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ABSTRACT

HMCES and yedK were recently identified as sensors
of abasic sites in ssDNA. In this study, we present
multiple crystal structures captured in the apo-
, nonspecific-substrate-binding, specific-substrate-
binding, and product-binding states of yedK. In com-
bination with biochemical data, we unveil the molec-
ular basis of AP site sensing in ssDNA by yedK. Our
results indicate that yedK has a strong preference
for AP site-containing ssDNA over native ssDNA and
that the conserved Glu105 residue is important for
identifying AP sites in ssDNA. Moreover, our results
reveal that a thiazolidine linkage is formed between
yedK and AP sites in ssDNA, with the residues that
stabilize the thiazolidine linkage important for the for-
mation of DNA-protein crosslinks between yedK and
the AP sites. We propose that our findings offer a
unique platform to develop yedK and other SRAP
domain-containing proteins as tools for detecting
abasic sites in vitro and in vivo.

INTRODUCTION

DNA damage from various endogenous and exogenous
sources can adversely affect genome stability and cell via-
bility (1–7). Apurinic or apyrimidinic sites (AP or abasic
sites) are one of the most common DNA lesions and are
generated by spontaneous base loss or base damage caused
by ionizing radiation (IR), UV radiation (UV) and alkylat-
ing agents such as methyl methanesulfonate (MMS) (8–10).
Whilst AP sites in double-stranded DNA (dsDNA) are pri-
marily repaired by the base excision repair (BER) pathway
(10,11), their repair mechanism in single-stranded DNA (ss-
DNA) is only just being uncovered (3,12).

Recently, a human protein known as 5-
hydroxymethylcytosine (5hmC) binding ES-cell-specific
protein (HMCES) (13) and its bacterial ortholog yedK

in Escherichia coli were validated as AP site sensors in
ssDNA at stalled replication forks (12). Both HMCES and
yedK contain a highly conserved SOS response-associated
peptidase (SRAP) domain with a putative catalytic triad
(Cys2-His160-Glu105 in yedK) (14). The peptidase activity
of the SRAP domain is thought to cause the autoprote-
olytic cleavage of the first methionine to expose the catalytic
residue Cys2 (14,15). The HMCES and yedK SRAP do-
mains have been reported to form a DNA-protein crosslink
(DPC) with the sugar moiety of the AP site in ssDNA via
the catalytic Cys2 residue. For HMCES, this effectively
shields lesions from the action of AP endonucleases and
translesion DNA synthesis (TLS) polymerases (16,17),
maintaining genome integrity by promoting the error-free
repair of AP sites in ssDNA (12). Thus, HMCES-deficient
cells exhibit delayed AP site repair, accumulate DNA dam-
age, are hypersensitive to AP site-generating genotoxins,
and have increased genetic instability (12). However, the
mechanism by which HMCES and yedK SRAP domains
sense AP sites in ssDNA and the chemical nature of the
covalent linkage between SRAP domains and AP sites
remain unknown.

Here, we focused on the E. coli yedK system and solved
multiple crystal structures of yedK, as well as binary com-
plexes of yedK with native ssDNA, ssDNA containing a
tetrahydrofuran (THF) AP site mimic, and three differ-
ent ssDNA substrates each containing a natural AP site
covalently linked to yedK. Our results indicate that these
structures correspond to the apo-, nonspecific-substrate-
binding, specific-substrate-binding, and product-binding
states of yedK, respectively. Moreover, our results demon-
strate that yedK has a strong preference for AP site-
containing ssDNA over native ssDNA. Interestingly, the
strictly conserved Glu105 residue is found to be important
for yedK when discriminating between AP sties and na-
tive ssDNA via electrostatic repulsion. A single substitution
from Glu105 to alanine causes yedK to lose its preference
for AP sites over native ssDNA. Moreover, our study re-
veals that a thiazolidine linkage is formed between yedK
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and AP sites in ssDNA and identifies residues important
for the formation and stabilization of this thiazolidine link-
age between yedK and AP sites. Together with biochemical
data, our study reveals the molecular basis for the dynamic
process by which the yedK SRAP domain senses AP sites
in ssDNA and provides a comprehensive understanding of
the process.

MATERIALS AND METHODS

Cloning and protein preparation in bacteria

The full-length E. coli yedK (a.a. 1–222; NCBI refer-
ence sequence: YP 025310.1) and Uracil-DNA glycosylases
(UDG; a.a. 1–229; NCBI reference sequence: NP 417075.1)
genes were isolated from BL21 (DE3)-RIL genomic DNA.
The full-length yedK (1–222) was cloned into a modified
pET22b plasmid with a C-terminal 3C protease cleavage
site followed by a 6xHis-tag, while the yedK (2–222) was
cloned into a modified pET28a plasmid with an N-terminal
6xHis-tag followed by a non-canonical TEV protease cleav-
age site (E-N-L-Y-F-Q-Cys; 18). The UDG (1–229) was
cloned into pET22b with a C-terminal 6xHis-tag, and then
the UDG Tyr66 was mutated to tryptophan to improve the
enzymatic activity (19). All mutations were introduced us-
ing a standard PCR procedure and verified by DNA se-
quencing.

