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ABSTRACT
The mitochondrion is well known as the “power house” of the cell, in that it is
responsible for the majority of energy production within the cell, in the form of ATP. The
human mitochondrion possesses its own genome, which consists of a 16,569 bp circular
DNA that encodes 13 subunits of the electron transport chain, as well as 22 tRNAs and 2
rRNAs. Transcription of these genes is started from one of three promoters: lsp, hsp1, or
hsp2 (Gangelhoff, Mungalachetty et al. 2009).
Mitochondrial transcription is, thus far, not entirely understood. As in nuclear
transcription, there are several important nuclear-encoded proteins involved (Shutt,
Lodeiro et al. 2010). These include mtTFA, mtTFB2, and mtRNAP. A combination of
these proteins is known to be necessary for effective transcription.
This study focuses on the interaction of mtTFA with its putative binding site on
the light-strand promoter. mtTFA is thought to interact with the DNA and recruit
mtTFB2 and mtRNAP to this promoter. However, it is not known exactly how the
binding event occurs, or how the protein recognizes the binding site.
Furthermore, the sequence of the putative binding sites for human and mouse, and
bovine systems are rather disparate. The sequences of each of the proteins are nearly
identical, and based on modeling data, the structures are also thought to be very similar.
This information indicates that the binding of mtTFA is not directly related to the
sequence of the binding site. Perhaps there is a two step process with an initial binding
followed by a second step with more specific requirements that involves a bending or
unwinding of the DNA.
In order to investigate the mtTFA binding mechanism, mtTFA from human,
mouse, and bovine systems were assayed with a double-stranded, fluorescently-labeled
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oligonucleotide containing the human mtTFA binding site sequence. The kinetics of this
interaction were studied through the use of fluorescence anisotropy at equilibrium and at
several shorter time scales to learn about the equilibrium dissociation constant, and onand off-rates.
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INTRODUCTION
The human mitochondrion possesses its own genome, which consists of a 16,569 bp
circular DNA that encodes 13 subunits of the electron transport chain, 22 tRNAs, and 2
rRNAs (Gangelhoff, Mungalachetty et al. 2009). The mitochondrial genome is well
known to be essential to energy production in the cell, and as such, defects in the genome
have been attributed to various degenerative diseases and aging processes (Wallace
2005). In order to better understand these disease conditions, we must establish a basic
understanding of the mechanisms involved in mitochondrial transcription and translation.
This work will focus on mechanisms of transcription initiation.
Mitochondrial transcription is known to require various nuclear-encoded proteins, a
minimum of which include mitochondrial RNA polymerase (mtRNAP), as well as
transcription factors A and B2 (mtTFA, mtTFB2) (Shutt, Lodeiro et al. 2010). These
factors are necessary to form initiation complexes on one of three promoters that exist in
a noncoding control region of the mitochondrial genome called the D-loop. These
promoters are named based on the DNA strand that they are located on (Lodeiro, Uchida
et al. 2010). The light strand contains one promoter, lsp, while the heavy strand contains
two promoters, hsp1 and hsp2 (Figure 1). We have proposed a model for transcription
initiation complex formation on the light-strand promoter in which mtTFA binds first to
its putative binding site and bends or twists the DNA in order to facilitate the assembly of
mtTFB2 and mtRNAP around mtTFA at the initiation site (Figure 2).
This study focuses on the interaction of mtTFA with its putative binding site on
the light-strand promoter. mtTFA is a member of the high mobility group (HMG) protein
superfamily. More specifically, it has two HMG-Box domains and preferentially binds
