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Abstract—M.E. Lobashev has brilliantly postulated in 1947 that error-prone repair contribute to mutations in
cells. This was shown to be true once the mechanisms of UV mutagenesis in Escherichia coli were deciphered.
Induced mutations are generated during error-prone SOS DNA repair with the involvement of inaccurate DNA
polymerases belonging to the Y family. Currently, several distinct mutator enzymes participating in spontane-
ous and induced mutagenesis have been identified. Upon induction of these proteins, mutation rates increase by
several orders of magnitude. These proteins regulate the mutation rates in evolution and in ontogeny during
immune response. In jawed vertebrates, somatic hypermutagenesis occurs in the variable regions of immuno-
globulin genes, leading to affinity maturation of antibodies. The process is initiated by cytidine deamination in
DNA to uracil by AID (Activation-Induced Deaminase). Further repair of uracil-containing DNA through pro-
teins that include the Y family DNA polymerases causes mutations, induce gene conversion, and class switch
recombination. In jawless vertebrates, the variable lymphocyte receptors (VLR) serve as the primary molecules
for adaptive immunity. Generation of mature VLRs most likely depends on agnathan AID-like deaminases. AID
and its orthologs in lamprey (PmCDAI and PMCDA?2) belong to the AID/APOBEC family of RNA/DNA editing
cytidine deaminases. This family includes enzymes with different functions: APOBECI edits RNA, APOBEC3
restricts retroviruses. The functions of APOBEC?2 and APOBEC4 have not been yet determined. Here, we report
a new member of the AID/APOBEC family, APOBECS, in the bacterium Xanthomonas oryzae. The widespread
presence of RNA/DNA editing deaminases suggests that they are an ancient means of generating genetic diversity.

DOI: 10.1134/S1022795407100031

INTRODUCTION

In the hereditary material of living organisms (DNA
or RNA), continually appear lesions that are spontane-
ous or induced by external factors. These lesions
include base modifications, intra- or inter-strand cross-
links, disturbance of Watson—Crick interactions (mis-
match of one or several nucleotide pairs), and single- or
double-strand breaks. They can cause mutations or
block replication. Most mutations reduce fitness of the
organism. Replication block in haploids results in
arresting cell division. Multiple DNA lesions in multi-
cellular organisms induce apoptosis and thus decrease
proliferation rate or cause death of differentiated cells
that are reproductively quiescent. Prokaryotic and
eukaryotic cells have mechanisms for protection
against DNA-damaging agents. DNA damage repair
follows a course of specific enzyme reactions. To
reduce deleterious consequences, repair must be error-
free, i.e., result in the restoration of the native sequence
of the DNA molecule. Indeed, many genes whose
mutations have mutator phenotype, encode various
repair proteins. High-fidelity repair is not always possi-

ble. Some types of DNA damage, e.g., inter-strand
crosslinks, distort both DNA strands. At a high level of
damage, high-fidelity repair systems may reach satura-
tion. In this case, replication arrest can be prevented by
special systems of mutation bypass of the lesions. How-
ever, in this case repair fidelity is reduced. Replication
continues, but the newly synthesized DNA sequence
differs from the original one. Mutants for genes encod-
ing repair systems have antimutator phenotype. Thus,
mutations appear as a result of specialized biosynthetic
processes in the cell, predicted by Lobashev long before
the development of the current views on mutation and
repair. As early as in 1947, Lobashev wrote: “establish-
ment of a mutation does not relate to the phase of damage
or stimulus to the cell, but to the phase of restoration, i.e.,
the process of inaccurate repair of substance lesions” [1].

The optimal rate of mutation is regulated by cell sys-
tems and is evolutionarily determined. In specialized
cells and tissues, mutation rate may by orders of mag-
nitude exceed this basic level. In this paper, we focus on
molecular mechanisms of hypermutagenesis regulation
in nature.
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Fig. 1. SOS response in E. coli (after [6] with modifications
and additions). (a) Normally, when LexA is linked to SOS-
boxes in the promoters, the SOS genes are repressed. After
encountering a thymine dimer, DNA polymerase III stops;
(b) Protein RecA binds to the double-strand DNA stretch in
the parental strand, activates, and mediates LexA cleavage,
thus derepressing the SOS genes. A severe DNA damage
activates the late Umu operon. RecA cleaves the newly syn-
thesized UmuD, producing the active protein form UmuD";
(c) DNA polymerase III is substituted in the replication fork
by trimerUmuD,UmuC, effecting synthesis opposite the
lesion (d). Nucleotides G and A are preferentially incorpo-
rated opposite a 6—4-photoproduct (5' — 3'), as shown in
the figure, and A and A, opposite a thymine dimer. In
eukaryotes, the AA pair is usually incorporated opposite
both lesions; (e) after passing the lesion, a reverse poly-
merase substitution occurs, while reassembly of the RecA
filament restores repression of the SOS genes.

