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Abstract—The cooperation of biochemistry with clinical medicine consists of two overlapping temporal phases. Phase 1 of the
cooperation, which still is not finished, is characterized by joint work on the pathogenesis and diagnostics of systemic meta
bolic diseases, whereas in phase 2 the cooperation on tissue and cell specific as well as on molecular diseases is prevailing. In
view of the conceptual revolution and shift in paradigm, which biochemistry and medicine are presently experiencing, the
content of cooperation between the two disciplines will profoundly change. It will become deeply influenced by the results of
the research into the human genome and human proteome. Biochemistry will strongly be occupied to relate the thousands of
protein coding genes to the structure and function of the encoded proteins, and medicine will be concerned in finding new
protein markers for diagnostics, to identify novel drug targets, and to investigate, for example, the proteomes of the variety of
tumors to aid tumor classification, to mention only a few areas of interest which medicine will have in the progress of human
genome research. The review summarizes the recent achievements in sequencing the human DNA as published in February
2001 by the International Human Genome Sequencing Consortium and Celera Genomics and discusses their significance in
respect to the further development of molecular, in particular genetic, medicine as an interdisciplinary field of the modern
clinical sciences. Only biochemistry can provide the conceptual and experimental basis for the causal understanding of bio
logical mechanisms as encoded in the genome of an organism.
Key words: human genome, human DNA sequence, genomics, proteomics, proteincoding genes, nonproteincoding genes,
repetitive DNA, molecular medicine

CONTENT AND QUALITY OF COOPERATION
OF BIOCHEMISTRY WITH MEDICINE
The cooperation of biochemistry with medicine is tra
ditionally excellent and has proved very productive for both
partners. In the past, two overlapping phases in coopera
tion may be distinguished. In phase 1 cooperation in the
pathogenesis and diagnostics of systemic diseases with
metabolic, hormonal, intestinal, nutritional, and heredi
tary background was dominating, whereas in phase 2,
which presently is prevailing, cooperation is focussed
towards tissue and cell specific diseases, like tumor, heart
and circulation, hepatic, immunological, neurodegenera
tive, protein folding, as well as hereditary diseases. No
doubt, the cooperation exerts synergetic effects and stimu
lates clinical and biochemical research as well and gives rise
not only to new concepts and insights into basic knowledge
but also to significant improvements of clinical practice.
In view of the conceptual revolution and the shift in
paradigm that biochemistry and medicine are experiencing
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presently, the content of cooperation between the two disci
plines will change again and will attain a new quality. The
most obvious paradigm shift was initiated when biochemists
learned to experiment with the information carrying and
transferring macromolecules DNA and RNA. The achieve
ments caused biochemistry to become a causalanalytically
oriented science and pushed open the door to many novel
questions and to the birth of molecular medicine as a high
ly productive interdisciplinary way to new visions and capa
bilities. The new problems initiated the development of
high throughput technologies, relying on technical
improvements to enhance, to amend, and to automate tra
ditional as well as novel methods. Although the new tech
nological developments turned out to be to the benefit of
biochemistry and medicine, the danger cannot be ignored
that the automated methods governing more and more
modern biological research might dissociate scientists from
the traditional hypothesis generating experimental basis of
scientific investigation, which for more than one century
was recognized widely as typical for biochemistry and relat
ed sciences [1]. Oppressive thoughts like that do arise in
view of the automations of the methods in sequencing the
human genome and in investigating the human proteome.
However, they will be mitigated when biochemists start to
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translate the information of thousands of hitherto unknown
proteincoding genes accommodated in the human and in
other genomes into the structure and function of the encod
ed proteins. It can be anticipated that the coming new stage
in the cooperation of biochemistry with medicine will
mainly be based on two fields, on the achievements of mod
ern protein biochemistry and on the results of genome/pro
teome research. New activities in the largescale purifica
tion of novel, hitherto unknown proteins, and in the inves
tigation of their structure and function will be initiated. This
will deepen our insights into cell biology and biological evo
lution and development. In respect to the collaboration
with medicine, this will be the only way to identify hitherto
unknown proteins and to investigate their function. These
efforts will lead to new protein markers for medical diag
nostics, to the identification of proteins as novel drug tar
gets, and to investigate for example tumor proteomes to aid
tumor classification and to improve tumor therapy, to men
tion only a few goals of the coming next phase of coopera
tion. The winners will be medicine and the welfare of
human beings as well as basic science by gaining novel
insights into fundamental knowledge.
The sequencing of the human genome as well as the
structural and functional characterization of the great
number of expressed and hitherto unknown proteins will
open a new era in the collaboration between the basic and
the clinical sciences. The message is that only biochem
istry can provide the experimental basis for the causal
understanding of biological mechanisms as encoded in
the genomes of the great variety of biological species.

