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High levels of transcription are associated with increased mutation rates in Saccharomyces cerevisiae, a
phenomenon termed transcription-associated mutation (TAM). To obtain insight into the mechanism of TAM,
we obtained LYS2 forward mutation spectra under low- versus high-transcription conditions in which LYS2 was
expressed from either the low-level pLYS2 promoter or the strong pGALI-10 promoter, respectively. Because of
the large size of the LYS2 locus, forward mutations first were mapped to specific LYS2 subregions, and then
those mutations that occurred within a defined 736-bp target region were sequenced. In the low-transcription
strain base substitutions comprised the majority (64%) of mutations, whereas short insertion-deletion muta-
tions predominated (56%) in the high-transcription strain. Most notably, deletions of 2 nucleotides (nt)
comprised 21% of the mutations in the high-transcription strain, and these events occurred predominantly at
5'-(G/C)AAA-3' sites. No —2 events were present in the low-transcription spectrum, thus identifying 2-nt
deletions as a unique mutational signature for TAM.

Transcription influences genomic stability in a complex man-
ner by affecting DNA repair, recombination, mutagenesis, and
chromatin structure (reviewed in references 1 and 31). In the
subpathway of nucleotide excision repair known as transcrip-
tion-coupled repair, for example, the encounter of RNA poly-
merase (Pol) with a transcription-blocking lesion on the tran-
scribed strand specifically triggers repair of the damage,
resulting in more efficient repair of lesions on the transcribed
strand than on the nontranscribed strand (16). In addition to
promoting strand-specific repair, high levels of transcription
have been shown to elevate recombination rates in Saccharo-
myces cerevisiae (33, 36, 39, 41), Schizosaccharomyces pombe
(15), and mammalian cells (34). Finally, increased transcrip-
tion has been shown to stimulate spontaneous mutagenesis in
Escherichia coli (3, 24, 44) and bacteriophage T7 (4) and to
enhance deletions within an E. coli plasmid target (40). In S.
cerevisiae, Datta and Jinks-Robertson demonstrated previously
that an increased transcription level likewise stimulates spon-
taneous mutation rates, a phenomenon termed transcription-
associated mutation, or TAM (8). Specifically, reversion of the
lys2ABgl frameshift allele and forward mutation at the LYS2
locus increased 35- and 10-fold, respectively, in response to
transcriptional induction from the pGALI-10 promoter.
Whereas the genetic requirements and underlying mechanisms
of transcription-coupled repair (16, 38) and transcription-as-
sociated recombination are becoming clearer (11, 12, 21), the
mechanism of TAM is still poorly understood.

The genetic requirements and mutation spectrum of TAM
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have been characterized in yeast strains using lys2ABgl, a +4
frameshift allele that reverts by acquisition of compensatory
—1 frameshift mutations. In the high-transcription strain, 70%
of the reversion mutations required Rev3p, a component of the
translesion synthesis DNA Pol {, suggesting that TAM occurs
at sites of DNA damage (8). In a subsequent report, it was
demonstrated that strains deficient in nucleotide excision re-
pair (radlA, rad2A, or radl6A single mutants), recombination
(rad52A), or base excision repair (unglA or apnlA single mu-
tants) exhibited synergistic increases in reversion rate in com-
bination with high levels of transcription (32). Thus, bulky helix
distortions and small DNA base damage both appear to con-
tribute to TAM. In the same study, an analysis of the revertants
in the high- and low-transcription strains showed that —1
frameshifts occurred more frequently at GC base pairs (74%)
in the high-transcription strain but at AT base pairs (60%) in
the low-transcription strain (32). Although the sequencing re-
sults demonstrated that high levels of transcription through a
gene influence mutational specificity, they did not clarify the
mechanism of TAM. In addition, the use of a reversion assay
imposed an ascertainment bias, since only a specific subset of
mutation types could be detected. Since it is not known if —1
frameshifts are a predominant class of mutations stimulated by
high levels of transcription, previous studies may relate only to
a subset of transcription-associated events. A forward muta-
tion assay would be more appropriate for addressing these
issues and exploring the mechanism of TAM.

In order to determine the full spectrum of TAMs, the
present study examined the molecular nature of LYS2 forward
mutations that arise under low- versus high-transcription con-
ditions. We found that high levels of transcription through the
LYS2 gene influence both the types and distributions of for-
ward mutations. Specifically, we have identified a unique mu-
tation signature, 2-nucleotide (nt) deletions, in the high-tran-
scription strain.
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MATERIALS AND METHODS

Media and growth conditions. Yeast strains were grown nonselectively in YEP
medium (1% yeast extract, 2% peptone) supplemented with 1% galactose—1%
raffinose (YEPGR) or 2% dextrose (YEPD). Minimal medium for selective
growth contained 0.67% yeast nitrogen base without amino acids, 2% agar, and
either 2% dextrose (SD medium) or 2% galactose-2% glycerol-2% ethanol
(GGE medium). Lysine auxotrophs were selected on a-aminoadipate medium
(a-AA; 2 gfliter) (7), containing 1% galactose—1% raffinose as carbon sources
and supplemented with required nutrients. ura3 mutants were selected on me-
dium containing 5-fluoroorotic acid (5) and required nutrients. Canavanine-
resistant (Can") mutants were recovered on SD medium supplemented with
required nutrients and 60 pg of filter-sterilized L-canavanine sulfate/ml. All
incubations were at 30°C.

