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Apurinic/apyrimidinic (AP, or abasic) sites in DNA are one
of the most common forms of DNA damage. AP sites are
reactive and form cross-links to both proteins and DNA, are
prone to strand breakage, and inhibit DNA replication and
transcription. The replication-associated AP site repair protein
HMCES protects cells from strand breaks, inhibits mutagenic
translesion synthesis, and participates in repair of interstrand
DNA cross-links derived from AP sites by forming a stable
thiazolidine DNA–protein cross-link (DPC) to AP sites in
single-stranded DNA (ssDNA). Despite the importance of
HMCES to genome maintenance and the evolutionary con-
servation of its catalytic SRAP (SOS Response Associated
Peptidase) domain, the enzymatic mechanisms of DPC for-
mation and resolution are unknown. Using the bacterial ho-
molog YedK, we show that the SRAP domain catalyzes
conversion of the AP site to its reactive, ring-opened aldehyde
form, and we provide structural evidence for the Schiff base
intermediate that forms prior to the more stable thiazolidine.
We also report two new activities, whereby SRAP reacts with
polyunsaturated aldehydes at DNA 30-ends generated by
bifunctional DNA glycosylases and catalyzes direct reversal of
the DPC to regenerate the AP site, the latter of which we
observe in both YedK and HMCES-SRAP proteins. Taken
together, this work provides insights into possible mechanisms
by which HMCES DPCs are resolved in cells.

Apurinic/apyrimidinic (AP, or abasic) sites are one of the
most ubiquitous DNA lesions. AP sites arise from either
spontaneous or DNA glycosylase-catalyzed hydrolysis of the
N-glycosidic bond that links the modified base to the deoxy-
ribose (1, 2). Their impact on cellular processes results in large
part from their instability and reactivity. In solution, an AP site
exists as an equilibrium between a predominant cyclic fura-
nose as a mixture of α- and β-hemiacetals and a ring-opened
aldehyde form, the latter constituting approximately 1% of
the total (3–5). This electrophilic aldehyde can react with
exocyclic groups of nucleobases on the complementary strand
to generate interstrand DNA cross-links (ICLs) (6, 7) and with
* For correspondence: Brandt F. Eichman, brandt.eichman@vanderbilt.edu.

© 2022 THE AUTHORS. Published by Elsevier Inc on behalf of American Society for
BY license (http://creativecommons.org/licenses/by/4.0/).
primary amines in proteins to generate DNA–protein cross-
links (DPCs) (8, 9). The ring-opened aldehyde form is also
susceptible to base-catalyzed β-elimination of the 30 phos-
phoryl group, generating a single-strand break (10). AP sites
occurring in single-strand DNA (ssDNA), such as those
encountered during replication, can lead to stalled replication
forks by inhibiting replicative polymerases (2, 11–13). Repli-
cation forks that encounter an AP site on the template strand
can lead to a double-strand break (DSB) (2, 12, 14, 15).

AP sites in double-stranded (ds) DNA are repaired by
the base excision repair pathway, but the fate of AP sites
in ssDNA is not as well understood. During replication,
AP sites can be bypassed by error-prone translesion syn-
thesis (TLS) polymerases (11, 14, 16, 17). Recently, an
alternative, higher fidelity pathway for repair of
replication-associated AP sites was discovered that in-
volves the protein HMCES (9, 18, 19). Cells lacking
HMCES exhibit elevated levels and delayed repair of AP
sites, as well as increased DSBs and mutation frequency
from TLS (18). Further supporting that HMCES responds
to AP lesions, HMCES-deficient cells are hypersensitive to
nuclear expression of APOBEC3A, which catalyzes deam-
ination of cytosine to uracil in ssDNA that is converted to
an AP site after removal by UDG (20, 21).

HMCES forms DPCs with AP sites in ssDNA but not
dsDNA (18), which led to a model in which the HMCES DPC
protects AP sites from nuclease cleavage and mutagenic TLS
polymerases (18, 20). In vitro, both intact and proteolyzed
HMCES DPCs are resistant to cleavage by AP endonuclease 1
(18, 22). Typically, proteins covalently conjugated to DNA
occur either as deleterious lesions (23–25) or as a catalytic
intermediate in DNA strand cleavage (lyase) reactions (26–28).
By contrast, the HMCES DPC is highly stable and persists in
cells on the order of hours and has been shown to ultimately
be resolved by a proteolytic-dependent mechanism under
specific conditions (18, 22). In Xenopus extracts, HMCES
DPCs form as intermediates in AP-ICL repair upon NEIL3
unhooking of the AP-ICL and are substrates for SPRTN pro-
tease, which generates a DNA–peptide cross-link (DpC) (29,
30). However, the mechanism by which HMCES DPCs are
resolved in mammalian cells remains to be determined.
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Mechanism of DPC formation and reversal by YedK
HMCES contains a catalytic SRAP (SOS Response Asso-
ciated Peptidase) domain that is conserved across all do-
mains of life (18, 22, 31). HMCES SRAP is similar in both
sequence (29% identity/43% similarity) and structure to
Escherichia coli (E. coli) YedK, with the highest degree of
conservation within the DNA-binding channel and at the
active site (22, 32). An invariant cysteine at amino acid
position 2 (Cys2) constitutes the extreme N-terminus after
aminopeptidase removal of Met1 (18, 33) and is required for
DPC formation in vivo and in vitro. Crystal structures of
HMCES SRAP and YedK cross-linked to AP-DNA revealed
that Cys2 forms a highly stable thiazolidine linkage with the
ring-opened aldehyde form of the AP site (32, 34–36),
which helped explain the persistence of HMCES DPCs in
cells. The SRAP active site contains highly conserved
glutamate, histidine, and asparagine residues that contact the
cross-linked AP site (18, 31, 37). Mutation of these residues
reduces cross-linking activity without disrupting DNA-
binding activity in vitro (18, 22, 33, 35, 36) and increases
sensitivity to oxidative stress or ionizing radiation in cells
(18, 19, 38).

