
Enzymatic deamination of nucleic acid bases is

remarkably widely and ingeniously exploited in biological

systems. Cytosine to uracil deamination by cytidine

deaminase (CDA) was first characterized as an important

reaction in the pathways of thymidine biosynthesis and

pyrimidine salvage [1]. Enzymatic deaminations of cyto�

sine and adenosine play important roles in the regulation

of nucleotide pools [2]. In humans, polymorphisms in the
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Abstract—Enzymatic deamination of bases in DNA or RNA leads to an alteration of flow of genetic information. Adenosine

deaminases edit RNA (ADARs, TADs). Specialized cytidine deaminases are involved in RNA/DNA editing in lipid metab�

olism (APOBEC1) and in innate (APOBEC3 family) and humoral (AID) immunity. APOBEC2 is required for proper mus�

cle development and, along with AID, was implicated in demethylation of DNA. The functions of APOBEC4, APOBEC5,

and other deaminases recently discovered by bioinformatics approaches are unknown. What is the basis for the diverse bio�

logical functions of enzymes with similar enzyme structure and the same principal enzymatic reaction? AID, APOBEC1,

lamprey CDA1, and APOBEC3G enzymes cause uracil DNA glycosylase�dependent induction of mutations when over�

produced ectopically in bacteria or yeast. APOBEC2, on the contrary, is nonmutagenic. We studied the effects of the expres�

sion of various deaminases in yeast and bacteria. The mutagenic specificities of four deaminases, hAID, rAPOBEC1,

hAPOBEC3G, and lamprey CDA1, are strikingly different. This suggests the existence of an intrinsic component of deam�

inase targeting. The expression of yeast CDD1 and TAD2/TAD3, human APOBEC4, Xanthomonas oryzae APOBEC5, and

deaminase encoded by Micromonas sp. gene MICPUN_56782 was nonmutagenic. A lack of a mutagenic effect for Cdd1 is

expected because the enzyme functions in the salvage of pyrimidine nucleotides, and it is evolutionarily distant from

RNA/DNA editing enzymes. The reason for inactivity of deaminases grouped with APOBEC2 is not obvious from their

structures. This cannot be explained by protein insolubility and peculiarities of cellular distribution and requires further

investigation.
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Fig. 1. Similarity of the general plan of structure of Cdd1 and editing deaminases. Solved or predicted helices indicated by cylinders, strands

by arrows; helix�4 distinctive for nucleic acid editing deaminases shown in black; helices conserved among TadA/Tad2p�like and

AID/APOBEC clade shown in gray [29, 32]. Amino acid sequences shown for catalytic HxE and PC motifs and the conserved motif in helix�

4. The secondary structure of MICPUN_56782 was predicted in the present study with the Phyre program (Protein Homology/analogY

Recognition Engine; http://www.sbg.bio.ic.ac.uk/~phyre/). The prediction of new second helix shown in pale color and countered by a bro�

ken line is on the border of significance. Different structures are drawn approximately to scale and aligned around two central cysteine motif

(PC(x)iC) coordinating zinc in the active site.
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gene encoding for CDA lead to an altered response to

cytidine analog anticancer agents [3], and a defect in

adenosine deaminase leads to severe combined immuno�

deficiency (reviewed in [4]).

Deamination on the level of polynucleotides is even

more important. Editing of DNA or RNA leads to muta�

tions or modulates the expression of genetic information.

Adenine to hypoxanthine deamination in mRNA and

tRNA can articulate splicing and translation and there�

fore plays a critical role for the proper expression of

genetic information [5]. Cytosine to uracil deamination is

used for RNA editing of transcripts and for tightly regu�

lated DNA editing in antibody diversity, protection from

retroviruses, and demethylation in development [6�10].

Cytidine deaminases, CDA and CDD, are zinc�

dependent evolutionarily conserved enzymes. The activa�

tion of water that attacks the C4 position of cytosine is

proceeded by a zinc ion coordinated by one histidine and

two or three cysteines in the enzyme active site located at

the borders of α�helixes 2 and 3 (Fig. 1). The same enzy�

matic mechanism is utilized by RNA/DNA editing

enzymes [8]. APOBEC1 is the founder of the AID/

APOBEC superfamily of editing enzymes. It is a catalyt�

ic subunit of a larger editase complex that deaminates

cytosine at position 6666 in the apolipoprotein B mRNA

[11]. The modification creates a premature stop codon

that leads to tissue�specific production of a truncated

apolipoprotein. The ability to edit RNA is related to the

acquisition of additional extended α�helixes at the C�ter�

minus of APOBEC1 marked black and gray in Fig. 1. The

Apobec1 knockout mice are viable, but they have abnor�

mal lipid metabolism [12].

Structurally similar enzyme AID (Fig. 1) is involved

in immunity. The immune system uses gene modification

mechanisms to generate various types of high affinity

antibodies by class switch recombination (CSR),

immunoglobulin gene conversion (GC), and somatic

hypermutation (SHM) [13, 14]. SHM leads to the accu�

mulation of mostly point mutations in the V genes. The

frequency of mutations here is up to six orders of magni�

tude higher than in other genomic locations [13]. Most of

the mutations are base pair substitutions, occurring with

the same frequency at G�C base pairs and at A�T base

pairs. Statistically preferred hotspots are DGYW motifs

(D = G, T, or A; Y = pyrimidine base; W = A or T) [15]

for mutations at G�C pairs and WA motifs [16] for muta�

tions at A�T pairs (mutating bases are underlined).

CSR, SHM, and GC depend on AID [17�23].

Patients with defective AID have elevated levels of only

one type of low�affinity antibodies, IgM. They suffer

from recurrent bacterial infections. AID works in affinity

maturation via deamination of cytosine in DNA of vari�

able region of immunoglobulin genes. When produced in

E. coli, AID is mutagenic, and the effect is much greater

when the gene for uracil DNA glycosylase (ung) is inacti�

vated [24]. Uracil generated by AID in B�cells triggers

downstream events leading to genetic instability [24�27].

Amazingly, the specificity of deaminations by AID in vitro

coincides with hotspots of SHM [28]. Replication of the

U�G pair generates only the transition mutations. Uracil

removal by uracil DNA glycosylase leads to an abasic site

(AP), which, when bypassed by a specialized DNA poly�

merase, will lead to transitions and transversions. An AP

site may also be incised by AP endonuclease and then

repaired by short patch base excision repair (BER) with

the involvement of error�prone DNA polymerases with

the generation of all types of base substitutions. DNA

breaks, which are intermediates of these reactions, cause

an induction of recombination (reviewed in [29]).

In jawless vertebrates, the role of immunoglobulins is

played by variable lymphocyte receptors (VLR) [30, 31].