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Figure 1. Mitochondrial genetic system. The 16,569 bp mitochondrial genome codes for
numerous components of the electron transport chain, as well as 2 rRNAs and 22 tRNAs.
Transcription begins from one of three promoters: lsp, hsp1, or hsp2. The promoters are
visible on their respective strands in the control region of the genome.
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Figure 2. Initiation of transcription from LSP. This model indicates that mtTFA is the
first protein to interact with the binding site on the light-strand promoter. It can then
recruit the other factors required to complete the initiation complex, mtRNAP and
mtTFB2.
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certain DNA sequences (Wong, Rajagopalan et al. 2009). Thus far, it is not known
exactly how the binding event occurs, or how the protein recognizes the binding site.
Interestingly, the sequences of the putative binding sites are rather disparate between
three selected mammalian mitochondrial genomes: human, mouse, and bovine (Figure 4).
Additionally, the amino acid sequences of each of the proteins are nearly identical
(Figure 3), and based on modeling data, the structures are also thought to be very similar.
These two pieces of information suggest that the binding of TFA is not directly related to
the sequence of the binding site.
In order to investigate the mtTFA binding mechanism, mtTFA from human,
mouse, and bovine systems (h-mtTFA, m-mtTFA, b-mtTFA) was purified and then
assayed with a double-stranded, fluorescently-labeled 28-mer oligonucleotide containing
the putative h-mtTFA binding site sequence with an additional three nucleotides on each
side. The kinetics of this interaction were studied through the use of fluorescence
polarization at equilibrium and fluorescence anisotropy over shorter time scales.
Fluorescence polarization and fluorescence anisotropy are both utilized to assay
kinetics parameters of the interaction. Both involve measuring the change in emitted
fluorescence from an attached fluorescent probe during the course of the protein-DNA
interaction. In this study, polarization is used to measure the equilibrium kinetics and
interaction stoichiometry. In order to measure kinetics at shorter time scales, anisotropy,
which is calculated from polarization data, is used. In this case, anisotropy is based on the
fact that the given oligonucleotide will “tumble” at a certain rate while alone in solution,
and tumble at a slower rate when TFA has bound. Since the probe is bound to the
oligonucleotide, it in turn will rotate more slowly upon TFA binding. This change is
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measured by exciting the probe with vertically polarized light, and then measuring the
emitted light with two separate photomultiplier tubes (PMT). Each PMT contains filters
to select for either vertically polarized light of the proper emission wavelength or
horizontally polarized light of the proper emission wavelength. These measurements are
made based on the idea that the unbound DNA will tumble faster and therefore depolarize
the excitation to a greater degree than the slower tumbling mtTFA-TFA BS complex.
Obtaining a certain ratio of these polarization values allows one to plot the unitless
anisotropy against time in order to calculate the dissociation rate of the complex.
The results from the analysis of cognate pair of h-mtTFA and the human TFA BS
will be compared to those interactions of proteins from other species in order to learn
about what aspect of mtTFA confers specificity in binding to the binding site on the lightstrand promoter.
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Figure 3. Comparison of human, mouse, and bovine mtTFA. Amino acid sequence and protein structure is very similar amongst
the three proteins. Across the sequences, both identical and similar amino acids are highlighted. Alignment created with TCOFFEE
and prepared by Ibrahim Moustafa.

