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Abstract
Although DNA-protein cross-links (DPCs) pose a significant threat to genome stability, they
remain a poorly understood class of DNA lesions. To define genetic impacts of DPCs on
eukaryotic cells in molecular terms, we used a sensitive Saccharomyces cerevisiae frameshift-
detection assay to analyze mutagenesis by formaldehyde (HCHO), and its response to nucleotide
excision repair (NER) and translesion DNA synthesis (TLS). Brief exposure to HCHO was
mutagenic for NER-defective rad14 strains but not for a corresponding RAD14 strain, nor for a
rad14 strain lacking both Polζ and Polη TLS polymerases. This confirmed that HCHO-generated
DNA lesions can trigger error-prone TLS and are substrates for the NER pathway. Sequencing
revealed that HCHO-induced single-base-pair insertions occurred primarily at one hotspot; most
of these insertions were also complex, changing an additional base-pair nearby. Most of the
HCHO-induced mutations required both Polζ and Polη, providing a striking example of
cooperativity between these two TLS polymerases during bypass of a DNA lesion formed in vivo.
The similar molecular properties of HCHO-induced and spontaneous complex +1 insertions
detected by this system suggest that DPCs which form in vivo during normal metabolism may
contribute characteristic events to the spectra of spontaneous mutations in NER-deficient cells.
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1. INTRODUCTION
DNA-protein or -peptide cross-links (DPCs) are formed in vivo by number of chemical
agents, such as aldehydes, nickel, chromate and other transition metals, as well as by
chemical processes including aerobic respiration, protein oxidation and DNA oxidation [1–
4]. The abundance and diversity of endogenous inducers suggest that DPCs are particularly
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frequent and heterogeneous DNA lesions [5–8], and the ability of such adducts to block
replication [9] suggests that they pose a significant threat to genome integrity. The
molecular diversity of DPCs complicates the development of biochemical assays that are
specific to these lesions yet sufficiently sensitive to detect them at biologically relevant
levels [1, 10]. Genetic effects offer alternative indicators of DPCs in vivo, but many such
effects studied historically have been large-scale changes scored microscopically in
individual cells ([11, 12]. The genetic burden imposed by DPCs thus remains difficult to
assess experimentally at the molecular level.

Of the agents known to induce DPCs in vivo, formaldehyde (HCHO) has important
advantages for experimental analysis of the impact of DPCs in a well-characterized genetic
system . Its ability to cross-link amino compounds to DNA in vivo forms the basis of widely
used chromatin immunoprecipitation assays, and its mode of action is relatively well-
defined and specific ([13–15]. Consistent with these properties, HCHO is carcinogenic and
genotoxic at low concentrations, and DPCs appear to be the biologically relevant product of
exposure [12, 16–17].

In budding yeast, at least three major pathways cope with HCHO-induced DNA damage:
nucleotide excision repair, homologous recombination, and translesion synthesis (NER, HR,
and TLS, respectively) [18]. Current models for DPC repair involve an initial proteolysis of
covalently attached protein, which reduces it to a relatively small polypeptide; the remaining
peptide-DNA adduct can then be excised by NER endoncleases [19, 20]. The importance of
this repair pathway in Saccharomyces cerevisiae is illustrated by the observation that
survival of brief exposure to high HCHO concentrations requires a functioning NER system
[21]. NER may also remove the initial DNA adducts of low-molecular weight compounds
directly, without requiring prior proteolysis [22]. A second, HR-dependent, pathway also
plays an important role in coping with HCHO-induced damage, as indicated by the
observation that survival of continuous exposure to low HCHO concentrations seems to
depend heavily on proteins required for HR [21]. HR may also be the primary strategy for
coping with recalcitrant DPCs that cannot be reduced in size [22, 23].

The third HCHO-coping mechanism, TLS, has received less attention, but, to the degree that
it generates a characteristic mutation at, or near, the site of a replication-blocking lesion,
TLS has the potential to locate and quantify HCHO-induced DPCs in vivo with great
sensitivity. Little information is available on molecular aspects of HCHO-associated
mutagenesis, however. HCHO is only moderately mutagenic in most genetic assays ([24–
27], which is consistent with the possibility that DPCs may be too bulky for TLS or the fact
that they can be processed by error-free pathways [28]. The most detailed analyses of
HCHO-induced mutagenesis and the relative contributions of accurate vs. error-prone
systems have come from specialized bacterial strains that differ significantly in functional
and mechanistic terms from eukaryotic cells [6]. For a eukaryotic system, the proportion of
HCHO- induced mutagenesis that is due to TLS has not been confirmed, nor have the roles
of individual polymerases been investigated. Here, we used a frameshift-reversion assay in
S. cerevisiae to investigate the ability of HCHO to generate DNA lesions that are normally
removed by NER but can be by-passed by TLS polymerases. The results demonstrate that,
in the absence of NER, mutagenic bypass of persistent HCHO-generated lesions does occur
and that it requires the Polζ TLS polymerase and produces particular types of mutations.
There is an additional requirement of the Polη TLS polymerase for some mutation types,
providing the first molecular evidence that Polζ and Polη cooperate to bypass DNA damage
generated in vivo.
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2. MATERIAL AND METHODS
2.1. Culture conditions

