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Apurinic and apyrimidinic (abasic or AP) site repair via base 
excision repair (BER) depends on an intact DNA duplex1–3. 
While most AP sites form in double-stranded DNA (dsDNA), 

base loss is actually more rapid in ssDNA4. Furthermore, the action 
of the DNA helicase in replicating cells will convert dsDNA AP sites 
that have not been repaired into ssDNA AP sites. In this case, the 
replicative polymerases will stall at the AP site leaving a 3′ dsDNA-
ssDNA junction. Until recently, the major mechanism to overcome 
this replication challenge was thought to be translesion synthesis by 
error-prone polymerases, including DNA polymerase ζ5. However, 
we recently discovered an alternative pathway dependent on the 
SRAP domain protein HMCES that improves cell viability and 
reduces mutation frequency6.

SRAP proteins are conserved in organisms from bacteria to 
humans, and in bacteria SRAP-encoding genes are often spatially 
linked to DNA repair genes7. Human HMCES and E. coli YedK are 
similar in both sequence (29% identity and 43% similarity) and 
structure (Cα r.m.s. deviations of 1.29 Å between PDB entries 5KO9 
and 2ICU). Both HMCES and YedK preferentially bind ssDNA 
and efficiently form DPCs to AP sites in ssDNA6. DPC formation 
requires conserved DNA-binding residues and an invariant cysteine 
that is almost always encoded as the second amino acid in SRAP 
proteins. The HMCES DPC is also formed in cells, increases in 
abundance in response to AP site-inducing agents and is resolved 
over time by a mechanism that is at least partially proteasome-
dependent6. Despite the importance of the HMCES AP site DPC to 
this mechanism, the chemical nature of the cross-link and how the 
SRAP domain detects the AP site are unknown.

To better understand this unusual mechanism of DNA repair, 
we examined the nature of the HMCES-DNA interaction. Our 
results indicate that SRAP proteins cross-link to AP sites via a sta-
ble thiazolidine DNA-protein linkage formed with the N-terminal 
cysteine and the aldehyde form of the AP deoxyribose. This 
linkage and its solvent inaccessibility explain why the cross-link 

shields the AP site from endonucleases and likely necessitates a 
proteolysis-dependent mechanism for resolution. Furthermore, 
the structure of the SRAP DPC explains the ssDNA specificity, but 
suggests HMCES could accommodate a dsDNA-ssDNA 3′ junc-
tion, as might be expected when a replicative polymerase stalls at 
the AP site. As predicted, we show that HMCES has a preference 
for exactly this type of DNA structure.

Results
The SRAP domains of both human HMCES and E. coli YedK form 
covalent linkages to AP sites in ssDNA, but the nature of the DPC 
is unknown. The ease of detecting a HMCES DPC in cells suggests 
it may be a stable chemical linkage6. Indeed, incubating the human 
HMCES SRAP domain DPC at 4, 25 or 37 °C for up to six days did not 
change the percentage of cross-linked protein (Fig. 1a). We noticed 
while doing these experiments that boiling the DPC hydrolyzed the 
cross-link, but that incubation at 50 °C did not (Fig. 1b). Protein 
denaturation is not sufficient for hydrolysis since the DPC amount 
does not change over time when it is incubated at room temperature 
after denaturing the protein by boiling for a short time (Fig. 1c).  
Furthermore, extensive proteolysis of the DPC with proteinase 
K left a small peptide-DNA linkage that remains stable (Fig. 1d)  
and resistant to cleavage by AP endonuclease 1 (APE1) (Fig. 1e). 
Thus, the HMCES AP DPC is unlikely to be reversible in physiolog-
ical conditions and resolution almost certainly requires proteolysis 
followed by either an unidentified enzymatic action to remove the 
linkage or nucleotide excision repair.

