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Biographical Sketch

Summary

Living organisms on the earth survive by responding to ambient environmental factors
such as visible light, UV (ultraviolet) light, temperature, reactive oxygen intermediates
(ROIs), chemicals, nutritional salts, wounding (including inflammation), hormones,
growth factors, and infections by viruses, bacteria, and fungi.

The genes in eukaryotes are regulated by the mechanism revealed by classical genetics,
which include the upstream regions, promotors, transcribed regions encoding primary
transcripts, and downstream regions. The primary transcripts are processed by removing
introns by splicing mechanisms remaining exons forming mature messenger (m)RNAs,
which are constituted of untranslated regions (UTRs) and coding regions. The
transcription regulator proteins, such as AP-1, activate the upstream region, stimulating
the transcription of mMRNA. These transcription regulators receive the signals from
second messengers from the receptors in the surface of cell, the plasma membrane.
However, recent genetic and cell biology analysis has revealed epigenetic processes,
which involve the higher order hierarchic regulation of genes without change to the
nucleotide sequence. This kind of regulation of genes may be derived from protective
processes against attack by genetic materials, for example infection by retroviruses.

Signal transduction from plasma membrane to gene expression: Upon reception of
glucagon by the stimulating receptor, and the binding of GTP to stimulatory GTP-
binding protein, Gs will enhance the activity of adenylyl cyclase and produce
cyclicAMP, which can function as a second messenger. The increase in the
concentration of cyclicAMP will results in the activation of cyclicAMP dependent
protein kinase (A-kinase) by the binding of cyclicAMP to the regulatory subunits (R2).
A-kinase is known to down-regulate Raf-1, possibly by phosphorylation. Thus the
activation of A-kinase will stop the proliferation of the cell by down-regulating MAP
kinase cascade. A-kinase also phosphorylates CREB and AP-1, increasing the rate of
transcription of specific genes.

Upon reception of the factors designated first messengers, specific receptors—for
example the EGF (epidermal growth factor) receptor on the extracellular side—
stimulate the autophosphorylation of tyrosine on the cytoplasmic side. This is
recognized by Grb2/Ash (growth factor receptor bound protein 2/abundant SH),
followed by binding with Sos (son of sevenless), and stimulates the exchange of GDP
for GTP by the GTP-binding protein, Ras. It is suggested that the activated Ras, Ras-
GTP, may stimulate the phosphorylation of Raf-1 (MAPKKK), causing phosphorylation
of MAPKK and enhancing the phosphorylation of MAPK. Thus the MAP kinase
cascade is activated following the activation of Ras. Transcription factor NF-xB
(nuclear factor-«B) forms a complex with I-xB (inhibitor of kB), in which NF-«B is
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inactive. A MAPKKK (MEKKZ1) phosphorylates I-xB, leading to its proteolytic
degradation. Another MAPKKK phosphorylates the NF-«xB precursor, leading to
proteolytic processing to a mature NF-«xB.

Non-receptor type Src family protein tyrosine kinases (Src tyrosine kinases) sense the
oxidative stress caused by H,O, and NO after UV irradiation. Src tyrosine kinases are
located on the cytoplasmic side of the plasma membrane, and at the NH,-terminus have
a myristoylated Gly that supports anchoring to the plasma membrane. Src tyrosine
kinases contain a Cys-X-X-Cys sequence, with which they form a complex with
receptor molecules such as CD4 and CD8: they are activated by oxidative stress,
enhancing the autophosphorylation of Tyr394, and are further activated by
phosphotyrosine phosphatase via the dephosphorylation of Tyr505. The activated Src
tyrosine kinase phosphorylates I-xB, forming a complex with NF-«B; this leads to the
proteolytic degradation of I-xB, stimulating the translocation of NF-kB from cytoplasm
to nucleus. NF-xB activated by thioredoxin stimulates the transcription of inducible NO
(nitric oxide) synthetase, INOS, co-operatively with AP-1.