Strain constructions. A list of yeast strains is given in Table 1. The low-
transcription (SJTR282) and high-transcription (SJR371) strains were described
previously (8). Strain SJR455 contains the lys2ARV::hisG allele, in which the
internal EcoRV fragment of LYS2 (—19 to +3628 relative to the ATG start
codon) was replaced with bacterial hisG sequences. To generate this allele, the
internal EcoRV fragment of pDP6 (see below) was replaced with the hisG-
URA3-hisG cassette (2), yielding plasmid pSR292. Following transformation of
the parent strain of SJR455 with Sall-digested pSR292 and selection of Ura™
transformants, pop-outs that had lost the URA3 gene and one copy of hisG were
identified on 5-fluoroorotic acid medium.

Additional deletion mapping strains were constructed by transforming STR455
with integrating plasmids containing nested lys2A3’ alleles and URA3. Each
lys2A3" plasmid was targeted to integrate at the URA3 locus by digestion with
Smal and, following selection of Ura™ transformants, integration of a single copy
of the plasmid was confirmed by Southern blot analysis. The lys2A3" plasmids
were constructed as follows, starting with plasmid pDP6, a pUC9-based plasmid
containing a 5-kb genomic Xbal/HindIII fragment that encompasses the entire
LYS2 locus (10). pDP6 was digested with SstIT and Smal, which both cut in the
LYS2-distal polylinker region. The linearized plasmid was then treated for vari-
able times with exonuclease II1, a 3'-to-5" exonuclease that digests only from the
blunt Smal end (18). Following treatment with mung bean nuclease to remove
remaining single-stranded tails, the plasmid was religated and deletion endpoints
were determined by sequence analysis. Finally, a 5.5-kb EcoRI fragment con-
taining the URA3 locus (from pSR91) (36) was inserted at a unique EcoRI site
located in the polylinker region immediately adjacent to the deletion endpoint of
each lys2A3’ plasmid.

SIR1909 is a lys5SA (deletion of nt 61 to 759 of the 819-nt open reading frame)
derivative of SJR455 constructed by transformation with a PCR-generated
lys5A::kan fragment. Following selection of transformants on YEPD medium
containing 200 mg of Geneticin (Sigma)/liter, replacement of LYS5 with
lys5A::kan was confirmed by PCR. Strains MJL4, MJLS5, and MJL6 are pGAL-
lys2 derivatives of base substitution (BS) mutants isolated from the low-tran-
scription strains containing the lys2-G1382T, lys2-C1399T, and lys2-C1400G al-
leles, respectively. A PCR-generated kanMX6-pGALI fragment was used to
replace the pLYS2 promoter with kan-pGAL. Primers 5'-ATAAGTAACAAGC
AGCCAATAGTATAAAAAAAAATCTGAGTTTATTACCTTTCCTGGAAT
GAATTCGAGCTCGTTTAAAC-3' (forward) and 5'-ATGTGGTAACACTG
AAAGAGTTGGATTATCCAACTTCTCTATCCAGACCTTTTCGTTAGTC
ATTTTGAGATCCGGGTTTT-3' (reverse) were used to amplify a 2.1-kb frag-
ment using plasmid pFA6a-kanMX6-PGALL1 (29). Following selection of trans-
formants on Geneticin medium, replacement of pLYS2 with pGAL was con-
firmed by PCR.

Mutation rate measurements. Independent 2-day-old colonies on YEPD agar
(approximately 4 X 10° cells) were inoculated into 5 ml of YEPGR medium and
grown nonselectively to a density of 1.2 X 10® cells/ml with shaking at 300 rpm
for 3 to 4 days. Cells were washed once and resuspended in 5 ml of sterile
distilled H,O. For LYS2 forward mutation rate experiments, strains STR371 and
SJR282 were plated at densities of 2 X 10° and 2 X 107 cells, respectively, per
a-AA plate. Because previous experiments indicated that Lys™ cells grew poorly
when plated at low densities on a-AA medium (unpublished data), 8 x 107
SLY186 diploid cells were also plated on each a-AA plate. The SLY186 diploid
strain was grown for 3 to 4 days in YEPD medium, washed twice, concentrated,
and plated together with the experimental strains in a volume of less than 200 pl.
Colonies began arising on day 8 after selective plating, and day 8 to 10 summed
counts were used for rate calculations. For determination of Can" mutation rates,
2 X 107 cells were plated onto canavanine medium, and colonies were counted
on day 4 after selective plating. Mutation rates were determined by the method
of the median (25), and 95% confidence intervals (CIs) were calculated as
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TABLE 1. Yeast strains

Strain Genotype* Reference
or source
SIR282  MATo ade2-101,,. his3A200 ura3ANco suc2 8
galSOA::HIS3
SJR371  Same as SJR282, pGAL-LYS2 8
SJR455  MATa ura3ANco his4-619 leu2-R lys2ARV::hisG ~ This study
SJR459 SJR455 URA3:lys2AB-2 This study
SJIR460  SJR455 URA3:lys2AB-22 This study
SJR463  SJR455 URA3::lys2AB-6 This study
SJR462  SJR455 URA3:lys2AA-22 This study
SJR461 SJR455 URA3:lys2A5-8 This study
SIR1909  SJR455 lys5A::kan This study
SLY186 ~ MATa/MATo ura3fura3 leu2/leu2 his3/his3 D. Johnson
MIJL4 SIR282 kan-pGAL-lys2-G1382T This study
MIL5 SIR282 kan-pGAL-lys2-C1399T This study
MIJL6 SIR282 kan-pGAL-lys2-C1400G This study

“The lys2A3' alleles are illustrated in Fig. 1.

described in reference 9. For all mutation rate calculations, data from 12 or more
independent cultures were used.