Figure 4. Comparison of mtTFA binding site sequences. The putative binding site on
the human LSP is marked in bold. As indicated by the asterisks, there are few points of
similarity in the binding site sequences. Start sites for mouse (Chang and Clayton 1986)
and bovine (Ghivizzani, Madsen et al. 1993) systems were identified and aligned with
respect to the human LSP start site (Gaspari, Falkenberg et al. 2004). DNAse I protection
analysis has shown that the human binding site is in this relative position (Fisher and
Clayton 1988), and deletion mutants have been made to deduce the length of the human
lsp binding site (Chang and Clayton 1984). Based on the structural similarities in the
mtTFAs, the other binding sites were chosen as those sequences with the same distance
downstream from the start site as the putative human binding site.
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MATERIALS AND METHODS
DNA oligonucleotides were from Integrated DNA Technologies (Coralville, Iowa). All
other reagents were of the highest grade available from Sigma, Fisher or VWR.

Oligonucleotide purification
Fluorescently labeled top strand was HPLC purified by IDT. Bottom strand
oligonucleotide was purified as described previously (Lodeiro, Uchida et al. 2010).
Concentrations were measured using absorbance at 260 nm and the calculated extinction
coefficient.

Expression and purification of h-mtTFA, m-mtTFA, and b-mtTFA
Rosetta (DE3) competent cells were transformed with 10 ng of pSUMO-mtTFA
expression plasmid and plated onto KDC plates and grown at 30 °C overnight. A 100 mL
starter culture of NZCYM media containing 25 μg/mL kanamycin (K25) and 20 μg/mL
chloramphenicol (C20) was inoculated with a smear of colonies from freshly plated and
transformed cells. These cultures were grown at 37 °C 250 rpm to an OD600 = 1.0. Eight
500 mL Auto-Inducing media in 2L flasks containing K75 and C60 was inoculated to an
OD600 = 0.025 with the starter culture and grown at 37 °C 250 rpm to an OD600 = 1.0.
Once the cultures reached OD600 = 1.0, the cultures were placed at 4 oC until the
temperature reached 25 °C. The flasks were then grown at 25 °C 250 rpm overnight.
After induction, cells were harvested by centrifugation, washed once with T10E1,
centrifuged again and frozen at -80 °C. Frozen cell pellets were then thawed on ice and
suspended in lysis buffer (100 mM potassium phosphate pH 8.0, 500 mM NaCl, 0.25 mM

8

EDTA, 5 mM imidazole, 10 mM 2-mercaptoethanol, 20% glycerol, 2.8 µg/mL pepstatin
A and 2 µg/mL leupeptin) at a concentration of 5 mL lysis buffer per 1 g cell pellet. One
EDTA-free protease tablet was added per 10 g cell pellet. Cells were then lysed by
passing through a French pressure cell at 20,000 psi. Phenylmethyl-sulfonyl fluoride
(PMSF) and nonidet P-40 (NP-40) were added after lysis to final concentrations of 2 mM
and 0.1% v/v, respectively. The lysate was then centrifuged for 30 min at 25,000 rpm
(75,000 x g) at 4°C. The clarified lysate was decanted and then loaded onto a Ni-NTA
column at a flow rate of 0.5 mL/min (1 mL bed volume/20-30 mg target protein). After
loading the clarified lysate, the column was washed at a flow rate of 1 mL/min with 20
column volumes of buffer C (100 mM potassium phosphate pH 8.0, 500 mM NaCl, 10
mM 2-mercaptoethanol, 20% glycerol) containing 5 mM imidazole and 0.1 % NP40. The
column was washed a second time with 10 column volumes of buffer C containing 5 mM
imidazole (NP40 also left out of subsequent buffers). The column was washed further
with 5 column volumes of buffer C containing 50 mM imidazole. One column volume
fractions were collected for the 50 mM imidazole wash. The protein was then eluted with
buffer C containing 500 mM imidazole. One-half column volumes were collected and
assayed for purity by SDS-PAGE. In addition, all fractions were run on a 1% agarose gel
to check for nucleic acid contamination. Fractions were pooled based upon purity. Ulp1
(1 µg per 1 - 5 mg SUMO fusion) was then added to the sample to cleave the SUMOmtTFA fusion protein overnight at 4 oC. The cleaved SUMO fusion was verified by
SDS-PAGE. The eluted protein with Ulp1 was then dialyzed against 2 changes of buffer
D (100 mM potassium phosphate pH 8.0, 10 mM 2-mercaptoethanol, 20% glycerol, 100
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Figure 5. Oligonucleotides used in this study. The top strand contains the putative human LSP binding site as well as the fluorescent
10

probe Alexa488. The bottom strand consists of the complimentary bases. Each strand has three extra nucleotides on either side of the
binding site.

