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Abstract

Mammalian cells contain genetic information in two compartments, the nucleus and the 

mitochondria. Mitochondrial gene expression must be coordinated with nuclear gene expression 

to respond to cellular energetic needs. To gain insight into the coordination between the nucleus 

and mitochondria, there is a need to understand the regulation of transcription of mitochondrial 

DNA (mtDNA). Reversible protein post-translational modifications of the mtDNA transcriptional 

machinery may be one way to control mtDNA transcription. Here we focus on a member of the 

mtDNA transcription initiation complex, mitochondrial transcription factor B2 (TFB2M). TFB2M 

melts mtDNA at the promoter to allow the RNA polymerase (POLRMT) to access the DNA 

template and initiate transcription. Three phosphorylation sites have been previously identified on 

TFB2M by mass spectrometry: threonine 184, serine 197, and threonine 313. Phosphomimetics 

were established at these positions. Proteins were purified and analyzed for their ability to bind 

mtDNA and initiate transcription in vitro. Our results indicate phosphorylation at threonine 184 

and threonine 313 impairs promoter binding and prevents transcription. These findings provide a 

potential regulatory mechanism of mtDNA transcription and help clarify the importance of protein 

post-translational modifications in mitochondrial function.
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1. Introduction:

Mitochondria serve as central locations for numerous critical cellular processes, including 

producing the majority of cellular ATP via oxidative phosphorylation. Mitochondria possess 

small, circular DNA molecules (mtDNA) encoding two mitochondria-specific rRNAs and 

22 tRNAs, as well as 13 of the 90 protein subunits of the oxidative phosphorylation 

machinery [1]. The rest of the mitochondrial proteome, including the remaining 77 oxidative 

phosphorylation protein subunits and the machinery required for mtDNA replication 

and transcription, is encoded by genes within nuclear DNA. In order for oxidative 

phosphorylation complexes to be properly assembled, coordination of gene expression 

between the nucleus and the mitochondria is required. As such, the regulation of expression 

of oxidative phosphorylation subunit genes may play a role in cellular adaptations to specific 

metabolic demands. However, the details of the mechanisms regulating mtDNA transcription 

are currently lacking, limiting the ability to understand the coordination between the 

mitochondrial and nuclear genome, as well as human mitochondrial disorders associated 

with the aberrant expression of mitochondrial genes [2].

Post-translational modifications (PTMs) of proteins associated with mtDNA may provide a 

potential means of regulating mtDNA transcription. Reversible PTMs such as acetylation of 

lysine and phosphorylation of serine, threonine, and tyrosine on nuclear histone proteins 

play a role in regulating chromatin structure and nuclear DNA transcription [3]. Like 

nuclear DNA, mtDNA is associated with a variety of proteins, forming complexes within 

the mitochondrial matrix known as nucleoids [4]. The presence of numerous PTMs 

on mitochondrial nucleoid proteins identified in mass spectrometry-based proteomics of 

mitochondrial extracts from mouse and human samples suggest that reversible modifications 

may also play a role in controlling mtDNA transcription [5–8].

Indeed, PTMs have been identified on the three nucleoid proteins that comprise the essential 

mtDNA transcription machinery: mitochondrial RNA polymerase (POLRMT), transcription 
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factor A (TFAM), and transcription factor B2 (TFB2M) [5]. Transcription initiation occurs 

from two promoters, the light strand and the heavy strand promoter (LSP and HSP1, 

respectively). TFAM is necessary for promoter recognition and recruitment of POLRMT 

to the transcription start site, while TFB2M is required for promoter melting and template 

alignment [9–12]. Previous reports on TFAM indicate phosphorylation reduces the ability 

of TFAM to bind DNA and serves as a mechanism to fine-tune cellular levels of TFAM 

and mtDNA [13,14]. These studies provided some of the first evidence that PTMs may 

control the mtDNA transcriptional machinery. TFB2M has previously been shown to be 

phosphorylated at three sites (serine 197 (S197), threonine 184 (T184), and threonine 313 

(T313)) [5]. However, the function of these phosphorylation sites has not been investigated. 

