lag was almost
absent in an acidic pH. In the case of Y71F mutant, all the steps of the electron transfer
from AsA seemed to be accelerated, particularly in a lower pH. These results indicated
that the mechanistic role of the Tyr’' might be also very complex.

In our previous study, the EPR spectra of oxidized Y71A mutant measured at 5
and 15K showed that the low-spin species with the HALS character, which has been
assigned to the cytosolic heme center, was actually composed of two species with
slightly different g, values (g,=3.7 and 3.59) (32). This g, signal (g,=3.59) was not
observed in those of oxidized WT-ZMbse; and K83 A measured at 5 and 15K. On the
other hand, the other low-spin species (g,=3.2) assignable to the intravesicular heme
center remained intact. These results suggested that the coordination structure of the
cytosolic heme center was slightly perturbed upon the mutation of the Tyr’' residue and
such an alteration might become apparent only in a low temperature. However, such
slight changes would not affect the dynamic interaction of the cytosolic heme center

with AsA and the electron acceptance ability from it at room temperature. Based on
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these results, we concluded previously that Tyr’' would contribute to the structural role
for the stability around the cytosolic heme center of cytochrome bs¢; rather than the
direct interaction with AsA (32), despite of its rather high conservation in the amino
acid sequences of many cytochromes bse; (7, 10).

Present result suggested, however, that the Tyr'' residue has an additional role
for the electron acceptance from AsA but in a later stage of the reaction, possibly by
destabilizing the bound MDA radical and driving it out from the substrate-binding site.
In our proposed scenario, phenol ~OH group of Tyr’' in collaboration with Arg’* residue
might have specific interactions with the bound AsA in favoring the H,AsA form and
the release of 2-OH proton from the bound AsA might be inhibited in a lower pH.
Indeed, such an example for the interaction between a Tyr residue and a bound AsA is
proposed for a plant heme oxygenase (44). For a planar MDA radical without 2-OH
group, the Tyr71 residue would not have any preference and the MDA radial might be
released. Therefore,
substitution of the Tyr'' residue with Ala will abolish such specific interactions in a
lower pH leading to a prompt release of the proton leading to the faster electron transfer.
Further, conversion to the hydrophobic environments would promote the release of
MDA radical. This interpretation might be supported by the observation that the Y71A
mutant showed a very similar property with that of the R72A mutant. Substitution of
Tyr”' residue with a more hydrophobic Phe residue would enhance such promoting
effect by changing the nature of the substrate-binding pocket. Indeed such promoting
effect was verified in our present study. Thus, we propose that both Arg’* and Tyr'!
residues can be classified as group D and have roles for expelling MDA radical from the

AsA-binding site to prevent the reverse electron flow. To verify our present proposal,
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however, a detailed structural data from X-ray crystallographic study might be
necessary.

We are still in progress to clarify the mechanistic roles of other conservative
residues, which might be working for the interactions with other possible redox partners
on the cytosolic and intravesicular side of Zea mays cytochrome bsg;. Further, some
conserved residues locating within the hydrophobic a-helices, which might have some
roles in the intramolecular electron transfer from the cytosolic heme to the intravesicular

heme centers, are also our current targets. Such results will be reported in near future.
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Figure 3-1. The six-transmembrane helices model of Zea mays cytochrome bs¢1. Zea mays
cytochrome bs¢; is considered to have six transmembrane helices and two hemes b centers. Two
hemes are located on the intravesicular and extravesicular side, respectively, with different EPR
characters as indicated based on (20). The two well-conserved sequences (ALLVYRVFR, SLHSW)
found initially in animal species were predicted as a part of the AsA- and MDA radical-binding site,
respectively (10). The latter is also well-conserved in plant species and is indicated in a loop
connecting helix 3 and 5. On the other hand, the former sequence residing in a loop connecting helix
2 and 3 is partially conserved in plant species. However, both Tyr71 and Arg72 residues in the
sequence are well-conserved and are expected to have important roles for the electron acceptance

from AsA together with the well-conserved Lys83 residue (32).
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Figure 3-2. Comparison of MALDI-TOF-mass spectra of V8-protease-cleaved peptides from
WT-ZMbse1-Hg, R72A-Hg, R72D-Hg, and R72E-Hg. Mass spectra of WT-ZMbse-Hg, R72A-Hg,
R72D-Hg, and R72E-Hg being aligned in the region from 6500 to 8500 m/z to visualize the
site-specific substitution of the Arg’” residue. The peptides containing the mutation site were
indicated as underlined. Authentically-cleaved peptides by V8-protease are indicated in boldface.

