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Abstract
Activation-induced cytidine deaminase (AID) is indispensable for immunoglobulin maturation by
somatic hypermutations and class switch recombination and is supposed to deaminate cytidines in
DNA, while its homolog APOBEC-1 edits apolipoprotein (apo) B mRNA by cytidine deamination.
We studied the editing activity of APOBEC-1 and AID in yeast using the selectable marker Gal4
linked to its specific inhibitor protein Gal80 via an apo B cassette (Gal4-C) or via the variable region
of a mouse immunoglobulin heavy chain gene (Gal4-VH). Expression of APOBEC-1 induced C to
U editing in up to 15% of the Gal4-C transcripts, while AID was inactive in this reaction even in the
presence of the APOBEC-1 complementation factor. After expression of APOBEC-1 as well as AID
approximately 10−3 of yeast cells survived low stringency selection and expressed β-galactosidase.
Neither AID nor APOBEC-1 mutated the VH sequence of Gal4-VH, and consequently the yeast
colonies did not escape high stringent selection. AID, however, induced frequent plasmid
recombinations that were only rarely observed with APOBEC-1. In conclusion, AID cannot
substitute APOBEC-1 to edit the apo B mRNA, and the expression of AID in yeast is not sufficient
for the generation of point mutations in a highly transcribed Gal4-VH sequence. Cofactors for AID
induced somatic hypermutations of immunoglobulin variable regions, that are present in B cells and
a variety of non-B cells, appear to be missing in yeast. In contrast to APOBEC-1, AID alone does
not exhibit an intrinsic specificity for its target sequences.
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1. Introduction
Activation-induced cytidine deaminase (AID) is absolutely required for antigen-dependent
immunoglobulin diversification by somatic hypermutations (SHM) and class switch
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recombination (CSR) in activated B lymphocytes (Muramatsu et al., 2000; Muramatsu et al.,
1999; Revy et al., 2000). APOBEC-1, the catalytic subunit of the apolipoprotein (apo) B mRNA
editing enzyme-complex, deaminates C6666 of the apoB mRNA together with the mRNA
binding protein ACF/ASP (APOBEC-1 complementation factor or APOBEC-1 stimulating
protein) (Lellek et al., 2000; Mehta et al., 2000; Teng et al., 1993). AID and APOBEC-1 share
a high degree of homology and most probably have arisen by gene-duplication (Espinosa et
al., 1994; Muramatsu et al., 1999; Muto et al., 2000). Initially, in analogy to APOBEC-1 also
AID was assumed to be an RNA editing enzyme with an unknown RNA target (Muramatsu et
al., 2000; Muramatsu et al., 1999). However, AID can deaminate dCs in single stranded DNA
in vitro during transcription, preferably at WRCH/DGYW mutational spots (Bransteitter et al.,
2004; Chaudhuri et al., 2004; Chaudhuri et al., 2003; Dickerson et al., 2003; Pham et al.,
2003; Rogozin and Diaz, 2004; Shen and Storb, 2004; Yu et al., 2004). In E. coli, AID induces
mutations in transcribed DNA, and a deficiency of uracil-DNA glycosylase (UNG) which
removes uracil from the DNA enhances the mutation rate (Petersen-Mahrt et al., 2002; Ramiro
et al., 2003). UNG inhibition in DT40 B cells alters the pattern of SHM from transversion
dominance to transition dominance, and UNG deficiency in mice in vivo shifts mutations at
dC:dG sites to predominantly transitions (Di Noia and Neuberger, 2004; Rada et al., 2002).
The DNA deamination model of AID action predicts that AID attacks dC:dG pairs to generate
dU:dG lesions that can be replicated over (phase 1A mutation), subjected to uracil excision
with generation of an abasic site (phase 1B mutation), or recognized as a mismatch by MSH2/
MSH6 (phase 2 mutation) (Petersen-Mahrt et al., 2002). However, this model for AID action
is not undisputed entirely. Not only AID, but also the bona fide mRNA editing enzyme
APOBEC-1 deaminates dCs in single stranded DNA in vitro (Petersen-Mahrt and Neuberger,
2003). In E. coli, APOBEC-1 is an even stronger mutator than AID, and transgenic
overexpression of both proteins induces cancer, indicating that both AID and APOBEC-1
generate mutations in vivo (Harris et al., 2002; Okazaki et al., 2003; Yamanaka et al., 1995).
De novo protein synthesis is required for CSR as well as for DNA cleavage in SHM, in line
with an RNA editing mechanism of AID action (Begum et al., 2004; Nagaoka et al., 2005).
Moreover, despite its proven DNA mutator activity APOBEC-1 cannot substitute AID to
induce SHM or CSR in B cells (Eto et al., 2003; Fugmann et al., 2004).