THE GENERAL STRUCTURE
OF THE HUMAN GENOME
Two qualitatively different and competitive
approaches were started to sequence the human genome,
the publicly funded International Human Genome
Project, which includes 20 laboratories and hundreds of
scientists around the world, the results of which being
totally available worldwide, and a privately funded project
performed by the company Celera Genomics, that hopes
to sell the information. In February 2001 two drafts of the
human genome sequence were published [2, 3]. Because
both approaches are incomplete hitherto and still have
many gaps and imperfections, the description of the
human genome is not yet of high precision. Nevertheless,
many valuable conclusions can be drawn from the pub
lished data and a series of interpretations performed. For
comparison, the results of sequencing of four other
eukaryotic genomes turned out to be of great value, that
of the yeast Saccharomyces cerevisiae [4], the worm
Caenorhabditis elegans [5], the fruit fly Drosophila
melanogaster [6], and the plant Arabidopsis thaliana [7].
Now, the 3.1 giga base pairs (Gbp) of the haploid human
genome are sequenced to about 85%. With respect to the
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weakly staining and gene rich euchromatic parts of the
genome (2.95 Gbp) the human DNA sequence is about
90% complete [2, 3].
As known from previous achievements in the investi
gation of the genomes of a great number of eukaryotes, also
the human DNA sequence is built up of several regions:
proteincoding regions (possibly not more than approxi
mately 2% of the total genome), nonproteincoding genes
(“RNA only” coding genes) (estimated up to about 20% of
the total genome), repeated sequences (more than 50% of
the total genome); because cloning of these regions often is
difficult or even impossible, numerous gaps in the
sequence are left; fortunately, the repetitive regions of the
genome are very poor in proteincoding genes.
Gaps in the draft genome sequence. In the published
human genome sequence approximately 145,514 gaps
remain. Three types of gaps must be distinguished: gaps
within unfinished sequenced clones (“sequence gaps”);
gaps between sequencedclone contigs, but within finger
print clone contigs; gaps between fingerprint clone con
tigs. The sequence gaps in the draft sequence cover about
80 mega base pairs (Mbp) (approximately 3% of the
sequence) and the average size of a gap is 554 bp. About
9% of the genome resides in the two other types of gaps.
From these numbers one can calculate that approximate
ly 88% of the human genome is represented in the two
published draft genome sequences.
The GC content and CpG islands in the human
genome. Within the human genome longrange GCrich
and GCpoor regions are distinguishable. These regions
differ in gene density, composition of repeat sequences,
and in recombination rate. The distribution of the CpG
islands across the genome is of particular interest because
very often this dinucleotide is associated with the 5′ ends
of genes [8]. Characteristically, CpG islands are underrep
resented in human DNA. In the human DNA sequence
altogether 50,267 CpG islands can be found and in the
sequence masked to eliminate repeat sequences 28,890
CpG islands are distinguishable. The difference is due to
the fact that the Alu element (300 bp) as major repeating
sequence in the human genome is CG rich.

NONPROTEINCODING GENES
By far the largest part of the human genome does not
encode proteins. This part is composed of a great number
of different portions of DNAsequences, which may be
subdivided roughly into “RNA only” transcribed DNA
segments and DNArepeat regions. Thousands of human
genes are transcribed only and produce several classes of
nonproteincoding RNAspecies (ncRNA).
TransferRNA genes: in the human genome 497
tRNA genes and one SeCys tRNA gene were identified.
For comparison, in the worm 585, in the fly 285, and in
yeast 274 tRNA genes (no SeCys tRNA gene) were found.
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Ribosomal RNA: although previously published
investigations revealed several hundred copies of the four
different types of rRNA genes (18S rRNA, 5.8S rRNA,
28S rRNA and 5S rRNA) clustered on the short arms of
the acrocentric chromosomes no true complete copies of
rRNA repeats could really be identified yet in the human
genome except four genes for the 5S rRNA. This puzzle
will perhaps not be resolved before the human DNA
sequence is completed. In the light of the results of high
resolution Xray crystallography of the large ribosomal
subunit, which showed that peptide formation is cat
alyzed by rRNA, apparently not by protein, the disclosure
of the rRNA genes is of particular interest [9, 10].
Small nuclear RNA (snRNA genes) as constituents
of spliceosomes: approximately 80 genes encoding of
spliceosomal RNAs were found.
Small nucleolar (sno) RNA genes: these ncRNAs
have functions in rRNA processing and base modifica
tion; 97 known human snoRNA genes were collected in
the human genome, 84 of them existing in one copy. One
gene encoding the telomerase RNA and three genes
encoding the 7SL RNA of the signal recognition particle,
but 773 genes related to 7SL RNA (pseudogenes, frag
ments and paralogs) could be identified [2].
ncRNA genes and ncRNAderived pseudogenes
exhibit a remarkable proliferation. In the human DNA
sequence a great number of sequences related to non
coding RNA genes could be identified [2]. Because
ncRNA are small and do not have group specific structur
al characteristics, for example they are not polyadenylat
ed, novel ncRNA genes cannot easily be found by com
putational genefinding approaches. Possibly their num
ber is much greater than recognized so far. It is estimated
that approximately 20% of the human DNA might be
composed of “RNA only” transcribable segments.