Here, we present the impact of phosphorylation on the promoter binding and transcription 

initiation abilities of TFB2M.

2. Materials and Methods:

2.1 Materials

All oligonucleotides were synthesized and purified from Integrated DNA Technologies 

or Eurofins Genomics. For binding and transcription assays, double stranded (ds) DNA 

was prepared by annealing complementary strands of DNA in annealing buffer (10 

mM Tris-HCl pH 8.0, 50 mM NaCl, 1 mM EDTA) and heating at 95ºC for 5 

minutes followed by ramp cooling to 25ºC over 70 one minute cycles. Annealing 

was confirmed by agarose gel electrophoresis. Oligonucleotides for the mtDNA binding 

assay were labeled with biotin on the 5’ end and correspond to LSP (−17 to +19, 

5’-AAAAGTGCATACCGCCAAAAGATAAAATTTGAAATC-3’) or HSP1 region (−25 

to +20, 5’-CCATACCCCGAACCAACCAAACCCCAAAGACACCCCCCACAGTTT-3’). 

Control probes without biotin were also synthesized. For anisotropy measurements, the same 

sequences corresponding to the LSP were used with the addition of a fluorescein label on the 

5’ end of the coding strand.

2.2 Plasmid construction

For bacterial protein expression and purification of TFB2M, the portion of the human cDNA 

sequence encoding amino acids 21–396 of TFB2M were cloned out of the pANT7_cGST 

vector (DNASU [15]) and into the pQE-80L vector with a 6xHis tag on the N-terminus 

(Addgene plasmid #13736, a kind gift from John Denu) using restriction digest and ligation. 

The bacterial expression vector used to overexpress TFB2M T184E with a N-terminal 6xHis 

tag (pET-6xHis/hTFB2M[NM_022366.3]) was constructed and provided by VectorBuilder 

(vector ID: VB190523–1093aej). A plasmid containing the human cDNA sequence for 

amino acids 43–1230 of POLRMT in the pProEX-Htb vector was obtained from Smita 

Patel [9]. Site-directed mutagenesis was performed using the Q5® Hot Start Site-Directed 

Mutagenesis Kit (New England Biolabs). All cloning and mutagenesis steps were verified by 

DNA sequencing.

2.3 Expression and purification of TFB2M and POLRMT

Purification of TFB2M and phosphomimetics was performed as previously described with 

modification [16]. BL-21(DE3) E. coli transformed with TFB2M vectors were grown 
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from starter cultures in 2XYT media at 37°C until the OD 600 reached 0.8. The cultures 

were induced with 0.5 mM IPTG and allowed to incubate at room temperature with 

shaking for 12–16 hours. Cell pellets were lysed and sonicated in wash buffer (50 mM 

sodium phosphate pH 8.0, 0.3 M NaCl, 10% glycerol, 0.1% Tween-20, 10 mM imidazole) 

containing 1 mM β-mercaptoethanol, 1 mM PMSF, 5 μg/mL aprotinin, and 5 μg/mL 

leupeptin. After centrifugation, the supernatant was applied to TALON Metal Affinity Resin 

(Takara Cat# 635502). The resin was washed with wash buffer, and protein was eluted in 

wash buffer containing 150 mM imidazole. Protein was concentrated and dialyzed overnight 

into storage buffer (20 mM Tris-HCl pH 8.0, 0.5 mM EDTA, 0.25 M sucrose, 15% glycerol, 

1 mM DTT). POLRMT was purified as previously described [17]. The presence of TFB2M 

or POLRMT was visualized by SDS-PAGE and Coomassie staining. Protein concentrations 

were determined via the Bradford assay and normalized for percent purity by SDS-PAGE. 

Proteins were stored at −80°C.

