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ABSTRACT  21 

Two families of DNA glycosylases (YtkR2/AlkD, AlkZ/YcaQ) have been found to remove bulky and 22 

crosslinking DNA adducts produced by bacterial natural products. Whether DNA glycosylases 23 

eliminate other types of damage formed by structurally diverse antibiotics is unknown. Here, we 24 

identify four DNA glycosylases—TxnU2, TxnU4, LldU1, and LldU5—important for biosynthesis of the 25 

aromatic polyketide antibiotics trioxacarcin A (TXNA) and LL-D49194 (LLD), and show that the 26 

enzymes provide self-resistance to the producing strains by excising the intercalated guanine adducts 27 

of TXNA and LLD. These enzymes are highly specific for TXNA/LLD-DNA lesions and have no 28 

activity toward other, less stable alkylguanines as previously described for YtkR2/AlkD and 29 

AlkZ/YcaQ. Similarly, TXNA-DNA adducts are not excised by other alkylpurine DNA glycosylases. 30 

TxnU4 and LldU1 possess unique active site motifs that provide an explanation for their tight 31 

substrate specificity. Moreover, we show that abasic (AP) sites generated from TxnU4 excision of 32 

intercalated TXNA-DNA adducts are incised by AP endonuclease less efficiently than those formed by 33 

7mG excision. This work characterizes a distinct class of DNA glycosylase acting on intercalated DNA 34 

adducts and furthers our understanding of specific DNA repair self-resistance activities within 35 

antibiotic producers of structurally diverse, highly functionalized DNA damaging agents. 36 
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INTRODUCTION 37 

Genome stability and integrity are continually challenged by both intrinsic and extrinsic genotoxic 38 

agents that generate a diversity of DNA damage through oxidation, alkylation, or hydrolytic 39 

deamination (1). Among the most common forms of damage are those derived from alkylating agents, 40 

which can potentially modify any of the heteroatoms in duplex DNA. Different sites are alkylated 41 

depending on the nature of the DNA-alkylating agents. The resulting DNA damage—including single 42 

or double strand breaks, inter- or intra-strand crosslinks, base detachment and base modification—43 

interferes with normal cellular processes, causing DNA mutations, chromosomal rearrangements and 44 

instability, which can contribute to heritable diseases and even cell death (2,3). Due to their 45 

cytotoxicity, DNA damaging agents often possess certain antimicrobial or antitumor activities, and 46 

some of them are used extensively as drugs in cancer treatment (4-8).  47 

In the cell, DNA damage is repaired by several highly conserved pathways (2). Alkylated DNA is 48 

eliminated from the genome predominantly by direct reversal, base excision repair (BER), or 49 

nucleotide excision repair (NER) pathways (9-13). Direct reversal enzymes (e.g., alkylguanine DNA 50 

alkyltransferases and AlkB-family dioxygenases) extract alkyl substituents from the nucleobase to 51 

leave the nucleotide and DNA backbone intact, and can remove not only small base modifications, 52 

but also inter-strand DNA crosslinks and bulky exocyclic DNA adducts (14-16). BER also removes 53 

mainly small but also some bulky and crosslinked adducts (17-19), and is initiated by DNA 54 

glycosylases that liberate a single modified nucleobase from the DNA backbone through hydrolysis of 55 

the N-glycosidic bond (19-23). This reaction forms an apurinic/apyrimidinic (AP, or abasic) site that is 56 

then incised by an AP endonuclease (e.g., Exonuclease III (Xth) or Endonuclease IV (EndoIV, Nfo) in 57 

bacteria), generating a gap in the DNA backbone. In contrast, the NER pathway removes bulky or 58 

duplex-distorting lesions by endonuclease-catalyzed incisions that isolate a lesion-containing DNA 59 

oligonucleotide (24,25). DNA gaps generated in BER and NER are processed, filled, and sealed by 60 

the action of a DNA polymerase and DNA ligase.  61 

Recent studies of self-resistance mechanisms against genotoxic natural products revealed that 62 

several unrelated glycosylases participate in removing bulky adducts (26,27). Among them, the DNA 63 

glycosylase AlkZ, derived from Streptomyces sahachiroi and which resides within the biosynthetic 64 

gene cluster (BGC) of the natural product azinomycin B (AZB), repairs interstrand crosslink (ICL) 65 

damage generated by AZB (27-29). AZB is a bifunctional alkylating agent that forms ICLs in the major 66 

groove by linking the N7 nitrogens of purines in the duplex DNA sequence 5′-d(PuNPy)-3′ (30). AlkZ 67 

unhooks AZB-ICLs by cleaving the N-glycosidic bonds of both modified nucleotides, resulting in AP 68 

sites that can be processed by the BER pathway (Figure 1C) (19,27). The crystal structure revealed 69 

that AlkZ adopts a C-shaped structure in which the concave channel contains a QΦQ motif essential 70 

for catalytic activity and a β-hairpin predicted to contact the lesion in the minor groove (28). AlkZ 71 

belongs to the uncharacterized HTH_42 superfamily of proteins widespread in antibiotic producers 72 

and pathogenic bacteria (27). To date, the only other bacterial DNA glycosylase characterized as an 73 

ICL glycosylase is another HTH_42 protein, Escherichia coli YcaQ, which has a relaxed specificity 74 

relative to S. sahachiroi AlkZ and can cleave N7-linked nitrogen mustard (NM) ICLs and N7-methyl-2′-75 

deoxyguanosine (7mG) monoadducts (29).  76 
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Trioxacarcins (TXNs) are densely oxygenated, polycyclic aromatic, and structurally complex 77 

natural products with potent cytotoxicity (Figure 1A) (31-34). Trioxacarcin A (TXNA) and LL-D49194 78 

(LLD), two of the most representative compounds in the TXN family, intercalate the base pairs of DNA 79 

and have reactive epoxide moieties that covalently alkylate the N7 of guanine in d(GT) dinucleotides, 80 

forming stable DNA lesions that impair normal cellular processes (35,36). Consequently, TXNA and 81 

LLD exhibit remarkable antimalarial, antibacterial and antitumor activity (31,33,34). The TXNA analog 82 

gutingimycin (Figure 1A), which contains a TXN skeleton and a guanine (Gua) group, has been 83 

isolated from the fermentation broth of a marine Streptomycete (37). Given that TXNA and LLD are 84 

alkylating agents that selectively modify deoxyguanosine (G) to form DNA adducts, we speculated 85 

that the biosynthetic pathways of the two natural products should contain DNA glycosylases 86 

responsible for cleaving TXNA/LLD-DNA, in which gutingimycin and LLD-Gua are the resulting 87 

products (Figure 1A). Therefore, we became interested in the DNA damage repair mechanism 88 

targeting TXNs family of DNA alkylating agents.  89 

Herein, we report four DNA glycosylases identified from the TXNs BGC, in which TxnU2/U4 90 

(GenBank accession numbers AKT74276 and AKT74302) are derived from the TXN BGC (txn, 91 

GenBank accession number KP410250) and LldU1/U5 (GenBank accession numbers QDQ37873 92 

and QDQ37896) originate from the LLD BGC (lld, GenBank accession number MK501817). TxnU2/4 93 

and LldU1/5 belong to the HTH_42 superfamily and are monofunctional DNA glycosylases that excise 94 

TXNA- and LLD-DNA adducts, in which TxnU4 and LldU1 play the major roles in toxin resistance. 95 

Interestingly, TxnU4 and LldU1 cannot excise N7-methyl or crosslinked G adducts like their homologs 96 

AlkZ and YcaQ (28,29), nor can TXNA-DNA lesions be excised by any other alkylpurine DNA 97 

glycosylase. Moreover, relative to AlkZ, TxnU4 and LldU1 have a unique catalytic motif that process 98 

TXNA- and LLD-DNA lesions differently and that may explain the redundancy for two paralogs in each 99 

txn and lld biosynthetic gene cluster. We also show that AP sites derived from TXNA-DNA excision 100 

are processed less efficiently than those generated from 7mG depurination, suggesting that the 101 

product of TXNA-DNA excision requires a specialized mechanism for repair.  102 

 103 

MATERIAL AND METHODS 104 

Reagents. Expression vector pBG102 (Supplementary Table S1) was obtained from the Vanderbilt 105 