REPETITIVE DNA
It is wellknown that there is no correlation between
the amount of DNA per cell and the complexity of an
organism (Cvalue paradox, the Cvalue is the total
amount of DNA in a haploid genome). For instance, the
human genome is 200fold larger than that of the S. cere
visiae, but 200fold smaller than the genome of Amoeba
dubia. The cause of this mystery was disclosed when it was
recognized that the genome of eukaryotes consists to a
great extent of repetitive DNA sequences being present in
more or less large excess in relation to the proteincoding
genes. It is estimated that in the human genome more
than 50% of the DNA fall to the share of repetitive
sequences, which often were considered uninteresting
and designated as “junk”. The underestimation of the
repetitive DNA led to many erroneous conclusions. F.
Crick classified this DNA as parasitic and selfish [11]. By
definition, selfish DNA spreads by making copies of itself

within the genome and does not make a specific contri
bution to the phenotype. Most of that DNA arises from
reverse transcription of RNA. Parts of the genome are like
a sea of reversetranscribed DNA with a small number of
islands of coding genes [12]. The repeats can be subdivid
ed in five classes. 1. Long and short interspersed repeats
derivable from transposons; most of the human repeat
sequences are apparently derived from transposable ele
ments (about 45% of the human genome). 2. Inactive
retroposed copies of cellular genes referred to as pseudo
genes. 3. Simple sequence repeats (SSR) composed either
of short repeating units (n = 113 bases, “microsatel
lites”) or of longer repeating units (n = 14500 bases,
“minisatellites”) of (A)n, (AC)n, (AT)n, (AAT)n or (AAC)n
(3%). Because the SSR have a high degree of length poly
morphism in the human population due to frequent slip
page by DNA polymerase, they are very important in
human genetic studies. 4. Duplications of larger DNA
segments (1200 kb), copied from one region of the
genome to another one, either inter or intrachromoso
mally (5%). 5. Tandemly repeated sequences, for example
near the chromosomal centromeres and in the telomeric
regions of human chromosomes. In the telomeric regions
often a structural polymorphism occurs. This can be
observed in the presence or absence of Gprotein coupled
olfactory receptor segments. The olfactory receptors con
stitute a large family of about 1000 members occupying
nearly 1% of the human genome.
Transposon derived repeats. In mammals the trans
posable elements can be categorized in four types: 1) long
interspersed elements (LINEs); 2) short interspersed ele
ments (SINEs); 3) retrotransposons, and 4) DNA trans
posons. In humans, LINEs are 5 to 8 kb long and appear
in about 850,000 copies. They contain an internal RNA
polymerase II promoter and two ORFs encoding a rever
tase and an endonuclease. These two enzymes combine
with their LINE RNA in the cytoplasm and the resulting
aggregates move into the nucleus, where the endonucle
ase makes a nick in the DNA and the revertase uses the
nicked DNA for priming reverse transcription of the
LINE RNA brought along with it. Because the revertase
frequently fails to complete the transcription process
many truncated, nonfunctional insertions in the DNA
result. This machinery is probably responsible for most
reverse transcriptions in the genome, also for the retro
transposition of the nonautonomous SINEs [13, 14].
The SINEs are short, contain 100300 bp and have a copy
number of 1.5·106. They encode no proteins but have an
RNA polymerase III promotor in their sequence. One
family of the SINEs is derived from the 7SL RNA of the
signal recognition particle and includes Alu. This is the
only active SINE in the human genome. The structure of
Alu is characteristic for a processed pseudogene and is
believed to have spread through an RNA mediated reverse
transcription process. Alu has a length of 300 bp. It has a
single AluI restriction site (named after the restriction
BIOCHEMISTRY (Moscow) Vol. 66 No. 10 2001
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enzyme AluI isolated from Arthrobacter lutens) and its
around 1 million copies are distributed throughout the
human genome. Alu covers at least 10% of the total DNA
of a human cell. LINEs are mainly found in ATrich
DNA whereas SINEs, including Alu, occur mainly in
GCrich DNA. The LINEs constitute about 21% and the
SINEs 13% of the human DNA. The autonomous retro
transposons (retroviruslike elements), flanked by long
terminal repeats, carry the gag, pol (encoding a protease
as well as a revertase, RNase H, and integrase), and parts
of the env genes. Their transposition occurs via the known
retroviral mechanism with reverse transcription and
primed by tRNA. Together with the nonautonomous
retroviruslike elements they form a fraction of 8% in the
human genome. The DNA transposons (3% of the
human genome) behave similar to bacterial transposons.
They encode a transposase that mediates their mobility
within the genome through a “cut and paste” mechanism.
As selfish pieces of DNA, the primary force for the
expansion of the transposons is not to provide a selective
advantage for the host but to secure their ability to create
progeny. However, selfish DNA may be responsible for
valuable innovations in the host genome, for example by
creating new regulatory elements and even generating
new genes. In the human genome, 47 genes have been
recognized as derivable from DNA transposons [2, 15].

