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Figure S1. Optimization of ribonucleotide cleavage conditions. (a) D4 cleavage reaction with 

RNase HII. The reaction was performed in 50 mM Tris pH 8.0, 50 mM NaCl, 1 mM DTT, 0.1 

mg/mL BSA, 5% glycerol, and 10 mM MgCl2. And 1 uM double-strand D4 was incubated with 

0.1 uM RNase HII. The incubation time point of 1, 3 and 21 hours were taken (lanes 2, 3, and 4, 

respectively). Lane 1 is the strand break marker cleaved at two ribonucleosides. The sample was 

prepared by incubating D4 with 0.3 M NaOH at 55°C for 10 min. (b) D4 cleavage reaction with 

0.3 M NaOH at 55°C. Lane 1 is D4; lane 2 is the strand break of D4 at the AP site; lane 3 is the 

strand break at two ribonucleoside sites maker by incubating D4 at 0.3 M NaOH, 55°C for 10 min.  

Lane 4 is the product of D4 incubated at 0.3 M NaOH for 2 hours. (c) Incubation of TFAM at 55°C 

with either 0.3 M NaCl or 0.3 M NaOH, two replicates. (d) The reaction conditions to cleave the 

ribonucleotides on D4. Reaction conditions are listed in Table S2. Lane 20 is D4. Lane 1 and Lane 

21 are the strand break standards made by incubating D4 with 0.3 M NaOH for 10 min. 
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Figure S2. Preparation of TFAM-DNA cross-links monitored by gel electrophoresis.  Lane 1 is 

D3. Lane 2 is a strand break marker at the AP site derived from D2. Lane 3 is D2 DPC generated 

in the presence of NaCNBH3. Lane 4 is trypsin digested D2 DPC. Lane 5 is the product of trypsin 

digested D2 DPC after Cleave R reaction. 
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Figure S3. Stability of D2-peptide cross-links from trypsin digestion of D2-TFAM DPC under 

Cleave R condition and NaOH treatment. Lane 1, D2. Lane 2, cleaved single-stranded breaks at 

AP sites from D2 after NaOH treatment. Lane 3, trypsin-digested D2-TFAM DPC without 

treatment. Lane 4-6 (triplicate) treatment of digested D2-TFAM DPC under Cleave R condition 

for 20 h. Lane 7-9 (triplicate) treatment of digested D2-TFAM DPC with 0.3 M NaOH at 55°C for 

2 hours. 



S6 

 

 

Figure S4. (a) APE1 cleaves the DNA backbone 5' of the AP lesion to yield a 3'-OH terminal and 

a 5'-deoxyribose phosphate residue.1 (b) TFAM(peptide)-AP-DNA cross-links undergo β-

elimination before reductive amination by NaBH3CN to afford a mass adduct of 102. 
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Figure S5. The MS2 spectra of the crosslinks identified in this study, part 1. 
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Figure S6. MS2 spectra of the crosslinks identified in this study, part 2. 
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Figure S7. Quantification of gel analysis of TFAM:AP-ODN reactions shown in Figure 2e. D1 is 

a double-strand (ds) DNA with an AP modification located on one strand, as illustrated in Figure 

2b. D2 contains the identical nucleotide sequences to D1, except that it has two neighboring (of 

the AP lesion) deoxynucleotides substituted with ribonucleotides. The percent yield of each 

species was fit to a single exponential equation to obtain the apparent formation rate (kfo) of DNA-

protein cross-links (DPC) and the cleavage rate (kcl) of AP-ODN. For reactions with D1 and 

TFAM, the percent yield of DPC is 92%, kfo is 0.79 hr-1, and kcl is 0.81 hr-1. For reactions with D2 

and TFAM, the percent yield of DPC is 86%, kfo is 0.63 hr-1, and kcl is 0.63 hr-1.  
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Table S1. Sequences of the DNA substrates used in this study. For simplicity, substrates D1-D5 

denote dsDNA annealed to a complementary strand. X indicates the AP site, and U is deoxyuridine. 

The underlined nucleotides denote ribonucleotides. 

 

Name Sequence (5’-3’) 

D1 FAM - TAA CAG TCA CCC CCC XAC TAA C 

D2 FAM - TAA CAG TCA CCC CCrC XrAC TAA C 

D3 FAM - TAA CAG TCA CCC CCrC UrAC TAA C 

D4 FAM - TAA CAG TCA CCC CrCC UArC TAA C 

D5 FAM - TAA CAG TCA CCC CrCC XArC TAA C 

Complementary strand GTT AGT TGG GGG GTG ACT GTT A 
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Table S2. Cleavage reaction conditions in Figure S1d 

Incubation condition 
Length of incubation 

(h) 