Peaks indicated by asterisk (*) are due to the K* ion form [M+K ] of the molecular ion.
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Figure 3-4. Comparison of MALDI-TOF-mass spectra of V8 protease-cleaved peptides from
WT-ZMbse-Hg, Y71A-Hg, and Y71F-Hg. Mass spectra of WT-ZMbsg-Hg, Y71A-Hg, and Y71F-Hg
being aligned in the region from 6300 to 7800 m/z to visualize the site-specific substitution of the
Tyr71 residue. The peptides containing mutation were indicated as underlined. Authentically-cleaved
peptides by V8-protease are indicated in boldface. Peaks indicated by asterisk (*) are due to the K"

ion form [M+K ] of the molecular ion.
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Figure 3-5. Comparison of MALDI-TOF-mass spectra of tryptic peptides obtained from
WT-ZMbse-Hg, Y71A-Hg, and Y71F-Hg. Mass spectra of WT-ZMbsg-Hg, Y71A-Hg, and Y71F-Hg
being aligned in the region from 2500 to 4500 m/z to visualize the site-specific substitution of the
Tyr71 residue. The peptides containing the mutation site were indicated as underlined.
Authentically-cleaved peptides by TPCK-treated trypsin are indicated in boldface. Peaks indicated

by asterisk (*) are due to the K ion form [M+K '] of the molecular ion.
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Figure 3-6. Absorption spectra of oxidized, AsA-reduced and dithionite-reduced forms of
R72A-Hg at pH 7.0. After 30 min of incubation of R72A-Hg with AsA (10 mM) in 20 mM
Na-phosphate buffer (pH 7.0), 1.0 % (w/v) B-octyl glucoside, its UV-visible absorption spectrum

was recorded and was compared with those in oxidized and in dithionite-reduced states.
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Figure 3-7. Effects of pH change on the final heme reduction levels of WT-ZMbs¢1-Hg and its
mutants using AsA as a reductant. After 30 min of incubation of WT-ZMbse;-Hg, R72A-Hg,
R72D-Hg, R72E-Hg and Y71A- Hg with AsA (10 mM) in buffer containing 1.0 % (w/v)
n-octyl-B-glucoside with three different pH (5.0, 6.0, and 7.0) at room temperature, their respective
UV-visible absorption spectrum was recorded and was compared with those in oxidized and in the
dithionite-reduced states. The final heme reduction levels with AsA as a reductant were calculated

from the spectra based on the dithionite-reduced form as the 100 % level.
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Figure 3-8. Effects of DEPC-treatment on the UV-visible absorption spectra of the purified
WT-ZMbse-Hg and Y71A-Hg. (A) Difference spectral change during the DEPC reaction with the
oxidized form of WT-ZMbse1-Hg. As the reaction proceeded, the increase in absorbance at 240 nm
due to the formation of N-carbethoxyl histidine residues was observed. Inset shows a reaction
scheme of

DEPC with histidine residue. (B) Absorption spectra of WT-ZMbse-Hg before and after the

DEPC-treatment. Solid line, oxidized state; dotted line, AsA(10 mM)-reduced state; broken line,
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dithionite-reduced state. (C) Time course of A4y7 of the DEPC-treated (or untreated) WT-ZMbsq,-Hg

after mixing with AsA (final 10 mM). (D) Time course of A4y7 of the DEPC-treated (or untreated)