SOS-RESPONSE SYSTEM IN ESHERICHIA COLI
AND THE DISCOVERY OF INACCURATE DNA
POLYMERASES

One of the most well-studied physical mutagens,
UV light, generates cyclobutane pyrimidine (most
often thymine) dimers and 4-6 photoproducts in DNA
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[2]. Escherichia coli has several mechanism of repair of
such damage. In photoreactivation, photolyases produce
a chemical reaction reverse to the formation of the UV
products, thus restoring the initial nucleotide sequence
[3]. In excision repair, the damaged DNA strand is cut
upstream and downstream of the lesion; after the elim-
ination of the damaged region, the resultant one-strand
gap is filled in by DNA polymerase I [3]. However,
upon strong UV irradiation, the photoreactivation and
the excision repair systems fail to remove all of the pho-
toproducts by the start of replication. Since photoprod-
ucts block the replisome movement along DNA, but not
the reinitiation of synthesis in the region downstream of
the damage [4-6], one-strand gaps of about 1000 bp
(secondary UV lesions) are formed in the daughter
DNA strands. These gaps can be repaired through post-
replicative, recA-dependent repair. The main pathway
of this repair is homologous recombination, which pro-
vides high-fidelity restoration of the genetic informa-
tion of the damaged region at the expense of the homol-
ogous DNA strand. Mutations in genes recA or lexA
arrest not only postreplicative repair, but also UV
mutagenesis, at the same time drastically increasing
bacterial sensitivity to UV light [7]. Consequently,
some of the UV lesions are repaired by a special, error-
prone recA-dependent system. Defais [8] has suggested
that UV irradiation induces in E. coli a system of UV
mutagenesis, which is suppressed under normal condi-
tions. Radman and Witkin [9-12], further developing
Defais’s idea, advanced the so-called SOS hypothesis.
According to this hypothesis, damaged DNA or
blocked replication produce a regulatory signal, which
derepresses SOS genes mediating survival in adverse
conditions. Some of these damage-inducible din genes
encodes the components of the error-prone SOS repair
system, whose operation underlies SOS mutagenesis.
In addition to the RecA protein, generation of SOS
mutations requires the products of genes umuC and
umuD (umu = UV nonmutable) as well as some compo-
nents of the DNA polymerase III complex [13]. The
molecular mechanism underlying SOS mutagenesis
had been unknown until 1999, when two research
teams independently have discovered polymerase

activity of a SOS system component—the UmuD,C

(DNA polymerase V) and showed that the new poly-
merase could synthesize the daughter DNA strand on a
damaged template (translesion synthesis, TLS) [14, 15].

According to the current model of SOS response
(Fig. 1), normally transcription of SOS genes is
blocked, because repressor protein LexA is bound to
the SOS boxes, which are definite sequences in SOS
gene promoters. DNA lesions produce single-strand
DNA regions, to which bind molecules of the RecA
protein. Upon binding to DNA, this protein forms with
it a nucleoprotein filament and is transferred to activated
state. Activated RecA stimulate LexA autoproteolysis,
which results in derepression of SOS gene transcrip-
tion. SOS boxes of early SOS response genes have less
2007
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affinity to LexA than those of the late genes. Conse-
quently, the time and the level of induction of different
SOS system components depend on the extent of DNA
damage. One of the first genes activated in SOS
response encode proteins of error-free (excision and
recombinational) repair [16]. In case of multiple dam-
age, the activity of the error-free repair system may be
insufficient for restoring the native DNA structure. In
this situation, the late SOS genes, including umuC and
umuD, are induced [16]. In the presence of RecA-ATP-
ssDNA nucleoprotein filament, the UmuD protein
undergoes proteolysis, producing UmuD', whose com-

plex with UmuC (UmuD, UmuC), as mentioned above,

is DNA polymerase V. During replication of the dam-
aged genome, the replication fork stops at the damaged
DNA site. Then, in place of DNA polymerase 111, which
is the main bacterial replicase, SOS-mutagenic DNA
polymerase V is RecA-dependently loaded on the slid-
ing clamp and catalyzes DNA synthesis opposite the
lesion. The enzyme can add nucleotides opposite
cyclobutane dimers, AP sites, 64 photoproducts, and
some other modified bases. Polymerase V has low fidel-
ity, but exactly this property makes it capable to synthe-
size DNA from a damaged template. This results in
altered sequences (mutations) at the sites of DNA dam-
age. For instance, in synthesis opposite a 6—4 photo-
product (3'-TT-5"), DNA polymerase V predominantly
incorporates G opposite 3'-T and A opposite 5'-T
(Fig. 1d). After a reverse polymerase change (Fig. 1e),
replication proceeds as usual, and gaps in the daughter
strand are filled [16].

In the same year 1999, the product of gene dinB was
identified as DNA polymerase IV [17]. This poly-
merase, like DNA polymerase V, is induced in SOS
response and participates in translesion synthesis [18].
Thus, even such relatively simply organized prokary-
otic organism as E. coli has at least two (of five) special-
ized inaccurate DNA polymerases conducting replica-
tion on damaged templates.

EUKARYOTIC POLYMERASES
OF THE Y FAMILY

In various bacteria, as well as in eukaryotes and
archaea, several polymerases orthologous to E. coli
DNA polymerases IV and V have been found. These
enzymes constitute the Y family of DNA polymerases
[19-21]. This family also includes polymerases Dbh
and Dpo4 of Sulfolobus solfataricus; polymerases M
(RAD30A or XPV, xeroderma pigmentosum variant;
homologous gene in Saccharomyces cerevisiae is
RAD30) and 1 (RAD30B) and ¥ in human, providing
translesion synthesis; and DNA-dependent deoxycyti-
dyltransferase REV1, described in yeast and human.

The ability to bypass various DNA lesions and low
fidelity of replication of undamaged templates, charac-
teristic of the Y family polymerases, are explained by
their structure (Fig. 2) [19]. Their characteristic feature
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is the presence of unique domain PAD (polymerase-
associated domain, which is also called “little finger”),
whose interaction with major DNA groove strengthens
polymerase binding to the template. Another character-
istic feature is greater openness of the active site and
limited restrictions on the form of the synthesized base
pair, as compared to polymerases from other families.
All without exception polymerases of the Y family lack
3' — 5' exonuclease proofreading activity, which pre-
vents slowing down DNA synthesis when a mis-
matched primer should be excised. Special structural
elements of the family Y polymerases ensure their pro-
ficiency. For instance, owing to an additional clamp
(N-clamp), polymerase K encircles DNA (Fig. 2) [22].

