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The maintenance of human mitochondrial DNA (mtDNA) is critical for proper

cellular function as damage to mtDNA, if left unrepaired, can lead to a diverse

array of pathologies. Of the pathways identified to participate in DNA repair

within the mitochondria, base excision repair (BER) is the most extensively

studied. Protein-protein interactions drive the step-by-step coordination

required for the successful completion of this pathway and are important for

crosstalk with other mitochondrial factors involved in genome maintenance.

Human NEIL1 is one of seven DNA glycosylases that initiates BER in both the

nuclear and mitochondrial compartments. In the current work, we scrutinized

the interaction between NEIL1 and mitochondrial transcription factor A (TFAM),

a protein that is essential for various aspects ofmtDNAmetabolism.We note, for

the first time, that both the N- and C- terminal domains of NEIL1 interact with

TFAM revealing a unique NEIL1 protein-binding interface. The interaction

between the two proteins, as observed biochemically, appears to be

transient and is most apparent at concentrations of low salt. The presence

of DNA (or RNA) also positively influences the interaction between the two

proteins, and molar mass estimates indicate that duplex DNA is required for

complex formation at higher salt concentrations. Hydrogen deuterium

exchange mass spectrometry data reveal that both proteins exchange less

deuterium upon DNA binding, indicative of an interaction, and the addition of

NEIL1 to the TFAM-DNA complex alters the interaction landscape. The

transcriptional activity of TFAM appears to be independent of

NEIL1 expression under normal cellular conditions, however, in the presence

of DNA damage, we observe a significant reduction in the mRNA expression of

TFAM-transcribed mitochondrial genes in the absence of NEIL1. Overall, our

data indicate that the interaction between NEIL1 and TFAM can be modulated

by local environment such as salt concentrations, protein availability, the

presence of nucleic acids, as well as the presence of DNA damage.
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Introduction

Maintaining the integrity of the 16.5 kb circular human

mitochondrial genome is essential for proper cellular function

as mitochondrial DNA (mtDNA) encodes for 13 polypeptides,

22 tRNAs, and two rRNAs that are required for the generation of

ATP via oxidative phosphorylation (OXPHOS) (Anderson et al.,

1981). Mitochondria rely heavily upon nuclear-encoded proteins

for genome maintenance. The mitochondrial proteome

comprises some ~1,500 proteins that are transported to the

organelle via different import mechanisms (Endo et al., 2011;

Wiedemann and Pfanner, 2017; Ruan et al., 2020). Much like its

nuclear counterpart, mtDNA is also subjected to damage from

various endogenous and exogenous sources that leads to genome

instability and various pathologies, including neurodegenerative

disorders, metabolic dysfunction, and some cancers (Copeland

and Longley, 2014; Van Houten et al., 2016; Rahman and

Copeland, 2019). MtDNA molecules were originally thought

to be especially prone to damage by reactive oxygen species

(ROS) owing to their lack of protection from nucleosomes as well

as their location proximal to sites of OXPHOS within the

mitochondrial inner membrane; however, this assumption has

recently been contested as mtDNA are compacted into nucleoid

complexes (further discussed below) and ROS appear to be

concentrated within the mitochondrial cristae (Yakes and Van

Houten, 1997; Anson et al., 2000; Lim et al., 2005; Kauppila and

Stewart, 2015). However, to cope with mtDNA damage, several

nuclear-encoded repair factors that participate in multiple DNA

repair pathways have been identified in the mitochondria. Of

these, the mitochondrial base excision repair (mtBER) pathway

appears to be the major pathway involved with the removal of

small, non-bulky lesions that arise in the DNA (Fromme and

Verdine, 2004; Szczesny et al., 2008; Wallace et al., 2012; Krokan

and Bjoras, 2013; Prakash and Doublié, 2015). Several nuclear

BER enzymes have been implicated in the repair of mtDNA,

including seven of the eleven known mammalian DNA

glycosylases that initiate BER, end processing enzymes such as

polynucleotide kinase phosphate (PNKP), DNA polymerases such

as polymerase beta (Polβ) that are needed to fill in the gap

generated, and DNA ligase III needed to seal the gap (Prakash

and Doublié, 2015; Saki and Prakash, 2017; Baptiste et al., 2021).

The NEIL1 enzyme is a bifunctional DNA glycosylase that

possesses both glycosylase and lyase functions and is involved with

the removal of oxidized DNA bases such as thymine glycol, 5-

hydroxy uracil, the ring-opened formamidopyrimidine (Fapy)

lesions, as well as the further oxidation products of 8-oxo

guanine (8-oxoG), namely spiroiminodihydantoin (Sp) and

guanidinohydantoin (Gh) that result in an abasic (AP) site

(Krishnamurthy et al., 2008; Zhao et al., 2010; Prakash et al.,

2012; Vik et al., 2012; Minko et al., 2020; Yeo et al., 2021).

NEIL1 also possesses lyase activity by which it can incise the

DNAbackbone at AP sites. Crystal structures of NEIL1 unliganded

and bound to DNA containing oxidized DNA lesions have

provided valuable insight into the enzymatic and lesion

recognition activity of the enzyme (Doublié et al., 2004; Zhu

et al., 2016; Liu et al., 2021). Notably, the structures of

NEIL1 lacked a large region of disorder at the C-terminal end

of the protein. Previously, we and others have shown that this

disordered tail of NEIL1 comprising 100 amino acid residues (aa

290–390) participates in the interaction with its binding partners,

including the homotrimeric proliferating cellular nuclear antigen

(PCNA), flap endonuclease 1 (FEN-1), heterotrimeric replication

protein A (RPA), the Werner Syndrome RecQ like helicase (WRN

helicase), andmitochondrial single stranded DNA binding protein

(mtSSB) (Das et al., 2007; Dou et al., 2008; Hegde et al., 2008;

Theriot et al., 2010; Prakash et al., 2017; Sharma et al., 2018).

Unlike nuclear DNA that is packaged into nucleosomes,

mtDNA is packaged into nucleo-protein structures called

nucleoids, which are approximately 110 nm in size based on

high-resolution techniques (Kukat et al., 2011; Bogenhagen,

2012; Campbell et al., 2012; Farge and Falkenberg, 2019). The

mitochondrial transcription factor A (TFAM) protein, a major

component of mitochondrial nucleoids was originally thought to

be sufficient for the higher-order organization of the

mitochondrial genome and is also required to initiate

transcription from the light and heavy strand promoter regions

of mtDNA (Alam et al., 2003; Kaufman et al., 2007; Kukat et al.,

2015). However, recent reports [reviewed in (Mishmar et al.,

2019)] implicate nuclear factors such as MOF in the binding

and regulation of higher-order genome organization within the

mitochondrion, suggesting a more complex scenario involving

nuclear-mitochondrial crosstalk. Although current experimental

strategies limit the examination of the exact composition of the

mitochondrial nucleoid, several other proteins, including mtSSB,

the mtDNA replicative polymerase gamma (POLG), and the

twinkle helicase, are associated with the mitochondrial nucleoid

(Bogenhagen et al., 2008).

Evidence for the participation of TFAM in mtBER was

provided by studies indicating the ability of TFAM to bind to

8-oxoG while inhibiting BER enzymes, including 8-oxoG DNA

glycosylase (OGG1), uracil-DNA glycosylase (UDG), and

apurinic endonuclease 1 (APE1) (Canugovi et al., 2010).