Signal transduction of light: Our eyes perceive light signals at the retinal rod cells’
outer segments, which contain rhodopsin. Upon reception of light rhodopsin is activated
to metarhodopsin 11, which forms a complex with heterotrimeric GTP-binding protein,
transducin (Gt), and stimulates the cyclicGMP phosphodiesterase (PDE). The activation
of PDE results in the decrease in the concentration of cyclicGMP, which functions to
open the Na* channel on the plasma membrane. The reception of light signals results in
the closure of the Na* channel, causing electrical stress on the plasma membrane. This
causes the start of electrical pulse transmission alone, with neuronal systems such as
bipolar cells, horizontal cells, amacrine cells, and glia cells connecting to the brain.

Signal transduction of UVA to blue light (320 to 460 nm) was partly revealed by the use
of a filamentous fungus, Neurospora crassa. Blue light increased the phosphorylation of
nucleoside diphosphate kinase-1 (NDK-1). The phosphorylation of NDK-1 is dependent
on WC-1 and WC-2, putative photoreceptor-forming heterocomplexes suggested to be
transcription factors. NDK-1 is presumed to have histidine kinase activity and showed:

e y-phosphate transferring activity for ATP + GDP — ADP + GTP
e autophosphorylation activity
e protein kinase activity, which may include phospho-relay from histidine kinase

NDK-1 is suggested to provide GTP in the vicinity of GTP-binding protein. The mutant
protein NDK-1Pro72His showed a deficiency in both autophosphorylation activity and
protein kinase activity, which may include phospho-relay from histidine kinase. In stem
sections of etiolated seedlings of the pea plant Pisum sativum, light signals transmitted
via the plant photoreceptor phytochrome stimulated the phosphorylation of Pea NDK1.

Epigenetic regulation of gene expression: Recent research has uncovered complex
gene regulations, or epigenetics, which manifest as a heritable gene regulation without
change in the DNA sequence.

The epigenetic mechanisms observed in fungi, animals, and plants fall within at least
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four major categories:

e RNA interference (RNAI) caused by the introduction of double stranded (ds)RNA,
or in some cases by the introduction of DNA. This induces the degradation of
messenger RNA, suppressing the gene expression.

e Repeat-induced point mutation (RIP), observed in a haploid filamentous fungus
Neurospora crassa, which includes the process of methylation in cytosine(C)
residues at the duplicated region prior to entering into meiosis. The methyl C is
deaminated and converted to T.

e Maintenance of the genetic program by Polycomb group (PcG) genes, which
suppress gene expression, and trithorax group (trxG) genes, which stimulate gene
expression.

e Genetic regulation of development and differentiation through the methylation of
DNA, mainly referring to the CpG methylation in mammals.

1. Introduction

Living organisms on earth manifest their capacities to survive by responding to changes
in ambient circumstances, such as levels of visible light, UV light, low and high
temperatures, draught, nutritional salts, wounding (including inflammation), hormones,
growth factors, oxidative stresses, and infections by viruses, bacteria, and fungi. The
genetic and biochemical approaches to analyzing these phenomena made by G. W.
Beadle and E. L. Tatum (1941) reported biochemical mutants in Neurospora requiring
vitamin B1 (thiamin), vitamin B6 (pyridoxine), and p-amino benzoic acid. This created
the basis of molecular biology with reference to the “one gene—one enzyme” theory.

Living organisms evolved on the earth, which orbits the sun with a rotation every 24
hours, typically allowing living organisms to receive periodic sunlight for about 12
hours daily. Sunlight reaching the earth is composed mainly of UV light, along with
visible lights ranging from violet to far red and infrared. Such a periodic sunlight regime
causes various organisms to generate a circadian (approximately one-day) rhythm.
Circadian rhythms are defined by the following three characteristics:

e the period length of the phenomenon is about (circa) one day (dian) under constant
conditions

e the period length of the rhythm can be adjusted (entrained) by light irradiation, with
a cycle of about 24 hours (light-induced phase response)

e the period length of the rhythm can be maintained constantly, independent of
ambient temperature.

