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Abstract

Ribonucleotides are the most common non-canonical nucleotides incorporated into DNA during
replication, and their processing leads to mutations and genome instability. Yeast mutation reporter
systems demonstrate that 2-5 base pair deletions (A2-5bp) in repetitive DNA are a signature of
unrepaired ribonucleotides, and that these events are initiated by topoisomerase 1 (Topl) cleavage.
However, a detailed understanding of the frequency and locations of ribonucleotide-dependent
mutational events across the genome has been lacking. Here we present the results of genome-
wide mutational analysis of yeast strains deficient in Ribonucleotide Excision Repair (RER). We
identified mutations that accumulated over thousands of generations in strains expressing either
wild-type or variant replicase alleles (M644G Pol e, L612M Pol &, L868M Pol a) that confer
increased ribonucleotide incorporation into DNA. Using a custom-designed mutation-calling
pipeline called muver (for mutationes verificatae), we observe a number of surprising mutagenic
features. This includes a 24-fold preferential elevation of AG and AC relative to AT dinucleotide
deletions in the absence of RER, suggesting specificity for Topl-initiated deletion mutagenesis.
Moreover, deletion rates in di- and trinucleotide repeat tracts increase exponentially with tract
length. Consistent with biochemical and reporter gene mutational analysis, these deletions are no
longer observed upon deletion of 7OP1. Taken together, results from these analyses demonstrate
the global impact of genomic ribonucleotide processing by Topl on genome integrity.
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1. Introduction

During nuclear DNA replication in unstressed eukaryotic cells, a significant number of
ribonucleotides are incorporated by DNA polymerases (Pols) a, & and e [1]. Pol € acts as
the major leading strand replicase, while Pols a and & are responsible for lagging strand
synthesis (reviewed in [2]). The roles of these enzymes have been studied using mutator
polymerase variants. Each variant bears a mutation of a conserved hydrophobic residue in its
polymerase active site which confers a number of properties that make them ideal tools for
studying replication /in vivo. As a result, the Saccharomyces cerevisiae M644G Pol e
(encoded by pol2-M644G) allele can be used to preferentially study nascent leading strand
synthesis, while the L868M Pol a. (pol1-L868M) and L612M Pol & (pol/3-L612M) alleles
can be used to study nascent lagging strand synthesis. These mutator replicases have an
increased propensity for generation of specific base-base mismatches, and an increased
capacity to incorporate ribonucleotides into DNA during synthesis [3-10].

Ribonucleotides embedded in DNA are efficiently removed during Ribonucleotide Excision
Repair (RER) [9, 11-13]. In an RNase H2-deficient yeast strain, such as a mutant lacking
the gene encoding the catalytic subunit of RNase H2 (rnh201A), unrepaired ribonucleotides
can be removed by topoisomerase 1 (Topl), and this can result in genome instability [4, 14].
Phenotypes include spontaneous mutagenesis, replication stress, checkpoint activation, DNA
double strand breaks and elevated recombination [4, 15-17]. Many of these phenotypes are
reversed upon deletion of 7OPZ, supporting a model in which Top1-dependent processing of
unrepaired ribonucleotides causes genome instability (reviewed in [1]). In addition to point
mutations, larger types of chromosomal instability that extend beyond point mutations and
short indels have also been observed in RNase H2-deficient cells, including genome
rearrangements leading to loss-of-heterozygosity, chromosomal translocations, copy nhumber
variations and gross chromosomal rearrangements [16, 18-24]. Studies involving the
mutator DNA polymerases have demonstrated an asymmetry associated with ribonucleotide-
dependent genome instability, wherein ribonucleotides incorporated by Pol e are subject to
Topl-dependent processing much more readily than ribonucleotides incorporated by Pols a
or 6 [5].

