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Abstract

In Saccharomyces cerevisiae, the base excision DNA repair (BER) pathway has been thought to
involve only a multinucleotide (long-patch) mechanism (LP-BER), in contrast to most known cases
that include a major single-nucleotide pathway (SN-BER). The key step in mammalian SN-BER,
removal of the 5'-terminal abasic residue generated by AP endonuclease incision, is effected by DNA
polymerase B (PolB). Computational analysis indicates that yeast Trf4 protein, with roles in sister
chromatin cohesion and RNA quality control, is a new member of the X family of DNA polymerases
that includes Polp. Previous studies of yeast trf44 mutants revealed hypersensitivity to
methylmethane sulfonate (MMS) but not UV light, a characteristic of BER mutants in other
organisms. We found that, like mammalian Polp, Trf4 is able to form a Schiff base intermediate with
a 5'-deoxyribose-5-phosphate substrate and to excise the abasic residue through a dRP lyase activity.
Also like Pol, Trf4 forms stable cross-links in vitro to 5'-incised 2-deoxyribonolactone residues in
DNA. We determined the sensitivity to MMS of strains with a trf44 mutation in a rad274 background,
in an AP lyase-deficient background (oggl ntgl ntg2), or in a pol44 background. Only a RAD27
genetic interaction was detected: there was higher sensitivity for strains mutated in both TRF4 and
RAD27 than either single mutant, and overexpression of Trf4 in a rad274 background partially
suppressed MMS sensitivity. The data strongly suggest a role for Trf4 in a pathway parallel to the
Rad27-dependent LP-BER in yeast. Finally, we demonstrate that Trf5 significantly affects MMS
sensitivity and thus probably BER efficiency in cells expressing either wild-type Trf4 or a C-
terminus-deleted form.
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1. Introduction

Cellular DNA is continuously damaged by endogenous and exogenous reactive species that
form a variety of base lesions that threaten critical cellular processes and potentiate mutations
and disease. Multiple defense mechanisms have evolved to guarantee genomic integrity, with
base excision repair (BER) predominant in the repair of numerous small DNA base lesions
[1-3].

BER is initiated by DNA N-glycosylases that convert diverse base lesions into a common
intermediate, the abasic (AP) site. AP sites also arise directly by hydrolytic base loss or some
free radical reactions on DNA. In some DNA glycosylases, an associated AP lyase activity can
cleave the 3'-phosphodiester bond of the newly formed AP site. In either case, the next step is
catalyzed by an AP endonuclease, either to remove the AP lyase product or incise the AP site
on the 5' side, reactions generating the 3'-OH terminus necessary for gap-filling by a repair
DNA polymerase. In BER initiated by a monofunctional DNA glycosylase, the AP
endonuclease-generated 5'-deoxyribose-5-phosphate (5'-dRP) residue must be excised before
the final repair step by DNA ligase. In vertebrates, two subpathways have been documented:
single-nucleotide BER (SN-BER) that replaces only the modified nucleotide, and long-patch
BER (LP-BER) that resynthesizes several (2-10) nucleotides. In SN-BER, gap-filling and 5'-
dRP removal are both done by DNA polymerase 3 (Polf3), a member of the X family of DNA
polymerases. During 5'-dRP removal by Polf, a Schiff base intermediate is generated that can
be trapped in vitro by chemical reduction. Deficiency in the dRP lyase activity of Polp renders
cells hypersensitive to the alkylating agent methyl methanesulfonate (MMS), due to the toxic
accumulation of 5'-dRP residues [4]. In that context, MMS sensitivity may be considered as a
hallmark of BER deficiency. Another X family DNA polymerase, Pol, also possesses a 5'-
dRP lyase activity. Cells deficient in PolA do not show any hypersensitivity to MMS compared
to wild-type [5], but Pol is able to carry out backup BER in the absence of functional Polp
[6]. Recently, two mammalian homologues of bacterial endonuclease V111, Neill and Neil2,
were shown to remove 5'-dRP from DNA with an efficiency comparable to that of Polp [7].

LP-BER provides an alternative pathway when 5'-dRP lyase activity is insufficient, or for
lesions refractory to lyase-mediated excision, such as 2'-deoxyribonolactone residues [8]. In
such situations, DNA polymerases (involving Pol, Pold and Polg), synthesize multiple
nucleotides to generate a single-stranded 5' flap structure that is removed by the FEN1 nuclease
prior to ligation [9-12].

Whereas evidence for a functional LP-BER in the yeast S. cerevisiae has been documented in
vitro and in vivo [13,14], no SN-BER has been reported so far. The apparent absence in S.
cerevisiae of the key mammalian SN-BER proteins (PolB, XRCC1, PARP1, and DNA ligase
I11) did not seem to favor this pathway. SN-BER might alternatively be achieved through initial
incision of an AP site by an AP lyase, followed by the action of the main yeast AP endonuclease
Apnl to generate a one-nucleotide gap. However, although S. cerevisiae possesses three AP
lyases (Oggl, Ntgl, and Ntg2), a triple mutant lacking all three enzymes is not hypersensitive
to MMS [15].