Isolation and mapping of independent lys2 mutant alleles. Independent cul-
tures of high- and low-transcription strains were grown as described above for the
mutation rate experiments. Aliquots containing approximately 3 X 10° or 3 X 107
cells of the high- and low-transcription strains, respectively, were combined with
approximately 3 X 107 washed SLY186 cells and pelleted by centrifugation. Cell
pellets were resuspended in 100 ! of distilled H,O, plated onto a-AA medium,
and incubated for 8 to 10 days. To ensure independence of mutants, only a single
a-AA-resistant (a-AA") colony derived from each culture was subjected to fur-
ther analysis. Following purification on YEPD agar, a-AA" colonies were
patched onto SD medium lacking lysine to confirm a Lys™ phenotype. Less than
5% of a-AA" colonies exhibited a strong Lys™ phenotype, and these were not
analyzed further. The approximate position of the lys2 mutation in each Lys™
mutant was determined by examining the production of prototrophic recombi-
nants when the mutant was crossed to a series of tester strains containing defined
lys2 deletion alleles (Fig. 1). Briefly, a plate containing patches of mutants and a
plate containing a lawn of a given tester were each replica plated onto the same
YEPD plate. The plate was incubated overnight in order to allow mating to occur
and then was replica plated to selective medium on which only diploids would
grow. Matings with SJR455 were replica plated to GGE minimal medium sup-
plemented with uracil and lysine; matings with all other testers were replica
plated to GGE complete medium deficient in uracil and leucine. After 3 days of
growth, the diploid patches were replica plated to GGE complete medium
deficient in lysine. These plates were irradiated with UV in order to induce
recombination, immediately wrapped in aluminum foil, and then incubated for 3
days before scoring prototroph (papillae) production. Production of large num-
bers of papillae from the SJR455-derived diploids (SJR455 contains only the
lys2ARV::hisG allele, which removes from —19 to +3628) could represent lys2
alleles with high reversion rates, or lys2 alleles mapping upstream of the LYS2
coding sequence or at the 3’ end of the LYS2 coding sequence. These were not
pursued further. The pattern of papillae production from diploids derived from
matings with the other five lys2A3’ tester strains indicated the interval (A to F)
within which a given lys2 allele was located (Fig. 1). Some diploids exhibited
confluent growth on lysine-deficient medium (i.e., complementation) and were
assumed to represent lys5 mutations, as a-AA selects for mutations at either
LYS2 or LYS5 (7). This was confirmed by observing noncomplementation when
the haploid was mated to a lys5A strain (SJR1909).

DNA sequence analysis. We sequenced mutations mapping within a 736-bp
LYS2 region spanning nt 1312 to 2048, henceforth referred to as the LYS2 target
region (subregions D and E in Fig. 1). Total genomic DNA was isolated from
5-ml YEPD cultures by glass bead lysis (19) and resuspended in 100 pl of
Tris-EDTA, pH 7.6. The LYS2 target region was amplified from 1-pl genomic
DNA samples in 50-pl reaction volumes using 200 nM concentrations of forward
primer (5'-AGGTGTTGTAGTTGGACCAGATT-3"; LYS2F +1218) and re-
verse primer (5'-TACCGCAACATTCACAGTCA-3'; RLYS2 +2089). PCR
mixtures (3.6 pl) were purified by treatment with ExoSAP-IT (U.S. Biochemi-
cals) and sequenced using the BigDye Terminator cycle sequencing ready reac-
tion kit (ABI Prism). Mutations in regions D and E were sequenced using
primers 5'-AAGGGTGTTCTTGGTAGA-3' (forward, LYS2F +1285) and
5'-AAGCTACTACACCATTCC-3’ (forward, LYS2F +1561), respectively. Se-
quencing reaction mixtures were sent to the Iowa State DNA sequencing facility
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FIG. 1. LYS2 locus and deletion mapping. (A) The 4.2-kb LYS2 locus is shown as a shaded rectangle, below which the lys2ARV deletion allele
(ARV) and five lys2A3" alleles (A5-8 through AB-2) are shown. Deletion end points define six LYS2 subregions (A to F), to which forward
mutations were mapped. (B) Typical mapping results are shown. Twelve Lys™ mutants were mated to each of three deletion tester strains, SJR459,
SJR460, and SJR463, containing alleles AB-2, AB-22, or AB-6 (Table 1), which possess different lys2A3" alleles as indicated in panel A. Lys*
colonies (“papping”) on lysine-deficient medium result from homologous recombination between the uncharacterized lys2 forward mutation and
nonoverlapping deletion alleles. The specific testers that resulted in Lys" recombinants when mated to mutants allowed determination of the
position of the uncharacterized forward mutation in each lys2 allele. For example, mutant 2 did not form recombinants with any of the three testers
(=, —, —), indicating that its mutation maps distal to nt 2048; mutant 3 produced a (+, +, —) pattern, indicating its mutation is in region D.

for analysis. DNA sequence data were submitted to the Saccharomyces Genome
Database website for BLASTn analysis to obtain nucleotide alignments to wild-
type LYS2 sequence, and mutations were identified as nonaligned sequence.

Statistical analysis. Mutation distributions and occurrences were compared
using either standard chi-square or contingency chi-square analysis as appropri-
ate. These analyses were done either manually or using the VassarStats website
(http://faculty.vassar.edu/lowry/VassarStats.html). Mutation rates were com-
pared using 95% ClIs (9).