University Center for Structural Biology. DNA oligonucleotides (Supplementary Table S2) were 106 

purchased from Integrated DNA Technologies. AlkA, AlkC, AlkD, AlkZ, and YcaQ were purified as 107 

previously described (28,29,38-40). E. coli EndoIV was purchased from New England BioLabs. 108 

Unless otherwise noted, all chemicals were purchased from Sigma-Aldrich. TXNA and LLD were 109 

isolated from S. bottropensis NRRL 12051 and S. vinaceusdrappus NRRL 15735, respectively, as 110 

described in below. 111 

Sequence Similarity Network (SSN) Analysis. The 15,119 homologous proteins of AlkZ were 112 

obtained from the InterPro website (41) (http://www.ebi.ac.uk/interpro/search/sequence-search) by 113 

using AlkZ as the query. Sequences were then clustered by CD-HIT Suite (42) on the website 114 
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(http://weizhong-lab.ucsd.edu/cdhit_suite/cgi-bin/index.cgi?cmd=cd-hit) with 53% sequence identity 115 

threshold. The representatives of the resulting clusters and TxnU2, TxnU4, LldU1, LidU5, AlkZ were 116 

used for construction of SSN by the online Enzyme Function Initiative-Enzyme Similarity Tool (43) 117 

with an alignment score threshold of 110. Cytoscape software was used to view the sequence 118 

similarity networks. 119 

Fermentation and Isolation of TXNA and LLD. For TXNA production, S. bottropensis NRRL 12051 120 

and its relative mutant strains were cultivated as previously reported (44). After fermentation in SYG 121 

medium (soluble starch 60 g/L, glucose 10/L, yeast extract 10/L, NaCl g/L, MgSO4•7H2O 1 g/L, 122 

KH2PO4 1 g/L, CuSO4•5H2O 70 mg/L, FeSO4•7H2O 10 mg/L, MnCl2•4H2O 8 mg/L, ZnSO4•7H2O 2 123 

mg/L, CoCl2•7H2O 6 μg/L, HP20 30g/L) for 5 days, the TXNA was isolated and detected as described 124 

(45). The fermentation and isolation of LLD was similar to TXNA (46). S. vinaceusdrappus NRRL 125 

15735 and those mutants were cultivated in SYG medium for 10 days, and then isolated and detected 126 

by HPLC. HPLC analysis was performed on an Acclaim 120 C18 column (5 µm, 4.6 × 250 mm) at a 127 

flow rate of 1.0 mL/min and a linear gradient program: 0-5 min, 10% phase B (0.1% formic acid in 128 

CH3CN); 5-24 min, solvent B gradient from 10 to 90% followed with 90% B at 24-26 min; 26-27 min, 129 

gradient from 90 to 10% B; 27-31 min, constant 10% B. Phase A is 0.1% formic acid in H2O. 130 

TXNA/LLD-related compounds were determined by measuring UV absorbance at 400 nm using an 131 

Agilent 1200 series system (45,46). LC-MS was carried out on a ThermoFisher LTQ XL under the 132 

same conditions. 133 

Cellular TXNA and LLD Self-Resistance Assays. Zone of Inhibition Assays in Streptomyces. The 134 

inhibition zones of Streptomyces were performed by a disc diffusion assay. Specifically, filter paper 135 

discs spotted with different concentrations of TXNA or LLD were laid on the MS plate (20 g/L soybean 136 

meal, 20 g/L mannitol, 20g/L agar, pH 7.2), which were pre-inoculated with wild-type strains S. 137 

bottropensis NRRL 12051 (txnWT), S. vinaceusdrappus NRRL 15735 (lldWT), the gene mutant 138 

strains, ∆txnU2, ∆txnU4, ∆lldU1, ∆lldU5 or heterologous expression strains S. lividans::pSET152, S. 139 

lividans::txnU2, S. lividans::txnU4, S. lividans::lldU1, S. lividans::lldU5 (Supplementary Table S1). 140 

After incubation at 30°C for 36 hr, resistance levels to TXNA or LLD were determined by the zone of 141 

inhibition. 142 

Heterologous Survival Assays in E. coli. E. coli BL21 cells transformed with protein overexpression 143 

plasmid txnU2-pET28a, txnU4-pET28a, lldU1-pET28a, lldU5-pET28a or empty vector pET28a alone 144 

were grown overnight at 37°C in LB medium containing 50 µg/mL kanamycin (Kan). The overnight 145 

cultures were then transferred to fresh LB medium supplemented with 50 µg/mL Kan and incubated at 146 

30°C. When the OD600 reached 0.6, 0.1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) was added 147 

to induce protein expression. After growing at 16°C for 2 hr, cells were diluted to 0.01 OD600 in 2 mL 148 

fresh LB supplemented with Kan and IPTG. The dilutions were treated with various concentrations of 149 

TXNA for 12 hr at 30°C and cell density was measured by OD600. The surviving fraction (%) was 150 

calculated as (OD600(treated)/OD600(untreated))*100. The data were fit by non-linear regression and 151 

plotted using GraphPad 8.0 software. 152 
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TxnU2/4 and LldU1/5 Purification. The lldU1/5 and txnU2/4 genes were synthesized by GenScript 153 

and cloned into pBG102 (Vanderbilt Center for Structural Biology). N-terminal His6-SUMO proteins 154 

were overexpressed in E. coli Tuner (DE3) cells at 16°C for 18 hr in LB medium supplemented with 155 

30 μg/mL kanamycin and 50 μM isopropyl β-D-1-thiogalactopyranoside (IPTG). Cells were lysed with 156 

sonication and cell debris removed by centrifugation at 45,000 × g at 4°C for 30 min. Clarified lysate 157 

was passed over Ni-NTA agarose equilibrated in buffer A (50 mM Tris•HCl pH 8.5, 500 mM NaCl, 20 158 

mM imidazole, and 10% (vol/vol) glycerol) and protein eluted in 250 mM imidazole/buffer A. Protein 159 

fractions were pooled and supplemented with 0.1 mM EDTA, 1 mM tris(2-carboxyethyl)phosphine 160 

(TCEP), and 1 mM dithiothreitol (DTT) before incubation with 0.5 mg of Rhinovirus 3C (PreScission) 161 

protease and 0.5 mg of yeast ubiquitin-like-specific protease 1 (Ulp1) at 4°C overnight. Cleaved 162 

protein was diluted 10-fold in buffer B (50 mM Tris•HCl pH 8.5, 10% (vol/vol) glycerol, 0.1 mM TCEP, 163 

and 0.1 mM EDTA) and purified by heparin sepharose using a 0–1 M NaCl/buffer B linear gradient. 164 

Fractions were pooled and repassed over Ni-NTA agarose in buffer A, concentrated and filtered, and 165 

buffer exchanged into buffer C (20 mM Tris•HCl pH 8.5, 100 mM NaCl, 5% (vol/vol) glycerol, 0.1 mM 166 

TCEP, and 0.1 mM EDTA). Proteins were concentrated to 100 μM, flash-frozen in liquid nitrogen, and 167 

stored at −80°C. For purification of TxnU2 and LldU5, buffers A and B were supplemented with 0.02% 168 

NP-40 and buffer C was supplemented with 0.01% NP-40. Proteins used in HPLC analysis did not 169 

contain NP-40. LldU1/5 and txnU2/4 mutants were generated using the Q5 Mutagenesis Kit (New 170 

England BioLabs). Mutant proteins were overexpressed and purified the same as WT. 171 

Preparation of DNA Substrates. The TXNA- and LLD-DNA substrates for HPLC analysis, which 172 

contained two lesions per duplex, were prepared by annealing the 8-bp self-complementary strand 5′-173 

AACCGGTT-3′ (36), followed by incubation of 50 μM DNA with 100 μM TXNA or LLD in PBS buffer 174 

(pH 7.0) at 16°C for 2 hr. TXNA- and LLD-DNA substrates used in gel-based assays contained a 175 

single TXNA-G or LLD-G adduct and a 5ʹ-Cyanine 5 (Cy5) label, and were prepared by annealing the 176 

strand containing the TXNA/LLD target sequence (TXN/LLD Top, Table S2) to the complementary 177 

unlabeled oligo (TXN/LLD Bottom, Table S2), followed by incubation of 100 μM DNA with 200 μM 178 