Here we compare the mode of action of AID and APOBEC-1 in yeast. We used the yeast
transcription factor Gal4 as a selectable marker that was fused in frame to its specific inhibitor
protein Gal80 either with an apo B sequence containing the apo B editing site (Gal4-C) in
between (Lellek et al., 2002), or with a mouse immunoglobulin heavy chain variable region
(VH) plus the apo B sequence (Gal4-VH) in between. APOBEC-1 induces mRNA editing
specifically at the apo B editing site, while AID has no activity in this reaction even in the
presence of ACF/ASP. Neither high level expression of AID nor APOBEC-1 suffice for
efficient mutagenesis in a highly transcribed VH DNA sequence. However, AID expression
leads to frequent plasmid recombinations that are only rarely observed with APOBEC-1. Thus,
AID and APOBEC-1 have distinct functional attributes in this novel yeast selection system.

2. Materials and Methods
2.1 Plasmids pB-Gal4C-AID:

The full length cDNA of mouse AID was amplified by RT-PCR from mouse spleen B cells
using oligonucleotides mAID10-NotI (GCG GCCGCAATGGACAGCCT
TCTGATGAAGCAA, nt 93-116 plus NotI site) and mAID11 (GCGGATCCTCAAAATC
CCAACATACGAAATGCA, as, nt 689-665), cloned into the unique NotI site of pB-Gal4-
ApoBC-Gal80 (Lellek et al., 2002) to generate pBGal4C-AID. pB-Gal4C-APOBEC-1: The
full length cDNA of rat APOBEC-1 was amplified by PCR from pSVL21-APOBEC-1 (Greeve
et al., 1996) with oligonucleotides APOBEC-1-NotI
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(GCGGCCGCAATGAGTTCCGAGACAGGC CCTGTA, nt 31-54 plus NotI site) and REPV
(TCCCAGAAGTCATTTCAACCCTGT, as, nt 729-706) (Greeve et al., 1996), and cloned
into the NotI site of pB-Gal4-ApoBC-Gal80 to generate pB-Gal4C-APOBEC-1. pB-Gal4-VH-
AID and pBGal4-VH-APOBEC-1: A mouse immunoglobulin heavy chain variable region
derived from a functionally rearranged heavy chain gene of the MPC-11 plasmocytoma (Lang
et al., 1982) was amplified by PCR with oligonucleotides VH-5′
(CTTGGTTCCATGGTCCACTCCCAGGTC, nt 336-352 spanning a NcoI site) and VH-3′
(TTGTATATCCATGGGTGAGGAGACTG, as, nt spanning a NcoI site) and inserted in frame
between Gal4 and ApoB in pB-Gal4-C using the unique NcoI site to generate pBGal4-VH.
The full length cDNAs of AID and APOBEC-1 were inserted into the unique NotI site of
pBGal4-VH to generate pBGal4-VH-AID and pBGal4-VH-APOBEC-1, respectively. To
express AID and APOBEC-1 without the SV40 NLS and HA epitope, their full length cDNAs
were amplified with oligonucleotides mAID-NdeI (GCCATA
TGGACAGCCTTCTGATGAAGCAA, nt 93-116 plus NdeI site) and mAID11 or with
APOBEC1-NdeI(GCCATATGAGTTCCGAGACAGGCCCTGTA, nt 31-54 plus NdeI site)
and REPV, respectively, cloned into pGEM-Teasy, excised with NdeI/NotI and inserted into
NdeI/NotI digested pB-Gal4-VH to generate pB-Gal4-VH-AIDØHA and pBGal4-VH-
APOBEC-1ØHA, respectively. The NdeI/NotI restriction enzyme digestion of pB-Gal4-VH
releases the SV40 NLS and HA epitope downstream of the MET25 promoter. All constructs
were entirely sequenced to confirm their identity. The generation of pACT-ASP was described
previously (Lellek et al., 2002).

2.2 Transformation and growth conditions of yeast CG1945 cells:
The pBridge yeast expression plasmids were transformed into the yeast strain CG1945
(ClontechR) by standard methods (Lellek et al., 2002). The genotype of CG1945 is MATa,
ura3-52, his3-200, lys2-801, ase2-101, trp1-901, leu2-3, 112, Gal4-542, Gal80-538, cyh-2,
Lys2::Gal1UAS-Gal1TATA-His3, URA3::Gal417mers(X3) -CyC1TATA-lacz. After
transformation the yeast cells were grown on synthetic drop-out media as described (Lellek et
al., 2002). Six-12 days after growth on –T –M media the yeast colonies were replated onto –
T or –T –H media. After growth for further 6 days the colonies were counted and assayed for
β-galactosidase activity (Lellek et al., 2002). Cotransformationn of bBridge and pACT-ASP
was performed as described (Lellek et al., 2002).