All the protein used in this study were expressed in BL21
(DE3)-RIL cell strain (Stratagene) and cultured in Luria-
Bertani (LB) medium with proper antibiotics at 37◦C to
OD600 ∼1.0–1.2. Protein expression was induced with 0.5
mM isopropyl-�-D-thiogalactoside (IPTG) and cells were
further incubated overnight at 20◦C. The expressed pro-
tein was first purified with Ni-sepharose affinity beads (GE
Healthcare). After removing the 6xHis-tag by 3C protease
or TEV protease, the protein was further purified on a
pre-equilibrated HiLoad Superdex 200 16/600 column (GE
Healthcare). The UDG was purified with Ni-sepharose
affinity beads followed by Hiload superdex 200 16/600 col-
umn. Purified protein samples were flash-frozen in liquid
nitrogen and stored in −80◦C for further usage.

Crystallization

All protein samples used for crystallization were in the same
buffer (20 mM Tris–HCl pH 7.5, 150 mM NaCl) and at the
same protein concentration of 12 mg/mL. The ssDNA sub-
strates used for co-crystallization were purchased from San-
gon Biotech (Shanghai) and dissolved in the same buffer
mentioned above. The ssDNA sequences used in this study
are listed in Table 1. All crystals were obtained using the
sitting-drop vapor-diffusion method at 20◦C.

(1) The crystals of apo-yedK were crystallized in 0.2 M DL-
malic acid pH 7.0, 20% PEG3350;

(2) To form the ssDNA-bound complex, the yedK protein
was incubated with ssDNA at a molar ratio of 1:1.2 on ice
for 30 min before setting up crystallization. The crystals
of yedK in complex with ssDNA (hereafter denoted as
yedK–ssDNA complex) were crystallized in 0.1 M citric
acid pH 4.0, 3% PEG 6000;

(3) The crystals of yedK in complex with ssDNA containing
a tetrahydrofuran (THF) AP site mimic (20) (yedK–THF
complex) were crystallized in 0.02 M magnesium chloride
hexahydrate, 0.1 M HEPES pH 7.5, 22% w/v Poly(acrylic
acid sodium salt) 5100;

(4) To get the complex of yedK covalently linked to ss-
DNA containing an AP site (yedK–Xlink complex), the
yedK protein, ssDNA containing an uracil base and
UDG protein were mixed together at a molar ratio of
100:120:1.2, and incubated for 24 h at 37◦C. The fi-
nal concentration of yedK in the reaction mixture was
about 1.2 mg/ml. After incubation, the yedK–Xlink com-
plex was efficiently formed which was checked by SDS-
PAGE. Then, the yedK–Xlink complex was concentrated
to about 12 mg/mL (estimated by using UV spectrometer
at a wavelength of 260 nm) before setting up crystalliza-
tion. The crystals of yedK–Xlink complex were crystal-
lized in 0.2 M sodium formate, 20% PEG 3350.

(5) The covalent complex of yedK with polyA ssDNA con-
taining an AP site (yedK–polyA complex) was crystal-
lized in 0.05 M calcium chloride dihydrate, 0.1 M Bis–Tris
pH 6.5, 30% PEG monomethyl ether 550.

(6) The covalent complex of yedK with a random ssDNA
containing an AP site (yedK–Xlink2 complex) was crys-
tallized in 0.2 M ammonium formate, 20% PEG 3350.
All crystals were soaked in cryoprotectants made from

the mother liquors supplemented with 15–30% glycerol be-
fore flash freezing in liquid nitrogen.

Data collection and structure determination

Diffraction data for all crystals were collected at a wave-
length of 0.979 Å at beamline 19U (BL19U1) at Shang-
hai Synchrotron Radiation Facility (SSRF), China (21). X-
ray data sets were subsequently processed with the program
HKL3000 (22). The structure for apo-yedK was solved by
molecular replacement in PHASER (23) with the structure
of selenium-labelled E. coli yedK (PDB 2ICU; this entry
was deposited by structural genomics in year 2006, which
should be acknowledged.) as a search model and manu-
ally refined and built using Coot (24). The other structures
were determined by molecular replacement in PHASER
with our structure of apo-yedK as the search model. The fi-
nal structures of apo-yedK and binary complexes of yedK–
ssDNA, yedK–THF, yedK–Xlink, yedK–polyA and yedK–
Xlink2 were refined to 2.10, 1.60, 1.65, 1.22, 1.70 and 1.58
Å, respectively, by PHENIX (25). Table 2 summarizes the
statistics for data collection and structure refinement. All
structure figures were prepared using PyMOL (The PyMOL
Molecular Graphics System, Schrödinger).

Isothermal titration calorimetry (ITC)

The wild-type yedK protein and its mutants were buffer-
exchanged to 20 mM Tris–HCl pH 7.5, 150 mM NaCl. The
ssDNA and ssDNA THF were dissolved in the same buffer.
ITC experiments were performed at 25◦C on a MicroCal
PEAQ-ITC (Malvern Panalytical Ltd) using 25 injections
of 1.6 �l. A 50 �l of 300 �M solution of the wild-type yedK
protein or its mutants were loaded in the syringe and a 250
�l of 30 �M solution of ssDNA or ssDNA THF was loaded
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Table 1. DNA used for crystallization and assays.