Y71A-Hg after mixing with AsA (final 10 mM).
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Figure 3-9. Stopped-flow analysis on the electron transfer from AsA for the purified
WT-ZMbse1-Hg (A), its R72 mutants (R72A-Hg (B), R72D-Hg (C), R72E-Hg (D)), and its Y71
mutants (Y71A-Hg (E), Y71F-Hg (F)) at three different pH. The electron acceptance reactions of
oxidized WT-ZMbse1-Hs (and its site-directed mutants) (final, 1 uM) from AsA (final, 2 mM) were
measured at 427 nm by stopped-flow spectrometry using two solution mixing system with a 1:1
volume ratio. The absorbance changes were plotted against time in a logarithmic scale. Other

conditions including buffer conditions are described in the text.
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Table 3-1. Primers used for site-directed mutagenesis of Zea mays cytochrome bsg;

Mutants Primers Nucleotide sequences (5’ to 3°)
R72A-Hs R72As CGGTGAAGCTATAATGGTGTACGCGGTACTTCCAACATC
R72Aa  GATGTTGGAAGTACCGCGTACACCATTATAGCTTCACCG
R72D-Hs¢ R72Ds CGGTGAAGCTATAATGGTGTACGACGTACTTCCAACATCG
R72Da  CGATGTTGGAAGTACGTCGTACACCATTATAGCTTCACCG
R72E-H¢ R72Es CGGTGAAGCTATAATGGTGTACGAGGTACTTCCAACATC
R72Ea  GATGTTGGAAGTACCTCGTACACCATTATAGCTTCACCG
Y71A-H¢ Y71As GCGGTGAAGCTATAATGGTGGCCAGGGTACTTCCA
Y71Aa TGGAAGTACCCTGGCCACCATTATAGCTTCACCGC
Y71F-H¢ Y71Fs GCGGTGAAGCTATAATGGTGTTCAGGGTACTTCCA
Y71Fa TGGAAGTACCCTGAACACCATTATAGCTTCACCGC

Underlines indicate the mutation sites.
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Table 3-2. Theoretical tryptic fragments of the recombinant Zea mays cytochrome

bse and its site-directed mutants at Arg’> position

Num From-To MH' Sequence

1 1-8 803.02 MGLGLGVR

2 9-35 2848.39 AAPFTYAAHALAVAAAAMVLVWSIQFR

3 36-45 990.10 GGLAIESTNK

4 46- 72 3046.76  NLIFNVHPVLMLIGYVIIGGEAIMVYR
(4+5> 46-83 4155.96 NLIFNVHPVLMLIGY VIIGGEAIMVYAVLPTSNHDTTK) (for R72A)
(4+5” 46-83 4199.97 NLIFNVHPVLMLIGY VIIGGEAIMVYDVLPTSNHDTTK) (for R72D)
(4+5°7° 46-83 4213.99 NLIFNVHPVLMLIGY VIIGGEAIMVYEVLPTSNHDTTK) (for R72E)

5 73- 83 1213.33 VLPTSNHDTTK

6 84-106 2480.10 LIHLILHGIALVLGAVGIYFAFK

7 107-152  5066.82 NHNESGIANLYSLHSWIGIGTITLYGIQWIIGFVTFFFPGAAPNVK

8 153-153  147.20 K

9 154-181 3131.77 GVLPWHVLFGLFVYILALANAELGFLEK

10 182-192 1210.37 LTFLESSGLDK

11 193-223  3195.81 YGTEAFLVNFTALVVVLFGASVVVAAIAPVR
12 224-242 232444 LEEPQGYDPIPENHHHHHH

Theoretical tryptic peptides based on the deduced amino acid sequence of the

recombinant Zea mays cytochrome bse; and its site-directed mutants at the Arg’”

position are shown. Two pairs of the heme axial residues (His’* and His'*’; His* and

His'*") are indicated in boldface and Arg’* is in boldface and underlined. The peptides

4+5°, 4+5°, and 4+5°” are derived from R72A-Hs, R72D- Hg and R72E- Hg,

respectively.
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Table 3-3. Theoretical V8-protease cleaved fragments of the recombinant Zea mays

cytochromes bsq; and its site-directed mutants at Arg’” position.