TXNA or LLD in 10% methanol and 20% DMSO at 4°C on ice in the dark for 36 hr. Unreacted drug 179 

was removed using a G-25 spin column equilibrated in TE buffer (pH 8.0), and the DNA was stored at 180 

-80°C. DNA substrates containing a single N7-methyl-2′-deoxyguanosine (7mG) lesion and a 6-181 

carboxyfluorescein (FAM) 5′-label on one strand were prepared as described previously using 182 

7mG_Top and 7mG_Bottom oligonucleotides (Table S2) (47). NM-ICLs containing both FAM and Cy5 183 

labels were generated using NM_Top and NM_Bottom oligonucleotides (Table S2) and purified as 184 

reported previously (29).  185 

Base Excision Assays. HPLC Analysis. A 50 µL reaction containing 50 µM TXNA- or LLD-DNA, 20 186 

µM protein, and buffer (100 mM Na2HPO4, 100mM NaH2PO4, 500 mM NaCl, pH 7.0) was incubated at 187 

16°C for 2 hr. The reaction mixtures were quenched with 30 µL methanol and analyzed by LC-MS at 188 

400 nm absorbance. TXNA-Gua (gutingimycin), [M+H]+ ion with m/z 1028.53; LLD-G, [M+H]+ ion with 189 

m/z 1102.43. 190 
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Denaturing PAGE Analysis. Glycosylase reactions were performed with 50 nM DNA in glycosylase 191 

buffer (50 mM HEPES pH 8.5, 100 mM KCl, 1 mM EDTA, and 10% (vol/vol) glycerol) at 25°C. Single-192 

timepoint reactions shown in Figures 4-6 were performed with 1 μM enzyme for either 30 sec, 30 min, 193 

or 96 hr, as indicated in each figure legend. Single- and multiple-turnover kinetics reactions shown in 194 

Figure 4G were performed with 50 nM (single turnover) or 5 nM (multiple turnover) TxnU4 and 50 nM 195 

Cy5-labeled TXNA-DNA. Thermal depurination controls shown in Figure 5A were conducted at 95°C 196 

for 5 min. Enzyme and mock reactions involving TXNA, LLD, and 7mG monoadducts were quenched 197 

by adding 1 μL of 1 M NaOH to a 4-μL reaction aliquot and heating at 70°C for 2 min. Samples were 198 

denatured by addition of 5 μL loading buffer containing 5 mM EDTA pH 8.0, 80% (wt/vol) formamide, 199 

and 1 mg/mL blue dextran, and incubating at 70°C for 5 min. Samples were electrophoresed on a 200 

20% (wt/vol) acrylamide/8 M urea sequencing gel at 40 W for 1.5 hr in 0.5× TBE buffer (45 mM Tris, 201 

45 mM borate, and 1 mM EDTA pH 8.0). Gels were imaged on a Typhoon Trio variable mode imager 202 

(GE Healthcare) for Cy5 fluorescence (633 nm excitation, 670 nm emission), and bands were 203 

quantified with ImageQuant (GE Healthcare). Percent product was calculated as the percent of both 204 

β- and δ-elimination bands divided by the total intensity of substrate and β/δ-elimination bands. 205 

Unreacted DNA in LLD-DNA reactions was not included in the calculation of percent product. NM-206 

ICLs reactions were performed the same as monoadducts, but were quenched and denatured at 55°C 207 

prior to electrophoresis. Gels were imaged for both FAM (488 nm excitation, 526 nm emission) and 208 

Cy5 fluorescence and artificially colored (FAM, green; Cy5, red) using Adobe Photoshop and overlaid 209 

using ImageJ software as previously described (29). All excision assays were performed in triplicate.  210 

Spontaneous Depurination. Non-enzymatic depurination of G, 7mG, and TXNA-G were conducted 211 

at 37°C in glycosylase buffer using 50 nM DNA, with the same Cy5-oligodeoxynucleotides described 212 

above. The G-DNA oligo was the same as that used to make the TXNA-G oligo. Samples were 213 

quenched and products quantified the same as the enzymatic reactions described above.  214 

EndoIV Abasic Site Incision Kinetics. AP-DNA substrates were generated by incubation of 5 nM 215 

YcaQ or TxnU4 with 50 nM Cy5-(TXNA/7mG)-DNA in glycosylase buffer for 2 hr at 25°C. EndoIV 216 

incision reactions were performed by adding 6 μL of 83 nM EndoIV (17 nM final concentration) to a 217 

24-μL glycosylase reaction aliquot and incubating at 37°C. Reactions were heated at 70°C for 5 min 218 

with 5 μL of formamide/blue dextran loading buffer and electrophoresed and imaged as above. Curve 219 

fitting was performed in Prism 9 using a single exponential one-phase association for 7mG-AP site 220 

incision and an exponential two-phase association for TXNA-G-AP sites. 221 

 222 

RESULTS 223 

Self-resistance determinants TxnU2/U4 and LldU1/U5 are closely related to TXNs production 224 

Previously, we identified the BGCs of TXNA (txn) and LLD (lld) and characterized their partial 225 

biosynthetic pathways including starter unit and tailoring steps (45,46,48-51), but the function of many 226 

of the proteins encoded in their BGCs are unknown. To study the repair mechanism of DNA damage 227 

arising from TXNs family of alkylating agents, we first investigated all proteins encoded within and 228 
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adjacent to the TXNA and LLD BGCs (45,46). BLASTP analysis showed that TxnU2/U4 derived from 229 

TXNA and LldU1/U5 derived from lld belong to the HTH_42 superfamily and exhibit homology to the 230 

DNA glycosylase AlkZ with low sequence identity (26-33%) and similarity (39-46%) (Figure 1B and D). 231 

AlkZ is found within the AZB BGC and has been reported to be an essential resistance protein in AZB 232 

biosynthesis by unhooking AZB-ICLs, which would trigger the BER pathway (Figure 1C) (27). We 233 

therefore speculated that TxnU2/U4 and LldU1/U5 could confer resistance to TXNA and LLD for self-234 

protection in the producer. To understand the function of these four proteins, the genes txnU2/U4 235 

from the TXNA producer S. bottropensis NRRL 12051 and lldU1/U4 from the LLD producer S. 236 

vinaceusdrappus NRRL 15735 were deleted (Figure S1), and the yield of compounds in these 237 

resulting mutants and wild-type (WT) strains were determined by LC-MS. Compared to the WT strain, 238 

the production of TXNA in gene deletion mutant strains ∆txnU2 and ∆txnU4 was respectively 239 

remarkably reduced 72% and 82%, and the yield of LLD in ∆lldU1 and ∆lldU5 was also obviously 240 

decreased 85% and 80%, respectively, suggesting the genes txnU2/txnU4 and lldU1/lldU5 are 241 

involved in compound biosynthesis and are closely related to the efficiency of TXNA and LLD 242 

production, respectively (Figure 2A and B).  243 

To follow up this finding and further identify the in vivo function of the four proteins, the effect of 244 

txnU2/txnU4, lldU1/lldU5 deletion and overexpression on cells challenged with TXNs was tested. Disc 245 

diffusion tests indicated that gene deletion mutants ∆txnU4, ∆lldU1 and ∆lldU5 exhibited notable 246 

sensitivity to both TXNA and LLD, but mutant ∆txnU2 was no more sensitive to either TXNA or LLD 247 

than the WT strain (Figure 2C and D). Overexpression of txnU2/txnU4 and lldU1/lldU5 in S. lividans 248 

1326, a TXNs-sensitive strain, increased cellular viability towards both TXNA and LLD (Figure 3A). 249 

Moreover, consistent with the growth viability in Streptomyces, the survival ratio of E. coli BL21 that 250 

overexpressed txnU4 or lldU1 against TXNA was significantly higher than control cells, while txnU2 251 

overexpression was weakly protective, and there was no effect for lldU5 overexpression (Figure 3B). 252 

Together, these results show that TxnU2/U4 and LldU1/U5 are self-resistance determinants in TXNA 253 

and LLD producers, and among them TxnU4 and LldU1 display the major roles.  254 

TxnU2/U4 and LldU1/U5 are DNA glycosylases that excise TXNA- and LLD-DNA adducts 255 