2.4 Mitochondrial DNA binding assay

An in vitro mitochondrial DNA pull-down assay [14] was performed to determine protein-

DNA binding interactions between TFB2M and LSP or HSP1 dsDNA. dsDNA (1.5 μM) 

with or without a biotin tag on the 5’ end was incubated at room temperature with 400 nM 

WT or phosphomimetic TFB2M for 15 minutes while rotating in a 1:1 mixture of binding 

and blocking buffer (binding buffer: 40 mM Tris-HCl pH 7.7, 0.2 mM EDTA, 100 mM 

NaCl, 10% glycerol, 1% Triton X-100; blocking buffer: 20 mM Tris-HCl pH 7.7, 4.4 mM 

EDTA, 9% sucrose, 110 mM NaCl, 5 mM MgCl2, 12% glycerol, 0.02% Tween-20, 0.5 

mg/mL BSA, 8 mM DTT). EZview Red Streptavidin affinity gel beads (Sigma #E5529) 

were added to the mixture and incubated while rotating for 15 minutes. Extensive washing 

was performed using 20 mM Tris-HCl pH 7.7, 0.1 mM EDTA, 50 mM NaCl, 5% glycerol, 

0.1% Triton X-100, 4 mM DTT. Samples were eluted by boiling in Laemmli Sample 

Buffer (Sigma #S3401). In some experiments, equimolar amounts of POLRMT and TFB2M 

were added to the assay. Western blotting was performed using primary antibodies against 

TFB2M or POLRMT (Santa Cruz Biotechnologies: TFB2M 2E10 (SC-517095), MtRPOL 

B-1 (SC-365082)) and goat anti-mouse IRDye 800CW (LI-COR 925–32210) secondary 

antibody. Blots were scanned using an Odyssey Fc imaging station (LI-COR Biosciences), 

and ImageStudio was used to quantify the amounts of protein interacting with LSP or HSP1 

DNA. Protein binding to DNA in each condition was quantified by dividing signal from the 

eluted sample by signal from the reaction mix sample removed before the addition of beads 

to control for the total TFB2M amount in each reaction. Results were compared relatively to 

WT. Control experiments for non-specific interactions were performed with unbiotinylated 

dsDNA of the same sequence. GraphPad Prism or Microsoft Excel were used to produce 

graphs and calculate statistics.

2.5 Fluorescence anisotropy

Fluorescence anisotropy was used to monitor the interactions of TFB2M proteins with 

5’-fluorescein labeled LSP dsDNA. Measurements were performed on an ISS PC1 Photon 

Counting Spectrofluorometer equipped with an autopolarizer and DC Amperes Simpson 

Illuminator Power Supply (model PS300–1) adjusted to 18 amps. A 550/49 filter was used 

to control for the emission wavelength. DNA (3 nM) was titrated with increasing amounts 
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of TFB2M (0 nM to 500 nM) in buffer (20 mM Tris-HCl pH 8, 5 mM EDTA). Anisotropy 

was measured after excitation at 492 nm and emission at 510 nm using a 490/10 bandpass 

filter and 0.5–1 mm slits. Intensities (IVV and IVH) were averaged across 100 iterations and 

background corrected with the average intensity values for the buffer alone. Anisotropy (r) 

was calculated using the following equation: r = (IVV - (G*IVH)) / (IVV + (2*G*IVH)), where 

G is an experimental correction for the polarization bias of the instrument (G = IHV/IHH). 

The Kd values of the protein-DNA complexes were determined in GraphPad Prism using the 

following fit equation: y = Bmax*[X]/(Kd+[X]).

2.6 In vitro transcription assay

In vitro transcription assays were performed as previously described [12,18]. Reactions 

were performed with 1 μM LSP duplex DNA (−42 to +21) and 1 μM each of POLRMT 

and TFB2M in the presence or absence of 1 μM TFAM in reaction buffer (50 mM Tris 

acetate pH 7.5, 50 mM Na-glutamate, 10 mM Mg-acetate, 1 mM DTT, 0.05% Tween-20). 

Reactions were initiated by the addition of 250 μM each of ATP, GTP, UTP, dCTP and 

spiked with γ-32P-ATP. After 30 minutes, reactions were quenched with 400 mM EDTA 

and formamide dye mixture (98% formamide, 0.025% bromophenol blue, 10 mM EDTA). 

