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Abstract

Activation induced deaminase (AID) deaminates cytosine to uracil, which is required for a functional humoral immune
system. Previous work demonstrated, that AID also deaminates 5-methylcytosine (5 mC). Recently, a novel vertebrate
modification (5-hydroxymethylcytosine - 5 hmC) has been implicated in functioning in epigenetic reprogramming, yet no
molecular pathway explaining the removal of 5 hmC has been identified. AID has been suggested to deaminate 5 hmC,
with the 5 hmU product being repaired by base excision repair pathways back to cytosine. Here we demonstrate that AID’s
enzymatic activity is inversely proportional to the electron cloud size of C5-cytosine - H . F . methyl .. hydroxymethyl.
This makes AID an unlikely candidate to be part of 5 hmC removal.
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Introduction

Demethylation of 5-methylcytosine (5 mC) in DNA is an

integral part in the maintenance of an intact epigenome and

driving regulated processes like embryonic development. Due to

chemical constraints DNA demethylation can only be facilitated

by conversion, possibly via deaminases and oxygenases, and/or

removal of the 5 mC nucleoside. Activation induced deaminase

(AID) deaminates cytosine (C) or 5 mC to uracil (U) or thymine

(T) [1]. Genetic ablation of AID in mice lead to a partial loss of

global DNA demethylation [2], while AID seems also to be

important for resetting DNA methylation marks during pluripo-

tency formation [3] and for zebrafish development [4]. The TET

protein family converts 5 mC into 5-hydroxymethylcytosine

(5 hmC) [5], and although data indicate this modification can be

processed further [6,7], it is not known how the TET induced

modifications lead to dC reformation. Without biochemical

evidence, it was hypothesised that 5 hmC could be deaminated

by AID, and in conjunction with DNA repair lead to dC formation

[8,9].

In this study we determined the precise substrate requirements

for AID, by utilising our ssDNA oligonucleotide deamination assay

[1] incorporating cytosine modifications (hydrogen, fluoro, CH3,

or CH2OH at C5 position of dC). Our data show that while AID

can deaminate unmodified cytosines or cytosine with a fluoro or a

methyl group at their C5 position, 5-hydroxymethylated cytosine

could not be processed by AID. Substrates with electron cloud size

at C5 position of cytosine exceeding that of a methyl group are not

a substrate for AID. We conclude that AID is not involved in

5 hmC conversion.

Materials and Methods

Recombinant AID (HIS-tagged) was produced in E. coli and

purified by affinity column (Ni-NTA agarose, Quiagen) as

previously described [10]. The oligodeoxyribonucleotide sub-

strates were purchased from Purimex, Germany and Alta-

Bioscience, UK, and are described in Table 1. The ssDNA

oligonucleotide deamination assay (ODA) and AID active-site

titration was based on our previous protocols [1,10,11]. Oligos

containing two cytosines in the context of two AGCs (preferred

sequence target for AID), one 59 AGC (unmodified C - serving as

an internal control) and one 39 AGC containing a modified

cytosine (overview of the cytosine modifications in Figure 1B),

were synthesised. For each reaction, 2.5 pmol of the 59-biotin-

tagged and 39-fluorescein-tagged oligo was mixed with 1 ng of

RNaseA in reaction buffer R (50 mM NaCl, 3 mM MgCl2,

40 mM KCl, 40 mM Tris HCl pH 8.0, 1 mM DTT, 10 %

glycerol) in a total volume of 10 ml, denatured for 3 min at 90uC
followed by immediate quenching in ice-water. Oligos were