No obvious Polp homolog is present in S. cerevisiae, but three yeast proteins contain a Polp-
like nucleotidyltransferase domain: Pol4, Trf4 and Trf5 [16,17]. Pol4 is most closely related
to PolX [18-21] and shares with that enzyme a 5'-dRP lyase via a conserved helix-hairpin-helix
motif needed for the activity; pol4 mutations do not confer MMS hypersensitivity even in
combination with defects in the Fenl homolog Rad27 [22-24]. Trf4 and Trf5 define a distinct
family of Polp-like nucleotidyltransferases found in all sequenced eukaryotic genomes (we
note that the comparison included only a predicted nucleotidyltransferase sequence from S.
pombe and not possible dRP lyase motifs [16]). The TRF4 gene was identified in a screen for
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mutations producing synthetic lethality with a DNA topoisomerase 1 defect [25]. TRF5 is a
homolog of TRF4 (55% identity, 72% similarity) and was identified through suppression of
the cold sensitivity caused by a trf4 point mutation [26]. Deletion of TRF4 causes defects in
chromosome segregation, hyper-recombination in the rDNA locus, and increased sensitivity
to DNA damaging agents (including MMS but not UV light), DNA replication inhibitors, and
microtubule poisons [25-30]. Deletion of TRF5 did not produce any reported phenotype, but
deletion of both TRF4 and TRF5 is lethal, and Trf5 overexpression suppresses topl trf4
lethality, indicating that Trf4 and Trf5 may have overlapping functions [26]. Both proteins
appear to interact with DNA polymerase ¢[27] and may have a role in sister chromatid cohesion
established at replication forks [31-33].

Trf4 may have DNA polymerase activity [27,33], and together with Trf5 was proposed as a
catalytic subunit in a new nuclear DNA polymerase (Pols). However, this function is
controversial [34,35]. Still another proposed function for Trf4 and Trf5 is polyadenylation of
defective nuclear RNA precursors to target them for degradation by the nuclear exosome
[36-39].

The specific characteristics of Trf4 (putative X family DNA polymerase member, role in
resistance to MMS but not UV damage), led us to investigate the possible DNA repair role of
this enzyme. Here we show that Trf4 has a 5-dRP lyase activity in vitro. Moreover, deficiency
in both Trf4 and Rad27 leads to increased MMS and H,O5 sensitivity. Since the presence of
Trf5 also affects MMS sensitivity, we propose that both Trf4 and Trf5 play a role in BER in
S. cerevisiae, with Trf4 as a functional homolog of Polp.

2. Materials and Methods

2.1. Growth media, yeast strains, growth conditions, transformation and chemicals

The media used in this study have been described by Sherman [40]. The yeast strains used in
this study are listed in Table 1. The trf4 deletion in the FF18733 background, and the Trf4 C-
terminal truncation and replacement with a c-myc tag in the CY141 and CY871 background
(trf4A(552-584) mutant), were constructed by a PCR-mediated, one-step replacement
technique using the 13Myc-KanMX6 module, with geneticin as the selection [41].
Transformations were performed using the lithium acetate procedure. Gene replacement was
confirmed by PCR analysis of genomic DNA. Methyl methanesulfonate (MMS), hydroxyurea
(HU) and hydrogen peroxide were purchased from Sigma.

2.2. Sensitivity to DNA damaging agents

Yeast strains were grown in YEPD medium at 30°C under vigorous aeration, to a density of
107 cells/ml. For H,0, treatment, cells were pelleted and resuspended in the same volume of
sterile water. Aliquots of cell suspension were then exposed to various concentrations of DNA-
damaging agents for 30 min at 30°C with shaking. Untreated and treated cells were then
immediately diluted and plated on YEPD agar, and colonies were scored after 3 days of
incubation at 30°C. For MMS and HU treatments, cells were grown to mid-exponential phase,
serially diluted in distilled water, and 10-pl aliquots were spotted on YEPD agar, or on synthetic
complete medium (SC) plus glucose and lacking the appropriate supplements. The media
contained the appropriate selective agents as indicated in the figure legends. After incubation
at 30°C for 3 days, colonies were counted to determine survival. All experiments were
independently carried out in triplicate.

2.3. Plasmid construction and site-directed mutagenesis

A list of the plasmids used is included in Table 1. The vector pY X212 (R&D Systems) was
modified to express Trf4 in yeast. Plasmid pTRF4 was constructed from pCDNA3.1
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(Invitrogen) by inserting a Pmel restriction fragment containing the TRF4 gene of S.
cerevisiae into pY X212 at the Smal restriction site. Correct orientation was checked by
restriction digestions and confirmed by DNA sequencing. Point mutation to generate
pTRF4-552 was performed by PCR-mediated mutagenesis (QuickChange site-directed
mutagenesis kit, Stratagene) changing lysine-552 to alanine (K552). The construct was
confirmed by DNA sequencing. Plasmid pSH4 overexpressing Trf5 and the corresponding
Yeplacl112 vector were provided by the M. Christman laboratory [26]. The sequences of the
plasmids and oligonucleotide primers, and the details of the construction schemes are available
upon request.