In mature lymphocytes, the VLR genes contain a central

variable region consisting of various leucine�rich repeats

(LRR). It was suggested that mature VLR genes result

from a combination of various LRR modules flanking

embryonic VLR genes [31]. It is likely that consecutive

LRR assembly producing VLR occurs by a mechanism

similar to class switch recombination in jawed vertebrates.

There are two AID/APOBEC genes, PmCDA1 and

PmCDA2, in the lamprey genome. Both genes are specifi�

cally expressed in lymphocytes and hematopoietic tis�

sues, suggesting the involvement of the corresponding

proteins in the immune response [32]. By analogy with

CSR, cytosine deamination in DNA by these enzymes

can cause DNA double�strand breaks, whose repair leads

to LRR insertion in the maturing VLR gene. Experiments

with unicellular organisms are consistent with this

hypothesis. As in the case of AID, the PmCDA1 produc�

tion in E. coli or in yeast caused uracil DNA glycosylase�

suppressible C to T transitions. PmCDA1 production

induced intragenic recombination in yeast for which the

activity of Ung was required. These results supported the

hypothesis of the recombinational mechanism of VLR

formation [32].

APOBEC3�group cytidine deaminases protect cells

from retroviruses, including HIV�1 [33, 34]. All retro�

viruses have similar architecture and are comprised of two

copies of single�stranded RNA genomes packed in virions

with reverse transcriptase. APOBEC3G helps to fight

HIV by deamination. APOBEC3G is a strong mutator

when expressed in E. coli [35]. The viruses without Vif

(Virus Infectivity Factor) experience hypermutation, and

all these mutations were transitions that could be

explained by deamination of a minus DNA strand of the

virus [36, 37]. This deamination can lead to hypermuta�

genesis or the destruction of the viral genome during

repair of uracil [38]. The detection of multiple mutations

in surviving viruses is consistent with the ability of

APOBEC3G to deaminate DNA in vitro in processive

fashion [39, 40].

The human APOBEC3 is located on chromosome 22

in a cluster of seven homologous genes (APOBEC3A�
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APOBEC3H). The products of four of these genes

(APOBEC3B, G, F, C) suppress retroviruses and endoge�

nous L1 retroelements and differ in hotspot motifs of

hypermutagenesis [7, 41]. APOBEC3A suppresses retro�

transposons; the functions of the 3DE and 3H genes are

less clear [42]. It is possible that the different APOBEC3

family members can neutralize specific lentiviruses or

other viruses [43]. From the evolutionary viewpoint, it is

interesting that, in contrast to humans and chimpanzees,

rodents have only one APOBEC3 gene.

Mutagenic specificity of APOBEC3G is very differ�

ent from AID [39, 44, 45]. Domain swapping between

AID and APOBEC3G helped to approach the molecular

mechanisms for this specificity [46]; however, the precise

answer awaits the solution of crystal structures of the ter�

nary complexes of the enzymes with DNA. So far, only

parts of the inactive APOBEC2 and the active domain of

APOBEC3G have been solved [47�50].

Although very structurally similar, APOBEC2 is

nonetheless nonmutagenic in bacteria [35] and cannot

perform deamination in vitro. Knockout mice develop

myopathy with anomalous muscles [51] and a lack of

APOBEC2�related proteins leads to the development of a

dystrophic muscle phenotype in zebrafish embryos [52].

APOBEC2 from zebrafish was also implicated in DNA

demethylation during development [53].

There is one report on mutagenic effects of adeno�

sine deaminase [54]. It has been shown that TbADA2

from trypanosoma has relaxed specificity and can deami�

nate “A” in RNA and “C” in ssDNA, and the expression

of this adenosine deaminase was mutagenic in ung– E.

coli. This observation is consistent with the similarity of

cytidine and adenosine deaminases [55].

The structures of CDA from bacteria, yeast, and

humans reveal a core α1β1 β2α2 β3α3 β4 β5 arrangement

[32, 56, 57] (Fig. 1). All five β�strands form a sheet that

supports the parallel positioning of two α�helices that

contain the His, Cys, and Glu residues that are required

for zinc�coordination, proton transfer and catalysis [57].

The crystal structures of several TadA proteins [58, 59],

APOBEC2 [49], as well as the crystal and NMR struc�

tures of the APOBEC3G catalytic domain [47, 60], estab�

lished secondary structures of the proteins. In all other

representative families the secondary structure is predict�

ed. A sequence–structure analysis of the representatives

of the deaminase superfamily reveals unique features

shared among the AID/APOBEC proteins, six α�helices

and five β�strands, the characteristic deaminase “HxE�

PCxxC” (where “x” is any amino acid) zinc coordination

motif (shown on α�helixes 2 and 3 represented by white

cylinders in Fig. 1), including a conserved tryptophan in

the C�terminal helix and a three amino acid insert the N�

terminal to the PCxxC motif [32, 61]. The presence of

three additional α�helices (the fourth, shown in black, is

characteristic for editing deaminases and called “struc�

tural signature of editing deaminases” [49], the fifth and

sixth, shown in gray, are conserved between Tad and

APOBEC/AID) distinguishes the vertebrate editing

deaminases from other deaminases, such as ADAR and

Cdd1�like cytidine deaminases [62]. The closest relatives

of the AID/APOBEC family were identified among

TadA/Tad2p�like tRNA adenosine deaminases; all share

two distinct helices and several critical residues. The

TadA/Tad2p�like deaminases and AID/APOBEC pro�

teins thus appear to interact with nucleic acid substrates

via a common mechanism. The crystal structure of

APOBEC2 provided novel information on the unusual

arrangement of subunits in deaminase dimer, which dif�

fers substantially from that previously described for

deaminases operating on monomeric bases [63].

Structures of APOBEC3G catalytic domains show a sub�

stantial overlap with corresponding parts of inactive

APOBEC2 and TadA structures. An interesting feature of

APOBEC3G is that the protein is self�duplicated and has

two cytidine deaminase active sites, inactive N�terminal,

and active C�terminal. This is observed despite the con�

servation of all amino acids important for catalysis

between these two domains and may result in a special

structure of an active antiviral protein [64].

A search for protein sequence homologs of human

AID revealed a new group of deaminases in vertebrates

called APOBEC4 [61]. A multiple alignment of all relat�

ed sequences revealed a new subfamily with strong con�

servation of the deaminase zinc�coordinating motif

(H/C)xE…PCx2�6C [65, 66]. The presence of six amino

acids (instead of two) in the PCx2�6 stretch is specific for

APOBEC4 is (Fig. 1). APOBEC4 has an α�helix forming

insertion characteristic to RNA/DNA editing enzymes

that is absent in CDAs. As judged by a maximum likeli�

hood phylogenetic tree, the APOBEC4 family is close to

APOBEC1 and AID [61]. The APOBEC4 is expressed pri�

marily in the testis.