ID Length (nt) Sequence Experiments

ssDNA 10 5′-CGGTCGATTC-3′ Crystallization, crosslinking
assays, and ITC

ssDNA THF 10 5′-CGGT(THF)GATTC-3′ Crystallization and ITC
ssDNA dU 10 5′-CGGT(dU)GATTC-3′ Crystallization and

crosslinking assays
ssDNA polyA 11 5′-AAAAA(dU)AAAAA-3′ Crystallization
ssDNA2 dU 10 5′-GATTC(dU)GTCG-3′ Crystallization
3′ junction 31 + 15 5′-ATGACTCTTCTGGTC(THF)GGATGGTAGTTAAGT-3′ ITC

5′-ACTTAACTACCATCC-3′
5′ junction 31 + 15 5′-ATGACTCTTCTGGTC(THF)GGATGGTAGTTAAGT-3′ ITC

5′-GACCAGAAGAGTCAT-3′

Table 2. Data collection and refinement statistics

Apo-yedK
(6KBU)

yedK–ssDNA
(6KBS)

yedK–THF
(6KBZ)

yedK–Xlink
(6KBX)

yedK–polyA
(6KCQ)

yedK–Xlink2
(6KIJ)

Data collection
Space group P1211 C121 P1211 P1211 P43 P1211
Cell dimensions
a, b, c (Å) 46.7, 67.3, 74.9 91.9, 50.3, 54.5 40.5, 111.4, 104.1 47.1, 44.1, 54.7 70.7, 70.7, 44.4 47.4, 44.1, 55.1
α, β, γ (◦) 90.0, 98.8, 90.0 90.0, 99.1, 90.0 90.0, 96.1, 90.0 90.0, 101.7, 90.0 90.0, 90.0, 90.0 90.0, 102.3, 90.0
Resolution (Å) 40–2.10

(2.18–2.10)a
40–1.60
(1.66–1.60)

40–1.65
(1.71–1.65)

50–1.22
(1.26–1.22)

40–1.70
(1.76–1.70)

30–1.58
(1.64–1.58)

Rpim (%) 7.2 (23.9) 2.5 (26.2) 3.6 (37.1) 3.8 (29.9) 2.7 (22.0) 5.0(30.0)
I/�I 9.0 (2.5) 20.6 (1.8) 19.4 (1.5) 18.5 (2.0) 23 (2.5) 16.5 (2.0)
Completeness (%) 97.4 (88.7) 99.4 (99.6) 99.0 (98.4) 98.8 (93.6) 99.1 (94.3) 99.8 (92.8)
Redundancy 5.2 (4.1) 6.6 (5.9) 6.1 (4.8) 6.5 (4.6) 8.4 (3.7) 6.7 (5.8)
No. of reflections (total/unique) 136 928/26 234 214 311/32 253 660 240/108 392 416 830/64 468 202 281/24 080 204 929/30 514
Refinement
Rwork/Rfree (%) 16.7/24.0 17.3/20.1 16.0/19.6 15.5/16.5 16.0/20.4 15.2/18.3
No. atoms
Protein 3364 1839 7111 1794 1757 1806
DNA 185 708 96 116 70
Glycerol 12 6
Magnesium 4
Water 270 237 1086 302 218 323
B-factors
Protein 29.3 26.8 18.2 18.2 16.8 16.0
DNA 33.4 20.1 28.7 33.9 24.8
Glycerol 47.3 29.4
Magnesium 35.2
Water 32.6 35.4 29.1 31.9 25.6 30.9
R.m.s deviations
Bond lengths (Å) 0.007 0.007 0.006 0.005 0.007 0.006
Bond angles (◦) 0.85 0.85 0.83 0.92 0.89 0.90

aValues in parentheses are for the highest-resolution shell. One crystal was used for each data set.

into the cell. The measured heat changes of the binding re-
actions were integrated and processed using the standard
‘one set of sites’ model implemented in the Origin software
package (OriginLab) to determine the binding stoichiome-
try, N, and the equilibrium dissociation constant, Kd.

Crosslinking assays

Crosslinking assays for wild-type yedK and mutants were
performed in the reaction buffer of 20mM Tris pH
8.0, 50 mM NaCl and followed a procedure as previ-
ously reported (12). The yedK protein, ssDNA dU (5′-
CGGT(dU)GATTC-3′) and UDG protein were mixed at
a molar ratio of 1:1.2:0.06. The native ssDNA was mixed
with yedK at the same molar ratio but without UDG as
a control. The total reaction volume was 50 �l and the fi-
nal concentration of the yedK protein was 5 �M. Then, the
reaction mixtures were incubated at 37◦C for 12 h. Finally,

the reaction products were added with equivalent volume of
2× SDS loading buffer and resolved by 12% SDS-PAGE.

RESULTS

Overall structure of the yedK–ssDNA complex

In order to elucidate how yedK and HMCES achieve a
strong preference for ssDNA over dsDNA (12), we sought
to obtain structural information for the yedK protein and
different ssDNA substrates (Table 1). We successfully ob-
tained a structure of yedK in complex with a 10nt-ssDNA
substrate (ssDNA, 5′-CGGTCGATTC-3′) refined to 1.60 Å
(Table 2), consisting of one yedK and one ssDNA molecules
in an asymmetric unit. In this complex structure, we were
able to model all yedK residues and nine ssDNA nucleotides
(G2 to C10; stereoview in Figure 1A). The structure of yedK
contains twelve �-strands, with the �3, �4, �5, �6, �9, �10,
and �11 strands forming a �-barrel core flanked by four
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Figure 1. The overall structure of yedK complexed with ssDNA. (A) Stereoview of the yedK–ssDNA complex structure. The yedK protein is shown in
green and the ssDNA is shown in white with its atoms colored by element in PyMOL. (B) Topological diagram of the overall fold of the yedK protein.
The �-strands and �-helices are shown in yellow and green, respectively. (C) Electrostatic surface representation of yedK and stick representation of the
ssDNA. The protein surface is colored according to surface potential, with red and blue indicating negative and positive charges, respectively. The ssDNA
is colored as in panel A.