To determine if TxnU2, TxnU4, LldU1, and LldU5 are DNA glycosylases capable of excising TXNA- 256 

and LLD-Gua adducts from DNA, an 8-bp oligodeoxynucleotide duplex d(AACCGGTT) designed 257 

based on a previous report was treated with either TXNA or LLD and then incubated with TxnU2, 258 

TxnU4, LldU1, or LldU5 (Figure 4A) (36,52). The reaction products were detected by LC-MS at 271 259 

and 400 nm (Figure 4B, 4C, Figure S2). After treatment with TXNA, two new peaks appeared at 18.2 260 

and 18.9 minutes. The m/z of the two peaks were 1644, which was consistent with that of the 261 

[M+2H]2+ ion of the monoalkylated adduct generated by covalent binding of one molecule TXNA to 262 

either G within the duplex d(AACCGGTT) (Figure S2A). Given the previous sequence selectivity 263 

studies showing that TXNA reacts preferentially with the DNA sequence 5′-GT (36,52), we supposed 264 

that the product with the later retention time (18.9 minutes) and larger peak area is 5′-AACCG(TXNA-265 

G)TT-3′, and the other peak at 18.2 minutes is 5′-AACC(TXNA-G)GTT-3′. As TxnU2 or TxnU4 was 266 

added, the amount of the two adducts decreased, and a new peak with m/z 1028 appeared, which 267 
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was supposedly the excision product of TxnU2 and TxnU4 (Figure 4B). The molecular weight of the 268 

product is equal to that of gutingimycin, which contains a TXN skeleton and a Gua nucleobase. In 269 

addition, the molecular formula C47H57O21N5 determined by HRESIMS ([M+H]+ m/z 1028.53) and the 270 

fragments detected by tandem-MS were consistent with gutingimycin (Figure S3A), confirming that 271 

TxnU2 and TxnU4 are able to catalyze excision of TXNA-Gua adducts from DNA. An extended time 272 

course indicated that TxnU4 preferentially cleaved the 5′-AACCG(TXNA-G)TT-3′ among the two 273 

alkylated products (Figure S4). Likewise, under the same experimental condition, the two alkylation 274 

products arising from LLD were excised by LldU1, forming a new compound with m/z 1102 in the 275 

mass spectra, whereas LldU5 showed no activity (Figure 4C, Figure S2B). HRESIMS data ([M+H]+ 276 

m/z 1102.43, calcd for C51H68O22N5) and tandem-MS analysis indicated that the excision product is 277 

LLD-Gua (Figure S3B), suggesting LldU1 is capable of excising LLD-G adducts from DNA.  278 

For further confirmation, an in vitro gel-based assay was performed to quantify the β- and δ-279 

elimination products generated by alkaline hydrolysis of the AP site product of base excision (Figure 280 

4D) (28). We verified that the amount of product observed in this assay was not influenced by the use 281 

of NaOH to cleave glycosylase generated AP sites, as similar results were obtained with piperidine 282 

(Figure S5A,B). Purified enzymes were incubated with either TXNA- or LLD-DNA substrates for 30 283 

min under single turnover conditions. We found that all four enzymes produced a significant amount 284 

of product as compared to a no-enzyme control (Figure 4E and F). The weaker activity of LldU5 285 

relative to the other three enzymes (Figure 4F) is likely the result of poor protein solubility observed 286 

during expression and purification. Single-turnover kinetic analysis showed that TXNA-Gua excision 287 

by TxnU4 (kst = 4.6 min-1) is approximately 4 times faster than S. sahachiroi AlkZ and E. coli YcaQ 288 

activity toward AZB-ICL (kst = 1.2 min-1) and NM-ICL (kst = 1.1 min-1) substrates, respectively (29) 289 

(Figure 4G, Figure S5D). The enzyme also efficiently turns over (kmt = 0.3 min-1) and shows no 290 

observable product inhibition, as evidenced by multiple-turnover kinetics (Figure 4G, S5D). Thus, 291 

these enzymes excise TXNs lesions rapidly and efficiently relative to their distant orthologs. 292 

Moreover, the in vitro excision activities of TxnU2/U4 and LldU1/U5 were further confirmed by the 293 

detection of excision products in gene deletion mutant strains (Figure 2A, 2B). Compared to the WT 294 

strain, the production of LLD-Gua in gene deletion mutant strains ∆lldU1 and ∆lldU5 was respectively 295 

reduced 43% and 30%, and the yield of gutingimycin in ∆txnU2 and ∆txnU4 was also respectively 296 

decreased 95% and 99%, suggesting the glycosylases TxnU2/U4 and LldU1/U5 are functional in vivo. 297 

Monofunctional glycosylases catalyze only hydrolysis of the N-glycosidic bond, whereas 298 

bifunctional glycosylases also nick the backbone to generate β- and δ-elimination products. Based on 299 

our previous functional analysis of the homolog AlkZ, we hypothesized that TxnU and LldU enzymes 300 

were monofunctional. Indeed, similar to AlkZ, NaOH was required to nick the AP-DNA product formed 301 

by TxnU4 and LldU1 (Figure 4H). Treating the reacted TXN-DNA with water preserved the AP site, 302 

while treatment with hydroxide cleaved the AP site to generate β- and δ- elimination products. These 303 

results indicate that the TxnU and LldU enzymes are monofunctional glycosylases and do not contain 304 

intrinsic DNA lyase activity. 305 
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TxnU4 and LldU1 remove TXNs-guanine adducts with a similar but distinct catalytic motif 306 

relative to AlkZ 307 

The active sites of all monofunctional DNA glycosylases contain catalytic carboxyl (Asp, Glu) or 308 

carboxamide (Asn, Gln) residues that promote base excision by electrostatically stabilizing the 309 

positive charge that develops on the deoxyribose as the glycosidic bond is broken, and by 310 

deprotonating or positioning a water molecule for nucleophilic attack of the anomeric C1′ carbon (19-311 

23). We previously showed that the TxnU/LldU homolog AlkZ contains a catalytic QΦQ motif (Φ is a 312 

small aliphatic residue) (Figure S6), and that mutation of either flanking glutamine abrogates base 313 

excision of monoadducts and severely reduces ICL unhooking activities (28,29). Based on a rigid-314 

body docking model of AlkZ in complex with AZB-DNA (28), the C-terminal glutamine side chain is 315 

likely within proximity to the lesion deoxyribose to position a catalytic water molecule (Figure S7). 316 

Although the N-terminal glutamine is more recessed and contacts the DNA backbone of a neighboring 317 

nucleotide, a slight rotation of the DNA around the helical axis in our docking model would position 318 

this residue for catalysis on the adducted nucleotide, and thus either residue theoretically can play a 319 

catalytic role in base excision. 320 

Like AlkZ, TxnU2 and LldU5 contain a QΦQ motif, whereas TxnU4 and LldU1 contain a histidine 321 

residue (H43) in the first position (Figure 5A). Both QΦQ and HΦQ motifs are predicted to reside in 322 

the same location as those observed in AlkZ (Figures S6 and S7), and the His imidazole should be 323 

able to perform the same catalytic function as described above for carboxylate and carboxamide side 324 

chains. We examined the functional role of the HΦQ motifs in TxnU4 and LldU1 by purifying H43A 325 

and Q45A mutants and measuring TXNA-DNA and LLD-DNA excision activity. Wild-type TxnU4 326 

removed 94% of the TXNA-DNA adduct after 30 seconds. At this same short time point, the TxnU4 327 

H43A mutant showed no activity, whereas substitution of Gln45 with alanine had no effect on TxnU4 328 

activity (Figure 5B). Interestingly, we found the exact opposite effect of H43 and Q45 residues in 329 

LldU1 tested against an LLD-DNA substrate; LldU1 H43A had no effect compared to wild-type, 330 

whereas Lld1 Q45A showed no activity (Figure 5C). We also tested the activity of the QΦQ motif in 331 

LldU5; alanine substitution of either glutamine abrogated activity compared to the wild-type enzyme 332 