To date, ribonucleotide-dependent mutagenesis has been examined /in vitro[14, 25, 26] and
at specific genomic loci /n vivo[5, 9, 14, 27]. These approaches have identified 2-5 base
pair deletions in repetitive DNA sequences as the most common mutation associated with
loss of RNase H2 activity. These deletions arise as a consequence of sequential Topl
cleavage events at an unrepaired ribonucleotide located in a repetitive DNA sequence,
followed by sequence slippage realignment to facilitate Topl-mediated ligation across the
gap. Here we extend these studies by determining the genome-wide spectrum of
ribonucleotide-dependent mutations. This involves mutation accumulation experiments in
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the wild-type and mutator variants of the DNA polymerases that allow for increased
ribonucleotide incorporation into the leading versus lagging nascent DNA strands. The
challenges of calling insertion or deletion mutations during mutation accumulation
experiments with both high sensitivity and accuracy prompted the development of a
purpose-built computational framework called muver (for mutationes verificatae) [28].
Using muver, we report that inactivation of RER causes deletion mutations across the yeast
chromosomes, with the largest effect occurring in the po/2-M644G rmh201A strain.
Consistent with what is known regarding Top1 ribonuclease activity, biochemically and in
the URA3and CANI mutation reporter genes, these deletion mutations in the po/2-M644G
rmh201A strain are not observed when Topl is absent. Genome-wide ribonucleotide-
dependent mutation rates in the various DNA polymerase mutator strains provide a broad
view of the consequences of processing of ribonucleotides incorporated during leading and
lagging strand replication.

2. Materials and methods

2.1 Yeast Strain construction and growth

The Saccharomyces cerevisiae diploid strains used for mutation accumulation are isogenic
derivatives of A |(-2)| -7B-YUNI300 (MATa CAN1 his7-2 leu2::kanMX ura3A trp1-289
ade2—-1 lys2-DGG2899-2900) [29] and are described in Supplementary Table S1. The
diploids are homozygous for the respective DNA polymerase (wild-type, pol2-M644G, pol3-
L612M or pol1-L868M), RNH201 or rmh201A and TOPI or topIA, all of which were
confirmed by Sanger sequencing or PCR analysis. mh201A and fopIA strains were
generated by deletion-replacement via transformation with a PCR product containing the
hygromycin-resistance (HphMX4) or nourseothricin-resistance (natMX4) cassettes
amplified from pAG32 and pAG25, respectively [30]. Diploids were constructed by crossing
isogenic haploid strains that were described previously [4, 5, 9]. Strains were passaged on
rich medium (YPDA: 1% yeast extract, 2% bacto-peptone, 250 mg/L adenine, 2% agar for
plates) at 30°C. For genomic DNA isolation, cells from the appropriate passage were grown
in YPDA for 2d to saturation at 30°C and DNA was isolated using the MasterPure Yeast
DNA purification kit (Epicentre, MPY80200) and quantified using a Qubit fluorometer
(Thermo Fisher Scientific).

2.2 Mutation accumulation

Diploid yeast strains were subjected to 30 single-cell bottleneck passages on YPDA agar
plates as in [31]. Each passage involved 2-3 days of growth at 30 °C, equivalent to roughly
30 generations for the strains used in this study. Samples were collected at various
timepoints, including time 0 as well as after 30 passages (~900 generations), checked for
various auxotrophic markers, and stocked in glycerol at —80 °C.

2.3 Library preparation and whole genome sequencing

Libraries were prepared as in [31], using the lllumina TruSeq DNA protocol. Quantified
libraries were diluted to 15 nM and pooled for paired-end sequencing (either 2 x 100 or 2 x
150 cycles) using either a HiSeq 2000, 2500 or 4000 sequencer (Illumina), depending on the
vintage of the data set.
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2.4 Analysis of sequencing data and mutation rates

DNA sequencing reads were mapped to the previously assembled L0O3 master reference
sequence [32]. Variant calls were made using muver 1.2.0 with default settings except where
specified, treating time 0 samples as the ancestor and final outgrowth samples as the
descendants [28]. An iterative approach was utilized with initial calling performed by the
run_pipeline function, assessment and correction of bias in sequencing depth using
calculate_depth_ratios and correct _depths, followed by redefinition of depth-based filtered
regions using calculate depth_distribution. Copy number variation (CNV) regions and copy
number were identified through visual inspection of sequencing coverage, and an additional
assessment of depth and definition of filtered regions was performed for samples harboring
one or more CNV. Final genotype and mutation calls were determined using call_mutations
while explicitly excluding regions with historically poor read coverage described in [28].
Supporting tools bowtie2 v2.3.0, GATK 3.7, and Picard Tools 2.9.2 were utilized in this
analysis. Mutation rates were calculated as in [31]. Briefly, the mutation rate for mutation
type / in bin b,(of size Npp b, in bp) in strain fis