Further screening for novel members of the

AID/APOBEC family in the GenBank database led to

the discovery of a new family member, hereafter referred

to as APOBEC5 [29] (Fig. 1). The gene for APOBEC5

(XOO2897, GI: 64624554) was found in the bacterium

Xanthomonas oryzae. This bacterium causes blight in rice,

one of the major diseases of this important agricultural

plant. Sequence alignment of APOBEC5 with other

deaminases showed that APOBEC5 has two features that

are characteristic only for the AID/APOBEC family:

helix�4 (in black in Fig. 1) and an insertion of three

amino acids upstream from the PCxxC motif. The pres�

ence of highly conserved motifs HxE and PCxxC, which

are characteristic for various deaminases, indicates that

APOBEC5 may be a functional deaminase. The C�termi�

nus of this protein is shorter than those of the known

AID/APOBEC family members (Fig. 1).

Phylogenetic analysis with the use of various meth�

ods (for their description, see [32]) consistently classified

APOBEC5 as a distant AID/APOBEC family member.
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The absence of other members of the APOBEC5 sub�

family may indicate a relatively recent transfer of this

gene to X. oryzae from the vertebrate genome. The

AID/APOBEC family members of lamprey were not

assigned to any of the known deaminase subfamilies of

jawed vertebrates, forming a separate subfamily. The

divergence between subfamilies APOBEC1, APOBEC4,

APOBEC2, AID, and APOBEC3 have probably

occurred after the splitting of jawed and jawless verte�

brates. The family of RNA�editing enzymes Tad2p/TadA

is now considered to be the closest to the AID/APOBEC

family [32]. These proteins have a number of traits char�

acteristic of AID/APOBEC, including helixes 4�6 (Fig.

1). It is proposed that the ancestral AID/APOBEC

emerged prior to the vertebrate radiation, most likely

descending from the Tad2p lineage [32]. Tad proteins

that convert adenine to inosine in tRNA in trypanosome

are able to deaminate cytosine to uracil in single�strand

DNA [54], thus supporting the relationship between

Tads and APOBECs.

The wide distribution of DNA/RNA�editing deami�

nases superfamily suggests that they are involved in the

ancient mechanism of regulating phenotypic and genetic

variation that appeared at the dawn of the vertebrate radi�

ation. Plant chloroplasts possess tRNA editing adenine

deaminase [67]. It still has to be determined what addi�

tional editing deaminases are present in plants [68].

In the present study, in order to get a better under�

standing of the mechanisms of deaminases activities and

their functions and evolution, we systematically analyzed

the mutagenic activity and specificity of known and pre�

dicted members of AID/APOBEC superfamily.

MATERIALS AND METHODS

Bacterial strains. We converted E. coli strains

MC1061 [69] and its nfi::cam derivative, NR13509 (kind�

ly constructed for us by Dr. R. M. Schaaper, NIEHS), to

λDE3 lysogene using λDE3 lyzogenization kit from

Novagen (USA) (Cat. No. 69734�3). Mutation

ung152::Tn10 was transferred into the strain Rosetta(DE3)

pLysS (Novagen, Cat. No. 70956) from the strain BD2328

[70]. We used XL Blue (Stratagene, USA) and TOP10

(Invitrogen, USA) strains for routine cloning and DNA

manipulations.

Yeast strains. For mutagenesis experiments we used

1B�D770 (MATa ura3�4 leu2�3,112 trp1�289 his7�2 ade5�

1 lys2�Tn5�13) [71] and its ung1::kanMX deletion deriva�

tive generated by one step gene disruption with PCR

product on hygB template using the following oligonu�

cleotides:

UNG1:KAN_DISL, 5′�CAAACTACGATCGAAGAC�

TTCTTTGGTACAAAGAAAAGCACTAATGCGTA�

CGCTGCAGGTCGAC;

UNG1:KAN_DISR, 5′�CGTTCCAGGAACAACACT�

CCAGTCTATCATTTTCTCTCCGCGGGTAATC�

GATGAATTCGAGCTCG.

These strains allow concomitant measurement of

mutation rates at several loci. These include: i) the for�

ward mutation rate at the CAN1 locus, where mutations

reflect a variety of substitution, frameshift, and more

complex events; ii) the rate of reversion of nonsense

mutations – the trp1�289 (TAG) [72] and ade5�1 (TAA)

[73], where mutations reflect base substitutions in the

nonsense codon as well as in suppressor genes encoding

tRNAs; and iii) reversion of the his7�2 mutant allele that

occurs mainly via +1 frameshifts in a homopolymeric A·T

run [74]. To test if the activity of APOBEC4 is prevented

with unsuspected glycosylase, we examined its activity in

FF18733 (MATa leu2�3,112 trp1�289 his7�2 ura3�52 lys1�

1) and its derivative with the deletion of five yeast glyco�

sylases DGD39 (same but ung1�∆ ntg1�∆ ntg2::kanMX6

ogg1::URA3 mag1::hphMX4) [75] kindly provided by Dr.

E. Sage, Institute Curie, Paris, France. We also tested the

effect of apurinic endonucleases with strain E134 (MATα
ade5�1 lys2::InsEA14 trp1�289 his7�2 leu2�3,112 ura3�52)

and its isogenic apn1::kanMX apn2::h3G variant.

For the experiments with plasmids carrying the HIS3

selectable marker we used BY4742 (MATα his�∆1 leu2�∆
lys2�∆ ura3�∆) (Invitrogen) and BY4742 ung1 (MATα
his�∆1 leu2�∆ lys2�∆ ura3�∆ ung1::kanMX) (Invitrogen).

Media. Standard LB media was used for E. coli and

YEPD and SC media for yeast Saccharomyces cerevisiae

cultivation. For bacterial mutagenesis experiments,

rifampicin was added to the LB plates to the final con�

centration of 100 µg/ml. Ampicillin and kanamycin were

added in standard concentrations to the media for plas�

mid selection. For the induction of expression from the

GAL promoter, glucose was substituted for galactose in

the yeast media.

Plasmids. We created new hAIDSc and hAPOBEC3GSc

genes with the DNA sequence characteristic of highly

expressed yeast genes. The construct encoding for hAID

c�myc tag at the C�terminus (hAIDSc) was described pre�

viously [76]. We used yeast codon usage data [77] with

revision by [78] to construct a DNA sequences with the

preferable yeast codons. The DNA encoding for

hAPOBEC3G with c�myc tag at the N�terminus

(hAPOBEC3GSc) was custom�synthesized and cloned

into XhoI and NheI sites of pESC�LEU (Stratagene,

USA) expression vector by the McLab Company (USA).