(Figure 5D), similar to that shown for AlkZ (28). We were unable to test the activity of TxnU2 mutants 333 

because the proteins were unstable and not amenable to purification. These results indicate that the 334 

in vitro activity we observe from purified protein is not the result of a contaminating activity in our 335 

protein preparations, and suggest that either the histidine or glutamine residues within TxnU4 and 336 

LldU1 HΦQ motifs are catalytic, and that they engage TXNA-G and LLG-G lesions differently.  337 

TXNs form stable DNA adducts that are specifically excised by TxnU and LldU glycosylases 338 

N7-alkyl-2′-deoxyguanosine adducts (e.g., 7mG) are generally thermally unstable and prone to 339 

depurination (53). We therefore explored the stability of TXNs-DNA adducts. Heating the TXNA-DNA 340 

to 95°C for 5 minutes, followed by either water or hydroxide workup, led to depurination of only 32% 341 

of the adduct (Figure 6A). In contrast, our previous studies show 90% depurination of N7-linked NM- 342 

and AZB-ICLs under the same conditions (29) suggesting that TXNA-DNA adducts are more stable 343 
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than other N7-alkyl lesions. To test this, we directly compared the stabilities of TXNA-DNA and 7mG-344 

DNA adducts by monitoring their spontaneous depurination rates at 37°C over a period of 7 days. We 345 

found that the TXNA-G N-glycosidic bond is at least 5 times more stable than that of 7mG (Figure 6B, 346 

Figure S6). Thus, relative to 7mG, TXNA adducts are more resistant to spontaneous depurination, 347 

which may be an important property for TXNs toxicity.  348 

We next tested the ability of other bacterial alkylpurine DNA glycosylases to excise TXNA-Gua 349 

from DNA. These glycosylases, which include E. coli AlkA and YcaQ, Bacillus cereus AlkC and AlkD, 350 

and S. sahachiroi AlkZ, have widely varying substrate specificities in addition to their ability to excise 351 

7mG (23,28,29,40,54-56). Under the experimental conditions tested, we were unable to detect TXNA 352 

excision products from any of these glycosylases (Figure 6C), indicating that recognition of the TXNA 353 

lesion is confined to a glycosylase found in a TXNs BGC. We also compared the cross-reactivity of 354 

the TxnU and LldU enzymes by testing the ability of TxnU2 and TxnU4 to excise LLD adducts and of 355 

LldU1 and LldU5 to excise TXNA adducts, and found that both TxnU4 and LldU1 are capable of 356 

excising both TXNA and LLD adducts (Figure 6D), consistent with our results from HPLC analysis 357 

(Figure 4B and 4C).  358 

Given the efficient activity of TxnU4 for TXNA lesions (Figure 4G), we were interested in 359 

determining whether TxnU and LldU could cleave other, less stable N7-alkyl-DNA adducts. We 360 

previously found that E. coli YcaQ readily excises 7mG (Figure 6E) and unhooks NM-ICLs generated 361 

from reaction of DNA with mechlorethamine (Figure 6F) (28,29). To our surprise, in contrast to YcaQ, 362 

neither TxnU4 nor LldU1 showed any significant activity toward 7mG (Figure 6E) or a NM-ICL (Figure 363 

6G, 6H) after 30 min, despite the lower stability of these lesions relative to TXNs adducts. The inability 364 

of TxnU4 to act on these less stable N7-alkyl adducts and of other alkylpurine DNA glycosylases to 365 

process TXNA-DNA indicate that the TxnU/LldU enzymes are highly specific for their cognate natural 366 

products, and suggests that the enzymes likely recognize a specific feature of the TXNs-DNA 367 

substrates either directly through interaction with the compound or indirectly through the structural 368 

distortion to the DNA imposed by the intercalated adduct (Figure S7).  369 

 370 

AP sites generated from TxnU4 cleavage of TXNA-DNA are inefficiently processed by EndoIV 371 

The AP site product of DNA glycosylase activity is a toxic intermediate of the BER pathway, and 372 

thus must be efficiently incised by an AP endonuclease for completion of the pathway. We therefore 373 

investigated the efficiency with which a bacterial AP endonuclease could act on the product of the 374 

TxnU4/TXNA-DNA reaction. When comparing various methods to cleave TxnU4-generated AP sites 375 

in our gel-based assay, we noticed that E. coli EndoIV did not fully incise the AP-DNA created by 376 

TxnU4 (Figure S5A,B). The EndoIV reaction was carried out under the same conditions that show 377 

100% incision activity from AP sites generated by AlkZ or YcaQ excision of 7mG (28,29), suggesting 378 

that the product of the TxnU4/TXNA-DNA reaction inhibits the AP endonuclease. We therefore 379 

followed up on this result by comparing the kinetics of EndoIV cleavage of AP sites generated by 380 

TxnU4/TXNA-DNA and YcaQ/7mG-DNA reactions (Figure 7). We wished to examine AP site 381 

processing without interference from residual glycosylase bound to either substrate or product DNA. 382 
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Therefore, AP sites were generated under conditions that allow for completion of the glycosylase 383 

reaction with sub-saturating concentrations of protein with respect to DNA. We found that EndoIV 384 

incision of AP sites formed by YcaQ/7mG-DNA are rapidly and fully incised (kobs = 2.8 min-1) within 5 385 

min (Figure 7). In contrast, EndoIV incision of AP sites generated from TxnU4/TXNA-DNA showed 386 

biphasic kinetics. The first phase is consistent with the first enzymatic under our experimental 387 

conditions, and showed similar kinetics (kfast = 2.0 min-1) as EndoIV activity on 7mG-produced AP 388 

sites. However, the second phase (i.e., subsequent turnovers) was 200-fold slower (kslow = 0.02 min-389 
1), suggesting that E. coli EndoIV is product inhibited when processing TXNA-generated AP sites. 390 

More importantly, the difference in EndoIV processing of TXNA and 7mG excision products indicates 391 

a difference in AP sites generated from the two lesions, the most likely rationale for which is that 392 

gutingimycin (TXNA-Gua) remains intercalated in the DNA after glycosylase excision. These data 393 

show that the AP-DNA/TXNA-Gua product poses a challenge for processing by E. coli IV, and 394 

suggests that a specialized AP endonuclease may be required for efficient BER of these lesions.  395 

 396 

DISCUSSION 397 

In this study, HTH_42 superfamily proteins TxnU2/U4 and LldU1/U5 were discovered to provide 398 

cellular resistance to TXNA and LLD toxicity, respectively, providing an explanation for the 399 

evolutionary function of these proteins within the BGC of each antibiotic. Sequence (BLASTP) and 400 

structural (AlphaFold) analyses show that TxnU and LldU share homology with AlkZ and YcaQ 401 

(Figure S6), and the in vitro enzymatic activity confirms that like AlkZ/YcaQ, both TxnU and LldU are 402 

monofunctional DNA glycosylases acting on N7-alkylguanine adducts (27-29). However, the 403 

TxnU/LldU enzymes differ from their HTH_42 homologs—and other alkylpurine DNA glycosylases—404 

with respect to substrate specificity, catalytic machinery, and genomic context. 405 

In terms of specificity, most alkylpurine DNA glycosylases hydrolyze 7mG in addition to their major 406 

substrates (23,28,29,40,54-56). Interestingly, despite the lower stability of the 7mG N-glycosidic bond, 407 

TxnU4 and LldU1 did not exhibit 7mG activity, indicating that TxnU/LldU specifically recognize TXNA-408 

G and LLD-G as opposed to the instability in the N-glycosidic bond generated by substitution of 409 

guanine at N7 (1). Similarly, the TXNs-DNA lesions did not appear to be substrates for the other 410 

alkylpurine DNA glycosylases, including AlkZ/YcaQ and YtkR2/AlkD, which also act on bulky lesions 411 

(26,27,29,57,58). The lack of activity of TxnU/LldU for less stable N7-alkylguanine adducts and the 412 

inability of other glycosylases to hydrolyze TXNA-G indicate that TxnU and LldU are highly specific for 413 

their own natural products. The most significant differences between LLD/TXN-G and other known 414 