Nib,j i
“bp,i,j = —Nbp’b X gii nmt,j s Equation 1.
where (i, ; 7is the mutation rate per base pair per generation. Both the number of mutations
of type 7 (N;p,) and the number of generations elapsed during mutation accumulation
(9enyy j) are summed across replicate isolates of strain /. For the special case of whole
genome rates (pp,ij= Hg,ij)» Nop,b 1S et to the global ploidy of strain j, here 2 for diploids,
and the measure is thus per genome rather than per base pair. To find the detection limit for a
given mutation type, bin and strain (d/y, ; ), simply replace A ;with 1:

1

dl, ..=———.
bp.i, .
P:L Nbp,b X gentot,]

Equation 2.

3. Results and Discussion

3.1 Genomic Mutation rates and specificity.

Genome-wide mutation rates and specificity were determined in diploid yeast strains that
encoded either wild-type DNA polymerases or were homozygous for mutator alleles of
either the primary leading strand (Pol e; po/2-M644G) or lagging strand (Pol a; po/1-
L868M and Pol §; pol3-L612M) replicases, either with or without RER (rnh2011).
Spontaneous mutations were accumulated over 30 passages on solid medium, corresponding
to an estimated 900 yeast generations, followed by sequencing the genomic DNA samples
from the first and last passage. For each strain, many lines were passaged and sequenced in
order to accumulate enough mutations to provide high statistical power. In each case,
mutations were called by comparing ancestral (time 0) and descendant (final passage)
sequences [31] using the muver pipeline [28]. Muver was used to call mutations with
exceedingly low false positive rates and high sensitivity. This includes indels (insertions and
deletions) in repeat tracts up to a significant fraction of a sequencing read length. This is
critical given the ribonucleotide-driven indel mutation propensity seen in mutational reporter
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genes [4, 9, 14, 27]. Error rates (4, Eg. 1) were calculated, per billion base pairs per
generation, for each strain () and mutation type (/) (Fig. 1A). The mutation types included
base pair substitutions and indels, both single- (1 bp) and multi-base (> 1 bp). RER* versus
RER™ (i.e. RNH201 versus rnh201A) mutation rate ratios were then calculated for each
mutation type and polymerase variant (Fig. 1B).

In general, when comparing the RER™ to the RER™ strains, the rate ratios were small, under
10-fold for most mutation classes. As expected from previous data [4, 5, 14, 25, 26],
multibase deletions were the predominant mutation type for all of the RER-deficient strains.
Most of these events in the po/2-M644G mutator strain (> 98%) occurred in perfect
(120/141) or imperfect (19/141) directly repeated DNA sequences, as was previously
observed for the URA3and CANI reporter genes [4, 9, 14, 27]. Here we allow one
difference per imperfect dinucleotide repeat unit and up to two differences for longer repeat
units (e.g. ACCTATTT would qualify as an imperfect tetranucleotide repeat but ACCCATTT
would not). The mutator effect was largest in the po/2-M644G mutant (Fig. 1B, dark blue
bars) containing an increased level of ribonucleotides in nascent leading strand DNA (123-
fold increase), and smaller in the wt (13-fold; gray), pol1-L868M (7.1-fold; red) and pol3-
L612M (19-fold; green) strains. As these multibase deletions in RER™ strains have been
demonstrated to be dependent on Topl, we also examined the contribution of Topl by
determining the genome-wide mutation profile for a pol2-M644G rmh201A topIA strain.
Deletion of TOP1 significantly reduced the fold increase in multibase deletions (2.4-fold;
Pol2-M644G rnh201A toplA versus pol2-M644G; light blue bars), but did not strongly
affect other point mutation types, including substitutions and single-base deletions (Fig. 1).

In addition to multibase deletions, single base deletion and insertion rates were also elevated
in the RER-deficient strains compared to RER*. In an RNase H2-deficient strain with wild
type DNA polymerases, 1 bp deletions and insertions are each elevated 4.4-fold relative to
RER*, and in the po/2-M644G mutant, the rate ratio for 1 bp deletions is 4.4 and for 1 bp
insertions is 8.2 (Fig. 1). Deletion of 7OPZ in the pol2-M644G rnh201A strain has only a
modest effect, as the rate ratios are now 3.1 and 3.5, respectively. Therefore, the largest
effect on the rate of 1 bp indels is failure of RER, and Top1 activity has a minor effect on
this rate. This data is in line with evidence demonstrating a role for nicking at
ribonucleotides by RNase H2 as a strand-discrimination signal for DNA mismatch repair
(MMR) of replication errors in the leading strand [7, 33]. Additionally, these single base
indels could also reflect errors that arise from error-prone gap filling reactions during DNA
repair and recombination.