Unless otherwise indicated, non-selective growth was at 30°C in YPD broth (1% Bacto
yeast extract, 2% Bacto Tryptone, 2% D-glucose) with constant aeration by gyrorotary
shaking, or on YPD plates containing 1.8% agar. Synthetic dextrose (SD) medium was
supplemented with all nutrients except the one selected for prototrophy. Lys+ revertants
were selected on SD-Lys medium, and canavanine-resistant (Can-R) mutants were selected
on SD-Arg medium supplemented with L-canavanine sulfate to 60 µg/ml.

2.2. Survival and mutagenesis following HCOH treatment
To measure killing, cultures growing exponentially in YPD medium were harvested, washed
twice in sterile distilled water and resuspended in the original volume of sterile distilled
water. Half of each washed culture was supplemented with 10 mM HCOH and the other half
served as the “no treatment” control. After 30 min at room temperature, cells were washed
with water and aliquots of appropriate dilutions were plated on YPD. Colonies were counted
after 2 days incubation.

To measure mutagenesis, a set of independent liquid cultures was grown in 0.25 ml of YPD
overnight. Cultures were diluted to 1.7 ml in YPD and aerated for an additional 4–5 hours.
The cells were pelleted, washed free of residual medium in sterile distilled water, and
divided into two equal portions. The treated portion received HCHO (5 mM, unless
otherwise noted) and the control portion received only water. After 30 min at room
temperature, cells were pelleted and washed free of residual HCHO. Each portion was then
resuspended in 0.4 ml YPD and incubated overnight to a final population size of about 1.5 ×
108 viable cells. Overnight incubation was determined empirically to yield higher and more
reproducible mutant frequencies relative to plating HCHO-treated cells directly onto
selective media. In general, one-fifth of the overnight culture was spread on SD-Arg+Can
plates to select Can-R mutants, and the remainder was spread on SD-Lys to select Lys+

revertants. Each experiment was performed on a set of eight independent cultures, and the
results of several experiments were combined for the calculation of the median mutant
frequency for each strain‥

To sample the molecular spectra of Lys+ reversion events, one revertant colony was retained
from each independent culture used in mutation-rate measurements; additional mutants were
isolated from independent cultures treated with HCHO and plated for revertants as described
above. Genomic DNA was extracted from each clonally purified revertant, and the region
including the reversion window of the lys2ΔA746,NR allele was amplified by PCR. The
resulting products were sequenced, and the mutation in each phenotypic revertant was
identified by multiple sequence alignment.

3. RESULTS
3.1. Assay Development

In order to quantify mutagenesis, we first investigated treatment conditions that would
mitigate the genotoxic effects of formaldehyde, i.e., produce significant DNA damage but
limit the killing of repair-deficient strains. These tests also indicated the relative importance
of various TLS polymerases for survival of HCHO challenge. A 30 min exposure of a WT
(i.e., repair-proficient) strain to 10 mM HCHO at room temperature was found to yield
~90% survival relative to that of mock-treated cells (Table 1). The NER pathway was
inactivated by deleting the RAD14 gene, and its loss was accompanied by a 5–6 fold
reduction in viability following a similar exposure to HCHO. The sensitivity of the rad14Δ
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strain to HCHO increased about two-fold upon the additional deletion of REV3, which
encodes the catalytic subunit of Pol ζ, whereas inactivation of Pol η (rad30Δ) in the NER-
deficient strain had no significant effect on viability (Table 1). Based on these and other
results, the treatment scheme we adopted for mutagenesis used a brief exposure to 5 mM
HCHO. Each independent culture of a set was split into two aliquots, one of which was
HCHO- and the other mock-treated for 30 min. Survival of this HCHO treatment was at
least 50% for the rad14Δ derivatives and higher for the RAD14 strain. The resulting cells
were then grown for 2–3 generations in the absence of HCHO and plated to enumerate the
total numbers of viable and mutant cells for each treated population and its mock-treated
duplicate.