In the case of humans, the sleeping-and-waking rhythm is about 25 hours in darkness,
and therefore about one hour of adjustment of time can occur every day in sunlight. Not
only our eyesight but also our biological clock system, like the avian pineal body, is
able to receive light signals. In the case of eyesight, the photoreceptor in the retinal rod
cell outer segment is rhodopsin. The reception of light by rhodopsin stimulates the
binding of GTP to GTP-binding protein, transducin (Gt). Transducin activated by the
binding of GTP will stimulate cyclicGMP phosphodiesterase (PDE) by the removal of
the inhibitory y-subunit of PDE. The activated PDE causes a decrease in the
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concentration of cyclicGMP, resulting in the closing of the sodium channel on the
plasma membrane stopping the influx of Na*. The stoppage of influx of Na" in response
to light signals will reduce the concentration of Na* in the inside of the rod cell inner
segment, which will cause the onset of electrical stress to be transmitted to the brain.
The light signal is the first messenger while the corresponding cyclicGMP is termed the
second messenger, as in the case of glucagon as a first messenger and cyclicAMP as the

second messenger.

In the case of the circadian rhythm (with a biological clock period of about 24 hours)
the photoreceptor is suggested to be a family of rhodopsins in vertebrates, and also
cryptochrome in Drosophila. However, the molecular structure of the timekeeping

mechanism underlying circadian rhythm remains to be clarified.
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Figure 1. A kingdom-level phylogeny of eukaryotes, based on combined protein

sequences.

Source: adopted from Baldauf et al. (2000).

Notes: The tree shown is one of the two shortest trees found by parsimony analysis of

concatenated EF-1a, actin, a-tublin, and B-tublin amino acid sequences. The tree is
5,056 steps long with branches drawn to scale. Boots strap values >50% are shown
above and below the lines, respectively, for amino acid parsimony (aaBP) and

maximum likelihood analysis of second codon-position nucleotides (ntBP). Parentheses

indicate the aaBP for the grouping of animals + fungi plus lobosa + mycetozoa in
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analyses omitting Bangiophyceae and Cyanophoa. Dashes () below lines indicate
nodes not tested in the ntBP analyses. For taxa with missing data, the sequences used
are indicated in brackets to the right of taxon names in uppercase and lowercase letters
for complete and partial sequences, respectively (E = EF-1a, C = actin, A = a-tublin, B
= B-tublin). The lowest common taxonomic designation is given for sequences
combined from different taxa. The shortest trees differ only in their placement of
Pneumocystis, as shown by the thin dashed line; all other slanting dashed lines indicate
alternative groupings found with ntBP > 50%. The horizontal dashed line (left center)
indicates the tentative placement of Diplomonadida and Parabasalia.

Living organisms may be classified as viruses, bacteria (including domain archaea and
domain bacteria), prokaryophyta (including cyanobacteria), and eukaryotes (domain
eucarya). A kingdom-level phylogeny of eukaryotes, based on combined protein
sequences, is presented in Figure 1. Fungi (including Neurospora, Saccharomyces, and
Schizosaccharomyces) and Metazoa (animals) including Caenorhabditis, Drosophila,
Homo (human) and Danio (Zebra fish) are closely related. Mycetozoa including
Dictyosterium and Physarum, and Viridiplantae including Arabidopsis, Oryza, and
Chlamydomonas, are distantly related to Metazoa.

Single and double stranded RNAs and single and double stranded DNAs are the genetic
components of viruses. In bacteria, double stranded DNAs with a molecular size of
around 4.5 Mbp are the genetic material, and the process of sexuality can be detected,
which is promoted by a sex factor such as fertility factor in Escherichia coli. Eukaryotes
have a nucleus containing DNA as the genetic materials, which forms a specific
structure called a chromosome. For example the genetic material in Neurospora crassa
comprises seven chromosomes with a total of 42.9 Mbp: in other words, roughly ten
times the DNA in Escherichia coli. Chromosomes are composed of a centromere,
replication origins, and telomeres controlling the ends of the chromosome.