Despite the importance of HMCES in repair of AP sites, the
mechanisms of DPC formation and resolution, and the roles
of active site residues in these processes, are unknown. Here,
we perform a biochemical and crystallographic analysis of the
various steps involved in catalysis of DPC formation, using
YedK as a model system. Our data provide evidence for AP
site ring opening and Schiff base formation, both of which are
necessary precursors to thiazolidine formation. The active site
glutamate is involved in both processes, and the histidine
contributes to ring opening. We find that YedK forms DPCs
to cleaved DNA 30-ends generated by DNA lyases. We also
show that YedK and HMCES SRAP domain catalyze DPC
reversal to reform a free AP site on the order of hours in vitro,
which has implications for resolution of the HMCES DPC in
cells.
Results

Glu105 and His160 enable acid–base catalysis of DPC
formation

The Cys2-linked, ring-opened AP site is stabilized by
highly conserved histidine, glutamate, and asparagine resi-
dues (Fig. 1A). In YedK, Asp75 hydrogen bonds to the
carbonyl oxygen and the backbone amide nitrogen of Cys2,
His160 hydrogen bonds to the hydroxyl (O40) of the ring-
opened AP site, and Glu105 interacts with the thiazolidine
ring and with His160 (32, 34–36). In both structures of
YedK cross-linked to an internal AP site (PDB IDs 6NUA
and 6KCQ), a second conformer of Glu105 was observed in
which the carboxylate hydrogen bonds with the phosphate
30 to the AP site, strongly implying that Glu105 exists at
least transiently in a fully protonated state. Previous muta-
tional analyses of SRAP active site residues involved only
alanine substitution and were performed at a single time
point (18, 22, 35). To gain a more detailed understanding of
the roles of the SRAP active site residues, we performed a
2 J. Biol. Chem. (2022) 298(9) 102307
kinetic analysis of variants that altered their hydrogen
bonding or ionization potential. We verified by mass spec-
trometry that these mutants all lack the N-terminal methi-
onine (Fig. S1). Thus, the active site residues do not play a
role in N-terminal methionine removal from the bacterial
protein, contrary to a previous analysis of HMCES mutants
expressed in human cells (33).

Cross-linking kinetics were measured under single-
turnover conditions using a ssDNA oligo containing a cen-
trally located AP site and a 50-FAM label for visualization. In
our assay, the rate of wildtype YedK DPC formation is a
lower limit as the reaction was nearly complete at our fastest
time point. We first tested the kinetics of alanine point
mutants (Fig. 1, B and C). Surprisingly, Asn75, which was
expected to position the N-terminal Cys2 for nucleophilic
attack based on the structures, showed only a very modest
decrease in cross-linking relative to wild-type YedK when
mutated to alanine (Fig. 1, C and F). In contrast, H160A
exhibited at least 10-fold reduction in rates relative to wild-
type. Alanine substitution of Glu105 had the largest effect of
the three active site residues. The E105A cross-linking re-
action was only 50% complete after 1 h (Fig. 1, B–D). These
data are consistent with Glu105 and His160 as important for
SRAP AP site cross-linking, with Glu105 playing an essential
role.

The proximity of Glu105 and His160 to the cross-link and
to each other suggest that they participate in acid–base
catalysis (34). We therefore examined the cross-linking ki-
netics of E105Q and H160Q mutants, which cannot partici-
pate in acid–base chemistry but retain the same hydrogen
bonding potential as the wildtype enzyme (Fig. 1, D–F,
Fig. S2A). As with the alanine mutant, E105Q severely
impacted YedK activity (Fig. 1, D and F; Table S1), strongly
suggesting that ionization of the carboxylate is important for
DPC formation. Consistently, an E105D mutant only
modestly impacted catalysis. The H160Q substitution also
reduced the cross-linking rate by 10-fold (similar to H160A),
whereas an H160E mutant exhibited only a 3-fold reduction
in the cross-linking rate compared to wildtype (Fig. 1, E and
F; Table S1). Thus, both Glu105 and His160 likely participate
in acid–base catalysis rather than merely stabilize the sub-
strate or transition state via hydrogen bond stabilization.
Consistent with this, YedK exhibits a strong pH dependence
on the cross-linking rate with maximal activity at lower pH
(Figs 1G and S2B).

Based on the mutational data and the configuration of
active site residues around the AP site, we propose the
following catalytic mechanism for DPC formation in three
main phases: AP site ring opening, Schiff base formation, and
thiazolidine formation (Fig. 1H). In the first phase, both
Glu105 and His160 likely catalyze ring opening of the AP
deoxyribose ring from the furan to aldehyde form, whereby
His160 acts as a general acid to protonate O40 and Glu105
acts as a general base to deprotonate the hydroxide at C10. In
the second phase, Glu105 drives Schiff base formation by
acting as both general acid and base to deprotonate Cys2
α-NH2 and to hydrolyze the hydroxyl at C10. In the final step,
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Figure 1. Glu105 and His160 enable acid–base catalysis of DPC formation. A, active site of YedK DPC crystal structure (left) and schematic (right). B,
representative SDS-PAGE separation of un-cross-linked and cross-linked AP-DNA by wildtype and alanine mutant YedK. Cross-linking experiments were
performed at 25 �C and pH 6. DNA bands were visualized with by FAM fluorescence. C, D, E, kinetics of DPC formation of active site alanine mutants (C),
Glu105 mutants (D), and His160 mutants (E) at 25 �C and pH 6 (mean ± SD, n = 3). F, rate constants derived from data in panels C–E. E105A and E105Q data
were fit to a 2-phase exponential; kfast is shown in light blue, and kslow is shown in dark blue. Mean ± SD values are shown in Table S1. G, pH dependence of
DPC formation for wildtype YedK at 18 �C (mean ± SD, n = 3). Kinetic traces are shown in Figure 2B. H, proposed catalytic mechanism of YedK DPC
formation. DPC, DNA–protein cross-link; FAM, 6-carboxyfluorescein.