To understand the molecular basis for the stability of the SRAP 
DPC, we determined a 1.6-Å resolution crystal structure of E. coli 
YedK covalently cross-linked to a heptamer ssDNA containing 
an AP site (Table 1). The entire DNA ligand is visible in the elec-
tron density (Fig. 2a). The protein does not undergo any appre-
ciable conformational change on binding DNA, with an r.m.s.d. 
of 1.16 Å for all atoms between unbound and DPC forms of YedK 
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(Supplementary Fig. 1d). The core β-sheet forms an extended, 
positively charged channel that cradles the ssDNA phosphoribosyl 
backbone along one face of the protein (Fig. 2b–d). The conforma-
tion of the DNA is further constrained by nucleobase π-stacking 
and van  der Waals interactions from random coil and α-helical 
motifs at each end of the binding channel that were disordered in 
the unbound structure (Supplementary Fig. 1d). The hydrogen-
bonding edges of every nucleobase are exposed to solvent, and thus 
recognition of the DNA would not be sequence-dependent. Most 
strikingly, the DNA backbone is severely kinked and twisted by 90° 
at the AP site, placing the nucleobases of each flanking trinucleo-
tide orthogonal to one another (Fig. 2b). This sharp distortion pre-
cludes pairing of a complementary DNA strand in the vicinity of 
the AP site, and explains why SRAP disfavors binding to dsDNA6. 
The residues lining the DNA-binding channel are the most highly  
conserved among SRAP domains (Fig. 2d,e and Supplementary  
Fig. 1), suggesting conservation of DNA-binding modality. Indeed, 
both YedK and HMCES have similar preferences to bind ssDNA 
and mutation of conserved amino acids in the channel abrogates 
DNA binding for both proteins6.

The AP site is positioned directly above Cys 2, previously impli-
cated in SRAP DPC formation6. This cysteine is at the N terminus 
of the protein since the methionine is likely removed by amino-
peptidases. The electron density clearly shows the AP site in the 
ring-opened form, with continuous density between C3′ and the 
Cys 2 side chain (Fig. 3a). The anomeric C1′ carbon of the AP site is 

covalently bonded to both the α-amino nitrogen and the side chain 
sulfur of Cys 2 to form a thiazolidine ring (Fig. 3a). Such a linkage 
would be generated by nucleophilic attack of the AP aldehyde C1′ 
carbon by Cys 2 α-NH2 to form a Schiff base intermediate, followed 
by subsequent attack of C1′ by the Cys 2 sulfhydryl group (Fig. 3b)8. 
Consistent with cross-linking by Cys 2, YedK DPC formation is 
abrogated by removal of the thiol in a C2A mutant6, and by a C2S 
mutant, which potentially forms an oxazolidine ring that would not 
be as stable as a thiazolidine (Fig. 3c,d)9,10.

Studies on the reaction of cysteine and aldehydes show that the 
equilibrium between Schiff base and thiazolidine greatly favors 
the latter11,12, explaining why we do not see any evidence for DNA 
lyase activity that can result from β-elimination of the Schiff base 
intermediate, such as is found in bifunctional DNA glycosylases 
that initiate BER (Fig. 3b)13–15. In contrast to the wild-type protein, 
both the C2A and C2S mutant exhibited DNA lyase activity when 
incubated with ssDNA containing an AP site (Fig. 3c). This lyase 
activity was significantly reduced by performing the cross-linking 
reaction in the presence of sodium cyanoborohydride (NaBH3CN), 
which acts as a reducing agent to stabilize the Schiff base intermedi-
ate (Fig. 3e)16. These results further support a reaction mechanism 
that includes capture of the Schiff base intermediate by nucleophilic 
attack of the cysteine thiol and explains why this residue is invariant 
in all SRAP proteins.