The REV1 protein of yeast and human is also called
G-polymerase because of its ability to incorporate a
cytosine residue opposite guanine or a lesion, e.g., an
AP site or a modified guanine residue [23-25]. The
yeast REV1 turns a guanine residue of the template
strand by ~90° in the plane perpendicular to the double
helix axis. In this process, its atoms N7 and O6 (in other
conditions involved in forming Hoogsteen base pairs)
make hydrogen bonds with the amid groups of the main
strand of polymerase Met685 and Gly686 residues. A
number of other amino acid residues of the REV1 pro-
tein PAD domain, forming the so-called G-loop, are
also involved in the interactions with guanine. The G-
loop structure provides optimal pairing only with gua-
nine, thus providing REV1 selectivity with regard to
the template. The incoming dCTP does not pair with
the templating guanine turned at ~90°. Instead, it makes
hydrogene bonds with Arg324, which plays the role of
a surrogate template. A number of other amino acid res-
idues are also involved in the dCTP—polymerase inter-
action. REV1 specificity for dCTP is caused by the fact
that none of the three other nucleoside triphosphates
can make hydrogen bonds with Arg324. Thus, REV1
provides DNA extension without using the maternal
DNA strand sequence as a template. The incorporation
of cytosine opposite a templating guanine is determined
by the polymerase structure [26]. This fact motivated
Nair et al. [26], who have determined the REV1 struc-
ture and proposed to above mechanism of functioning
of this enzyme, to title their paper “REV1 Employs a
Novel Mechanism of DNA Synthesis Using a Protein
Template.”

Regulation of Y Family Polymerases

The involvement of the Y family polymerases in
DNA synthesis beyond damaged regions would induce
multiple mutations, thus having adverse consequences
for the cell. Notwithstanding, no increase in mutation
rate was observed even in case of overproducton of
inaccurate polymerase M in yeast or in cell culture
[27, 28]. This at the first glance paradoxical result is
explained by the fact that prokaryotic and eukaryotic
organisms have mechanisms limiting not only the time
(for example, switching SOS response and inducing the
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Fig. 2. Structure of some DNA polymerases (a, b) and the mechanism of the polymerase REV1 action (c, d). Human DNA poly-
merase K (PDB accession number 20H2). Apart from typical DNA polymerase domains (palm, thumb, and fingers), this polymerase
has an additional domain, PAD, characteristic od Y polymerases, and domain N-clamp, unique for Pol. The position of DNA in
transverse section is schematically shown by an open circle; polymerase k¥ (PDB accession number 1JIH) has the structure similar
to that of polymerase 1, but lacks the N-clamp domain; (c) polymerase REV1 (shown as a gray oval) can effect replication opposite
guanine or a lesion. The guanine resides in the template strand from hydrogen bonds with amino acid residues Met685 and Gly686
of the polymerase G-loop; at that, the guanine residue turns and leaves the template. The incoming dCTP forms hydrogen bonds
with Arg324; (d) after the cytosine incorporation in the daughter strand, the guanine residue returns to its normal position (e).

TLS polymerase gene expression after DNA damage),
but also the activity site of mutagenic polymerases. To
date, several mechanisms of polymerase switch upon
the encounter of the replication fork with a lesion are
known. First, among TLS polymerases, at least the Y
family polymerases have low proficiency on undam-
aged templates and high proficiency on the damaged
ones [29, 30]. Second, an important role in providing an
access of polymerase to the synthesis is played by the
sliding clamp. In bacteria, each of the two B-subunits of
the clamp may be bound to polymerase [20]. Because
of this, two polymerases (e.g., the main replicase Pol I11
and Pol V, providing TLS) can be located directly in the
synthesis region and replace one another, if necessary.
In eukaryotes, the interaction of Y polymerases with
PCNA (proliferating cell nuclear antigen, eukaryotic
sliding clamp), RFC (replication factor C, the clamp
loading complex), and RPA (replication protein A, an
eukaryotic analog of the prokaryotic ssDNA-binding
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SSB protein) are also essential for translesion synthesis
[31-33]. In the TLS process, posttranslational PCNA
modifications play a major role. DNA damage cause
PCNA monoubiquitination at Lys164, effected by the
Rad6-Rad18 complex [34-36]. This plays a key role in
translesion synthesis. All Y polymerases have ubiq-
uitin-binding domains, required for localizing Y poly-
merases in the replication machinery [37]. Ubiquiti-
nated PCNA raises the activity of human polymerases
1 and REV1 in vitro [38]. In the absence of PCNA-deu-
biquitinating enzyme USP1, the frequency of spontane-
ous and UV-induced mutations increases. Interestingly,
UV light promotes autocatalytic USP1 cleavage, which
results in the degradation of the latter in the proteo-
some. This has remote similarity to the involvement of
LexA autoproteolysis in the bacterial SOS response
[39, 40].

Thus, low processivity of Y polymerases on undam-
aged templates, as well as restriction of the time and
Vol. 43
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Fig. 3. Immunoglobuline gene formation in mammals. (a—c) RAG1,2-dependent V(D)J recombination. (a) The gametic genome
encodes numerous V, D, and J segments. (b) In forming a mature immunoglobulin genes, first D and J segments (here, D2 and J3)
are fused, losing the DNA fragment between them. (c) At the next stage, the resultant DJ segment (here, D2-J3) fuses with a
V region (V3). This produces a VDJ exon (V3-D2-J3), encoding the variable immunoglobulin domain, while another interstitial
DNA fragment is lost. (d) Somatic hypermutagenesis generates point mutations (shown by open vertical bars) into the VDJ exon.
(e) Through gene conversion, information from inactive pseudo-V gene (¢V) is introduced into the VDJ exon; the transferred region
is shown in light gray color. (f) Upon class switch recombination, the exon coding for the constant M-isotype domain, is replaced
by one of the other constant exons (in our case, IgE is produced); the interstitial DNA fragment is also lost.

location of their operation by various cofactors, pre-
vents possible deleterious consequences of spreading
of inaccurate replication throughout the genome.