PROTEINCODING GENES
On the basis of computational algorithms, which are
based on the present knowledge on the general structure
of genes and of protein domains but which obviously are
far from being perfect, the number of proteincoding
genes in the human genome have been calculated. The
International Consortium counted 31,780 proteincod
ing genes and Celera Genomics found 39,114 (Table 1)
[2, 3]. It should be emphasized that these numbers are
rather preliminary and much lower than previous esti
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mates, which amounted to 100,000140,000 genes. On
the other hand, the human proteome might contain up to
250,000 different proteins. Possibly, humans use genes in
a more flexible way than other organisms and it will need
years before a final answer for the exact number of pro
teincoding genes in the human genome can be given.
Comparison of the density of proteincoding genes in
the genomes of eu and prokaryotes. The genomes of the
yeast S. cerevisiae, the plant Arabidopsis thaliana, the fruit
fly Drosophila melanogaster and the worm Caenorhabditis
elegans have a much higher percentage of proteincoding
genes (up to 80%) than the human genome. The human
genome shows only a moderate increase in the number of
proteincoding genes compared with the other four
eukaryotes (Table 1). In the yeast genome 483 genes are
found per million of bases sequenced, in Arabidopsis
thaliana this number amounts to 221, in the fly to 117, in
the worm to 197 and in humans to only 12 (public proj
ect) or 15 (Celera project), respectively [16]. In compari
son, in archaea, prokaryotes and viruses, in which practi
cally the total DNA is coding and the same DNA
sequence may encode more than one protein, 900 to 1200
genes can be found per million of bases sequenced.
General characteristics of the human genes. The typ
ical human gene is composed of about 28,000 bases and
has approximately eight exons. Its coding sequence con
sists in average of 1,340 bp and encodes a protein having
447 amino acid residues. The largest gene found in the
human genome is that of the muscle protein dystrophin
with 2.4·106 bp. The fibrillar protein titin as responsible
for the passive elastic properties of the skeletal muscle is
composed of 27,000 amino acids. Its gene contains,
according to Celera, 234 exons [3]. This is the largest
number of exons found in a human proteincoding gene.
The structure and the arrangement of the human
genes are much more complicated than the genes of other
sequenced eukaryotes. Very often they are interrupted by
large introns, and some genes might be transcribed with
different reading frames. According to rough and very

Table 1. Gene number and gene density in five sequenced eukaryotic genomes
Number of bases
sequenced, kb

Extent
sequenced, %

Number
of predicted genes

Gene distribution
(number of genes per 106
bases sequenced)