Mechanism of DPC formation and reversal by YedK
Glu105 deprotonates the Cys2 sulfhydryl group necessary to
close the thiazolidine ring.
YedK catalyzes AP site ring opening

In solution, the AP site is at equilibrium between a ring-
closed 20-deoxy-D-erythro-pentofuranose and a ring-opened
aldehyde. The AP site exists primarily in the cyclic furanose
form with only 1% of the sugar in the more reactive ring-
opened aldehyde form (3, 4). To investigate whether SRAP
domains actively catalyze opening of the furan ring or simply
capture a spontaneously formed aldehyde, we compared the
rates of cross-link formation by two nonenzymatic probes to
that of wildtype YedK under single-turnover conditions (Fig. 2,
A–C and S3, A–C). The nonenzymatic probes used were: (1) a
YedK peptide consisting of the first 15 residues and including
the N-terminal Cys2; and (2) an aldehyde reactive probe, aoN-
g, which reacts specifically to the aldehyde form of the AP site
via an oxime linkage (39). The rates of YedK peptide and aoN-
g probe cross-linking were 0.09 ± 0.005 min−1 and 0.03 ±
0.001 min−1, respectively, compared to 19.7 ± 2.4 min−1 for
YedK. The 200- to 500-fold reduced rate in cross-linking by
the two nonenzymatic probes suggests that YedK catalyzes AP
site ring opening.

To test this further, we selectively blocked the N-terminal
Cys2 with formaldehyde, which reacts more efficiently with
cysteine than other amino acids to form a thiazolidine ring
(40–43) (Fig. 2D). Our proposed mechanism predicts that the
α-NH2 group of Cys2 initiates DPC formation after the first
step of AP site ring opening (Fig. 1H). Formaldehyde blocking
of the N-terminus renders Cys2 unreactive toward the AP site,
allowing us to examine the effects of Glu105 and His160 on
the ring-opening step. As expected, blocking Cys2 in wildtype
YedK inhibited DPC formation and led to strand cleavage
(Fig. 2E), consistent with spontaneous β-elimination of the AP
aldehyde previously observed with a C2A mutant (22) (Fig. 2F).
In contrast, strand cleavage was not observed in Cys2-blocked
E105Q and H160Q proteins, indicating that these residues are
essential for formation of the reactive AP aldehyde. We veri-
fied that the loss of β-elimination in the formaldehyde-treated
mutants was not the result of loss of DNA binding (Fig. S3D).
Combined with the reduced rates of cross-linking by
J. Biol. Chem. (2022) 298(9) 102307 3
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Mechanism of DPC formation and reversal by YedK
nonenzymatic probes, these data are consistent with Glu105-
and His160-catalyzed AP ring opening by SRAP.
Glu105 catalyzes formation of the Schiff base intermediate

SRAP DPC formation likely proceeds through a Schiff base
intermediate formed by nucleophilic attack of C10 of the AP site
by theα-aminogroupofCys2 (22, 34, 42, 44). In the absenceof the
Cys2 thiolate side chain, SRAP does not form DPCs (18, 22, 35)
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and instead generates DNA cleavage products indicative of DNA
lyase activity (Fig. 3A). We previously provided evidence for the
Schiff base intermediate by borohydride trapping of DPCs in
YedK C2A and C2S mutants (22). To visualize this Schiff base
intermediate, we determined a 1.8-Å crystal structure of YedK
C2Awith AP-DNA in the presence of borohydride. The electron
density shows a linear linkage consistent with a reduced imine
between the N-terminal alanine and the ring-opened AP site
(Fig. 3B). This structure is highly similar to that of the wildtype
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Mechanism of DPC formation and reversal by YedK
YedK DPC (PDB ID 6NUA), with an RMSD of 0.71 Å for all Cα

atoms. The DNA binding modality observed in the C2A DPC
structure contains the same 90� kink and twist in the DNA
backbone at the AP site observed in other SRAP-DNA structures
(18, 34–36) (Fig. S4).

The active site residues in the trapped Schiff base structure
are positioned almost identically to those in the wildtype YedK
DPC (Fig. 3, C and D). The main notable difference in the C2A
DPC structure is that Glu105 only exhibits one conformer; the
interaction between carboxylate and DNA phosphate is not
observed. In our proposed mechanism, Glu105 would catalyze
Schiff base formation through deprotonation of Cys2 α-NH2

and hydrolysis of C10. To investigate the roles of the active site
residues Glu105 and His160 in catalyzing Schiff base forma-
tion, we determined the kinetics of both lyase activity and
borohydride-trapped cross-linking of C2A E105Q and C2A
H160Q double mutants (Fig. 3, E and F). The C2A E105Q
double mutant severely reduced both activities relative to C2A
alone, whereas C2A H160Q had a lesser effect. The rates of
lyase activity in C2A E105Q and C2A H160Q were 25-fold and
2.5-fold slower than C2A (Fig. 3E), further supporting an
important role for Glu105 in the steps prior to Schiff base
formation. Similarly, C2A E105Q reduced the rate of DPC
formation in the presence of borohydride by 10-fold, whereas
C2A H160Q showed the same rate as C2A (Fig. 3F). These
data indicate that Glu105, but not His160, is important for
Schiff base formation, consistent with our model (Fig. 1H).