TFAM was further implicated in the cleavage of AP sites to

yield single-strand breaks in the DNA (Xu et al., 2019). Given the

substrate overlap between NEIL1 and TFAM and the likely close

proximity of NEIL1 to the mitochondrial nucleoid, in the current
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manuscript, we report for the first time an interaction between

NEIL1 and TFAM via unique interaction interfaces. While the

interaction between the two proteins appears to be transient and

dependent upon the presence of DNA, we noted that NEIL1 can

interact with TFAM using multiple regions within both its N-

and C- termini. This finding is novel and represents a deviation

from previous observations that suggest the interaction domain

of NEIL1 resides solely within its C-terminal disordered tail.

Here, we use orthogonal approaches including far-western

analysis, pull-down studies, small-angle X-ray scattering

(SAXS), multi-angle light scattering (MALS), and hydrogen

deuterium exchange mass spectrometry (HDX-MS), to probe

the interaction between the two proteins. Our data collectively

suggest that the interaction between NEIL1 and TFAM is transient

and can be enhanced by modulating the local environment such

as salt concentration, protein availability, and the presence of

DNA or RNA. Furthermore, the importance of the interaction

between the two proteins is underscored by the observation that

NEIL1 is required for the transcription of mitochondrial genes

under conditions of cellular stress.

Experimental approach

Plasmids, DNA, and RNA oligonucleotides

The bacterial expression plasmid containing C-terminal His-

tagged NEIL1 (pET30a) was obtained from the laboratories of

Dr. Sylvie Doublié and Dr. Susan Wallace (University of

Vermont, United States). The plasmid containing the ORF for

full-length TFAM was a kind gift from Dr. Robert Sobol

(University of South Alabama, United States). The TFAM

DNA sequence lacking the mitochondrial targeting sequence

was amplified from this plasmid and subcloned into a pET30a

vector. The E. coli expression plasmids containing the full-length

(FL) NEIL1-FL, C-terminal truncated polypeptides (Δ40, Δ56,
Δ78, and Δ100), and GST fused C-terminal regions (289–389,

289–349, 312–389, and 312–349) were synthesized as described

previously (Das et al., 2007; Prakash et al., 2017; Sharma et al.,

2018). The Flag peptide sequence was included at the C-terminus

of both NEIL1-FL and TFAM in the pET30a background using

primers containing the Flag nucleotide sequence by traditional

cloning methods with restriction enzyme digestion.

The duplex oligonucleotide substrate used in these studies is

a 22-nt oligomer 5′-ATTCAACCAAXAGCCCTGGCCG-3′
with a complementary oligomer 5′-CGGCCAGGGCTATTG
GTTGAAT-3′. The X represents either tetrahydrofuran, an

abasic site analog (specific DNA; SD), or thymine (nonspecific

DNA; NSD). The oligos were ordered from Integrated DNA

Technologies Inc. (IDT, Coralville, IA) and PAGE purified. For

optimal annealing, equimolar mixtures of the oligomers were

heated at 94°C for 2 min, then slowly cooled to room temperature. A

22-nt single-stranded RNA oligonucleotide with the sequence 5′-

rArUrUrCrArArCrCrArAXrArGrCrCrCrUrGrGrCrCrG-3′ was
synthesized by IDT for use in the affinity pull-down experiments.

Overexpression and purification of
NEIL1 and TFAM

TFAM was overexpressed and purified as described previously

(Ngo et al., 2011). NEIL1-FL, the C-terminal truncated polypeptides,

and the GST fused NEIL1 C-terminal regions were overexpressed

and purified as described previously (Sharma et al., 2018). Briefly,

protein expression was induced by 0.4–1 mM IPTG at 18–25°C in

the Rosetta 2 E. coli expression strain. Bacterial pellets were lysed

using sonication, and the resulting cell debris was discarded after

centrifugation at 25,000 × g for 1 h. Protein purification was

performed using affinity chromatography (Talon beads or

Glutathione S Sepharose) following the manufacturer’s protocol

(Clontech Laboratories, Inc., Mountain View, CA; and Millipore-

Sigma, St. Louis, MO). The proteins were further purified using a

HiTrap SPFF ion exchange column and Superdex 200 Increase 10/

300 GL size exclusion column (Cytiva). The purified fractions were

concentrated and stored at -80°C until further use.

Far-western analysis

Far-western analysis was performed as described previously

(Prakash et al., 2017). Briefly, proteins (50 pmol of the

NEIL1 polypeptides, bovine serum albumin, and glutathione

S-transferase; 1 pmol TFAM) were separated by 12% SDS-

PAGE, transferred to a PVDF membrane (BioRad), treated

with 6M guanidine HCl in PBS containing 1 mM DTT, and

then gradually refolded with successive dilutions of guanidine

HCl in PBS containing 1 mM DTT. The membranes were then

blocked for 3 h with 5% milk in PBS at 4°C and incubated with

purified TFAM (1 pmol/ml) overnight. Immunoblot analysis was

performed using an anti-TFAM antibody (Cell signaling #7495)

at 1:1,000 dilution in 5% BSA in PBST.

Affinity pull-down using Flag-tagged
recombinant protein

Affinity pull-down experiments were performed using

C-terminal Flag-tagged purified NEIL1 or TFAM in wash buffer

containing 50 mM Tris-HCl pH 7.5, 10% glycerol, and 50–300 mM

NaCl/KCl. Briefly, 1.25/2.5 nM each of NEIL1, TFAM, and specific

DNA or RNAwere mixed in a final volume of 400 µl in wash buffer

and incubated on ice for 1 h. The mixture was then added to 20 µl

Anti-FLAG M2 Magnetic Beads (#M8823 Millipore Sigma), pre-

equilibrated with wash buffer, and tumbled end over end for 2 h at

4°C. The beads were then washed with 250 µl wash buffer three

times, followed by elution using 3X Flag peptide (#F4799 Millipore
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Sigma). The samples were analyzed via SDS-PAGE. For analysis of

complex formation in the presence of Benzonase Nuclease

(Millipore-Sigma catalog #E1014) where indicated, 125 units of

Benzonase Nuclease (at 250 units/µl) was added to the proteins

prior to complex formation.

Complex formation and size exclusion
chromatography

The NEIL1-TFAM complex was prepared by mixing both

proteins in a 1:1 M ratio in a buffer containing 20 mM HEPES

(pH 7.5), 300 mM NaCl, 10% (v/v) glycerol, and 1 mM DTT. The

complex was incubated on ice for 1 h prior to size exclusion

chromatography (SEC) analysis. The ternary complex of TFAM-

NEIL1-DNA was prepared by mixing each in a 1:1:1 M ratio

followed by incubation on ice for 1 h. The SEC was performed

with a Superdex 200 column using a buffer containing 20 mM

HEPES (pH 7.5), 300 mM NaCl, 10% (v/v) glycerol, and 1 mM

DTT. The NEIL1-DNA and TFAM-DNA complexes were

prepared by mixing the proteins and the DNA in a 1:1 M ratio

and incubated for 1 h on ice prior to loading onto the SEC column.

The columnwas calibratedwith blue dextran (to determine the void

volume) and three standards of known molecular weights (MW)

using Gel Filtration LMW Calibration Kit (Cytiva # 28403841).