3.2 Indel dependence on polymerases, RER and TOPL1.

Rates of both insertions and deletions (indels) increase upon deletion of RNH201 in all
polymerase backgrounds (Fig. 1, Fig. 2 and Fig. S1). 1-2 bp insertion rates increase in
homopolymer and dinucleotide repeat tracts of at least of at least 8 bp (i.e. = 7 bp of terminal
microhomology), as do single-base deletions in homopolymers (i.e., 1 bp indel length; Fig
2A-D and Fig S1). In the pol2-M644G background, these persist in the absence of TOP1
(Fig. 2E). Overall, upon deletion of RNVHZ201, multibase indel rates increase markedly in all
polymerase backgrounds. This effect is most pronounced in the po/2-M644G background
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(Fig. 2D versus 2C), but also holds with wild type polymerases (Fig. 2B versus 2A) and with
lagging strand mutator polymerases (Fig. S1A-B versus Fig. S1C-D). At least in the po/2-
M644G background, multibase deletion rates increase with flanking microhomology size
and disappear upon deletion of 7OP1 (Fig. 2D-E). Note that many of these trends were not
observable in reporter gene assays [7, 9, 14, 27], where only few repeat tracts of limited
length are available.

3.3 Multibase deletion specificity

The yeast genome contains hundreds of thousands of di- and trinucleotide repeat tracts of
various lengths and sequences [34], enough to determine deletion rates for specific
dinucleotide sequences and for trinucleotide tracts as a function of tract length. RNH201
deletion selectively increases the rates of AG and AC dinucleotide deletions in wild type
(Fig. 3A versus 3B), pol2-M644G (Fig. 3C versus 3D) and lagging strand mutator
polymerase backgrounds (Fig. S2). Deletion rates in trinucleotide and AG and AC
dinucleotide tracts were highest in the po/2-M644G background (Fig. 3D). These rates
dropped below the detection limit upon deletion of 7OPI (Fig. 3E). All such deletion rates
increase exponentially with tract length until swamped by the detection limit or until tract
length exceeds 14 bp, whichever comes first. In contrast, the few dinucleotide insertions and
AT dinucleotide deletions were found exclusively in repeats longer than 12 bp. The RER and
Topl-dependence of these rarer indels cannot be determined with the current detection
limits. However, limits are low enough to state that trinucleotide deletions are elevated in an
RNase H2-deficient strain and that AC and AG deletion rates are preferentially elevated
relative to AT deletions. As has been observed in studies using the CANZ and URA3
mutational reporter genes [4, 9, 14, 27, 35], there are many simple repeats in the yeast
genome (depicted as dotted lines in Fig. 3A—E/Supplementary Fig. S2) that are not subject
to Topl-dependent deletions in RER-deficient strains.

The underlying mechanism of ribonucleotide-dependent multibase deletions involves
sequential Topl-cleavage events and requires the religation activity of Top1 [25, 26, 35, 36].
The preferential loss of AG and AC repeats may involve the identity of the ribonucleotide at
the initial Topl incision site, or other genomic parameters, such as GeC-rich coding
sequences versus AsT-rich intergenic sequences. Ribonucleotide mapping studies [37, 38],
demonstrated variations in ribonucleotide incorporation by base identity, with rC and rG
more frequently and rA and rU incorporated less frequently than expected. Consequently, an
initial Topl incision event may be more likely to occur at a rC or rG in an AC/AG repeat
tract, and less likely to occur at an rA or rU in an AT repeat tract.