2.4. Biochemical reagents

Purified Trf4 protein and anti-Trf4 antibody were obtained from the M. Christman laboratory
[33]. Anti-His antibody was purchased from Santa Cruz Biotechnology, Inc. [a-32P]dCTP was
obtained from PerkinElmer Life Sciences. Uracil-DNA glycosylase (UDG) was purchased
from New England Biolabs (Beverly, MA). E. coli endonuclease IV was prepared as described
previously [42].

2.5. Oligonucleotides

For the Schiff base trapping assay, a 30-mer (5'-
GTCACGTGCTGCAXACGACGTGCTGAGCCT) was used that contained either a U or a
deoxyribonolactone (dL) in the X position. The complementary oligonucleotide contained an
A residue opposite X and was hybridized immediately before use. For the 5'-dRP lyase assay,
a 52-mer (5'-
GCTTGCATGCCTGCAGGTCGAUTCTAGAGGATCCCCGGGTACCGAGCTCGAC-3)
was hybridized to the complementary strand prior to enzyme reactions.

2.6. 3'-end labeling

DNA substrates containing uracil, 8-oxo-guanine (8-oxoG) or dL were 3'-end labeled by
incorporation of [«32P]dCTP using the exonuclease-free Klenow fragment of DNA polymerase
I. Unincorporated label was removed using Micro Biospin P-30 columns (Bio-Rad), following
the manufacturer's protocols.

2.7. 5'-dRP lyase Assay

The assays employed a 52-base pair, synthetic duplex DNA substrate as described previously
[43]. The 32P-labeled uracil-containing duplex DNA (10 nM) was pretreated with 5 U
(supplier's units; an enzyme excess) of UDG plus 2 nM of E. coli endouclease 1V. Assay
mixtures were assembled at 0°C and incubated at 30°C in standard reaction buffers containing
50 mM HEPES-KOH (pH 7.5), 50 mM KCI, 10% (v/v) glycerol, 0.5 mM dithiothreitol, 0.1
mg/ml bovine serum albumin, 10 nM DNA substrate, and 5 mM EDTA or 6 mM MgCl, as
indicated. Enzyme concentrations and incubation times are indicated in the figure legends. The
5'-dRP lyase reactions were stopped by addition of 300 mM NaBH, followed by a 30 min
incubation on ice and then desalted by ethanol precipitation with the addition of glycogen as
the carrier. After recovery of the precipitate, samples were resuspended in formamide loading
buffer (90% formamide, 10 mM EDTA, bromophenol blue and xylene cyanol), heated 5 min
at 100°C, and the products were resolved by electrophoresis in denaturing 20%
polyacrylamide/7 M urea gels. The gels were dried, analyzed on a Storm 860 phosphorimager,
and quantified. The percentage of total dRP excised was calculated by dividing the amount of
the dRP lyase product formed in each reaction by the sum of this product and the amount of
the substrate DNA containing intact 5'-dRP.
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2.8. Trapping Assays

A reaction mixture (15 pl) contained 50 mM HEPES-KOH (pH7.5), 10% (v/v) glycerol, 0.5
mM dithiothreitol, 0.1 mg/ml bovine serum albumin, 50 mM KCI, 5 mM EDTA or 6 mM
MgCl5 as indicated in the figures, and 200 fmol of 3'-labeled 5'-dRP-containing DNA substrate.
The 5'-terminal dL-containing DNA substrate was prepared and 3'-labeled as previously
described [44]. The reactions were assembled and initiated by adding the indicated amount of
Trf4 or Polp, followed by the addition of 50 mM NaBHy to stabilize the substrate or Schiff
base intermediates either immediately, or at various times as indicated in Fig. 2. After 30 min
incubation on ice, reactions were terminated by the addition of SDS-PAGE loading buffer, and
the samples were run on a 10% SDS-PAGE gel. Trapped complexes were visualized and
quantified using a Storm 860 phosphorimager.

2.9. Immunoblotting

3. Results

Wild-type cells containing the empty vector pY X212, or plasmids expressing wild-type Trf4
or the tag Myc-deleted version of Trf4(1-552), were grown in selective medium to mid-
exponential phase before extraction. Yeast cell-free extracts were prepared under denaturing
conditions [45]. Immunoblot experiments were performed as followed. Proteins were
fractionated on SDS-12% polyacrylamide gels, transferred to nitrocellulose membranes, which
were blocked by incubating 1 h in a PBS solution containing 5% nonfat milk and 0.1% Tween
20. The membranes were incubated with rabbit anti-yeast Trf4 polyclonal antiserum or anti-
His-tag antiserum in the PBS-buffered milk/Tween solution. The membrane was washed three
times in PBS containing 0.1% Tween 20 and incubated with alkaline-phosphatase-conjugated
donkey anti-rabbit IgG, or with phosphatase-conjugated goat anti-mouse 1gG (Santa Cruz
Biotechnology), in the same buffer for 1 h. The blots were washed as described above and
incubated with enhanced chemifluorescence substrate (Amersham Pharmacia Biosciences).
Quantification of protein levels was performed on a fluorescence-detecting optical scanner
(Storm 840, Amersham Pharmacia).