mM NaCl) (12-14,000 Da MWCO membrane). The NaCl concentration was readjusted
to 500 mM NaCl final for the cleaved protein prior to passing over the second Ni column.
The cleaved protein was then passed through a Ni-NTA column equilibrated with buffer
C (100 mM potassium phosphate pH 8.0, 10 mM 2-mercaptoethanol, 20% glycerol, 500
mM NaCl) at a flow rate of 1 mL/min (approximately 1 mL bed volume/20 mg total
protein). The pass-thru was collected and analyzed by SDS-PAGE for removal of SUMO
and Ulp1. The pass-thru protein was then dialyzed against 2 changes of buffer F (50 mM
HEPES 7.5, 10 mM 2-mercaptoethanol, 20% glycerol, 100 mM NaCl) (12-14,000 Da
MWCO membrane). The conductivity of protein was measured and adjusted to 100 mM
NaCl final prior to passing over a SP-sepharose column. The protein was passed over an
S-column equilibrated in buffer F at a flow rate of 1 mL/min (1 mL bed volume/40 mg
total protein). The S-column was then washed with 6 column volumes of Buffer F. The
protein was eluted from the S-column with buffer F with 750 mM NaCl and collected in
one-half column volume fractions. Protein concentrations were calculated by measuring
absorbance at 280 nm and using the calculated extinction coefficients. Purified proteins
were frozen at -80 oC until use.

Equilibrium dissociation assay
The assays were performed at 25o C. Labeled DNA was annealed with the unlabeled
bottom strand prior to the experiment. Annealing reactions were performed using a
Progene Thermocycler (Techne, Burlington, NJ). Reactions were heated to 90 oC for 1
minute and slowly cooled (5 oC/minute) to 10 oC. To simulate transcription conditions,
the buffer in which measurements were made consisted of 10 mM HEPES pH 7.5, 10
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mM MgCl2, 0.1 mg/mL BSA, 1 mM DTT, 100 mM NaCl, and 0.1 nM labeled mtTFA
BS. The mtTFA for the given species was diluted just before the experiment and kept on
ice throughout. Assays were performed for dilutions of 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 50,
100, and 200 nM mtTFA. Dilutions were done with enzyme dilution buffer, EDB (10
mM HEPES pH 7.5, 1 mM DTT, 20% glycerol). Each sample was analyzed over 30
seconds by the Beacon-2000 (Model #160330, PanVera Corp., Madison, WI) and results
were then compiled. Data was fitted to a hyperbolic equation that describes a ligandreceptor binding (Equation 1):

where mP is the polarization value, Bmax is the maximal binding, P is mtTFA
concentration, Kd is the concentration of mtTFA necessary to reach 0.5Bmax.

Stoichiometry assay
The assays were performed at 25 oC. Labeled DNA was annealed with the unlabeled
bottom strand prior to the experiment. To simulate transcription conditions, the buffer in
which measurements were made consisted of 10 mM HEPES pH 7.5, 10 mM MgCl2,
0.1mg/mL BSA, 1 nM DTT, 100 mM NaCl, 100 nM unlabeled mtTFA BS, and 0.1 nM
labeled mtTFA BS. The mtTFA for the given species was diluted just before the
experiment and kept on ice throughout. Assays were performed for dilutions of 25, 50,
100, 200, 400, 800, 1200 and 1600 nM mtTFA. Proteins were diluted in EDB. Each
sample was analyzed over 30s by the Beacon-2000 and results were then compiled.
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Fluorescence anisotropy assay
Fluorescence anisotropy assays were used to obtain data about the dissociation rate of the
interaction of mtTFA of each species and the human TFA BS. A Model SF-2001 stopped
flow apparatus (KinTek, Corp., Austin, TX) was used in order to obtain fluorescence data
on the desired time scales. All reactions were done at 25 oC. Data was obtained by rapidly
mixing a solution with already associated mtTFA and TFA BS at concentrations of 20
nM and 10 nM respectively, with a solution containing 10 mM heparin (as a trap for free
mtTFA). Concentrations of mtTFA and DNA were selected based on the results of the
stoichiometry assay. Upon reaching the observation cell, the fluorescent probe was
excited using vertically polarized light at 495 nm. According to its orientation when
emitted, light passed though one of two emission polarizing filters, located on opposite
sides of the observation cell, and allowing either vertical or horizontally polarized
emissions only. Following this, the polarized light passed through a 529 nm bandpass
emission filter (#FF01-529/24-25, Semrock Inc., Rochester, NY) to exclude signals
unrelated to the emission event. Signal was then recorded upon reaching a PMT. The
KinTek stopped-flow software was then used to combine the horizontal and vertical
fluorescence results and calculate the anisotropy values based on the following equation
(Equation 2):
2
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At least five anisotropy traces were averaged for each experiment. Dissociation data was
then fitted to a single exponential equation (Equation 3):

where I is the anisotropy, A is the amplitude, Amin is the minimum anisotropy value, koff
is the dissociation rate constant, and P is the mtTFA concentration.