�-helices (�1, �2, �3 and �4) and the �1, �2, �7, �8 and
�12 strands constituting a separate, relatively flat �-sheet
structure stabilized by a 310-helix (�1 helix; Figure 1A and
topology diagram in Figure 1B). The �-sheet is almost per-
pendicular to the �6 strand of the �-barrel, positioning the
N-terminus and catalytic Cys2 residue of yedK at the center
of a shallow, positively charged groove (Figure 1C). The ss-
DNA strand lies exactly in the positively charged groove of
yedK and has major interactions with its ribose-phosphate
backbone.

Loop45 and �-thumb kink the ssDNA strand

Detailed analysis of the interactions in the yedK–ssDNA
complex structure identified two structural elements that
may determine ssDNA conformation. The first is ‘Loop45’,
a long loop between �4 and �5, and the other is ‘�-thumb’,
composed of the �7 and �8 strands (Figure 2A). Loop45
and �-thumb contact the ssDNA strand via various stack-

ing interactions and act as obstacles to guide the ssDNA
strand through the positively charged groove by kinking it
at two points: one between the G2 and G3 nucleotides, the
other between C5 and G6, respectively (Figure 2B). Based
on these observations, the ssDNA strand is divided into
three regions, with a ∼83◦ bend between regions II and III.
The kink between C5 and G6 is on top of the catalytic Cys2
residue (Figure 2B), suggesting that the kink may facilitate
the positioning of the AP site towards the yedK active site.
Interestingly, both Loop45 and �-thumb are partially dis-
ordered in the apo-yedK structure, as revealed by superim-
posing the yedK–ssDNA and apo-yedK structures, further
suggesting that ssDNA binding stabilizes the two structural
elements (Table 2 and Supplementary Figure S1A).

Taken together, the unique configuration adopted by the
ssDNA strand upon binding yedK might prevent an inte-
grated B-form dsDNA binding, consistent with the strong
preference of yedK for ssDNA over dsDNA (12).
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Figure 2. Intermolecular interactions between yedK and ssDNA. (A) Two structural elements are important for the conformation of the ssDNA strand.
The Loop45 and �-thumb elements are shown in purple. (B) ssDNA strand conformation can be divided into three regions, as indicated by rectangles.
Loop45 and �-thumb are shown in purple. The torsion angle between the C5 and G6 nucleotides is indicated by the black arrow. The catalytic Cys2
residue is shown with two conformers. (C, D) Detailed interactions between yedK and ssDNA. Residues and ssDNA are shown as green and white sticks,
respectively. Water molecules are shown as yellow spheres.

Interactions between yedK and ssDNA

The ssDNA substrate is bound to yedK via extensive in-
teractions: the ribose-phosphate backbone of the ssDNA
is bound to the positively-charged groove of yedK via nu-
merous hydrogen bonds and salt-bridges. Although most
nucleotide bases point to the outside of the groove, they
do contribute to interactions with some hydrophobic yedK
residues (Figure 2C and D).

In region I, the G2 base is sandwiched by the side chains
of yedK Trp67 in Loop45 and Arg85 by �-� stacking, with
the N2 atom of G2 interacting with the Arg85 main-chain
carbonyl via a hydrogen bond (Figure 2C). Moreover, the
Trp68 and Lys70 side chains in Loop45 are wedged into
the ssDNA strand, adding strong hydrophobic interactions
to the base stacking interactions from G3 to C5 in region
II and potentially stabilizing the kink between G2 and C3.
Consistently, the Loop45 Trp67 and Trp68 residues are con-
served across species (Supplementary Figure S2A). Muta-
genesis studies by ITC experiments showed that, compared
with wild-type yedK (Kd of 2.2 �M), the yedK W67A and
W68A mutants disrupted ssDNA binding, R85A dramati-
cally reduced binding (Kd of 16.9 �M), and K70A slightly

reduced binding (Kd of 4.0 �M), highlighting the impor-
tance of Loop45 in ssDNA recognition (Figure 3A and Ta-
ble 3).

In region II, the G3 phosphate group forms direct and
water-mediated hydrogen bonds with the Ser84 side chain
and the Arg85 main-chain amino group, respectively, whilst
the N2 atom of G3 is hydrogen bonded to the Pro71 main-
chain carbonyl via water (Figure 2C). The T4 phosphate
group is also hydrogen bonded to the Arg77 main-chain
amino group and the Thr80 side chain via water. For the
interactions between the C5 nucleotide and yedK, the O4’
atom of the sugar moiety is bound to the Asn75 side chain
via water whilst its O3’ atom forms a hydrogen bond with
the His160 side chain. Remarkably, the C5 phosphate group
forms a strong hydrogen bond with the Thr149 side chain
and establishes two prominent salt-bridges with the Arg77
and Arg162 side chains. Interestingly, most of the residues
involved in interactions, including Asn75, Arg77, Thr149,
His160 and Arg162, are strictly conserved (Supplementary
Figure S2A). ITC showed that the yedK R77A, T149A, and
R162A mutants disrupted ssDNA interactions, the N75A,
T80A and S84A mutants reduced interactions (Kd of 37.9,



Nucleic Acids Research, 2019, Vol. 47, No. 19 10393

A

C

B

Figure 3. Biochemical characterization of the interactions between yedK and ssDNA. (A–C) Each interacting residue shown in Figure 2C and D were
mutated to alanine and their interactions with ssDNA were accessed using ITC experiments. NB, no binding.