We should like to note an important feature of DNA
translesion synthesis. In spite of multiple regulation of
Y polymerase activity, the translesion synthesis is often
continued several nucleotides apart of the “problem”
region, on the native template. This may result in muta-
tions downstream of the lesion, causing so-called non-
directional SOS mutagenesis, which was studied in
detail in early works on UV mutagenesis [7, 41]. In
eukaryotes, the key role in the synthesis product exten-
sion bypassing the lesion is played by inaccurate poly-
merase { from the B family. Error-prone DNA synthe-
sis by polymerase { underlies induced mutagenesis in
eukaryotes [20]. As shown in further text, spreading of
the mutagenic polymerase activity to undamaged tem-
plate regions play a significant role in immune response
of vertebrates.

PROGRAMMED MUTATIONS AND GENOME
REARRANGEMENTS IN EUKARYOTES

Higher mutation frequency in adverse conditions
increases genetic diversity, thus providing material for
selection and increasing adaptation of the population to
the changed environment. Error-prone repair involving
TLS polymerases, occurring also during SOS response,
primarily ensures survival and reproduction of bacteria
or cells in a multicellular organism in the case of drastic
damage of DNA. Multicellular organisms have mecha-
nism of mutagenesis programmed in ontogeny, result-
ing in diverse genomic changes, from point mutations
to chromosome rearrangements, which enhance gen-
eral stability of the organism.
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Production of Human Immunoglobulins

V(D)J recombination. A classic example of pro-
grammed rearrangements of genetic material in higher
vertebrates is the formation of mature immunoglobulin
genes and T-cell receptors (TcR) in mammals. The
number of antibody variants synthesized by the organ-
ism significantly exceeds the number of genes in the
human genome. Theoretically, according to some esti-
mates, human organism can produce up to 10'! differ-
ent variants of antibodies. This enormous diversity is
based on site-specific recombination, occurring in
developing lymphocytes of the bone marrow. In cells
not producing lymphocytes, the loci encoding constant
and variable immunoglobulin domains are located on
the chromosome far apart from one another. When a
mature immunoglobulin gene is generated, these loci
are fused; the variable regions of heavy immunoglobu-
lin chains are produced by uniting three type of immu-
noglobulin gene segments: V (variability), D (diver-
sity), and J (joining). As the formation of genes for light
chains involves only V and J segments, the process of
forming variable parts of immunoglobulin genes is
referred to as V(D)J recombination (Fig. 3).

Joining of the V, D, and J segments involves the
products of genes RAG!/ and RAG2 (recombination
activating genes), which are similar to transposases and
retroviral integrases. First the RAG proteins introduce
single-strand breaks in the RS (recombination
sequences) regions, flanking V, D, and J segments, and
then catalyze a reaction of transetherification, which
covalently binds the 3' end of the coding strand of each
fragment to the 5' end of the noncoding strand (a hair-
pin appears), resulting in a double-strand break. Next,
the hairpin is cleaved at the coding region—RS bound-
ary, the single-strand parts are filled to form double
strands, and, finally, the double-strand breaks are
repaired with participation of proteins of the NHEJ
(nonhomologous end joining) system. More diversity
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(N-terminal variability) is generated by nontemplating
addition of nucleotides by terminal deoxynucleotidyl-
transferase. Thus, combination of multiple fragments
of immunoglobulin genes generates primary diversity
of antibodies [42, 43].

Affinity maturation of antibodies. Mature B lym-
phocytes that underwent V(D)J recombination migrate
to secondary lymphoid organs (spleen and lymphatic
nodes, where they encounter antigens provided by T-
lymphocytes or follicular dendrite cells. Lymphocytes
bounding antigens by means of their immunoglobuline
receptors receive a signal for proliferation, which stim-
ulates their further divisions and differentiation. Then,
three processes increasing immunoglobuline diversity
can occur in the stimulated B-cells. These processes are
somatic hypermutagenesis, class switch recombination,
and gene conversion [44]. Upon somatic mutagenesis,
point mutations occur in variable parts of immunoglo-
bulin genes at a frequency attaining ~10~ per base pair
per division, which is million times higher than in other
genes, whereas mutation level in other genome regions
remains stable [42, 45]. Two statistically preferable
“hot motifs” are characteristic of somatic mutagene-
sis—RGYW/WRCY (the mutating pair G—C is under-
lined; R, purine; Y, pyrimidine; W, adenine or thymine)
for mutations in G—C pairs of the both DNA strands and
WA/TW (the mutating pair A—T is underlined) for
mutations in pairs A-T of the nontemplate strand [46].
Mutations in G-C and A-T pairs occur at equal fre-
quencies [47, 48].

Consecutive rounds of mutagenesis and prolifera-
tive stimulation of cells with “advantageous” mutations
that increase immunoglobulin affinity to the antigen,
result in the formation of high-affinity antibody mole-
cules. They, so to say, adjust the antigen-binding pocket
in the variable immunoglobuline domain to the antigen
structure. This process was termed clonal lymphocyte
selection [49]. In birds, the main mechanism of anti-
body affinity maturation is gene conversion, during
which the regions of nonfunctional pseudo-V-genes
substitute heterologous regions of immunoglobulin
genes. This generates point substitutions, as in somatic
hypermutagenesis [50]. Switching antibody isotypes,
1.e., formation of various classes of antibodies with the
same specificity, occurs by substitution of constant
gene regions in immunoglobuline genes in the course of
isotype switching (CSR, class switch recombination)
(Fig. 3) [44].