In this construct, the deaminases genes were put under

the control of the strong, galactose�inducible GAL1 pro�

moter. We made a vector for galactose�inducible expres�

sion of native hAPOBEC4 in yeast using human cDNA as

a template for PCR (Human Kidney cDNA library,

Stratagene #937250). Because hAPOBEC4 possess a long

C�terminal extension, we made a truncated version. We

cloned the PCR products derived from the two sets of
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primers into BglII�SacI sites of pESC�LEU. They direct

the production of the full�length protein 367 amino acids

long and the truncated protein with amino acids 1�195.

For expression in E. coli, the APOBEC4 gene was

inserted into pETBlue2 vector via NcoI�NotI sites (full�

length) and into pET24b vector via BamHI�XhoI sites

(truncation of two C�terminal amino acids). APOBEC4

tagged by six histidines on the C�terminus is produced

from this construct. We constructed a vector for constitu�

tive production of a fusion protein of APOBEC4 and

GFP. We used the plasmid pTSK241 [79] encoding for

yeast nuclear protein Ace1 fused to triple GFP. We substi�

tuted the ACE1 with hAPOBEC4 open reading frame

(ORF) cloned into the BamHI�NotI sites, resulting in a

pTSK241�APOBEC4 construct.

The pTSK241�GAL�hAIDSc plasmid, encoding for

hAIDSc�GFP fusion under the control of a galactose�

inducible GAL1 promoter, was constructed in two steps.

First, the CAP promoter was substituted for the GAL1

promoter in the pTSK241 plasmid using XhoI and BamHI

sites. Second, ACE1 ORF was substituted for hAIDSc

ORF using BamHI and NotI sites.

We cloned S. cerevisiae TAD2 ORF and cDNA of

TAD3 into pCOLA�Duet�1 (Novagen) bacterial expression

vector. The TAD2 gene was amplified by PCR using yeast

genomic DNA (strain GT109) [80] as a template and

cloned using BamHI and SacI sites. We used RT�PCR to

obtain cDNA of TAD3, because TAD3 is one of the rare

yeast genes that contain introns. The TAD3 coding

sequence was cloned using BglII and KpnI sites. The result�

ing construct allows for an IPTG�inducible production of

Tad2/Tad3 dimer, with Tad2 possessing N�terminal His6�

tag and Tad3 possessing C�terminal S�tag. Interestingly,

the coding sequences of both TAD2 and TAD3 genes

obtained from the GT109 strain differ from corresponding

GenBank entries. There were four synonymous (T150C,

T273C, A579G, and T594C) and three non�synonymous

substitutions (A296G, G608A, A722G, leading to the

amino acid changes D99G, R203K, and K241R, respec�

tively) in the TAD2 ORF obtained from the GT109 strain.

The TAD3 coding sequence from the same strain contained

five synonymous (C246T, T264C, T291C, C630T, T690C)

and four non�synonymous (G196A, G229A, G314A and

T315C, T351G, leading to V66I, D77N, S105N, and

D118E amino acid changes, respectively) substitutions.

These substitutions are not due to cloning errors because

independent clones of plasmid constructs contain them.

The APOBEC5 gene was PCR�amplified from the X.

oryzae genomic DNA (ATCC) and cloned into BamHI

and XhoI sites of the pET24b bacterial expression vector.

APOBEC5 that is produced from this construct has a C�

terminal His6 tag.

The sequence of the Micromonas sp. gene

MICPUN_56782 was optimized for E. coli and yeast

expression, custom�synthesized, and cloned into pUC57

vector by the GenScript company. We inserted this gene

into the pET24b vector using BamHI and HindIII sites

introduced into pUC57�based construct. The

MICPUN_56782 protein is also produced from this con�

struct as a fusion with the His6�tag on the C�terminus.

Plasmids pGD309 (pYES2.0 expression vector with

rAPOBEC1), pGD307 (same but with a sequence encod�

ing for the NLS signal at N�terminus of rAPOBEC1), and

pGD313 (pYES2.0 with yeast CDD1) [81, 82] were kind�

ly sent by Dr. H. Smith of the University of Rochester. All

proteins are produced with His6�HA tags at the N�termi�

nus. pYES2.0 (Invitrogen) was used as a control. Plasmid

pET24b�PmCDA1 was described earlier [32]. Plasmid

pET30�His6�APOBEC3G was kindly provided by Dr. S.

Petersen�Mahrt (Clare Hall Laboratories, UK Cancer

Research, England).

Nucleotide sequences of all primers used for con�

structions are available upon request.

Protein production in E. coli and yeast. Escherichia

coli cultures transformed with respective plasmids were

grown in liquid LB media containing appropriate antibi�

otics. Protein expression was induced according to the

manufacturer’s recommendations (pET system manual

from EMD, formerly Novagen). Cells were lysed by son�

ication or using EmulsiFlex, or with BugBuster reagent

(Novagen). Lysates were cleared by 10,000g at 4°C, and

supernatant and pellet fractions were mixed with LDS�

sample buffer, boiled for 5 min at 100°C, and loaded on

SDS�polyacrylamide gel. Gels were stained with

Coomassie G�250.

Protein production in yeast was verified by Western

blot as described earlier [76]. The Western Breeze Kit

(Invitrogen) was used for detection of the protein in yeast

extracts.

In vitro deamination assay. Deamination reactions

were based on published protocol [83] and contained

25 mM Tris�HCl, pH 8.0, 50 mM NaCl, 5 mM EDTA,

0.2 µM oligo (5′�Cy5�TTTTTTTTTTTTTTTATCTT�

TTTTTTTTTACTTTTTTTTTTAAACCCAAAT�

TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT�3′�
Bio), 2 U of uracil�DNA�glycosylase (UDG) (New

England Biolabs, USA), 0.1 mg/ml RNase A (Qiagen,

USA), and 200 nM deaminase. The hAID was purchased

from Enzymax (USA), and hAPOBEC3G purified from

E. coli was a gift from Dr. R. Harris (University of

Minnesota, USA). After incubation in 37°C for 30 min,

NaOH was added to the reaction to the final concentra�

tion of 0.2 M, and the samples were heated at 95°C for

5 min. Then an equal volume of formamide was added to

the reaction mix, and the samples were heated again at

95°C for 5 min. Reaction products were separated on 16%

polyacrylamide gel containing 8 M urea, and the gels

were scanned using the Typhoon 9410 imaging system

(GE Healthcare, USA).