Two different assays were used to measure HCHO-associated mutagenesis in WT, rad14Δ
single, rad14Δ rev3Δ and rad14Δ rad30Δ double, and rad14Δ rev3Δ rad30Δ triple mutant
backgrounds. The CAN1 forward mutation assay detects mutations that inactivate the
encoded arginine transporter and result in resistance to the drug canavanine, a toxic arginine
analog. The second assay selects net +1 mutations that restore the correct reading frame of
the LYS2 gene (lys2ΔA746,NR reporter) [29]. For both assays, the rate of mutant formation
was determined following HCHO- vs. mock-treatment of cells (Table 2). Treatment of the
WT strain with 5mM HCHO induced negligible mutagenesis in either the forward or reverse
assay. There was, however, evidence of HCHO-associated mutagenesis in the rad14Δ single
and rad14Δ rad30Δ double mutants. While the mutagenesis detected by the CAN1 assay in
the rad14 background was clearly dependent on the presence of Rev3/Polζ, only about half
of the lys2ΔA746,NR reversion events appeared to require Rev3/Polζ. As will be detailed
below, however, sequence analysis revealed distinctive Polζ-dependent changes in the
mutation spectrum following the induction of mutagenesis in the rad14Δ background.
Together, these results indicate that DNA lesions induced by HCHO can be repaired by
NER, and that the persistence of lesions can lead to mutation or cell death.

3.2. Molecular properties of frameshift mutations
To examine the molecular nature of HCHO-induced mutations in yeast, we sampled the
spectra of +1 frameshift mutations recovered in the lys2ΔA746,NR assay in the various
NER-defective backgrounds. With this mutational target, any net +1 frameshift event that
occurs within a window of ~150 bp restores enzyme activity and can be selected as a
phenotypic reversion event [29]. Untreated rad14Δ cells, representing the background of
mutations that result spontaneously from NER-reparable lesions and other sources, yielded
several distinct types of frameshift mutations (Fig. 1A). Approximately 50% (58/114) of the
revertants contained 1-bp insertions, and these were fairly equally distributed between two
classes: simple events containing only an additional base pair (33/114 = 29%), and complex
insertions (“cins”), in which the selected event was accompanied by a nearby base
substitution (25/114 = 22%). Such complex events have been previously described in this
assay and derive exclusively from Polζ-dependent TLS [30]. The spontaneous complex
insertions observed here in the rad14 mutant were distributed over at least 19 sites within the
reversion window. In addition to simple and complex insertions, there were smaller numbers
of 4-bp insertions (generally tandem duplications), simple 2-bp deletions, and other minor
deletion classes. Finally, either of two large deletions with direct repeats at their ends
accounted for ~25% of the mutants sequenced.

The corresponding mutation spectrum from HCHO-treated rad14Δ cells had a similar
proportion of large deletions (Fig. 1B). Insertions of a single base were more frequent than
in the untreated cells, however (96/147 = 65%). This reflected a similar proportional yield of
simple 1-bp insertions (44/147 = 30%) as in WT combined with a larger proportion (52/147
= 35%) of complex +1 events. Comparison of the two spectra further revealed that almost
half (46/96) of the HCHO-induced, +1 frameshifts occurred at one site in the target (5’-
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TTTCAAA; highlighted in yellow). Frameshifts at this site were primarily of three types:
simple expansion of the 3A run to 4A (indicated as red “+” in spectra), expansion of 3A to
4A accompanied by a C to T transversion (or 3T > 4T plus C > A; red “cins”), or expansion
of 3A to 4A accompanied by a C to A transversion (green “cins”). We designated these three
classes type 1, 2 or 3 events, respectively, and their numbers are summarized in Table 3.

The very strong HCHO-induced hotspot observed in the rad14Δ strain suggests that HCHO-
promoted DNA lesions at this position are normally repaired by NER. To confirm this, we
analyzed mutants isolated from the parental NER-proficient strain following treatment with
HCHO (Fig. 1C). The resulting spectrum resembled the other two spectra with respect to
large repeat-associated deletions, but differed from each of them in other respects.
Compared to the HCHO-treated rad14Δ mutant, the treated RAD14 strain had more tandem
duplications, and markedly fewer complex single-base insertions (8/137 = 6%). In
particular, the strong hotspot that dominated the spectrum of the rad14Δ mutant was not
represented in the RAD14 spectrum, confirming that the underlying lesion is normally a
substrate for the NER machinery.

