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Abstract

Bacterial exonuclease III (Exolll), widely acknowledged for specifically targeting
double-stranded DNA (dsDNA), has been documented as a DNA repair-associated
nuclease with apurinic/apyrimidinic (AP)-endonuclease and 3'—5' exonuclease activ-
ities. Due to these enzymatic properties, Exolll has been broadly applied in molecular
biosensors. Here, we demonstrate that Exolll (Escherichia coli) possesses highly ac-
tive enzymatic activities on ssDNA. By using a range of ssDNA fluores-
cence-quenching reporters and fluorophore-labeled probes coupled with mass spec-
trometry analysis, we found Exolll cleaved the ssDNA at 5-bond of phosphodiester
from 3’ to 5' end by both exonuclease and endonuclease activities. Additional point
mutation analysis identified the critical residues for the ssDNase action of Exolll and
suggested the activity shared the same active center with the dsDNA-targeted activi-
ties of Exolll. Notably, Exolll could also digest the dsDNA structures containing
3’-end ssDNA. Considering most Exolll-assisted molecular biosensors require the in-
volvement of single-stranded DNA (ssDNA) or nucleic acid aptamer containing
ssDNA, the activity will lead to low efficiency or false positive outcome. Our study
revealed the multi-enzymatic activity and the underlying molecular mechanism of
Exolll on ssDNA, illuminating novel insights for understanding its biological roles in

DNA repair and the rational design of Exolll-ssDNA involved diagnostics.

Keywords: Exonuclease III (Exolll); Fluorescence-quenching reporter; Sin-
gle-stranded DNA (ssDNA); Exonuclease and endonuclease activity; Exolll-based
diagnostics; DNA repair
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INTRODUCTION

Endogenous and exogenous stresses frequently result in DNA damage. Base dam-
age is one of the most common DNA lesions caused by alkylation, oxidation, deami-
nation, and depurination/depyrimidination !. Such structural changes in dou-
ble-stranded DNA (dsDNA) immediately recruit a range of downstream enzymes to
the lesion locus for repair, a process known as base excision repair (BER) 2. Exonu-
clease III (Exolll) has been widely recognized as one of the most critical players in
BER 3. Based on the enzymatic activities involved, BER has been conceptually di-
vided into the following five steps % 1) glycosylase excision on the damaged base
forming the apurinic/apyrimidinic (AP) site; 2) AP endonuclease (Exolll) incision on
the phosphodiester backbone to create and extend a ssDNA gap; 3) 5'-deoxyribose
phosphate (dRp) removal; 4) polymerase-directed gap filling; 5) ligase-aided nick
sealing. During the BER process, Exolll performs the dual roles of AP endonuclease
and exonuclease in E. coli ’. Once the damaged bases are removed by glycosylases
leaving an AP site, Exolll first acts as an endonuclease to hydrolyze the phos-
phodiester bond at the 5’-end of the AP site, then as an exonuclease to degrade the
downstream single-stranded DNA (ssDNA) of the duplex region from 3’ to 5" end.
These two Exolll-dominated enzymatic activities create a proper length of ssDNA
gap on dsDNA, which is required for polymerase binding at the locus to re-synthesize
nucleotides 8. Structural analysis revealed that the am helix of Exolll stabilized the
substrate by stretching into the major groove of dsDNA in the catalytic process °. In-
terestingly, different from the typical multifunctional enzymes, i.e., DNA polymerase
°, with separate active sites, the multiple activities of Exolll on dsDNA lie in the same

active site 7.

During the 1960s-1990s, Kornberg's laboratory demonstrated that Exolll specifi-

cally recognizes dsDNA but is inactive to ssSDNA based on an ssDNA oligo of five

") 1011 "and other researchers showed Exolll had

) 12,13

consecutive Ts (5" pTpTpTpTpT 3
limited enzymatic activity on dsDNA containing 3'-protruding ssDNA (2 4 nt
Hence, Exolll was previously proposed to produce ssDNA from dsDNA '*. Combined
with novel materials, chemicals,, or mechanical platforms, Exolll has been widely
employed in detecting nucleic acids, metals, toxins, and other types of small mole-
cules 1. Based on the specific enzymatic activities of Exolll on dsDNA in detections,
the Exolll-assisted biosensors can be divided into two categories: AP-endonuclease
and exonuclease-based methods. As a promising replacement of PCR technique'®,

TwistAmp® Liquid exo kit (https://www.twistdx.co.uk/product/twistamp-liquid-exo/)
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95 represents one of the most successful AP-endonuclease-based nucleic acid detection,

96  which combines recombinase polymerase amplification (RPA) 7 and Exolll. In the

97  application of the commercial kit, a 46~52 nt ssDNA probe is required to base-pair

98  with the target sequence and the probe should also contain an AP site (usually simu-

99 lated by a tetrahydrofuran [THF] residue) labeled with a fluorophore and a quencher,
100  respectively, at or near the 5'- and 3'- end of AP. Once the ssDNA probe binds to the
101  complementary sequence with the aid of recombinase and forms a dsDNA region
102  containing an AP, Exolll recognizes and cleaves the AP site, which separates the
103  fluorophore and quencher, leading to a fluorescence release. In the exonuclease-based
104  methods, ssDNA or nucleic acid aptamer contained ssDNA is often configured to
105  form dsDNA substrate for the exonuclease activity of Exolll '°. However, the digest-
106 ing of Exolll on ssDNA probe has been inadvertently observed in three
107 Exolll-developed detection methods '3?° and a biochemical study 2!. As the studies
108  displayed limitaitons in proving the ssDNase activity of Exolll: a) no additional pro-
109  cedure safeguards the ssDNA substrate from forming secondary structure containing
110  dsDNA duplex in or between ssDNA, which can easily happen, and b) only stays on
111 the phenomenon without further in-depth characterization and mechanism exploring,
112 Exolll has therefore still been publicly described

113 (https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/

114  exonuclease-III), studied **® 22, and commercialized as a dsDNA-specific enzyme
115  that is inactive or has limited activity on ssDNA
116 (https://www.thermofisher.cn/order/catalog/product/EN0191 and

117 https://international.neb.com/products/m0206-exonuclease-iii-e-coli#Product%20Info
118  rmation) for over a half century. The definition of the enzymatic activity of Exolll on

119  ssDNA remains ambiguous.

120 To address this long-standing controversy, we used several sensitive fluores-
121 cence-quenching (FQ) ssDNA reporters to detect the enzymatic activity of Exolll on
122 ssDNA. FQ is distance-dependent, where increasing the distance between the fluoro-
123 phore and the quencher increases the fluorescence intensity. As a sensitive and visible
124  physical phenomenon, it has been transformed into one of the most influential tech-
125 niques for monitoring dynamic alterations of macromolecule conformation in com-
126  plex interactions 2*%. The DNA or RNA constructed FQ reporter has been success-
127  fully employed in CRISPR-based diagnostics 2° as an efficient sensor of collateral
128  trans-cleavage activity of Casl12a on ssDNA 27 and Cas13a on RNA 28, Once the nu-
129  clease cuts the ssDNA or RNA connector and disconnects the fluorophore and

130  quencher, fluorescence will be significantly released as a positive readout for the de-
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131  tection. Combining with mass spectrometry and structure analysis, our finding
132  demonstrated the ssDNase activity of Exolll and its potential biological role of in
133 DNA repair. Furthermore, it also alerted a risk of false positive or low efficiency

134  within the widely adopted Exolll-ssDNA combined diagnostic approach.

135  RESULTS

136 Exolll rapidly cleaved the ssDNA FQ reporters

137 As a ultrasensitive biosensor of the ssDNase activity, the ssDNA FQ (Figure 1A)
138 (5 nt) of CRISPR-based detection systems>® were utilized for assaying the ssDNase
139  activity of Exolll and its digesting rate. To examine if the substrates form the dSDNA
140  region internally or between ssDNA strands, the dsDNA-specific nuclease T7 exo”
141  was used as the negative control, while LbCas12a®’ was designated as the positive
142 control. Once the ssDNA FQ reporter is cleaved by nuclease, fluorescent signal will
143  be released. In contrast to T7 exo and LbCas12a, Exolll (5 U/ul) triggered a substan-
144  tial fluorescent signal promptly upon adding to FQ reporter (5 uM) (a total of 50
145  pmol), and most of the ssDNA substrate (over 90%) was cleaved in the first minute
146  (Figure 1B), which suggested that the commercial Exolll (5 U/ul) degraded over
147 2.7x10'3 (45 pmol) phosphodiester bonds per minute in the reaction, significantly
148  faster than 0.7 pmol phosphodiester bonds per minute of LbCas12a and that of other
149  nucleases (Figure 1C). Strikingly, we found even at room tempreture (22°C) the flu-
150  orescence release initiated immediately when 0.5 pl Exolll was mixed with FQ re-
151  porter (5 uM) under LED blue light (Supplementary video S1). In summary, T7 exo
152  showed no significance with D-T7 exo; APE1 exhibited a significantly detectable flu-
153  orescence signal compared to its deactivated counterpart (D-APE1), albeit much
154  weaker than that of Exolll and LbCas12a (Figure 1C).