Cys 2 belongs to a cluster of three conserved residues that 
includes Glu 105 and His 160 and is implicated in SRAP function7,17. 
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Fig. 1 | Stability analysis of the human HMCES SRAP-abasic site DNA-protein cross-link. a, HMCES SRAP DPC stability measured at the indicated 
temperatures. Free and DNA-cross-linked HMCES were detected by Coomassie blue staining. The HMCES DPC percentage in this experiment is 
approximately 50% because uncross-linked DNA was removed by dialysis after a short reaction time. b, Boiling the HMCES DPC causes hydrolysis 
(mean ± s.d., n = 3 independent measurements). c, HMCES DPC stability measured before or after denaturation by boiling for 2 min. d, HMCES SRAP 
domain was incubated with a 20-mer AP site containing oligonucleotide to form a cross-link, digested with proteinase K followed by heat inactivation of 
the protease and then incubated at 37 °C for the times indicated. Electrophoresis and autoradiography were used to visualize the DNA. e, HMCES SRAP 
was incubated with a 31-mer AP DNA and digested with proteinase K, and the peptide DPC was incubated with APE1 for 2 h. Bands were visualized by Cy5 
fluorescence. Uncropped gel images are shown in Supplementary Dataset 1. Source data for b and c are available online.
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These and several other evolutionarily conserved residues stabilize 
the DNA and protein sides of the thiazolidine linkage (Fig. 3f,g and 
Supplementary Fig. 1). The AP site is stabilized by His 160, which 
forms a hydrogen bond with the O4′ hydroxyl group (Fig. 3f). 
Similarly, Arg 77 and Arg 162, previously shown to be essential for 
DNA binding6, and Thr 149, interact with the AP site 5′-phosphate 
(Fig. 3f,g). The Glu 105 side chain fluctuates between two confor-
mations at the cross-link (Fig. 3f and Supplementary Fig. 2). One 
conformer places one carboxylate oxygen 3.5 Å from the thiazoli-
dine C1′ and the second within hydrogen-bonding distance to the  
phosphate 3′ to the AP site, strongly implying that the carboxylate 
is protonated to avoid electrostatic repulsion with the DNA. The 
second conformer points back toward the core of the protein and 
sits further away from the thiazolidine ring. On the protein side of 
the cross-link, the carboxamide side chain from a highly conserved 
asparagine (Asn 75) helps position the cross-linking nucleophile by 
forming two hydrogen bonds with the backbone amide nitrogen and 
carbonyl oxygen of Cys 2 (Fig. 3f). Consistent with their roles in sta-
bilizing the cross-link, individual substitutions of Glu 105, His 160 
or Asn 75 with alanine reduced cross-linking efficiency (Fig. 3c,d). 
In addition to the direct contacts to the DNA and the thiazolidine 

linkage, there are several highly conserved residues that create a 
hydrophobic pocket to cradle Cys 2 from underneath (Fig. 3g and 
Supplementary Fig. 1). Thus, the SRAP structure guides the AP site 
into a specific, solvent inaccessible environment suited for thiazoli-
dine formation and protected from AP endonuclease cleavage.

We also determined a crystal structure of YedK bound non-
covalently to a ssDNA oligomer containing a C3-spacer in place of 
the AP site (Supplementary Fig. 3). The protein in the non-covalent 
complex is virtually identical to that of the DPC, except for mod-
est repositioning of a β-hairpin (β7–β8) that was disordered in 
the unbound YedK structure (PDB: 2ICU) and that stabilizes the 
backbone of the DNA 3′ to the AP site in the DPC (Supplementary  
Fig. 3a). In the non-covalent complex, the DNA at the 5′ end is posi-
tioned as in the DPC structure. However, the 3′ end of the DNA in 
the non-covalent complex is more mobile, as evidenced by weaker 
electron density and higher B factors for the 3′ nucleotides and 
including the C3-spacer (Supplementary Fig. 3b–d). The destabi-
lized 3′ DNA end resulted in a crystal packing difference between 
the two complexes.

Both the DPC and non-covalent complex structures suggest that 
the SRAP domain can accommodate dsDNA on the 3′ side of the 
AP site, but would disfavor duplex formation on the 5′ side. The 
DNA backbone on the 5′ side of the AP site is kinked 90° by a wedge 
motif (residues 65–73 and 84–87), which stacks against the second 
and third nucleotides (G1 and T2) from the AP site (Fig. 4a,b).  
Trp 68 wedges the nucleobases of G1 and T2 apart, and G1 is 
stacked between Trp 67 and Arg 85 (Fig. 4b). Such a distortion 
would prevent duplex formation with DNA 5′ to the AP site. The 
importance of the wedge motif to HMCES function is underscored 
by the strong conservation of these residues among SRAP domains 
(Supplementary Fig. 1).