RNA products were resolved on 24% polyacrylamide/4M urea sequencing gels. The gels 

were exposed to a phosphor screen and visualized using a Typhoon 9410 PhosphorImager 

instrument (Amersham Biosciences). The bands were quantified using ImageQuant, and the 

molar amounts of RNA synthesized were calculated as previously described [12,18].

3. Results and Discussion:

3.1 TFB2M phosphomimetics display altered binding to mtDNA promoters

To test the effect of T184, S197, and T313 phosphorylation on TFB2M function, site-

directed mutagenesis was used to introduce phosphomimetics at these amino acids. For 

each site, the amino acid was replaced with glutamate to mimic the size and charge of 

a phosphorylated amino acid. Phosphomimetics are routinely used in literature to probe 

the function of site-specific phosphorylation [19]. Wild-type (WT) and phosphomimetic 

(T184E, S197E, or T313E) TFB2M were purified using affinity chromatography. TFB2M 

phosphomimetics were monitored for their ability to bind to mtDNA using two approaches. 

First, proteins were screened for their ability to bind to the LSP (−17 to +19) or HSP1 (−25 

to +20) using a biochemical pull-down experiment [14] (Figure 1). Proteins were incubated 

with biotinylated LSP or HSP1 dsDNA. After washing, the amount of TFB2M pulled down 

with the DNA was quantified by western blot. Unbiotinylated DNA was used to control 

for non-specific interactions. Very limited to no TFB2M was observed by western blotting 

in control experiments. TFB2M binding to the LSP region of the mtDNA was reduced 

compared to WT for all phosphomimetics, especially T313E (Figure 1A, B). Binding to 

the HSP1 region was significantly lower than WT for T313E, while S197E showed no 

significant difference (Figure 1C, D). T184E displayed reduced binding affinity for both 

LSP and HSP1, but the differences were not statistically significant. The differences between 

LSP and HSP1 are unclear, as structurally there is little difference between the initiation 

complex with LSP and HSP1 [10]. However, promoter-specific features of transcription 

initiation have been documented [20,21].
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3.2 Binding dissociation constants determined for the LSP confirm altered mtDNA 
binding by phosphomimetics

As both the LSP and HSP1 displayed similar trends in the pull-down assay, we decided 

to continue experimentation with the more widely-studied LSP. Fluorescence anisotropy 

experiments confirmed pull-down results and allowed the binding constants (Kd) of WT 

TFB2M and each phosphomimetic to be determined (Figure 2). Fluorescein-labeled dsLSP 

(−17 to +19) was incubated with increasing amounts of TFB2M or phosphomimetic. The 

phosphomimetics T184E and T313E exhibited reduced affinity for LSP DNA compared 

to WT (Kd = 66 nM, consistent with a recent report [18]), with Kd’s of greater than 150 

nM. This represents a 2.5- to 6-fold decrease in binding affinity compared to WT TFB2M. 

Saturation binding was not quite reached with T184E or T313E due to the prohibitively 

high amounts of protein required for the analysis. Interestingly, S197E demonstrated slightly 

higher affinity for LSP DNA compared to WT in these experiments (Figure 2).

3.3 T184 and T313 TFB2M phosphomimetics are unable to initiate transcription in vitro

To correlate deficiencies in mtDNA binding to transcription activity, an in vitro transcription 

assay was performed with recombinant POLRMT and TFB2M in the presence or absence 

of TFAM using a dsLSP template (−42 to +21, Figure 3A). The amounts of run-off (18- 

and 19-mer) or abortive (2-mer to 6-mer) products were quantified by autoradiography. 

WT TFB2M and phosphomimetics were each capable of producing abortive products in 

the presence or absence of TFAM (Figure 3B, C). Consistent with previous results [9], 

substantial run-off products were observed only in the presence of TFAM (Figure 3C). 