155 Given that Exolll has long been recognized as a dsDNA-specific nuclease, we ini-
156  tially speculated that the ssDNA activity on FQ reporters might be ascribed to its
157  cleavage at the 5" or 3’ end phosphodiester bonds of ssSDNA reporter rather than the
158  tipycal phosphodiester bonds within ssDNA. To narrow down the possibility, we
159  firstly removed the 5’ end phosphodiester by designing the FQ reporter with FAM la-
160  beled at its 5’ first thymine (Ti) base instead of the 5’ end phosphate (Figure 1D).
161  Logically, the 5" FAM T;i-labeled reporter should not produce fluorescence if Exolll
162  cuts at the 5’ end phosphodiester bond. But fluorescence monitoring assays showed
163 that Exolll (5 U/ul) digested over 90% of 5" FAM T;-labeled FQ reporter (5 uM) in
164  the first minute (Figure 1E), indicating a speed of 2.7x10'* (45 pmol) phosphodiester

5
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165  bonds per minute (Figure 1F); APE1 and LbCasl2a also exhibited a stronger fluo-
166  rescence intensity compared to their deactivated counterparts (D-APEl and
167  D-LbCasl2a) (Figure 1F). Treated with Exolll, fluorescence of the FQ reporter was
168  generated rapidly even before incubating at 37°C (Supplementary video S2). The
169  evidence implied that Exolll cleaved the FQ reporter not at 5" end phosphodiesters.

170 Subsequently, we removed the 3’ end phosphodiesters by labeling the BHQI at the
171 reporter's 3’ end thymine (Figure 1G). The fluorescence monitoring assay showed
172 that the Exolll-treated FQ reporter (5 uM) released a significant fluorescence signal
173 compared to other nucleases. Slower than the previous two FQ reproters, it cleaved
174 over 90% of the base-labeled FQ reporter in 10 min (Figure 1H), demonstrating that
175  the commercial Exolll (5 U/ul) digested about 2.7x10'? (4.5 pmol) phosphodiester
176  bonds or nucleotides of ssDNA in the FQ reporter (Figure 1I). Compared with the
177  massive fluorescence induced by Exolll, the modifications on thymine may impede
178  the binding and cleaving of LbCasl2a-crRNA complex on the ssDNA substrate,
179  leading to less fluorescence generated (Figure 1I). Combining all the results of three
180  types of FQ reporters, we demonstrated Exolll might harbor a powerful ssDNase ac-
181  tivity.

182  Exolll is an efficient 3'—5'" ssDNase

183 To exclude the possibility of sequence-specific driven catalysis of Exolll, we tested
184  three ssDNA oligos with fluorophore labeled at the 5" end (5 uM) (Figure 2A). After
185 40 min of incubation with Exolll (5 U/ul) at 37°C, the reaction mixture of three
186  probes was separated by gel electrophoresis. The result indicated that the ssDNA was
187  degradated by Exolll and LbCas12a compared with the undigested product of APE1
188  and T7 exo (Figure 2B and 2C). The reaction products gradually decreased in length
189  as time prolonged (Figure 2D), suggesting that Exolll shortened Probe 1 into smaller
190  fragments gradually and rapidly from 3’ to 5’ end. The time course analysis on the di-
191  gestion demonstrated the digesting rate of Exolll on the ssDNA stood at 20~400 pmol
192  nucleotides per minute in the 15 min (Figure 2E). Similarly, Probe 2 was processed
193  into shorter fragments by Exolll and LbCas12a compared to other nucleases (Figure
194  2F and 2G) and were digested gradually and promptly over time (Figure 2H and 2I).
195  Probe 3 also resembled the digestion over time (Figure 2J, 2K, 2L, and 2M). The
196  gradual and successive degradation on the three ssDNA substrates in the 40 min indi-
197  cated that Exolll (5 U/ul) digested the ssDNA (5 uM) in the 3'—5" direction with a
198  estimated average speed of approximately 1.5X 10'* (25 pmol) phosphodiester bonds
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199  or nucleotides per minute, and the digestion rate varied with the encountered nucleo-

200  tides of ssDNA subatrate.

201 To investigate the massive disparity of ssDNase activity between the two extremely
202  similar homologs, Exolll and APE1, we performed structure alignment and found the
203  structure of the am helix of Exolll deteriorated in APE1 (Figure 2N). As am lies in the
204  binding interface of Exolll and substrate °, it might play a critical role in the digestion
205 of ssDNA. The degenerated ssDNA-cleavage activity of APE1 may evolve to mini-
206  mize the risk of genomic instability in human. Whether it is associated with related

207  human cancers remains to be further studied.

208 Mass spectrometry analysis revealed the endonuclease activity of Exolll on
209  ssDNA

210 To provide high-resolution information regarding the Exolll actions on the ssDNA
211  substrates (used in Figure 2), we parsed the products of Exolll by ESI-mass spec-
212  trometry. The major products of the three ssDNA probes are identified and listed
213 (Supplementary Table S1) and all the reaction products were included in Supple-
214  mentary File S1. After being treated with Exolll, Probe 1 was digested to the three
215  major products (Product 1 of Probe 1, termed as P1P1, Mass peak = 2914.9 Da; P1P2,
216 Mass peak = 2601.5 Da; P1P3, Mass peak = 5395.5 Da) (Figure 3A), which respec-
217  tively matched to an 8-nt (Theoretical mass = 2915.6 Da), 7-nt (Theoretical mass =
218  2602.4 Da) and 16-nt (Theoretical mass = 5397.2 Da) ssDNA fragments of Probe 1,
219  and these undigested nucleatides accounted for ~15% of the input (Figure 3B). Probe
220 2 was digested to two major products (P2P1, Mass peak = 4639.6 Da; P2P2, Mass
221  peak = 957.7 Da) (Figure 3C), which respectively matched to a 13-nt (Theoretical
222 mass = 4641.6 Da) and 3-nt (Theoretical mass = 957.6 Da) ssDNA fragments of
223  Probe 2, and these remaining oligos accounted for ~0.6% of the input (Figure 3D).
224 Probe 3 was digested into four products (P3P1, Mass peak = 2936.9; P3P2, Mass peak
225 = 3240.9; P3P3, Mass peak = 2632.7; P3P4, Mass peak = 2328.7) (Figure 3E) re-
226  spectively matched to an 8-nt (Theoretical mass = 2937.6 Da), 9-nt (Theoretical mass
227 = 3241.8 Da), 7-nt (Theoretical mass = 2633.4 Da) and 6-nt (Theoretical mass =
228  2329.2 Da) fragments of Probe 3, and these leftover accounted for ~28% of the input
229  (Figure 3F). According to the mass peak intensities of reaction products (Supple-
230 mentary Table S2), the majority of ssDNA substrates (5 uM) were degraded into
231  mononucleotides (~85% for Probe 1, ~99% for Probe 2 and ~72% for Probe 3) by
232 Exolll (5 U/ul). As the control, the mass spectrometry analysis of the three probes
233  without Exolll digestion is provided (Supplementary Figure S1A, S1B, and S1C).
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234 Futhermore, we found these undigested fragments above (P1P1, P1P2, P2P1, P3P1,
235  P3P2, P3P3, and P3P4) retained an intact 5’ end fluorophore and a free 3'-OH, which
236  indicated the Exolll catalyzed the cleavage of ssDNA at the 5'-side bond of phos-
237  phodiester. And 17 ssDNA fragments (4 fragments from Probe 1 and 13 fragments
238  from Probe 2 included in Supplementary File S1) were identified from the middle
239  part of the ssDNA, impling Exolll possessed an endonuclease activity on ssDNA,
240  which might be activated by specific sequences. Combined with the results of Figure
241 2, we confirmed that Exolll is a efficient ssDNase, and its digestion rate varied based

242 on the sequences of ssDNA.
243  Reaction conditions for the ssDNase activity of Exolll

244 To explore if this enzymatic action of Exolll requires Mg**, we added EDTA to the
245  enzymatic reaction. The endpoint fluorescence intensity of the FQ reporter showed
246  that the addition of EDTA completely inhibited the generation of fluorescence com-
247  pared with the reaction without EDTA (Figure 4A). The gel analysis on the cleavage
248  product of three ssDNA probes showed that adding EDTA stopped the catalytic di-
249  gestion of Exolll on ssDNA (Figure 4B). These EDTA-added experiments demon-
250  strated that Mg?* was required for the ssDNase activity of Exolll. Subsequently, we
251  added different concentrations of ExollI (0, 0.025, 0.125, 0.250, 0.500, and 1.250 uM)
252  to the ssDNA probe (0.5 uM). The result showed the amount of Exolll (0.025 uM)
253  degraded ~10 nucleotides of ssDNA substrate (0.5 uM) in 10 min (Figure 4C and
254 4D), suggesting each molecular of Exolll was capble of cleaving off one nucleotide
255 by 3 seconds. To explore the suitable temperature for the ssDNase activity, Exolll
256  was incubated with the ssDNA probe at 0, 16, 25, 37, 42, and 50°C, respectively. The
257  gel results indicated the ssDNase activity of Exolll was active at 16, 25, and 37°C but
258  receded when the temperature was raised to 42°C and 50°C (Figure 4E and 4F),
259  suggesting the suitable temperature for the ssDNase activity of Exolll was probably at
260 arange of 16~42°C.