3.1. 5'-dRP lyase activity associated with Trf4

To test the ability of Trf4 to remove a 5'-terminal dRP group, we used a 52-mer double stranded
oligonucleotide containing a single uracil residue at position 22 (see 2.5. Oligonucleotides).
As described under “Experimental Procedures”, the uracil-containing strand was 3'-end-
labeled with [a-32P]dCTP, annealed to its complementary strand, treated with UDG to remove
the uracil residue, and finally incubated with E. coli EndolV to generate a substrate with a
break bearing a 5'-terminal deoxyribose-5-phosphate residue on one side. This substrate (10
nM) was incubated with or without His-tagged Trf4 (Fig. 1A). Using His-tagged Polf as
control, substantial dRP release was observed after 10 min incubation at an enzyme-substrate
ratio near 1 (Fig. 1A, compare lanes 1 and 7). However, under these reaction conditions, no
dRP lyase activity was detected for recombinant Trf4 (data not shown). Therefore, we
performed the dRP lyase assay with a significant excess of Trf4 over the substrate and a longer
incubation time. Trf4 (900 nM) (Fig. 1A, lanes 3-6) removed most of the dRP moiety after a
40-min incubation at 30°C.

Pre-incubation of purified His-Trf4 with an anti-His antibody blocked the removal of the 5'-

dRP (Fig. 1A, lane 4-5). The same antibody had no effect on the His-Polp dRP lyase activity
(Fig. 1A, lane 8). This result is consistent with a 5'-dRP lyase activity that is intrinsic to Trf4,
rather than due to a contaminant. As also observed for Polp, the addition of magnesium in the
reaction inhibited the Trf4 dRP lyase activity (Fig. 1A, lane 6 and 9). The dRP lyase data on

the reaction time course and Trf4 concentration dependence (Fig. 1B and 1C) revealed some
unusual features. The kinetics showed a lag of ~10 min, followed by rapid product generation
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over the next 10 min. Significant 5'-dRP lyase activity of Trf4 was observed only at levels
above a 4-fold enzyme:DNA ratio, which seemed primarily limited by the sensitivity of the
assay.

In view of the foregoing observations, it was especially important to determine that the 5'-dRp
lyase activity was not due to a contaminant. Trf4 was purified from an E. coli expression system,
in which Fpg would be the main MgCl,-independent contaminating dRP lyase activity. To
detect possible Fpg activity, we incubated Trf4 with a substrate containing an 8-oxoguanine
moiety (8-0x0G), a preferred substrate of Fpg [46], in the same [enzyme-substrate] excess ratio
as in the 5'-dRP lyase assay. No cleavage was detected after an incubation time of 30 minutes,
compared to abundant cleavage by a control sample of purified Fpg (data not shown).

3.2. Excision of a 5'-dRP residue by Trf4 through a B-elimination mechanism

The 5'-dRP lyase reaction proceeds through a p-elimination mechanism wherein the catalytic
residue forms a Schiff base intermediate that can be trapped as a covalent enzyme-DNA
complex upon chemical reduction [47]. We used this feature to examine whether such was the
case for Trf4. The same DNA substrate (3'-labeled) was used as in the 5-dRP lyase assay,
except that, after stopping with NaBHg, the reactions were analyzed on SDS-PAGE rather than
on DNA sequencing gels. As observed with PolB(Fig. 2A, lane 5), Trf4 could be reductively
trapped on the 5'-dRp substrate to yield a product with mobility expected for a Trf4-DNA cross-
link (Fig. 2A, lanes 3-4). This observation, and the lack of a band around M, 30,000, further
indicate that Trf4 and not Fpg is responsible for the observed lyase activity. Also as found for
Polp, the Trf4-dependent product was greatly diminished or absent when MgCl, was added to
the buffer (Fig. 2A, lanes 1 and 7), or when the purified Trf4 had been heated 5 min at 100°C
prior to the assay (Fig. 2A, lanes 2 and 6). No trapping was observed when the Trf4 was omitted,
or when the substrate had been treated with NaBH, prior to addition of the Trf4p (data not
shown).

As described previously, an oxidized AP site, 2-deoxyribonolactone (dL), forms a stable,
covalent cross-link to DNA repair proteins with lyase activity; in the case of Polp, this occurs
most efficiently with the 5'-terminal dL produced by AP endonuclease cleavage [44,48,49].
With dL, this covalent cross-link formation does not require NaBH, treatment, and the product
accumulates with time. With Polp as a positive control (Fig. 2B, lanes 6-10), we observed that
Trf4 also formed a cross-link with dL, and that accumulation of the cross-link was time
dependent (Fig. 2B, lanes 1-5). Again, the mobility of the Trf4 product was consistent with the
size of the cross-link expected for this protein. Thus, Trf4 in vitro forms a transient covalent
intermediate during its reaction with 5'-dRP, or a stable cross-link with a 5'-dL residue in DNA.