N7-alkylpurine glycosylase substrates are their ability to intercalate into the DNA base stack and their 415 

sugar substituents (Figure S7). Based on the TXNA-DNA crystal structure, TXNA intercalates the 416 

d(GT/AC) base step and forms hydrogen bonds with the duplex DNA through the two sugar moieties, 417 

leading to the 4-sugar in the minor groove and the 13-sugar residing in the major groove (36). In 418 

addition, TXNA extrudes the base near the 3′ end of the alkylating site out of the helix, leading to an 419 

increased helical twist (36).  420 
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To our knowledge, TxnU and LldU are the only DNA glycosylases identified with activity toward 421 

intercalated DNA substrates. An AlkZ-derived homology model of TxnU4 docked against the TXNA-422 

DNA crystal structure provides a rationale for this specificity (Figure S7). Our previous work predicted 423 

that AlkZ employs two important secondary structural elements to engage the DNA substrate from 424 

opposite faces of the DNA—the β11/12-hairpin is posited to contact the lesion in the minor groove, 425 

and helix αI is predicted to make direct contact to the AZB compound from the major groove side 426 

(28,29) (Figure S6,7). Because the TXN compounds intercalate both strands of DNA, they protrude 427 

from both major and minor groove sides. Consequently, helix αI and the β11/12-hairpin likely contact 428 

TXNs from both grooves, with helix αI recognizing the C13- or C16-modified sugars on one end and 429 

the β11/12-hairpin recognizing C-4 modified sugar on the other end. Interestingly, the sequences and 430 

predicted structures of these two recognition elements are not conserved between AlkZ and 431 

TxnU/LldU (Figure S6, S7), consistent with their predicted roles in recognition of two different classes 432 

of natural products.  433 

Regarding catalysis, the AlkZ/YcaQ/TxnU/LldU family of HTH_42 enzymes act on crosslinked or 434 

intercalated substates that are not likely to be extruded from the DNA, as observed for base-flipping 435 

glycosylases including human AAG and bacterial AlkA (19,23). Consistently, the HTH_42 enzymes, 436 

like their non-base-flipping counterparts YtkR2/AlkD, do not contain residues that would intercalate 437 

the DNA helix to stabilize an extruded nucleobase in the active site, nor do they contain a nucleobase 438 

binding pocket within the active site (57,59). Instead, the catalytic residues are pre-organized to 439 

contact the target N-glycosidic bond within an intact DNA duplex (28) (Figure S6, S7). We previously 440 

showed that the catalytic motifs of the HTH_42 superfamily are divided into QΦQ and QΦD types 441 

(29). Sequence similarity network (SSN) analysis showed that the five proteins—AlkZ, LldU1/U5 and 442 

TxnU2/U4—are located in three different clades, in which TxnU2 and LldU5 are clustered into one 443 

clade, TxnU4 and LldU1 are clustered into another, and AlkZ clustered in a third (Figure 1D). The 444 

catalytic motif of TxnU2 and LldU5 is the same as AlkZ and belongs to the QΦQ type. However, the 445 

catalytic motifs of TxnU4 and LldU1 belong to neither QΦQ nor QΦD, but instead contain an HΦQ 446 

motif (Figures 5 and S6). Our structural models predict the HΦQ side chains to be in the same 447 

locations as those in AlkZ QΦQ, and thus either could reside close enough to the target TXNA-G or 448 

LLD-G nucleotide to catalyze hydrolysis (Figures S6 and S7) (28). Interestingly, however, our 449 

mutational analysis revealed that HΦQ behaves differently than QΦQ and QΦD in two respects. First, 450 

mutation of only one residue affected base excision, in contrast to QΦQ (AlkZ) and YcaQ (QΦD), in 451 

which mutation of either residue within the motif affects base excision activity (28,29). Second, the 452 

two HΦQ motifs in TxnU4 and LldU1 have different effects for TXNA- and LLD-G adducts, 453 

respectively; the histidine in TxnU4 had the greater effect on excision of gutingimycin and the 454 

glutamine in LldU1 had the greater effect on LLD-G excision. The cross-reactivity of TxnU4 and LldU1 455 

against TXNs and their high sequence similarity suggests that the two glycosylases have similar 456 

substrate recognition pockets, and thus the different effects of their His and Gln mutants most likely 457 

stem from the manner in which TXNA-G and LLD-G lesions are positioned within the active site 458 

(Figure S7). These compounds are distinguished by the sugar substituents at position 13 (TXNA) and 459 

16 (LLD) (Figure 1A), which reside in the major groove and thus likely are contacted by helix αI as 460 
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described above (Figure S7). Interestingly, TxnU4 and LldU1 contain a 10-15-amino acid insertion in 461 

helix αI that the AlphaFold model predicts forms a β-hairpin (Figures S6 and S7). Steric interaction 462 

from this helix αI insertion with the unique 13- and 16-sugar substituents in the major groove would 463 

displace the TXNA- and LLD-DNAs differently, placing the target deoxyriboses of TXNA-G and LLD-G 464 

in proximity to His43 and Gln45, respectively (Figure S7D). Thus, although TxnU4 and LldU1 share 465 

the same catalytic motif, the insertion in the predicted drug-binding αI-helix and the differences in 466 

sugar moieties in TXNs may alter how the two proteins engage their substrates. Consistent with this 467 

rationale, neither LldU5, AlkZ, nor YcaQ contain the αI helix insertion, and none of these show a 468 

preferential catalytic residue within QΦQ or QΦD motifs (28,29). 469 

A growing number of specialized DNA glycosylases produced from the BGCs of genotoxic 470 

secondary metabolites have been determined, including those involved in self-resistance to AZB and 471 

yatakemycin/CC-1065 (26,27,60). Our cellular resistance/sensitivity assays demonstrate txnU2/4 and 472 

lldU1/5 are key determinants in self-resistance to TXNA/LLD. The presence of multiple copies of 473 

these DNA glycosylases is unique to the txn and lld BGCs, and may provide redundancy to ensure 474 

repair of the highly genotoxic TXN metabolites, in contrast to the lethality of AlkZ knockouts in 475 

azinomycin B-producing S. sahachiroi (27). Based on our finding that TxnU4 and LldU1 play the major 476 

roles in toxin resistance, it is interesting to speculate that TxnU2 and LldU5 play more secondary 477 

roles, such as removing lesions formed by TXN derivatives generated from catabolism of TXNA/LLD.  478 

The subsequent BER steps necessary for repair of DNA lesions generated from secondary 479 

metabolites, and the roles of other pathways (e.g., NER) are remaining questions. Regarding BER, 480 

our finding that E. coli EndoIV processed TXNs AP-sites less efficiently than 7mG-derived AP-sites 481 

suggests that specialized nucleases act on the AP-DNA/TXN-Gua product, as predicted for the 482 

putative ytkR4 and ytkR5 nucleases located within yatakemycin BGC (26,58,61). Although there do 483 

not appear to be any nucleases within the txn/lld clusters, genomic analysis reveals both ExoIII and 484 

EndoIV orthologs in TXNA/LLD producing strains (and two ExoIII paralogs in the case of S. 485 

bottropensis). Given the bulky, helix-distorting nature of these compounds, it is also likely that NER or 486 

other pathways play a role in their repair, as previously shown for yatakemycin-family and NM-ICL-487 

DNA lesions (29,58,62-64). Indeed, S. vinaceusdrappus and S. bottropensis contain one and three 488 

UvrA paralogs, respectively. It is also possible that TXN-DNA lesions are recognized by other 489 

enzymes outside of BER or NER, as reported for the structure-specific AziN nuclease within the AZB 490 

BGC (65). More work is needed to elucidate the full landscape of cellular mechanisms of repair of 491 

these unique DNA damaging agents. Taken together, this work characterizes a unique family of DNA 492 

glycosylases from the HTH_42 superfamily that act on heavily functionalized, intercalated DNA 493 

adducts, and provides further evidence for that DNA glycosylases residing in BGCs have evolved an 494 

exquisite specificity for aberrant nucleotides formed by their cognate genotoxic natural products.  495 
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FIGURES LEGENDS 684 

 685 

Figure 1. Structures of TXNs family compounds and genomic analysis of self-resistance 686 

determinants TxnU2/U4 and LldU1/U5. (A) Structures of trioxacarcin A (TXNA), gutingimycin, LL-687 