2.3 RT-PCR of Gal4-C and Gal4-VH mRNA and analysis of C to U editing:
Total RNA from yeast cells grown in 2 ml liquid drop-out media (either –T –M or –T –H) was
prepared by acid phenol extraction (Lellek et al., 2002). The apo B cassette of Gal4-C mRNA
and the VH-apoB cassette of Gal4-VH mRNA was amplified by RT-PCR using the
oligonucleotides Gal4.1 (CTTTCACAACCAATTGCCTCCTCT AAC, nt 2852-2878 of Gal4
sequence) and ApoB2as (CACGGATATGATAGTGCTCATCAAGAG, as, nt 6786-6760 of
apo B sequence) as described (Lellek et al., 2002). The RT-PCR products were purified twice
on S-300 spin-columns (AmershamR) and analyzed by primer extension analysis for C to U
editing at C6666 of the apo B sequence with oligonucleotideDD3 as described (Greeve et al.,
1993; Greeve et al., 1991; Lellek et al., 2000; Lellek et al., 2002). Quantification of the primer
extension analysis was performed using a RadiophosporImager (Storm, AmershamR) (Greeve
et al., 1993; Lellek et al., 2000; Lellek et al., 2002). C to U editing at C362 in the VH sequence
of Gal4-VH was analyzed by primer extension analysis with oligonucleotide KK1
(AGTCCCAGGCCTT ACCAGCTCAGCTCCAGA, as, nt 394-365 of the VH sequence)
using the same conditions (Greeve et al., 1993). RT-PCR of AID and APOBEC-1 was
performed with oligonucleotides mAID10 and mAID11 and APOBEC1-Not1 and REPV,
respectively.

Krause et al. Page 3

Mol Immunol. Author manuscript; available in PMC 2006 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2.4 Isolation of yeast total DNA:
The yeast colonies from 10 ml of liquid synthetic drop-out media grown overnight at 30°C
were pelleted and resuspended in 200 μl breaking buffer (2% Triton X-100, 1% SDS, 100 mM
NaCl, 10 mM Tris-HCl, pH 8.0, 1 mM EDTA). After addition of 0.3 g glass-beads and 200
μl phenol/chloroform/isoamylalkohol (25:24:1) the yeast were vortexed for 2 min at high
speed. 200 μl TE-buffer was added, vortexed briefly and after centrifugation for 5 min at 13.000
x g the DNA was precipitated by addition of 1 ml of 100% ethanol. The resuspended DNA
was digested with RNaseA at 100 μg/ml. Gal4-C and Gal4-VH were amplified from yeast total
DNA by PCR using the oligonucleotides Gal4.1 and apoB2. Electroporation of plasmid DNA
isolated from yeast into E. coli DH5α cells was performed in an BioRad electroporation
apparatus as described (Greeve et al., 1998). Plasmids were retrieved from transformed E.
coli colonies by standard methods.

2.5 Southern blotting:
Yeast total DNA (20 μg) was digested with HindIII overnight and separated on an 0.8% agrose
gel. After transfer onto nylon membranes (HybondN+, AmershamR) the DNA was hybridized
with total plasmid DNA of pBGal4-VH AID or pBGal4-VH using ExpressHyb (BD
BioscienceR) (Greeve et al., 2003).

2.6 Northern Blotting:
Yeast total RNA (20 μg) was separated on an 0.8% agarose, 6% formaldehyde gel, transferred
onto Nylon membranes (HybondN+, AmershamR) and hybridized with a full length cDNA of
Gal4-C using ExpressHyb (BD BioscienceR) (Greeve et al., 2003).

2.7 Analysis of plasmid DNA:
Plasmid DNA was digested with HindIII, and separated by agarose gel electrophoresis. After
transfer onto nylon membranes (HybondN+, AmershamR) the fragments were hybridized with
radiolabeled oligonucleotides as described (Greeve et al., 2003). The following oligonucleoties
were used: Gal4-s (CAA GCTTATGAAGCTACTGTCTTCTATCGAAC, nt 443-467 of Gal4
sequence), Gal4.1 (CTTTCACAACCAATTGCCTCCTCT AAC, nt 2852-2878 of Gal4
sequence), VHas1 (CAG GACATCTTCACTGAAGTCCCAGGC, as, nt 411-385 of VH
sequence), Gal80s (ATGGAC TACAACAAGAGATCTTCGGTCTCA, nt 733-762 of Gal80
sequence), mAIDIV (CCTCAG GCTGAGGTTAGGGTTCCATCTCAG, as, nt 413-385 of
AID sequenc3). Plasmid DNA was sequenced using the following set of primers: ADH1
(TATCAAGTATGCTAAATAGACCTG CAA, nt 281-307 of pBridge, ADH1 promoter
sequence), Gal4-s3 (CGACGATGTGCAGCG TACCACAACAGG, nt 1681-1707 of Gal4
sequence), Gal4.1, pBMCSIIs-2 (CCTTCGTGTAATACAGGGTCGTCAGATACA, nt
2639-2668 of pBridge), pBMCSIIas (GCACCACCAGTA GAGACATGGGAGATC, nt
2756-2731 of pBridge).

2.8 Immunoblotting:
Yeast colonies from liquid media (-T –M or –T –H) were pelleted and resuspended in 40 μl of
cracking buffer (40 mM Tris-HCl, pH 6.8, 5% SDS, 8 M urea, 0.1 mM EDTA, 1% β-
mercaptoethanol, containing 1 tablet Mini Protease inhibitor tablet per 4 ml (Complete Mini,
EDTA-free, Roche, Switzerland) and 1 mg PMSF/ml, heated for 1 min at 60°C, and pelleted
at 13.000 x g for 5 min. Five mg protein of the supernatant was separated on a linear 12.5%
SDS-PAGE and electroblotted onto a nylon membrane (HybondP, AmershamR). After
blocking in 20 mM Tris-Hcl, pH 7.6, 137 mM NaCl, 1% Tween-20, 5% not-fat dry milk the
membranes were incubated with rabbit polyclonal anti-HA antibody (HA-probe, SantaCruz
BiotechnologiesR) or mouse monoclonal anti-Gal4 antibody (CalbiochemR). Bound antibodies
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were detected with peroxidase-coupled second antibodies (BioRadR) and the ECL detection
kit (AmershamR).