Measurement of mutation rates, isolation, and
sequencing of can1 mutants. Mutation rates were deter�

mined by fluctuation analysis as described earlier [74, 76,
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84]. Independent transformants of the wild�type and ung1

derivatives of our basic strain were grown in a complete

minimal medium lacking an ingredient to select for the

plasmid, and containing galactose instead of glucose, to

induce expression of deaminase genes.

Patches of yeast transformants originating from sin�

gle colonies (64 per plate) were replica�plated onto galac�

tose�containing medium without leucine. After two days,

they were replica�plated onto canavanine�containing

medium to select for can1 mutants. After five days of

incubation, independent Canr colonies were colony�puri�

fied on canavanine�containing medium. Chromosomal

DNA from cells originating from single colonies of these

can1 mutants was isolated using a Yeast DNA Extraction

Kit (Epicentre, USA). Subsequent PCR amplification

and sequencing was performed as described earlier

[76].

Comparison of mutation spectra. The MOTIFN pro�

gram [15] was used for prediction of mutable motifs in the

APOBEC3G and APOBEC1�induced mutation spectra.

The significance of correlations between the distribution

of mutable motifs and mutations along a target sequence

was measured by a Monte Carlo procedure (the CON�

SEN program) [15, 85].

RESULTS

Mutagenic and nonmutagenic deaminases. The sum�

mary of the results of the mutagenesis tests accomplished

up to the present moment with bacteria and yeast express�

ing various deaminase genes is presented in Table 1.

APOBEC1, AID, APOBEC3G, lamprey CDA1 are

mutagenic in both hosts (Table 1, upper half). Abolishing

the activity of uracil DNA glycosylase in the ung strains

led to a major increase in the mutator effect, suggesting

that the initial trigger was the deamination of cytosine.

The presence of a small tag (or even larger GFP in AID)

at the C�terminus or the N�terminus of deaminases (see

“Materials and Methods”) or NLS in APOBEC1 did not

affect their activity. Several other, novel, deaminases pre�

sented in Fig. 1 as well as Cdd1 and Tad2/Tad3 are not

mutagenic. The results with these deaminases are sum�

marized in the bottom part of Table 1. All deaminases

were tested in ung1 strains and, in some cases, in addi�

tional genetically sensitized strains. The effect of the

expression of the TAD2/TAD3 and APOBEC4 in bacteria

were examined in the nfi strain defective in endonuclease

V. This enzyme repairs DNA containing hypoxanthine, a

product of adenine deamination. The effect of expression

of APOBEC4 in yeast was examined in the yeast strain

lacking all five known yeast glycosylases and in the strain

defective in Apn1 and Apn2 apurinic/apyrimidinic

endonucleases. Neither of these genetic backgrounds

helped to reveal the mutagenic effects of these nonmuta�

genic deaminases. We conclude that they belong to the

APOBEC2 group [35], deaminases that do not exhibit a

mutator effect when produced in unnatural host. The dif�

ference in mutagenesis cannot be easily explained by the

difference in the protein architecture because most mem�

Table 1. Mutagenic and nonmutagenic deaminases

Yes

No

rat APOBEC1

rat APOBEC1_NLS

human AID

human AID�GFP

human APOBEC3G

lamprey CDA1

yeast CDD1
human APOBEC2
human APOBEC4
human APOBEC4***

X. oryzae APOBEC5
yeast TAD2/TAD3
M. sp MICPUN_56782

[35]

[24, 35]

[35]

[32]**

[35]

**

**

**

**

**

**

[76, 84]**

**

[92]**

[32]**

**

**

**

ReferenceS. cerevisiae strain*ReferenceE. coli strain*Mutator effect
Deaminase gene

expressed

wt, ung−

wt, ung−, nfi−

wt, ung
wt, ung−, nfi−

wt, ung−

* Height of letter in the column is proportional to the magnitude of mutagenic effect. Empty cells in the table mean that experiments were not done.

** This work.

*** Truncated.

wt, ung1

wt, ung1, ∆5G, ∆apn1, ∆apn2
wt, ung1
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bers of the family retain conserved catalytic amino acids

and exhibit a similar secondary structure (Fig. 1) with

some minor variations. The additional helix instead of the

beta strand right before the HAE motif in

MICPUN_56782 can be explained by problems with the

secondary structure prediction. The JHMM program [86]

predicted the β�strand instead of the helix.

We present the examples of qualitative assay for

mutagenic activity in spot test with bacteria in Fig. 2a and

with yeast in Fig. 2b. In the test with the Rosetta strain,

where the deaminase gene is under the T7 promoter, we

spotted the inducer of T7 RNA polymerase in Rosetta,

IPTG, in the center of the plates with bacteria as

described in the legend to Fig. 2a. Rosetta with control

vector yields a few rifr colonies (left column of plates, Fig.

2a). Knockout of the ung1 gene leads to a significant ele�

vation of the number of resistant mutants. The absence of

mutants in the central zone is explained by toxicity of

IPTG. PmCDA1 production led to two circles of

rifampicin�resistant colonies (middle column of plates,

Fig. 2a). We explain the observation by interference of

mutagenesis and survival curves dependent on the diffu�

sion of ITPG on the plate. In the center, the induction of

mutants is so magnificent that even a strong reduction of

cell survival does not mask the mutator effect. Farther

from the center, mutant frequency drops and low cell sur�

vival leads to the absence of resistant colonies. The next

circle of mutants occurs when the survival is high and

mutation induction is still much above the spontaneous

level. The ung1 strain is much more sensitive to the muta�

tor effect of the expression of pmCDA1. The expression of

the MICPUN_56782 from Micromonas is clearly nonmu�

tagenic.

In the spot tests with yeast we put a drop of the

inducer of the GAL1/GAL10 promoter, galactose, into the

center of the plates with yeast as described in the legend

to Fig. 2b. Galactose apparently became mutagenic for

strains capable of expressing human AID. The induction

of forward mutation for canavanine resistance was mod�

erate, while the mutagenic effect was very strong for the

reversion of nonsense mutations. We did a more precise

analysis of the response of different yeast markers to the

expression of mutator deaminases in quantitative tests

(Table 2). Only lamprey CDA1 was strongly mutagenic in

the Ung+ background, leading to a 32�144�fold increase

of mutant frequencies depending on the reporter. Other

deaminases were only moderately active when uracil gly�

cosylase was intact. The hAIDSc expression lead to an

eight�fold increase in forward mutation and a three to six�

fold increase in reversion of nonsense mutations; the

expression of hAPOBEC3G and APOBEC1 resulted in a

four to six�fold increase in forward mutation and did not

markedly increase nonsense reversion. The ung1 muta�

tion led to approximately a five to 30�fold increase of

mutation rates. In the Ung– strain, all deaminases were

strongly mutagenic for forward mutations, but again the

pmCDA1 expression led to the largest effect. The mutator

effect was multiplicative for Canr forward mutations (a

82�fold increase over the wild�type strain expressing

hAIDSc) and synergistic for nonsense mutation reversion

(a 410�to�1300�fold increase over the wild�type). When

hAPOBEC3GSc was expressed in the ung1 strain, the

mutator effect was multiplicative for Canr forward muta�

tions (a 52�fold increase over the wild�type strain) and

synergistic for TAG nonsense mutation reversion (a 185�

fold increase over the wild�type). The hAPOBEC3G did

Fig. 2. Mutator effects of deaminases in spot test. a) Mutator

effect of expression of lamprey CDA1 in bacteria in spot test.