The most frequent HCHO-induced mutations in the rad14Δ strain were simple and complex
1-bp insertions at the hotspot defined by the sequence 5’-TTTCAAA (Fig. 1B). Abdulovic et
al. [31] reported previously that this particular region of lys2ΔA746 (designated “HS3”)
accumulated large numbers of spontaneous, complex 1-bp insertions in an NER-defective
background, and that its activity as a hotspot was affected in opposing directions by the Polζ
and Polη TLS polymerases. Specifically, the complex events at HS3 were only evident in
the absence of Polη, and were completely dependent on the presence of Polζ [31]. This
reciprocal pattern suggested that the underlying spontaneous lesion(s) defining HS3
normally provide a substrate for Polη-dependent bypass, with bypass occurring in a manner
that did not yield a detectable mutation (net +1 frameshift). In the absence of Polη, however,
Polζ stepped in to accomplish the bypass, but did so in a highly error-prone manner to
produce complex mutations.

As noted above, our mutagenesis assays using the CAN1 forward and lys2ΔA746,NR
reversion assays indicated that the majority of HCHO-induced mutations require Polζ, but
are not affected by the presence/absence of Polη (Table 2). Given the complex interplay of
Polζ and Polη with respect to spontaneous lesion bypass (an effect evident only in mutation
spectra), we examined the molecular effects of these TLS polymerases on HCHO-induced
mutations in the rad14Δ mutant. The corresponding spectra of Lys+ revertants confirmed
that the complex mutations at HS3 required Polζ, as did most of the complex events
elsewhere in this reversion window (Figs. 1B and 2A). In addition, the simple +1 mutations
at HS3 were dependent on Polζ; 19/147 mutations were of this type in the rad14Δ single
mutant, compared to 0/112 mutations in the rad14Δ rev3Δ double mutant (Fig. 2A). In
striking contrast to the increase in spontaneous HS3 events observed previously upon Polη
loss [31], two of the three classes of HCHO-induced mutations at HS3 (types 1 and 2) were
significantly reduced in the rad14Δ rad30Δ double relative to the rad14Δ single mutant;
type 3 events were not affected by Polη loss (Fig. 2B and Table 3). As in the rad14Δ rev3Δ
background, however, HS3 was not seen in the rad14Δ rad30Δ rev3Δ background (Fig.
2C). These data suggest that bypass of some HCHO-induced lesions at HS3 jointly requires
Polη and Polζ, while other bypass requires only Polζ. Finally, it should be noted that several
complex insertions were evident in the HCHO-induced spectrum of the rad14Δ rev3Δ strain
(7/112 = 6%), but there were none (0/100) in the rad14Δ rad30Δ rev3Δ spectrum (P =
0.01). There may thus be some rare types of complex events that are independent of Polζ,
but require Polη.
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4. DISCUSSION
4.1. Genetic consequences of formaldehyde treatment

This study presents a molecular-genetic analysis of formaldehyde-induced mutations in a
model eukaryote and provides new insight into how cells cope with bulky, replication-
blocking DNA-protein and -peptide crosslinks (DPCs). Consistent with results from other
studies, treatment of NER-proficient cells with an HCHO dose that caused little, if any,
killing did not increase overall mutant frequencies [12]. Treatment of NER-deficient strains
with the same HCHO dose, however, reduced viability ~80% and enhanced mutagenesis 2–
4 fold among survivors. HCHO-induced mutagenesis was evident both in the CAN1 forward
mutation assay and in the lys2ΔA746,NR frameshift reversion assay. The relative increase
was somewhat higher for lys2 frameshift reversion than for CAN1 inactivation, but the latter
target is expected to provide a much greater diversity of HCHO-induced mutations.
Nevertheless, our observations indicate that, under the conditions tested, HCHO generates
potentially lethal and mutagenic DNA lesions in both target genes, many of which are
usually repaired by the NER pathway before the affected DNA is replicated. These
biological responses are consistent with the biochemical evidence that many HCHO-induced
DNA lesions are bulky adducts formed by cross-linking a protein, peptide, or other
endogenous amine to DNA [14, 15].

The effect of HCHO treatment on overall mutant frequencies in NER-defective strains was
modest, but analyses of the corresponding lys2ΔA746,NR reversion spectra revealed that
not all classes of mutations were equally affected. This is evident in Table 4, which presents
the rates of individual types of HCHO- induced mutations in the different genetic
backgrounds analyzed. The rate of large deletions bordered by direct repeats, for example,
was elevated 2-fold following HCHO treatment of the rad14 strain. Previous work has
argued that such deletions reflect the repositioning of a 3’ end when DNA replication is
blocked by a lesion [31], and their increase in response to brief HCHO treatment is
consistent with formation of replication-blocking DPCs. Although the proportions of large
deletions increased upon additional loss of Polζ (in rev3 mutants), the rates of these
deletions did not increase. This suggests that the HCHO-induced lesions which promote
large deletions may not provide favorable substrates for direct bypass, perhaps because they
are too bulky to be accommodated in the active site pocket of the enzyme.