Small-angle X-ray scattering and multi-
angle light scattering

SEC-MALS-SAXS/SEC-SAXS data were collected at

beamline 18-ID (BioCAT) of the Advanced Photon Source

(APS) at Argonne National Laboratory. All experiments were

performed in the buffer containing 25 mM HEPES pH 7.4,

300 mM NaCl, 5% glycerol, and 1 mM DTT. Samples for data

collection included individual proteins (NEIL1-FL and TFAM),

the NEIL1-TFAM complex, protein-DNA complexes (NEIL1-

DNA and TFAM-DNA), and the ternary complex (TFAM-

NEIL1-DNA) at concentrations of 7–11 mg/ml (190 µM each)

at 300 µl volume. The samples were loaded onto an in-line SEC

column (Superdex 200 10/300) coupled to a MALS detector

(DAWNHelios II, Wyatt Technologies) and a SAXS flow cell. At

a flow rate of 0.7 ml/min, 0.5 s exposures were acquired every 1 s.

The SEC-SAXS data files were processed in BioXTAS RAW

(version 2.1.0) using evolving factor analysis (EFA) to extract

scattering profiles for each component in overlapping peaks

(Meisburger et al., 2016; Hopkins et al., 2017). Forward

scattering intensity (I0) and radius of gyration (Rg) were

determined using Guinier fit (Konarev et al., 2003). The

Kratky plots were normalized against Rg using BioXTAS

RAW. Scattering curves were further analyzed using GNOM

for the calculation of I0, Rg, distance distribution P(r), maximum

dimension (Dmax), Porod volume (Vρ), and excluded volume

(Ve) (Svergun, 1992). The MW values were estimated using

volume of correlation, Porod volume, ATSAS datclass/

ShapeandSize, and Bayesian estimation methods (Rambo and

Tainer, 2013; Franke et al., 2018; Hajizadeh et al., 2018; Piiadov

et al., 2019). Absolute molar mass values were also calculated

from MALS for comparison with the SAXS MW estimates using

the ASTRA software (Wyatt Technologies).

Hydrogen deuterium exchange-mass
spectrometry

HDX-MS experiments were performed on a Synapt G2-Si

(Waters Corp.) and a Leap HD/X-PAL (Trajan) fluidics system.

The proteins and DNA were mixed in an equimolar ratio at a

concentration of 100 µM and incubated for 1 h in a buffer

containing 50 mM Tris-HCl pH 7.5, 10% glycerol, 100 mM

NaCl, and 1 mM DTT. Deuterium exchange was initiated by

diluting the samples 10X to a final concentration of 10 µM in an

equivalent buffer made with D2O at 20°C. After incubation of

protein samples for different time points (15, 30, 60, 90 s, 3, 10,

and 30 m), the exchange reaction was stopped, and in-solution

digestion (2 min at 2°C) was initiated by 10X dilution into 0.3 mg/ml

pepsin in 100 mM potassium phosphate buffer pH 2.5. Non-

deuterated protein samples for control measurements were also

prepared following the same protocol except for the deuterium

exchange step. All reactions were performed in triplicate. Peptide

trapping and desalting were carried out using a Waters VanGuard

BEH Pre-column 2.1 × 5 mm, and separation was achieved using a

Waters BEHC18 reverse-phase column 1.7 µm1.0 × 50 mmwith all

liquid chromatography (LC) carried out using a Waters Acquity LC

system. Thirty pmol of digested peptides were loaded, trapped, and

washed using a 0.1% formic acid solution at 0.1 ml/min, and

subsequent separation was carried out using a 14 min 5%–40%

acetonitrile gradient at aflow rate of 70 μl/min. Peptide identification

was performed by acquiring and processing the MSE data acquired

for non-deuterated samples using ProteinLynx Global Server v3.0.1

(PLGS, Waters Corporation). The level of deuterium exchange was

examined using HDExaminer software (Sierra Analytics).

Significant uptake changes were shown using volcano plots by a

confidence threshold of a p value of <0.05, and figures were created

using VolcaNoseR (Goedhart and Luijsterburg, 2020). The protein

structure figures were prepared using PyMOL (The PyMOL

Molecular Graphics System, Version 1.7.6.2 Schrödinger, LLC).

Protein-DNA interactions from the PDB files were extracted

using the DNAproDB database (Sagendorf et al., 2020), and

figures were created with BioRender.com.

Cell culture and cell viability assay

Wild-type (WT) and NEIL1 knockout (KO) Hap1 cell lines

were kindly provided by Dr. Magnar Bjørås (Norwegian
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University of Science and Technology (NTNU), Norway). Cells

were cultured in IMDM media supplemented with 10% FBS and

1X penicillin and streptomycin at 37°C and 5% CO2. NEIL1 KO

cell lines were validated using western blot analysis. WT and

NEIL1 KO Hap1 cells from a 10 cm dish were collected by

scraping in cell lytic M (Millipore Sigma) and lysed by

agitation at 4°C. Cell debris were pelleted by centrifugation at

16,900 × g for 15 min at 4°C and whole cell extract was collected.

50 μg of protein was loaded, separated by SDS-PAGE, and

transferred to a PVDF membrane (Biorad). The membrane

was probed using a NEIL1 rabbit polyclonal antibody (1:1000;

Proteintech #12145-1-AP). PCNA (D3H8P) XP rabbit

monoclonal antibody (1:1,000; Cell Signaling #13110S) was

used as loading control. An ECL anti-rabbit IgG secondary

antibody conjugated to HRP (1:10,000; GE Healthcare

NA934V) and WesternBright ECL HRP substrate (Advansta

Inc) were used to visualize antibody binding using a BioRad

ChemiDoc imager. Cell viability upon methyl methanesulfonate

(MMS) treatment was assessed using a resazurin-based

fluorescence assay as described previously (D’Arcy et al., 2019).

Briefly, cells were seeded (10,000 cells/well) in costar black 96-well

clear bottom plates. After 24 h, media containing MMS was added

to final concentrations of 1, 3, 10, 30, 100, and 300 μM, 1, 3, 10, and

30 mM by serial dilution. Following 72 h, resazurin solution was

added to a final concentration of 120 μM and incubated for 4 h.

The relative fluorescence was measured at 540 ± 20 nm excitation

and 620 ± 20 nm emission on a Tecan Infinite M1000 Pro

multimode plate reader. Non-linear regression analysis

[(Inhibitor) vs. response] was performed using GraphPad Prism 8.

Quantitative real-time PCR and estimation
of mtDNA copy number

cDNA was prepared from each cell line, with or without

treatment with 125 μM MMS for 72 h, using the TaqMan™
Gene Expression Cells-to-CT™ Kit (#4399002). mRNA

expression of four human mitochondrial genes CYB, ND1, CO1,

and RNR1 was determined by quantitative real-time PCR using the

TaqMan Fast Universal Master Mix (2X; catalog no. 4352042) and

TaqMan Gene Expression Assay probes from Life Technologies

(MT-CYB, Hs02596867_s1; MT-ND1; Hs02596873_s1; MT-CO1,

Hs02596864_g1; MT-RNR1, Hs02596859_g1). The reactions were

performed using QuantStudio Pro 7 (Applied Biosystems) RT-PCR

system, and analysis of mRNA expression was performed as per the

instruction of the manufacturer (ΔΔCT method). Transcript

quantities were normalized to GAPDH (Hs02758991_g1) as a

reference gene transcript.

The absolute and relative mtDNA copy number was estimated

for the Hap1 WT and NEIL1 KO cells using Absolute Human

Mitochondrial DNA Copy Number Quantification qPCR Assay

Kit (ScienCell Research Laboratories #8948) following the

manufacturer’s protocol. Briefly, genomic DNA (gDNA) was

isolated using GeneJET Genomic DNA Purification Kit

(ThermoFisher Scientific #K0721), and 2.5 ng gDNA was used

to quantify mtDNA copy number with mtDNA specific primer

sets in QuantStudio Pro 7 (Applied Biosystems) RT-PCR system.