RESULTS

Mapping forward mutation positions to LYS2 subregions.
The low-transcription and high-transcription strains (SJR282
and SJR371, respectively) (Table 1) differ only with respect to
the promoter that drives expression of the chromosomal LYS2
locus. In SJR282 expression is regulated by the low-level
pLYS2 promoter, while in SJR371 pLYS2 was replaced by the
highly inducible pGALI1-10 promoter (8). Under the growth
conditions used here, there was an approximately 20-fold in-

crease in steady-state LYS2 mRNA levels in the high- relative
to the low-transcription strain (data not shown). Consistent
with a previous report (8), the LYS2 forward mutation rate was
elevated significantly in the high- relative to the low-transcrip-
tion strain (17.5 X 10~ 7 versus 4.8 X 1077, respectively) (Table
2). In contrast, the forward mutation rate at the CANI locus,
which experienced the same level of transcription in both
strains, did not differ (data not shown). The demonstration of
TAM in a forward mutation assay suggested that transcription
might stimulate a broader range of mutation types than those
detected by reversion of the lys2ABgl frameshift allele. In order
to determine the full spectrum of TAMs, we isolated and
sequenced forward mutations at the LYS2 locus from both
high- and low-transcription strains. Due to the large size of the
LYS2 open reading frame (4.2 kb), mutations were first as-
signed to specific subregions of LYS2 by deletion mapping, and
those mutations mapping to a specific region were sequenced.
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TABLE 2. LYS2 forward mutation rates and spectra of target region mutations in low- and high-transcription strains

Low-transcription strain
Mutation type

High-transcription strain Ratio of rates

No. (%) Estimated rate (1077)" No. (%) Estimated rate (1077)7 (high/low)
Total (all types) 73 (100) 4.8 82 (100) 17.5 3.6
Transitions 20 (27) 1.32 8(9.8) 1.71 1.3
AT—GC 1(1.4) 0.066 1(1.2) 0.21 32
GC—AT 19 (26) 1.25 7(8.5) 1.49 1.2
Transversions 27 (37) 1.78 18 (22) 3.84 22
AT—CG 3(4.1) 0.20 1(1.2) 0.21 1.1
TA—AT 1(1.4) 0.066 1(1.2) 0.21 32
GC—TA 14 (19) 0.91 8(9.8) 1.72 1.9
GC—CG 9(12) 0.58 8(9.8) 1.72 3.0
Total BS 47 (64) 3.09 26 (32) 5.55 1.8
Short Ins-Del
+1 3(4.1) 0.20 6(7.3) 1.28 6.4
+2 0 <0.066 1(1.2) 0.21 >3.2
-1 17 (23) 112 17 (21) 3.63 32
-2 0 <0.066 17 (21) 3.63 >55
-3 0 <0.066 2(24) 0.43 >6.5
—4 0 <0.066 3(3.6) 0.64 >9.7
Total Ins-Del 20 (27) 1.32 46 (56) 9.82 7.4
Deletions (size) 1 (33 nt) 0.066 2 (18 or 26 nt) 0.43 6.5
Duplication (size) 0 <0.066 1 (115 nt) 0.21 >3.2
Complex 1 0.066 6(7.3) 1.28 19.4
Multiple BS 4(5.5) 0.263 1(1.2) 0.213 0.81

¢ Estimated rates were determined by multiplying the proportion occurrence of specific mutation types by the total mutation rate for that strain. When no events

were observed, the rate was estimated assuming the occurrence of one event.

?95% confidence intervals for the low- and high-transcription strains were (4.4 to 5.6) X 1077 and (15.1 to 21.4) X 1077, respectively.

Briefly, individual alleles were mapped by crossing each Lys™
mutant to haploid tester strains containing a nested series of
lys2A3’ alleles. The resulting diploids were assessed for their
ability to produce Lys™ recombinants, thus allowing individual
mutations to be mapped to one of six defined LYS2 subregions
(Fig. 1). Of the 931 Lys™ mutants analyzed, 195 (21%) pro-
duced recombinants with all testers and, therefore, could not
be classified (see Materials and Methods). In addition, 40
mutants (4.3%) complemented the lys2A3" alleles in all testers
and were confirmed to contain mutations at the LYS5 locus.

The percentages of 328 low- and 368 high-transcription mu-
tations mapping within each of the six subregions (A to F) are
illustrated in Fig. 2. The expected percentages based on the
size of each subregion relative to the total A-F region are also
shown. Both the low- and high-transcription mutation distri-
butions differed significantly (P < 0.001) from random expec-
tations, and these nonrandom distributions may reflect either
mutational hot spots or cold spots or functionally important
regions of the corresponding protein. Comparison of the low-
and high-transcription mutation distributions by contingency
chi-square analysis revealed significant differences between
them as well (x> = 11.8; P = 0.04), with more high- than
low-transcription mutations occurring in regions C and E and
fewer high- than low-transcription mutations in regions A and
F. Although there were subtle differences in mutation distri-
butions, the mutagenic effect of transcription appeared to be
more or less constant across the locus.