incubated with the indicated amounts of recombinant AID and for

the indicated time. Percent activity of AID was determined as

previously described [11,12]. Reactions were stopped by addition

of 100 ml water and denaturation for 3 min at 90uC. To recover

the oligos, 8 ml of streptavidin magnetic beads (Dynal M270,

Invitrogen), washed twice in TEN-M (50 mM Tris HCl pH 7.5,

10 mM EDTA, 1 M NaCl) and resuspended in fresh 750 ml TEN-

M were added and oligos were allowed to bind for 15 min. Beads

were collected with a magnet and washed twice in TEN-M pre-

heated to 70uC and finally in TE. An excess of complementing

oligo RG16 (with a G opposite the target sites) was annealed to the

modified oligo in 1x MtMig reaction buffer, followed by cleavage
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Figure 1. In vitro deamination of substrates with unmodified (59 AGC) and C5 modified cytosines (39 AGC) by AID. (A) MtMig
recognizes only deaminated products of cytosine or cytosine derivatives (U, T, 5FU, 5 hmU) opposite a dG in a double stranded context. Absence of
MtMig or cytosine-derivatives did not lead to product formation. (B) Name, vdWv of the C5, and structure of deoxynucleoside derivatives used in the
assays are shown on the left of the gels. Oligos were incubated with 1.8 pmol AID for the indicated times and migration of substrate and products are
indicated on the right of gels. Bases in brackets are those that have been deaminated by AID and removed by MtMig prior to cleavage. Triangle
indicates a nonspecific cleavage product excluded from quantitation. One representative of three independent experiments is shown.
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at the site of the mismatch with MtMig (Methanobacterium

thermoautotrophicum mismatch glycosylase; also known as thermo-

stable TDG from Trevigen, USA catalog No 4070–500-EB) for

1 h at 47uC. Although classified as a TDG, MtMig belongs into

another family of DNA glycosylases and is able to recognize

various mismatches opposite a G. The additional step of NaOH

mediated strand cleavage, although possibly enhancing the overall

readout (manufactures details), was not included in this assay, as it

would not alter the relative results of the experiments. Cleavage

reactions were stopped by addition of 20 ml 0.4 % fushin in

formamide and denaturation at 90uC for 3 min, followed by

quenching on ice. Samples were resolved on 17.5 % TBE-urea

gels at 200 V and visualised using a Typhoon scanner for

fluorescence imaging (Filter: 526 SP (532 nm), Laser: Blue

488 nm).

The van der Waals volumes (vdWv) of the C5 modifications of

cytosine were calculated as described [13]. As the oligos contained

two AGCs, it was possible that some of the 59 AGC targeting was

not observed due to a second 39 targeting on the same oligo. To

this end we calculated the Poisson frequency of a second hit on the

same oligo, and added this value to the observed % conversion at

the 59 AGC.

Results

Understanding the kinetics of DNA deaminases provides an

important aspect of how these proteins function and can be

regulated [11]. In a biochemically controlled manner AID

possessed activity towards 5 mC [1], initiating the epigenetics

field into studying how DNA deaminases can influence DNA

methylation marks. It is therefore vital that the current hypothesis

on substrate choice for AID is tested by biochemical means rather

than idle speculation. In order to test for AID’s competence to

deaminate C5-modified cytosines, we generated substrate oligos

harbouring modifications that vary within their vdWv of C5-side

chains (listed in Figure 1B).

MtMig can Recognise Modified Deaminated Products
Firstly, we had to prove that the ODA is suitable for using

modified substrate oligos. Previously, we monitored AID activity

on 5 mC by annealing a complementary oligo to the substrate

post-AID incubation [1], followed by incubation with MtMig

enzyme for quantitating the deamination. This DNA glycosylase,

unlike human TDG or UDG, belongs to the helix-hairpin-helix

family of glycosylases [14]. It has been proposed that MtMig

recognises mismatches opposite G as strain energy in dsDNA [15].

To test if MtMig can recognise the modified deaminated bases, we

synthesised oligos containing the various deaminated products:

uracil (U), 5-fluro-uracil (5FU), thymine (T), and 5-hydroxymethyl

uracil (5 hmU). After annealing to the second strand oligo with a

dG opposite the target base, we incubated the indicated dsDNA

with the MtMig enzyme for 30 min at 47uC. As seen in Figure 1A,

MtMig was able to efficiently recognize the mismatches, remove

the bases, and cleave the backbone, thereby producing fragments

that migrated faster through the gel. Neither the absence of MtMig

nor un-deaminated modified base (C, 5FC, 5 mC, or 5hmC)

(C) Quantitation of the 39 AGC deamination assays shown in B: 39 AG-C -(top); 39 AG-5FC - (middle); 39 AG-5 mC - (bottom). Although the scales are
different on the y-axis, the kinetic profiles do not significantly deviate from one another. (D) Quantitation of the 59 AGC deamination of (B), indicating
that the various modification at the 39 AGC do not alter the activity of AID towards the 59 AGC. (E) The average product formation in the linear phase
(5 – 30 min) of the reaction from (C) was converted to pmol [P]/ pmol [E]/ min. The values were then plotted against the inverse of the vdWv from (B)
for each derivative. The line of best fit and its r2 value are shown. The position of the theoretical value of the CH2OH side chain is indicated on the x-
axis by an arrow. (F) The vdWv plotted against the average ratio of the 39 target to that of the 59 target for each time point. Analogous to (E), the line
of best fit showed extremely high correlation (r2 = 0.98) and intersected the x-axis (1/25.96) at a size that is smaller than that of 5 hmC (i.e. a larger
value of the inverted vdWv).
doi:10.1371/journal.pone.0043279.g001

Table 1. Oligonucleotides used.