A reference genomic DNA in the kit was used to calculate the

absolute and relativemtDNA copy number. A total of three to four

biological replicates were analyzed for these experiments with each

experiment performed in triplicate. Statistical analysis was

performed using Student’s t-test in GraphPad Prism version

8.1.0 for MAC OS X (GraphPad Software, San Diego,

California United States, www.graphpad.com).

FIGURE 1
Affinity pull-down experiments reveal an interaction between
recombinantly purified NEIL1 and TFAM. (A) Flag-tagged, full-
length NEIL1 (NEIL1-FL) was used to pull down TFAM in the
presence and absence of a specific DNA (SD) sequence
containing an abasic site in a buffer containing 100 mM NaCl.
TFAM was observed in the elution fractions in both the presence
and absence of SD. mtSSB was used as a positive control as we
previously documented the interaction betweenNEIL1 andmtSSB.
(B) The purified proteins were treated with Benzonase prior to
complex formation to eliminate nucleic acid contamination
followed by the pull-down experiment. TFAM was observed in
elution fractions containing either 100 mM NaCl in the buffer, or
100 mM KCl in the buffer (C) in the both Benzonase treated or
non-treated samples indicating that there is a direct interaction
between the two proteins.
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Results

Mapping the interaction between
NEIL1 and TFAM, in vitro

The interaction of NEIL1 with downstream BER factors, as

well as with proteins involved with other aspects of DNA

metabolism, is essential for the efficient repair of DNA lesions

(Hegde et al., 2012). NEIL1’s function has been associated with

mitochondrial genome maintenance, as demonstrated by

previous work by our group and others (Hu et al., 2005;

Vartanian et al., 2006; Sampath et al., 2011; Sharma et al.,

2018). In preliminary experiments, using affinity pull-down

assays from mammalian cells followed by mass-spectrometry,

we identified peptides belonging to interacting partners of

NEIL1 including TFAM and mtSSB (data not shown). We

previously reported and mapped an interaction between

NEIL1 and mtSSB using biochemical and structural

approaches (Sharma et al., 2018). In the current manuscript,

using recombinantly purified Flag-tagged NEIL1 or TFAM, we

FIGURE 2
Affinity pull-down experiments display an interaction
between NEIL1 and TFAM using recombinantly purified proteins.
(A) Flag tagged NEIL1 was used to pull down TFAM in the presence
of RNA in a buffer containing 100 mMNaCl. TFAM is observed
in the elution fractions in the absence and presence of RNA. (B)
Flag tagged NEIL1 was used to pull down TFAM in the presence of
RNA in a buffer containing 100 mM KCl. Under these conditions,
TFAM is also observed in the elution fractions in the absence and
presence of RNA. (C) The reverse pull-down experiment using
Flag-tagged TFAM was performed. Full-length NEIL1 (NEIL1-FL)
and a truncated NEIL1 enzyme lacking 100 residues from
disordered C-terminal region (NEIL1-Δ100) were observed in the
elution fractions in the presence and absence of DNA. Non-
specific binding of untagged TFAM, NEIL1-FL, and NEIL1-Δ100
with Flag beads was not detected as shown in elution fractions
when the interaction partner is absent.

FIGURE 3
Far-western analysis indicates that NEIL1 interacts with TFAM
via multiple binding sites present at both the N- and C-terminal
domains. (A) A map of the His-tagged polypeptides of
NEIL1 lacking portions of the C-terminal disordered tail and
the GST-tagged C-terminal polypeptides of NEIL1 lacking the
N-terminal portion of the enzyme. (B) Far-western analysis to
determine the minimal region of NEIL1 required for interaction
with TFAM. All proteins used in this study were expressed in E. coli,
purified to homogeneity, and verified by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) analysis stained
with Coomassie blue. 50 pmol of NEIL1 and the truncated
enzymes, bovine serum albumin (negative control), glutathione
S-transferase (negative control), and 1 pmol of TFAM (positive
control) were loaded onto the gel. Far-western analysis was
performed where proteins were transferred to a PVDF membrane,
denatured, slowly renatured on the membrane, incubated with
10 pmol/ml purified TFAM, and probed with an anti-TFAM
antibody to detect an interaction.
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show that NEIL1 and TFAM likely interact weakly at concentrations

of low salt between 50–100mM NaCl or 50–150mM KCl, while a

slight interaction was observed at higher salt concentrations

(>300mM NaCl) both in the presence and absence of a 22-mer

specific DNA (SD) or RNA substrate containing an abasic site analog

(Figures 1A–C, Figures 2A–B; Supplementary Figures S1–S5). We

also performed similar experiments in the presence of Benzonase to

probe a direct interaction between the two proteins in the absence of

any nucleic acid binding partners and noted that the presence of

Benzonase did not alter binding between the two proteins (Figures

1B,C). These results indicate that the interaction between NEIL1 and

TFAM ismost likely transient and can bemanipulated by altering the

interacting environment where lower salt conditions are favored.

Interestingly, we also observed an interaction between TFAM and a

truncated polypeptide of NEIL1 that lacks the C-terminal protein

interaction domain (called NEIL1Δ100), both in the presence and

absence of DNA, indicating that interaction with TFAM is not

limited to the residues within the putative protein-binding

disordered C-terminal tail of NEIL1 (Figure 2C).

To further identify the region of NEIL1 that binds to TFAM, we

employed far-western analysis using purified recombinant histidine-

tagged full-lengthNEIL1 (NEIL1-FL) and the truncated polypeptides

of NEIL1, with the indicated number of residues deleted: NEIL1-Δ40,
NEIL1-Δ56, NEIL1-Δ78, and NEIL1-Δ100 (Figures 3A,B top panel).

We also expressed and purified GST-tagged NEIL1 polypeptides

containing regions of the disordered C-terminus, amino acids

289–390, 289–349, 312–390, and 312–349 (Figures 3A,B top

panel) and performed far-western analysis as described previously

(Hegde et al., 2012; Prakash et al., 2017). BSA and GST alone were

used as negative controls. The membrane with the refolded FL and

truncated NEIL1 proteins was incubated with purified TFAM and

then probed with an antibody against TFAM. Interestingly, our

results indicate that purified TFAM interacts with the N-terminal

regions of NEIL1, including the protein that lacks the protein

interaction domain (100 residues) (Figure 3B, bottom panel). A

slight interaction with TFAM was also observed with the C-terminal

polypeptides of NEIL1 except for one that comprised residues

312–349. This indicates that NEIL1 interacts with TFAM via

multiple binding sites that are present at its N- as well as

C-terminal domains, a result that is divergent from past

observations with its other binding partners, including mtSSB and

the proliferating cell nuclear antigen (PCNA) where

NEIL1 interactions were exclusively observed within the

disordered C-terminal tail (Prakash et al., 2017; Sharma et al.,

2018). Replicates of the far-western analysis are displayed in

Supplementary Figure S6.

Complex formation between NEIL1 and
TFAM observed via SEC, MALS, and SAXS

From our past experience with recombinant NEIL1, we

observed that the protein is unstable and prone to aggregation

when subjected to multiple freeze-thaw cycles upon long-term

storage. Furthermore, for structural studies involving solution

scattering methods where we require milligram amounts of

purified protein, we noted that NEIL1 was prone to

precipitation at higher concentrations in the presence of a

buffer containing lower concentrations of sodium chloride

(<100 mM NaCl). Even though complex formation between

NEIL1 and TFAM is favored at lower salt conditions, for the

SEC studies we used buffer containing 300 mM NaCl to attempt

to isolate a protein-protein complex in the presence of DNA.