YedK reacts with AP lyase products

AP sites are susceptible to spontaneous and DNA lyase
catalyzed strand cleavage through β-elimination of the 30

phosphoryl group, which generates a single-strand break with
a 30-phospho-α,β-unsaturated aldehyde (30-PUA) on one
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strand and a 50-phosphate on the other (Fig. 4A) (10, 45). The
30-PUA may undergo further δ-elimination to liberate the
ribose moiety, leaving a 30-phosphate (30-P). We tested the idea
that SRAP could form a cross-link with the 30-PUA by incu-
bating AP-DNA with bifunctional DNA glycosylases Endo-
nuclease III (Nth), Endonuclease VIII (Nei), or YedK C2A, all
of which cleave AP-DNA (22, 46, 47), followed by incubation
with wildtype YedK (Fig. 4B). In all cases, incubation with
YedK resulted in the disappearance of the band corresponding
to the lyase β-elimination product and the appearance of a
corresponding DPC smaller in size to the YedK DPC formed
with untreated AP-DNA. The amounts of the two DPCs in the
three reactions were proportional to the amounts of uncleaved
and cleaved AP-DNA from the lyase reaction, indicating that
the lower-molecular-weight DPC is formed from the 30-PUA.
Consistent with the requirement for a reactive aldehyde, YedK
did not react with the δ-elimination product of Nei. We also
found that a preformed YedK DPC is refractory to DNA lyase
cleavage by the glycosylases (Fig. 4B, right gel).

We next tested our panel of active site mutants against 30-
PUA DNA substrates generated by Nth. Interestingly, N75A,
which had only a modest effect on cross-linking to an internal
AP site (Fig. 1,C andF), was unable to fully cross-link the 30-PUA
after 20 min (Fig. 4C). Most notably, E105A and E105Q were
refractory to 30-PUA cross-linking, further supporting the role
of Glu105 in formation of the Schiff base intermediate. Finally,
the His160mutants had a milder effect on 30-PUA cross-linking
relative to an internal site, consistent with this residue playing a
role in ring-opening but not Schiff base formation.

The SRAP DPC and DpC are reversible

SRAP DPCs are highly stable—on the order of hours in cells,
and days in vitro at physiological temperature (18, 22). The
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thiazolidine linkage itself is relatively stable and exists in an
equilibrium with the Schiff base, with the thiazolidine favored
by five orders of magnitude (42, 43, 48–50). We previously
demonstrated thermal hydrolysis of the SRAP DPC after
10 min at 90 �C at pH 8.0 by following the protein component
by SDS-PAGE (22). To elucidate the chemical nature of the
DNA component of the hydrolysis product, we examined the
sizes and reactivity of DNA products liberated from thermally
denatured DPCs (Fig. 5A). Heating the DPC at 90 �C for
10 min at pH 6.5 completely hydrolyzed the DPC to generate
two DNA products consistent with intact and nicked AP-
DNA, both of which would contain a reactive aldehyde. The
nicking observed is the result of spontaneous AP site hydro-
lysis (i.e., not YedK dependent) since the amount of nicked
AP-DNA in the mock reaction is the same as in the thermally
denatured DPC reaction (Fig. 5A). Unlike free AP site, the DPC
was refractory to base catalyzed β-elimination (Fig. S5).
Addition of fresh YedK to the boiled DPC mixture generated
two cross-linked species consistent with DPC formed from
both DNA hydrolysis products. Thus, heat denaturation of the
DPC leads to a direct reversal of the thiazolidine to regenerate
a free, reactive AP site.

Since thiazolidine reversal and exchange with competing
aldehydes is possible (51), we next tested whether the cross-
link is reversible in solution under physiological conditions.
YedK or HMCES-SRAP DPC was preformed with a 20-mer
oligodeoxynucleotide containing an AP site (DPC-20), fol-
lowed by addition of 4-fold excess of 40-mer AP-
oligodeoxynucleotide to trap any free AP site liberated from
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a hydrolyzed DPC-20 (Fig. 5B). We observed from both pro-
teins the appearance of a 40-mer DPC (DPC-40) and a
disappearance of DPC-20, consistent with direct reversal of the
original DPC and reformation of DPC with the longer AP-
containing oligo trap. For YedK, the half-time of the ex-
change reaction under our experimental conditions was 2 to
4 h. The exchange rate in HMCES-SRAP was significantly
slower, albeit this reaction was performed at a higher pH
because of differences in stability between YedK and HMCES.
We verified that the reverse reaction was enzyme catalyzed as
YedK DPC exchange was not observed after 24 h with the
E105Q mutant and was severely slowed with H160Q (Fig. 5C).
We also observed spontaneous reversal of a DpC formed with
the YedK N-terminal peptide (Fig. 5D). In this case, we used
the aoN-g probe as a trap to capture any hydrolyzed DpC. As
with the YedK DPC, we observed the disappearance of DpC
and appearance of aoN-g-DNA over time, consistent with
direct reversal of the DpC. Reversal of the DpC was about 2- to
4-fold faster than that of the DPC.
Discussion

Catalytic mechanism

Our data are consistent with Glu105- and His160-
dependent, SRAP-catalyzed AP site ring opening to
generate the reactive aldehyde necessary for attack by the
Cys2 nucleophile. Three lines of evidence support this. First,
wildtype YedK cross-links to AP-DNA 2 to 3 orders of
magnitude faster than the YedK peptide or the aldehyde
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reactive probe, aoN-g. These experiments were performed
under saturating conditions to exclude diffusion rates from
our interpretation. Secondly, by isolating the ring opening
step by formaldehyde blocking of Cys2 α-amino and thiolate
side chain, we found that E105Q and H160Q mutants sup-
press spontaneous β-elimination of the AP site, suggesting
that these residues are necessary to produce the reactive
aldehyde form. Thirdly, our model predicts that His160
only plays a role in the ring opening step. Consistently,
YedK’s reactivity with a 30-PUA, which effectively bypasses
the requirement for the ring-opening step, was not as
dependent on His160 as was the internal AP site cross-
linking reaction.