S. cerevisiae

12 068

93

5 885

483

C. elegans

97 000

99

19 099

197

D. melanogaster

116 000

64

13 601

117

A. thaliana

115 000

92

25 498

221

H. sapiens (international)

2 693 000

84

31 780

12

H. sapiens (Celera)

2 654 000

83

39 114

15

Organism

BIOCHEMISTRY (Moscow) Vol. 66 No. 10

2001

1148

HOFMANN

preliminary estimations about 35% of the human genes
might be read in different frames and 40% might be alter
natively spliced. Hence, one DNAsequence could prob
ably produce more than one mRNA species.
The extent of genetic polymorphism. From the begin
nings of the Human Genome Project the investigators
were captured by the problem that no two individuals
(except identical twins) in the human population are
genetically the same [17, 18]. This view originates in the
fact that the sequence variations between individuals in
terms of single base exchanges, designated as single
nucleotide polymorphisms (SNPs) serve as important
markers of genes in genetic analysis. In the human DNA
sequence 1.42 million SNPs were found and their posi
tions in the genome were precisely identified [18]. Their
density is one SNP per 1.91 kb. Sixty thousand SNPs have
been found within genes. This means that the SNP densi
ty should be higher in genecontaining regions than in the
DNA repeats. When occurring in exons they are called
“coding SNPs”. Nearly every human gene is marked by a
sequence variation. The human sex chromosomes have
the lowest rate in variation and X chromosomes have
much less variations than Y chromosomes. Hence, sex
chromosomes are less variable than nonsex chromo
somes. There are genomic regions with lower and others
with higher variations than the average. For example, the
MHCregions coding for proteins that present processed
antigens to immune cells, show a high degree of variation.
The biological significance of genetic polymorphism
is evident. Apo E4 polymorphism leads to an increase in
the senile plaque density as being characteristic for
Alzheimer’s disease. A deletion of base pair 32 in the
chemokine receptor gene CCR5 leads to resistance to HIV
infection, because HIV does not only need the CD4
receptor for binding to the T4 lymphocytes but requires
also the CCR5 as coreceptor for binding and uptake by the
cells. This double signal is necessary for HIV infectivity.
The human SNP map covers the entire human
genome and is essential for elucidating the contributions
of individual genes to diseases with a complex and multi
genic background. By comparing the patterns and the fre
quencies of SNPs in patients and healthy individuals,
SNPs associated with a certain disease can be directly
identified. Research into these relations will stimulate
molecular medicine and will change profoundly many
areas in clinical and theoretical medicine. It can be antic
ipated that in the future human genome research will be
focussed towards the further exploration of human genet
ic polymorphism.

FROM GENOME TO PROTEOME
The term “proteome” was coined in 1994 as linguis
tic equivalent to the concept of the genome. It describes
the complete set of proteins expressed by the genome in