Because it has been demonstrated that initial Schiff base formation does not necessarily result
in an efficient B-elimination reaction [50], we examined the kinetics of NaBH,4-mediated cross-
linking with Trf4. We pre-incubated the enzyme with the 5'-dRP-containing substrate (labeled
at the 3' end of the dRP strand) for increasing amounts of time before adding the reducing
agent. It was shown previously for Polp that release of the non-oxidized 5'-dRP through the
dRP lyase activity of the enzyme during such a pre-incubation parallels the decrease in the
amount of protein that can be trapped in a covalent complex by reduction [50]. For Polp this
decrease occurs over a few minutes after the initial incubation with the substrate (Fig. 2C, upper
panel). For Trf4, we observed the accumulation of the NaBH4-trapped complex up to about
10 min of pre-incubation, followed by a progressive diminution until a nearly complete
disappearance of the trappable complex after 80 minutes (Fig. 2C, lower panel). Both enzymes
still formed a trappable DNA-enzyme complex using a substrate pre-incubated without enzyme
at 30°C for 80 minutes (data not shown). This kinetic profile of reductive trapping was
consistent with the results obtained from the 5'-dRP lyase assay in which a small proportion
of 5'-dRP was released after 10 min and a complete release was observed after 40 min (Fig.
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1A). Thus, our biochemical results demonstrate that Trf4 possesses an intrinsic dRP lyase
activity.

3.3. Inactivation of Trf4 enhances MMS toxicity in rad27 and ntgl ntg2 oggl mutants

To investigate the role of Trf4 in the BER pathway in vivo, we measured the survival of a
trf4 mutant in different BER backgrounds after exposure to alkylating or oxidizing agents that
damage DNA (Fig. 3). We first analyzed the sensitivity in conjunction with a rad27 mutation.
As shown in Figures 3A and 3B, a double rad27 trf4 mutant was more sensitive to both MMS
and hydrogen peroxide treatment than was either single mutant. One can notice that a single
trf4 mutant was also slightly more sensitive to the oxidative agent H,O, compared to wild-
type (WT) cells (Fig. 3B). In S. cerevisiae deficient in all three known AP lyases (Ogg1, Ntgl
and Ntg2), the repair of AP sites should be predominantly or exclusively by the Apnl-
dependent pathway, which would thus enhance the amount of 5'-dRP in the DNA. The absence
of Trf4 in an oggl ntgl ntg2 background increased the MMS sensitivity compared to the AP
lyase triple mutant (Fig. 3C), consistent with a role for Trf4 in SN-BER. Interestingly, the
ogglntglntg2 triple mutant was more resistant to MMS than the WT strain (Fig. 3C). This
MMS resistance was not observed for the single or double AP lyase mutants described so far
[15,51-53]. The phenotype probably reflects a redundancy among the three AP lyases for AP
site cleavage. The result also suggests that formation of 3'-incised abasic lesions by AP lyases
may be more toxic than the 5'-incisions generated by Apnl.

Whereas Pol4 shows an in vitro dRP lyase activity, no MMS sensitivity phenotype is observed
for the pol4 mutant. We then investigated possible redundancy between Trf4 and Pol4 by
testing for MMS sensitivity. As shown in Figure 3D, the MMS sensitivity of a pol4 strain was
not further enhanced by the addition of a trf4 mutation. Thus, Trf4 and Pol4 do not seem to
have redundancy in their substrate preference relative to alkylation damage. The higher MMS
sensitivity observed for the WT strain in this experiment may reflect background genetic
differences. The MMS and hydrogen peroxide sensitivity phenotypes associated with trf4
mutations in the different BER backgrounds strongly suggests a role for Trf4 in this DNA
repair pathway.

3.4. Trf4 overexpression partially complements rad27 mutant MMS sensitivity phenotype

In the absence of LP-BER dependent on Rad27, the role of a Trf4 5'-dRp lyase should be
enhanced. To test this point, we overexpressed Trf4 in a rad27 strain. The results (Fig. 4)
demonstrated that Trf4 overexpression can partially suppress the MMS hypersensitivity due
to a rad27 mutation. Trf4 overexpression also increased MMS resistance in a WT background
(Fig. 5B). Taken together, these data point to involvement of Trf4 in a BER in a pathway
different from the Rad27-dependent pathway, and suggest that Trf4 activity may be limiting
for efficient BER when cells are challenged with high levels of DNA damage.

3.5. The Trf4 C-terminal domain contains the dRP lyase activity

We wanted next to determine the active site of Trf4 responsible for the dRP lyase activity. An
alignment made between Trf4 and Trf5 protein sequence shows an absence of homology for
the N- and C-terminal region (data not shown). It has been shown previously that trf5 mutants
do not show higher MMS sensitivity than WT [27]. We suspected that the N- or C-terminal
region of Trf4 contains the dRP lyase domain. Sequence comparisons between the Polf3 dRP
lyase active domain (residues 1-82) and the N- and C-terminal regions of Trf4 showed the
Polp motif KIAEK to align with a sequence (KIEEK) in the Trf4 C-terminus, with the Polp
active site K72 matching with Trf4 K552 (Fig. 5A). A Trf4 mutant with lysine-552 changed
to alanine (K552A) was generated by site-directed mutagenesis, and the mutant protein was
overexpressed in a trf44 mutant. Overproduction of wild-type Trf4 in a trf4 background
increased cellular resistance to MMS to a level similar to that of the WT strain (Fig. 5B). In
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contrast, the expression of the Trf4K552A protein in a trf4 mutant did not complement the
MMS sensitivity phenotype. Interestingly, overexpression of Trf4 in a WT strain enhanced its
MMS resistance, and this effect was not observed when Trf4K552A protein was expressed in
the WT strain (Fig. 5B).