In the filamentous fungus Neurospora, which is haploid except during meiosis,
introduction of a gene segment by transformation results in the random integration of
the transgene, and in the duplication of the gene segment in the nucleus. The duplicated
DNA segments are methylated premeiotically with cytosine, and during the process of
meiosis the G:C with methylated cytosine is frequently converted into A:T. During the
process, the 5-methyl cytosine is deaminated to produce thymidine. Thus, meiosis
stimulates the recombination of genes and also modifies the DNA, resulting in
mutations. In Drosophila melanogaster, however, very little DNA methylation could be
detected. No telomere could be observed in the chromosome structure; furthermore, no
telomerase activity could be detected, suggesting that the telomere of a chromosome
may not be necessary.

The pattern of gene regulation from virus to eukaryote may be described as follows. In a
retrovirus the plus strand RNA is the genome, and the genes for gag, pro, pol and env
overlap with each other and encode different proteins with different reading frames. In
bacteria, characteristic gene expressions result in polycistronic messengers (m)RNA, as
observed in the tryptophan operon. The initiation of mMRNA synthesis is regulated by
transcription factors, including transcription regulators. The release of initiated mMRNA
from DNA is also controlled by transcription attenuation based on the concentration of
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tryptophan. Even in Escherichia coli epigenetic regulation of gene expression in the
lysogenic phase and lytic phase of lambda phage can occur.

The regulation of homeotic genes is a model system to analyze the change in chromatin
structure during development and differentiation in Drosophila melanogaster.
Polycomb group (PcG) genes suppress the expression of homeotic genes such as Ubx,
whereas trithorax group (trxG) genes stimulate genes such as the heat shock gene,
hsp70, whose product can supply proteins for thorax differentiation functioning as a
molecular chaperone. In humans, the gene homologous to PcG was cloned as a tumor
suppressor.

In eukaryotes, most of the mRNAs are spliced, splitting off the introns. In lower
eukaryotes, such as Saccharomyces cerevisiae, the spliced segments are restricted to a
relatively small area. In specific cases the spliced area in mitochondria encodes mRNA
maturase having a specific function. In higher organisms such as humans a gene can
extend over more than 100 kbp, including huge spaces of introns which also contain
several elements of retrotransposons, enabling the expression of the gene via several
promotors.

The ability of transgenes such as double stranded RNA (dsRNA) to silence the
expression of homologous loci—a process referred to as PTGS (post transcriptional
gene silencing) and also RNAi (RNA interference)—was first detected in plants and
later observed in Caenorhabditis elegans, Neurospora crassa, Drosophila melanogaster,
and Trypanosoma brucei. Homology-dependent trans-silencing effects are divided into
two categories:

e the gene expression of the target locus is not affected, but the half-life of the target
RNAs is severely decreased

e the homology-triggered processes exert a primary effect on the template DNA of the
target loci including methylation, termed TGS (transcriptional gene silencing).

The genome of an adult vertebrate cell comprises 60-90 percent cytosines, in CpG
dinucleotide methylated by DNA methyl transferase. DNA methylation affects
recognition by the transcriptional regulators and the structural proteins assembling
chromatin. DNA methylation can control gene expression, either by changing the
activity at a single promotor and enhancer, or by changing the activity through global
mechanisms such as X chromosome inactivation by the Xist gene. It is suggested that
PTGS and the methylation of DNA evolved as a mechanism of host-defense to protect
the genome against genomic parasites, such as retrotransposons, which represent at least
35 percent of the genome in humans.

The focus of this review lies on the molecular mechanisms of signal transduction, with
special emphasis on the reactive oxygen intermediates (ROIs), light signal transduction,
and epigenetics including Polycomb group (PcG) genes, RNAI, and complex gene
regulation by DNA methylation. These areas of research have seen astonishing
advances during the last ten years, and will constitute important fields in “genetics and
molecular biology” in the decade to come.
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