AID and its role in antibody affinity. A significant
step towards understanding the molecular mechanisms
underlying the three processes—somatic hyper
mutagenesis, class switch recombination, and gene
conversion—was made by the team headed by Honjo in
1999. Using subtractive mRNA hybridization, they
identified gene AID (activation-induced deaminase),
induced by CSR activation [51]. Aid deletion in mice
resulted in the CSR absence and somatic hypermu-
tagenesis [52]. Moreover, it has been shown that muta-
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tion in the human AID gene are associated with a spe-
cial form of immunodeficite—hyper-IgM syndrome
(HIGM2). In patients having this syndrome, no class
switch recombination occur and all immunoglobulines
produced by the organism belong to the prototype
M class. These patients also lack somatic hypermu-
tagenesis [53]. It was shown that the AID gene is
required for gene conversion in birds [54, 55]. Thus, the
AID expression proved to be needed for all of the three
known mechanisms of additional immunoglobulin
diversification.

The AID gene encodes a 28-kDa protein, whose
closest homolog is RNA-editing enzyme APOBECI1
(apolipoprotein B mRNA-editing catalytic subunit 1).
In the so-called editing complex, APOBEC1 deami-
nates cytosine in position 6666 of the open reading
frame of apolipoprotein B100 mRNA, which results in
the transformation of glutamine codon CAA to stop
codon UAA and the production of truncated tissue-spe-
cific protein apoB48 [56, 57]. Based on the homology
between proteins AID and APOBECI1, Muramatsu
et al. proposed a hypothesis of RNA edition, according
to which AID deaminates an unknown mRNA, which
results in producing a hypothetic recombinase, encoded
in this mRNA and involved in immunoglobulin gene
diversification [52]. An alternative hypothesis of DNA
edition, advanced by Neuberger [58], suggests that AID
directly deaminates cytosine in DNA, and the resultant
uracil switches the reaction underlying hypermutagen-
esis, class switch recombination, and gene conversion
[58]. Most of the available data supports the second
hypothesis. For instance, the AID expression in wild-
type E. coli cells increases the mutation rate 3—6 times
an, more importantly, shifts the mutation spectrum
towards C — T transitions. The mutagenic effects of
AID increased in strains carrying a deletion of uracil-
DNA-glycosylase gene (Aungl) and incapable for
eliminating uracil from DNA, which is a significant
argument in favor of DNA deaminase activity of AID
[58]. In subsequent biochemical studies, the ability of
AID to deaminate cytosine in DNA in vitro was directly
shown [43].

The production of the AID protein in yeast S. cere-
visiae also has a mutagenic effect, which is higher in
ungl~ strains. Analysis of the nucleotide context of the
mutation sites demonstrated that yeast mutations
caused by the AID gene expression occur preferentially
in sequences DGYW/WRCH) (the mutating pair G-C
is underlined; R, purine; Y, pyrimidine; D, guanine,
adenine, or thymine) [59]. Thus, the AID expression in
yeast generates mutations in the nucleotide context
similar to the context of mutation occurring in G-C
pairs of immunoglobulin genes in somatic mutagene-
sis. The mutation spectra, obtained by in vitro AID
interaction with single-strand DNA, show hot spot for
mutations in G—C pairs in the same motifs as in vivo
[60]. These results indicate that AID substrate-specific-
ity determines the position of hot spots in somatic
hypermutagenesis. To understand possible mechanisms
Vol. 43
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uracil-DNA-glycosilase (UDG) excises uracil, forming an apyrimidine site. The restoration of the native DNA structure involves
participation of accurate polymerase B at subsequent stages of repair. The involvement of TLS polymerase 1 at the filling in stage
results in mutations in pairs G—C and A-T. Upon DNA replication with the AR site mutations occur in pairs G-C. (c) If an
unmatched G-U pair is recognized by the MMR system, one strand of the region containing the unmatched pair is excised. Filling
in of the gaps by inaccurate polymerases results in mutations in G—C and A-T pairs.

of the mutation formation in A-T pairs, the conse-
quences of cytosine deamination in DNA should be
considered.

The role of mutagenic DNA polymerases and
mismatch repair in somatic hypermutagenesis.
Uracil formed in DNA can be recognized and excised
by uracil-DNA-glycosilase (UNG), which is followed
by base excision repair reactions that restore the origi-
nal base pair G—C, so that no mutation occur (Fig. 4). If
uracil-containing DNA is involved in replication, ade-
nine is incorporated opposite uracil in the daughter
strain, and a C — T transition is fixed in the next rep-
lication round. In addition, in translesion replication, a
random nucleotide can incorporate opposite the apyri-
midine site produced by the UNG protein activity,
which leads to mutation C — N (where N is any
nucleotide) in the deamination site. Spreading of inac-
curate replication in the 3' direction from the AP site
may induce mutations in A-T pairs. The stage of gap
filling in base excision repair usually involve relatively
accurate polymerase 3. However, the activity of Pol B is
suppressed in B-lymphocytes, which may result in the
involvement of Y polymerases in uracil-containing
DNA repair [61].

The involvement of TLS polymerases in somatic
mutagenesis is also associated with operation of mis-
match repair (MMR) system. Mice with deletions of
genes coding for various components of the MMR sys-
tem exhibit low somatic mutagenesis and higher fre-
quency of mutations in G—C then in A-T pairs [43].
No. 10
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Binding of mismatched U-G base pairs by the Msh2—
Msh6 complex triggers MMR, in which a part of one of
the DNA strands in the mismathc region is excised
(Fig. 4c). Filling the resultant gaps by TLS poly-
merases leads to mutations and premutation states
(mismatches), which are repaired or fixed as mutations
in the next replication round. At that, mutations both in
G—C and in A-T pairs can occur. The mechanisms of
recruiting TLS polymerases in variable immunoglobu-
lin gene regions instead of accurate replicative poly-
merases is still unknown.