Data Analysis
Analysis of data from the Beacon apparatus was done using GraphPad Prism 4
(GraphPad Software, Inc, La Jolla, CA). Analysis of data from the stopped-flow
experiments was performed using KaleidaGraph (Synergy Software, Reading, PA).
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RESULTS
mtTFA purification
mtTFA expression was induced in E. coli and purified as a SUMO-fusion protein. The
SUMO was cleaved using the Ulp1 protease to yield the final protein. A large scale
induction was performed overnight, followed by harvesting of the cells. Cell lysis and
centrifugation prior to purification yielded a clarified cell lysate, in which the respective
mtTFA proteins were confirmed to be present (Figure 6A). The clarified lysate was then
passed over a first Ni-NTA column, a second Ni-NTA column, and finally a SPSepharose column. Final yields across all pools were 10.91 mg of h-mtTFA from 10.96 g
cells, 43.71 mg b-mtTFA from 9.3 g cells and 12.8 mg m-mtTFA from 7.4 g cells. The
proteins were found to be of greater than 95% purity (Figure 6B). The purification
procedure used has been previously optimized to eliminate the contaminants such as
DNAses, RNAses, and phosphatases.

mtTFA-DNA equilibrium kinetics
Human, mouse, and bovine mtTFA titrations were performed against 0.1 nM labeled
binding site DNA to determine the equilibrium constant of each interaction. These assays
were carried out using the Beacon apparatus with TFA concentrations ranging from 0 to
50 nM (Figure 7). These results indicate that the equilibrium dissociation constants for
this interaction amongst the three species are very similar, on the order of 2-3 nM.
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Figure 6. mtTFA Purification. Coomassie stained SDS-PAGE gels of (A)
representative bacterial clarified lysate and (B) final pools from human, mouse, and
bovine mtTFA purifications. mtTFA bands are marked by an arrow. The molecular
weight of each protein is ~24 kDa.
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A

B

Kd=2.0 ± 0.4nM

Kd=2.0 ± 0.5nM

C

Kd=3.0 ± 0.8nM

Figure 7. Equilibrium dissociation of mtTFA and human mtTFA BS. Polarization
data was collected over a range of mtTFA concentrations (0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 50,
100, and 200 nM). Data graphed represents polarization versus mtTFA concentration for
data points up to ~10xKd. Fit is based on a hyperbolic curve describing a ligand-receptor
interaction as described in the methods. Kd is the concentration at which half-maximal
binding is achieved. The assay was performed using (A) h-mtTFA, (B) m-mtTFA, (C) bmtTFA.
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TFA binds to the lsp binding site with 2:1 stoichiometry
Human, mouse, and bovine mtTFA titrations were performed against the binding site
with an excess of unlabeled binding site in order to allow for elucidation of the
stoichiometry. A fluorescence polarization assay was carried out in the Beacon apparatus
using TFA concentrations between 25 and 1600 nM. Results (Figure 8) suggest that, for
each species, the stoichiometry of the mtTFA-DNA interaction is 2:1, or two mtTFA
molecules binding to each DNA binding site.
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A