D49194 (LLD) and LLD-guanine (LLD-Gua). Reactive epoxide moieties are highlighted in red. 688 

Guanine nucleobases are highlighted in blue. (B) Biosynthetic gene clusters (BGC) containing genes 689 

encoding HTH_42 superfamily proteins TxnU2/U4 and LldU1/U5. The cluster txn is a BGC of TXNs, 690 

lld is responsible for the BGC of LLD. The two genes connected with dashed lines encode 691 

homologous proteins; TxnU2 shares 83% amino acid sequence identity and 90% similarity with 692 

LldU5, and TxnU4 shares 71% amino acid sequence identity and 82% similarity with LldU1. (C) Base 693 

excision of AZB-ICL-DNA by AlkZ. (D) Sequence similarity network (SSN) analysis of homologous 694 

proteins TxnU2/U4 and LldU1/U5. The SSN was constructed by the online Enzyme Function Initiative-695 
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Enzyme Similarity Tool with an alignment score threshold of 110. The proteins TxnU2/U4, LldU1/U5 696 

and AlkZ were located in three different clades. 697 

Figure 2. In vivo characterization of the self-resistance determinants related to LLD and TXNA. 698 

(A) LC-MS analysis of extracts from S. bottropensis NRRL 12051 wild-type (txnWT) and mutant 699 

strains, ∆txnU2 and ∆txnU4, at 400 nm absorbance. (B) LC-MS profiles of extracts from S. 700 

vinaceusdrappus NRRL 15735 wild-type (lldWT) and mutant strains, ∆lldU1 and ∆lldU5, at 400 nm 701 

absorbance. The effect of txnU2/txnU4 (C) and lldU1/lldU5 (D) deletion on cells challenged with 702 

increasing concentrations of TXNA (left) and LLD (right) was tested by a disc diffusion assay. Filter 703 

paper discs spotted with different concentrations of TXNA or LLD were laid on the MS plate pre-704 

inoculated with wild type or mutant strains. After incubation at 30°C for 36 hr, resistance levels to 705 

TXNA or LLD were determined by the zone of inhibition. 706 

Figure 3. Overexpression of TxnU2/TxnU4 and LldU1/LldU5 confer resistance to heterologous 707 

hosts against TXNA and LLD. (A) Disc diffusion test assay to determine the antibiotic sensitivity of 708 

heterologous expression strains S. lividans::pSET152, S. lividans::txnU2, S. lividans::txnU4, S. 709 

lividans::lldU1 and S. lividans::lldU5 to TXNA (left) and LLD (right). (B) TXNA inhibition of E. coli BL21 710 

cells transformed with protein overexpression plasmid txnU2-pET28a, txnU4-pET28a, lldU1-pET28a, 711 

lldU5-pET28a or empty vector pET28a alone. Data are mean ± SD (n=3). 712 

Figure 4. TxnU2/4 and LldU1/5 are monofunctional DNA glycosylases that excise TXN- and 713 

LLD-DNA adducts. (A) Chemical reaction between the epoxide moiety of TXNA or LLD and N7 of G 714 

in DNA. DNA glycosylases catalyze the hydrolysis of the N-glycosidic bond to liberate the 715 

alkylguanine adduct, generating an AP site in the DNA. (B,C) LC-MS analysis of the cleavage 716 

products of TxnU2, TxnU4, LldU1 and LldU5 reaction with TXNA-DNA (B) and LLD- DNA (C). An 8-bp 717 

oligodeoxynucleotide duplex d(AACCGGTT) was pre-incubated with TXNA or LLD at 16°C for 2 hr, 718 

followed by treatment with enzymes TxnU2, TxnU4, LldU1 and LldU5 for 2 hr. The reaction mixtures 719 

were analyzed by LC-MS at 400 nm absorbance. (D) Schematic of the base excision assay 720 

performed in panels E-H. DNA containing a centrally located GT dinucleotide and a 5ʹ-Cy5-label (red 721 

circle) is incubated with TXNA or LLD to form the substrate. Incubation with TxnU2/U4 or LldU1/U5 722 

generates an AP site, which is cleaved with hydroxide to generate β- and δ-elimination products. 723 

PUA, 3′-phospho-α,β-unsaturated aldehyde; P, 3′-phosphate. (E,F) Denaturing PAGE of TXNA-DNA 724 

(E) and LLD-DNA (F) reactions after treatment with enzyme or buffer (mock) for 30 min. Formation of 725 

the LLD-DNA substrate only went to ~50% completion, with unreacted DNA migrating faster on the 726 

gel. Substrate and product DNA migrate as expected for their sizes, as judged by their relative 727 

position to bromophenol blue and xylene cyanol tracking dyes, (Figure S5C) (66). (G) Single- (blue) 728 

and multiple-turnover (red) excision kinetics of TxnU4 against TXNA-DNA. 50 nM TXNA-DNA was 729 

incubated with buffer (mock), 50 nM TxnU4 (1:1 protein:DNA), or 5 nM TxnU4 (1:10 protein:DNA). 730 

Data are mean ± SD (n=3). A representative gel from which the data were quantified is shown in 731 

Figure S5D. (H) Denaturing PAGE of TXNA-DNA adducts after 30-min incubation with TxnU4 or 732 

LldU1, followed by work-up with either H2O or NaOH.  733 
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Figure 5. Mutational analysis of excision activity. (A) Sequence alignment of the catalytic residues 734 

in S. sahachiroi AlkZ and TxnU2/U4 and LldU1/U5. Denaturing PAGE of TxnU4/TXNA-DNA (B) and 735 

LldU1/LLD-DNA (C) Single-turnover reactions containing 1 μM protein and 50 nM DNA. WT and 736 

mutant proteins were incubated with substrates for 30 sec. (D) Single turnover reactions between 737 

LldU5 enzymes and LLD-DNA were carried out for 96 hr. 738 

Figure 6. Substrate specificity analysis of TxnU2/TxnU4 and LldU1/5. (A,B) TXNA forms stable 739 

DNA adducts. Denaturing PAGE of TXNA-DNA adducts after thermal depurination. TXNA-DNA was 740 

heated (Δ) to 95°C for 5 min, followed by treatment with either water or NaOH. (B) Kinetics of 741 

spontaneous depurination of TNXA in DNA as compared with 7mG or unmodified G. Data are mean ± 742 

SD (n=3). Half-lives derived from linear regression of the data are 6.1 ± 0.3 days (7mG) and 33.9 ± 743 

8.1 days (TXNA). A representative gel from which this data was quantified is shown in Figure S5E. 744 

(C) Denaturing PAGE of TXNA-DNA adducts after 1-hr incubation with either buffer (mock) or 745 

bacterial alkyl-DNA glycosylases. (D) TxnU4 can excise LLD-DNA and LldU1 can excise TXN-G-DNA 746 

adducts. (E) Denaturing PAGE of 30-min reaction products of E. coli YcaQ and Streptomyces TxnU4 747 

and LldU1 with 7mG-DNA. (F) Structure of nitrogen mustard (NM)-ICL produced by reaction of 748 

mechlorethamine with guanines on opposite DNA strands. (E) Schematic of ICL unhooking reactions. 749 

Strands are 5′-labeled with either FAM (green) or Cy5 (red). Unhooking by a glycosylase produces 750 

single stands containing either monoadducts or AP-sites, the latter which are susceptible to nicking by 751 

hydroxide. (H) Denaturing PAGE of NM-ICL unhooking reactions after treatment with buffer (mock) or 752 

enzyme for 30 min, followed by alkaline hydrolysis. The percent of β/δ-elimination products is 753 

quantified below the gel. Each image is an overlay of false-colored FAM (green) and Cy5 (red) 754 

fluorescence scans of the gels, in which yellow depicts coincident red and green intensity. 755 

Figure 7. AP sites generated from TxnU4 action on TXNA-DNA are incised inefficiently by 756 

EndoIV. (A) Representative denaturing PAGE of EndoIV incision of AP-DNA generated from YcaQ 757 

excision of 7mG or TxnU4 excision of TXNA-G. 50 nM 7mG- or TXNA-DNA was incubated with either 758 

buffer or 5 nM YcaQ or TxnU4 for 2 hr at 25°C to generate AP sites, followed by addition of EndoIV at 759 

a final concentration of 17 nM EndoIV and 40 nM DNA. EndoIV reactions were incubated at 37°C for 760 

the specified times prior to denaturing and electrophoresis. (B) Quantification of the gel in panel A. 761 