Rosetta or Rosetta ung1– were transformed by control pET24b

vector or its derivatives with cloned deaminase genes from lam�

prey or from Micromonas. IPTG (20 µl of 100 mM solution) was

added into the center of LB + kan plate with plated 108 bacteria.

The bacteria were allowed to grow overnight and then were repli�

ca�plated on selective medium with rifampicin. Visible resistant

colonies were scored after additional overnight incubation. b)

Mutator effect of the expression of human AID in yeast in spot

test. Yeast strain 1B�D770 ung1 was transformed by control

pESC�LEU vector or its derivative with recoded human AID gene

(“Materials and Methods”). Galactose (20 µl of 20% solution)

was added into the center of the complete minimal plate selective

for the plasmid marker and containing raffinose with plated ~107

yeast cells. Yeast were allowed to grow for two days and were repli�

ca�plated on the three types of selective media to score forward

Canr mutations and reversion of the two auxotrophic markers,

ade2�1 and trp1�289. Visible colonies of mutants or revertants

were scored after four days of incubation.

a

b

E. coli

S. cerevisiae

Canr Ade+ Trp+

Rosetta

Rosetta
ung–

pESC�
LEU

pESC�
LEU
HsAIDSc



MUTAGENESIS BY EDITING DEAMINASES IN BACTERIA AND YEAST 139

BIOCHEMISTRY  (Moscow)   Vol.  76   No.  1   2011

not affect the reversion of the TAA nonsense codon (the

ade5�1 reporter, reverts mostly by suppressors [73]). The

expression of APOBEC1 led to a 75�fold increase of for�

ward mutations and, quite opposite to APOBEC3G, a

strong increase of Ade+ reversion (330�fold) but did not

induce Trp+ reversion. The expression of the pmCDA1

exerted the most dramatic effects. It was exceptionally

mutagenic for three different reporters, with a maximum

increase of reversion by 3500�fold.

The expression of the yCDD1 was completely non�

mutagenic (Table 2) in this test as in spot tests described

earlier.

Mutagenic specificity of deaminases. To get insights

into why different markers responded so differently, we

compared forward CAN1 mutation spectra for the four

deaminases. For this analysis, we studied independent

Canr mutants obtained under conditions of hAIDSc

expression in the wild�type and the ung1 strain and in the

ung1 strain only for other deaminases (Fig. 3 and Table 3).

It is worth mentioning that every single mutant had only

one single base substitution. The dependence of muta�

genic effects of the expression of mutator deaminase genes

on the status of uracil DNA glycosylase unequivocally

means that cytidine to uracil deamination is the major

cause of the mutator effect. Indeed, the vast majority of

mutations were transitions of the C/G pair to the T/A pair

as seen before [32, 76]. Quite amazingly, the distribution

of mutations induced by different deaminases was com�

pletely different (Fig. 3) as well as extracted hotspot motifs

(Table 3). Mutations in the ung1 strain, representing

deamination proclivity of AID before repair, occur at a

higher rate on the transcribed strand. This is different from

the effect of expression of AID observed in the E. coli

selective system [87]. In the wild�type, there is some

prevalence of mutations due to putative non�transcribed

strand deaminations, suggesting the possibility that, in our

system, the repair of uracil in the transcribed strand is

more efficient. APOBEC1 and pmCDA1 induced more

mutations in the non�transcribed DNA strand in the ung1

strain (Table 3). It is interesting to note that the clarity of

the predicted mutable motif was also dependent on the

strand analyzed. The stringency of mutational specificity

was higher for hAPOBEC3G (specificity index around 8,

Table 3) than for hAID (specificity index 3). It is interest�

ing that this in vivo specificity correlated with the activity

of the enzymes in vitro. When we analyzed the specificity

of the two enzymes biochemically with oligonucleotide

with three different hotspot motifs, hAPOBEC3G also

demonstrated high stringency for deamination of only

CCC motif (Fig. 4).

Relevant genotype

UNG1+

ung1

TAG nonsense mutation
reversion Trp+ × 10−8

4.1 (1.3�14)

24 (21�38)

3.5 (2.1�6.7)

5.0 (2.7�5.9)

130 (70�140)

6.5 (5.2�13)

140  (110�270)

5300 (4400�6600)

760 (430�1300)

240 (210�350)

19 000 (9000�28 000)

130 (85�200)

Table 2. Mutator phenotypes resulting from hAIDSc, hAPOBEC3G, rat rAPOBEC1, lamprey CDA1, and yeast CDD1

expression in UNG1+ and ung1– haploid yeast

TAA nonsense mutation
reversion Ade+ × 10−8

24 (21�34)

72 (60�124)

21 (8.7�32)

48 (40�82)

2200 (1500�2800)

16 (11�22)

210 (190�290)

9700 (7500�12 600)

170 (140�240)

7600 (5900�15 000)

29 600 (18 000�34 000)

140 (100�170)

forward mutations
Canr × 10−7

2.5 (1.2�6.5)

19 (14�25)

9.8 (7.7�16)

16 (14�21)

360 (230�1300)

1.8 (1.2�3.2)

13 (10�31)

205 (170�220)

130 (50�190)

230 (104�280)

430 (290�610)

8.3 (4.1�12)