A number of mutagenic DNA polymerases were
suggested as candidates for involvement in somatic
mutagenesis [62]. These are primarily polymerases M
and 1 from the Y family, 6 from the A family, and { from
the B family, as well as x from the Y family, and p and
A from the X family. So far, reliable experimental sup-
port of the involvement in SHM was obtained only for
polymerase M. A deletion Pol m results in a drastic
reduction in mutation frequency in immunoglobulin
genes in A—T pairs [63, 64]. The same effect is observed
in patients with xeroderma pigmentosum carrying a
mutation in the polymerase 1 gene [65]. The mutation
spectra generated by polymerase 1 are characterized by
the presence of WA/TW hot spots, which supports the
assumption that this polymerase is involved in transle-
sion synthesis in SHM [66—68]. However, since Pol N
deletion does not lead to the total absence of mutations
in A—T pairs, as well as because of insufficient informa-
tion available on the error spectra of other DNA poly-
merases, it may well be that other mutagenic poly-
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merases are involved in somatic hypermutagenesis,
being able to “substitute” for Pol 1 in its absence.

The level of somatic mutagenesis in B-lymphocyte
cultures depends on the production of the AID protein
[69]. Normally, AID is specifically expressed in B lym-
phocytes. Artificial overproduction of AID triggers
somatic mutagenesis in fibroblast cultures [70] and
hybridomas [71]. Therefore, fibroblasts and hybrido-
mas have all components and conditions for hypermu-
tagenesis except the AID gene expression. Thus, the
AID protein is an only factor of hypermutagenesis that
is absent in most cells. Abnormal AID regulation, lead-
ing to the ectopic deaminase expression, causes cancer
[72], whereas constitutive AID production in mice
raises the tumor frequency [73]. Recently, Matsumoto
et al. [74] have shown that infection by Helicobacter
pylori induce AID expression in human gastric epithe-
lium cells. This is accompanied by mutations appearing
in the tumor suppressor gene TP53, whose inactivation
is often observed in case of cancer. Thus, malignization
upon H. pylori infection is likely to be mediated by the
AID protein [74].

Role of AID in class switch recombination. Class
switch recombination requires a substitution of the cod-
ing constant domain IgM by one of the four other
domains: C,, C,, G, or C, (Fig. 3). Apparently, deami-
nation of the neighboring cytosine residues in different
DNA strands in the switch regions located downstream
of the exons encoding constant domains and subse-
quent operation of systems BER and MMR generate
double-strand breaks (DSB) [75, 76]. Joining nonho-
mologous ends by the NHEJ repair system produces
two products, a mature immunoglobulin gene of a new
isotype and a circular fragment containing DNA that
was located between two breaks; the latter is subse-
quently lost [77, 78]. The CSR level decreases with
impairment of various MMR and BER system compo-
nents [79]. If MMR and BER are both absent, the CSR
level is very low [80].

The data obtained in a yeast system support the
above model of AID involvement in initiation of recom-
bination rearrangements. In yeast, homologous recom-
bination is initiated by a double-strand DNA break. The
AID expression in yeast induces intragenic recombina-
tion. The inactivation of uracil-DNA-glycosilase
(ungl) blocks recombinogenic AID activity [81]. The
necessity of the AID protein for gene conversion can be
explained in a similar manner: AID initiates repair that
generates breaks. In this case, they are cured by the sys-
tem of homologous recombination [79].

Formation of Lymphocyte Receptors in Vertebrates

The adaptive immune response in all jawed verte-
brates is associated with immunoglobulin lymphocyte
receptors, whose diversity can be achieved in various
ways. For instance, in sharks and scates, the main unit
Vi-Dyp;-Dip-Ji-Cyy is multiply repeated in the genome,
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but recombination occurs only within each of such
units, which dramatically reduces the possible antibody
number [82]. In chicken, the number of immunoglobu-
lin-coding genes is low and various antibodies are pro-
duced largely by gene conversion [49]. AID paralogs
and orthologs were identified in the genomes of mem-
bers of various vertebrate groups, including cartilagi-
nous and bony fishes, amphibians, and birds [82, 83].

Adaptive Immune Response in Jawless Vertebrates

Jawless vertebrates (lampreys and hagfishes) also
have lymphocytes and are capable of adaptive immune
response. However, no immunoglobulin receptors have
been found in these organisms; they also lack RAG
genes. Very recently, it has been reported that in jawless
vertebrates, the role of immunoglobulins is played by
variable lymphocyte receptors (VLR) [84, 85]. Imma-
ture (embryonic) VLR genes in lamprey and hagfish
encode N- and C-terminal regions of future receptors,
divided by stretches of noncoding DNA. However, in
mature lymphocytes, the VLR genes contain the central
variable region consisting of various leucine-rich
repeats (LRR) (Fig. 5). It was suggested that mature
VLR genes result from combination of various LRR
modules flanking embryonic VLR genes [83, 85, 86].
What is the mechanism of LRR combination that pro-
duces a mature VLR gene? In 2006, Nagawa et al. [87]
have suggested a copy choice model to explain this pro-
cess. However, more promising seems the model of
consecutive LLR assembly producing VLR by use of a
mechanism similar to class switch recombination in
jawed vertebrates.

Two genes orthologous to AID, PmCDAI, and
PmCDA2, were identified in the lamprey genome. Both
genes are specifically expressed in lymphocytes and
gematopoietic tissues, which suggests the involvement
of the corresponding proteins in the immune response
[88]. By analogy with CSR, one could conjecture that
cytosine deamination in DNA by these deduced hypo-
thetical enzymes causes double-strand breaks, whose
repair leads to LRR insertion in the produced VLR
gene. To test this hypothesis of the formation of vari-
able lymphocyte receptors, experiments with unicellu-
lar organisms were carried out. As in the case of AID,
the PmCDA1 production in E. coli caused C — T
transitions, whose frequency was higher in strains car-
rying mutations at uracil-DNA-glycosilase. The
PmCDAT1 production in yeast S. cerevisiae had a simi-
lar effect. Moreover, PmCDA1 produced in yeast
induced intragenic recombination, for which, as with
AID, uracil-DNA-glycosilase was required. These
results support the hypothesis on recombinogenic VLR
formation [88].
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Fig. 5. Formation of variable lymphocyte receptors in jawless vertebrates. (a) In immature VLR (Variable Lymphocyte Receptors)
genes, N- and C-terminal parts of the future variable receptor regions (LRR NT and LRR CT, respectively) are separated by non-
coding DNA stretches. In generating mature VLR gene, various leucine-rich repeats flanking the primordial gene (LRR V) form the
variable region of the VLR gene. (b) Mature VLR gene consists of a signal peptide (SP), a variable region with a connecting peptide

(CP), and “legs,” used for attaching the protein to the membrane.