12.6 and 10.8 �M, respectively), and the H160A mutant
marginally increased interactions (Kd of 1.4 �M) (Figure
3B and Table 3).

In region III, the bases between G6 and T9 stack together,
with G6 forming further stacking interactions with the
Pro40 side chain and its N3 atom being hydrogen bonded
to the Arg4 side chain (Figure 2D). The G6 phosphate
group establishes direct hydrogen bonds with the Cys2
amino group and the His160 side chain and forms a water-
mediated hydrogen bond with the Asn75 side chain. Mean-
while the phosphate group is ∼5.5 Å away from the Glu105
side chain carboxyl group, which may produce electrostatic
repulsion contributing to yedK substrate selectivity (see be-
low). The G6 sugar moiety forms hydrophobic interactions
with Trp106 in �-thumb to further stabilize the ssDNA con-
formation in region III. Moreover, the O4’ atom of the A7
sugar moiety contacts the Arg4 side chain, whilst the N3
atom of A7 and the O4’ atom of the T8 sugar moiety con-
tact the Val211 main-chain amino group via water. The A7,
T8 and T9 phosphate groups form direct or water-mediated
interactions with Lys113 in �-thumb, Arg206, and Asn210,
whilst C10 has no obvious interaction with yedK. Consis-
tently, the interacting residues Cys2, Arg4, Pro40, Asn75,
Trp106 and His160 are strictly conserved and Lys113 is con-
served in residue type (Supplementary Figure S2A). ITC
revealed that the yedK C2A, R4A, P40G and W106A mu-
tants had reduced ssDNA binding (Kd of 7.9, 34.6, 10.8 and
18.7 �M, respectively) but the K113A mutant had no ef-
fect on binding (Kd of 2.1 �M) (Figure 3C and Table 3). It
is noteworthy that the catalytic Cys2 residue has two con-

formers, both of which have its thiol group buried in a hy-
drophobic pocket (Supplementary Figure S1B).

Taken together, our results reveal the molecular basis of
the interactions between yedK and ssDNA and highlight
their sequence-independent binding properties.

Recognition of ssDNA THF AP sites by yedK

To further elucidate the process by which yedK senses AP
sties in ssDNA, we determined the structure of yedK in
complex with the same ssDNA containing a tetrahydrofu-
ran AP site mimic (ssDNA THF, 5′-CGGT(THF)GATTC-
3′). The yedK–THF complex structure was refined to 1.65
Å, with a high enough resolution to resolve the molecular
interactions of the THF AP site (Figure 4A and Supple-
mentary Figure S4A; Table 2). The yedK protein itself in
the yedK–THF complex shows little structural conforma-
tional change compared to that in the yedK–ssDNA struc-
ture, with a small r.m.s. deviation (rmsd) of ∼0.26 Å (Sup-
plementary Figure S4B). In contrast, the ssDNA strand has
significant conformational changes around the THF AP site
(Figure 4B). The conformation of the THF AP site phos-
phate group is similar to that of C5 in the yedK–ssDNA
structure, with both stabilized by the same prominent inter-
actions with Arg77, Thr149 and Arg162 in yedK (Figures
2C and 4C). Thus, this phosphate group appears to be an
‘anchor’ that helps stabilize the conformation of the G2, G3
and T4 nucleotides 5′ to the anchor (Figure 4D and Supple-
mentary Figure S4B).

Remarkably, the sugar moiety of the THF AP site rotates
by ∼110.5◦ compared to the yedK–ssDNA structure and
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Table 3. Thermodynamic parameters for wild-type yedK and mutants binding different DNA substrates from ITC experiments

Protein DNA N
�H
(kcal/mol)

�S
(cal/mol/K) Kd (�M)

WT ssDNA 1.14 –6.46 4.37 2.2
C2A ssDNA 1.08 –4.95 6.75 7.9
R4A ssDNA 0.93 –15.97 –33.2 34.6
P40G ssDNA 1.26 –8.60 –6.10 10.8
W67A ssDNA – – – NB
W68A ssDNA – – – NB
K70A ssDNA 0.82 –5.93 4.81 4.0
N75A ssDNA 1.36 –5.95 0.28 37.9
R77A ssDNA – – – NB
T80A ssDNA 1.24 –7.05 –1.22 12.6
S84A ssDNA 0.93 –5.42 4.54 10.8
R85A ssDNA 1.50 –4.97 5.17 16.9
E105A ssDNA 1.26 –9.55 –0.43 0.12
W106A ssDNA 1.48 –9.30 –9.53 18.7
K113A ssDNA 1.14 –6.46 4.37 2.1
T149A ssDNA – – – NB
H160A ssDNA 1.17 –10.27 –7.68 1.4
R162A ssDNA – – – NB
WT ssDNA THF 1.19 –14.0 –15.9 0.17
E105A ssDNA THF 1.34 –13.60 –13.0 0.07
H160A ssDNA THF 1.11 –16.16 –22.0 0.09
WT 5′ junction – – – NB
WT 3′ junction 0.95 –6.12 10.3 0.18