261 Intriguingly, focusing on the major products of the three sSDNA probes in Figure 3,
262  we found digestion of Exolll seemingly always stalled in or ahead of a zone of serial
263  identical bases (Supplementary Table S1), suggesting this type of sequence feature
264  might affect the digestion of Exolll. To explore if this phenomenon always occurs
265  upon serial identical bases, we performed enzymatic reactions on four 5' FAM-labeled
266  ssDNA probes consisting of 20 nt identical nucleotides. The reaction product was an-
267 alyzed by gel after these ssDNA substrates (5 pM) were incubated with purified
268  Exolll (2.5 uM) for 15 min. The result of the time course analysis indicated that Axo,
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269  Cao, and T2 displayed an obviously slower degradation than the ssDNA substrates in
270  Figure 2 (A20~C20> T20) (Figure 4G and 4H), suggesting the consecutive identical
271  nucleotides in ssSDNA might slow down the digestion of ExolIl.

272  Exolll in the commercial isothermal amplification diagnostic kits digested the
273 ssDNA FQ reporter and probes

274 Due to the well-acknowledged dsDNA activities of Exolll, most Exolll-assisted
275  diagnostic methods require ssDNA to form an appropriate dsDNA intermediate (Sup-
276  plementary Table S2). As a promising replacement of PCR technique '¢, RPA 7%,
277 and MIRA 3" kits as well as their derivative products, the MIRA- and RPA-Exolll
278  kits ¥ 3 have been widely used for nucleic acid detection. To explore if Exolll con-
279  tained in the commercial detection kits digests the sSDNA probe or primer, we used
280 an FQ reporter and 5 FAM-labeled ssDNA probes to test the commercial kits of
281  MIRA-Exolll and RPA-Exolll, while the RPA and MIRA detection kits (without
282  Exolll) served as their controls. Our result showed that the RPA-Exolll and MI-
283  RA-Exolll detection kits exhibited significant fluorescence signals over time com-
284  pared with those of the RPA and MIRA kits (Figure SA). The distinct difference in
285  fluorescence brightness between the Exolll-presence group (MIRA-Exolll and
286  RPA-Exolll) and Exolll-absence group (MIRA and RPA) can be directly visualized
287 under LED UV blue light (Figure 5B). These results suggested that the ssDNA FQ
288  reporter was cleaved by Exolll contained in the commercial detection kit, and this

289  type of FQ reporter was unsuitable for developing the Exolll-based detection.

290 Furthermore, to investigate the degradation degree of ssDNA caused by Exolll in
291  the detection kits, we tested a 5" FAM-labeled ssDNA probe in these detection reac-
292  tions. We found the 80% of ssDNA probe added to the MIRA-Exolll kits was digest-
293 ed to a 15-nt product (P1) (Figure SC and 5D), while in RPA-Exolll kit 50% and 40%
294  of the ssDNA probe were degraded into a ~15-nt (P1) and ~5-nt (P2) in 20 min, re-
295  spectively, presenting a more intensified degradation than MIRA-Exolll (Figure SC
296 and SE). It suggested that Exolll in the dection kits was capble of digesting the ssD-

297  NA probe or primer, leading to a low detection efficiency.

298 The different degrees of degradation between these two kinds of commercial kits
299  might be caused by different amounts of T4 gp32 added, as T4 gp32 is a ssD-
300 NA-binding protein protecting the ssDNA from nuclease degradation *. To investi-
301  gate whether the ssDNA-binding protein prevents ssDNA from Exolll digestion, we
302 incubated the ssDNA with two types of ssDNA-binding proteins (T4 gp32 or SSB)
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303  before Exolll digestion. The ssDNA probe pre-incubated with 1 pl T4 gp32 (10
304 mg/ml), 1 pl or 5 pul SSB (1.58 mg/ml) showed no digested band compared to the
305 control (0 pl) (Figure 5F, 5G and 5H), which suggested the single-stranded
306 DNA-binding protein was capable of protecting ssDNA from Exolll digestion. These
307  results indicated that adding more T4 gp32 could offset or minimize the effects of
308  Exolll’ ssDNase activity in the commercial kits. The findings also suggested that
309 ssDNA-binding proteins may regulate in vivo the degradation of ssDNA mediated by

310  Exolll in DNA repair or metabolism processes.
311  Key amino acid residues for ssDNase activity in ExolIl

312 To identify the key residues that determine the ssDNase activity of Exolll, we pre-
313  dicted the structure of Exolll-ssDNA by molecular docking. And the predicted resi-
314  dues (S217, R216, D214, W212, K176, R170, N153, K121, and Q112) (Supplemen-
315 tary Figure S2A) were expressed and purified for mutation analysis (Figure 6A).
316  Residues (W212, F213, K121, Y109, and D151) reported to play essential roles in the

I 8 were also mutated for anal-

317  exonuclease and AP-endonuclease activities of Exoll
318  ysis. The result of the fluorescence monitoring assay on the FQ reporter indicated the
319 mutants of S217A, R216A, K176A, or R170A displayed equal cleavage efficiency
320  with wild type Exolll on the FQ reporter; D214A, W212A, F213A, Y109A, N153A,
321  and DI51N produced no fluorescence signal; K121A or Q112A showed much weaker
322  cleavage than the wild type (Figure 6B). Meanwhile, gel electrophoresis on the di-
323  gested products showed a consistent result with the fluorescence monitoring assay,
324  but K121A exhibited undetectable digestion on the ssDNA probe (Figure 6C and
325  6D). These results indicated the residues (D214, W212, F213, N153, D151, K121,
326  and Y109) were crucial in the catalyzing of Exolll on ssDNA. As six of these critical
327  residues (W212, F213, N153, Y109, K121, and D151) have also been found to play
328  critical roles in the dsDNA exonuclease and AP-endonuclease activities of Exolll (4),
329  the ssDNase activity of Exolll most likely shares the same active center with the other

330  two enzymatic activities on dsDNA.

331 Among these mutants, KI121A of Exolll has been reported to have an
332 AP-endonuclease activity on dsDNA #. With the weakened ssDNase activity demon-
333 strated in our study, KI121A can replace the wild type to be applied in the
334  AP-endonuclease-based commercial kits with minimized effects of ssDNase activity.
335 By comparing the digested products generated by S217A, R216A, K176A, R170A,
336 QI112A, and wild type, we found that R170A produced a larger fragment than other
337  mutants and wild type (Figure 6E). It suggested that mutation of R170A affected the
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338 efficiency of Exolll digestion on ssDNA. Based on the conservation indicator of all
339  residues of Exolll illustrated (https://consurfdb.tau.ac.il/index.php), these identified
340  residues (W212, F213, D214, N153, Y109, K121, D151 and R170) were highly con-
341  served among 300 homolog proteins (Figure 6F and 6G). The structure of Exolll is
342  constructed as a four-layered sandwich, and its active center on dsDNA is located at

343  the valley between the two inner layers *° (Figure 6G).
344  R170A has an attenuated AP-endonuclease activity

345 The residue of R170 is located with the protruding structure am helix of Exolll,
346 which helps Exolll bind to dsDNA by stretching into the major groove °. To investi-
347  gate if the mutation of R170A also affects the AP-endonuclease and exonuclease ac-
348 tivities of Exolll on dsDNA, we designed specific dsDNA substrates for the two types
349  of activities. On the AP-endonuclease substrate, the mutation of R170 took a much
350 longer time (10 min) to digest compared to the wild type (I min) (Supplementary
351  Figure S3A and S3B), suggesting the mutation seriously impaired the efficiency of
352  AP-endonuclease activity. The digestion process is described in Supplementary
353  Figure S3C. On the exonuclease substrate, the mutant of R170A produced a much
354  larger product than the wild type (Supplementary Figure S3D and S3E). It might be
355  because R170A retained the intact exonuclease activity on dsSDNA but not on ssDNA,
356 leading to a larger ssDNA intermediate compared to the wild type. The exonuclease
357 activities of Exolll on dsDNA and ssDNA involved in the digestion are described in
358  Supplementary Figure S3F. Altogether, we deemed that R170 in the am helix struc-
359  ture may help recognize or stabilize the AP site on dsDNA or ssDNA substrate for
360 further docking into the active site, and the mutation of RI170 affects the
361  AP-endonuclease and ssDNase activities of Exolll but still retains its dsDNA exonu-

362  clease activity.