Num From-To MH" Sequence
1 1-41 4173.00 MGLGLGVRAAPFTYAAHALAVAAAAMVLVWSIQFRGGLAIE
42- 66 2743.29 STNKNLIFNVHPVLMLIGY VIIGGE
3 67- 80 1616.88 AIMVYRVLPTSNHD
(3°  67-80 1531.77 AIMVYAVLPTSNHD) (for R72A)
(-1 67-72 71186  AIMVYD) (for R72D)
(3-1" 67-72 72588  AIMVYE) (for R72E)
(3-2° 73-80 882.95  VLPTSNHD) (for R72D and R72E)
4 81-110 3304.95 TTKLIHLILHGIALVLGAVGIYFAFKNHNE
5 111-175 7125.44 SGIANLYSLHSWIGIGTITLYGIQWIIGFVTFFFPGAAPNVKKGV
LPWHVLFGLFVYILALANAE
6 176-180 578.69 LGFLE
7 181-186 750.91 KLTFLE
8 187-191 478.48 SSGLD
9 192-196 597.65 KYGTE
10 197-235 4113.83 AFLVNFTALVVVLFGASVVVAAIAPVRLEEPQGYDPIPE
11 236-242 955.97 NHHHHHH

Theoretical V8 protease-digested peptides based on the deduced amino acid sequence of

the recombinant Zea mays cytochrome bse; and its site-directed mutants are shown. Two

. . . . 52 . . . . 4. .
pairs of the heme axial residues (His** and His'*’; His*® and His'>’) are indicated in

boldface and Arg’? is in boldface and underlined. The peptides 3°, 3-17, and 3-1"" are

derived from R72A-Hg, R72D- Hg and R72E- Hg, respectively. The peptide 3-2’ are

derived from both R72D- Hg and R72E- Hg.
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Table 3-4. Theoretical tryptic fragments of the recombinant Zea mays cytochrome

bse and its site-directed mutants at Tyr’' position

Num From-To MH' Sequence

1 1-8 803.02 MGLGLGVR

2 9-35 2848.39 AAPFTYAAHALAVAAAAMVLVWSIQFR

3 36-45 990.10 GGLAIESTNK

4 46- 72 3046.76  NLIFNVHPVLMLIGYVIIGGEAIMVYR
@ 46-72 2954.66 NLIFNVHPVLMLIGYVIIGGEAIMVAR) (for Y71A)
4> 46-72 3030.76  NLIFNVHPVLMLIGYVIIGGEAIMVFR) (for Y71F)

5 73- 83 1213.33 VLPTSNHDTTK

6 84-106 2480.10 LIHLILHGIALVLGAVGIYFAFK

7 107-152  5066.82 NHNESGIANLYSLHSWIGIGTITLYGIQWIIGFVTFFFPGAAPNVK

8 153-153  147.20 K

9 154-181 3131.77 GVLPWHVLFGLFVYILALANAELGFLEK

10 182-192 1210.37 LTFLESSGLDK

11 193-223  3195.81 YGTEAFLVNFTALVVVLFGASVVVAAIAPVR

12° 224-242 232444 LEEPQGYDPIPENHHHHHH

Theoretical tryptic peptides based on the deduced amino acid sequence of the

recombinant Zea mays cytochrome bse; and its site-directed mutants at the Tyr’' position

are shown. Two pairs of the heme axial residues (His* and His'*’; His"* and His"’) are

indicated in boldface and Tyr'' is in boldface and underlined. The peptides 4’ and 4”’

are derived from Y71A-Hg and Y71F- Hg, respectively.
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Table 3-5. Theoretical V8-protease cleaved fragments of the recombinant Zea mays

cytochromes bsq; and its site-directed mutants at Tyr’' position.