NB: No binding. Please note that all raw data from the ITC experiments are shown in Supplementary Figure S3A-W.

moves towards the catalytic Cys2 residue. Meanwhile the
Cys2 thiol group previously buried in a hydrophobic envi-
ronment flips 180◦ to contact the THF sugar moiety (Figure
4D). These conformational changes position the THF sugar
moiety in the catalytic site, where it forms extensive van der
Waals contacts with the catalytic Cys2 residue (Figure 4C).
In particular, the THF sugar moiety C1’ and O4’ atoms are
within 3.6 and 3.1 Å of the amino group and 4.8 and 3.7
Å of the thiol group of Cys2, respectively, a configuration
that may facilitate the catalytic reaction. Moreover, the G6
phosphate group moves 3.4 Å out of the catalytic site and
loses contact with Cys2 and His160 to avoid clashing with
the THF sugar moiety in the catalytic site; meanwhile the
phosphate group is far away from the Glu105 side chain car-
boxyl (Figure 4D). Interestingly, the Asn75 side chain car-
bonyl group is 3.3 Å away from the C1’ atom of the THF
sugar moiety (Figure 4C). The native AP site has a hydroxyl
group on the C1’ atom which may be bound to the Asn75
side chain via a strong hydrogen bond and would play a role
in the catalytic reaction. Collectively, the THF sugar moi-
ety gains multiple contacts with Cys2 and Asn75 in yedK
and the G6 phosphate group releases its potential electro-
static repulsion with Glu105, thus may explain how yedK
discriminates between AP sties and native ssDNA.

Besides the conformational changes around the THF
AP site, the C10 nucleotide replaces T9 to stack with T8,
squeezing T9 out of the stacking sequence (Supplementary
Figure S4B). This conformational change may have been
due to crystal packing.

Structural analyses reveal that the THF AP site may
be a specific yedK substrate and shed light on the pro-
cess by which yedK senses AP sites. We propose that
the yedK–THF and yedK–ssDNA structures correspond
to the specific-substrate-binding and nonspecific-substrate-
binding states, respectively.

YedK Glu105 plays a key role in sensing abasic sites in ssDNA

The structural analyses reveal two prominent processes: (i)
the THF sugar moiety of the AP site gains contacts with the
catalytic Cys2 residue; and (ii) the phosphate group 3′ to the
AP site releases electrostatic repulsion with Glu105 of yedK
(Figure 4D). We used ITC experiments to validate these in-
teractions. Wild-type yedK had a much stronger preference
for ssDNA containing a THF AP site (Kd of 0.17 �M) over
native ssDNA (Kd of 2.2 �M; Figure 4E and Table 3). This
in vitro observation supports that the AP site in ssDNA is
the natural substrate of yedK (12). Moreover, a single sub-
stitution from Glu105 to alanine, designed to release elec-
trostatic repulsion, increased the binding affinity of yedK
for native ssDNA (Kd of 0.12 �M) and further increased its
binding affinity for ssDNA containing a THF AP site (Kd of
0.07 �M; Figure 4E and Table 3), supporting the idea that
the electrostatic repulsion between Glu105 and the ssDNA
phosphate group helps yedK discriminate between AP sties
and native ssDNA.

Collectively, the structural and ITC analyses identify
Glu105 as the key residue by which yedK senses abasic sites
in ssDNA.

Formation of a thiazolidine linkage between yedK and AP
sites in ssDNA

Although both yedK and HMCES have been shown to
form covalent linkages with AP sites in ssDNA (12),
the chemical nature of the covalent linkage remains un-
known; therefore, we decided to explore this further. Firstly,
yedK, ssDNA containing an uracil base (ssDNA dU: 5′-
CGGT(dU)GATTC-3′), and UDG were incubated to-
gether to produce a covalently-linked yedK–Xlink com-
plex, according to a previously established protocol (12). We
successfully obtained well-diffracted yedK–Xlink complex
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Figure 4. Structure and interactions between yedK and ssDNA containing a THF AP site. (A) Surface representation of the yedK–THF complex colored
as in Figure 1C. The region around the THF AP site and catalytic site is indicated by a black dashed box. (B) ssDNA conformational changes between the
yedK–THF and yedK–ssDNA structures. ssDNA strands are indicated by arrows. The structure of yedK–ssDNA is shown in wheat. yedK and ssDNA
in the yedK–THF complex structure are shown in green and white, respectively. (C) The binding environment of the THF AP site. Contacts between the
THF sugar moiety and the catalytic Cys2 residue of yedK are highlighted. ssDNA is shown in white and the environmental residues are shown in green.
(D) Comparisons of the conformational changes between the ssDNA containing a THF AP site and native ssDNA. The phosphate group anchor is circled
by a black dashed line, and the conformational changes are indicated by black arrows. The Cys2, Glu105 and His160 residues are also highlighted for
comparison. (E) ITC results for yedK WT and E105A with the native ssDNA and ssDNA containing a THF AP site.

crystals and determined its structure at 1.22 Å (Table 2). The
5′ ssDNA fragment including the C1 to T4 nucleotides and
the crosslinked AP site could be modeled due to high qual-
ity electron density; however, the remaining 3′ nucleotides
exhibited very weak electron density and could not be mod-
eled (Figure 5A).