3. Results
3.1 Expression of AID and APOBEC-1 in yeast and selection with a Gal4-ApoB-Gal80 fusion
transcript:

We have previously described a fusion transcript of Gal4 linked to its specific inhibitor Gal80
by 276 nucleotides of apoB sequence with the apoB mRNA editing site as a selectable marker
for mRNA editing and designated this construct Gal4-C (Fig. 1A) (Lellek et al., 2002). In
CG1945 yeast cells, low level expression of APOBEC-1 by the PGK-promoter in conjunction
with high level inducible expression of the APOBEC-1 complementation factor (ACF, also
termed APOBEC-1 stimulating protein ASP) generated a stop codon in the apo B cassette of
Gal4-C mRNA and led to robust expression of LacZ and HIS3 (Lellek et al., 2002). We reasoned
that Gal4-C could be used to investigate whether AID confers DNA editing activity in yeast
in vivo. We inserted the full length cDNAs of both APOBEC-1 and AID into the plasmid
pBridge-Gal4-C which contains the Gal4-ApoB-Gal80 cassette under the control of the ADH1
promoter to generate pB-Gal4C-APOBEC-1 and pB-Gal4C-AID, respectively. In these
constructs the expression of AID and APOBEC-1 can be induced from the MET25 promoter
by growth on media without methionine, and both proteins are tagged with an SV40 nuclear
localization signal (NLS) and an HA epitope.

Yeast CG1945 cells were transformed with either pB-Gal4-APOBEC-1, pB-Gal4-AID, pB-
Gal4-C or pB-Gal4-U and plated onto media lacking tryptophan and methionine (-T –M) to
select for the presence of the plasmid and to induce strong expression of AID or APOBEC-1,
respectively. After growth for 6 days the yeast colonies were replated onto media lacking either
tryptophan (-T) or tryptophan and histidine (-T –H) to select for yeast cells in which the
selectable marker Gal4-C had been activated. After additional six days of growth the yeast
colonies on the plates were counted, and replica plates were generated for β-galactosidase
assays. While the negative control construct pB-Gal4-C induced only low level background
growth of yeast colonies on –T –H media, the positive control pB-Gal4-U conferred robust
growth of all yeast cells plated, all of which expressed β-galactosidase activity (Lellek et al.,
2002). A substantial number of yeast cells (between 10−3 and 10−2) that were transformed with
pB-Gal4C-APOBEC-1 or pB-Gal4-AID grew on–T -H media, and the majority of these yeast
colonies expressed β-galactosidase (Fig. 2A and B). Identical results were obtained in 10
independent experiments (Fig. 2 A and B). A trend towards a higher rate of yeast colonies that
grew on –T –H media and expressed β-galactosidase was observed for the longer cultivation
period of 9 or 12 days on –T –M media as compared to 6 days (Fig. 2 A and B). When we
plated the yeast cells after the transformation immediately onto –T –M –H media, only the
yeast cells transformed with the positive control construct pB-Gal4-U survived the selection
and grew on –T –M –H media.

RT-PCR detected AID and APOBEC-1 mRNAs not only in yeast after cultivation on –T – M
media, but also in yeast colonies that grew in the subsequent period on –T –H media and
expressed β-galactosidase activity (Fig. 3 A). Immunoblotting demonstrated that even though
AID or APOBEC-1 proteins were expressed to a higher level after the first growth period on
–T – M media, these colonies continued to express both proteins after being replated on –T –
H media for six days (Fig. 3B). Identical results were demonstrated in three independent
experiments with 5 different individual yeast colonies each transformed with either pB-Gal4-
C-AID or pB-Gal4-C-APOBEC-1.

The mRNA and the DNA sequence of Gal4-C from 10 yeast colonies that grew on –T –H
media and expressed β-galactosidase were analyzed for editing of the apo B site C6666 by
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primer extension assay (Fig. 4). APOBEC-1 induced editing at the apo B site of the Gal4-C
mRNA in up to 8% of the transcripts, leading to products in the primer extension analysis that
terminate at C6655 (Fig. 4). The absence of these primer extension products in the analysis of
the PCR products proved that APOBEC-1 had edited the transcripts of Gal4-C, not the DNA.
Besides the major second extension product terminating at C6655, additional extension products
were observed at C6651, C6648 and C6645 which indicate hyperediting of other C residues beside
C6666 in the apo B sequence of Gal4-C mRNA (Fig. 4). The primer extension assay did not
give evidence for C to U base changes at C6666 induced by AID (Fig.4). The RT-PCR products
of the yeast cells transformed with pB-Gal4-C-APOBEC-1 were cloned and sequenced.
C6666 was the predominant editing site, but additional C to U editing sites were observed that
clustered around C6666, but were rarely observed in the 3′ end of the Gal4 sequence. C to U
editing at other sides without editing of C6666 was not observed. Notably, some cDNA clones
were edited exclusively at the natural editing site C6666 of the apo B mRNA without any other
C to U base change. We also sequenced 20 individual plasmid clones from 5 AID expressing
yeast clones, but failed to detect mutations in a total of 6000 nucleotides analyzed.