B

C

Figure 8. Stoichiometry of mtTFA and human TFA BS interaction. Polarization
values were obtained for 25, 50, 100, 200, 400, 800, 1200, and 1600 nM mtTFA
interacting with 0.1 nM labeled TFA BS and 100 nM unlabeled TFA BS. The plotted
data appears as two subsets: the points over which the interaction is reaching saturation,
and those points over which the interaction has become saturated and the polarization is
no longer increasing. The protein concentration at the intersection of these sets compared
to the concentration of DNA present reveals the stoichiometry as 2 mtTFA:1 TFA BS for
each experiment. The same assay was performed with (A) h-mtTFA, (B) m-mtTFA, (C)
b-mtTFA.
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h-mtTFA-DNA dissociation kinetics and intrinsic fluorescence
Human mtTFA was assayed with its DNA binding site. First, mtTFA and the DNA BS
were allowed to bind in solution. Using the stopped-flow, this solution was then rapidly
mixed with a solution containing 10 mM heparin. The heparin was included so that, when
the solutions were combined, as soon as a dissociation event occurred, the TFA would
bind to an excess of strongly negatively charged heparin and drive the reaction to
completion. Time scales were selected based on an estimate of a five half-life duration of
the reaction. The results show that there is a substantial difference that is apparent in the
rate constant for dissociation in the human interaction with respect to those of the mouse
and bovine proteins. The physical meaning of this is that the complex of the human
protein and the human binding site is coming apart significantly slower than complexes
substituted with mtTFA from different mammals. A further dissociation experiment using
h-mtTFA included stopped-flow traces without the vertical polarizer and emission
polarization filters in addition to the polarization traces. This extra data revealed that
there is an increase in fluorescence present that appears over a similar time scale to the
parallel and perpendicular polarization results (Figure 12). This “intrinsic fluorescence”
may be affecting the polarization data by either pulling down or pushing up the respective
data points for the parallel and perpendicular fluorescence graphs. This assay has not yet
been performed using the m-mtTFA and b-mtTFA proteins.
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Figure 9. Dissociation kinetics of h-mtTFA-DNA complex. Complex dissociation assays were performed using the stopped-flow
apparatus. (A) Anisotropy course for the dissociation of h-mtTFA and the TFA BS. Complexes were formed from 20 nM mt-TFA
and 10 nM TFA BS. 10 mM heparin was present to drive the dissociation to completion. Time scales chosen in order to encompass 5
half lives of the reaction. Off-rate was calculated based on the single exponential fit as described in the methods. Note the differences
in time scale amongst the dissociation events for each of the three mtTFAs (See Figures 9-11). (B) The parallel fluorescence is
decreasing, as expected for an increase in the tumbling speed of the binding site after dissociation. (C) The perpendicular fluorescence
shows the opposite effect due to the increasing depolarization of emitted light.

A

B

C
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Figure 10. Dissociation kinetics of m-mtTFA-DNA complex. Complex dissociation assays were performed using the stopped-flow
apparatus. (A) Anisotropy course for the dissociation of m-mtTFA and the TFA BS. Complexes were formed from 20 nM mt-TFA
and 10 nM TFA BS. 10 mM heparin was present to drive the dissociation to completion. Time scales chosen in order to encompass 5
half lives of the reaction. Off-rate was calculated based on the single exponential fit as described in the methods. (B) The parallel
fluorescence was not decreasing quite as expected (see Discussion). (C) The perpendicular fluorescence reflects the expected
increasing depolarization of emitted light.

A

B

C
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Figure 11. Dissociation kinetics of b-mtTFA-DNA complex. Complex dissociation assays were performed using the stopped-flow
apparatus. (A) Anisotropy course for the dissociation of b-mtTFA and the TFA BS. Complexes were formed from 20 nMmt-TFA and
10 nM TFA BS. 10 mM heparin was present to drive the dissociation to completion. Time scales chosen in order to encompass 5 half
lives of the reaction. Off-rate was calculated based on the single exponential fit as described in the methods. (B) The parallel
fluorescence was not decreasing quite as expected (see Discussion). (C) The perpendicular fluorescence reflects the expected
increasing depolarization of emitted light.

A

B
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Figure 12. Intrinsic fluorescence in stopped-flow measurements. (A) Another dissociation assay using h-mtTFA shows a similar
koff value as seen in Figure 9. (B) This time an extra measurement was taken with the emission polarization filter removed. The
observed increase in fluorescence occurs over the same time scale as the measured changes in polarized fluorescence. This
phenomenon may affect the anisotropy calculation (see Discussion).