363 The proposed enzymatic action model of ExollIl on ssDNA

364 Since the ssDNase activity probably shares the same active center with its dsD-
365 NA-targeted activity, an appropriate ssDNA substrate for Exolll should possess a
366  'V’-shaped micro-structure, similar to the ssDNA conformation in the B-formed
367 dsDNA (Figure 7A). According to the Exolll-ssDNA structure and the previously
368  reported functions of the key residues #, four primary functional units for enzymatic
369 actions of Exolll are defined: capturing unit (R170, at 3’ side of the cleavage site and
370 three nucleotides away from it), phosphate-stabilizing unit (Y109, K121, and N153, at
371 5’ side of cleavage site and three nucleotides away from it ), sugar ring-stacking unit
372 (W212, F213, and D214) and phosphodiester-cleaving unit (D151), all of which also
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373  represent four sequential steps in the digestion process (Figure 7B). Unit 1(R170),
374  located at the surface of Exolll and functioning at the 3’ side of the cleavage site, is
375 most likely the first contact with the substrate, the involvement of which naturally
376  drives the endonuclease action on sSDNA. In the endonuclease model, interactions of
377  unit 1 and unit 2 with ssDNA substrates can help convert the ~6 nucleotides at 3" end
378  of ssDNA to form a '"V' shape intermediate, suitable for the following actions of unit 3
379  and unit 4. Certain ssDNA substrates, such as the consecutive identical bases (Figure
380  4), might have difficulty in converting to the necessary conformation, resulting in the
381 inhibition on digestion of Exolll; Meanwhile, the substrates with "V" conformation
382 internally possibly attract units 2 and 3 of Exolll binding to the site and triggering the
383  endonucleolytic digestion, which explains the products of endonuclease activity in the
384  mass spectrometry analysis (Figure 3). In the exonuclease model, some types of
385  ssDNA (possibly short ssDNA or others with suitable micro-structure) might directly
386 enter the active center without contacting unit 1 and sequentially processed by units 2,
387 3, and 4 (Figure 7C).

388 Conbining with the structure analysis and the digestion results of Figure 2 and 3,
389  we proposed the enzymatic actions of Exolll digestion on ssDNA: the ssDNA sub-
390 strate tends to be captured by the outer-layered unit 1, then stabilized by the in-
391  ter-layered units 2 and 3, finally cleaved by unit 4 of Exolll, producing short frag-
392 ments of ssDNA (endonuclease activity). The short ssDNA (~3 nt) or others with
393  suitable micro-structure might directly enter into the active center and be processed by
394  unit 2, unit 3, and unit 4 into nucleotides (exonuclease activity) (Figure 7D). The
395 model reflects a distributive catalyzation of Exolll on ssDNA. In summary, ssDNA
396  substrate is likely to undergo fragmentation by the endonuclease activity of ExollI,
397 and the resulting small fragments is subsequently digested by the exonuclease activity
398  of Exolll into mononucleatides.Without the base-pairing of complementary strands,
399 the conformation of ssDNA is easily affected by ion concentration, interacted protein,
400  temperature, and other factors in the solution. All these elements together forge the

401  specific catalytic pattern of Exolll on ssDNA.
402  Exolll digested the dsDNA structures containing 3’ end ssDNA

403 To explore the biological significance of the ssDNase activity of Exolll, we exam-
404  ined several dsDNA substrates containing ssSDNA (dsDNA with 3" ssDNA flap,
405  dsDNA with 3' protruding ssDNA tail, bubble and fork-shaped dsDNA ) that might
406  occur in the biological process. After being treated with Exolll, our result demon-
407  strated Exolll was capable of digesting the dsDNA with a 3’ flap (Figure 8A). The 3’

408  flap-removing capability of Exolll may originate from its ssDNase activity (Figure
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409  8B). The analysis on the gray intensity indicated the dsSDNA with 3’ flap was digested
410  with time (Figure 8C). Based on our results and the gap creation ability of Exolll
411  previously reported &, we proposed the novel biological role of Exolll in DNA repair:
412 when the 3’ flap occurs, Exolll recognize and remove the ssDNA flap by the ssDNase
413  activity; then it continues to digest the ssDNA on dsDNA and create a gap; the result-
414  ing intermediate recruits the DNA polymerase to re-synthesize the complementary
415  strand and fill the ssDNA gap; finally, the nick left is sealed by DNA ligase (Figure
416  8D).

417 We next tested its ability to cleave the dSDNA substrates with a protruding ssDNA
418 (>4 nt) at the 3’ end, previously reported as resistant to Exolll digestion !2. Our re-
419  sults on the dSDNA with a 10-base protruding structure indicated that Exolll could
420  rapidly digest the dsDNA with a 3’ end 10-base ssDNA tail (Supplementary Figure
421  S4A and S4B). But for the dsDNA with 4-base protruding ssDNA at the 3’ end, the
422  digestion occurred at 10 min, suggesting the efficiency of digestion significantly de-
423  creased to about one-tenth of the 10-base protruding structure (Supplementary Fig-
424  ure S4C and S4D). Different from the previous study !%, our results demonstrated
425  that Exolll could catalyze dsDNA structure with 3" end protruding bases (> 4 nt).
426  Furthermore, we found when the 3" end 4-base protruding ssDNA was replaced with
427  four adenylates, the dSDNA showed no digestion over 10 min (Supplementary Fig-
428  ure S4E and S4F), suggesting the 3’ As-protruding ssDNA was resistant to the ssD-
429  Nase activity of Exolll and protected the dsDNA duplex from Exolll digestion.
430  Therefore, dSDNA with 3" A4-protruding ssDNA can be used for related enzymatic
431  research of Exolll or as the aptamer of biosensors, as the previous typical substrate
432  may not protect itself from being cleaved by the ssDNase activity and the following
433  exonuclease of Exolll. Based on the structural analysis that indicated the am helix was
434  exactly 4~5 nt apart from the AP site (located in the active center) (Supplementary
435  Figure S4G and S4H), we speculated that the lower efficiency of digestion on the
436  4-base protruding dsDNA might be because the topology of dsSDNA-ssDNA junction
437  site was not well recognized by am helix, which was unfavourable for the ssDNA fur-

438  ther docking into the active center.

439 The fork structure was slightly digested by Exolll in the first minute and complete-
440 ly degraded over 10 min (Supplementary Figure S5A). To test if the ssDNA binding
441  protein affects the digestion of Exolll, the fork structure was incubated with T4 gp32
442  for 10 min before adding Exolll. The result indicated that 1 pl T4 gp32 (10 mg/mL)
443  protected over 40% of the substrate from digestion, significantly higher than 0.2 pl
444  (~10%) (Supplementary Figure SSA). This protection effect suggested that Exolll
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445  started the digestion of the structure from the 3’ end ssDNA, and the binding of T4
446  gp32 to the 3' end ssDNA prevented the dsDNA from being digested (Supplemen-
447  tary Figure S5B). The analysis on gray intensity showed Exolll was able to digest
448  the fork dsDNA structure and the single binding protein delayed the process by bind-
449  ing to the ssDNA part (Supplementary Figure SSC and S5D). The bubble structure
450  showed no apparent digestion over time (Supplementary Figure SSE and SF). Col-
451  lectively, these results indicated Exolll may function in more types of dsDNA stuc-

452  tures with 3’ ssDNA in DNA-repair or -metabolism processes.