We used a calibrated Superdex 200 column and documented

the MW of each eluting species (Supplementary Table S1). We

first analyzed the proteins alone to determine their individual

retention volumes and calculated the MW values based on a

standard curve. NEIL1-FL (theoretical mass of 44.75 kDa)

elutes as a single peak with a MW of 49.1 kDa on the SEC

column (Supplementary Figure S7A; Supplementary Table

S1). The theoretical MW of a full-length TFAM monomer

(lacking the N-terminal mitochondrial targeting sequence or

MTS) is 25.6 kDa, and on the SEC column TFAM elutes as a

single peak with a MW estimate of 39.9 kDa (Supplementary

Figure S7A; Supplementary Table S1). The higher MW values

calculated from our SEC experiments for the proteins is likely

because of their elongated shape that results from the region of

disorder within the C-terminal domain of unliganded NEIL1

(residues 290–390) (Doublié et al., 2004; Hegde et al., 2010)

and high intrinsic flexibility observed in unliganded TFAM

(Rubio-Cosials et al., 2011). When combined, a mixture of

NEIL1 and TFAM elutes as two separate peaks at their

respective retention volumes, indicating that the two

proteins likely do not form a complex that can be isolated

under solvent conditions containing 300 mM NaCl

(Supplementary Figure S7A; Supplementary Table S1).

Next, we performed SEC analysis of the two proteins in the

presence of the specific (SD) or non-specific DNA (NSD)

substrates. The NEIL1-SD and -NSD complexes elute at a MW

value of 52.8 kDa, and the TFAM-DNA complexes elute at

~45 kDa (45.4 for SD and 43.6 for NSD; Supplementary

Figures S7B,C; Supplementary Table S1). The SEC data

obtained for the ternary complex (TFAM-NEIL1-DNA) was

inconclusive, as we did not observe a clear separate peak at a

higher retention volume for the complex (Supplementary

Figures S7D–F; Supplementary Table S1). However, given

the likely transient nature of these interactions, there may

be a small fraction representative of a ternary complex present

in the equilibrated mixture of TFAM-NEIL1-DNA, which

cannot be deciphered by SEC under our current conditions.

We therefore sought to determine the absolute molar mass

and the stoichiometry of binding using SEC-MALS-SAXS

methods where samples are loaded onto an SEC Superdex

200 column with an exclusion limit of 600 kDa, followed by a

UV detector, MALS detector (DAWN Helios II, Wyatt

Technologies), and a SAXS flow cell.
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SEC-MALS-SAXS data were collected at beamline 18-ID

(BioCAT) of the advanced photon source (APS) at Argonne

National Laboratory. All measurements were performed in a

buffer containing 25 mM HEPES pH 7.4, 5% glycerol, 300 mM

NaCl, and 1 mMDTT, which we used previously to scrutinize the

NEIL1-mtSSB complex (Sharma et al., 2018). We collected SEC-

MALS-SAXS data either in duplicate or triplicate for the proteins

individually, protein-DNA complexes (including both SD and

NSD), and the protein-protein-DNA ternary complexes where

the SEC profiles (top left panels) and SAXS analyses (top right

and bottom panels) are displayed in Supplementary Figures

S8A–I. The absolute molar mass and MW values calculated

by MALS and SAXS are tabulated in Supplementary Table S2.

For the ternary complex (TFAM-NEIL1-SD), we collected SEC-

SAXS data in triplicate and the data are consistent between two of

the three runs. For simplicity, values obtained from run 1 are

displayed in Supplementary Table S2. For some of the NEIL1-

containing samples, we were able to estimate molar mass values

from MALS for only one of the three runs owing to aggregation

in solution, as observed in the scattering curves obtained from

SAXS analysis (Supplementary Table S2; Supplementary Figures

S8A,C). For each sample, we performed evolving factor analysis

(EFA) to extract individual components from SEC-SAXS peaks,

which revealed multiple overlapping components (comp) in

solution for some of the samples (Supplementary Table S2).

For each scattering species, we observe a distinct profile where

the scattering intensity is plotted as a function of momentum

transfer (Supplementary Figures S8A–I; Top right Panels). An

upward trend at low q-values is observed in samples containing

NEIL1 alone and NEIL1-TFAM, which is representative of some

aggregation of NEIL1 within the samples. The estimated values of

forward scattering intensity [I (0)], radius of gyration (Rg), and

maximum particle dimension (Dmax) from Guinier analysis or

pairwise distance distribution, P(r), analysis are summarized in

Supplementary Table S2. P(r) analysis for both unliganded

NEIL1 and TFAM display a curve with an elongated tail that

results in large Dmax values of 152 Å and 140 Å, respectively,

similar to values we and others reported for these proteins

(Rubio-Cosials et al., 2011; Prakash et al., 2017; Rubio-Cosials

et al., 2018; Sharma et al., 2018) (Supplementary Figures S8A,B;

bottom left panels). The large Dmax values represent a likely

elongated shape for these unliganded proteins that result from

intrinsic flexibility and the presence of multiple conformations of

varying dimensions in solution. This pronounced flexibility is

also observed in the Kratky plots for the individual proteins

where the plot either does not fully converge to the q axis at high

q values or converges at larger q values when compared to the

bound proteins described below (Supplementary Figures S8A,B;

bottom right panels). When combined, the two proteins

NEIL1 and TFAM elute as separate peaks as observed by the

SEC profile collected prior to MALS and SAXS, and the Dmax

values and Kratky plots are similar to those obtained for the

unliganded proteins alone (Supplementary Figure S8C). For the

NEIL1-SD/-NSD and TFAM-SD/-NSD complexes, we observe

lower Dmax values (126/115 Å for NEIL1-SD/-NSD and 89/95 Å

for TFAM-SD/-NSD) in comparison to the unliganded proteins

(152 Å for NEIL1; 140 Å for TFAM) suggesting that binding to

DNA changes the conformation of the proteins, likely stabilizing

them and causing them to be more globular in nature

(Supplementary Table S2; Supplementary Figures S8D–G;

bottom left panels). Kratky analysis for the proteins bound to

DNA display bell-shaped curves characteristic of less flexible,

globular molecules (Supplementary Figures S8D–G; bottom right

panels). EFA for the ternary complex containing TFAM-NEIL1-

SD/-NSD reveals multiple components in solution with Dmax

values of 148 Å and 154 Å that best correspond to the TFAM-

NEIL1-SD and -NSD complexes, respectively, indicative of a

larger linear dimension for the ternary complexes relative to the

protein species (Supplementary Table S2; Supplementary Figures

S8H,I; bottom left panels). Kratky plots for the ternary complexes

are bell-shaped and converge to the q-axis at lower q-values when

compared with the proteins alone (Supplementary Figures S8H,I;

Bottom right panels).

In summary, corroborating our SEC results, in the absence of

DNA, a mixture of NEIL1 and TFAM did not form a complex as

indicated by two separate eluting species with MW values

corresponding to the individual proteins. However, in the

presence of DNA, we observe complex formation as indicated

by a peak with a higher molar mass of 91.2 kDa obtained by

MALS (Supplementary Table S2. This value could correspond to

a ternary complex of TFAM-NEIL1-DNA at either a

stoichiometric ratio of 1:1:1 (theoretical MW 83.9 kDa) or 1:1:

2 (theoretical MW 97.5 kDa). These results indicate that

NEIL1 and TFAM form a ternary complex only in the

presence of DNA under our current solvent conditions.