the lifetime of a cell. Proteomics may be considered the
most important “postgenomic” approach to understand
the functions of genes [19]. Indeed, the most practical
applications of proteomics may be expected in medicine,
in particular in the identification of protein markers of
diverse diseases as new diagnostic tools and for the devel
opment of new drugs. The use of a genomebased tech
nology raises new possibilities in the identification of the
genomic effects of drugs and in the study of drug–genome
interactions [2]. Recent activities give rise to the develop
ment of a new field of research and application called
“pharmacogenomics”.
One of the main preconditions of the functional
analysis of the human genome will be the knowledge of
the complete human proteome. Frequently, valuable
indication about the function of a gene comes from
sequence similarity with a geneproduct of known func
tion in another organism. However, initial studies of that
kind must necessarily be rather preliminary and must be
completed by systematic analysis of the human proteome
to determine the actual functions of the geneproducts in
humans. An example should explain the problem [2]. In
yeast, 35 proteins are known to be involved in the vacuo
lar proteinsorting machinery. In the human DNA
sequence, 34 genes can be found encoding homologs of
these proteins. Nine genes of them clearly encode human
orthologs (i.e., homologs in different species that have the
same function). In twelve genes matches to a family of
human paralogs occur (i.e., human homologs that diverge
after speciation and have different functions), and in 13
cases matches to specific protein domains can be found.
A comparison of the human proteome with the human
genome must presently still be very preliminary, mainly
because of two reasons, namely, because of the incom
pleteness of the human DNA sequence and because of
our incomplete knowledge about the protein structure.
The assignment of function from sequence information
alone must be considered with great caution [20].
Nevertheless, from the research into the human DNA
sequence many important insights can be gained into the
mechanisms generating functional diversity, creating pro
tein domains, enlarging protein and domain families,
developing new protein architectures, and understanding
horizontal transfer of genes. In an initial and provisional
analysis based on protein families as listed in publicly
available databases and on protein domains Celera func
tionally classified about 26,383 of the proteincoding
genes, representing about 60% of the total amount of pro
teincoding genes found in the Celera Genome Project.
However, approximately 40% of the genes and their pro
tein products remained functionally unclassified by this
initial analysis [3]. Approaches like these do not yield
unequivocal results, because, as outlined above, it is
presently still very difficult to coordinate sequence infor
mation to functional properties, despite the substantial
knowledge we have about homologous, analogous,
BIOCHEMISTRY (Moscow) Vol. 66 No. 10 2001
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orthologous, and paralogous proteins. Table 2 presents
the results of such a distribution analysis for the molecu
lar functions of selected protein families [3].
Did sequencing of the human genome reveal new onco
genes? Hitherto, 30 recessive oncogenes and more than
100 dominant oncogenes have been identified. By search
ing the human genome for paralogs no new oncogenes
have been found [21]. The lack of novel paralogous onco
genes might mean that most of them have already been
found by conventional analysis. This underlines the high
medical significance of that gene family. However,
presently it cannot be not excluded that additional par
alogs are buried in hitherto unsequenced regions of the
genome or that they remained undetected because of
insufficiencies in the identification of the respective genes.
Identification of human disease genes. An important
precondition in the identification of human disease genes
is the functional classification of these genes and their
gene products. For classification a list of 923 disease
genes, causing monogenic diseases and genes that
increase the susceptibility for complex traits, was pre
pared [22]. Genes of the mitochondrial genome were not
included. Each gene was categorized according to the
function of the gene product in terms of pathology and
clinical presentation (onset, mode of inheritance, fre
quency, severity, tissue involvement and association with
malformations). The largest functional category compris
es genes encoding enzymes (31% of the total), followed
by modulators of protein function, which include protein
activators and stabilizers, folding helpers and related pro
teins (14%). Each of another twelve categories (receptors,
transcription factors, matrix proteins, transmembrane
transporters, etc.) include less than 10% of the total set of
disease genes. The correlation between the function of a
gene product and the age of onset of its associated disease
was analyzed. Diseases associated with genes encoding
enzymes dominate at any stage of life, whereas those dis
eases associated with genes encoding transcription factors
are overrepresented in the group with onset in utero. This
observation reflects the importance of transcription fac
tors in tuning the processes of differentiation and devel
opment.
Human genes shared with yeast, worm, and fly. The
human genome shares 61% of its genes with the genome
of the fly, 43% with that of the worm, and 46% with that
of yeast [2]. In the genomes of the latter three species
1,308 groups of proteins could be identified that contain
at least one predicted ortholog of them in each species.
Many were found to contain additional paralogs. These
groups contain 3,129 human proteins, 1,445 fly proteins,
1,503 worm proteins, and 1,441 yeast proteins. One may
consider these groups as representing a core of genes
encoding enzymes and functional proteins that are most
ly responsible for basic “housekeeping functions” of a
cell, including basic metabolism, DNA replication and
repair, as well as protein biosynthesis.
BIOCHEMISTRY (Moscow) Vol. 66 No. 10
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Table 2. The functions of selected human gene products.
According to Celera Genomics the human genome har
bors 39,192 proteincoding genes; out of these, the
molecular functions of 12,809 (41.7%) is not known [3]
Number
identified

Percentage
of total

Nucleic acid enzymes

2308

7.5

Transcription factors

1850

6.5

Receptors

1543

5.0

Chaperones

159

0.5

Cytoskeletal proteins

876

2.8

Motor proteins

376

1.2

Immunoglobulins

264

0.9

Regulatory molecules

988

3.2

Kinases

868

2.6

Oxidoreductases

656

2.1

Lyases

117

0.4

Ligases

56

0.2

Isomerases

163

0.5

Hydrolases

1227

4.0

Transferases

610

2.0

Synthetases and synthases

313

1.0

Cell adhesion proteins

577

1.9

Extracellular matrix proteins

437

1.4

Ion channels

406

1.3

Signaling molecules

376

1.2

Protooncogenes

902

2.9

Transporter proteins

533

1.7

Carrier proteins

203

0.7

Intracellular transporters

350

1.1

Ca2+binding proteins

34

0.1

Viral proteins

100

0.3

Structural muscle proteins

296

1.0

Miscellaneous

1318

4.3

Molecular functions
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Horizontal gene transfer. In the human genome 223
genes have been found the products of which having sig
nificant similarities to proteins from bacteria, but without
any similarity to proteins from yeast, worm, fly, and plant
or to other nonvertebrate eukaryotes [2]. At least 113 of
these genes are widespread among bacteria and are present
only in vertebrates. In this group of bacterial and verte
brate genes orthologous enzymes and functional proteins
are found like formiminotransferase, Na+/glucose
cotransporter, aldose 1epimerase, monoamine oxidase
(MAO), ADPribosylglycohydrolase and thymidine phos
phorylase/(plateletderived growth factor (PDGF), acting
as endothelium cell growth factor) (this is a “moonlight
ing protein” with more than one function). Principally,
this finding may have two reasons. Either, the genes
encoding these proteins were present in early prokaryotes
and eukaryotes, but were lost in the lineages of yeast,
worm, fly, and plant, possibly, also in other nonvertebrate
eukaryote lineages or, more probable, these genes invaded
the vertebrate lineage by horizontal transfer from bacteria.
The introns, which can be found in many of these genes,
were acquired presumably after the transfer event.