Glu105 is by far the most important residue to DPC
formation other than Cys2. In addition to facilitating ring
opening, likely by deprotonation of the hydroxide at C10,
Glu105 is also essential for Schiff base formation through its
ability to deprotonate Cys2 α-NH2 and to protonate the
water-leaving group from C10. Our YedK C2A crystal
structure under reducing conditions confirms that the DPC
reaction proceeds through a Schiff base intermediate and
that the N-terminal amine is the initial cross-linking
nucleophile. Interestingly, we did not observe a Glu105
conformer in contact with the DNA phosphate in the C2A
DPC structure. This is consistent with our proposed
mechanism in which Glu105 likely deprotonates the Cys2
sulfhydryl for thiazolidine ring closure in the last step of the
reaction. In the absence of Cys2, Glu105 would remain in its
anionic form.

Ionization of the Glu105 carboxylate is important for DPC
formation since both E105A and E105Q had significant ef-
fects on catalysis. Both mutants exhibited biphasic kinetics at
pH 6.0, with short burst (kfast) and longer slow (kslow) phases
at least 2.5-fold and 1000-fold slower than wildtype, respec-
tively. The biphasic kinetics is not the result of reduced
protein stability of the mutants since preincubation of pro-
tein before initiating the cross-linking reaction did not
change the kinetics of E105A. This biphasic nature suggests
that there are two forms of either the enzyme or the sub-
strate at the onset of the reaction, one of which is primed for
catalysis and bypasses the requirement for the enzyme in the
initial step of the reaction. In the case of the enzyme, we
speculate that two forms may exist that differ by the initial
protonation state of the N-terminal α-amino group. Glu105
is positioned close enough to Cys2 to catalyze α-NH3

(+)

deprotonation, which is required for Schiff base formation,
and thus, the initial burst may correspond to the population
of the N-terminal amine already in the deprotonated state
and the slow phase would correspond to the time required
for spontaneous deprotonation. Alternatively, the initial burst
may correspond to the small (1%) population of AP site that
exists as the reactive aldehyde in solution, and the slow phase
is the result of the population of AP DNA in the more
abundant, less reactive ring-closed state that requires Glu105
for activation (4, 5). Finally, we note that Glu105 and His160
may affect the ionization states of one another given their
close proximity.
Reaction with DNA lyase products

HMCES reduces DSBs in cells, presumably by protection of
the AP site from spontaneous or enzymatic cleavage at repli-
cation forks (18, 20, 22, 29, 36). Our finding that YedK is
capable of cross-linking to DNA containing a 30-PUA suggests
additional roles for SRAP in DNA repair. The 30-PUA DPC is
consistent with reactivity of cysteine with α-β-polyunsaturated
aldehydes (52). Specifically, we showed that YedK forms DPCs
to the products of bacterial Nth and Nei glycosylases, raising
the possibility that HMCES protects against the cross-links to
30-PUAs generated during abortive base excision repair, an
activity that would contribute to HMCES-dependent reduc-
tion of spontaneous DNA strand breaks in cells. It is inter-
esting to speculate that in addition to protecting AP sites from
strand cleavage, the SRAP domain may also mark broken DNA
ends for subsequent repair.

The 30-PUA cross-linking activity raises the question of how
SRAP recognizes a 30-end generated by a DNA lyase. SRAP has
a strong preference for AP sites in ssDNA (18, 22, 35) and can
accommodate dsDNA on the 30-side of the AP site (22, 34).
Lyase activity by a bifunctional DNA glycosylase would
generate a nicked substrate with a duplex region 50 to the
reactive PUA, suggesting that fraying must occur for SRAP to
gain access to the end. Interestingly, the ssDNA 30 to the AP
site, which would not be present in a 30-PUA substrate, was
disordered in several crystal structures of both HMCES SRAP
domain and YedK (22, 32, 34, 35), suggesting that the ssDNA
is anchored to the protein mainly by the interactions 50 to the
AP site. Comparison of these structures to our YedK AP-DPC
structure, in which the ssDNA containing an internal AP site
fully extends across the active site, shows that the presence of
DNA helps to orient the active site residues for catalysis (34).
Binding to ssDNA containing a 30-PUA would not be as stably
bound to the protein and thus would require additional sta-
bilization for catalysis. We speculate that this may be the role
of Asn75, which is positioned to anchor Cys2 for nucleophilic
attack on the AP site and was more important for YedK
crosslinking to 30-PUA than to an internal AP site.
DPC reversibility

The mechanism by which the HMCES DPC is ultimately
resolved is unknown. In human cells, resolution may take
hours and involves proteasomal degradation (18). In Xenopus
cell-free extracts, the DPC is converted to a DpC by SPRTN
protease (29). How the DpC is resolved and whether the intact
DPC is removed by alternative pathways are unclear. Here, we
show that SRAP from E. coli YedK or human HMCES cata-
lyzes direct reversal of its DPC back to a reactive AP site. For
YedK, this reversal occurred on a 2- to 4-h timescale. The
slower apparent reversal rate of the human protein may be
attributed to the higher pH at which we performed the reac-
tion for optimal protein stability. We also observed a faster (1-
to 2-h) reversal of a YedK DpC, indicating that reversal also
occurs spontaneously from exposure of the thiazolidine to
solvent. The difference in rates of the enzymatic and sponta-
neous cross-link reversal is consistent with thiazolidine
J. Biol. Chem. (2022) 298(9) 102307 7