To confirm protein expression, Western blot analysis was conducted using an anti-Trf4
antiserum (Fig. 5C). While wild-type Trf4 was easily detected and clearly increased when the
pTRF4 plasmid was present, no protein band was detected in the Trf4K552A extracts. We note
that the anti-Trf4 antiserum employed here was generated against a C-terminal peptide of the
protein [29]. In fact, an allele replacing the Trf4 C-terminus [residues 552-584] with a c-Myc
tag produced protein detected by an anti-Myc antiserum in both WT and trf5 backgrounds (Fig.
6B). Thus, deletion of the C-terminus does not markedly destabilize Trf4. Moreover, the known
HU hypersensitivity phenotype of a trf4 mutant was suppressed with expression of Trf4AK552A
protein (Fig. 5D); HU inactivates ribonucleotide reductase to block DNA synthesis indirectly
[54]. Finally, a strain deficient in the C-terminal [552-584] domain of Trf4 showed
hypersensitivity to MMS compared to a WT strain and similar to a trf44 strain (Fig. 6A). Taken
together, these results strongly suggest a role for the C-terminal domain of Trf4 in DNA repair,
probably its dRP lyase activity involving the lysine 552 as the active site.

3.6. Imbalance between Trf4 and Trf5 influences yeast BER

In view of the physical interaction between Trf4 and Trf5 proteins, we wondered whether a
change in the Trf5 level could affect in vivo repair of MMS damage. To address this question,
we tested the MMS sensitivity of strains deficient in Trf5. A MMS gradient plate assay did not
reveal hypersensitivity in a trf5 strain compared to the WT [27]. In our MMS plate assay, we
found that, contrary to a trf44 strain, Trf5 deficiency increased MMS resistance (Fig. 6B).
Deleting the last 32 amino acids of Trf4 in the trf5 strain restored MMS sensitivity to a level
similar to WT yeast. Thus, an imbalance in [Trf4-Trf5] seems to affect BER efficiency in yeast.
Interestingly, overexpression of Trf5 increased MMS resistance of cells compared to the empty
vector in a Trf4-deficient strain, but increased MMS sensitivity in a rad27 background (data
not shown).

4. Discussion

SN-BER maintains accurate repair with time and energy saving compared to LP-BER. When
this study began, there were clues to the existence of a Rad27-independent BER pathway in
S. cerevisiae, such as the processing of 5'-dRP-containing or osmium tetroxide-damaged DNA
in extracts of rad27 mutants [55-57], and the viability and MMS resistance of a strain deficient
both in AP lyase- and Rad27-dependent BER (rad27 oggl ntgl ntg2 mutant) compared to
rad27 cells (Lionel Gellon, unpublished data). Spontaneous hydrolysis of 5'-dRP residues is
unlikely to support efficient BER, although repair by other pathways might compensate for
BER deficiencies [51,58-62].

The biochemical studies and mutant analysis presented here strongly suggest that S.
cerevisiae possesses SN-BER via the 5'-dRP lyase activity of Trf4. This activity is distinct
from previously reported properties of the protein. The reductive trapping profile of Trf4 on a
5'-dRp substrate was distinct from those for some Y-family DNA polymerases, such as the
mitochondrial Polp of C. fasciculate, or human and Xenopus Poly, which accumulate the
covalent Schiff base intermediate with (at most) slow dRP release [50,63]. The activity of Trf4
is intermediate, with slower accumulation of the Schiff base complex than seen for Polp, but
resolution of the complex at a faster rate than for the enzymes just mentioned (and much faster
than spontaneous hydrolysis, with a half-life of about 2 h at 37°C [64]).
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Our evidence indicates that the dRP lyase activity is intrinsic to Trf4. First, the 5'-dRp lyase
of a His-tagged form of Trf4 was inhibited by anti-His antiserum. Second, the electrophoretic
mobility of the cross-linked adduct matches that expected for Trf4 plus the dRP-containing
oligonucleotide, and no other significant cross-linked species was observed. Third, a direct
effort to detect possible contamination by Fpg (the predominant E. coli 5'-dRp lyase) yielded
a strong negative result. Finally, although E. coli DNA polymerases I, IV, and V, and
endonuclease VIII all possess a dRP lyase (AP incision) activity in vitro, in these enzymes it
is quite weak [65-67]. In contrast, Trf4 has a very weak AP lyase compared to its dRp lyase
(data not shown).

The Trf4 5'-dRP lyase has unusual kinetics that required longer incubations and higher Trf4
concentrations than Polf. Similar results were obtained with two different substrates of
differing length (a 31-mer and a 52-mer). Possible explanations for the slow kinetics could
include effects of the opposite base [7,68,69] or the presence of the His tag on the Trf4 C-
terminus where the dRP lyase activity seems to reside. Also, in its DNA polymerase mode,
Trf4 might bind in a manner inappropriate for the 5'-dRp lyase. The DNA polymerase activity
of the material used here was comparable to that reported previously [33], which suggests that
there was no overall loss of function during storage of the protein. Cofactors might be necessary
for efficient 5'-dRp lyase, as is the case for the poly(A) polymerase function of Trf4, which
requires the proteins Airl or Air2 [34,38,39,70]. Analogously, the dRP lyase activity of
mammalian Poly is mildly stimulated by the yB protein [71]. However, such arole for the Trf4-
Trf5 interaction [27] would be inconsistent with the genetic data presented here.