T184E and T313E TFB2M were unable to produce run-off products (Figure 3D), but 

could produce abortive products (Figure 3E), albeit at much lower levels than WT and 

S197E TFB2M. These transcription initiation defects are consistent with mtDNA binding 

data (Figure 1, 2). Interestingly, S197E TFB2M produces more run-off products than WT 

TFB2M. This result is consistent with a lower Kd for the LSP observed in fluorescence 

anisotropy measurements.

3.4. Models to explain the role of phosphorylation of TFB2M in the control of 
transcription initiation

Our findings indicate that phosphorylation of TFB2M at T184 and T313 may limit the 

ability of TFB2M to bind to mtDNA and form productive transcription initiation complexes. 

The first possible mechanism to explain these findings is that TFB2M phosphomimetics 

have impaired binding to POLRMT. The other possibility is that the phosphomimetics are 

defective in trapping the non-template DNA to generate the open complex required for 

transcription initiation. We attempted to determine whether POLRMT-TFB2M complex 

binding to LSP was altered by the phosphomimetics using the pull-down assay. This 

experiment was performed with equimolar POLRMT and TFB2M. The results from these 

experiments (data not shown) were not conclusive, although they suggest that the amount 

of POLRMT pulled down with dsLSP DNA was unchanged between WT TFB2M and 

the phosphomimetics. Challenges in assessing specific interactions between POLRMT and 

TFB2M have been previously noted [18], and efforts are ongoing to further address this 

question.
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In order to explore the structural implications of phosphorylation of TFB2M, we turned to 

the existing protein structure of the human initiation complex [10] and elongation complex 

[22] to investigate the position of the sites of interest in relation to POLRMT and mtDNA 

(Figure 4A). Interestingly, T313 lies at the N-terminal end of a helix containing two arginine 

residues (R330/R331) that are essential for DNA binding and a histidine (H326) required 

for transcription initiation [10,23] (Figure 4B). In silico modeling using available structure 

prediction and energy minimization tools [24] shows a slight reduction in helix propensity 

for the amino acids in this helix when threonine 313 is changed to a glutamate. Therefore, 

it is possible that phosphorylation of this site perturbs the helix and reduces mtDNA binding 

and transcription initiation.

The crystal structure of POLRMT in the elongation complex contains the thumb domain of 

POLRMT that is not observed in the initiation complex. This domain is critical for complex 

stability during elongation [22]. An alignment of POLRMT containing the thumb domain 

[22] to the initiation complex with TFB2M [10] revealed potential interactions between 

T313 and T184 of TFB2M and the C-terminus of the thumb domain of POLRMT (Figure 

4C). T313 is roughly 10Å from histidine 748 of POLRMT, while T184 is approximately 

12Å from proline 752 of POLRMT. This suggests that the introduction of a phosphate at 

these sites could impair intermolecular interactions between POLRMT and TFB2M.

The results obtained for the phosphomimetic at position S197 were unexpected. S197 lies 

within an open structural region where DNA is unwound for initiation and is close to a 

number of positively charged amino acids required for DNA binding [10]. Introducing a 

negative charge at this site had the least impact on DNA binding and transcription, opposite 

of what was expected. It is possible that the negative charge at this position may cause DNA 

repulsion to stabilize the open complex, providing some explanation for the slight increase 

in transcription initiation. Interestingly, sequence alignment of TFB2M from mammalian 

species reveals T184 and T313 are more highly conserved as phosphorylatable residues (S 

or T) than S197, suggesting a greater potential importance of these residues for TFB2M 

function and regulation [20]. Finally, a structure of TFB2M bound to DNA alone does not 

yet exist, and structural analysis suggests significant conformational changes in all of the 

members of the transcriptional machinery upon assembly [10]. Therefore, it is possible that 

structural changes in TFB2M cannot be entirely predicted from existing information.