Mechanism of DPC formation and reversal by YedK
hydrolysis occurring through the rate-limiting step of ring
opening to form a Schiff base (50), which is also susceptible to
spontaneous hydrolysis. Because DPC reversal experiments
contained excess DNA to limit the amount of free YedK, the
rate of the reverse reaction we observe in vitro is likely an
underestimate relative to DPC reversal in the cell. Neverthe-
less, the relatively slow timescale of DPC reversal may be
important to protect the AP site during replication, which
occurs over 7 to 8 h (53). Slow reversal of the DPC may allow
for transient protection of the AP site until replication is
completed in a specific region, at which point the DPC would
be reversed, placing the AP site in the context of a ss/dsDNA
junction for subsequent repair. Reversal of the reaction in vivo
would be driven by any process that shunts the resulting AP
site away from SRAP, including, but not limited to, sponta-
neous or enzyme catalyzed cleavage of the AP site by another
protein. Moreover, resolution of the DPC and DpC is likely cell
type or lesion dependent (e.g., an AP site resulting from NEIL3
unhooking of an AP-ICL versus depurination of a chemically
modified nucleotide). The HMCES DPC is ubiquitylated in
cells, and this may target the protein for proteolysis or serve to
recruit other DNA repair factors to the lesion (18, 29). Addi-
tionally, there is evidence from Xenopus extracts that HMCES
forms a DPC shortly after CMG helicase bypasses an
unhooked AP-ICL, protecting the AP site from cleavage until
TLS can proceed (29). Since HMCES reduces mutation fre-
quency in U2OS cells (18, 20) and TLS is an error-prone
process, the delay of TLS by HMCES DPC likely allows for
recruitment of an error-free bypass mechanism, such as tem-
plate switching, in certain cell types. In B cells, DPC formation
by HMCES reduces deletions during somatic hypermutation
(SHM), and it has been proposed that subsequent TLS may be
an outcome in SHM (54). Regardless of the mechanism, future
investigation of SRAP DPC resolution should take into ac-
count the fact that the enzyme is capable of regenerating an
AP site prior to the conclusion of DNA replication.

Experimental procedures

Site-directed mutagenesis

YedK mutants (C2A, C2A/E105Q, N75A, E105A, E105D,
E105Q, H160A) were generated using the QuikChange Site-
Directed Mutagenesis Kit (Agilent). The forward and reverse
mutagenic extension reactions were performed separately to
improve primer annealing, and the corresponding single-
stranded copies of the plasmid were combined. YedK point
mutants (H160E, H160Q, C2A/H160Q) were generated using
the Q5 Site-Directed Mutagenesis Kit (NEB). Mutant plasmids
were sequence verified (GenHunter).

Protein purification

E. coli YedK and point mutants were expressed and purified
as described (22). Briefly, His-tagged YedK was expressed in
BL21 (DE3) cells at 16 �C for 16 h and purified by Ni-NTA
affinity chromatography. The His-tag was cleaved and
removed by a second Ni-NTA step. YedK was exchanged into
S200 buffer (20 mM TRIS-HCl pH 8.0, 100 mM NaCl, 10%
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glycerol, 2 mM Tris-(carboxyethyl) phosphine hydrochloride),
concentrated, flash-frozen in liquid nitrogen, and stored at −80
�C. Wildtype YedK used for biochemical experiments shown in
Figures 2,A andB, 4B, and 5was further purified by gel filtration
on a 16/600 Superdex 200 column (GE Healthcare) in S200
buffer. The absence of the N-terminal methionine was verified
via electrospray ionization (ESI) mass spectrometry (Vanderbilt
Mass Spectrometry Core). Human HMCES-SRAP domain
(residues 1–270) was purified as described previously (22).

Preparation of AP-DNA

AP-DNA was prepared by incubating 1 μM uracil-
containing oligonucleotide with 0.6 U UDG (New England
Biolabs) (55) in UDG Buffer (10 mM Tris-HCl pH 8.0, 50 mM
NaCl, 10 mMMgCl2, 5 mM DTT) at 37 �C for 15 m. AP-DNA
was prepared fresh for each reaction. Sequences of oligonu-
cleotides used in biochemical assays are listed in Table S2.

DNA–protein cross-linking kinetics

YedK crosslinking experiments were performed at pH 6 to
avoid spontaneous base-catalyzed cleavage of the AP site and
to maintain consistency with our previous analysis (Thomp-
son, 2019 #76). YedK DPCs were formed by incubation of
1 μM protein and 35 nM 50-FAM-labeled AP oligonucleotide
(FAM_U_Cy5) at 25 �C in Buffer A (20 mM Tris-HCl pH 6.0,
10 mM NaCl, 1 mM EDTA, and 5 mM DTT). FAM-DNA
(35 nM) was required for a high-fluorescence signal-to-noise
ratio to visualize DNA, and we used an excess of protein to
ensure saturating conditions. Reactions were stopped at
various time points by adding an equal volume of SDS Buffer
(100 mM Tris-HCl pH 6.9, 16% glycerol, 3.2% SDS, 6%
formamide, 0.5% β-mercaptoethanol) and incubating on ice.
To confirm generation of AP sites, 35 nM 50-FAM-labeled AP
oligonucleotide in Buffer A was treated with 0.2 M NaOH for
3 m at 70 �C. For Schiff base trapping, NaBH3CN was added to
the YedK and AP-DNA mixture to a final concentration of
50 mM. All samples were heated 70 �C for 1 m prior to loading
the gel. DPC and AP-DNA were separated on 4 to 12% Bis-
Tris gels (Invitrogen) pre-run with MES SDS running buffer
(Invitrogen). 50-FAM-labeled AP oligonucleotide was visual-
ized on a Typhoon Trio (GE Healthcare) using excitation and
emission wavelengths of 532 and 575 nm, respectively. Band
intensities were quantified using GelAnalyzer 19.1 (www.
gelanalyzer.com).