Lysine-552 is the likely active-site residue for the Trf4 5'-dRP lyase activity, but more detailed
biochemical experiments will be required to confirm this assignment. The genetic observations
are consistent with such a role: although the K552A Trf4 protein suppressed the HU
hypersensitivity of a trf4 strain, neither that protein nor a C-terminal truncated form restored
the MMS resistance, and C-terminus-deleted Trf4 conferred viability in a trf5 background,
showing that this form of the protein is active. Further experiments will be required to quantify
expression of the K552A Trf4 mutant. The MMS hypersensitivity of trf4 strains was thought
to reflect a deficiency in DNA repairing double-strand breaks, but only the highest MMS
concentrations would produce these in any quantity [72]. A similar point applies to the H,0,
hypersensitivity of trf4 strains. A simpler explanation is the role proposed here for Trf4 in BER.
Nevertheless, the higher MMS sensitivity of a rad274 mutant compared to a trf44 strain
indicates that SN-BER in S. cerevisiae may not be the main BER sub-pathway. Other Trf4
functions might also contribute to the observed phenotypes.

Trf5 influences the MMS sensitivity of S. cerevisiae, with somewhat different effects in wild-
type and trf44 backgrounds. The increased MMS resistance conferred by a trf54 allele implies
that Trf5 has a negative impact under physiological conditions. One possible explanation is
that interaction of Trf5 with Trf4 prevents the latter from functioning effectively in BER.
However, the increased MMS resistance conferred by deletion of TRF5 in a trf4(1-551) strain
may suggest otherwise, unless Trf5 affects still another MMS repair pathway. Since the DNA
polymerase domain of Trf4 should still be present in the nucleus, it would be important to test
whether the Trf4-Trf5 interaction is maintained in the trf4(1-551) strain.
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Figure 1. Detection of dRP lyase activity in Trf4

A, Cleavage of 5'-dRP residues by Trf4. Assays were performed as described under
Experimental procedures, and the relative mobilities of the DNA substrate (S) and product (P)
band are indicated. Each reaction contained 10 nM of 3'-labeled, 5'-dRP-containing DNA
substrate. Lanes 1-2, no enzyme; lanes 3, 5 and 6, 900 nM Trf4; lane 4, 450 nM Trf4; lanes
7-9, 20 nM PolB. In lanes 4, 5 and 8, enzyme was pre-incubated with anti-His antibody for 10
min on ice before the repair reaction. Reactions for lanes 6 and 9 contained 6 mM MgCI2
instead of 2 mM EDTA. The repair incubation time is indicated in the figure. DNA was
stabilized with NaBH, to prevent a further degradation during electrophoresis. The percent of
5'-dRp excised is shown under each lane. The separation bar in the gel image indicates some
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irrelevant lanes deleted from the image; the lanes shown are from the same gel. B, Time course
of dRP excision by Trf4. Trf4 (900 nM) was used in this set of assays. Error bars (£S.D) from
three experiments are shown. C, Trf4 concentration dependence of the 5'-dRP lyase activity.
Reactions were stopped after 40 min incubation. The combined result of two experiments is
represented by a linear trendline.
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Figure 2. Schiff base intermediate formed with Trf4

A, Trapping of Trf4-DNA and PolB-DNA covalent complexes with NaBH4. A 5'-dRP substrate
labeled at the 3' end of the damaged strand was used, and the reactions were carried out as
described under Experimental Procedures. Arrows to the left indicate the mobility and M (in
1,000s) of the covalent complex adduct. A 40-fold excess of non-radioactive oligonucleotide
substrate was added prior heating to prevent further trapping of the radioactive substrate. Lanes
land 7,6 mM MgClI, instead of 2mM EDTA was added to the reactions; lanes 2 and 6 (marked
with *), enzymes were boiled for 5 min at 100°C before the assay; lane 3, 400 nM Trf4; lanes
1, 2 and 4, 600 nM Trf4; lanes 5-7, 20 nM Polp. B, Cross-linked adduct formed between Trf4
and a5'-dL DNA substrate. Trf4 (lanes 1-5) or Polp (lane 6-10), both at 600 nM, were incubated
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with 200 fmol 3'-end-labeled substrate for the indicated times. C, Time course of Trf4-DNA
and Polp-DNA cross-linking by NaBH,. Reactions containing an internal 5'-[a-32P]dRP
duplex DNA and Trf4 or Polp were incubated at 30°C for the indicated times before addition
of 50 mM NaBHyg. The lanes labeled “0 min” indicate the addition of NaBH4 immediately after
assembling the reactions at 0°C. Asin A, an excess of non-radioactive oligonucleotide substrate
was added prior heating. Arrows on the left indicate the mobility of the Trf4-DNA and Polp-
DNA covalent adducts.
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Figure 3. Effect of TRF4 inactivation upon MMS and H»O» sensitivity in different BER
backgrounds