Given that rC and rG are the most frequently incorporated ribonucleotides, one might expect
the highest rate of dinucleotide deletions in an RNase H2-deficient strain to occur in GC
repeat tracts. However, there are far fewer GC dinucleotides repeats in the yeast genome (<
79,000 bp) than there are AT, AC or AG dinucleotides (> 400,000 bp each), much less triplet
repeats (> 1.2 million bp in total) [34]. Fewer GC dinucleotide tracts mean a higher
detection threshold for GC deletions. However, this cannot account for zero observed GC
dinucleotide deletions. This context bias requires further study.
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It is also unclear why the increase in the rate of ribonucleotide and Top1-dependent
multibase deletions with repeat tract length is exponential, rather than linear (Fig. 3D).
Interestingly, DNA polymerase-driven indels also increase exponentially with repeat tract
length, up to the footprint of the polymerase domains [28, 34]. Perhaps repeat count within
the effective footprint of Topl would explain the exponential rise and sudden cutoff in
deletion rates in the pol2-M644G rmh201A strain (Fig. 3D).

3.4 Topl-dependent deletion mutation distribution

Plotting the distribution of multibase deletion mutations across the 16 yeast chromosomes
for the pol2-M644G rnh201A strain revealed that these events are scattered across the
chromosomes (Fig. 4). The 141 multibase deletions were distributed uniformly with an
average density of 9.8 Mbp~1 and no significant clustering beyond what is expected due to
random chance. This suggests that ribonucleotide-dependent deletion mutagenesis is not
restricted to specialized areas of the genome, which is consistent with global ribonucleotide-
mapping results from studies in budding and fission yeasts using multiple approaches [37-
40]. Because RER appears to be an extremely efficient ribonucleotide-removal pathway, the
uniform distribution of ribonucleotide-dependent deletions in the pol2-M644G rmh201A
strain is also consistent with a model in which RER is coupled to replication [41, 42].

In order to analyze the relationship between the multibase deletions observed in the po/2-
M644G rmh201 strain and replication dynamics, we found the fraction of deletions that
occur on the nascent leading strand synthesized by Pol e. Figure 4B displays the fraction of
the most common dinucleotide deletions in the genomic quartiles flanking replication
origins (A5’-CW-3’, where W is either A or T, in 4-5 bp repeat tracts). The orientations of
the repeated sequences are strongly biased, such that the CW contexts, rather than the
complementary GW, lie in the presumed leading strand template in 96% of cases. This
implies that the most common dinucleotide deletions are driven by a mechanism tied to
replication of one strand, either leading or lagging. That these deletions arise preferentially
in the pol2-M644G mh201A strain suggests that nascent leading strand synthesis is
responsible, and strongly suggests that Top1-dependent processing of unrepaired
ribonucleotides is coupled to replication. More study is needed to determine whether the
preference for template CW dinucleotides is driven by some combination of the polymerase,
Topl or other processes.

4. Conclusions

This study provides a view of the genome-wide spectrum of ribonucleotide-dependent
mutations that arise due to processing of ribonucleotides in DNA. The most frequent
mutations are multibase deletions in repetitive DNA sequences that are a result of Top1-
cleavage at unrepaired ribonucleotides. This is evident in all RER-deficient yeast strains, but
most striking in the po/2-M644G background due to a high density of leading strand
ribonucleotides. Deletion of RNH201 in the Pol a and & mutator strains did not significantly
impact overall mutation rate or the rate of >1 bp deletions above the increase observed in
strains expressing wild-type DNA polymerases. In contrast, in a yeast strain containing a
high density of leading strand ribonucleotides incorporated by Pol e (po/2-M644G), loss of
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RNHZ201 causes a genome-wide increase in the overall mutation rate, with a significantly
elevated rate of >1 bp deletions. This multibase deletion mutagenesis is alleviated by
deletion of TOPI. Taken together, these results support a model of ribonucleotide-dependent
mutational asymmetry, with Top1-dependent deletion mutations occurring across the
genome at a significantly higher rate on the nascent leading strand synthesized by Pol e.
This result confirms and extends previous data from the URA3reporter gene assay [4, 5].
Multibase deletions have significant deleterious biological potential, and therefore
identification and characterization of these mutations across the nuclear genome is a critical
step in our understanding of how processing of unrepaired ribonucleotides in DNA can
affect gene expression.