Mutation types differ between low- and high-transcription
strains. We sequenced the LYS2 forward mutations that
mapped to target regions D and E and were able to identify the
molecular alteration in 73 of 79 low- and 82 of 88 high-tran-
scription mutants. The remaining mutations may represent
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FIG. 2. Mutation distributions among LYS2 subregions A to F from
low- and high-transcription strains compared to the expected distribution
based on random occurrence. Mutation positions in 328 and 368 mutants
from the low- and high-transcription strains, respectively, were mapped
to LYS?2 regions A through F as described in the legend for Fig. 1.
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FIG. 3. Spectra and distributions of 73 and 82 lys2 forward mutations from the low- and high-transcription strains, respectively. The wild-type
LYS2 sequence spanning the forward mutation target region, nt 1313 to 2048, is shown (first nt is translational start), with one exception. An
asterisk is placed at position 1415 to identify where a 5-nt stretch, 5'-GTTTA-3' spanning nt 1416 to 1420, was omitted to improve spacing of distal
regions relative to row ends. No mutations occurred there. Throughout the target sequence, spaces separate 10-nt stretches and numbers at row
beginnings and ends identify nt positions. Mutations are indicated at points of occurrence above and below the LYS2 wild-type sequence for high-
and low-transcription events, respectively. The exact positions for events within repeated sequences are ambiguous. Symbols: +, 1-nt Ins; A, 1-nt
Del; A2, A-3, and A-4, Del of 2, 3, and 4 nt, respectively; +2, 2-nt Ins. Complex mutations are shown in parentheses, and multiple BS are shown
in brackets. The 2- to 4-nt Ins-Del events associated with high transcription are indicated in bold font. An 18-bp deletion of nt 1299 to 1316
extended proximal to the target region. Repeats flanking duplication and deletions are identified by stippled underlines, and any nonmatched nt
within imperfect repeats are identified by solid underlines. Gray highlighting identifies sites where the 5'-[G/C]JAAA-3" motif occurs in the TS or

NTS (shown), and the bold font at the G/C indicates the motif 5" end.

mapping errors and were not analyzed further. The mutation
spectra are displayed in Fig. 3, and the types of mutations in
each spectrum are compiled in Table 2.

In the low-transcription strain, BS comprised the majority
(64%) of mutations, with most of the remaining mutations
(27%) being 1-nt insertion-deletion (Ins-Del) events. In con-
trast, short Ins-Del events comprised a majority (56%) of the
high-transcription mutations, and only 32% of the events were
BS. The low- and high-transcription spectra thus clearly dif-
fered, with a preponderance of BS mutations in the former and
frameshifts in the latter (P < 0.001 when mutations were
categorized as BS, Ins-Del, or other). Although the propor-
tions of BS events differed in the low- and high-transcription
strains, the types of changes observed were similar. In both the

low- and high-transcription strains, BS occurred much more
often (approximately eightfold more often) at GC base pairs
than at AT base pairs, despite the fact that the GC content of
the target region sequence was only 38%. In addition, the
relative proportions of transition versus transversion mutations
were not statistically different in the low- and high-transcrip-
tion spectra. The difference between spectra was not due to a
general shift towards frameshift mutagenesis in the high-tran-
scription strain, as the proportions of single-nucleotide Ins-Del
events were almost identical (27 and 28% in the low- and
high-transcription spectra, respectively), and both spectra ex-
hibited a strong bias for —1 events. The major difference cor-
responded instead to the large proportion of 2-nt deletions
(21%) in the high-transcription spectrum, whereas none of
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TABLE 3. Sequence characteristics at sites of 2- 4-nt Ins-Del mutations in the high-transcription strain

Position No Mutation Context Repeat NTS sequence context (5'—3") aligned A-rich strand aligned by 5" G/C closest

on NTS* ’ (5'=3") units by the 5" G/C closest to the mutation to mutation (TS or NTS)
1358 1 —AA 4-A run 2 G AAAAT- G AG AAAATGATA(NTS
1408 1 —-AG/GA AGAGA 2.5 C- AAAGAGATAT- G TC AAAGAGATAT(NIS
1412 3 —AT/TA ATAT 2 G ATAT-G TC AAAGAGATAT(NIS)
1460 1 —AA AA 1 C AA-G TC AAGATGATA(NTS
1507 1 —AT/TA TAT 1.5 G TAT-G CC- ATACTTACT (TS
1667 1 -3 TTGTT G TATTGITAATAT- G AAC AATACGGCA(TY
1693 2 —AC/CA ACACA 2.5 G- AAACACA- G TG AAACACAGCG(NIY
1698 1 -GC/CG GCG 1.5 C- AGCGT- G TG AAACACAGCG(NIY
1710 1 -3 TTATT C- TTATTT-C CEG AAATAAGAA(TS
1728 1 —AA 6-A run 3 C- AAAAAAT- G TC AAAAAATGA(NTS
1747 1 =TT 5-T run 2.5 CTTTTT-G TC AAAAAGTTT (TS
1764 1 —AG/GA AGA 1.5 G AAAGAT- G TG AAAGATGT C(NTS)
1835 1 —AA 3-A run 1.5 C- AAATAT- G TC AAATATGT G(NTS)
1837 1 —AT/TA ATAT 2 C- AAATAT- G TC AAATATGT G(NTS)
1840 1 -TG/GT TGTG 2 C- AAATATGIG G TC AAATATGTC(NTS
1951 1 —GA GA 1 G AAAAA- G TG AAAAAGAT G(NTS
1971 1 +TT 3-T run 1.5 G AATTATTT- G CC- AAATAATTC(TS
2022 3 —4 AGATAGAT 2 G AGATAGATT- G AG AGATAGATT(NTS

“ Positions are relative to +1 of coding sequence and correspond to numbering in Fig. 3. In the last two columns, underlined characters represent the sequence where
the Ins-Del occurred. Bold is used in the final column to indicate where separate mutations within clusters occurred.

these events was observed among the 73 low-transcription mu-
tations.