HDX-MS to identify peptides at the
interaction interface

We used HDX-MS, a powerful technique that provides

information regarding protein folding, stability,

conformational dynamics, and ligand binding, to probe the

interaction between NEIL1 and TFAM in the presence of

DNA. With HDX-MS we can measure the rate of deuterium

uptake when amide hydrogens present in the protein backbone

are exposed to deuterated solvent (D2O) and exchanged. Well-

folded, buried, stable, secondary structural elements of a protein

are typically protected from HDX; however, flexible regions and

solvent-exposed residues readily take up deuterium. Similarly,

upon protein-protein or protein-ligand binding, interaction

interfaces are also protected from HDX. To our knowledge,

this technique has not been previously used to scrutinize

NEIL1, TFAM, or their binding to interacting partners thus

presenting a novel methodology to scrutinize these complexes.

We therefore systematically analyzed the binding of the specific
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DNA substrate containing an abasic site analog to NEIL1 and

TFAM individually as well as in a complex comprising both

proteins. Given the lower concentration of samples required for

this technique, we were able to use the buffer containing

100 mM NaCl for these experiments. Both NEIL1 and

TFAM bind to double-stranded DNA substrates with

nanomolar affinities where Kd’s measured for the NEIL1-

DNA complex range from 2–29 nM (Odell et al., 2010;

Prakash et al., 2016; Schomacher et al., 2016; Kladova et al.,

2019) depending on the lesion and the DNA substrate, and Kd’s

measured for TFAM range from 4–7 nM (Gangelhoff et al.,

2009; Malarkey et al., 2012; Ngo et al., 2014; Brown et al., 2015;

Ramachandran et al., 2017; Cuppari et al., 2019). Prior

knowledge of protein-DNA binding and residues involved

with the interactions is obtained from published crystal

structures of the TFAM-DNA and NEIL1-DNA complexes

(Ngo et al., 2014; Zhu et al., 2016). We systematically

collected HDX-MS data for the TFAM and NEIL1 proteins

individually, the respective protein-DNA complexes, and lastly,

the TFAM-NEIL1-DNA complex. For each of our samples, we

obtained near-complete peptide coverage where the coverage

for the TFAM samples ranged between 84.58%–94.86%,

whereas the NEIL1 samples displayed a coverage of 98.74%

(Supplementary Figures S9, S10).

FIGURE 4
Hydrogen-deuterium exchange of the TFAM-DNA complex reveals the regions of TFAM involved with DNA binding. (A) Woods plot
representing the distribution of TFAM regions displaying differential levels of solvent protection in the presence of DNA. Percent change in
deuteration for peptides after various time points (15 s–30 m) between TFAM and the TFAM-DNA complex, where a negative percentage indicates
less deuteration and more protection due to complex formation with the DNA. Each horizontal line in the plot represents an individual peptide
with residue range on the X-axis and deuteration level i.e., level of protection on the Y-axis. (B) The domain map and cartoon representation of the
crystal structure of the TFAM-DNA complex (PDB ID:4nnu) are displayed. In the structure, the DNA is colored grey and each region is color-matched
to the domain map above.
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First, we collected HDX-MS data of the TFAM-DNA

complex over varying time points (from 15 s to 30 m), which

reveal protection of certain regions within TFAM as indicated by

a decrease in deuteration uptake (Woods plot, Figure 4A). We

observe a decrease in deuterium exchange for the peptides

present in the regions corresponding to high mobility group

(HMG) box A (residues 43–122) and HMG-box B (residues

152–222) with an up to 50% decrease for box A and 20% for box

B. We noted a ~10% decrease in deuterium exchange for the

peptides within the linker region (residues 122–152) and the

FIGURE 5
Hydrogen-deuterium exchange of the TFAM-DNA complex reveals the regions of TFAM involved with DNA binding. (A) Volcano plot
quantifying the significant change in deuteron uptake for each peptide at a given time point. The upper left quadrant of the plot displays peptides
(solid blue circles) with a significant decrease in deuteron uptake of the TFAM-DNA complex relative to TFAM alone. This significance is based on two
statistical tests performed by the HDExaminer software where the first is a p-value test with a significance cutoff value of <0.05 (i.e., at a
confidence level of 95%) and the second is based on whether the difference value on the X-axis (Delta #D) is greater than the replicate variance
across all of the data within each specific data set as determined by the program. (B) Representative uptake plots are shown from the HDX-MS time
course for peptides 57–68 and 81–102 that are significantly different between the TFAM-DNA and TFAM samples based on the volcano plot in (A).
(C) Interaction map showing TFAM residues that interact with DNA in the crystal structure of the TFAM-DNA complex (PDB ID:4nnu). Blue boxes
represent residues within peptides that display a significant decrease in deuteration observed in the volcano plot.
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C-terminal tail (residues 222–246). These results are consistent

with the available structural data for DNA bound TFAM [PDB

ID:4nnu, (Ngo et al., 2014)] where the two HMG boxes A and B

are mainly involved with DNA binding in addition to some

interactions mediated by the linker region (Figure 4B). Four main

peptides comprising residues 57–68, 81–102, 130–165, and

166–184 display a significant decrease in deuteration uptake at

various time points (p-value of <0.05; Figure 5A). Uptake plots
for these peptides (Figure 5B) display a consistent decrease in

deuteration upon DNA binding. Based on available structural

FIGURE 6
Hydrogen-deuterium exchange experiments for the NEIL1-DNA complex reveals regions of NEIL1 involved with DNA binding. (A) Woods plot
representing the distribution of NEIL1 regions displaying differential levels of solvent protection in the presence of DNA. Percent change in
deuteration for peptides after various time points (30 s–30 m) between NEIL1 and the NEIL1-DNA complex, where a negative percentage indicates
less deuteration and more protection as a result of complex formation between NEIL1 and the DNA. Each horizontal line in the plot represents
an individual peptide with residue range on the X-axis and deuteration level i.e., level of protection on the Y-axis. (B) Domain map and cartoon
representation of crystal structure of NEIL1-DNA complex (PDB ID:5itt) are displayed. The active site and void-filling residues, and DNA binding
motifs are indicated in the domain map. In the structure, the DNA is colored grey, and each region is color-matched to the domain map above.
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data, these peptides harbor residues L58 and I81 within HMG-

box A and N163, P178, and L182 in HMG-box B, which are

involved in the intercalation of the DNA minor groove (Ngo

et al., 2014). Residues identified from our HDX-MS data that

reside within the four peptides (57–68, 81–102, 130–165, and

166–184) are present in the interaction interface of the TFAM-

DNA complex (Figure 5C).

We next collected HDX-MS data over a time course (from

30 s to 30 m) for the complex between NEIL1 and DNA, and

observed protection at various regions upon DNA binding as

indicated by an up to 25% decrease in deuterium uptake (Woods

plot; Figure 6A). These regions mainly cluster within the

N-terminal domain, harboring the active site residues P2, E3,

and K54, and the void-filling residues M81, R118, and F120. We

also observed protection at the DNA binding helix-two-turns-

helix (H2TH) motif (residues 154–187) and the zincless finger

motif (residues 260–293; Figures 6A,B). Peptides that display a

significant decrease in deuterium uptake with a confidence

p-value of <0.05 upon DNA binding lie within regions 2–28,

79–93, 163–180, 183–198, and 228–255 (Volcano analysis,

Figure 7A). The uptake plots for these regions show a

consistent decrease in deuteration with an additional region

identified between residues 256–271, which also display

protection upon DNA binding (Figure 7B). The available

crystal structures of NEIL1 bound to DNA provide clear

confirmation that the peptides that display protection upon

FIGURE 7
Hydrogen-deuterium exchange experiments for the NEIL1-DNA complex reveals regions of NEIL1 involved with DNA binding. (A) Volcano plot
quantifying the significant change in deuteron uptake for each peptide at a given time point. The upper left quadrant displays peptides (solid blue
circles) at various time points, representing a significant decrease in deuteron uptake upon DNA binding to NEIL1 relative to NEIL1 alone at a p-value
of <0.05 (please refer to the legend for Figure 5A for a detailed description of the statistical tests used). (B) Representative uptake plots are
shown from the HDX-MS time course for two of the significant peptides, 2–28 and 164–180, that lie within the significant quadrant in panel (A)
above. (C) Interaction map showing NEIL1 residues that interact with the DNA in the crystal structure of the NEIL1-DNA complex (PDB ID:5itt). The
residues within the blue oval circles indicate those present in peptides with a significant decrease in deuteration, as observed in the volcano plot.
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DNA binding identified by our HDX-MS data are present within

the interaction interface of the NEIL1-DNA complex

(Figure 7C).