The high-resolution structure reveals that the AP site C1’
atom is covalently linked to both the amino and thiol groups
of the catalytic Cys2 residue, forming a thiazolidine linkage

(Figure 5B). Interestingly, the thiazolidine ring is inserted
into a hydrophobic pocket surrounded by Trp103, Ile147,
and Pro164, with the Thr149 side chain also contributing
hydrophobic contacts to the thiazolidine ring (Figure 5C
and D). The amine group of the thiazolidine ring (previ-
ously the Cys2 amino group) forms a strong hydrogen bond
(distance of 2.7 Å) with the Glu105 side chain carboxyl and
the AP site O4’ atom forms direct and water-mediated hy-
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Figure 5. DPC formation between yedK and the AP site in ssDNA. (A) Surface representation of the yedK–Xlink structure. The binding pocket for the
thiazolidine linkage is indicated with a black dashed box. (B) Chemical nature and high-quality density map of the thiazolidine linkage formed between the
AP site and the catalytic Cys2 residue. The 2|Fo|–|Fc| �-weighted map is contoured at 1.5�. (C) Detailed interactions between yedK and the thiazolidine
linkage. YedK residues that participate in binding with the covalent linkage are shown as green sticks. (D) Enlarged view of the surface representation of
the hydrophobic pocket accommodating the thiazolidine linkage. The pocket is circled by a yellow dashed line. (E) Conformational comparison between
ssDNA around the thiazolidine linkage of the yedK–Xlink structure and the THF AP site of the yedK–THF structure. ssDNA with the THF AP site is
shown in wheat and ssDNA with the thiazolidine linkage is shown in white. The Glu105 and His160 yedK residues are also highlighted for comparison. (F)
Crosslinking efficiency of yedK WT and mutants with ssDNA containing an AP site. The upper panel shows a representative SDS-PAGE gel. The lower
panel shows the quantification results of crosslinking bands in the SDS-PAGE gels from 6 independent experiments. The original and uncropped gels are
shown in Supplementary Figure S6A-F.

drogen bonds with the His160 and Asp161 side chains, re-
spectively (Figure 5C).

Superimposing the yedK–Xlink and yedK–THF struc-
tures reveals that the protein undergoes a minor conforma-
tional change (rmsd = 0.35 Å; Supplementary Figure S5A).
The phosphate anchor 5′ to the AP site has a similar con-
formation; however, the AP site sugar moiety in the yedK–
Xlink structure has opened to form a thiazolidine linkage
with the catalytic Cys2 residue, whilst the Glu105 side chain

carboxyl has flipped 90◦ to interact with the thiazolidine
linkage (Figure 5E).

We mutated several strictly conserved yedK residues, in-
cluding Cys2, Glu105, His160, Asn75, and Thr149 to test
their effect on thiazolidine linkage formation between yedK
and the AP site. The C2A mutant reduced crosslinking ef-
ficiency to background levels, E105A and T149A reduced
efficiency to 49 and 46%, respectively, N75A slightly influ-
enced efficiency, and H160A increased efficiency to 160%
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(Figure 5F). This increase may be partially explained by
the fact that H160A AP site binding was stronger than that
of wild-type yedK (Kds: 0.09 versus 0.17 �M; Table 3 and
Supplementary Figure S3S and U). These results confirm
that conserved yedK residues, including Cys2, Glu105, and
Thr149, are important for thiazolidine linkage formation.

Collectively, our very high-resolution structure of yedK–
Xlink (product-binding or post-reaction state) reveals that
the covalent bond between yedK and the AP site in ssDNA
is a thiazolidine linkage. Our biochemical data further sug-
gests that some of the conserved residues stabilizing the thi-
azolidine linkage are important for DPC formation between
yedK and the AP sites in ssDNA.

Conservative recognition mode of the thiazolidine linkage

To confirm that the recognition mode of the thiazoli-
dine linkage in yedK is conservative and not dependent
on the ssDNA sequence, we produced two more cova-
lent structures of yedK with different ssDNA substrates,
following the procedures described above. One structure
was generated using an 11nt-ssDNA with a polyA se-
quence (ssDNA polyA: 5′-AAAAA(dU)AAAAA-3′) and
the other using a 10nt-ssDNA with a random sequence
(ssDNA2 dU: 5′-GATTC(dU)GTCG-3′), referred to here-
after as yedK–polyA and yedK–Xlink2, respectively (Table
2). Structural comparisons reveal that their overall struc-
tures were essentially the same as yedK–Xlink, with small
rmsds of 0.18 and 0.06 Å, respectively (Supplementary Fig-
ure S5B and C). It is noted that two more nucleotides 3′ to
the AP site could be modeled in the yedK–polyA structure
with poor density.

As shown above, the thiazolidine linkage is inserted into
a hydrophobic pocket lined by Trp103, Ile147, Thr149 and
Pro164 of yedK and further stabilized by the Glu105 and
His160 side chains via hydrogen bonds. Local structural
comparisons of different covalent structures around the AP
sites reveal that the thiazolidine linkage positions and their
yedK interacting residues are superimposed quite well (Fig-
ure 6A and B).

These results suggest that the recognition mode of the thi-
azolidine linkage by yedK is conservative and indicate that
that yedK has no ssDNA sequence preference, only prefer-
ring the AP site.