Data are mean ± SD (n=3). 7mG data were fit to a one-phase exponential (k = 2.8 min-1, R2 = 0.9975), 762 

and TXNA data were fit to a biphasic exponential (kfast = 2.0 min-1, kslow = 0.02 min-1, R2 = 0.9755).  763 



O

O

O

HN
N
H

O
OH

O
N

O

HO

AcO

H3CO

O

O

O

HN
N
H

O
OH

O
NH

OH

HO

AcO

O

N

NHN

N

O

NH2

O

O

O

N
HN

N

N
O

H2N

O

O

O

DNA1

DNA2

3

lld

txn
txnU2 txnU4

lldU1 lldU5

DNA

ICL-DNA

Azinomycin B

O

O

O

O OH O

OH

O

O

OCOCH3

OH

O

O

OH

OH

OHO

H3CO

H3CO

GutingimycinN

HN N

NH2N

O

O

O

O

O OH O

OH

O

O

OCOCH

OH

O

O

OH

OH

OO

H3CO

H3CO

Trioxacarcin A
(TXNA)

1

2

3
45

6

7

8 9

10

11

12
1314

17

1516
O

O

O

O OH O

OH

O

O

OR

OH

O

CH3
O

H3CO

O

O
OH

O

O
OH

OH

2, R = H

LL-D49194 (LLD)

1, R = COCH3

LLD-Gua ?

HO

N

HN N

NH2N

O

1

2

3
410

9

5
6

711
8

12
1314

17

1516

A

B

C D

AlkZ

TxnU2

LldU5

LldU1

TxnU4



2000

1000

0

uA
U

2000

1000

0

uA
U

2000

1000

0

uA
U

LLD-Gua

LLDα1

LLDβ2

lldWT

∆lldU1

∆lldU5

10 12 14 16 18 20 22 24
Time (min)

3000

1500

0

u
A

U

3000

1500

0

u
A

U

3000

1500

0

u
A

U

13 15 17 19 21

Time (min)

Gutingimycin

TXNA

txnWT

∆txnU2

∆txnU4

A

B

txnWT

∆txnU2

∆txnU4

0 mM 1 mM 3 mM

TXNA

0 mM 0.5 mM 1 mM

LLD

D

C

lldWT

∆lldU1

∆lldU5

0 mM 0.5 mM 1 mM

LLD

0 mM 1 mM 3 mM

TXNA



0 mM 1 mM 3 mM

TXNA

0 mM 0.5 mM 1 mM

LLD

CK (pSET152)

S. lividans::txnU2

S. lividans::txnU4

S. lividans::lldU1

S. lividans::lldU5

A

S. lividans mutants

B

0.0 0.5 1.0 1.5 2.0
0

25

50

75

100

125

log[TXNA] (μM)

S
ur

vi
va

l (
%

)

empty vector
LldU1

0.0 0.5 1.0 1.5 2.0
0

25

50

75

100

125

log[TXNA] (μM)

S
ur

vi
va

l (
%

)

empty vector
TxnU4

0.0 0.5 1.0 1.5 2.0
0

25

50

75

100

125

log[TXNA] (μM)

S
ur

vi
va

l (
%

)

empty vector
TxnU2

0.0 0.5 1.0 1.5 2.0
0

25

50

75

100

125

log[TXNA] (μM)

S
ur

vi
va

l (
%

)

empty vector
LldU5



O

O

H3CO

O

O

TXNA
or

LLD

16 15

14

17

Gutingimycin
or

LLD-Gua

N

NHN

N

O

NH2

O

O

O

Alkylation

O

O

H3CO

O

OH

16 15

14

N

NHN

N

O

NH2
O

O

O
TXNA-DNA

LLD-DNA

O

O

O

N

NHN

N

O

NH2

O

O

H3CO

O

OH

16
15

14

TxnU2/TxnU4

OH

DNA
DNA

+LldU5/LldU1

BER

Time (min)

7 9 11 13 15 17 19 21 23 25

TXNA + DNA

TXNA + DNA + TxnU4

TXNA + DNA + TxnU2

TXNA + DNA + LldU1

TXNA + DNA + LldU5

TXNA-DNA

Gutingimycin

D GT

GT

5′

5′

5′

5′

TXNA or LLD

TXNA

AP5′

5′

NaOH

PUA5′

P
+

5′

-elimination

-elimination

TxnU2/U4
LldU1/U5

H2O

TXNA-Gua

E F

m
oc

k

T
xn

U
2

T
xn

U
4

4 8788

TXNA-DNA

% product

-elim
-elim

<1 97 55% product

m
oc

k

Ll
dU

1

Ll
dU

5
-elim
-elim

LLD-DNA
unreacted DNA

HG

A

B C

Time (min)

7 9 11 13 15 17 19 21 23 25

LLD + DNA

LLD + DNA + TxnU4

LLD + DNA + TxnU2

LLD + DNA + LldU1

LLD + DNA + LldU5

LLD-DNA

LLD-Gua

-elim
-elim

TXNA-DNA
AP-DNA

% product <1 33 9497

m
oc

k

H
2O

H
2O

N
aO

H

N
aO

H

LldU1TxnU4

G

0
0 15 30 45

20

40

60

60

80

100

Time (min)

B
a

se
 e

xc
is

io
n

(%
 p

ro
d

u
ct

)

mock
50 nM TxnU4
5 nM TxnU4



B

A

C D

/

% Product 94<1 944

M
oc

k

T
xn

U
4

H
43

A

Q
45

A
-elim

TXN-DNA

/

VVGRLCGV
* *
QAQVWSVAEL

VVERLVALQGQEPDAPYV
IVRAMCGAHAQVLSAAEL
LVRALCGAHAQVLSAAEL
VVEHLVAMQGQEPDAPYV

29
30
35
35
33

AlkZ
TxnU2
TxnU4
LldU1
LldU5

89<1 286

M
oc

k

Ll
dU

1

H
43

A

Q
45

A

-elim

LLD-DNA
DNA

kco
m

5
UdlL

A14
Q

A34
Q

2 47 3 3



unhooking

ICL

AP AP

PUA

P

PUA

P

+

OH-

10 15

1312

10

26 26

13

F H 

G

DNADNA

OH
N

N

N

N

O

H2N
N

NH

N
N

N
NH2

NM-ICL

% ICL unhooked

m
oc

k

A
lk

Z

T
xn

U
4

Ll
dU

1

Y
ca

Q

8551 4 5

PUA

P

PUA

P

E

C

D

NH

N

N

O

NH2
N

O

O

O

DNA

DNA

H3C

% product 1 5575

7mG-DNA

m
oc

k

T
xn

U
4

Ll
dU

1

Y
ca

Q

-elim

A B

M
oc

k

A
lk

A

A
lk

C

A
lk

D

A
lk

Z

T
xn

U
4

Y
ca

Q

TXNA-DNA

,-elim

% product <1 <195 93

TxnU4 + +
LLDTXNA

-elim
-elim

unreacted DNA
TXNA/LLD-DNA

+ +
LLDTXNA

<1 <197 95

LldU1

0 1 2 3 4 5 6 7
0

15

30

45

60

75

Time (days)
D

ep
ur

in
at

io
n

(%
pr

od
uc

t)

G
7mG
TXNA-GD

N
A

T
X

N
A

-D
N

A

+
 

, H
2O

+
 

, O
H

-

DNA
AP-DNA

TXNA-DNA

,-elim

% product <0.1 32



A

B

EndoVI reaction
time (min)1 60 1 5 15 30 60 1 60 1 5 15 30 60

buffer bufferYcaQ

7mG-DNA

TxnU4

TXNA-DNA

7mG- or TXNA-DNA
AP-DNA

nicked product 

time (min)

E
nd

oI
V

 a
ct

iv
ity

(%
ni

ck
ed

 p
ro

du
ct

)

7mG-DNA + buffer
7mG-DNA + YcaQ

TXNA-DNA + buffer
TXNA-DNA + TxnU4

0 15 30 45 60
0

20

40

60

80

100