4.2. Complex single-basepair insertions
Previous studies of lys2ΔA746,NR reversion demonstrated that complex insertions (“cins”),
defined as frameshifts with an associated base substitution, are a unique signature of Polζ
([29, 30, 31, 33]. Spontaneous cins are elevated in repair-defective backgrounds, suggesting
that they reflect the Polζ-dependent bypass of polymerase-blocking lesions that arise during
normal metabolism and growth but are usually repaired before replication. The most
dramatic alteration in the spectrum of a rad14 strain in response to HCHO-treatment was the
appearance of a strong cins hotspot at the sequence 5’-TTTCAAA (highlighted yellow in
Figure 1). Although Abdulovic et al. [31] observed spontaneous Rev3-dependent cins at this
position (“HS3”) in an NER-defective background, these spontaneous cins at HS3 were only
seen upon loss of Polη. In contrast, the HCHO-induced events at H3 that we observed in the
present study were proportionally reduced in a rad14 rad30 background, suggesting that
bypass of DPCs at this position is partially dependent on Polη. A second unusual feature of
HCHO-induced frameshifts at HS3, which was not seen previously in spontaneous spectra,
was a strong elevation in simple events at this position as well. All simple frameshifts
expanded the 3A run to a 4A run (5’-TTTCAAA changed to 5’-TTTCAAAA; see Table 3);
we designate these events type 1 mutations and they are indicated in red in Figures 1 and 2.
Similar to the HCHO-induced cins at HS3, type 1 events were partially dependent on Polη
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and were completely dependent on Polζ (see Figure 2 and Table 3). When the simple and
complex events are considered together, we estimate that there was at least a 50-fold
increase in the rate of mutations at H3 following the exposure of rad14 cells to HCHO.

There were two distinct types of HCHO-induced cins that accumulated at HS3 in the rad14
background (Table 3). In type 2 mutations (indicated in red in Figures 1 and 2), the HS3
sequence changed from 5’-TTTCAAA to 5’-TTTTAAAA, which could reflect either a C >
T base substitution accompanied by expansion of the 3A run to a 4A run, or coupled C > A
plus 3T > 4T changes. Type 2 events could reflect expansion of either the 3A or 3T run at
H3, but type 3 events (5’-TTTCAAA changed to 5’-TTTAAAAA; indicated in green in
Figures 1 and 2) can only be explained by a C > A base substitution associated with slippage
in the 3A run. Whereas type 3 events were insensitive to the status of Polη, there was a
significant reduction in type 2 events in the rad14 rad30 background. The potential
cooperation of Polζ and Polη in lesion bypass has been inferred from in vitro studies [34],
and the data from the present study demonstrate a co-requirement for these TLS
polymerases in bypassing a proportion of HCHOinduced lesions in yeast. Based on in vitro
studies, we assume that Polη inserts a dNMP opposite the relevant HCHO-generated lesion
and that Polζ extends the resulting unpaired terminus.

Previous studies have provided evidence that the base substitution and frameshift of cins are
coupled events, with the base substitution marking the position of the initiating lesion and
facilitating the subsequent slippage event that produces the selected frameshift [33, 35]. Fig.
3 presents a model for how the three types of HCHO-induced mutations at HS3 could be
derived from HCHO-induced DPC(s) at a common position. As noted previously, the 3A
run is expanded to 4A in the type 1 and 3 mutations and for simplicity, we will assume that
it is also the 3A run (rather than the 3T run) that is expanded in type 2 events. Because our
model of cins production proposes that the base substitution is at the position of the
initiating lesion and occurs before the slippage event, the initiating lesion (at the CG base
pair between the 3N runs) is predicted to be on the 3’ side of the run where subsequent
slippage occurs. The relevant HCHO-induced DPC must, therefore, reside at the G residue
on the noncoding strand; on the coding strand, the complementary C would be encountered
after slippage and hence is on the wrong (5’) side of the 3A run. RAD30 is required only for
type 1 or 2 events, suggesting that Polη catalyzes insertion of dCMP or dTMP, respectively,
opposite the damaged G. The insertion of dAMP to generate type 3 mutations does not
require Polη, and could be catalyzed by either Polζ or a replicative DNA polymerase.
Because all three types of events require REV3, however, we suggest that Polζ is required to
extend the termini opposite the initiating DPC. Although the model in Figure 3 can place the
initiating lesion for all three types of HS3 events at the same position (the guanine of the CG
base pair where base substitutions occur), the three mutagenic outcomes do not appear to be
interchangeable; that is, the reduction in type 1 and 2 events in the rad30 background was
not accompanied by compensating increase in the Polη-independent type 3 events. This
suggests that the lesion which initiates type 1 and 2 events differs from the lesion that
initiates type 3 events with respect to chemical structure or nucleotide position.