Deaminase expres�
sion system

vector

hAIDSc

hAPOBEC3GSc

rAPOBEC1

pmCDA1 [32]

yCDD1

vector 

hAIDSc

hAPOBEC3GSc

rAPOBEC1

pmCDA1 [32]

yCDD1

Mutation rates (95% confidence limits)*

* Mutation frequencies statistically higher than corresponding wild�type are in bold.
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Fig. 3. Spectra of deaminase�induced forward mutations in yeast CAN1 gene. Letters above the sequence of CAN1 are changes observed. Black

on white, AID as a reference, taken from [76]; white on black, APOBEC1; black on gray, APOBEC3G.
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Production and intracellular distribution of muta�
genic and nonmutagenic deaminases. The lack of muta�

genic effect of deaminases in bacteria and yeast can be

due to various reasons, and we explored several trivial

explanations. We found that all, nonmutagenic and

mutagenic, deaminases were found largely in the pellet

fraction of cell extracts, and therefore, were largely insol�

uble when produced in bacteria (Fig. 5a). This corre�

sponds to published data [88, 89]. We conclude that

insolubility by itself can not explain the absence of the

effect of nonmutagenic deaminases. On the other hand,

we have shown that nonmutagenic CDD1 and

APOBEC4 are detected in a soluble fraction of yeast

extracts, even better than in highly mutagenic deaminas�

es APOBEC1, APOBEC3, and AID (Fig. 5b). Together

with the observation that APOBEC2 is soluble in E. coli

([49] and our data), these results indicate that there is no

simple correlation between solubility and mutagenic

activity. We demonstrated that GFP�fused hAID and

APOBEC4 do not localize in the nucleus in yeast cells

(Fig. 6; see color insert). In Fig. 6a we compare the dis�

tribution of GFP tagged transcription factor Ace1 that

has nuclear localization (left photo) with APOBEC4�

GFP. The latter has an irregular pattern of distribution in

the cell. In Fig. 6b we demonstrate that AID�GFP is

localized primarily outside the nucleus (stained by DAPI

in the left photo). In the lower cell there are bright spots

of aggregates of AID�GFP outside the nucleus with some

weak signal in the nucleus. In the upper cell most of the

GFP signal is in the cell compartment located opposite

to the nucleus. It is likely that even a small amount of

AID available in the nucleus is sufficient to drive hyper�

mutagenesis (Table 1).

DISCUSSION

Many deaminases of the APOBEC1/AID/TAD

superfamily possess enzymatic activity on polynu�

cleotides and exert genome�wide mutagenic effects when

produced in the heterologous hosts. They are involved, as

we discussed in the introduction, in different biological

transactions. In the current paper we summarize our

studies of activity and specificity of deaminases with

known mutagenic effects and examine the properties of

several new deaminases. We have used two model organ�

isms, bacterium E. coli and unicellular eukaryote yeast S.

cerevisiae, to study the in vivo biological activity of deam�

inases and to purify recombinant deaminases for in vitro

assays.

Mutator proteins produced in host microorganisms

led to the apparent conversion of nonmutagenic, harm�

less compounds to hypermutagens by indirect action,

because IPTG or galactose induced the production of

these proteins. AID induces mutations when expressed in

E. coli [24, 90] and in yeast [76, 84]. It is amazing and sig�

nificant that these mutations occur in DNA sequence

motifs similar to mutations during SHM [24, 76, 91]. The

mutator effects are enhanced in uracil DNA glycosylase�

deficient ung1– strains, which are unable to repair uracil

in DNA, suggesting that the deamination of cytosine to

uracil in DNA is the cause of these mutations [24, 84]. It

was found that the expression of two other homologous

deaminases, APOBEC1 and APOBEC3G, is highly muta�

genic in bacteria [35] and yeast [92]. Almost all mutations

arising under the expression of deaminases in prokaryotes

or in yeast were G→C to A→T transitions. Mutations at

the A�T base are not observed, implying that deamination

Strain, plasmid,
reference

WT, hAIDSc [76] 

ung1, hAIDSc [76]

ung1, rAPOBEC1

ung1, hAPOBEC3GSc

ung1, PmCDA1 [32] 

Preference for mutable
motifs****

WRC/GYW 2.2/6.2

WRC/GYW 3.8/2.8

TCW/WGA 15.4/1.5

CCR/YGG 9.0/7.4

ABC/GVT 4.5/1.6

Table 3. Comparison of the types of DNA sequence changes induced in yeast by expression of human AID, rat

APOBEC1, human APOBEC3G, and pmCDA1

G→A
changes***

19

37

7

33

34

C→T**

37

24

42

21

68

Transitions at
G�C base pairs

56

61

49

58

102

Total
mutations*

64

62

49

62

104

* All mutants had only one nucleotide change in the CAN1 ORF.

** Deamination of cytosine in the non�transcribed strand.

*** Deamination of cytosine in the transcribed strand.

**** Mutated base is underlined. W stand for weak A�T pair, R – purine, Y – pyrimidine, B – any base but A, V is any base but T. The values list�

ed represent the fold increase in occurrence of mutations at a mutable site above the average occurrence of mutations at non�hotspot G:C sites

(specificity index). Mutable sites match with mutable motifs that are defined elsewhere [28, 91]. Underlined values represent a statistically sig�

nificant correlation (P < 0.05) between a mutable motif and the distribution of mutations, as revealed by using a Monte Carlo procedure.
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was restricted to cytosines [32, 44, 76, 84, 87]. Expression

of AID was also recombinogenic in Ung1+ yeast, suggest�

ing that nicks during repair of deaminated cytosine trigger

recombination [84]. Expression of APOBEC3G in yeast

also inhibited Ty1 retrotransposition [92, 93]. CDA1 from

lamprey was a potent mutagen and inducer of recombina�

tion in yeast [32]. In all cases the mutagenic signature of

deaminases produced in microorganisms resembled the

signature attributable to the particular deaminase in vivo

in the natural host.

We have extended the studies and compared the

activity and specificity of these four enzymes. The most

powerful mutagenic effect was detected for lamprey

CDA1, both in bacteria and yeast (Fig. 2a and Tables 1

and 2). The effect of pmCDA1 expression was generally

greatly elevated in the ung1– background but not for all

markers. The lack of influence of ung1 was most striking

for forward mutations in yeast (Table 2). We interpret this

finding as evidence for hotspot motifs of deaminations in

the CAN1 gene that are not corrected by uracil glycosy�

lase. The analysis of the context can1 mutations induced

by pmCDA1 revealed that it is very different from the con�

text of mutations induced by other deaminases (Table 3).

The next strongest mutagenic effect in bacteria was

for APOBEC1 produced in bacteria and AID produced in

yeast. The difference could be caused by differences in

levels of the active protein in the cell or the difference in

reporter response or both. The APOBEC3G mutagenic

effect in yeast was the most modest (Table 2). It is likely

caused by a unique mutation signature involving runs of

cytosines (Table 3), which are less abundant in yeast, gen�

erally an AT�rich organism.

The effects of deaminases in reversion tests were

strongly dependent on a particular enzyme. The expres�

sion of the hAID or lamprey CDA1 strongly increased the

reversion of both nonsense mutations ade5�1 and trp1�

289. The expression of the hAPOBEC3G was nonmuta�

genic for the ade5�1 reversion and strongly mutagenic in

the trp1�289 reversion. Effects on the two markers were

reversed for the expression of the rAPOBEC1. Therefore,

the tester yeast strain 1B�D770 ung1 can be used for the

express�analysis of the specificity of deaminases (Table

2).