Next we cotransformed yeast CG1945 cells with pB-Gal4C-APOBEC-1 and pACT-ASP
(Lellek et al., 2002) or pB-Gal4C-AID and pACT-ASP and cultivated the cells for 6 days on
media lacking tryptophan, leucin and methionine (-T-L-M) to select for the robust expression
of ACF/ASP and of AID or APOBEC-1, respectively. After replating onto –T-L-M-H media
for further 6 days, the mRNA and DNA sequence of Gal4-C from surviving yeast colonies
were analyzed for editing at C6666: Whereas APOBEC-1 edited the apo B site in up to 15% of
Gal4C-transcripts, AID again entirely failed to edit the apoB sequence (data not shown). The
yeast colonies expressing APOBEC-1 and ACF/ASP grew well on –T-L-M-H media even in
the presence of up to 10 mM 3-AT as demonstrated previously (Lellek et al., 2002), while the
yeast colonies expressing AID and ACF/ASP did not survive this stringent selection.

3.2 Expression of AID and APOBEC-1 in yeast and selection with a Gal4-VH-ApoB-Gal80
fusion transcript:

A mouse immunoglobulin heavy chain variable region (VH) was inserted in-frame between
Gal4 and the apo B cassette to generate the construct pB-Gal4-VH (Fig. 1A). The VH sequence
is derived from the functionally rearranged heavy chain gene of the MPC-11 plasmacytoma
(Lang et al., 1982) and contains a cluster of WRCH motifs, the preferential target for AID
induced somatic hypermutations (Rogozin and Diaz, 2004), with four potential premature stop
translation codons at its 5′ end that can be generated by cytidine deamination (Fig. 1B). The
control construct pB-Gal4-VH-apoB-U with a stop codon in the apo B sequence did not confer
growth on –T –H media and did not induce β-galactosidase activity. Thus, the VH-apoB
cassette inactivates Gal4, and activation of Gal4-VH requires the induction of a stop mutation
within the VH-segment, preferably close to the Gal4-VH boundary (Fig. 1B). AID and
APOBEC-1 were inserted into pB-Gal4-VH both with and without SV40 nuclear localization
signal (NLS) and an HA epitope to study the effect of nuclear targeting on the efficiency of
both proteins.

Identical as in the experiments with Gal4-C the yeast cells were transformed with the various
Gal4-VH constructs, grown on –T –M media for 6, 9 or 12 days and restreaked onto –T or –T
–H media for 6 additional days of growth. AID as well as APOBEC-1 induced growth of
10−3 to 10−2 clones on –T –H media with concomitant β-galactosidase expression, with AID
being slightly more effective than APOBEC-1 (Fig. 5A and B). Yeast transformed with AID
without the NLS/HA epitope (AIDØHA) did not differ substantially from yeast transformed
with the negative control construct pB-Gal4-VH with virtually no growth on –T –H and no β-
galactosidase activity above background (Fig. 5A and B). Similarly as in the experiments with
Gal4-C, mRNA and protein expression of AID and APOBEC-1 was found not only in yeast
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growing on –T –M media, but also in yeast colonies that survived subsequent selection on –T
–H media and demonstrated β-galactosidase activity (data not shown).

APOBEC-1 induced C to U editing at nucleotide position C6666 of the apo B cassette in the
mRNA of Gal4C-VH to a similar extent as in the experiments with Gal4-C (data not shown).
APOBEC-1 without the SV40 NLS (APOBEC-1ØHA) was equally effective in inducing
mRNA editing at the apo B site as APOBEC-1 with the additional NLS (APOBEC-1). The
primer extension analysis again did not give evidence for any editing activity of AID at the
apo B site (data not shown). Moreover, a second primer extension analysis for the fourth of
the potential stop codons at C362 in the VH segment with oligonucleotide KK1 (Fig. 1B) failed
to reveal C to U base changes in the RT-PCR or in the PCR products from yeast transformed
with either pGal4-VH-AID or pBGal4-VH-APOBEC-1 (data not shown).

Northern blotting with total RNA isolated from yeast colonies expressing APOBEC-1 or AID
demonstrated that the Gal4-VH transcript was abundantly expressed and had the expected size,
thus excluding that APOBEC-1 or AID affect the splicing or pre-mRNA processing or induce
non-sense mediated decay of the Gal4-VH transcripts (Chester et al., 2003).