Exponentially growing cells were exposed to increasing concentrations of MMS (panels A,
C and D) or Hy0O5 (panel B) as described in Experimental Procedures. Panel A and B strains:
WT (U), trf4 (o), rad27 (%), and rad27trf4 (A). Panel C strains: WT (D), oggl ntgl ntg2 (m),
and oggl ntgl ntg2 trf4 (o). Panel D strains: WT (D), trf4 (), pol4 (o), and pol4 trf4 (o).
The data for each curve represent the average values (£S.D) of at least three independent
experiments for each strain. Strains in panel A, B and C are isogenic to the WT FF18733. Strains
in panel D are isogenic to the WT CY141.
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Figure 4. The MMS sensitivity of a rad27 mutant strain is partially complemented by multicopy
WT TRF4

Plasmids expressing WT Trf4 (pTRF4), or a mutant derivative with alanine substitution of
Lys-552 (pTRF4-552), were transformed into “rad27”” strain. As controls, vector pY X212 was
transformed into the rad27 and WT (FF18733) strains. MMS sensitivity was determined as
described for Fig. 3 and in Experimental Procedures. Points throughout are the average = S.D
of at least three independent measurements.
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Figure 5. Trf4K552A protein restores HU but not MMS resistance
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A, Sequence comparison between the Trf4 C-terminal region (C-ter) and the Polp 5'-dRP lyase
domain using the Multalin software program [73]. Only the Polp active site sequence KIAEK
is shown. Identical amino acids are highlighted with shaded boxes. The active lysine-72 of
Polp and lysine-552 of Trf4 are boxed. B, MMS sensitivity of WT (CY141) and trf4 (CY1000)
strains harboring pY X212, pTRF4 or pTRF4K552A vectors. The data points represent the
average + S.D of at least three independent measurements. C, Western blot analysis of WT
Trf4 and Trf4K552A expressed in CY141 (lanes 1-3) and CY100 (lanes 4-6) strains. The
immunoblotting was performed as described in Experimental Procedures. The position of a
size standard (Trfdp, purified Trf4 protein) is indicated. Each lane was loaded with 40 ug of
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total protein. Cell-free extracts were obtained from cells carrying pY X212 vector (lanes 2 and
5), pTRF4 (lanes 3 and 4), or pTRF4K552A (lane 1 and 6). D, Sensitivity of WT (CY141)
strain with the pY X212 vector and a trf4 mutant strain with pTRF4 or p TRF4K552A plasmids.
Strains were grown to mid-exponential phase and serially diluted at 10, 102, 102, 10% and
10° cells on YNBD medium lacking uracil with or without 125 mM HU.

DNA Repair (Amst). Author manuscript; available in PMC 2009 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Gellon et al.

Page 22

A

Trid(1-551)-Myec - + -+

Trid—» ~— “‘

B 100

Survival (%)
=]
=

o
E

g.001 - —te= s
—wi=trfd(1-551)
—2=1rf5 trid{1-551)

0.0001

(1] l}.l.'lIﬂE ﬂ.llﬁl ﬂ.l!lrlE
MMS (%)

Figure 6. Trf5 affects MMS sensitivity

A, Western blot analysis of Myc-tagged Trf4. The Myc tag replaced the C-terminal domain
(residues 552-584) of Trf4, and anti-Myc antibody was used. B, MMS sensitivity of WT (),
trf4 (o), trf5 (o), trf4(1-551) (x) and trf5 trf4(1-551) (o) strains. The data for each curve
represent the average values (£S.D) of at least three independent experiments for each strain.
Strains are isogenic to the WT CY141.
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Table 1

S. cerevisiae yeast strains used in this study
Strain Genotype Source
FF18733 MATa, his7-2, leu2-3-112 lys1-1, trp1-289, ura3-52 F. Fabre
FF18-1616 FF18733 with rad274::LEU2 F. Fabre
DG100 FF18733 with trf44::kanMX6Myc This study
DG200 RAD27- with trf44::kanMX6Myc This study
CD186 FF18733 with 0ggl4::URA3, ntgl ::L EU2, ntg24::TRP]| D. Thomas
DG300 CD186 with trf44::kanMX6Myc This study
CY141 MATa ade2-1, ura3-1, his3-11, 15 trp1-1, leu2-3 M. Christman
CY143 CY141 with 112 rDNA ::URA3 M. Christman
CY1000 CY143 with trf44::HIS3 M. Christman
DG400 CY141 with pol44::kanMX6Myc This study
DG500 CY1000 with pol44::kanMX6Myc This study
CY871 CY143 with trf54::LEU2 M. Christman
DG101 CY141 with trf44(552-584): :kanMX6Myc This study
DG102 CY871 with trf44(552-584): :kanMX6Myc This study
Plasmid Genotype Source
pYX212 URA3 2u R&D Systems|
pTRF4 TRF4 URA3 2u This study
pPTRF4-552 trf4-552 URA3 2u This study
Yeplac112 TRP1 2u M. Christman
pSH4 TRE5 TRP1 2u M. Christman
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