DISCUSSION AND FUTURE DIRECTIONS
mtTFA is known to be required for initiation of mitochondrial transcription from
the light-strand promoter. The intent of this project was to learn about how this mtTFADNA interaction occurs in terms of kinetics, as well as what aspect of the system
introduces the specificity between cognate pairs of proteins and binding sites.
First the equilibrium dissociation constant was determined. These results indicate
that each of the constants is of the same order of magnitude, with no significant
difference amongst them. This suggests that there is a step of the interaction in which the
mammalian mtTFAs show no preference to the DNA sequence presented. Following this
observation, the stoichiometry assay was performed to establish a starting point for the
off-rate experiment. The same result has been observed previously using a heterogeneous
subunit assay with human mtTFA and the LSP binding site (Gangelhoff, Mungalachetty
et al. 2009). This result suggests that the second mtTFA molecule may be required to
interact with the first mtTFA in order to affect some type of bending or twisting of the
DNA in order to prepare to recruit other proteins to allow for transcription initiation. It is
not clear whether the mtTFA molecules assemble in solution before binding to the DNA,
or whether they bind one at a time. Previous data suggests that mtTFA exists as both as
an equilibrium of monomers and dimers in a DNA-free solution (Wong, Rajagopalan et
al. 2009).
The dissociation-rate assay was conducted using the stoichiometry predicted by
the previous experiment. The time courses of each trace were cut off at a calculated five
half lives duration. From the graphed results (Figures 9-11) it is clear that the dissociation
of the human mtTFA from the putative human binding site is occurring on a longer time
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scale than those interactions of the mouse and bovine proteins, and therefore the
dissociation is occurring at a slower rate. This was confirmed by fitting the data to single
exponential decays. The dissociation of the human interaction is occurring around tenfold slower than for the mouse and bovine mtTFAs.
Combining these pieces of data leads the hypothesis that this similarity may be
reflecting a two step binding mechanism for the formation of the transcription initiation
complex, as shown in the following equation (Equation 4):

In this proposed reaction, step I is a nonspecific interaction that occurs independently of
the origin of the DNA BS or the mtTFA, perhaps just based on the structure of the
mtTFA protein. Step II then requires a cognate pair in order to be transited. This step
requires an extra point of specificity only present during the interaction between mtTFA
and the binding site of the same species, which would then allow for bending or twisting
of the DNA at and around the binding site in order to facilitate the formation of the
initiation complex. Such a binding mechanism would provide a possible explanation for
the conferral of specificity upon only cognate pairs of protein and binding site.
A concern that arose during the course of the experiments is that of “intrinsic
fluorescence.” In an ideal experiment of this type, the fluorescence over time with no
polarization filters should be unchanging, which allows one to be certain that the correct
interaction is being studied. It was found that the assays performed using the stoppedflow apparatus resulted in similar time courses both with and without the anisotropy
26

filters present. This resulted in the effects seen in Figures 10 and 11 in which the relative
parallel fluorescence was increasing at a slower rate versus the perpendicular, instead of
decreasing as expected. It is likely that this intrinsic fluorescence was, in a sense,
working against the actual downward trend of the parallel data, and enhancing the
upward trend of the perpendicular data. The fact that the fluorescence data was very
similar to the anisotropy data does not necessarily invalidate the findings, but it removes
some certainty as to whether the interaction being measured is indeed the interaction of
interest.
As a consequence of the project timeline, this issue was yet not further
investigated. However, for future work, several different ideas have been proposed to
potentially mitigate the appearance of the intrinsic fluorescence.
It is possible that the current oligonucleotide structure is preventing the probe
from tumbling freely in solution. This could potentially be resolved by keeping the same
binding site sequence, but attaching the label farther away with a 10 bp poly-adenosine
linker. This linker would be unlikely to interact with the mtTFA molecule as well as be
flexible enough to allow for less restricted movement in solution.
Another possibility is that the Alexa488 probe used possesses something inherent
in its structure or proximity to the binding site that results in the unwanted fluorescence
when excited. If the current label was replaced with another, such as the nucleotide
analog 2-aminopurine, the appearance of the unwanted fluorescence might be resolved.
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