In contrast to the distorted 5′ side of the DPC, all three nucleo-
bases on the 3′ side of the AP site are stacked in a B-DNA confor-
mation (Fig. 4b). The residue adjacent to the AP site (guanine, G5)  
stacks against Pro 40 and Ile 74 on the surface of the protein  
(Fig. 4b,c). The exposure of the hydrogen-bonding faces of the G5, 
G6 and A7 nucleobases 3′ to the AP site would allow for base pairing 
of a second strand up to the 3′ side of the AP site. Modeling shows 
that a complementary strand fits against the protein surface with no 
steric clashes (Fig. 4a–c). The 3′ end of the modeled strand stacks 
against Gly 41 and Thr 42, which together with Pro 40 and Ile 74 
form a highly conserved ‘shelf ’ that would stabilize a base pair 3′  
to the AP site (Fig. 4c and Supplementary Fig. 1). Conservation 
of this shelf region implies that binding to AP sites in the context 
of a 3′-truncated ssDNA-dsDNA junction is an important feature. 
This is the exact context in which SRAP proteins should operate at 
a stalled replication fork, since DNA polymerase stalling at an AP 
site leaves a 3′-truncated nascent strand with a 5′-overhanging tem-
plate. Consistent with this prediction we found that HMCES is just 
as efficient at binding and cross-linking to an AP site immediately 
adjacent to the 3′ ssDNA-dsDNA junction as to ssDNA (Fig. 4d,e 
and Supplementary Fig. 4). In contrast, binding and cross-linking 
is less efficient when the dsDNA is present on the 5′ side of the AP 
site, consistent with the effect of the wedge motif.

Discussion
The YedK-AP-DNA cross-link structure reveals how the unique 
DNA-binding surface and N-terminal cysteine facilitate recognition 
and covalent cross-linking of HMCES and SRAP-containing pro-
teins to AP sites in the context of ssDNA. Furthermore, the results 
explain the stability of this cross-link and the substrate preferences 
that correspond to DNA structures formed when polymerases stall 
at abasic sites.

The thiazolidine linkage acts as a sink for abasic sites and pre-
vents strand breaks resulting from (1) non-enzymatic β-elimination 
at C2′, (2) lyase activity from enzyme-catalyzed β-elimination of 

Table 1 | Data collection and refinement statistics

yedK/AP-DNA  
covalent DPC  
(PDB 6NuA)

yedK/C3-spacer-DNA 
non-covalent complex 
(PDB 6NuH)

Data collectiona

Space group P21 P21

Cell dimensions

  a, b, c (Å) 61.26, 41.89, 81.42 47.54, 44.13, 55.09

 α, β, γ (°) 90.00, 95.79, 90.00 90.00, 102.34, 90.00

Resolution (Å) 50.00–1.64 (1.67–1.64)b 100.00–1.60 (1.66–1.60)

Rsym 0.098 (0.500) 0.075 (0.397)

Rmeas 0.110 (0.595) 0.086 (0.455)

I/σ(I) 14.8 (1.9) 21.3 (2.6)

CC1/2 0.989 (0.823) 0.990 (0.869)

Completeness (%) 97.4 (95.2) 98.5 (91.1)

Redundancy 4.4 (2.9) 4.1 (4.0)

Refinement
Resolution (Å) 40.50–1.64 (1.67–1.64) 39.60–1.59 (1.65–1.59)

No. reflections 49,681 (2,331) 29,612 (2,391)

Rwork / Rfree 0.171 / 0.222 0.143 / 0.177

No. atoms

 Protein 3,627 1,802

 DNA 268 131

 Bis-Tris – 14

 Water 280 210

B factors

 Protein 26.0 17.1

 DNA 28.7 64.3

 Bis-Tris – 38.3

 Water 29.3 24.4

R.m.s. deviations

 Bond lengths (Å) 0.010 0.008

 Bond angles (°) 1.035 0.959
aData for each structure were generated from a single crystal. bValues in parentheses are for 
highest-resolution shell.
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the Schiff base or (3) APE1 incision. This contrasts with unstable, 
transient protein-DNA Schiff base cross-links that rapidly proceed 
to β-elimination as part of enzymatic strand cleavage reactions cata-
lyzed by bifunctional glycosylases and DNA polymerase β as part 
of the BER pathway13–15. Other proteins, including PARP-1, Histone 
H4 and Ribosomal protein uS3 can cross-link to AP sites, but in 
each case the DPC leads to strand scission18–21.

HMCES is named 5-hydroxymethylcytosine (5hmC) binding, 
embryonic stem cell-specific protein because it was identified in 
a proteomics experiment using duplex DNA containing multiple 
5hmC residues as a bait to purify proteins from embryonic cell 
lysates22. Furthermore, the HMCES SRAP domain was shown to 
autoproteolyze itself and incise duplex DNA containing 5hmC17. 
The DNA-bound SRAP structure suggests SRAP is unlikely  
to recognize 5hmC in the context of duplex DNA and we have  
not observed either the proteolysis or duplex DNA incision  
activity reported.