THE AID/APOBEC FAMILY
OF DNA/RNA DEAMINASES

As mentioned above, proteins AID, APOBECI,
PmCDA1, and PmCDA?2 are members of a large deam-
inase family, AID/APOBEC. Their closest relatives are
adenosine deaminases (see below the section on the
molecular evolutionary tree of deaminases). The family
is divided into subfamilies (Fig. 6). The subfamily
APOBECI includes RNA editing enzymes APOBECI.
The functions of proteins from the subfamily
APOBEC?2 are unknown. Proteins of the AID subfam-
ily are involved in vertebrate immunity. Mechanisms of
protection against retroviruses by means of proteins of
the subfamily APOBEC3 are discussed in the next sec-
tion. In 2005, the fifth subfamily, APOBEC4, was iden-
tified using computer-aided methods. APOBEC4 pro-
teins occur in all quadruped vertebrates. In human,
APOBEC4 is expressed in testis, which suggests its
possible role in spermatogenesis [89].

Subfamily APOBEC3 and Protection
against Retroviruses

Retroviruses consist of two copies of single-strand
RNA genome, packed into the virion together with a
reverse transcriptase. Upon cell infection, after the
fusion of the lipoproteid viral capsule with the cell
membrane, the viral genome gets into the cytoplasm,
and reverse transcriptase synthesizes the minus strand
of DNA using the RNA plus strand as a template. Then
the DNA plus strand is synthesized on the DNA minus
strands, thus forming a double-strand DNA molecule,
which integrates into the host genome with help of inte-
grase. Transcription of the integrated sequences pro-
duces new copies of the viral genome, which, together
with the RNA plus strand-encoded proteins are packed
into new virus particles. Well-known examples of retro-
viruses are human immunodeficite virus (HIV) and T-
cell leukemia virus [90]. The APOBEC3G protein was
identified using subtractive cDNA hybridization as a
factor inhibiting propagation of HIV, which is the most
well-known retrovirus [91]. Studying the molecular
mechanism of the inhibition has shown that
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APOBEC3G exhibits deaminase activity on the single-
strand DNA and causes C — U transitions in the
minus strand of the viral DNA. Processing of the result-
ant uracil by the BER system results in production of an
AP site with subsequent degradation of the viral DNA
by AP endonucleases. If the uracil-containing minus
strand escapes degradation and replicates, then an
insertion of adenine opposite uracil leads to multiple
G — A transitions in the plus strand (hypermutagen-
esis), resulting in a loss of function of the proteins
encoded in the viral DNA. Interestingly, APOBEC3G is
packaged in virus particles by viral protein Gag and
deaminates the synthesized DNA minus strand upon
viral infection from another cell [92].

Viruses can counteract destructive APOBEC3G
activity. Most natural HIV strains have a special pro-
tein, Vif (virus infectivity factor). Vif viruses are resis-
tant to the effect of APOBEC3G. Apparently, Vif blocks
the deaminase activity by inducing polyubiquitinyla-
tion of APOBEC3G and its degradation in the proteo-
some [91, 93].

The human APOBEC3 gene is located on chromo-
some 22 in a cluster of eight homologous genes
(APOBEC3A-APOBEC3H), belonging to the subfamily
APOBEC3 of the AID/APOBEC family. The products
of four of these genes (APOBEC3B, APOBEC3G,
APOBEC3F, and APOBEC3C) suppress retroviruses
probably by means of the above mechanisms, differing
only in hot motifs of hypermutagenesis. APOBEC3A
suppresses retrotransposons; the functions of the other
three genes are unknown [94, 95]. From the evolution-
ary viewpoint, it is interesting that, in contrast to human
and chimpanzee that have eight genes of the APOBEC3
subfamily, rodents have only one such gene. Appar-
ently, the additional APOBEC3 gene copies formed via
tandem duplications and unequal crossing over. It is
believed that such strong divergence was caused by the
necessity to suppress endogenous retrotransposons to
ensure genomic stability [96]. Indeed, the divergence of
the APOBEC3 subfamily and a decline in retrotranspo-
son activity coincide in time [97].

Several authors have shown that mutant
APOBEC3G and APOBEC3F, incapable of deamina-
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Fig. 6. AID/APOBEC family of RNA/DNA deaminases. Multiple alignment (a) and a phylogenetic tree (b) of the AID/APOBEC
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servatism threshold is presented in the last line of alignment [h: hydrophobic amino acids (ACFILMVWY), b: large amino acids
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Ggal, Gallus gallus; Glam, Giardia lamblia; Hsap, Homo sapiens; Mmus, Mus musculus; Ocun, Orystolagus cuniculus; Saur, sta-
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Tad2p/TadA was used for finding the root of the AID/APOBEC phylogenetic tree. (c) Three-dimensional structure of the human

APOBEC?2 (PDB accession number 2NYT). The position of Zn** jons playing the key role in catalysis is shown. (d) Three-dimen-
sional structure of murine cytidine deaminase (PDB accession number 2FR6).