Num From-To MH" Sequence
1 1-41 4173.00 MGLGLGVRAAPFTYAAHALAVAAAAMVLVWSIQFRGGLAIE
42- 66 2743.29 STNKNLIFNVHPVLMLIGY VIIGGE
3 67- 80 1616.88 AIMVYRVLPTSNHD
(3 67-80 152478  AIMVARVLPTSNHD) (for Y71A)
(3" 67-80 1600.88  AIMVFRVLPTSNHD) (for Y71F)
4 81-110 3304.95 TTKLIHLILHGIALVLGAVGIYFAFKNHNE
5 111-175 7125.44 SGIANLYSLHSWIGIGTITLYGIQWIIGFVTFFFPGAAPNVKKGV
LPWHVLFGLFVYILALANAE
6 176-180 578.69 LGFLE
7 181-186 750.91 KLTFLE
8 187-191 478.48 SSGLD
9 192-196 597.65 KYGTE
10 197-235 4113.83 AFLVNFTALVVVLFGASVVVAAIAPVRLEEPQGYDPIPE
11 236-242 955.97 NHHHHHH

Theoretical V8 protease-digested peptides based on the deduced amino acid sequence of

the recombinant Zea mays cytochrome bse; and its site-directed mutants at the Tyr''

position are shown. Two pairs of the heme axial residues (His* and His'*’; His* and

His'*") are indicated in boldface and Tyr'' is in boldface and underlined. The peptide 3’

is derived from Y71A-Hg; whereas peptide 3’ is derived from Y71F-He.
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Table 3-6. Apparent rate constants for the heme reduction of wild-type Zea mays

cytochrome bsq; and its site-directed mutants with ascorbate (AsA) as a reductant.

pH WT-ZMbss-Hs  R72A-Hg R72D-Hg R72E-Hs Y71A-Hs Y71F-Hg

5 10sec 0.137 0357  0.146 0355 0.285 1.009
(0.002) (0.003)  (0.003)  (0.002)  (0.002)  (0.001)

60sec 0.109 0.194  0.108  0.203 0205  0.739
(0.001) (0.001)  (0.001)  (0.001)  (0.001)  (0.011)

6 10sec 0.862 0439 0449 0428 0425  0.703
(0.005) (0.003)  (0.003)  (0.005)  (0.002)  (0.006)

60sec  0.656 0232 0249 0224 0290  0.482
(0.007) (0.002)  (0.002)  (0.002)  (0.002)  (0.007)

7 10sec 0.438 0284 0230 0280 0213 0.395
(0.004) (0.003)  (0.002)  (0.003)  (0.002)  (0.004)

60sec  0.140 0.132 009  0.135 0.105  0.289
(0.001) (0.001)  (0.001)  (0.001)  (0.001)  (0.003)

Apparent first order rate constants (kapp (sec’)) and their standard deviations (o, in
parenthesis) at three different pH corresponding to the data represented in Figure 6
(final AsA concentration, 2.0 mM) are shown in two different time domains (10 and 60
sec). Both Igor Pro software (v. 6.03) and a built-in software of the stopped-flow
apparatus were used for the calculation with assuming a single exponential decay for the
initial 10 and 60 sec after the mixing. Both methods showed very similar values each

other and the round values obtained from Igor Pro software were tabulated.
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Chapter 4

Conclusions
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My work during the last three years focused on the study of a family of
transmembrane proteins, cytochrome bse;. Because of the high abundance of native
chromaftin granule (CG) cytochrome bs¢; and the availability of its expression and
purification techniques, the nature of CG cytochrome bs¢ has been characterized to
some extent. The situation for the studies on plant cytochrome bsq; was very different
from that of CG cytochrome bs¢. It was almost impossible to purify plant cytochrome
bse1 directly from plant tissues due to its lower expression level. To study their
biochemical properties in details, heterologous expression of the recombinant
cytochrome bs¢; might be essential. Therefore, we decided to exploit a heterologous
expression system different from that using Escherichia coli cells to study the plant
cytochrome bsq;. The use of the methyltrophic yeast, Pichia pastoris, as a cellular host
for the expression of recombinant proteins has become increasingly popular in recent
days. Pichia pastoris is much easier to genetically manipulate and to culture than
mammalian cells and can be grown to high cell densities under the control of alcohol
oxidase (AOX1) promoter. Previously, our group had succeeded in molecular cloning of
cytochrome bsq; cDNA from corn Zea mays, its functional heterologous expression in
Pichia pastoris cells, and its purification. The aims of my Ph.D. study were belonged in
two different categories. The first one was to extend the heterologous expression system
for a better yield in the expression level and a better purification method. The second
one was, using such purified sample, to elucidate the molecular mechanism underlying
the possible AsA-specific transmembrane electron transfer catalyzed by Zea mays
cytochrome bsq; using various molecular biological and biochemical techniques. The
major findings in my Ph.D. study are summarized below.