A single SRAP domain protein exists in organisms in all three 
domains of life, indicating a critical function even though knock-
outs in human, yeast and bacterial cells are viable. The stability 
of the SRAP-AP-DNA cross-link and unique thiazolidine DPC 
linkage supports the conclusion that these proteins act to main-
tain genome stability during DNA replication and thereby improve 
organism fitness.

online content
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Methods
Protein purification. E. coli YedK was expressed in a modified pBG101 vector 
containing a rhinovirus 3C (PreScission) protease cleavable hexahistidine tag.  
E. coli BL21 (DE3) cells were grown in LB medium containing 15 ng ml−1 
kanamycin at 37 °C to 0.8 optical density OD600, and YedK overexpression 
was induced at 16 °C for 16 h after addition of 0.5 mM isopropyl β-d-1-
thiogalactopyranoside (IPTG). Cells were collected by centrifugation and 
resuspended in lysis buffer (50 mM Tris-HCl pH 8.0 at 4 °C, 500 mM NaCl, 10% 
glycerol, 10 mM imidazole) with 1 mM each of leupeptin, pepstatin and aprotinin. 
The lysate was homogenized using dounce and pressure homogenizers (Avestin 
Emulsiflex), centrifuged at 20,500 r.p.m. for 30 min and passed through a 22-gauge 
needle before loading onto a 5 ml Ni-NTA column. The column was washed with 
lysis buffer containing 20 mM imidazole, and bound proteins were eluted with 
lysis buffer containing 300 mM imidazole. The N-terminal His-tag was removed by 
overnight incubation with PreScission protease (1:30 w/w) at 4 °C during dialysis 
(50 mM Tris-HCl pH 8.0, 150 mM NaCl, 2 mM TCEP). The solution was passed 
over 2 mL Ni-NTA resin, and the flow-through further purified using gel filtration 
on a 16/300 Superdex 200 column (GE Healthcare) in S200 buffer (20 mM Tris-
HCl pH 8.0, 100 mM NaCl, 10% glycerol, 2 mM TCEP). YedK-containing fractions 
were concentrated to 4 mg ml−1 with Amicon MWCO 10 kDa centrifugal filters. 
Protein aliquots were flash-frozen in liquid nitrogen and stored at −80 °C.

YedK point mutants were generated using the QuikChange Site-Directed 
Mutagenesis Kit (Agilent), in which forward and reverse PCR reactions 
were performed separately to improve mutagenic primer annealing, and the 
corresponding single-stranded copies of the plasmid combined. Mutant plasmids 
were sequence verified. Mutant proteins were overexpressed and purified the same 
as wild type without the size-exclusion step. Mutant YedK was buffer exchanged in 
S200 buffer, flash-frozen in liquid nitrogen and stored at −80 °C.

Human HMCES SRAP domain (amino acids 1–270) was purified similarly 
to YedK with the following modifications. After repass over the Ni-NTA column, 
HMCES SRAP was purified via anion exchange via a HiTrap Q column before S200 
size-exclusion chromatography in 50 mM Tris-HCl pH 8.0, 150 mM NaCl, 10% 
glycerol and 10 mM DTT.

DNA binding. Sequences of oligonucleotides used in the biochemical assays 
are listed in Supplementary Table 1. Relative binding affinity was measured 
by an electrophoretic mobility shift assay using 32P-labeled DNAs containing 
a deoxyuracil. DNA (1 nM) was incubated with the indicated concentration 
of HMCES SRAP protein in reaction buffer (10 mM Tris-HCl pH 8.0, 50 mM 
NaCl, 10 mM MgCl2, 5 mM DTT, 100 µg ml−1 BSA) at 37 °C for 1 h. Ficoll was 
added to a final concentration of 2.5% and the samples were resolved on a 
10% polyacrylamide gel in 1× TBE buffer (100 mM Tris-HCl pH 8, 90 mM 
boric acid, 2 mM EDTA) at 40 V for 180 min at 4 °C. Fluorescence anisotropy 
was used to measure binding of HMCES SRAP to ssDNA-dsDNA junctions 
containing a tetrahydrofuran (THF) abasic site analog. The THF strand contained 
6-carboxfluorescein (FAM) at the 5′ end. Protein was titrated against 25 nM DNA 
in binding buffer (20 mM Tris-HCl pH 8.0, 100 nM NaCl, 10 mM MgCl2, 5 mM 
DTT) 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.