Experiments to measure C2A lyase kinetics were performed
the same as DNA–protein cross-linking experiments, with
C2A mutants used in place of wildtype YedK with the
following modifications: reactions were incubated at 37 �C and
stopped at given time points with equal volumes of the loading
buffer (80% w/v formamide, 10 mM EDTA, 3 μg/μl Blue
dextran), and reaction products were resolved via 10% poly-
acrylamide urea gels prerun in 0.5 × TBE buffer (50 mM Tris-
HCl pH 8, 45 mM boric acid, 1 mM EDTA). Experiments to
measure C2A Schiff base trapping kinetics were performed the
same as DNA–protein cross-linking experiments, with C2A
mutants used in place of wildtype YedK with the following

http://www.gelanalyzer.com
http://www.gelanalyzer.com
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modification: 50 mM NaBH3CN was added to the reaction
mixture prior to taking the first time point.

For the pH dependence experiments, YedK DPCs were
formed by incubation of 500 nM protein and 35 nM 50-FAM-
labeled AP oligonucleotide (FAM_U_Cy5) in Buffer B (20 mM
Tris-HCl, 15 mM sodium citrate, 5 mM citric acid, 5 mM
NaCl, 1 mM EDTA, 5 mM DTT, pH adjusted with HCl/NaOH
and 0.22 μm filtered). AP-DNA was preincubated in the re-
action buffer at 18 �C for 10 m prior to addition of YedK and
incubation at 18 �C at given time points over the course of
30 m. Reactions were quenched, analyzed by SDS-PAGE, and
visualized by FAM fluorescence.

Peptide and aoN-g cross-linking

Aldehyde reactive probe analog, aoN-g (39), was a gift from
Yasuo Komatsu at the National Institute of Advanced Indus-
trial Science and Technology. YedK peptide consisting of the
amino acids 2 to 16 (CGRFAQSQTREDYLA) was synthesized
by Genscript. 50-FAM-labeled AP-DNA (FAM_U_20; 50 nM)
was incubated at 25 �C with saturating concentrations of aoN-
g (25 μM), YedK peptide (1 mM), or YedK (1 μM) in Buffer C
(20 mM Hepes pH 7.0, 10 mM NaCl, 1 mM EDTA, 5 mM
DTT). DNA–probe and DNA–peptide reactions were
quenched by adding 8 μl of reaction to 8 μl of the stop buffer
(40 mM EDTA-Na2, 8M urea, 20 μM glutaraldehyde) and 4 μl
of the loading buffer. YedK DPC reactions were stopped by
adding an equal volume of SDS buffer. All reactions were
heated to 70 �C 1 m prior to loading gel. DNA–probe or
DNA–peptide adducts were separated from AP-DNA on 15%
polyacrylamide urea gels prerun in 0.5 × TBE buffer (50 mM
Tris-HCl pH 8, 45 mM boric acid, 1 mM EDTA). DPCs were
resolved via 4 to 12% Bis-Tris gels (Invitrogen) prerun in MES
SDS running buffer (Invitrogen), and FAM-DNA was visual-
ized by fluorescence.

N-terminal blocking

YedK and mutants stored in S200 buffer were thawed, spun
20,000 × g for 10 min, and diluted to 10 μM in Buffer B at pH
7.0. Formaldehyde was added to a final percentage of 1%, and
reactions were incubated at 25 �C for 2 h before quenching by
addition of 125 mM glycine. Reactions were buffer exchanged
into fresh Buffer B pH 7.0 using G-25 desalting columns
(Cytiva). Formaldehyde-treated protein (3.5 μM) was incu-
bated with 35 nM AP-DNA (FAM_U_35) in Buffer B pH 7.0
for 60 m at 37 �C. Reaction products were resolved via 4 to
12% Bis-Tris gels in MES running buffer, and FAM-DNA was
visualized by fluorescence.

DNA binding

Relative binding affinities of proteins in Figure 2E were
measured by fluorescence anisotropy using ssDNA
(FAM_THF_15) containing a tetrahydrofuran (THF) abasic
site analog. The THF strand contained 6-carboxyfluorescein
(FAM) at the 50-end. Protein was titrated against 25 nM
DNA in Buffer B in a 384-well plate for 20 min at 4 �C.
Fluorescence was measured using a BioTek Synergy H1
Hybrid Reader with a filter cube containing 485-/20-nm
excitation and 528-/20-nm emission filters.

X-ray crystallography

AP-DNA was prepared by incubating 50 μM 7-mer ssDNA
[d(GTCUGGA)] with 10 U of uracil DNA glycosylase (UDG,
New England Biolabs) in UDG buffer at 37 �C for 1.5 h. YedK
C2A protein was buffer exchanged into Buffer C. The Schiff
base intermediate was trapped by incubating 24 μM YedK C2A
with 25 μM AP-DNA at 25 �C for 5 m, adding NaBH3CN to a
final concentration of 50 mM, and incubating at 25 �C for 18 h.
DPC was further purified by gel filtration on a 16/300 Super-
dex 200 column (GE Healthcare). Fractions containing >90%
DPC were pooled and buffer exchanged into 80 mM NaCl,
20 mM TRIS-HCl pH 8.0, 1 mM Tris-(carboxyethyl) phos-
phine hydrochloride, 0.5 mM EDTA for crystallization ex-
periments. DPC was crystallized by hanging drop vapor
diffusion at 21 �C by mixing equal volumes of YedK/DNA
complex at 50 μM (as determined by an absorbance reading
and extinction coefficients of protein and DNA at 280 nm) and
reservoir solution containing 25% (wt/vol) PEG 3350 and
0.2 M NaH2PO4. Crystals were harvested 22 days after setting
the drops; cryoprotected in 30% PEG 3350, 0.2 M NaH2PO4,
and 10% (vol/vol) glycerol; and flash-cooled in liquid nitrogen.