It is interesting that in the collection of mutants

induced by the expression of deaminases in yeast there

were generally only one base substitution per mutant.

Quite contrary, it is well documented that in vitro on sin�

gle�stranded DNA both AID and APOBEC3G produce

bursts of multiple deaminations in a processive manner

[28, 39, 94, 95]. Multiple mutations are also seen in HIV

or retroelements in yeast surviving after APOBEC3

restriction deamination [36, 92, 96, 97]. Apparently,

chromosomal DNA in living cells is protected within the

cell from the processive action of deaminases. This mech�

anism is missing in vitro and is somehow disrupted during

the viral cycle or retrotransposition.

In summary for this section, the expression of

hAIDSc, hAPOBEC3G, rAPOBEC1, and pmCDA1 is

highly mutagenic in yeast, due to genome�wide cytosine

to uracil deamination. The specificity of the mutator

effects is very distinct for every deaminase, which could

be partially responsible for the divergence of functions of

deaminases. This observation suggests that the current

reporters may be used for screening and estimation of

specificity of new deaminase variants.

Yeast Cdd1, cytidine/deoxycytidine deaminase, was

nonmutagenic. It has been suggested that yeast Cdd1, a

classical cytidine/deoxycytidine deaminase, can perform

RNA editing in yeast. It was named an orphan editase, a

prototype for DNA/RNA editing enzymes similar to

APOBEC1 [81]. A lack of mutagenesis does not support

Fig. 4. Preference of hAID and hAPOBEC3G for specific motifs

as judged by in vitro deamination assay. Activity of the two

enzymes was compared with the use of Cy5 labeled oligonu�

cleotide containing three sequence motifs (“Materials and

Methods”) matching hotspot motifs for cytosine deamination

(Table 3). The gel image to the left is the result of separation of

processed deamination reaction products on denaturing polyacry�

lamide gel. The diagram to the right explains what sites were

deaminated to generate the observed bands.
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Fig. 5. Detection of AID/CDD1/APOBEC proteins in extracts. a) Production of deaminases in bacteria. Proteins in bacterial extracts were

separated on 12% polyacrylamide gels and stained by Coomassie G�450. Lanes: M, molecular weight marker; S, supernatant of the protein

extract; P, protein extract pellet prepared as described in “Materials and Methods”. Predicted molecular weights are for 27.2 kDa for

PmCDA1�His6, 47.2 kDa for APOBEC3G, 17.7 kDa for APOBEC5�His6, 29.4 kDa for His6�Tad2, and 39.4 kDa for Tad3�S�tag. b)

Production of deaminases in yeast. The results of Western blots are shown. Proteins of correct size are marked by a white pentagon. Protein in

yeast extracts of appropriate strains were separated using 4�12% gradient polyacrylamide gel (Invitrogen). Transfer to PVDF membrane and

reaction with appropriate primary antibodies from mouse and then secondary antibodies from goat was accomplished as suggested by the ven�

dor (Western Breeze kit; Invitrogen). Primary antibodies were mouse anti c�myc for tagged hApobec3G, anti�FLAG for tagged APOBEC4,

monoclonal anti�HA for tagged APOBEC1 and CDD1.

a

b

vector
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the proposal on the similarity of the two enzymes. The

same conclusion comes from the analysis of the general

structural plan of Cdd1 and editing deaminases. Cdd1

lacks three helices that have been implicated in the abili�

ty of deaminases to act on polynucleotides (Fig. 1) [32].

Most likely, deaminases operating in nucleotide pools do

not possess the ability to edit DNA and are thus nonmu�

tagenic.

Tad2/Tad3 was also nonmutagenic, despite the clos�

er relationship to other editing deaminases (Fig. 1) and

the ability to deaminate specific RNAs. It is possible that

they recognize only tRNA.

Other new deaminases we have tested were nonmu�

tagenic in yeast or bacteria (Table 1). Along with the

known fact of the nonmutagenicity of the expression of

APOBEC2 [35], this finding leads to the conclusion that

the mutagenic effect in a heterologous host is a relatively

rare observation. The absence of the mutagenic effect is

probably caused by the intrinsic properties of deaminases

but not by the unavailability of their active forms in the

foreign hosts, because they were robustly produced in

bacteria and yeast and their intracellular distribution was

not different from mutagenic deaminases (Figs. 5 and 6).

The presence of a nuclear localization signal in

APOBEC1 fusion protein, on the other hand, had no

effect on the already high mutagenic potential of this pro�

tein. In theory, it is possible that their activity in natural

hosts depends on auxiliary factors. For example, specific

RNA editing by APOBEC1 requires complementing fac�

tors [82]. However, APOBEC1 is highly mutagenic when

produced in bacteria and yeast, where these factors are

apparently missing.

Structural features of deaminases do not immediate�

ly help to understand the critical differences between

mutagenic and nonmutagenic deaminases. APOBEC4

has an insert of four amino acids between catalytic

residues PC and C (Fig. 1) [61]. Does this disrupt any

predicted helices/sheets? APOBEC5 does not possess α�

helices 5 and 6; however, highly conserved motifs HxE

and PCxxC are present. More closely related AID,

APOBEC1, APOBEC3G, and APOBEC4 have the

xxLRxL motif. In APOBEC2 the R is changed to K, and

in Tad2 enzymes two leucines are changed to valines,

while in APOBEC5 this motif is beyond recognition.

Further studies are required to find how these differences

affect deamination ability and the function of deaminas�

es. We propose that nonmutagenic deaminases perform a

very specific DNA/RNA editing due to unique structural

features, and such specific events are not detected in the

relatively rough detection system of heterologous expres�

sion. It is known that the specificity of a deaminase could

be altered very efficiently by single amino acid changes

[98]. Further work is needed to find the functions of non�

mutagenic deaminases.

It is also possible that some deaminases do not pos�

sess their original deaminase activity and have acquired

another function. Evidence is accumulating that inactive

enzymes or protein domains comprise around 10% of all

proteins. They are found in virtually all enzyme families

and are stably maintained during evolution [99]. Inactive

domains were thought to be rare among DNA replication

and other enzymes of DNA metabolism. However, a class

of inactive DNA polymerases has been discovered in

archae [100, 101]. The second subunit of human DNA

polymerase δ possesses an inactivated phosphodiesterase

domain [102]. An essential replicative catalytic subunit of

DNA polymerase ε polypeptide consists of two poly�

merases belonging to different types of DNA polymeras�

es of the B�family, inactive N�terminal domain poly�

merase and active C�terminal domain polymerase [103].

This is similar to APOBEC3G, possessing inactive and

active domains in the same polypeptide.
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