Figure 1A

SPM163 59-Bt-ATTATTATTATTAGCTAT TTA TTTATTTATTTATTTATTT-FITC-39

SPM164 59-Bt-ATTATTATTATTAGUTAT TTA TTTATTTATTTATTTATTT-FITC-39

HC1178 59-Bt-ATTATTATTATTAGC5MeTAT TTA TTTATTTATTTATTTATTT-FITC-39

DM1854 59-Bt-ATTATTATTATTAGTTAT TTA TTTATTTATTTATTTATTT-FITC-39

RG50 59-Bt-ATTATTATTATTAGC5FTAT TTA TTTATTTATTTATTTATTT-FITC-39

RG52 59-Bt-ATTATTATTATTAGU5FTAT TTA TTTATTTATTTATTTATTT-FITC-39

RG51 59-Bt-ATTATTATTATTAGC5HMTAT TTA TTTATTTATTTATTTATTT-FITC-39

RG53 59-Bt-ATTATTATTATTAGU5HMTAT TTA TTTATTTATTTATTTATTT-FITC-39

spm166 comp 59-AAATAAATAAATAAATAAATAAATAGCTAATAATAATAAT-39

Figure 1B–F and Fig. 2

RG17 59-Bt-GTTATTGTTATTGTTAGCTAGTAGCTATTGTTATTGTTAT-FITC-39

RG22 59-Bt-GTTATTGTTATTGTTAGCTAGTAGC5MeTATTGTTATTGTTAT-FITC-39

RG23 59-Bt-GTTATTGTTATTGTTAGCTAGTAGC5FTATTGTTATTGTTAT-FITC-39

RG33 59-Bt-GTTATTGTTATTGTTAGCTAGTAGC5HMTATTGTTATTGTTAT-FITC-39

RG16 comp 59-ATAACAATAACAATAGCTACTAGCTAACAATAACAATAAC-39

doi:10.1371/journal.pone.0043279.t001
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Figure 2. Excess enzyme does not lead to 5 hmC deamination. (A) The ssDNA oligonucleotide deamination assay was performed for 15 min
at 37u C with increasing amounts of enzyme (0–11.5 pmol AID) and analysed as in Figure 1. Labels are as in Figure 1. Triangle indicates a nonspecific
cleavage product excluded from quantitation. Each substrate oligo was tested at least 3 times, representative gels are shown. (B) The gels were
quantitated, and analysed as in Figure 1 F, with the resulting average 39 target to 59target ratio plotted against the inverse vdWv.
doi:10.1371/journal.pone.0043279.g002
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resulted in a product. These data indicated that MtMig is capable

of recognising AID deaminations of modified cytosine bases.

AID Deamination of Modified Bases Over Time
To establish kinetic parameters for the AID deamination, we

determined the amount of active AID (12–15 %) within our

preparations [11], allowing us to precisely control the number of

molecules of active AID within each reaction. Furthermore, using

various substrate and enzyme concentrations we were unable to

establish Michaelis-Menten (MM) like kinetics for AID activity

(data not shown). Although we hope that future work will allow us

to determine which parameter of the reaction kinetics caused non-

MM kinetics, we decided to pursue rate determination without

calculating Km, Kd, or Vmax – as this could be misleading.

A time dependent ODA was performed with a near excess of

substrate (2.5 pmol oligo and 1.84 pmol AID), demonstrating that

recombinant AID was able to deaminate C, 5FC, and 5 mC

(Figure 1B). However, 5 hmC could not be converted, even after

prolonged incubations. The substrate conversion per enzyme over

time was determined from the linear phase (early time points -

Figure 1C) of the reactions (pmol product/ pmol enzyme/ min).

This activity was plotted against the inverse vdWv for each

modified substrate (Figure 1E), this type of graphical conversion

allowed for the determination of the theoretical maximum volume

(X intercept) AID can accommodate. A line of best fit was applied

to the data, which showed a very strong correlation (r2 = 0.99).