To analyze whether AID can induce mutations in plasmid DNA, 37 plasmid clones were
sequenced from 17 yeast colonies transformed with pB-Gal4-VH-AID, which grew on –T –H
and expressed β-galactosidase. As a control 17 plasmid clones from 4 yeast colonies
transformed with pBGal4-VH-APOBEC1, which grew on –T –H and demonstrated β-
galactosidase activity, were sequenced. Overall, we detected only 3 single base changes in
23.300 nucleotides of Gal4-VH from expressing AID yeast colonies, but 9 base changes in
12.500 nucleotides from APOBEC-1 expressing yeast colonies. In order to exclude that AID
or APOBEC-1 extinguish their own expression, the coding sequence of AID and APOBEC-1
was determined in 23 plasmid clones from 5 AID yeast colonies and in 5 plasmid clones from
1 APOBEC-1 yeast, respectively. This sequence analysis confirmed the wild-type sequence of
both AID and APOBEC-1 without any evidence for AID or APOBEC-1 induced mutations.

Next we plated approximately 5X105 yeast colonies from the –T –M plates onto –T –H plates
containing either 5 mM 3-AT or 10 mM 3-AT. We reasoned that any stop mutation that had
been introduced into the 5′ end of the VH sequence in Gal4-VH by AID or possibly APOBEC-1
should enable the yeast to grow without histidine even in the presence of 3-AT. This prediction
is supported by the growth phenotype of yeast cells transformed with our positive control
plasmid pB-Gal4-U, which are growing very well on –T –H media containing up to 20 mM 3-
AT even when they are plated immediately after the transformation onto these media. Thus, a
single plasmid with a stop mutation at the Gal4-VH boundary would allow the yeast cell to
overcome selection with 3-AT. However, in these experiments we did not obtain yeast colonies
that survived this stringent selection. We interpreted this result as genetic evidence for an
absence of activating mutations in Gal4-VH with a detection limit of less than 1 in 5X105 yeast
colonies.

During the cloning and sequencing of RT-PCR products of Gal4-VH, several recombinant
clones were isolated from a yeast colony transformed with pG-Gal4-VH-APOBEC-1 that
contained an insert with an additional inverted apo B sequence spanning 216 nucleotides of
VH sequence. Interestingly, this VH sequence showed a high degree of C to T mutations at the
identical positions in all clones with this particular insert. As the apo B sequences had opposite
orientations, we concluded that this DNA fragment was the product of a DNA recombination
event.

Therefore we performed restriction enzyme digestions with plasmid DNAs that had been
isolated from the yeast colonies: Seventeen out of 147 plasmid clones from 29 AID yeast
colonies demonstrated a strongly altered restriction pattern. Three out of 69 plasmid clones
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from 17 APOBEC-1 yeast colonies showed an altered restriction pattern, yet all three altered
plasmids were retrieved from one yeast colony. In control yeast transformed with pB-Gal4-
VH we did not observe one single plasmid recombination in 85 plasmid preparations from 25
yeast colonies that had been cultivated on –T –M media.

To analyze these changes in a somewhat more quantitative mode, genomic DNA from 10
randomly chosen AID yeast colonies was analyzed by HindIII digestion and hybridized with
full length pB-Gal4-VH-AID plasmid DNA (Fig. 6A). Four out of these 10 yeast clones (yeast
6,7,8,9) appeared to harbor altered plasmids, and therefore three plasmids isolated from each
of these four yeast colonies were analyzed by restriction enzyme digestion and ethidium
bromide staining or hybridization with oligonucleotides specific for various regions of the
plasmids (Fig. 6B and C): While the three plasmids from yeast colonies 6 and 8 were unaltered
and exhibited the normal restriction pattern, the plasmids retrieved from yeast colonies 7 and
9 showed the following DNA recombinations: Plasmid 1 from yeast colony 7 had lost both the
Gal4-VH and the AID coding region, while plasmid 2 of yeast colony 7 had a deletion in the
fragment encoding AID. Plasmid 3 of yeast colony 7 had specifically deleted the VH cassette.
Plasmid 1 of yeast colony 9 had a deletion of both the Gal4-VH and the AID coding regions.
Plasmid 2 of yeast colony 9 had deleted the Gal4-VH coding region and appeared to contain
a duplication of the AID coding region with a deletion of the original AID containing restriction
fragment. Plasmid 3 of yeast colony 9 showed the normal restriction pattern (Fig. 6B and C).
Thus, 5 out of 12 plasmids contained structural alterations with at least 4 different types of
recombination events, and independent plasmid recombinations were observed within one
single yeast colony. DNA sequences were obtained from 10 recombined plasmids from 5 yeast
colonies. This analysis confirmed independent DNA recombinations within single yeast
colonies. The recombination events were observed both in transcribed and non-transcribed
regions of the plasmids and were not necessarily associated with point mutations at the break
points.

4. Discussion
This investigation leads to four important results: First, while high level expression of
APOBEC-1 in yeast is sufficient to induce apo B mRNA editing, AID cannot substitute for
APOBEC-1 in this reaction, even when the APOBEC-1 complementation factor ACF is
abundantly expressed. Second, high level expression of AID in yeast does not suffice to induce
point mutations in a VH sequence with multiple WRCH/DGYW motifs as the preferred targets
for SHM. Third, AID, but not APOBEC-1, induces frequent DNA recombinations in yeast.
Fourth, AID and to slightly less extent also APOBEC-1 confer a growth phenotype on yeast
that is independent of cytidine deaminations in the selectable marker genes.