tion, still retain a certain level of antiviral activity, while The Structure of APOBEC2 and APOBEC3G
mutant APOBEC3A and APOBEC3B efficiently

blocks transposon movement. Apparently, the mecha- Three-dimensional structure has been established
nisms of antiretroviral activity of APOBEC3 proteins  for a number of members of the deaminase suprafamily,
are not restricted to DNA deamination (see [98]). CDAs (cytodone deaminases), which have free nucle-
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otides and nucleotides as substrates. These proteins are
characterized by dimeric or tetrameric organization, in
which the active center is located on the inner surface
of the oligomer (Fig. 6d). This makes possible to bind-
ing nucleotides and fulfilling the corresponding biosyn-
thetic functions. The structure of human APOBEC2, a
member of the AID/APOBEC family, has been estab-
lished. The functions and biochemical activities of this
protein produced in muscle are unknown. However,
APOBEC?2 is the only protein of the AID/APOBEC
family with the known three-dimensional structure.
The mutuial positions of subunits in tetrameric
APOBEC2 differs from that in classic deaminases
operating on free nucleotides. The APOBEC?2 tetramer
has elongated shape with the catalytic center exposed
on the outer complex surface (Fig. 6¢). This structure
probably provides the possibility to bind and transform
polynucleotide substrates by AID/APOBEC deami-
nases. Impairment of the AID activity in mutants carry-
ing mutations in certain amino acid residues of the pro-
tein conforms to this structural model [99].

A similar structural model was proposed for
APOBEC3G on the basis of the known APOBEC2
structure. To design this model, alignment of amino
acid sequences and parts of the secondary structure, as
well as information derived from mutation analysis of
APOBEC3G, were used. This model was employed to
deduce the regions of the N-terminal cytidine deami-
nase domain required for the protein packing in the
viral capside [100].

EXTENSION OF THE MOLECULAR
EVOLUTIONARY TREE OF DEAMINASES
FROM THE AID/APOBEC FAMILY

We have conducted a bioinformative screening for
novel members of the AID/APOBEC family, using the
PSI-BLAST software (www.ncbi.nlm.nih.gov/BLASTY/).
Novel AID/APOBEC family members were sought in
the GenBank database on the basis of statistically non-
random similarity of proteins with unknown functions
with AID/APOBEC family members. In this way, a
new member of this deaminase family, hereafter
referred to as APOBECS, was found. Interestingly, the
gene for APOBECS5 (X002897, GI: 64624554) was
revealed in bacterium Xanthomonas oryzae (Fig. 6).
The member of the AID/APOBEC family most similar
to APOBECS proved to be protein APOBEC2 of fish
Tetraodon nigroviridis. Similarity between APOBECS
(X0O02897) and APOBEC2 was statistically significant
even at the first step of the PSI-BLAST procedure (the
probability of this similarity due to random causes E <
5 % 1073), whereas the other known AID/APOBEC fam-
ily members were detected at subsequent steps of the
program. Alignment of APOBECS with other deami-
nases (Fig. 6a) showed that, along with motifs common
for all deaminases, APOBECS5 have two features that
are characteristic only for the AID/APOBEC family:
helix-4 (Fig. 6a) and an insertion of three amino acids
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upstream the PCxxC motif (Fig. 6a). This confirms that
APOBECS5 indeed is a new member of the
AID/APOBEC family. The presence of highly con-
served motifs HXE and PCxxC (where x is any amino
acid), which are characteristic of various deaminases
(Fig. 6a) indicates that APOBECS may be a functional
deaminase. Interestingly, the C-end of this protein is
shorter than those of the known AID/APOBEC family
members (Fig. 6a). This may suggest a change of spe-
cific function of this protein.

Phylogenetic analysis with the use of various meth-
ods (for their description, see [88]) consistently classi-
fied APOBECS as the most distant AID/APOBEC fam-
ily member (Fig. 6b). The absence of other members of
APOBECS subfamily may indicate a relatively recent
transfer of this gene to X. oryzae from the vertebrate
genome. The AID/APOBEC family members of lam-
prey were not assigned to any of the known deaminase
subfamilies of jawed vertebrates (Fig. 6b), forming a
separate subfamily. The divergence between subfami-
lies APOBEC1, APOBEC4, APOBEC2, AID, and
APOBEC3, probably, have occurred after splitting of
jawed and jawless vertebrates. Previous analysis [87]
have shown that the family of RNA-editing enzymes
Tad2p/TadA are closest to the AID/APOBEC family
(Fig. 6b). These proteins have a number of traits char-
acteristic of AID/APOBEC, including helix-4 and
helix-5 (see Fig. 6a). Such structural elements are
absent in other deaminase families, including cytidine
deaminases (CDA, EC 3.5.4.5), which were previously
thought closest to the AID/APOBEC family. Moreover,
Tad proteins that edit tRNA in trypanosome, apart from
deaminating adenine to inosine in tRNA, can deami-
nate cytosine to uracil in single-strand DNA [101].
Establishing the relationships between Tad,
AID/APOBEC, and CDA, one should also take into
account demonstrated and deduced differences in the
quaternary structure of AID/APOBEC proteins (see the
previous section). The wide distribution of DNA- and
RNA-editing deaminases suggest that they are involved
in the ancient mechanism of regulating genetic varia-
tion, which has appeared at the dawn of the vertebrate
radiation.

MUTAGENESIS AS AN ELEMENT
OF CELL PHYSIOLOGY

Hypermutagenesis that enhances adaptation of an
organism to the environmental conditions can occur in
organisms of different levels of organization, from
intestinal bacteria to human. Hypermutagenesis is char-
acterized by physiological lability, manifested in the
dependence of the time and action of mutator systems
on the requirements of the environment, such as
strength of the effect of DNA-damaging agents or the
complexity of the antigen structure. In addition to
mutator proteins, for instance, DNA deaminases and
inaccurate DNA polymerases, hypermutagenesis
involves the repair and replication systems. Fixation of
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mutations occurs upon inaccurate restoration of the
DNA structure with coordinated operation of various
molecular systems. The main aspects of hypermutagen-
esis are in good agreement with the theory of mutation
developed by Lobashev, in which mutagenesis was
regarded as a complex physiological process [1, 102, 103].
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