4.3. Implications for spontaneous DPCs
The HCHO-induced events reported here resemble in multiple respects certain spontaneous
cins observed previously in the lys2ΔA746 reversion window, raising the possibility that the
spontaneous cins may derive from endogenous DPCs. The spontaneous cins cluster at two
hotspots (designated HS1 and HS2) only when nucleotide excision repair (NER) is
inactivated and Rev3/Polζ remains functional [29–31]. Both HS1 and HS2 have G residues
immediately 3' of a 3T run; the spontaneous cins all expand the 3T run to 4T, and most
replace the G with T [31]. The molecular nature of the spontaneous cins at HS1 and HS2
indicates that they, like the HCHO-induced cins at HS3, result from misincorporation
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opposite a damaged G residue, followed by expansion (via slippage) of the subsequent
mononucleotide tract. Interestingly, these cins also exhibit a physiological requirement,
namely aerobic respiration [36]. This property suggests that the damaged G which triggers
these mutations is formed by an oxidative process, yet the lesion does not appear to be 7,8-
dihydro-8-oxo guanine (8-oxoG), since deletion of OGG1 had negligible effect on
spontaneous cins at HS1 and HS2 [36]. We note, however, that reactive oxygen species are
also known to initiate cross-linking of DNA to protein or, conversely, protein to DNA, at G
residues [1], so the respiration-dependence of these spontaneous cins and their avoidance by
NER would be consistent with initiation by a DPC. Similarly, chromatin structure or other
factors are likely to affect the proximity and reactivity of the DNA and protein partners, and
may discourage spontaneous DPC formation at similar sequence motifs in the lys2ΔA746
reversion window outside of HS1 and HS2 [30].

4.4. Conclusions
Our results indicate that HCHO-treatment of NER-deficient yeast cells provides an
experimental system for detailed analysis of genetic impacts of DPCs. The observed killing
and mutagenic effects of HCHO, and the responses of these effects to mutations in NER and
TLS genes, all corresponded to those predicted for DPCs. HCHO induced a variety of
mutations in a frameshift-specific reporter gene, but the mutations attributed to DPCs are
predominantly single-nucleotide insertions generated at a specific site via co-operation of
Polζ and Polη. Nevertheless, a significant minority of the hotspot cins do not require Polη
whereas Polη acting alone generates a few cins elsewhere in the frameshift reporter. Most of
the molecular properties of the putative DPC-induced frameshifts are shared by spontaneous
mutations in the same target gene, implicating these spontaneous mutations as possible
products of endogenous DPCs. The basis of the observed sequence-specificity of HCHO-
induced frameshifts, and the diversity of non-frameshift mutations that are presumed to be
induced by HCHO, represent questions of future interest leading to a fuller elucidation of
molecular mechanisms of DPC-induced mutagenesis in eukaryotic cells and the implications
for genome stability.

Highlights

- A selection analyzed formaldehyde-induced frameshifts in yeast

- The pre-mutagenic DNA lesions are subject to repair by NER

- Formaldehyde-induced frameshifts cluster at a specific site (TTTCAAA)

- Most of these mutations require both DNA Polζ and DNA Polη
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Figure 1.
Effect of formaldehyde treatment and NER status on frameshift mutagenesis. The nucleotide
sequence represents the reversion window of the lys2ΔA746,NR allele, in which the
position of the deleted A is marked by a hyphen. Each event affecting fewer than 12 bp is
represented individually; larger events are summarized under captions. Small insertions and
deletions are indicated above and below the sequence, respectively; complex insertions are
designated “cins”. HS3 is highlighted yellow; type 1 and 2 events are in red and type 3
events are in green.
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Figure 2.
Effect of TLS polymerases on formaldehyde-induced frameshift mutagenesis. See Figure 1
legend for details.
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Figure 3.
Proposed mechanisms for formaldehyde-induced mutagenesis at the hotspot “HS3”. The
three schemes summarize events catalyzed by Polζ and Polη that can generate the observed
HCHO-induced, Rev3-dependent complex insertions. For simplicity the initiating DPC
(indicated by the yellow star) is depicted at the guanine between the 3T and 3A runs, but
other positions are possible. The base inserted opposite the initiating DPC is in red.
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Table 1

