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Abstract of the Dissertation 

Alterations to the unique DNA binding mode mediated by MTERF1 have implications of 

pathogenesis in mitochondrial disease. 

by 

James Byrnes 

Doctor of Philosophy 

in 

Biochemistry and Structural Biology 

 

Stony Brook University 

2014 

Human mitochondria are found in all eukaryotic cells.  They are dynamic double 
membrane organelles that can vary in shape, size and amount depending on cell types.  In 
humans, mitochondria contain a 16.5kb genome that encodes for 22 tRNAs, two rRNAs and 13 
proteins that make up the mitochondrial contribution of the oxidative phosphorylation system 
(OXPHOS).  This system produces the majority of energy used by the cell in the form of ATP 
and is critical for cell viability.  In order for the OXPHOS system to produce ATP, it is 
dependent on the proper expression of the mitochondrial genome.  Thus, errors in gene 
expression can lead to defects in OXPHOS and ultimately pathogenesis of mitochondrial disease.  
Therefore, it is important to understand the mechanisms of mitochondrial gene expression and 
how alteration of these mechanisms can result in pathogenesis.  The initial stage in gene 
expression is transcription, a process that involves several events including initiation, elongation 
and termination, all of which are regulated by proteins that are produced in the nucleus and 
transported to the mitochondria.  Interestingly, termination is one of the least understood aspects 
of transcription.  It has been established that termination is regulated by the mitochondrial 
transcription termination factor MTERF1.  Our lab has solved the crystal structure of MTERF1 
bound to its canonical DNA sequence located within the tRNALeu gene and made great progress 
in understanding the mechanisms critical for MTERF1 mediated transcription termination.  Most 
strikingly, MTERF1 exhibits a unique DNA binding mode that involves the formation of 
sequence specific interactions, helix unwinding and the eversion of three nucleotides stabilized 
by stacking interactions outside the double helix.  Further structural and biochemical 
characterization of the base flipping mechanics has revealed a stepwise order to the base-flipping 
event that is important for function.  In addition, we show that pathogenic mutations present 
within the DNA binding site perturb sequence recognition and base flipping.  These result in 
termination defects that have implication for pathogenesis of mitochondrial disease.  
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Chapter 1- Introduction 

Mitochondria are organelles found in all eukaryotic cells and are sometimes 

referred to as the “powerhouse” of the cell (1).  This title highlights the major role of 

mitochondria as an energy generator, which is critical for normal cellular function and 

viability (2).  In humans, mitochondrial defects that result in alterations to energy 

production can lead to a wide range of clinical symptoms in any organ and at any age, 

making the diagnosis of mitochondrial disorders difficult (3-5). Antithetically, 

mitochondria, the same organelle that is responsible for cellular viability, can also carry 

out programmed cell death, known as apoptosis (6-8).  In fact, these two functions, 

among others, are so important that certain types of cancers are able to manipulate 

mitochondria and utilize them to the advantage of the cancer cell (9,10).  Cleverly, 

some cancers can turn off the apoptotic pathway in order to keep the cancer cell alive 

(11,12).  In addition, to feed a growing cancer cell quickly, they can increase the rate at 

which energy is produced (Warburg effect) (13).  Moreover, mitochondria have 

implications in aging and age related neurodegenerative diseases such as Parkinson’s 

and Alzheimer’s Disease (14-16). Thus, mitochondria are “powerful,” multifunctional, 

complex organelles and play a critical role in the life cycle of a eukaryotic cell.  

The double membrane structure of mitochondria is suited for high-energy 

output. The inner membrane, which is highly impermeable to small molecules, consists 

of many folds called cristae that increase the surface area of the inner membrane to the 

matrix and the intermembrane space (Figure 1.1) (17).  In humans, embedded within 

the inner membrane is a series of five protein complexes (Figure 1.2) (18). Complexes 

I-IV catalyze a series of oxidative reduction reactions that remove electrons from 
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electron donors and pass them down to electron acceptors (19).  Complexes I & II 

obtain their electrons from donors such as NADH and FADH2 that are produced 

mainly from the glycolytic pathway. The electrons reduce ubiquinone to ubiquinol and 

shuttle the electrons to Complex III.  Then, the electrons are then reduced to 

cytochrome c, which shuttles electrons to Complex IV. After the electrons enter into 

complex IV, the final step is the reduction of molecular oxygen (O2) to water.  This 

stepwise process is known as the electron transport chain (ETC).  As the electrons 

move through the ETC, H+ ions are generated due to the oxidation of NADH and 

FADH2 to NAD+ and FADH.  With the exception of Complex II and V, the H+ ions are 

then pumped from the mitochondrial matrix to the intermembrane space (Figure 1.2).  