In addition to simple BS and short Ins-Del events, we also
recovered four multiple BS mutations (5.5%), a single complex
mutation (TC—CCC), and a single 33-nt deletion flanked by
imperfect (10 of 11) direct repeats from the low-transcription
strain. From the high-transcription strain, we recovered one
2-nt insertion, two 3-nt deletions, and three identical 4-nt de-
letions, as well as six 1-nt insertions. Finally, two deletions of 18
and 26 nt flanked by 5- and 3-nt direct repeats, respectively,
one 115-nt duplication flanked by imperfect 13-nt direct re-
peats, six complex mutations involving a frameshift and closely
spaced BS, and a multiple BS were recovered from the high-
transcription strain. The high-transcription complex mutations
contained a BS that was near but not adjacent to the frame-
shift, in contrast to the single low-transcription complex event,
which involved adjacent nucleotides. As these noncanonical
types of mutations were present in low numbers, it was not
possible to demonstrate a significant difference between the
low- and high-transcription strains with respect to them.

Mutation distributions within the target region. Of 20 Ins-
Del of a single nucleotide from the low-transcription spectrum,
18 occurred at independent positions spread over the target
region. The remaining 1-nt insertion and 1-nt deletion oc-
curred at the 6-A run beginning at nt position 1753 (Fig. 3).
Similarly, the 23 1-nt Ins-Del mutations in the high-transcrip-
tion spectrum were spread across the target region, with the
majority (17) occurring at unique sites. Of the remaining
events, three —1 and one +1 frameshift occurred at the 6-A
run beginning at nt position 1728, and single —1 and +1
frameshifts occurred at the 6-A run beginning at nt position
1753. In contrast to the 1-nt frameshifts, the majority of 2- and
4-nt Ins-Del events in the high-transcription strain were clus-
tered, with 10 of the 17 2-nt deletions occurring in three short
regions. Four of the 2-nt deletions occurred near nt position
1410, and three of these were identical deletions of an AT or
TA dinucleotide. Two additional clusters of three 2-nt dele-
tions occurred near nt positions 1696 and 1838, and three

identical 4-nt deletions occurred near nt position 2022 at a 4-nt
tandem repeat (AGATAGAT).

In contrast to the 1-nt Ins-Del in the low-transcription spec-
trum, many of the BS appeared to be clustered. Two notable
clusters were centered around positions 1395 and 1695 and
presumably correspond to functionally important regions of
the Lys2 protein. The latter cluster contained five BS at nt 1680
to 1682, four C-to-T transitions at nt 1696, and three of the
four multiple BS. This cluster was also evident in the high-
transcription spectrum. In the cluster centered at nt position
1395, however, 10 BS occurred in the low-transcription spec-
trum but there were no high-transcription mutations. It is pos-
sible that mutations in this region lead to growth on a-AA
when a normal amount of protein is produced, but not when
large quantities of a protein with partial function are produced
under the high-transcription conditions. To explore this possi-
bility, we inserted the pGAL promoter in front of three of the
lys2 BS: a G—T transversion at position 1382 (G1382T), a
C1399T transition, and a C1400G transversion. The resulting
high-transcription and parental low-transcription strains were
plated on o-AA medium together with background cells to
mimic the original mutant isolation conditions. There was no
difference in the sizes of the low- versus high-transcription
Lys™ mutant colonies (data not shown).

Sequence context of 2- to 4-nt Ins-Del mutations in the
high-transcription spectrum. Table 3 presents sequence char-
acteristics of sites where the 2- to 4-nt Ins-Del occurred. The
most common characteristic at the 2-nt deletion sites is a re-
peated dinucleotide. For example, four AT or TA deletion
events occurred in 5'-ATAT-3" sequences beginning at nt 1412
and 1837. Similarly, a deletion of AG or GA occurred at a
5'-AGAGA-3’ sequence beginning at nt 1408, and two AC or
CA deletions occurred at a 5'-ACACA-3’" sequence beginning
at nt 1693. Of the 14 sites where the 17 2-nt deletions occurred,
12 contained 1.5, 2, or 2.5 copies of the deleted dinucleotide.
Only a minority (4 of 17) of 2-nt deletions occurred at ho-
mopolymer runs, one each in runs of 3-A, 4-A, 5-T, and 6-A,
beginning at nt 1835, 1358, 1747, and 1728, respectively. The
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two 3-nt deletions occurred at 5'-TTGTT-3" and 5'-TTATT-3’
sequences beginning at nt 1667 and 1710, respectively, each of
which contained a nontandem TT dinucleotide. Finally, the
4-nt deletions occurred at a tandem repeat of the sequence
5'-AGAT-3’ beginning at nt 2022. In a total of 23 short 2- to
4-nt Ins-Del mutations, the positions of only two were unam-
biguous: a deletion of two As and a GA deletion at nt 1460 to
1461 and 1951 to 1952, respectively.

We observed two patterns in the sequence contexts adjacent
to sites of 2- to 4-nt Ins-Del mutations in short repeats. First,
they were AT rich. Because the mutational target is 62% AT,
however, the relevance of this observation is unclear. Second,
the 2- to 4-nt Ins-Del events occurred commonly, but not
exclusively, distal to a G or C followed by a stretch of As. These
patterns are evident in column 6 of Table 3, where the se-
quence contexts are arbitrarily aligned by the proximal G/C.
Examples include the 2-nt deletions at the 5'-GAAAAT-3’
sequence beginning at nt 1358 and the 5'-CAAAGAGA-3’
sequence beginning at nt 1408. The alignment of the Ins-Del
contexts was examined in two other ways, as illustrated in the
final column of Table 3. First, using the G/C nucleotide that
precedes the run of As as the fixed point for aligning the sites,
10 nt of the nontranscribed strand (NTS) sequence were
aligned, beginning with the nucleotide just 5’ to the G/C and
extending 8 nt in the 3’ direction. An effect of this was that
mutations comprising clusters collapsed into single sites. Sec-
ond, we noticed that several of the NTS mutation contexts did
not seem to fit the emerging pattern, specifically, the sites
where 2-nt deletions occurred at positions 1747 and 1507, the
2-nt insertion at 1971, and the two 3-nt deletions at positions
1667 and 1710 (see column 6 in Table 3). For these five mu-
tation contexts, there was no run of As present. After closer
inspection, however, we identified 5'-T , 5)-[G/C]-3" motifs in
four of those mutation contexts (excepting the 2-nt deletion at
position 1507), indicating the presence of the 5'-[G/CJ-AA. . .-
3’ pattern in the complementary or transcribed strand (TS) at
these sites. For these mutation sites, we therefore aligned TS
sequence rather than NTS sequence (final column of Table 3).