Lane 

number 

pH=10, [K+]=0.03 M, [Mg2+]=5 mM, T=55°C 

1 2 

2 3 

18 4 

pH=10, [K+]=0.01 M, [Mg2+]=5 mM, T=55°C 

1 5 

2 6 

18 7 

pH=10, [K+]=0.03 M, [Mg2+]=5 mM, T=37°C 

1 8 

2 9 

18 10 

pH=10, [K+]=0.01 M, [Mg2+]=5 mM, T=37°C 

1 11 

2 12 

18 13 

pH=10, [K+]=0.03 M, T=55°C 

1 14 

2 15 

18 16 

pH=10, [K+]=0.01 M, T=55°C 

1 17 

2 18 

18 19 

pH=13.4, [K+]=0.001 M,  T= room temperature 

2 22 

8 23 

24 24 

pH=12, [K+]=0.001M, [Mg2+]=15 mM, T=37°C 

2 25 

8 26 

24 27 

pH=10, glycine-NaOH buffer, [K+]=0.001 M, [Mg2+]=15 

mM, T=55°C 

8 28 

24 29 

pH=10, glycine-NaOH buffer, [Mg2+]=15 mM, T=55°C 
8 30 

24 31 

pH=10, NaOH solution, [K+]=0.02 M, [Mg2+]=5 mM, 

T=55°C 

8 32 

24 33 

pH=10, NaOH solution, [K+]=0.02 M, T=55°C 
8 34 

24 35 
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Table S3. Identified lysine residues of TFAM cross-linked with the AP lesion 

Ion 

m/z, 

charge 

state 

Peak 

area 

Starti

ng 

resid

ue 

Crosslinked 

peptide 

Crosslin

ked 

residue 

Char

ge 
m/z 

mass 

adduct 

Δm 

[pp

m] 