Lastly, we collected HDX-MS data for a sample containing

equimolar ratios of TFAM, NEIL1, and DNA at various time

points (15 s–30 m) and compared it to the data obtained with the

FIGURE 8
Hydrogen-deuterium exchange analysis of the TFAM-DNA and TFAM-NEIL1-DNA complexes reveals putative TFAM regions that interact with
NEIL1 in the presence of DNA. (A)Woods plot representing percent change in deuteration for peptides after various time points (15 s–30 m) between
the TFAM-DNA and TFAM-NEIL1-DNA complexes, where a positive percentage indicates more deuteration and less protection observed when
NEIL1 is present within the TFAM-NEIL1-DNA complex. Each horizontal line in the plot represents an individual peptide with residue range on
the X-axis and deuteration level i.e., level of protection on the Y-axis. (B) Volcano plot displaying TFAM peptides with a statistically significant increase
in deuteration (p-value < 0.05; please refer to the legend for Figure 5A for a detailed description of the statistical tests used) in the TFAM-NEIL1-DNA
complex indicated as solid red circles (left panel). On the right panel, the peptides with a significant increase in deuteration aremapped on the crystal
structure of the TFAM-DNA complex (PDB ID:4nnu) and are highlighted in red. The domain map above also displays the two regions (red) that show
the greatest difference in deuterium uptake upon the addition of NEIL1. (C) Representative uptake plots are shown from the HDX-MS time course for
peptides 57–68 and 81–102 that lie within the significance quadrant of the volcano plot in (B).
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FIGURE 9
Isotopic mass distribution spectra reveal bimodal deuterium exchange upon the addition of NEIL1 to the TFAM-DNA complex. Isotopic mass
distribution spectra from representative HDX-MS experiments for the peptide containing TFAM residues 57–68 at various time points as indicated
(15 s–10 m). The distribution pattern for TFAM alone (black) displays greater deuterium exchange when compared to the TFAM-DNA complex (blue),
which appears to exchange less deuterium. The addition of NEIL1 to the sample mixture (TFAM-NEIL1-DNA complex; red) reveals a bimodal
isotopic mass distribution, which likely results from the presence of multiple species (protein-protein; protein-DNA; protein-protein-DNA; or
protein alone) within the sample. The grey line within each plot indicates an m/z value of 514.29 corresponding to the non-deuterated peptide.
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TFAM-DNA sample. Surprisingly, upon the addition of NEIL1,

we observed an increase in deuterium uptake for TFAM peptides

that are clustered within HMG-box A (with an up to 30%

increase) and HMG-box B (with ~10% increase; Figure 8A).

However, only two regions display a significant increase (p-value

of <0.05) in deuterium uptake, which includes residues

57–68 and 81–102 that are present in HMG-box A

(Figure 8B). The peptide uptake plots for the two TFAM

regions also show a consistent increase in deuterium exchange

when NEIL1 is present in the TFAM-NEIL1-DNA sample

(Figure 8C).

To probe the origin of the increased exchange upon the

addition of NEIL1, we interrogated the isotopic distribution

present in the raw data. Protection of TFAM residues

57–68 upon DNA binding is evidenced by comparison of the

left and middle panels of Figure 9. In the absence of DNA, the

isotopic distribution is shifted towards higher mass (rightward)

at early times, whereas, in the presence of DNA the shift is

substantially delayed, indicating protection upon DNA binding.

When NEIL1 is added to the TFAM-DNA mixture, the isotopic

distribution is broadened and appears to be a superposition of

the distribution patterns for unbound and DNA-bound

TFAM (Figure 9; right panels). This broadened, or bimodal,

pattern is indicative of the presence of both protected and

unprotected TFAM molecules in solution (Supplementary

Figure S11).

DNA damage bymethyl methanesulfonate
decreases the transcriptional activity of
TFAM in the absence of NEIL1

To assess the functional impact and the biological role of the

interaction between NEIL1 and TFAM, we tested the impact of

NEIL1 on the transcriptional activity of TFAM. For these

experiments, we used human Hap1 cells where the expression

of NEIL1 is either ablated (NEIL1 KO) or unaltered (NEIL1 WT;

Supplementary Figure S12A, verified via western blotting).

Transcriptional activity of TFAM can be monitored by

measuring the steady-state mRNA transcript levels of four

mitochondrial genes encoding Cytochrome b (CYB), NADH

dehydrogenase subunit 1 (ND1), Cytochrome c oxidase I

(CO1), and 12S ribosomal RNA (RNR1) (Bonekamp et al.,

2021). Quantitative reverse transcription PCR (qRT-PCR)

analysis for the CYB, ND1, CO1, and RNR1 genes reveals no

significant difference between the WT and NEIL1 KO cells in the

absence of any DNA damage indicating that the presence or

absence of NEIL1 does not deter the transcriptional activity of

TFAM under normal cellular function (Figure 10A, left). To

ensure that differences inmtDNA copy number did not influence

the qRT-PCR results above, we assessed relative mtDNA copy

number and noted no differences between the NEIL1 WT and

KO Hap1 cell lines (Figure 10A, right).

Next, we studied the extent to which DNA damage induced

by methyl methanesulfonate (MMS) alters the transcriptional

activity of TFAM in the presence and absence of NEIL1. We

selected the alkylating agent for our studies as the N-glycosyl

bond is rendered weak by base alkylation thereby leading to the

generation of AP sites, which is a good substrate for both

NEIL1 and TFAM (Lindahl, 1993; Friedberg et al., 2005; Vik

et al., 2012; Xu et al., 2019). We treated the NEIL1 WT and KO

Hap1 cells with an empirically determined concentration

(125 μM; Supplementary Figure S12B) of MMS for 3 days and

assessed the transcriptional activity of TFAM via qRT-PCR as

described above. Interestingly, the mRNA expression of all four

mitochondrial genes was significantly reduced in the absence of

NEIL1 upon MMS treatment (Figure 10B, left), suggesting that

NEIL1 is essential for the efficient transcription of mitochondrial

genes by TFAM in the presence of DNA damage resulting from

MMS. In addition, we did not note any difference in the mtDNA

copy number between the NEIL1 WT and KO Hap1 cell lines

upon MMS treatment indicating that our results were not altered

due to differences in mtDNA copy number (Figure 10B, right).