DNA-protein cross-linking assays. For the experiments shown in Fig. 1a–c,  
AP-DNA was prepared by incubating 50 µM uracil-containing oligonucleotides 
with 25 units of uracil DNA glycosylase23 (UDG, New England Biolabs) in Buffer 
X (10 mM Tris-HCl pH 8.0, 50 mM NaCl, 10 mM MgCl2, 5 mM DTT) at 37 °C for 
30 min. Human HMCES SRAP was incubated with AP-DNA in Buffer X at the 
following concentrations: 20.8 µM protein + 25 µM DNA (Fig. 1a) and 0.75 µM 
protein + 1.5 µM DNA (Fig. 1b,c). For the experiment shown Fig. 1c, DPCs were 
formed at 37 °C for 12 h and treated with either no heat or 95 °C for 2 min before 
incubation at 25 °C. Free and DNA-cross-linked HMCES were separated on 10% 
polyacrylamide Tris-glycine gels.

For the experiments shown in Figs. 1d,e, 3c–e and 4d, reaction products were 
separated on 15% polyacrylamide urea gels in 1× TBE buffer. In Fig. 1d, AP-DNA 
was prepared by incubating 100 nM uracil-containing ssDNA with 1 unit of UDG 
in Buffer X, cross-links formed with 10 nM AP-DNA and 100 nM SRAP in 20 mM 
Tris-acetate pH 8.0, 50 mM potassium acetate, 10 mM magnesium acetate and 
5 mM DTT at 37 °C for 1 h, followed by proteinase K (Sigma Aldrich) digestion for 
5 min. In Fig. 1e, DPC was formed using 1 µM human HMCES SRAP and 10 nM 
3′-Cy5-labeled oligonucleotide in 20 mM Tris-HCl pH 6.0, 50 mM NaCl, 10 mM 
MgCl2 and 5 mM DTT at 37 °C for 1 h. DPC was then digested with proteinase K 
at 37 °C for 5 min. APE1 (NEB) was added where indicated and incubated at 37 °C 
for 120 min.

E. coli YedK DPCs (Fig. 3c,d) were formed from incubation of 1 µM protein and 
10 nM 5′-FAM-labeled oligonucleotide in 20 mM Tris-HCl pH 6.0, 1 mM EDTA 
and 5 mM DTT at 37 °C for 1 h. Schiff base intermediates (Fig. 3e) were trapped 
by incubating 2 µM YedK with 6 µM 5′-FAM-labeled oligonucleotide in 20 mM 
HEPES-NaOH pH 7.0, 100 mM NaCl, 1 mM DTT at 25 °C for 5 min, after which 
NaCNBH3 was added to a final concentration of 50 mM and reactions incubated at 
25 °C for 18 h.

DNA-binding reactions with ssDNA-dsDNA junctions (Fig. 4d) were carried 
out with 10 nM DNA and increasing concentrations of HMCES SRAP at 37 °C for 
1 h in Buffer X. Cross-linking reactions with ssDNA-dsDNA junctions (Fig. 4e) 
were carried out with 1 nM AP-DNA and increasing concentration of HMCES 
SRAP at 37 °C for 1 h in Buffer X.

X-ray crystallography. AP-DNA was prepared by incubating 50 µM heptamer 
d(GTCUGGA) ssDNA with 2.5 units of uracil DNA glycosylase (UDG, New 
England Biolabs) in Buffer X at 37 °C for 30 min. YedK DPC was generated by 
incubation of 20 µM YedK with 25 µM AP-DNA for 1 h at 37 °C in MES pH 5.5, 
50 mM NaCl, 10 mM MgCl2 and 5 mM DTT. YedK DPC was purified via cation 
exchange on a MonoS 5/50 GL column, concentrated and buffer exchanged into 
20 mM Tris pH 8.0, 80 mM NaCl, 2 mM TCEP and 0.5 mM EDTA. YedK DPC was 
crystallized by hanging-drop vapor diffusion at 21 °C by mixing equal volumes 
of 3 mg ml−1 YedK DPC and reservoir solution containing 16% (w/v) PEG 3350 
and 0.2 M KH2PO4. Diffraction-quality crystals were grown from drops that were 
seeded with microcrystals produced in the same condition and that had been 
stabilized in 30% PEG 3350 and 0.2 M KH2PO4. Crystals were harvested 7 d after 
setting the drops and cryoprotected in 10% (v/v) glycerol, 30% PEG 3350 and 
0.2 M KH2PO4 and flash-frozen in liquid nitrogen.