X-ray diffraction data were collected at the Advanced
Photon Source beamline 21-ID-F at Argonne National Labo-
ratory and processed with HKL2000 (56). Data collection
statistics are shown in Table S3. Phasing and refinement were
carried out using the PHENIX suite of programs (57). Phases
were determined by molecular replacement using the protein
model from the YedK DPC structure (PDB accession 6NUA)
followed by simulated annealing to eliminate model bias prior
to further refinement. After refinement of atomic coordinates,
temperature factors, and TLS-derived anisotropic B-factors,
DNA was manually built in Coot, guided by 2mFo-DFc and
mFo-DFc electron density maps. The Ala2-DNA cross-link as
well as the entirety of the 7-mer ssDNA was readily apparent
in the density maps. To minimize model bias, annealed mFo-
DFc omit maps were calculated by removing the Ala2 and the
AP-site of the DNA. Geometry restraints for the linkage were
generated from idealized coordinates of a reduced Schiff base
(ChemDraw). The protein–DNA model was iteratively refined
by energy minimization and visual inspection of the electron
density maps. The final YedK-C2A-DNA model was validated
using the wwPDB Validation Service and contained no resi-
dues in the disallowed regions of the Ramachandran plots.
Refinement and validation statistics are presented in Table S3.
All structural biology software was curated by SBGrid (58).
Structure images were created in PyMOL (https://pymol.org).
The structure was deposited in the Protein DataBank under
accession code 8D2M.

YedK reaction with lyase products

YedK, Nth (EndoIII), Nei (EndoVIII), or YedK C2A
(500 nM) was incubated with 35 nM 50-FAM-labeled AP-DNA
(FAM_U_35) in Buffer B pH 7.0 at 37 �C for 60 m. Aliquots
J. Biol. Chem. (2022) 298(9) 102307 9
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were removed from each reaction, quenched by addition of an
equal volume of SDS Buffer, and placed on ice. To each of the
remaining reactions, fresh YedK or buffer as indicated was
added to a final concentration of 500 nM and incubated at 37
�C for another 20 m. Reactions were stopped by adding 10 μl
of DPC reaction to 10 μl SDS Buffer and placed on ice. Re-
action products were resolved on 4 to 12% Bis-Tris gels
(Invitrogen) and FAM-DNA was visualized using excitation
and emission wavelengths of 495 and 519 nm on a Chemidoc
(BioRad).

30-PUA reaction with YedK mutants

30-PUA-DNA was generated by incubation of 1 μM 50-
FAM-labeled AP-DNA (FAM_U_35) with 20 U EndoIII/Nth
(NEB) in Buffer B pH 7.0 at 37 �C for 60 m. YedK (500 nM)
was incubated with 35 nM 30-PUA-DNA in Buffer B pH 7.0 at
37 �C for 60 m. Reactions were stopped with an equal volume
of SDS Buffer. Reaction products were resolved on 4 to 12%
Bis-Tris gels (Invitrogen) and visualized by FAM
fluorescence.

Cross-link reversal assays

For thermal DPC denaturation experiments, YedK DPC was
formed by incubation of 35 nM 50-FAM-labeled AP-DNA
(FAM_U_35) with 500 nM YedK in Buffer C pH 6.5 for
60 m at 37 �C. The reaction was heated at 90 �C for 10 m to
hydrolyze DPC, followed by addition of either buffer, fresh AP-
DNA, or fresh YedK to the hydrolyzed DPC mixture and
incubated for 10 m at 37 �C. Reactions were performed in
Hepes rather than Tris buffer to avoid amines in the buffer
being a confounding factor leading to strand cleavage (59).
Reactions were stopped by adding an equal volume (10 μl) of
SDS buffer, products resolved on 4 to 12% Bis-Tris gels, and
visualized by FAM fluorescence.

Reversal trapping experiments were performed by incu-
bating 10 μM 20-mer AP-DNA (FAM_U_20) and 2 μM YedK
in Buffer C pH 7.0 or 2 μM HMCES-SRAP in Buffer C pH 8.0
for 18 h at 37 �C, which led to >90% DPC-20 formation.
DPC-20 was incubated with a 4-fold excess (40 μM) of 40-
mer AP-DNA (40_U) to trap any hydrolyzed DPC-20. Re-
actions were quenched with equal volumes of SDS buffer.
Each time point was initiated in reverse so that all reactions
were quenched for the same length of time. Reaction prod-
ucts were resolved on 4 to 12% Bis-Tris gels and Coomassie
stained for protein (22).

DpC reversal over time

20-mer AP-DNA (FAM_U_20; 25 nM) and 0.5 mM YedK
peptide were incubated in Buffer C pH 7.0 for 1 h at 37 �C to
form 100% DpC, after which 2 mM aoN-g probe was added
and incubated at 37 �C for various times. Reactions were
quenched by mixing 8 μl of reaction buffer, 8 μl of 2×
glutaraldehyde stop buffer, and 4 μl of loading buffer. Time
points were initiated in reverse to maintain equal quenching
times. Products were resolved on 15% polyacrylamide urea gels
10 J. Biol. Chem. (2022) 298(9) 102307
prerun in 0.5 × TBE buffer (50 mM Tris-HCl pH 8, 45 mM
boric acid, 1 mM EDTA), and DNA was visualized via FAM
fluorescence.
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