Discussion

It is estimated that over 80% of proteins do not function in

isolation, but rather work in complexes with other proteins or co-

factors to accomplish their roles (Berggard et al., 2007; Rao et al.,

2014). As such, the study of protein-protein interactions is

essential for understanding cellular processes. These

interactions can be either highly stable and permanent or

transient and dynamic. While stable interactions are required

for macromolecular assemblies like ribosomes to perform their

function, transient interactions are important to carry out

various signaling and regulatory processes (Acuner Ozbabacan

et al., 2011), lending importance to our current endeavor to

scrutinize the interaction between NEIL1 and TFAM. While

classical biochemical methods used to detect protein-protein

interactions can identify robust and stable protein complexes,

it is technically challenging to detect interactions between weakly

bound, transient protein complexes in vivo and in vitro.

Therefore, choosing appropriate methods that can carefully

recognize these dynamic interactions is of the utmost

importance. While BER can be thought of as a highly-

coordinated, step-wise process involving excision, removal,

and restoration of a damaged DNA base, several other factors

also mediate the otherwise simplified process. These include and

are not limited to protein-protein interactions, post-translational

modifications of BER enzymes, and the type of DNA damage

(Carter and Parsons, 2016; Moor and Lavrik, 2018). While we

and others have provided evidence for the interaction of

NEIL1 with several nuclear factors including PCNA, RFC, and

RPA (Dou et al., 2008; Theriot et al., 2010; Hegde et al., 2015;

Prakash et al., 2017; Sharma et al., 2018), the interaction of
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NEIL1 with mitochondrial proteins remains underreported.

Reports that this enzyme is post-translationally modified by

phosphorylation and acetylation have also been described,

where we showed that no change in enzyme function was

attributed to phosphorylation events in vitro, and Mitra and

colleagues indicated that acetylation of the enzyme at lysine

residues 296–298 is important for nuclear localization and

binding to chromatin (Prakash et al., 2016; Sengupta et al.,

2018). However, the role of these modifications within the

mitochondrion has thus far not been evaluated and requires

scrutiny.

Our efforts to study the interactome of NEIL1 within the

context of the mitochondrion have been impeded owing to

challenges such as low endogenous cellular levels of

NEIL1 and even lower levels of the enzyme within the

mitochondrion, as well as the lack of specificity of

commercially available antibodies. NEIL1 is typically involved

with the recognition and removal of oxidized DNA bases where

the frequency at which these lesions occur within the

mitochondrion remains to be elucidated; however, the enzyme

likely processes oxidized lesions when they occur within mtDNA

(Hailer et al., 2005; Krishnamurthy et al., 2008; Albelazi et al.,

2019; Han et al., 2019). In this current study, we employed an

orthogonal in vitro approach to study the interaction between

NEIL1 and mitochondrial TFAM in the presence of an abasic site

containing DNA duplex that is a favored substrate by both

proteins and propose a model for this interaction (Figure 11).

In one scenario, when TFAM, NEIL1, and DNA are combined in

a 1:1:1 M ratio, we propose that both NEIL1 and TFAM can

individually bind to half of the available DNA, leaving some

amount of protein unbound. In this tug-of-war model, the two

proteins do not interact even in the presence of DNA, but instead

compete for the DNA. We also propose a second model, which

we refer to as the complex formation model, where a portion of

both proteins interact in the presence or absence of DNA

forming a complex. Species containing protein-DNA binary

complexes or unbound-protein/DNA are also possible in this

scenario. To distinguish between these two proposed models, we

present data from affinity pull-down experiments, far western

studies, SEC-MALS coupled to SAXS, and HDX-MS. Our data

FIGURE 10
Estimation of relative mitochondrial mRNA expression reveals that NEIL1 is necessary for efficient transcription by TFAM upon DNA damage. (A)
Left, the relativemRNA expression of fourmitochondrial genes encoding Cytochrome b (CYB), NADH dehydrogenase subunit 1 (ND1), Cytochrome c
oxidase I (CO1), and 12S ribosomal RNA (RNR1) were estimated by qRT-PCR in untreated Hap1 cell lines where the expression of NEIL1 is either intact
(i.e., wild-type, WT) or knocked out (i.e., KO). Right, estimation of mitochondrial copy number by qPCR in the WT and KO cell lines. (B) Left, the
relative mRNA expression of the above four mitochondrial genes in the WT and KO Hap1 cells treated with 125 μM MMS for 3 days prior to gene
expression analysis. Right, estimation ofmitochondrial copy number by qPCR in theWT and KO cell lines after MMS treatment. Statistical analysis was
performed in GraphPad Prism using a Student’s t-test where ns, not significant; *p < 0.05; **p < 0.01; and ***p < 0.001.
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indicate that the two proteins appear to interact weakly in the

absence of DNA, whereas the presence of DNA favorably alters

the interaction landscape. Furthermore, we noted that the

interaction can be regulated by changing the buffer

conditions, effectively modulating the local binding

environment as observed in our affinity pull-down studies

where lowering the salt concentration in the buffer favors an

interaction. The stoichiometry of the complexes as determined

using absolute molar mass values from MALS analysis suggest

that larger ternary TFAM-NEIL1-DNA complexes form in

the presence of DNA. We further scrutinized the impact of

complex formation using HDX-MS, and while this technique

does not provide us with atomic resolution structures like

NMR, X-ray crystallography, or cryo-electron microscopy, it

offers valuable information regarding the conformational

dynamics of the protein-DNA binary complexes or protein-

protein-DNA ternary complexes studied here (Narang et al.,

2020). From our HDX-MS data, it is difficult to distinguish

FIGURE 11
Amodel representing the interaction between NEIL1 and TFAM in the presence and absence of nucleic acid binding partners. Two scenarios are
possible, when NEIL1, TFAM, and DNA are mixed in a 1:1:1 M ratio. In the tug-of-war model, the two proteins compete to form protein-DNA
complexes, whereas, in the complex formation model, a small fraction of both proteins interact in the presence and absence of DNA, forming a
complex. Species containing protein-DNA complexes or unbound-protein/DNA are also possible in this scenario. The HDX-MS data alone are
insufficient to distinguish between the two proposed models but support for the complex formation model is also provided by pull-down, far-
western, MALS, and SAXS analyses.

Frontiers in Cell and Developmental Biology frontiersin.org17

Sharma et al. 10.3389/fcell.2022.893806

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.893806


between the tug-of-war model and the complex formation

model as the two models present similar species in solution

as observed by a bimodal distribution of TFAM peptides

upon the addition of NEIL1 within the TFAM-NEIL1-DNA

sample; however, evidence from other techniques presented

herein favor the complex formation model (Figure 11). We

also note that the activity of TFAM is not negatively

impacted by the presence (or absence) of NEIL1 under

normal cellular conditions. However, we observed

aberrant TFAM transcriptional activity upon treatment

with MMS in the absence of NEIL1. MMS is a damaging

agent which generates primarily 7-methylguanine (7meG)

and 3-methlyladenine (3meA) (Beranek, 1990) and while the

monofunctional alkyladenine DNA glycosylase (AAG) can

excise alkylated bases within the mitochondrion, abasic sites

are generated in the process, which are substrates for both

NEIL1 and TFAM (van Loon and Samson, 2013; Montaldo

et al., 2019). While there is no direct evidence for the

involvement of NEIL1 in the repair of 7meG or 3meA,

NEIL1 is known to excise other methylated bases such as

2,6-diamino-4-hydroxy-5N-methyl formamidopyrimidine

(Fapy-7meG) which could form spontaneously from 7meG

in alkaline environments such as that found in the

mitochondria (Gates et al., 2004; Prakash et al., 2014).

Future work involving mechanistic insight into the

interaction between NEIL1 and TFAM in the presence of

a panel of oxidative stressors as well as other DNA damaging

agents specific to mitochondrial DNA, is warranted.
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