These studies can now be extended to test other genomic parameters that may be important
to ribonucleotide-dependent replication infidelity, including the relationship between
ribonucleotide incorporation and/or processing and transcriptional status, nucleosome
position, and distance from replication origins. Furthermore, it also remains to be
determined whether ribonucleotide removal by RER in mammalian cells is critical for
preventing deletion mutagenesis during tumorigenesis. For instance, does this deletion
mutation signature appear in RER-deficient mouse epidermis or epithelial cells, or human
colorectal tumor cells, where RNase H2 was recently shown to act as a tumor suppressor
[43, 44]? In addition to potential protective roles against skin and intestinal cancer,
mutations in the genes encoding the subunits of human RNase H2 are associated with the
autoimmune disorders Aicardi-Goutiéres syndrome (AGS) and systemic lupus
erythrematosus (SLE) [45-47], and it remains to be determined whether ribonucleotide-
dependent mutagenesis contributes to the etiology of these diseases.
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Highlights
. Deletion mutagenesis in RER-deficient strains is 7TOPI-dependent.
. Ribonucleotide-dependent deletion mutagenesis occurs across the yeast

genome.

. Absent RER, AG and CA dinucleotide deletions are preferentially elevated.

. Di- and trinucleotide repeat deletion rates increase exponentially with tract
length.
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Fig. 1. Genomic mutation rates and specificity in the RER-proficient and -deficient strains
expressing wild type or mutator variant DNA polymerases.

(A) Genomic mutation rates and specificity for the wild type and replicase variants from
mutation accumulation and whole genome sequencing (WGS) of the indicated diploid yeast
strains. Counts and rates (per Gbp per generation) for specific mutation classes are
displayed. The rate ratio is calculated as the rate in the RER-deficient strain divided by the
rate in the RER-proficient strain (RER™/RER™). (B) The rate ratios of various mutation
classes in the wild type and leading and lagging strand replicase variants. Dark blue: po/2-
M644G mh2010N pol2-M644G.: Light blue: pol2-M644G rnh201A topIN pol2-M644G,
Gray: rmh201A wt; Red: pol1-L868M rnh2010 pol1-L868M. Green: pol3-L612M rnh2010]
poI3-L612M.
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Fig. 2. The relationship between indel size and terminal microhomology in the wild type and pol2-
M644G strains with or without RNH201 and TOP1.

Terminal microhomology length (bp) is plotted against insertion or deletion (indel) length
(bp). Terminal microhomology is here defined as the length of flanking sequence that
matches the sequence of the indel. For example, a deletion of CA from the sequences CAC,
CACA, and CACAC would have an indel length of 2 bp and terminal microhomology of 1,
2, and 3 bp, respectively. The areas of the blue (insertion) or red (deletion) semicircles are
proportional to the number of events observed. Indels are shown for the (A) wz, (B)
mh201A, (C) pol2-M644G, (D) pol2-M644G rmh201A and (E) pol2-M644G rmh201A topIA

strains.
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Fig. 3. Di- and trinucleotide indel rates and specificities in the RER-deficient wild type and pol 2-
M644G strains with or without RNH201 and TOPL.

Di- and trinucleotide insertion and deletion (indel) rates (per bp per generation) are plotted
against repeat tract length (bp) for each strain. Deletions are indicated by light-colored
triangles, insertions by darker circles. Indel rates are shown for dinucleotide AT tracts (blue),
AG tracts (orange) and AC tracts (gray), and for trinucleotide tracts (yellow). The detection
limit for each (Eqg. 2), given the total number of generations elapsed and the number of base
pairs in tracts of the defined length and sequence, is designated by the dotted line in the
corresponding color for the (A) wt, (B) rmh201A, (C) pol2-M644G, (D) pol2-M644G
mh201A and (E) pol2-M644G rnh201A topIA strains.
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Fig. 4. Multibase deletions are randomly distributed across the yeast genome.
(A) The chromosomal positions of multibase deletions (141 total) are indicated for the po/2-

M644G rmh201A strain across all 16 yeast chromosomes. No bin achieves a multibase
deletion density greater than expected due to random chance at the 95% confidence limit.
(B) Deletion positions are measured as a fraction of the distance between neighboring
origins. In either the leftmost or rightmost inter-origin quartiles, 25 dinucleotide deletions
were found in either top strand 5’-DNCWCWND-3’ (orange) or bottom strand 3’-
DWCWCND-5’ (purple) contexts. The sequences are strand-biased: for 24 of the deletions
(96%; 14 out of 15 to the left of origins and all 9 to the right) the CW or WC, as opposed to
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the complementary GW or WG, appears to be in the template for the nascent leading strand.
W represents A or T; D represents A, G or T.
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