Here we show that APOBEC-1 alone acts as a functional apo B mRNA editing holoenzyme
in vivo, possibly because other mRNA binding proteins induced during the initial cultivation
period substitute for ACF/ASP (Dance et al., 2000). ACF/ASP appears to enhance the catalytic
activity of APOBEC-1 and to provide further sequence specificity (Chester et al., 2004; Lellek
et al., 2002; Mehta and Driscoll, 2002). While APOBEC-1 even without ACF/ASP has a high
specificity for the apo B RNA sequence around the natural editing site in yeast, AID alone has
no apparent specificity for the induction of point mutations in a highly transcribed VH DNA
sequence in yeast. In our opinion, the most likely explanation for this lack of mutations in Gal4-
VH is a failure of AID to efficiently deaminate C residues in yeast plasmid DNA. pBridge is
a multi-copy plasmid with approximately 5–10 copies per yeast cell. According to our survival
data on 3-AT media, AID could have induced one activating mutation in Gal4-VH but only in
less than one out of 2.5X106 plasmids over a 6 days period. DNA sequencing determined a
frequency of less than one mutation per 7500 nucleotides of VH sequence induced by AID in
yeast over a 12 days period. In contrast, ectopic AID expression in fibroblastic cells induced
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a nearly 30-fold higher mutation frequency (4 mutations per 1000 nucleotides) in a GFP marker
substrate over a period of 10 days (Yoshikawa et al., 2002).

In B cells AID shuttles between the nucleus and cytoplasm, and APOBEC-1 shuttles between
the cytoplasm and the nucleus in conjunction with and possibly mediated by ACF/ASP (Blanc
et al., 2003; Chester et al., 2003; Ito et al., 2004). Thus, AID may need a cofactor to provide
for its proper spatial distribution, or an enzyme-complex with additional components that are
missing in yeast. In the human pre-B cell line Nalm-6, AID fails to induce SHM, clearly
indicating that even in a B cell background one or more components required for SMH in
addition to AID can be missing (Ruckerl and Bachl, 2005). Replication protein A (RPA) has
been shown to be one cofactor for AID induced cytidine deaminations in single-stranded DNA
in vitro (Chaudhuri et al., 2004). Even though the yeast genome encodes the RPA homologue
YAR007C (www.yeastgenome.org), it might not be capable of substituting for mammalian
RPA to support AID induced cytidine deamination of plasmid DNA in yeast. Recent results
indicate that in B and T cells SHM occur only in genes that contain an E47 binding motif in
their enhancer/promoter regions (Kotani et al., 2005). Thus, a specific transcriptional complex
may be necessary to enable AID to generate SHM that is not present in yeast.

Despite the absence of point mutations in yeast, AID induces frequent DNA recombinations.
We envision that the bias of AID action has two possible explanations. It is conceivable that
yeast might efficiently repair uracils in DNA, unless the formation of uracil initiates a DNA
recombination event. Alternatively, the mechanisms of AID action in mutagenesis and DNA
recombination may be distinct, and only the pathway leading to DNA recombination can be
activated in yeast. AID’s N- and C-terminal domains, that are specifically required for SHM
and CSR, respectively (Shinkura et al., 2004; Ta et al., 2003), may interact with distinct
cofactors only some of which are present in yeast. In B cells AID can activate the catalytic
subunit of DNA-dependent protein kinase (DNA-PKcs), thus promoting DNA damage control
and cell survival (Wu et al., 2005). This pathway of AID action may predominate in yeast,
thereby explaining the observed bias towards DNA recombination. Another publication
described rather frequent DNA recombinations in yeast induced by AID (Poltoratsky et al.,
2004). This system was specifically designed to select for DNA recombinations that were
enhanced by the absence of UNG, suggesting that cytidine deamination is important for these
recombination processes (Poltoratsky et al., 2004). Since we observed plasmid recombinations
also in an APOBEC-1 expressing yeast colony, but not in control yeast, this recombinogenic
effect may not be entirely AID specific.

The assumption that the AID and the APOBEC-1 expressing yeast colonies escape the selection
on –T –H media independent of mutations in Gal4-VH is supported by several observations.
First, an activating mutation in Gal4-VH would have enabled the yeast to survive the more
stringent selection with 3-AT, which we failed to detect. Second, DNA sequence analysis
demonstrated unmutated Gal4-VH sequences in the yeast colonies that survive on –T –H media.
Third, the survival frequency of yeast cells transformed with AID or APOBEC-1 of 10−2 to
10−3 in our assay is much higher than observed in the E. coli system that determines resistance
against rifampicin with survival rates of 10−5–10−6 (Beale et al., 2004; Harris et al., 2002;
Petersen-Mahrt et al., 2002; Ramiro et al., 2003). Thus it appears unlikely that AID and
APOBEC-1 mutate a selectable marker in yeast at a 1000-fold higher rate than found in
bacteria, even if AID’s natural VH target is used as the selectable marker.