GENE EXPANSION IN THE HUMAN GENOME
IN COMPARISON WITH THE OTHER
EUKARYOTIC GENOMES
Table 3 presents the functions of seven groups of
genes expanded in the human genome in comparison
with the genomes of Drosophila melanogaster and
Caenorhabditis elegans [2, 3].
1. Defense and immunity. An important characteristic
of the human genome is the existence of a great number of
genes involved in acquired immunity as a significant

Table 3. Gene expansion in the human genome com
pared with the genomes of Drosophila melanogaster,
Caenorhabditis elegans, Arabidopsis thaliana, and
Saccharomyces cerevisiae [2, 3]
1.

Defense and immunity

2.

Development, structure and function of the central nerv
ous system; proteins involved in the cytoskeleton and in
vesicle trafficking

3.

Inter and intracellular signaling pathways in development
and homeostasis

4.

Transcription and translation

5.

Hemostasis

6.

Apoptosis

7.

Expansion of glyceraldehyde3phosphate dehydrogenase

achievement of vertebrates [3]. In the human genome, 22
MHC I and the same number of MHC II genes, 114 other
immunoglobulin genes, and 59 genes of related
immunoglobulin receptors could be classified. In addi
tion, many cytokines and chemokines as well as compo
nents of their intracellular signal transduction pathways
(STAT proteins as signal transducers, transcription activa
tors, and suppressors of cytokine signaling) were found. In
contrast, many protein domains, playing a role in the
innate immune system, like Toll receptors, are not signifi
cantly expanded in the human genome in comparison
with the two animals. A search in the human genome
sequence for members of tumor necrosis factor α receptor
family (TNFαR), which controls proliferation and apop
tosis in lymphocytes identified 21 of 22 known TNFR
members. In addition, the genes of 21 proteins exhibiting
homology to the B7 family of costimulatory proteins
(CD80, CD86, ICOSL, B7H1, SIRPs, etc.) and the
genes of many hemopoietic cytokines were found [23].
2. Development, structure, and function of the cen
tral nervous system; proteins involved in the cytoskeleton
and in vesicle trafficking. A significant characteristic of
the human genome is the expansion of protein families
involved in neural development, such as neurotrophic
factors, nerve growth factor, signaling molecules, myelin
proteins, voltagegated ion channels, and synaptic pro
teins. The cell adhesion mediating connexin domain
containing proteins forming intercellular channels can
only be found in humans and not in the worm and the fly
[3]. From the cytoskeletal systems of humans and high
er vertebrates, six mammalian actins, 70 families of
actinbinding proteins, six α and βtubulins, about
twelve microtubulebinding proteins, and more than 30
human intermediate filament proteins could be distin
guished by traditional biochemical and genetic methods
[24]. In its present state the human genome sequence
confirmed most of these genes and disclosed at least
fourteen new genes, seven divergent actin genes and
seven new arp (“actin related proteins”) genes.
Presently, it is unknown whether these genes are func
tional. Forty myosin genes and 40 kinesin genes are
already known from conventional cloning. The genes of
nearly all of these huge and multidomain motor pro
teins have been found in the human DNA sequence
together with several additional related genes, but many
of them as gene fragments.
Furthermore, the genes encoding proteins involved
in vesicle trafficking were compared between S. cerevisi
ae, D. melanogaster, C. elegans, and Homo sapiens [25]. In
the human genome 53 genes encoding the coat multi
subunit protein complexes were identified as well as 60
genes encoding Rab proteins, which belong to the super
family of small GTPases. This is twice as many as in the
genomes of the fly and of the worm and five times more
than in the yeast genome. Thirtyfive genes encoding
SNAREproteins (also more than in the genomes of the
BIOCHEMISTRY (Moscow) Vol. 66 No. 10 2001
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other three species; SNARE abbreviated from “soluble
Nethylmaleinimide sensitive fusion protein attachment
protein”) and seven genes encoding Sec1proteins (Sec
abbreviated from secretion, the Sec proteins belong to the
Rab family) were found in the human genome. The Rab
family and to a lesser extent also the SNAREfamily
expand from yeast to man. This implies that multicellular
organisms possibly exert more regulation over vesicle
trafficking pathways than unicellular ones.
3. Inter and intracellular signaling pathways in devel
opment and homeostasis. In relation to invertebrates
many protein families expanded in humans that are
involved in the processes of development and differentia
tion. The expanded gene families include growth factors
(TGFβ, fibroblast growth factor, nerve growth factor,
PDGF), hormones, receptors, intracellular signaling
molecules, and transcription factors [3].
The human genome sequence also teaches some
thing about drug addiction. The human genome was
searched for genes with functions in the desensitization of
receptors and involved in mediation of abusive drugs.
Depending on the algorithms applied several hundred
genes encoding Gprotein receptor kinases, approxi
mately five genes encoding arrestins, and 20 to 30 genes
attributable to RGSproteins could be identified [26].
4. Transcription and translation. In respect to the
transcription factors and functional proteins involved in
premRNA splicing and polyadenylation, considerable
but selective differences could be found between the
human genome and that of Drosophila and
Caenorhabditis [3]. In the group of nearly 2000 human
genes for transcription factors and transcription activa
tors, 900 members of the C2H2 zinc finger protein fam
ily were identified. This is more than twice as many as in
the genome of the fly and approximately ten to 50 times
more than in the genomes of the worm and of yeast. The
human genome contains more than 200 homeo box
genes, twice as many as the fly and three to ten times
more than the worm and yeast, respectively [27]. In
terms of translation, 28 different ribosomal subunits have
been identified. In comparison with the worm and the fly,
the genes of the ribosomal proteins are expanded in the
human genome by approximately one order of magni
tude [3]. A few of them have been shown to exert “moon
lighting functions”, for example, by having actions in
inducing apoptosis [28]. In the human genome the
eEF1A family is expanded to 56 genes. Many of them are
pseudogenes and/or intronless paralogs possibly generat
ed by retrotransposition [29].
5. Hemostasis. In the human genome many groups
of genes expanded that are known to regulate the coagu
lation pathway as well as the interactions between the vas
cular epithelium and blood platelets [3]. A significant
expansion of extracellular adhesion domains in compari
son to the fly and the worm can be observed mediating the
surface interactions between hematopoietic cells and the
BIOCHEMISTRY (Moscow) Vol. 66 No. 10
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vascular matrix. Interestingly, there is apparently no sig
nificant increase in the serine protease genes, but a signif
icant expansion in that of matrix metalloproteinases.
6. Apoptosis. In comparison to the worm and the fly,
the human genome exhibits an increase in the adapter
and effector protein domains implicated in the apoptotic
pathway as well as an expansion in the caspase and cal
pain families producing the apoptotic protease cascade
[3].
7. Expansion of the glyceraldehyde3phosphate
dehydrogenase. In the human genome not less than 46
genes for glyceraldehyde3phosphate dehydrogenase can
be identified (though some of them might be retrotrans
posed pseudogenes) [3]. This is in contrast to the fly and
the worm, in which only 3 or 4 genes, respectively, of that
enzyme are found. In addition to its function in basic
metabolism, the enzyme has previously been shown to be
a “moonlighting protein”, i.e., to have also other func
tions than catalyzing the wellknown oxidative formation
of 1,3bisphosphoglycerate from glyceraldehyde 3phos
phate in glycolysis. It has a second enzymatic function by
acting as a uracil DNA glycosylase [30]. In addition, the
protein operates as a cell cycle regulator [31] and is in
involved in apoptosis [32].