In order to explore whether the 5'-[G/CJ-A(,.)-3" motif
identified in the above analysis is associated with other muta-
tion types, we compared the occurrence of 2-nt deletions, 1-nt
frameshifts, and simple BS at the motif sites. First we defined
a more specific test motif. The sequence 5'-[G/C]-AAA-3" was
chosen because a majority of 2- to 4-nt Ins-Del events fit this
pattern and because this motif occurs 24 times when both
strands of the target region are considered. Fifteen of the
motifs occur in the NTS, and nine occur in the TS. In Fig. 3,
motifs in the TS (not shown) are identified as 5'-TTT[C/G]-3’
sites in the NTS. In addition to defining a more specific test
motif, we included in the analysis only those events that could
have occurred at or within 4 nt 3’ of the motif G/C at each site.
By imposing these restrictions, 11 of the 23 Ins-Del of 2 to 4 nt
did not fit the more strict pattern, leaving 12 (or 52%). In
contrast to 2- to 4-nt Ins-Del, only 4 of 26 (15.4%) simple BS
occurred at motifs. The distributions of mutations within ver-
sus outside of the motifs were significantly different for the 2-
to 4-nt Ins-Del versus the BS (P = 0.015). A similar compar-
ison between the occurrence of 2- to 4-nt Ins-Del at motif sites
to the occurrence of 1-nt frameshifts at motif sites (8 of 23, or
35%) did not yield a significant difference (P = 0.37). Six of the
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eight 1-nt frameshifts occurred at two 6-A runs (nt 1728 and
1753), however, and homopolymer runs are known hot spots
for 1-nt frameshifts. If the run-associated 1-nt frameshifts were
eliminated from the analysis, then the 1-nt frameshift occur-
rence at motif sequences decreased to approximately 12% (2
of 17). In contrast, 2- to 4-nt Ins-Del occurrence at motifs was
not affected (11 of 22, or 50%) when run-associated 2-nt de-
letions were eliminated. Chi-square analysis comparing the 11
of 22 versus 2 of 17 was significant (P = 0.03).

DISCUSSION

High levels of transcription through the LYS2 gene have
been shown to stimulate forward mutations as well as reversion
of a +4 frameshift allele (8). Determining the spectrum of
transcription-associated frameshift revertants was straightfor-
ward but uninformative, presumably because of the limited
types of events detected (32). While a forward mutation assay
affords the opportunity to examine a wide range of mutation
types, the large size of the LYS2 locus has limited its utility for
this type of analysis. It not only is difficult to identify unique
mutations within a large target, but one also must sequence
large numbers of mutations in order to uncover mutagenesis
patterns. To minimize these problems, we developed a series of
deletion tester strains that allowed the rapid mapping of for-
ward mutations to specific LYS2 subregions (Fig. 1) and then
focused our efforts on sequencing forward mutations mapping
to a defined interval.

There were distinct differences in the types of forward mu-
tations that accumulated under high- versus low-transcription
conditions (Table 2). Whereas BS accounted for 64% of the
mutations identified under low-transcription conditions, they
comprised only 32% of the events that arose under high-tran-
scription conditions. Among the BS identified under high- or
low-transcription conditions, transversions were more frequent
than transitions, with the overall BS pattern being similar to
that reported at CANI (20). In spite of the similarities between
the overall BS patterns in the low- and high-transcription spec-
tra, the distributions of BS were very different. In particular, a
cluster of BS mutations near nt 1395 in the low-transcription
spectrum was absent from the high-transcription spectrum. A
rate for the BS near nt 1395 can be estimated by multiplying
the total forward mutation rate by the proportion of total
events that are of this type. In the low-transcription strain, the
proportion of BS near nt 1395 was 10 of 73, giving an estimated
BS rate of 6.6 X 1078 (95%CI, 6.0 X 10~® to 7.6 X 10~%). In
the high-transcription strain, no BS near nt 1395 was seen
among the 82 mutations sequenced. If it were assumed that
one event was detected, the estimated rate would be 2.1 X
1078 (CI of 1.8 X 1078 to 2.6 X 10~®), which is significantly
lower than that in the low-transcription strain. One trivial
explanation for the rate difference is that high-level expression
of hypomorphic BS alleles produces enough Lys2 enzymatic
activity to prevent growth on a-AA. This possibility was elim-
inated, however, by demonstrating that some of the relevant
BS mutant alleles that had been recovered from the low-tran-
scription strain were able to support growth on a-AA when
expressed at high levels (see Results). These data suggest that
high levels of transcription do not simply impose additional
mutations on top of a basal pattern of mutagenesis, but rather
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that high transcription alters the basic mechanism(s) of mu-
tagenesis.