453  Discussion

454 Defining the ssDNase activity of Exolll is crucial for understanding its biological
455  roles and guiding the current diagnostic applications. In this study, we adopted the
456  sensitive ssDNase indicator FQ reporters, a range of short ssDNA substrates (~20 nt),
457  and mass spectrometry analysis for prudent confirmation and systematic characteriza-
458  tion of the ssDNase activity of Exolll. Our results uncovered that Exolll possessed
459  highly efficient 3'—5" exonuclease and endonuclease activities on ssDNA, with the
460  cleavage site at the 5’ side bond of the phosphodiester. As the discovery may remold
461  the roles of Exolll in its industrialized application and biological understanding in the
462  DNA repair process, we assessed its effects by testing the popular commercialized
463  Kkits containing Exolll and investigated its possible biological functions through the
464  dsDNA structures containing ssSDNA that might occur in vivo. Our results showed that
465  Exolll digested ssDNA probes or primer in the isothermal amplification kit and
466  dsDNA structures containing 3'-end ssDNA. To minimize the effects of Exolll’ ssD-
467  Nase activity, we advise: a) adding more single-strand DNA binding protein T4 gp32
468  protects the primer or ssDNA probe from degradation of Exolll in the isothermal am-
469  plification kits; b) adding four or more consecutive adenylates at the 3'-end of the
470  dsDNA structure or ssDNA helps inhibit the degradation of Exolll; c) with limited
471  ssDNase activity, K121A and R170A mutants can replace the wild type and be ap-
472  plied in the AP-endonuclease and exnuclease based diagnostics, respectively; d) raise
473  the reaction temperature to 2 42°C, as the ssDNase activity of Exolll was found high-
474 ly suppressed in the temperature range. Considering the ssDNase activity of Exolll
475  shares a same active center with its dsDNA-targeted activity, it seems challenging to
476  separately examine its biological roles in vivo by point mutation. But digesting the
477  dsDNA with 3’ flap ssDNA or 3’ protruding ssDNA tail in vitro indicated the ssDNase
478 activity of Exolll may confer it a 3’ flap-cleaving ability, suggesting it might be com-
479  petent to deal with more types of DNA lesions. And during which, the ssD-
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480  NA-binding proteins may paly a regulatary role in Exolll-related ssDNA degradation
481  invivo. As a multi-functional nuclease, the enzymatic activities of Exolll identified so

482  far is summarized in Supplementary Table S3.

483 The endonuclease activity of Exolll on ssDNA was confirmed for the first time by
484  mass spectrometry analysis on Probe 1 and Probe 2. It might explain the digested
485  products of Exolll and LbCasl2a only accounted for 50%~80% of their deactivated
486  counterparts (Figure 3C, 3G, and 3K). The lost 20~50% fluorescence is possibly
487  caused by Exolll or LbCas12a cleaving the substrates and forming products with dif-
488  ferent lengths, which traveled in the gel at different speeds, finally leading to being
489  dispersed or invisible under UV light. Combining these results with the analysis of the
490  constructed crystal structure of Exolll-ssDNA, we proposed a theoretical model for
491  understanding the underlying mechanism of endonuclease and exonuclease actions of
492  Exolll on ssDNA. Steven A. Benner and his coworkers observed that Exolll could
493  bypass two consecutive nucleotides with phosphorothioate modification and contin-
494  ued deleting the ssDNA 2!, which might be well-explained by endonuclease activity in
495  the model. In addition, its human homolog APE1 has been reported to have a strong
496  binding affinity to the G-rich oligo
497  (5'-AGGGCGGTGTGGGAAGAGGGAAGAGGGGGAGG-3', a 32-nt sequence of
498  the oncogene KRAS promoter) *. Thus, Exolll also possibly bound to the G-rich re-
499  gion of Probe 2 and activated its endonuclease activity, producing more middle frag-

500 ments than the other two ssDNA probes, as indicated in mass spectrometry analysis.

501 Another interesting finding is that the consecutive identical bases of ssDNA stalled
502 the digestion of Exolll. In the early 1960s, the inactivity of Exolll on ssDNA was
503 coined by Kornberg's laboratory based on an ssDNA oligo of five consecutive Ts (5’
504 pTpTpTpTpT 3') '! (which might not be sufficiently prudent to conclude that ExollI is
505 inactive on all ssDNA). In 2007, Steven A. Benner and his coworkers pointed out for
506  the first time that Exolll could degrade ssDNA by incubating with two long ssDNA
507  oligos (51 nt) >'. An approximate 43-mer band occurred as the superior product when
508 the concentration of Exolll decreased, but the reason remains unclear. Here, based on
509  our conclusion, the 43-mer intermediate exactly corresponds to the product generated
510  when Exolll stalled its digestion ahead of the consecutive GGG (Position 40-42) of
511  the ssDNA substrate in 3'—5' direction
512 (5-GCGTAATACGACTCACTATAGACGAGCGTACTTTAGTGAGGGTTAATT

513  CGC-3'). In addition, adding 10 T bases to an ssDNA at the 3’ end has been indicated
514  to suppress Exolll digestion '%; a Saccharomyces cerevisiae homolog of Exolll, CCR4

515  (an ssDNA exonuclease), has also been reported to have a slower degradation on the

15


https://doi.org/10.1101/2024.01.13.575533
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.13.575533; this version posted January 17, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

516  substrate with 3’ end five consecutive As and was unable to cleave when the ssDNA
517  contained ten consecutive As within *7. Based on our proposed model, the sequence
518  feature of consecutive identical bases in ssDNA may create an unfavorable local mi-

519  crostructure that can impede Exolll digestion.

520 Our work uncovers the long-underestimated ssDNase activity of Exolll, dissects
521  the underlying enzymatic behaviors of Exolll on ssDNA and advances the mechanism
522  understanding of its biological roles in DNA repair. Future investigations might be
523  conducted: 1) crystal structure of the Exolll-ssDNA complex (endonuclease and exo-
524  nuclease model); 2) potential biological roles of the ssDNase activity in vivo. A better
525 understanding on the underlying enzymatic actions of this multifunctional enzyme
526  will facilitate efficient and reliable applications of Exolll-based nucleic acid diagnos-
527  tics.

528

529 MATERIALS AND METHODS

530 Material and reagents

531 To avoid any potential secondary structure formed, we used short ssDNA oligos
532 (5~23 nt) (Sunya Biotechnology Co., Hangzhou, Zhejiang Province, China) as the
533  substrate for the nuclease treatment. The FQ reporter was a synthesized ssDNA oligo
534 labeled with a fluorophore (FAM or FITC) at its 5’ end and a quencher (BHQ1) at its
535  3'end. The FQ ssDNA reporter is a sensitive sensor of ssDNA-cleaving activity, ena-
536  bling a fluorescence signal's visible emission upon ssDNase-like activity-mediated
537  cleavage *°. The other reporter (termed the FB reporter) was an ssDNA oligo labeled
538  with FAM at the 5’ end and biotin at the 3’ end, which is tailored for use in lateral
539 flow strips and yields a positive result upon cleavage by ssDNase activity, as indicat-
540 ed by the appearance of two lines on the strip 2°. All the sequences and related modi-
541  fications are detailed in Supplementary Table S4. Exolll (NEB#M0206V), APE1
542  (NEB#MO0282S), T7 exonuclease (T7 exo) (NEB#MO0263L) and LbCasl2a
543  (NEB#MO0653S) were bought from New England Biolabs (Ipswich, MA, USA). The
544  solutions of MgCl and EDTA-2Na (hereinafter referred to as EDTA) (Sinopharm
545  Chemical Reagent Co., Ltd. Shanghai, China) were respectively prepared with deion-
546  ized water to concentrations of 10 mM (pH = 7) and 100 mM (pH = 8). The 5’
547  FAM-labeled ssDNA constructed with 5 nt, 15 nt, 20 nt, and 30 nt adenylates were

548  synthesized and used as the ssDNA marker in the gel electrophoresis.
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549  Protein expression and purification

550 The protein expression and purification followed the method in the previous study *.
551  The wild type of Exolll gene (E. coli) (GenelD:946254) and the DNA fragments of
552  mutants (S217A, R216A, D214A, F213A, W212A, K176A, D151N, R170A, N153A,
553  KI21A, Q112A, Y109A) were cloned into pET-30a (6xHis—Exolll) by using
554  ClonExpress II One Step Cloning Kit (Vazyme Biotech, Nanjing, China). These vec-
555 tors were transformed into Rosetta (DE3) E. coli (LGC Biosearch Technologies,
556  Hoddesdon, UK). After the plasmids were confirmed by sequencing, cells were
557  placed in a 37°C incubator (adding 100 pg/mL kanamycin) and shaken until the
558  ODG600 = 0.6. Then, the culture was added with 1 mM IPTG (final concentration) and
559  incubated at 16°C shaking incubator for 16 hours. Cells were collected by centrifuga-
560 tion at 7500 x g for 10 min and resuspended in 20 mL PBS buffer (137 mM NaCl, 2.7
561 mM KCI, 10 mM Na;HPOg, and 1.8 mM KH2PO4, pH=7.8). The suspensions were
562  sonicated with 4 s pulse-on and 6 s pulse-off (P = 150W) for 15~30 min. Products
563  were centrifuged at 15000 x g for 15 min, and then the supernatants were retained and
564  filtered by micro syringe filters (0.45 pum). The protein was purified with HisSep
565 Ni-NTA 6FF Chromatography Column (Yeasen Biotechnology Co., Ltd., Shanghai,
566 ~ China). After dialysis in PBS buffer, these proteins were aliquoted with 20% glycerol
567  and stored at -80°C. The tag does not affect the enzymatic activity of Exolll * (Sup-
568  plementary Figure S3).