CONCLUDING REMARKS AND OUTLOOK
The DNA sequence of the human genome points to
an increase in complexity in the evolutionary process
from yeast to humans. However, the human genome
shows only a moderate increase in the number of protein
coding genes compared with other eukaryotes. The
human genome encodes five times more genes than
Saccharomyces cerevisiae and approximately twice that of
the worm Caenorhabditis elegans, the fruit fly Drosophila
melanogaster, and the plant Arabidopsis thaliana, respec
tively. The higher complexity of the human proteome
compared with the other eukaryotes is due to largescale
protein innovation and not simply because of the enlarge
ment of the number of proteincoding genes. H. sapiens
did not primarily invent new genes, but made use of exist
ing structural domains by composing novel proteins
equipped with novel functions. The human genome
encodes more paralogs and multidomain proteins with a
greater variety in function and domain architecture than
the other eukaryotes. The explanation for the greater phe
notypic complexity of vertebrates, particular of human
beings, in comparison with nonvertebrates is still rather
theoretical and speculative. It must find biological back
ground and convincing biochemical mechanisms. It may
be hypothesized that the explanation might lie in the
combinatorial amplification of the moderate differences
by a complexity of mechanisms that include alternative
splicing, posttranslational modification, and nonlinear
cellular regulatory networks.
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