Concomitant with a transcription-associated decrease in the
measured percentage of BS, short Ins-Del mutations com-
prised a larger percentage of the high-transcription mutations
than of the low-transcription mutations (56 and 27%, respec-
tively). All of the short Ins-Del events isolated under low-
transcription conditions were single-nucleotide events and, as
seen in other assays, deletions greatly outnumbered insertions
(13, 20, 26). In contrast to the presence of only 1-nt Ins-Del
events in the low-transcription spectrum, there were many 2-nt
Del in the high-transcription spectrum. Not only are 2-nt Del
rarely seen among frameshift mutations in yeast, but when they
have been observed, they have generally been in long mono-
nucleotide or dinucleotide runs (17, 42). The —2 events asso-
ciated with high levels of transcription generally occurred
where there were only 1.5 to 2.5 copies of a dinucleotide
repeat, a repeat number that likely is too small to promote
slippage of the replicative DNA polymerases.

In the high-transcription spectrum, the 2-nt Del and the 4-nt
Del did not occur at random locations but appeared to cluster
at specific sites in the LYS2 target region. By aligning these
sites, we were able to identify a motif (5'-[G/C]AAA-3") that
may be associated with these events. In considering the signif-
icance of this motif with regard to TAM, it should be noted
that this motif is likely overrepresented in the yeast genome,
both because the genome is AT rich and because it has an
underrepresentation of TA dinucleotides (23). In addition, the
motif was not present at 4 of the 14 sites where we recovered
2-nt Del events, and no 2-nt Del events were recovered at 16 of
the 24 sites where the motif was present. Thus, although the
motif appears to be associated with —2 events, its presence or
absence is not highly predictive of where these mutations will
occur. Clearly, additional experiments using an assay that is
designed to detect —2 events will be necessary to determine
the relevance of the motif to TAM.

A possible reason for the apparent clustering of the 2-nt Del
events is that the cluster sites represent sequence contexts (or
structures) that are susceptible to mutation-initiating events or
that are repaired inefficiently. It has been shown, for example,
that a high level of transcription through a plasmid-based mi-
crosatellite both increases polymerase errors and reduces mis-
match repair (MMR) efficiency (43). As noted above, however,
the 2-nt Del observed here do not occur in the type of extended
dinucleotide repeat that facilitates slippage of replicative DNA
polymerases (17, 42). In addition, the high-transcription LYS2
forward mutation spectrum is very different from the CANI
forward mutation spectra obtained in various MMR-deficient
strains (30), which argues against a primary role of MMR
inhibition in the generation of the 2-nt Del events. Given that
the 2-nt Del events are not characteristic of the types of mu-
tations associated with DNA replication, the most likely expla-
nation for clustering of these events is susceptibility of specific
sites to mutation-initiating DNA damage. The question re-
mains as to how the level of transcription might influence
mutagenesis in a sequence-dependent manner. Because a di-
rect correlation between transcription level and topoisomerase
activity at the LYS2 locus would be expected (28), we suggest
that the 2-nt Del events might be generated in response to
topoisomerase-generated nicks.
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Although the most striking difference between the high- and
low-transcription spectra was the presence of the novel tran-
scription-associated —2 events, it should be noted that most
other types of mutations were also stimulated by high levels of
transcription, but to a lesser extent. The overall rate of BS
occurrence was slightly higher (1.8-fold [Table 2]) in the high-
transcription than in the low-transcription strain. The small
effect of high levels of transcription on BS mutagenesis de-
tected at LYS2 is consistent with the observed increase in BS in
response to transcriptional induction in E. coli (3, 24). In the
E. coli studies, a specific increase in C—T mutations has been
attributed to enhanced deamination of cytosines located on the
NTS, presumably because of the transcription-associated sin-
gle-stranded character of this strand (3). It has recently been
demonstrated that cytosines on the NTS are preferred targets
for AID, a deaminase involved in initiating somatic hypermu-
tation of immunoglobulin genes (35, 37). In addition to en-
hancing BS, an increase in large deletions that inactivate a
plasmid-based lacZ target has been reported when high levels
of transcription oppose the direction of replication fork move-
ment in E. coli (40). In this case, it is thought that the deletions
result from replication fork collapse. Although we did not
detect any deletions larger than 33 nt in the target region
analyzed here, larger deletions may have occurred in other
LYS?2 regions that were not analyzed. Finally, as reported pre-
viously using a frameshift reversion assay (8), transcription
stimulated the occurrence of 1-nt deletions.

The molecular characterization of forward mutation events
at LYS2 has demonstrated that high levels of transcription not
only stimulate a wide variety of mutation types but also gen-
erate a novel mutation signature in the form of 2-nt Del events.
In mammalian cells, —2 events have been reported to comprise
21 or 11.5% of the mutations within a human HPRT cDNA
target integrated into a mouse or human cell line, respectively,
as part of a retroviral vector (22, 27). In contrast, —2 events
constitute only 1.5% of mutations occurring at the endogenous
human HPRT locus (http://info.med.yale.edu/mutbase/) (6).
Although the source of this discrepancy is not known, we
suggest that elevated transcription may be the cause, as the
cDNA targets were regulated by the strong Moloney murine
leukemia virus long terminal repeat promoter (22, 27). If cor-
rect, this would indicate that TAM is a general phenomenon
that occurs in mammalian cells as well as yeast. Based on our
previous genetic analyses of TAM associated with reversion of
a +4 frameshift mutation in yeast, it is likely that many of the
TAMs examined here involve the damage bypass activity of the
Pol ¢ translesion DNA polymerase (8). It will be interesting to
determine whether the 2-nt Del events characterized in this
study also involve the activity of Pol {. Future studies will focus
on determining the genetic requirements of the novel, tran-
scription-associated 2-nt Del and exploring the role of se-
quence context in TAM.
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