569  Fluorescence monitoring assay on FQ reporter

570 In the assay, 5 uM ssDNA FQ reporter was incubated with Exolll (5 U/ul), T7 exo
571 (5 U/ul), APE1 (5 U/ul) or LbCasl12a-crRNA-activator complex (0.1 uM). To form
572  the LbCasl12a-crRNA-activator complex, LbCas12a crRNA and the activator dsDNA
573  are pre-incubated at 37°C for 10 min before incubating with FQ reporter. The corre-
574  sponding buffer for each nuclease was added based on the manufacturer's document,
575 and the total reaction volume was supplemented to 10 pl by the nuclease-free water.
576  During the incubation, the fluorescence value was recorded every minute for over
577  30~60 min at 37°C by Mx3500P (Agilent, CA, USA). The endpoint detection here
578  was defined as detecting the accumulated fluorescence once at the end of the reaction.
579  The image of fluorescence excited by LED blue light was captured in an Ultra Slim
580  LED illuminator (Miulab, Hangzhou, Zhejiang Province, China).

581  Enzymatic reaction on ssDNA
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582 The enzymatic reaction contained 5 uM fluorophore-labeled ssDNA oligos, 5 U/ul
583  commercial Exolll or 2.5 uM purified wildtype and mutant Exolll, 1 pl 10x NEbuffer
584  #1. The total reaction volume was supplemented to 10 pl by nuclease-free water. Be-
585  fore being treated with T7 exonuclease (T7 exo) (5 U/ul), APE1 (5 U/ul), Exolll or
586  LbCasl2a-crRNA-activator complex (0.1 uM), the ssDNA oligos were incubated at
587  95°C for 5 min, then cooled down in the ice. The nucleases were deactivated by
588  heat at 95°C for 5 min and used as as controls (D-T7 exo, D-APE1, D-Exolll, and
589  D-LbCasl2a). After incubating in a 37°C water bath for 40 min, enzymatic reaction

590 products were subjected to gel electrophoresis.

591 Different dsDNA substrates were prepared to investigate the roles of Exolll in
592  DNA repair. An equivalent amount of complementary ssDNAs (10 uM) was mixed
593  and annealed to each other by heating at 95°C for 5 min and cooling down at room
594  temperature for 30 min. The generated dSDNA (5 uM) was incubated with ExollI (2.5
595  uM), and the reaction product was then analyzed by gel electrophoresis.

506  The trans-cleavage reaction of LbCas12a on ssDNA

597 For the reaction of LbCas12a on ssDNA, crRNA and dsDNA activators for the
598 trans-cleavage activity of LbCasl2a were prepared. The crRNA was synthesized us-
599 ing the T7 in vitro transcription kit (Vazyme Biotech, Nanjing, China). The dsDNA
600 template for transcription was designed by annealing a single-stranded DNA (ssDNA)
601  comprising T7 promotor and crRNA sequence (SUNYA Biotechnology Co., Ltd,
602  Zhejiang, China) to its complementary oligonucleotides. A total volume of 20 pul was
603  prepared by mixing template dsDNA (~100 ng), 2 ul of T7 RNA polymerase, 8 pl of
604  NTP buffer, 2 pl of reaction buffer, and nuclease-free water. The reaction mix was
605 incubated at 37°C water bath for 16 h. The transcription product was treated with
606 TURBO™ DNase (Thermo Fisher Scientific, Massachusetts, USA) at 37°C for 30
607 min and purified by Monarch RNA Cleanup Kit (New England Biolabs, Massachu-
608  setts, USA). The concentration of crRNA was determined by Nanodrop 2000 (Ther-
609 mo Fisher Scientific, Massachusetts, USA). The dsDNA activator for the
610 trans-cleavage activity of LbCasl2a was created by annealing complementary ssD-
611 NAs containing PAM and the target sequence against crRNA. To form the
612  LbCasl2a-crRNA-activator complex, LbCas12a crRNA, and the activator dsDNA are
613  pre-incubated at 37°C for 10 min before incubating with an ssDNA probe or FQ re-
614  porter. The sequences are presented (Supplementary Table S4).

615  The fluorescence-based gel electrophoresis assay
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616 The gel was prepared with a concentration of 6% (wt/vol) agarose (HydraGene Co.,
617 Ltd, Xiamen, Fujian Province, China). After incubating with Exolll, the reaction
618  mixtures mixed with a 6xloading buffer (Takara, Beijing, China) were loaded into the
619  gel. The electrophoresis (EPS300, Tanon, Shanghai, China) was carried out at 130 V
620 for ~40 min in Tris-acetate-EDTA (TAE) running buffer (400 mM Tris, 25 mM
621  EDTA, adding acetic acid to pH =7.8). A dark environment was required during elec-
622  trophoresis to slow down fluorescence extinction. The abundance of reaction products
623  were indicated by fluorescence bands under UV light, which was visualized and im-
624  aged by a multifunctional ultra-sensitive imaging system (Shenhua Science Technol-

625  ogy Co. Ltd., Hangzhou, Zhejiang Province, China).
626  Mass spectrometry analysis

627 After 5 uM fluorophore-labeled ssDNA oligo was incubated with 5 U/ul Exolll at
628  37°C for 0.5 h, the enzymatic reaction was stopped by heating at 95°C for Smin. The
629  reaction product was then analyzed by mass spectrometry. The reaction containing
630 only ssDNA oligo or Exolll was prepared as the control. Before incubation at 37°C,
631  the ssDNA oligos were pre-incubated at 95°C for 5 min and cooled down in the ice.
632  Hippo Biotechnology Co., Ltd. performed the mass spectrometry (Thermo LTQ-XL,
633  Massachusetts, USA) analysis on the samples (Huzhou, Zhejiang, China). The detec-
634  tion range of molecular weight in mass spectrometry is 500~20000 Da. Electron

635  Spray Ionization (ESI) was used to ionize the molecules.
636  Molecular docking

637 Molecular docking of ExolIl (PDB code: 1AKO) and ssDNA (NDB ID: 1540) was
638  performed in a webserver (https://wenmr.science.uu.nl/haddock2.4/)*%4°, Before the
639 docking, we performed structure alignment or superimposing on Exolll and
640 APE1-dsDNA (PDB ID: 1DE8 and NDB ID: SWNS5) complex through TM-align
641  (Version 20190822) (https://zhanggroup.org/TM-align/)*'. We extracted the structure
642  of the Exolll-ssDNA complex by PyMOL** (Supplementary Figure S6). Residues of
643  Exolll located within 5 A of the ssSDNA and the last four nucleotides at the 3’ end of
644  the ssDNA were selected to input in the HADDOCK website for molecular docking.
645  Docking parameters were set by default. The output structure of Exolll-ssDNA with
646  the highest score was visualized by PyMOL for further analysis.

647  Evaluation of the ExolIl’ ssDNase activity in the commercial diagnostic kits
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648 To examine the effects of Exolll’ ssDNase activity on the commercial isothermal
649  amplification detection kit containing Exolll, we tested four kits including RPA (re-
650 combinase polymerase amplification) with Exolll (TwistAmp® exo) or without
651  Exolll (TwistAmp® Basic) (Abbott, Illinois, US), MIRA (Multienzyme Isothermal
652  Rapid Amplification) with (Fluorescence type) or without Exolll (Basic type) (Am-
653  plification Future company, Weifang, Shandong Province, China) by FQ reporter and
654  5'-FAM-labeled ssDNA probe. All the reagents were added to the lyophilized powder
655  following the usage instructions. Then 5 pl ssDNA FQ reporter or probe (10 uM) was
656  added to the reaction mix. The tubes containing the reaction mixture were incubated
657  in Mx3500P (Agilent, Santa Clara, CA, USA) at 37°C for 30 min to monitor the fluo-
658  rescence generated. The endpoint fluorescence was visualized under an LED blue
659  light transilluminator (THBC-470) (TUOHE ELECTROMECHANICAL TECH-
660 NOLOGY CO., LTD, Shanghai, China).