Not

e 

492.882

5, z=3 

12327

082 
52 KPVSSYLR K52 

3 

492.88

25 

527.08

18 2.37   

738.820

0, z=2 

51197

50 
52 KPVSSYLR K52 

2 

738.82

00 

527.08

18 2.6   

478.914

9, z=3 

14292

681 
60 FSKEQLPIFK K62 

3 

478.91

49 

198.02

93 0.73   

717.868

3, z=2 

26719

839 
60 FSKEQLPIFK K62 

2 

717.86

83 

198.02

93 0.54   

599.634

3, z=3 

23513

831 
63 

EQLPIFKAQ

NPDAK 
K69 

3 

599.63

43 

198.02

93 2.37   

898.947

8, z=2 

18528

305 
63 

EQLPIFKAQ

NPDAK 
K69 

2 

898.94

78 

198.02

93 2.67   

709.653

1, z=3 

1.01E+

08 
63 

EQLPIFKAQ

NPDAK 
K69 

3 

709.65

31 

527.08

18 0.17 C13 

1063.97

60, z=2 

48499

082 
63 

EQLPIFKAQ

NPDAK 
K69 

2 

1063.9

760 

527.08

18 0.42 C13 

552.274

7, z=3 

87499

742 
70 

AQNPDAKTT

ELIR 
K76 

3 

552.27

47 

198.02

93 2.25   

827.908

3, z=2 

1.1E+0

8 
70 

AQNPDAKTT

ELIR 
K76 

2 

827.90

83 

198.02

93 2.44   

661.959

7, z=3 

4.65E+

08 
70 

AQNPDAKTT

ELIR 
K76 

3 

661.95

97 

527.08

18 3.13   

992.434

9, z=2 

3.04E+

08 
70 

AQNPDAKTT

ELIR 
K76 

2 

992.43

49 

527.08

18 2.39   

552.615

3, z=3 

23470

686 
105 

AEWQVYKE

EISR 
K111 

3 

552.61

53 

118.06

30 1.65   

828.419

2, z=2 

18982

627 
105 

AEWQVYKE

EISR 
K111 

2 

828.41

92 

118.06

30 1.83   

579.270

5, z=3 

47453

109 
105 

AEWQVYKE

EISR 
K111 

3 

579.27

05 

198.02

93 1.16   

868.402

6, z=2 

62176

994 
105 

AEWQVYKE

EISR 
K111 

2 

868.40

26 

198.02

93 2.04   

688.955

1, z=3 

1.57E+

08 
105 

AEWQVYKE

EISR 
K111 

3 

688.95

51 

527.08

18 1.61   

1032.92

89, z=2 

92505

104 
105 

AEWQVYKE

EISR 
K111 

2 

1032.9

289 

527.08

18 1.76   
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638.337

1, z=3 

33482

050 
117 

FKEQLTPSQI

MOXSLEK 
K118 

3 

638.33

71 

118.06

30 1.07   

774.678

5, z=3 

55473

176 
117 

FKEQLTPSQI

MOXSLEK 
K118 

3 

774.67

85 

527.08

18 3.2   

1161.51

38, z=2 

77529

68 
117 

FKEQLTPSQI

MOXSLEK 
K118 

2 

1161.5

138 

527.08

18 3.18   

404.530

2, z=3 

46823

451 
132 EIMDKHLK K136 

3 

404.53

02 

198.02

93 0.67   

606.291

8, z=2 

52592

837 
132 EIMDKHLK K136 

2 

606.29

18 

198.02

93 0.35   

409.862

1, z=3 

33493

714 
132 

EIMOXDKHL

K 
K136 

3 

409.86

21 

198.02

93 1.32   

614.289

3, z=2 

27462

866 
132 

EIMOXDKHL

K 
K136 

2 

614.28

93 

198.02

93 1.42   

519.546

7, z=3 

1.56E+

08 
132 

EIMOXDKHL

K 
K136 

3 

519.54

67 

527.08

18 1.87   

778.816

3, z=2 

1.11E+

08 
132 

EIMOXDKHL

K 
K136 

2 

778.81

63 

527.08

18 2.08   

514.214

8, z=3 

3.13E+

08 
132 EIMDKHLK K136 

3 

514.21

48 

527.08

18 1.39   

770.818

3, z=2 

2.35E+

08 
132 EIMDKHLK K136 

2 

770.81

83 

527.08

18 1.39   

376.197

3, z=2 

27329

832 
137 HLKR K139 

2 

376.19

73 

198.02

93 0.77   

553.213

2, z=2 

1.19E+

08 
141 KAMTK K141 

2 

553.21

32 

527.08

18 3.38   

1105.41

86, z=1 

29478

04 
141 KAMTK K141 

1 

1105.4

186 

527.08

18 3.4   

631.262

9, z=2 

21301

011 
140 RKAMTK K141 

2 

631.26

29 

527.08

18 1.6   

551.939

6, z=3 

13746

344 
147 

KELTLLGKP

K 
K147 

3 

551.93

96 

527.08

18 1.16   

827.406

2, z=2 

55959

16 
147 

KELTLLGKP

K 
K147 

2 

827.40

62 

527.08

18 2.03   

558.848

1, z=2 

82937

83 
148 ELTLLGKPK K154 

2 

558.84

81 

118.06

30 0.82   

598.831

9, z=2 

1.68E+

08 
148 ELTLLGKPK K154 

2 

598.83

19 

198.02

93 1.85   

1196.65

60, z=1 

94777

11 
148 ELTLLGKPK K154 

1 

1196.6

560 

198.02

93 1.87   
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509.241

6, z=3 

1.61E+

08 
148 ELTLLGKPK K154 

3 

509.24

16 

527.08

18 1.89   

763.358

7, z=2 

4.59E+

08 
148 ELTLLGKPK K154 

2 

763.35

87 

527.08

18 2.17   

511.783

, z=2 

15554

123 
184 TVKENWK K186 

2 

511.78

30 

118.06

30 6.33   

483.194

4, z=3 

59311

78 
184 

TVKENWOX+

16K 
K186 

3 

483.19

44 

527.08

18 1.49   

551.764

2, z=2 

3.41E+

08 
184 TVKENWK K186 

2 

551.76

42 

198.02

93 2.34   

1102.5, 

z=1 

23504

853 
184 TVKENWK K186 

1 

1102.5

213 

198.02

93 3   

559.761

3, z=2 

1.16E+

08 
184 

TVKENWOX+

16K 
K186 

2 

559.76

13 

198.02

93 1.68   

477.862

9, z=3 

3.4E+0

8 
184 TVKENWK K186 

3 

477.86

29 

527.08

18 1.78   

716.788

2, z=2 

1.15E+

09 
184 TVKENWK K186 

2 

716.78

82 

527.08

18 

-

6.78 C13 

503.785

7, z=2 

37482

775 
184 TVKENWK K186 

2 

503.78

57 

102.06

81 6.73   

626.245

5, z=3 

44340

88 
187 

ENWKNLSDS

EK 
K190 

3 

626.24

55 

527.08

18 3.11   

938.865

3, z=2 

60384

40 
187 

ENWKNLSDS

EK 
K190 

2 

938.86

53 

527.08

18 4.14   

421.723

7, z=2 

46868

679 
228 KDLLR K228 

2 

421.72

37 

198.02

93 1.52   

842.440

3, z=1 

34793

67 
228 KDLLR K228 

1 

842.44

03 

198.02

93 2.39   

586.250

3, z=2 

1.61E+

08 
228 KDLLR K228 

2 

586.25

03 

527.08

18 1.69   

1171.49

22, z=1 

52526

89 
228 KDLLR K228 

1 

1171.4

922 

527.08

18 1.2   

 

The crosslinked amino acid residues are in blue, and oxidative modifications are denoted by OX 

in red. Methionine oxidation has the mass adduct of 16; tryptophan oxidation has the mass shift 

of +4, +16, +20, and +32,2 labeled the mass adduct of tryptophan oxidation.  
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