The non-covalent YedK–DNA complex was crystallized using the same 
heptamer DNA sequence as in the DPC, but with a C3-spacer (Integrated DNA 
Technologies) in place of the AP site. The YedK–DNA complex was formed 
by incubating 80 μM YedK with 96 μM heptamer C3-spacer ssDNA at 4 °C for 
30 min. Crystals were grown by hanging-drop vapor diffusion at 21 °C from 
drops containing 2 µl protein-DNA solution, 2 µl reservoir containing 0.1 M Bis-
Tris pH 5.4 and 23% (w/v) PEG 3350 and 0.5 µL DPC microcrystal seed stock 
stored in 30% PEG 3350 and 0.2 M KH2PO4. Crystals were harvested after 16 d 
into 0.1 M Bis-Tris pH 5.4, 30% PEG 3350 and 10% (v/v) glycerol, and flash-
frozen in liquid nitrogen.

X-ray diffraction data were collected at the Advanced Photon Source 
beamlines 21-ID-D (DPC) and 21-ID-F (C3-spacer) at Argonne National 
Laboratory and processed with HKL2000 (ref. 24). Data collection statistics are 
provided in Table 1. Phasing and refinement was carried out using the PHENIX 
suite of programs25. The DPC structure was phased by molecular replacement of 
a previously determined structure of YedK alone (PDB 2ICU). The protein was 
subjected to simulated annealing, atomic coordinate, temperature factor, and 
TLS refinement before building the DNA model. The entirety of the heptamer 
ssDNA and the Cys 2-DNA cross-link was readily apparent in the density maps. 
All seven nucleotides and the Cys 2-AP cross-link were manually built in Coot26, 
guided by 2mFo − DFc and mFo − DFc electron density maps. Geometry  
restraints for the thiazolidine linkage were generated from idealized coordinates 
of (2R,4R)−1,3-thiazolidine-2,4-dicarboxylic acid (ligand 5XB) from the  
1.47-Å resolution structure of PDB 5FF2, and the stereochemistry of AP site  
and Cys 2 ring substituents verified by manual inspection of the electron  
density before model building. The protein-DNA model was iteratively  
refined by energy minimization and visual inspection of the electron density 
maps. The C3-spacer structure was phased by molecular replacement using the 
protein from the DPC structure, followed by simulated annealing to eliminate 
model bias before further refinement. The three nucleotides at the 5′ end of  
the DNA were readily apparent in the residual electron density. After several 
rounds of coordinate, B factor, and TLS refinement, the C3-spacer and the 3′  
end of the DNA were visible, albeit with much weaker electron density.  
To minimize model bias in either structure, 2mFo − DFc composite omit  
and mFo − DFc annealed omit electron density maps with AP or C3-spacer 
and Cys 2 removed from the structure factor calculation were used to guide 
placement and refinement of the cross-link or the C3-spacer. The final YedK–
DNA models were validated using the wwPDB Validation Service and contained 
no residues in the disallowed regions of the Ramachandran plots. Structures 
were deposited in the Protein Data Bank under accession codes 6NUA (DPC) 
and 6NUH (C3-spacer).

All structural biology software was curated by SBGrid27. Structure images were 
created in PyMOL (https://pymol.org). Sequence conservation was mapped onto 
the structure using the Consurf Server28. YedK DPC containing a ssDNA-dsDNA 
junction was modeled by superposition of ideal B-DNA with the sequence d(GGA/
TCC) onto the three d(GGA) nucleotides at the 3′ end of the ssDNA in the YedK 
DPC crystal structure.

Statistics and reproducibility. All experiments were completed at least three times 
unless otherwise indicated.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Structures have been deposited in the Protein Data Bank under accession codes 
6NUA (DPC) and 6NUH (C3-spacer). Source data for Figs. 1b,c, 3d, 4d,e and 
Supplementary Fig. 4 are available with the paper online as Source Data for Figs. 1, 
3, and 4. All other data are available upon request.
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