Due to the impermeability of the inner membrane, the H+ ions accumulate in the 

intermembrane space and generate a powerful electrochemical gradient. Under normal 

circumstances, the H+ ions are able to cross the inner membrane and move down their 

concentration gradient in a controlled manner.  This occurs at Complex V where the 

movement of H+ ions drives a molecular motor located within the complex and 

catalyzes the formation of ATP from ADP and Pi.  Thus, the energy stored in the 

electrochemical gradient is used to form ATP, which contains high-energy bonds 

utilized by the cell for various functions.  This entire process constitutes the oxidative 

phosphorylation system (OXPHOS).  In humans, OXPHOS occurs in the presence of 

oxygen and produces the majority of energy for the cell.  Perturbations of this process 

can result in decreased production of ATP and has serious implications for cell 

viability (20,21).  
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Structure and organization of the human mitochondrial genome. 

The structural components of the OXPHOS system requires the assembly of 

~80-100 proteins (22).  The majority of the proteins are encoded for and expressed in 

the nucleus.  After expression in the nucleus, they are transported to the mitochondria 

where they are inserted into the inner membrane. Interestingly, core proteins that are 

part of Complexes I, III, IV and V are encoded by a separate genome that is located 

within the mitochondrial matrix.  In humans, the mitochondrial genome contributes 13 

proteins in total to OXPHOS (23).  Perturbations to the expression of the genes 

encoding for the 13 proteins have been shown to result in decreased cellular levels of 

ATP (24-26). Therefore, the mitochondrial genome and its products play an integral 

role in maintaining levels of ATP (27). 

In humans, depending on cell type and the number of mitochondria present, the 

total number of genome copies per cell can range from 10’s to 1000’s.  The structure of 

the human mitochondrial genome resembles that of a bacterial plasmid and is a circular 

double stranded molecule, 16,569 bp in length (Figure 1.3) (23) (28). Each strand of 

the genome is referred to as the heavy strand (HS) or light strand (LS) as determined 

by their buoyant densities in a CsCl gradient (29,30). The genome not only encodes for 

the 13 proteins necessary for OXPHOS, but also encodes for 22 tRNAs and 2 rRNAs 

(Figure 1.3) that are distributed asymmetrically on both strands (23,28). The 

distribution of the genes is compact with little or no space in between (Figure 1.4).  

Interestingly, the genes lack introns and there are few noncoding regions (31). The 
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largest noncoding sequence corresponds to the control region known as the regulatory 

D-Loop (32,33).  Here, transcription promoters for both strands as well as an origin for 

HS replication are present (34,35).  Upon replication initiation of the HS, a short 

nascent strand is synthesized (complementary to the LS) that is terminated in a 

template directed manner (36).  This nascent strand forms a stable hybrid with the LS.  

As a result of the hybrid, a DNA triplex structure is formed between the LS, the newly 

synthesized nascent DNA strand and the HS (Figure 1.5).  The triplex structure causes 

the HS to bubble out forming the characteristic displacement loop from which the 

region gets its name (30).  Interestingly, the site of LS replication is located far from 

the D-loop region in humans and may have alternate sites in other vertebrates. 

Expression of the human mitochondrial genome. 

Transcription initiation 

 The genes on the LS and HS are transcribed as long, continuous polycistronic 

transcripts (Figure 1.4) (34,37-39).  The transcripts are organized such that the mRNA 

sequences for each of the 13 proteins and 2 rRNAs are flanked by tRNAs (Figure 1.4) 

(40).  Thus, an extra step is required to excise the tRNAs, mRNAs and rRNAs from the 

continuous polycistronic transcripts.  This excision process involves precise 

endonucleolytic cleavage on either side of the tRNA gene, which results in the 

formation of mature transcripts.  Thus the large polycistronic mRNAs are subjected to 

an important RNA processing event associated with tRNA maturation and this is 

referred to as the “tRNA punctuation model” (41). 
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The formation of polycistronic mRNAs arises from several promoter sites (42-

45).  Transcription of the LS initiates at a promoter sequence within the D-loop region 

known as the light strand promoter (LSP) (Figure 1.4) (46).  The long polycistronic 

mRNA produced from LSP encompasses almost the entire mitochondrial genome and 

includes eight tRNAs and one mRNA (47).  Transcription of the HS is slightly more 

complicated and ultimately produces the other 14 tRNAs, 12 proteins and 2 rRNAs.  