661 Data availability

662  The data underlying this article are available from the corresponding author upon re-

663  quest.
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787  Figure 1. Exolll (5 U/ul) rapidly cleaved the ssDNA FQ reporter (5 pM) of
788 CRISPR/Casl2a system with a average rate of 4.5~45 pmol (2.7~27x10'%) phos-
789  phodiester bonds per minute. (A) The typical structure of the ssDNA FQ is presented,
790  in which three types of putative susceptible sites for Exolll digestion are outlined in-

791  cluding 5’ phosphodiester bond, phosphodiester bonds within ssDNA, and 3" phos-
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792  phodiester bond. (B) The fluorescence intensity of FQ reporter (5 uM) treated with
793  four active nucleases (T7 exonuclease (T7 exo) (5 U/ul), APE1 (5 U/ul), Exolll (5
794  U/ul), and Cas12a/crRNA (0.1 pM)) or their heat-deactivated counterparts (D-T7 exo,
795  D-APEIl, D-Exolll, D-Cas12a) was monitored every minute for 60 min. The dsDNA
796  nuclease T7 exo was a negative control, also used to examine if the ssDNA substrates
797  in the reaction formed dsDNA regions internally and between ssDNA strands, while
798 LbCasl2a with a trans-cleavage activity on ssDNA was a positive control. The
799  D-nuclease served as the internal control of each active nuclease. The curve was plot-
800 ted with an average value of three repeats. (C) The average rate of Exolll digestion on
801  FQ reporter was calculated by the formula: (the fluorescence produced/total fluores-
802  cencex 50 pmol)/reaction time. The total fluorescence means the fluorescence inten-
803  sity generated when the input FQ reporter (50 pmol) was all cleaved. P (APE1 vs.
804 D-APEl) = 0.0143; P (Exolll vs. D-Exolll) = 0.0007; P (Casl2a vs. D-Casl2a) =
805  0.0007. *P<0.05, and ***P<0.001. The fluorescence intensity at the endpoint of the
806  reaction was plotted based on three repeats, after the FQ reporter respectively treated
807  with four active nucleases and their heat-deactivated counterpart (D-nuclease). (D)
808  The structure of 5’ T1 FAM-labeled FQ reporter is designed and presented, in which
809  the 5’ phosphodiester bond is removed and 3’ phosphodiester bond retained. (E) Re-
810  al-time monitoring on the fluorescence generated upon 5’ T1 FAM-labeled FQ report-
811  er (5 uM) treated with four nucleases (T7 exonuclease (T7 exo) (5 U/ul), APEI (5
812  U/ul), Exolll (5 U/ul), and Casl2a-crRNA (0.1 uM)) or deactivated nucleases (D-T7
813  exo, D-APE1, D-Exolll, D-Cas12a) was performed for 60 min. The average value of
814  four repeats was calculated and curved. (F) The average rate of Exolll digestion on
815  Ti-labeled FQ reporter was calculated by the formula: (the fluorescence pro-
816  duced/total fluorescencex 50 pmol)/reaction time. After the FQ reporter was treated
817  with the four nucleases or their deactivated ones, the fluorescence intensities at the
818  reaction endpoint were measured and plotted. P (APE1 vs. D-APE1) = 0.0077; P
819  (Exolll vs. D-ExollIl) = 0.0007; P (Casl2a vs. D-Cas12a) = 0.0013. (G) The structure
820  of the base-labeled FQ reporter for Exolll is diagrammed, in which both 5’ and 3’
821  phosphodiester bonds are removed. (H) The digestion of the four nucleases and their
822  deactivated counterparts on the base-labeled FQ reporter was monitored for 30 min.
823  The average value of three repeats was calculated and curved. (I) The average rate of
824  Exolll digestion on the base-labeled FQ reporter was calculated by the formula: (the
825  fluorescence produced/total fluorescencex 50 pmol)/reaction time. After the cleavage
826  reactions on the FQ reporter, the fluorescence intensities at the reaction endpoint were
827  measured and plotted. P (Exolll vs. D-ExollIl) =0.000006 ; P (Casl2a vs. D-Cas12a)
828  =0.0185. The statistical analysis was performed using a two-tailed #-test. *P<0.05,
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Figure 2. Exolll (5 U/ul) digested the 5’ end fluorophore-labeled ssDNA substrates (5
uM) in a 3’ to 5’-end direction with a estimated rate of ~10'® nucleotides per minute.
(A) The structure of 5" fluorophore-labeled ssDNA for the following Exolll digestion
is shown. The squiggle line represents the omitted nucleotides in the ssDNA oligo. (B,
F, and J) The ssDNA oligo of Probe 1, Probe 2, or Probe 3 (5 uM) was treated with
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836 the four nucleases (T7 exo (5 U/ul), APE1 (5 U/ul), Exolll (5 U/ul), and
837  Casl2a-crRNA (0.1 uM)) and their deactivate counterpart (D-T7 exo, D-APEI,
838  D-Exolll, D-Cas12a) for 30 min. The reaction products were analyzed by gel electro-
839  phoresis. Undig, undigested; dig, digested; M, maker. (C, G, and K) The gray inten-
840  sity of the digested or undigested bands produced by the three probes was measured
841 by Imagel. The undigested or digested proportions were calculated with the formula:
842  Proportion = (Intensity of the undigested or digested band produced in the active nu-
843  clease treatment)/(Intensity of the undigested band produced in the corresponding de-
844  activated nuclease treatment)). P (APEI vs. T7 exo on Probe 1) = 0.04; P (APE1 vs.
845  T7 exo on Probe 2) = 0.02; *P<0.05. The statistical analysis was performed using a
846  two-tailed r-test. (D, H, and L) The time course of Exolll digestion on the three
847  probes was analyzed by gel electrophoresis, and the gray intensity of the generated
848  bands was measured by Imagel. (E, I, and M) The digesting rate of Exolll on the
849  ssDNA was calculated by: the digested proportionx 50 pmol x digested nucleo-
850 tides/reaction time. The digested proportion was calculated by the formula: (gray in-
851 tensity of the digested band produced)/(gray intensity of the band at O s)). Detailed
852 information on these oligos is described in Supplemantal Table 4. All experiments
853  were repeated three times, and the representative ones were shown. (N) The structure
854  alignment between Exolll (PDB ID:1AKO) and APE1-dsDNA (PDB ID: 1DES8 and
855 NDB ID: 5WN5) was performed by Pymol, and the un-superpositioned region (Resi-
856  dues 165-174, am helix) in the enzyme-substrate binding surface between Exolll and
857  APEI was displayed. The aligned structures were shown from different angles by
858  Pymol.
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Figure 3. Mass spectrometry analysis revealed the exonuclease and endonuclease ac-
tivities of Exolll on ssDNA. After the ssDNA probe (5 uM) was incubated with
ExollI (5 U/ul) at 37°C for 30 min, the reaction product was analyzed by mass spec-

trometry. The detection range of mass spectrometry is 500~20000 Da. (A) The mass

peaks of ssDNA Probe 1 digested by Exolll are present. The three major peaks of re-
action products of Probe 1 (P1P1, P1P2 and P1P3) are indicated by arrows. The re-
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866 lated information of major peaks is detailed in Supplementary Table S1. (B) The di-
867  gestion process including the cleavage site, product and relevant proportion of Probe
868 1 is illuminated based on the mass spectrometry analysis. The three major mass peaks
869  match to three fragments of Probe 1 (8 nt, 7 nt and 16 nt), respectively. (C) The mass
870  peaks of ssDNA Probe 2 digested by Exolll are displayed. The two major peaks
871  (P2P1 and P2P2) are labeled by arrows. (D) The digestion process of Probe 2 are il-
872  luminated based on the mass spectra analysis. The two major mass peaks of reaction
873  products match to two fragments of Probe 2 (13 nt and 3 nt). (E) The mass peaks of
874  Probe 3 digested by Exolll are displayed. The major peaks (P3P1, P3P2, P3P3, and
875  P3P4) are labeled by arrows. (F) The reaction process of Probe 3 is illuminated based
876  on the mass spectra analysis and gel result (Figure 3L). The four major mass peaks of
877  reaction products match to the fragments of Probe 3 (8 nt, 9 nt, 7 nt, and 6 nt). As the
878  control, the mass peaks of undigested ssDNA probes are displayed in Supplementary
879  Figure S1.
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Figure 4. Enzymatic reaction conditions for the ssDNase activity of Exolll were in-
vestigated. (A) EDTA (10 mM) was added with the mixture of FQ reporter (2.5 uM)
and MgCl, (1 mM) before incubated with commercial Exolll (5 U/ul) for 10 min. The
fluorescence intensity generated in 10 min was measured and plotted on four repeats.
The corresponding fluorescent tubes at the reaction endpoint were captured under
LED UV light. The reaction without adding EDTA was regarded as a control.
*¥P<0.01. The n.s. indicates no significance. Statistical significance was determined
by a two-tailed #-test. (B) Three ssDNA probes (5 uM) with or without adding EDTA
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889  were digested by commercial Exolll (5 U/ul) for 10 min, and the reaction products
890  were analyzed by gel. (C) Different amounts of purified ExollI (0, 0.025, 0.125, 0.250,
891  0.500, and 1.250 uM) were incubated with ssDNA Probe 1 (0.5 pM) for 10 min, and
892  the reaction products were analyzed by gel electrophoresis. (D) The digesting rate of
893  Exolll on the ssDNA was calculated by: the digested proportionx 50 pmol X digested
894  nucleotides/reaction time. The digested proportion of Probe 3 was calculated by:
895  (Gray intensity of the digested band)/(Gray intensity of the undigested band with 0
896  uM Exolll). (E) The ssDNA substrate (0.5 uM) was incubated with Exolll (0.5 uM)
897  at different temperatures (0, 16, 25, 37, 42, and 50°C) for 10 min, and the products
898  were analyzed by gel electrophoresis. NT, no treatment. (F) The digested proportion
899  of Probe 3 was calculated by: (Gray intensity of the digested band)/(Gray intensity of
900 the undigested band (NT). (G) The 5’ FAM-labeled ssDNA probes constructed by 20
901  consecutive identical bases (A2o, C20, T20) were digested by Exolll over 15 min, and
902 the reaction products were separated by gel electrophoresis. The fluorescence intensi-
903 ty difference between the three oligos is caused by the bases covalently linked with a
904  fluorophore. G2o was not tested here as it easily forms a G-quadruplex structure. (H)
905 The gray intensity was determined by ImageJ. A digested proportion curve over 15
906 min was plotted from three repeats. The digested proportion was calculated by the
907  formula: (Intensity of the digested band produced)/(Intensity of the band at 0 s). Data