3.5 Concluding remarks

There is a growing appreciation of the importance of protein phosphorylation and 

dephosphorylation in the mitochondria. Interestingly, while it remains unclear what kinase 

catalyzes the phosphorylation of the majority of mitochondrial proteins and where in 

the cell phosphorylation of mitochondrial proteins occurs, there are numerous resident 

mitochondrial phosphatases. Genetic knockout in mice of one of these phosphatases (Pptc7) 

was recently shown to lead to severe metabolic defects and death within one day of birth 

[19], further implicating reversible phosphorylation in the mitochondria as biologically 

relevant. Our work continues to address the role of phosphorylation in regulating 

mitochondrial transcription and identifies a potential mechanism for transcriptional control.
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Highlights:

• Phosphorylation of mitochondrial transcription factor B2 alters DNA binding

• Phosphomimetics of transcription factor B2 reduce transcription in vitro

• Regulatory role for post-translational modifications in mitochondrial 

transcription
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Figure 1. TFB2M phosphomimetics display altered binding to mtDNA promoter regions.
A. Representative western blot of LSP binding. WT or phosphomimetic TFB2M (400 

nM) was incubated with 1.5 μM biotinylated-LSP dsDNA (−17 to +19) for 15 minutes. 

Streptavidin conjugated agarose beads were added to capture DNA-protein complexes. 

After extensive washing, bound protein was eluted by heating with 1x Laemmli sample 

buffer. Proteins were subject to western blotting using a TFB2M primary antibody and 

IRDye 800CW labeled secondary antibodies for quantitation. B. Quantitation of western 

blots. Results are shown relative to WT and were normalized to total protein controls. 

Data presented are averages and standard deviations of experiments performed with 2 to 4 

independent protein preparations, with 2 technical replicates performed in each experiment. 

C, D. The experiment in A was repeated in the presence of 1.5 μM biotinylated-HSP1 

duplex DNA (−25 to +20), and western blots were quantified as in B. *p<0.1, **p<0.05, 

Student’s t-test.
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Figure 2. Binding dissociation constants for the LSP determined by fluorescence anisotropy 
confirm altered binding affinity of TFB2M phosphomimetics.
A. 5’-fluorescein labeled LSP (−17 to +19, 3 nM) was titrated with increasing 

concentrations of TFB2M WT or phosphomimetic. Anisotropy was measured and 

background corrected. Anisotropy values from two independent experiments were averaged 

and plotted. The average binding data were fit to determine binding dissociation constants 

(Kd), tabulated in (B). The error is the standard error of the fit.
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Figure 3. Transcription initiation activity of TFB2M phosphomimetics.
A. The sequence of LSP DNA used in the experiment is shown. B, C. The denaturing gel 

image identifies abortive products (2- to 6-mer) and run-off products (18- and 19-mer) of 

transcription reactions performed for 30 minutes at 25°C. Reactions were ca rried out in the 

presence of NTPs (250 μM each of ATP, GTP, UTP, dCTP, and spiked with γ-32P-ATP) 

and 1 μM each of POLRMT, TFB2M, LSP DNA, and in the absence (B) or presence 

(C) of TFAM. D, E. Quantitation of run-off products (D) and abortive products (E). 

Error bars represent the percent error between two technical gel replicates of the same 

reaction samples. A comparison of the ratio of run-off versus abortive products indicates 

transcription initiation efficiency is unchanged across samples.
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Figure 4. Structural model to explain the role of phosphorylation of TFB2M in transcription 
initiation.
A. Crystal structure (PDB 6ERP [10]) of human TFB2M (blue) in complex with open LSP 

mtDNA (blue/teal) and POLRMT (wheat). Phosphorylation sites are labeled. TFAM was 

removed for clarity. B. Close up view of TFB2M helix α8 (shown in gray) and key amino 

acids required for mtDNA binding and transcription initiation. Threonine 313 lies at the 

N-terminal end of this helix and may cause structural changes leading to movements of 

R330/331 and H326 that are unfavorable for mtDNA binding and transcription. C. T184 and 

T313 lie within 10–12Å of the thumb domain of POLRMT (shown in green), suggesting 

a negative impact of modification of these amino acids on POLRMT-TFB2M interactions 

(PDB 4BOC [22]).
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