The X intercept was calculated and converted to vdWv, giving a

theoretical maximum of 27.28 (61.05) Å3. This volume is below

that of 5 hmC (33.25), indicating that AID is unlikely to act on

5 hmC, even theoretically. Aside from determining the activity on

the 39-target, the conversion for the 59-target (unmodified C) was

also measured (Figure 1D). There was no significant difference in

deamination, demonstrating that the presence of the various

cytosine modifications did not alter the overall kinetics of AID, i.e.

there was no indirect effect on AID activity. Since the 39 target did

not influence the 59 target we could use the ratio between the two

sites as a measure of AID efficiency. This ratio was plotted against

the inverse of the vdWv (Figure 1F), and this approach also

demonstrated that the theoretical maximum of C5 (26.14 (60.20)

Å3) is below that of 5 hmC.

Excess AID Enzyme does not Deaminate 5hmC
To determine if the lack of 5hmC deamination was due to

working with near substrate excess, we also performed AID

deaminations on the oligos using increasing amounts of enzyme.

As shown in Figure 2, increasing AID concentration lead to a

linear increase in deamination on C, 5FC, and 5 mC substrates

(Figure 2A). As with the time dependence, we did not observe any

deamination on 5 hmC. Furthermore, neither overexposure of the

same gel, nor incubation with 100 pmol of AID (60 fold more than

in Figure 2) for 2 h showed any 5 hmU product formation (data

not shown). The gels from Figure 2A were quantitated, and the

ratio between the 39 and 59 target calculated and plotted against

the inverse of the vdWv (Figure 2B). X intercept calculations

showed a theoretical maximum of 25.39 Å3. As in the time

dependent experiment, this volume is smaller than the volume of

the 5 hmC side chain, indicating that 5 hmC is unlikely to be a

substrate for AID.

Discussion

A recent study has suggested a cooperation of TET1 and AID in

demethylating DNA duplex [9] unfortunately a direct coupled

activity was not demonstrated. However, further modifications of

5 hmC may be a pre-requisite step, since DNA glycosylases such

as TDG, SMUG1, and MBD4 were shown to exhibit robust

excision activity against 5 hmU:G in dsDNA, but no or very low

5 hmC glycosylase activity in vitro [6,8,16,17], and tissue extracts

from smug1 knockout mice lack nearly all hmU-DNA excision

activity, suggesting it to be the dominant glycosylase for hmU [17].

Here, using modified C5 carbons of dC (hydrogen, fluoro, CH3,

or CH2OH) we demonstrated a correlation between the inverse

size of the C5 side chain vdWv and AID activity, which excluded

5 hmC as a substrate. We cannot fully disregard the shape (as

CH2OH is more ellipsoid) or electron density at C5 as a possible

factor influencing AID activity, but size seems to be the major

determinant. This implies that AID is unlikely to be active in the

TET dependent 5 mC modification pathway. Importantly, work

by Kohli and colleagues [18], also demonstrates that modifications

of the C5 side-chain inhibits AID activity and AID was unable to

deaminate 5 hmC, supporting our finding. It cannot be fully

disregarded that modifications of AID could lead to acceptance of

5 hmC as a substrate, nor that some yet to be identified activity of

other DNA deaminases can lead to 5 hmC deamination. These

results also have to be placed into an evolutionary context, where

AID is the ancestral protein of APOBEC3 and appears prior to the

TET family of proteins.

It is therefore more likely that subsequent modifications of

5 hmC (e.g. 5fC and 5caC) will be important in the TET pathway

[6,7]. 5fC and 5caC have been shown to be excised by the above-

mentioned TDG [19]. This novel function of TDG may explain its

developmental requirement, as TDG knock-out mice are embry-

onically lethal [20], while UNG [21], SMUG1 [17], and MBD4

[22] deficient mice thrive.

This work is the first to indicate, that there are at least two

separate molecular mechanisms that have evolved in counteract-

ing DNA methylation. One of which will go through a base

modification that is irreversible and requires removal (AID), while

the other will use a modification (TET), which simply ‘hides’ the

methyl group from recognition. The later can be processed further

to become a substrate for replacement, or it could be reversed back

to 5 mC. Because AID induces base lesions that lead to extensive

DNA demethylation [2], it will be important to determine to what

extent DNA damage and other DNA instabilities will induce local

or global DNA demethylation.
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