In the first part of my study (as described in Chapter 2), I have succeeded in the
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construction of heterologous expression system of recombinant Zea mays cytochrome
bse1, in which the 6xHis-tag moiety was introduced at the COOH-terminus of the
full-length Zea mays cytochrome bs¢;. I have also succeeded in its purification to a
highly homogenous state. The recombinant Zea mays cytochrome bsg
(WTZMbse1-Hise) showed characteristics visible absorption spectra very similar to
those of bovine cytochrome bss; and WTZMbse. SDS-PAGE and Western blotting
analyses of purified WTZMbse;-Hisg showed a single band at 26.2 kDa. Stopped-flow
analyses suggested that wild-type Zea mays cytochrome bs¢; utilizes AsA as a
physiological electron donor. Pre-treatment of the purified WTZMbse-Hisg with
dietylpyrocarbonate (DEPC) in the oxidized form caused a drastic inhibition of the
electron transfer from AsA and such inhibition was protected by the presence of AsA
during the treatment. These results suggested that plant cytochrome bss; might perform
an AsA-related transmembrane electron transfer reaction by utilizing a similar
molecular mechanism with that of bovine cytochrome bs¢;. Thus, our Pichia pastoris
expression system offers an improvement in the yield and the quality and other
advantages over the existing insect and yeast expression systems for producing
membraneous cytochromes bsq; for the detailed studies concerning their structures and
functions.

In the second part of my study (as described in Chapter 3), I focused on the
investigation using the site-directed mutagenesis techniques to clarify the roles of the
highly conserved amino acid residues in a conserved motif of Zea mays cytochrome bse;.
The conserved motif, located near the electron accepting (low potential) heme center,
was suggested to play a role in the AsA-binding. Indeed, covalent modifications with

DEPC and the site-directed mutations on the conserved Lys (K83) residue near this
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motif resulted in a significant decrease of the electron accepting ability from AsA. Thus,
we hypothesized that well-conserved residues (Y71 and R72) locating in this motif
could play an important role in the AsA-binding and the electron transfer. Therefore, I
generated several site-directed mutants (Y71A, Y71F, R72A, R72D, and R72E) at these
sites. The visible absorption spectra of all these mutants were very similar to those of
WTZMbse1-Hisg, although the final reduction levels with AsA as a reductant were
somewhat different each other. The effects of changing pH on the reduction processes
with AsA of oxidized WTZMbse -Hisg and of these mutants were examined by
stopped-flow techniques. We found that the time course of the reduction of
WTZMbse1-Hisg was very dependent on the medium pH. In a higher pH, the reduction
process was very fast; whereas in a lower pH, the reduction process became very slow,
as previously observed for bovine cytochrome bs¢;. This pH-dependent time-lag was
almost completely lost for the R72A, R72E, and Y71 A mutants. Further, for the Y71F
mutant, there was a clear acceleration of the electron transfer from AsA. These results
suggested that both Y71 and R72 residues have some important roles, but very different
from that of K83 residue, upon the electron transfer event from AsA.

To verify our present proposal, however, a detailed crystallographic structural
data on cytochrome bsq; might be highly necessary. With such information including
substrate binding site, interacting residues, and possible electron transfer pathways to
the heme center and between the two heme centers, several important questions about
the molecular mechanism working in Zea mays cytochrome bs¢;, which we postulated as

“concerted H'/e” transfer mechanism” at the cytosolic heme center, will be solved.
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