The growth phenotype and the β-galactosidase activity of AID and APOBEC-1 expressing
yeast may be linked to the recombinogenic effect, possibly mediated by activated DNA-PKcs
(Wu et al., 2005). After expression of AID and APOBEC-1 for 6 days, the MET25 promoter
became very leaky and allowed a continuous and rather high expression of both proteins even
in the presence of methionine. Recent evidence indicates that AID and APOBEC-1 may have
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a role in epigenetic reprogramming and cell plasticity, as both proteins are expressed in oocytes
and primordial germ cells (Morgan et al., 2004). Both AID and APOBEC-1 have been shown
to deaminate 5-methylcytidine in DNA to create thymidine, but this property of AID is not
undisputed (Larijani et al., 2005; Morgan et al., 2004). Repair of the resulting T:G mismatch
is suggested to lead to demethylation and subsequent activation of gene expression, while
replication over the mismatch would generate a point mutation (Morgan et al., 2004). The leaky
gene expression and the observed growth phenotype in yeast expressing AID or APOBEC-1
may be explained by genetic reprogramming and unspecific DNA mutational activity in the
yeast genome.
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Fig. 1. Structure of the selectable markers Gal4-C and Gal4-VH.
A, The schematic depicts the structure of Gal4-C and Gal4-VH. The star indicates the position
of the bona fide apo B RNA editing site where CAA can be rendered into the stop codon UAA.
The triangles indicate the possible stop codons in the VH sequence that can be generated by
cytidine deamination. B, The sequence of the Gal4-VH boundary with the four potential stop
translation codons that can be generated by C to U editing is shown. The WRCH motifs are
underlined and shown in bold.
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Fig. 2. Survival of CG1945 yeast cells transformed with pB-Gal4-C-AID or pB-Gal4-C-APOBEC-1
on selection medium and expression of β-galactosidase.
A, Yeast CG1945 were transformed with pB-Gal4-C, with pB-Gal4-C-AID or with pB-Gal4-
APOBEC-1 and cultivated on –T –M media for 6–12 days. After replating onto –T or –T –M
media and cultivation for another 6 days the number of colonies growing on –T –M media
were calculated per 106 yeast cells transformed. Each point represents one single experiment,
the bars indicate the mean values for the cultivation period on –T –M media for 6, 9 and 12
days. B, The yeast colonies from the –T –H media were analyzed for β-galactosidase activity.
The numbers of yeast colonies positive for β-galactosidase per 106 yeast cells transformed are
given.
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Fig. 3. Expression of AID and APOBEC-1 in yeast CG1945.
A, The mRNA expression of AID or APOBEC-1 was analyzed by RT-PCR in yeast colonies
grown on –T –M or on –T –H media. B, 5 μg protein prepared from each of the yeast colonies
as described above was separated by SDS-PAGE and analyzed for the expression of SV40NLS/
HA epitope tagged AID and APOBEC-1, respectively, by immunoblotting using a polyclonal
anti-HA antibody.
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Fig. 4. C to U editing in the apo B cassette of Gal4-C.
The mRNA and the plasmid DNA of Gal4C was amplified by RT-PCR and PCR, respectively,
from total RNA and total DNA of five pB-Gal4-C-APOBEC-1 (1–5) and of five pB-Gal4-C-
AID yeast colonies (6–10) that grew on –T –H media and stained positive for β-galactosidase.
Editing of the apo B site C6666 was analyzed by primer extension assay. The extension products
were quantitated using a radiophosphorimager.
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Fig. 5. Survival of CG1945 yeast cells transformed with pB-Gal4-VH-AID or pB-Gal4-VH-
APOBEC-1 on selection medium and expression of β-galactosidase.
A, Yeast CG1945 transformed with pB-Gal4-VH, with pB-Gal4-C-AID, with pB-Gal4-
APOBEC-1, pB-Gal4-VH-AIDØHA and pB-Gal4-VH-APOBEC-1ØHA were cultivated on
–T –M media for 6–12 days. After replating onto –T or –T –M media and cultivation for another
6 days the number of colonies were calculated per 106 yeast cells transformed. Each point
represents one single experiment, the bars indicate the mean values for the cultivation period
on –T –M media for 6, 9 and 12 days. B, The yeast cells from the –T –H media were analyzed
for β-galactosidase expression. The numbers of yeast colonies positive for β-galactosidase per
106 yeast cells transformed are given.
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Fig. 6. Plasmid recombinations in yeasts expressing AID.
A, Total yeast DNA isolated from one untransformed yeast control plasmid and from 10 yeast
colonies transformed with pB-Gal4-VH-AID with growth on –T –H medium and β-
galactosidase activity was digested with HindIII, separated on a 0.8% agarose gel, transferred
onto nylon membranes and hybridized with radiolabeled total pB-Gal4-VH-AID plasmid
DNA. B, E. coli cells were electroporated with yeast plasmid DNA from the yeast colonies
6,7,8,9. Plasmid DNA of three recombinant E. coli clones from each of these 4 yeast colonies
was digested with HindIII, separated by electrophoresis on a 0.8% agarose gel and stained with
ethidium bromide. C, The HindIII digested plasmid DNA was transferred to nylon membranes,
and hybridized with a panel of oligonucleotides specific for the Gal4 sequence (Gal4-s and
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Gal4.1), the VH sequence (Vhas1), the Gal80 sequence (Gal80s) and the AID sequence
(mAIDIV).
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