Reaction scheme

Based on our results, we propose a potential reaction
scheme for DPC formation between yedK and AP sites in
ssDNA (Figure 7A; 26,27). The thiol group of the catalytic
Cys2 residue of yedK is easily deprotonated by its �-amino
group to form a thiolate anion that is poised for catalysis.
The AP site sugar moiety is in equilibrium between its cyclic
furanose and open-chain aldehyde forms (20). The Cys2 thi-
olate anion attacks the AP site C1’ position to form a co-
valent bond. The Cys2 �-amino group proton then trans-
fers to the oxygen which is stabilized by the Asn75 side
chain. The O4’ rotates to a new position and interacts with
the His160 side chain. The Cys2 �-amino group then at-
tacks the C1’ position and transfers a proton to the hydroxyl
group to release a water molecule, meanwhile forming a co-
valent bond with the C1’ atom. Thus, a thiazolidine linkage

is formed between the AP site C1’ atom and the Cys2 amino
and thiol groups. The Glu105 side chain carboxyl stabilizes
the thiazolidine linkage via a strong hydrogen bond with its
amine group.

DISCUSSION

Cells typically detect DNA lesions using highly specific
sensors that detect distinct types of damage with high
affinity (5). Recently, human HMCES has been reported
to crosslink AP sites in ssDNA and form covalent DPC
products alongside its orthologous protein yedK in E. coli
(12). Here we illustrate the molecular mechanism by which
yedK acts as an AP site sensor for ssDNA using multi-
ple sets of complex structures. Our structures capture dif-
ferent stages of the AP site sensing process in ssDNA by
yedK. First, yedK scans and loosely binds native ssDNA
in a nonspecific-substrate-binding state. YedK has a much
stronger preference for AP site-containing ssDNA than na-
tive ssDNA, which is conferred by the conserved Glu105
via electrostatic repulsion. Once an AP site is detected,
it is positioned in the catalytic site, releasing the electro-
static repulsion between Glu105 and the ssDNA and thus
forming a tight interaction between yedK and the AP site;
this corresponds to a specific-substrate-binding state. The
cyclic sugar ring of the bound AP site opens to form an
open-chain aldehyde to start the reaction with the catalytic
Cys2 residue in the intermediate state. Finally, the thiazoli-
dine linkage is readily formed, penetrates the hydrophobic
pocket formed by Trp103, Ile147, Thr149 and Pro164, and
is stabilized by the strictly conserved Glu105 and His160
side chains in the product-binding state. Our study indenti-
fies that Glu105 is not only the key residue by which yedK
senses abasic sites in ssDNA via electrostatic repulsion, but
is also involved in the recognition/stabilization of the thia-
zolidine linkage, consistent with the observation that yedK
E105A reduces crosslinking efficiency to the AP site in ss-
DNA.

Since most of the residues involved in the recognition of
the THF AP site and thiazolidine linkage are strictly con-
served among bacteria, yeast, plants, and animals (Supple-
mentary Figure S2A), the mechanism deduced from our
studies can be extended to other SRAP domain-containing
proteins and human HMCES. The stable chemical nature
of the thiazolidine linkage (28) correlates well with the way
HMCES effectively shields ssDNA AP sites from AP en-
donucleases and translesion DNA synthesis (TLS) poly-
merases, thus protecting genome integrity by promoting
error-free AP site repair (12).

YedK has no sequence preference and is a specific sensor
that can discriminate between AP sites and native ssDNA
(Figure 4E); therefore, it could be developed as a tool to
detect AP sites in vitro and in vivo. Such a tool could also
be used to detect and enrich specific DNA or RNA base
modifications as long as they can be converted into abasic
sites by chemical agents (29,30).

Whilst preparing our manuscript for submission, two
related studies have been published online (31,32), both
of which reveal the thiazolidine linkage in the DPC of
HMCES and yedK, respectively, and elucidate the interac-
tions of HMCES and yedK with 3′ junction DNA. Con-
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Figure 6. Thiazolidine linkage recognition is conservative. (A) Local structural comparison of the yedK–Xlink and yedK–polyA structures focusing on
the AP site. (B) Local structural comparison of the yedK–Xlink and yedK–Xlink2 structures focusing on the AP site.

A

Figure 7. Probable reactions for DPC formation between yedK and AP sites in ssDNA.

sistently, our ITC results showed that yedK can bind AP
sites immediately adjacent to the 3′ ssDNA-dsDNA junc-
tion as efficiently as the AP site in ssDNA (Kd of 0.18 and
0.17 �M, respectively) but not AP sites immediately adja-
cent to the 5′ ssDNA-dsDNA junction (Table 3 and Sup-
plementary Figure S3V and W). Interestingly, four ssDNA
nucleotides (G6-A7-T8-T9) 3′ to the AP site in the yedK–
ssDNA structure are found to form a dsDNA-like structure
with G6’-A7’-T8’-T9’ in the crystallographic symmetry-
related ssDNA’ molecule (Supplementary Figure S7A and
B), and a similar dsDNA-like structure are also found in
the yedK–THF structure (Supplementary Figure S7C and
D), supporting the model that yedK and HMCES can

recognize a DNA duplex structure 3′ to the AP site as
previously proposed (31,32). Notably, we showed that the
yedK H160A mutant increased crosslinking efficiency to
AP sites in ssDNA, whereas Thompson et al. found that it
reduced crosslinking efficiency (31). The inconsistency be-
tween these two studies might be due to the different buffers
and ssDNA substrates used for crosslinking assays.
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reasonable request.
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