Roles of NER and TLS in survival of formaldehyde treatmenta

Strain Genotype Mean (± SD) Relative to WT

SJR1467 WT 0.870 ± 0.155 1.0

SJR2645 rad14 0.155 ±0.064 0.18

SJR2671 rad14 rev3 0.084 ± 0.043b 0.10

SJR3138 rad14 rad30 0.204 ± 0.127b 0.24

SJR3139 rad14 rev3 rad30 0.109 ± 0.068 0.13

a
Cells were treated with 10 mM formaldehyde for 30 min at room temperature and plated immediately. Viability was measured relative to mock-

treated cells from the same culture; data are based on three independent experiments.

b
P = 0.119 by one-tailed T test.

Mutat Res. Author manuscript; available in PMC 2013 March 08.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Grogan and Jinks-Robertson Page 15

Ta
bl

e 
2

R
ol

es
 o

f 
N

E
R

 a
nd

 T
L

S 
in

 f
or

m
al

de
hy

de
 m

ut
ag

en
es

is

F
or

w
ar

d 
M

ut
at

io
n 

(C
A

N
1)

M
ed

ia
n 

M
ut

an
t 

F
re

qu
en

cy
, 1

0−6
F

ra
m

es
hi

ft
 R

ev
er

si
on

 (
ly

s2
Δ

A
74

6)
M

ed
ia

n 
M

ut
an

t 
F

re
qu

en
cy

, 1
0−8

N
E

R
, T

L
S

co
nt

ro
l

H
C

H
O

-
-f

ol
d

co
nt

ro
l

H
C

H
O

-
-f

ol
d

G
en

ot
yp

e
na

(s
ha

m
)

(9
5%

 C
I)

tr
ea

te
d

(9
5%

 C
I)

ch
an

ge
b

(s
ha

m
)

(9
5%

 C
I)

tr
ea

te
d

(9
5%

 C
I)

ch
an

ge
b

w
ild

-t
yp

e
24

1.
73

(1
.0

9 
–2

.1
8)

1.
69

(1
.0

1 
– 

2.
09

)
1.

0
0.

43
(0

 –
 0

.6
3)

0.
32

(0
 –

 0
.8

0)
0.

7

ra
d1

4
23

2.
95

(1
.8

5 
– 

4.
56

)
6.

24
(5

.0
6 

– 
8.

40
)

2.
1

0.
60

(0
 –

 2
.3

1)
2.

00
(0

.8
9 

– 
3.

31
)

3.
3

ra
d1

4 
re

v3
16

0.
48

(0
.2

6 
– 

1.
07

)
0.

57
(0

.3
3 

– 
1.

32
)

1.
2

0.
43

(0
 –

 1
.6

8)
0.

82
(0

 –
 1

.3
7)

1.
9

ra
d1

4 
ra

d3
0

24
2.

61
(1

.9
0 

– 
3.

29
)

5.
58

(4
.4

3 
– 

6.
76

)
2.

1
0.

78
(0

 –
 1

.5
0)

1.
59

(0
.7

7 
– 

4.
36

)
2.

1

ra
d1

4 
ra

d3
0 

re
v3

24
0.

72
(0

.5
6 

– 
1.

27
)

0.
74

(0
.4

5 
– 

1.
12

)
1.

0
0.

49
(0

 –
 0

.9
6)

0.
52

(0
 –

 1
.6

0)
1.

0

a N
um

be
r 

of
 in

de
pe

nd
en

t c
ul

tu
re

s 
sp

lit
 in

to
 tw

o 
an

d 
su

bj
ec

te
d 

to
 s

ha
m

 v
s.

 f
or

m
al

de
hy

de
 tr

ea
tm

en
t

b R
at

io
 o

f 
tr

ea
te

d:
co

nt
ro

l m
ut

an
t f

re
qu

en
ci

es

Mutat Res. Author manuscript; available in PMC 2013 March 08.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Grogan and Jinks-Robertson Page 16

Ta
bl

e 
3

T
yp

es
 a

nd
 n

um
be

r 
of

 H
C

H
O

-i
nd

uc
ed

 e
ve

nt
s 

at
 th

e 
T

T
T

C
A

A
A

 h
ot

ps
ot

N
ew

 s
eq

ue
nc

e 
at

 h
ot

sp
ot

N
um

be
r 

of
 e

ve
nt

s 
ob

se
rv

ed
a

T
yp

e
[m

ut
at

io
ns

]
W

T
ra

d1
4

ra
d1

4 
ra

d3
0

ra
d1

4 
re

v3

1
T

T
T

C
A

A
A

A
1

19
5

0

[3
A

 >
 4

A
]

(P
=

0.
01

4)
(P

<
0.