908 represents the average value of three repeats and is expressed as mean + SD.
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910  Figure 5. Exolll in the isothermal amplification kits digested the sSDNA FQ reporter
911 and 5’ FAM-labeled ssDNA probes, while the single-stranded DNA binding protein
912  protected the ssDNA probe from Exolll digestion. (A) The fluorescence of the FQ
913  reporter generated in four detection kits (MIRA, MIRA-Exolll (containing Exolll),
914 RPA, and RPA-Exolll (containing Exolll)) was monitored for 30 min. MIRA and
915 RPA were the control of their corresponding counterparts, respectively. The average
916  value of three repeats was calculated and plotted. (B) Before and after these four
917  commercial kits were incubated with the FQ reporter for 30 min, the reaction tubes
918  with fluorescence generated were visualized under LED blue light by the naked eye.
919  MIRA-Exolll indicates the Exolll-containing MIRA kit; MIRA indicates the MIRA
920 kit without Exolll. (C) The 5" FAM-labeled ssDNA probe (Probe 1) was incubated
921  with the four detection kits for 20 min, and the reaction products were analyzed by gel
922  electrophoresis. Undig, undigested; dig, digested. (D, E) The analysis on the gray in-
923  tensities of the band was performed by ImageJ. The digested proportion was calcu-

924  lated by: (Intensity of the digested band)/(Intensity of the undigested band at O min).
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925  (F) Different amounts of single-stranded DNA binding protein (T4 gp32 or SSB (E.
926  coli)) were incubated with the ssDNA oligo (Probe 1) for 10 min before being treated
927  with Exolll for 10 min. The reaction products of Exolll digestion were separated by
928  gel electrophoresis. The ssDNA oligo treated with deactivated Exolll served as con-
929  trol. (G, H) The gray intensity of bands was measured by ImageJ, and the digested or
930 undigested proportions were calculated by: (Intensity of the digested or undigested
931  band)/(Intensity of the band produced in the treatment of deactivated Exolll).
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933  Figure 6. Point mutation of Exolll identified the critical amino acid residues that de-
934  termine the ssDNase activity. (A) All purified mutants and wildtype proteins used in
935  the study were loaded into the 8% PAGE electrophoresis and stained with Coomassie
936  Brilliant Blue. (B) The FQ reporter (5 uM) was incubated with Exolll mutants (2.5
937 uM) (S217A, R216A, D214A, F213A, W212A, K176A, D151IN, R170A, N153A,
938 KI121A, Q112A, Y109A) and wild type (WT) and the generated fluorescence was
939  monitored for 30 min. FQ reporter treated with deactivated wildtype Exolll was re-
940  garded as a control. The mutations in blue indicated they are previously-reportered
941  key residues for dsDNA-targeted activities of Exolll. (C) The ssDNA oligo of Probe
942 3 (20 nt) was incubated with the Exolll mutants, and the reaction products were ana-
943  lyzed by gel electrophoresis. (D) The gray intensity of the bands was determined by
944  Imagel. The average intensity value of three repeats was used to calculate the propor-
945  tion of the digested band with: (Intensity of the digested band)/(Intensity of the undi-
946  gested band at 0 min). (E) The digested products of S217A, R216A, K176A, R170A,
947  Q112A, and wild type, after 30 min of incubation with ssDNA substrate, were com-
948  pared with each other by gel electrophoresis. (F) The residue conservation of Exolll
949 (PDB ID:1AKO) was investigated using the  ConSurf  database
950  (https://consurfdb.tau.ac.il/index.php). The conservation degree of Exolll residues is
951  calculated among 300 homologs, which the color scale indicates. (G) The carton and
952  surface style of the Exolll structure (PDB ID:1AKO) with conservation-indicated
953  color are displayed (upper part). The four-layered sandwich structure of Exolll is dis-
954  played by Pymol (lower part): the pink indicates B-sheet; the blue represents a-helices;

955  the red indicates the random coils or turns.
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Figure 7
A ‘V’-shaped conformation of ssDNA
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957  Figure 7. A theoretical model for the enzymatic actions of Exolll on ssDNA is pro-
958  posed. (A) The Exolll-ssDNA structure was obtained by structure alignment between
959  Exolll (PDB:1AKO) and APE1-dsDNA (PDB: 5SWNS5) by Pymol. The key residues
960 and the cleavage site of Exolll are labeled in situ and presented by side and top view.
961  (B) According to the Exolll-ssDNA structure and the previously reported functions of
962 the key residues (4), four functional units of Exolll on ssDNA are primarily defined:
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963  capturing unit (R170, at 3’ side of the cleavage site and three nucleotides away from
964 it), phosphate-stabilizing unit (Y109, K121, and N153, at 5’ side of cleavage site and
965 three nucleotides away from it) and sugar ring-stacking unit (W212, F213, and D214)
966  and phosphodiester-cleaving unit (D151). In the model of endonuclease, Unit 1(R170)
967 located at the surface of Exolll is most likely the first contact with the substrate, and
968  binding at the 3’ side of the cleavage site naturally drives the endonucleolytic cleav-
969 age on ssDNA. Interactions of unit 1 and unit 2 with substrates may help convert the
970  ~6 nucleotides at 3’ end of ssDNA to form a 'V' shape intermediate for docking into
971  the in the active center and being processed by unit 3 and unit 4. (C) In the exonucle-
972  ase model, some types of ssDNA (possibly short ssDNA or others with suitable mi-
973  cro-structure) directly enter into the active center without contacting unit 1, and se-
974  quentially processed by unit 2, 3 and 4. (D) The ssDNA substrate tends to be captured
975 by the unit 1, then stabilized by the unit 2 and 3, and finally cleaved by unit 4 of
976  Exolll, producing short fragments of ssDNA (endonuclease activity), which may re-
977  flect the distributive catalysis of Exolll on ssDNA. The short ssDNA (~3 nt) or others
978  with suitable microstructure would directly enters into the active center and be pro-
979  cessed by units 2, 3, and 4 into mononucleotides (exonuclease activity). Most ssDNA

980  substrates might be digested by both endonuclease and exonuclease activity of Exolll.
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982  Figure 8. Exolll efficiently digested the 3’ flap ssDNA on dsDNA. (A) The constitu-
983  tion of the dsDNA structure with 3’ flap is displayed. The time course analysis of
984  Exolll (2.5 uM ) digestion on the structure (5 uM ) was performed, and the products
985  were analyzed by gel electrophoresis. (B) According to the activities of Exolll on
986  ssDNA and dsDNA, the process of enzymatic reaction on the dsDNA structure was
987  outlined. (C) The digested proportions of ssDNA substrates were calculated by: (gray
988 intensity of the digested band)/(gray intensity of the undigested band at 0 min) and
989  plotted based on an average value of three repeats. (D) Based on our result and the
990  gap-creation ability of Exolll 8, a novel biological role of Exolll in DNA repair was
991  proposed: when the 3’ ssDNA flap occurs on dsDNA during biological processes such
992 as BER or DNA replication, Exolll regconizes and removes the ssDNA flap by its
993  ssDNase activity; then it continues to digest and create a ssDNA gap on the dsDNA
994 by exonuclease activity; the resulted intermediate recruits the DNA polymerase to

995  re-synthesize the complementary strand; finally, the nick left is sealed by DNA ligase.
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