00
1)

2
T

T
T

T
A

A
A

A
0

14
0

0

[C
 >

 T
, 3

A
 >

 4
A

 o
r 

C
 >

 A
, 3

T
 >

4T
]

(P
<

0.
00

1)
(P

<
0.

00
1)

3
T

T
T

A
A

A
A

A
0

10
6

0

[C
 >

 A
 a

nd
 3

A
 >

 4
A

]
(P

=
0.

41
)

(P
=

0.
00

3)

O
th

er
 c

om
pl

ex
0

2
5

1

T
ot

al
 m

ut
an

ts
 s

eq
ue

nc
ed

13
7

14
7

11
3

11
2

a P 
va

lu
es

 w
er

e 
ob

ta
in

ed
 u

si
ng

 th
e 

Fi
sh

er
 E

xa
ct

 te
st

 to
 c

om
pa

re
 th

e 
nu

m
be

rs
 o

f 
a 

gi
ve

n 
ev

en
t i

n 
th

e 
ra

d1
4 

si
ng

le
 a

nd
 in

di
ca

te
d 

do
ub

le
 m

ut
an

ts
.

Mutat Res. Author manuscript; available in PMC 2013 March 08.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Grogan and Jinks-Robertson Page 17

Ta
bl

e 
4

In
du

ct
io

n 
of

 s
pe

ci
fi

c 
m

ut
at

io
n 

ty
pe

s 
in

 W
T

 a
nd

 N
E

R
-d

ef
ec

tiv
e 

st
ra

in
s

G
en

ot
yp

e
L

ys
+  

ra
te

 (
× 

10
−9

)a

+1
ci

ns
du

ps
 ≥

 4
 b

p
2-

bp
 d

el
de

ls
 ≥

 5
 b

p
T

ot
al

W
T

 u
nt

re
at

ed
b

1.
2

(6
4/

16
9)

0.
20

(1
1/

16
9)

0.
34

(1
9/

16
9)

0.
42

(2
3/

16
9)

0.
95

(5
2/

16
9)

3.
1

W
T

 +
 H

C
H

O
1.

3
(5

8/
13

7)
0.

18
(8

/1
37

)
0.

77
(3

4/
13

7)
0.

09
(4

/1
37

)
0.

75
(3

3/
13

7)
3.

1

ra
d1

4 
un

tr
ea

te
d

1.
4

(3
3/

11
4)

1.
1

(2
5/

11
4)

0.
47

(1
1/

11
4)

0.
40

(9
/1

14
)

1.
5

(3
6/

11
4)

4.
9

R
ad

14
 +

 H
C

H
O

3.
1

(4
4/

14
7)

3.
6

(5
2/

14
7)

0.
42

(6
/1

47
)

0.
21

(3
/1

47
)

2.
9

(4
2/

14
7)

10
.2

R
ad

14
 re

v3
 +

 H
C

H
O

1.
2

(2
4/

11
2)

0.
36

(7
/1

12
)

0.
66

(1
3/

11
2)

0.
05

(0
/1

12
)

3.
5

(6
8/

11
2)

5.
7

R
ad

14
 ra

d3
0 

+
 H

C
H

O
1.

6
(1

8/
11

3)
3.

6
(4

0/
11

3)
0.

27
(3

/1
13

)
0.

73
(8

/1
13

)
4.

0
(4

4/
11

3)
10

.3

R
ad

14
 re

v3
 ra

d3
0 

+
 H

C
H

O
1.

4
(2

9/
10

0)
0.

05
(0

/1
00

)
0.

29
(6

/1
00

)
0.

10
(2

/1
00

)
3.

2
(6

5/
10

0)
4.

9

a D
up

s,
 d

up
lic

at
io

ns
; d

el
(s

),
 d

el
et

io
ns

(s
);

 c
in

s,
 c

om
pl

ex
 in

se
rt

io
ns

b D
at

a 
of

 K
. L

eh
ne

r 
(u

np
ub

lis
he

d)
.

Mutat Res. Author manuscript; available in PMC 2013 March 08.