Interestingly, the genes of the HS are not transcribed at the same level.  The 2 rRNAs 

genes are found to be transcribed at a rate  ~50-100 times higher than genes located 

downstream of the rRNAs on the HS (48).   The mechanism by which the mitochondria 

are able to maintain differing ratios of HS transcripts in vivo is not entirely clear.  

However there are two general viewpoints.  The first suggests that HS transcripts are 

all produced from one single promoter located within the regulatory D-Loop region 

(currently referred to as HSP).  From this point of view, the different ratios of HS 

transcripts are maintained by a termination event at the tRNALeu gene, which is located 

immediately downstream of the rRNA genes (Figure 1.4).  Premature termination of 

transcripts at the tRNALeu gene would prevent further transcription of HS genes 

downstream of this site.  Therefore, a constant rate of transcription initiation from HSP 

would yield differing levels of HS transcripts because some will prematurely terminate 

immediately downstream of the rRNA genes. Thus, the termination event could serve 

as a mechanism for regulating HS transcription levels.  

An alternative explanation to account for the differing amounts of HS 

transcripts is the existence of two promoters, referred to as HSP1 and HSP2.  HSP1 is 

located within the regulatory D-loop and is the same promoter as mentioned above.  
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However HSP1, in this case, is thought to only transcribe the rRNA genes and 

terminate at the tRNALeu gene.  The transcripts for the rest of the 12 tRNAs and 12 

mRNAs on the HS are thought to initiate from HSP2 (42,49,50).  The site of HSP2 was 

identified in the early 1980s and mapped to a region outside the regulatory D-loop.  

Interestingly, it is found within the tRNAPhe gene located ~100bp downstream of the 

HSP1 site.  Evidence suggests that transcription initiation from HSP2 is much weaker 

than from HSP1 in vitro (49).  In this case, the weaker initiation event from HSP2 

would account for the decreased amount of HS transcripts past the rRNA genes. 

Transcription Initiation Machinery 

It is widely accepted that transcription initiation in mitochondria is dependent 

on a basal level of machinery (51-53). All the transcription machinery is nuclear coded 

and imported into the mitochondria (54). In humans, transcription requires a specific 

mitochondrial RNA polymerase.  This is known in humans as POLRMT and is 

distantly related to the T7 bacteriophage RNA polymerase (RNAP).  Interestingly, 

comparisons between crystal structures of POLRMT and T7 RNAP reveal structural 

similarities in the C-terminal domain.  However, unlike the T7 bacteriophage that is 

able to initiate transcription on its own, POLRMT requires two transcription factors 

(55). These two factors, TFAM and TFB2M are important for binding to and melting 

DNA at promoter sites (56).  Furthermore, electron microscopy and molecular docking 

experiments have been able to associate all three factors at the LSP providing structural 

evidence supporting their role in the transcription initiation event (51). 
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TFAM is a highly conserved HMG box protein found in yeast, frogs and 

vertebrates (57).  The crystal structure of TFAM bound to the LSP has been solved and 

demonstrated that it can bend DNA.  The presence of two high mobility group boxes 

within the TFAM protein sequence mediates this bend, forming a U-turn in the DNA at 

the LSP.  In addition to its role as a transcription factor, TFAM has implications in the 

packaging and maintenance of the mitochondrial genome. Biochemical studies have 

revealed that TFAM is found associated with nucleoid like protein complexes. These 

complexes are important for mtDNA packaging, maintenance and also associate with 

mitochondrial chaperones that assist in protein folding events (57).  However, the 

mechanism by which TFAM maintains mtDNA levels is not entirely understood.  

Recent work has suggested that post-translational modifications of TFAM may 

regulate its levels in mitochondria (58).  The association of TFAM with mitochondrial 

nucleoids indicates that TFAM is in close proximity with mtDNA (59-61).   In fact, 

biochemical and crystallographic data have shown that TFAM is able to bind 

nonspecifically to mtDNA. In addition, the ability of TFAM to bend DNA suggests a 

possible mechanism by which TFAM may assemble mtDNA for packaging.  

TFB2M, the second transcription factor of the basal machinery, is homologous 

to another transcription factor found in human mitochondria, named TFB1M.  Both 

have been observed to initiate transcriptional activity in vitro, however, the activity of 

TFB2 is 1-2 orders of magnitude greater than TFB1M (62-64).  In fact, biochemical 

and structural work has shown that TFB1M functions largely as a mitochondrial 

methyltransferase and can methylate the small mitochondrial ribosomal subunit, 

playing a critical role in ribosome assembly (65) (66).  
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 Until recently, it has been widely accepted that mammalian mitochondrial 

transcription initiation requires POLRMT, TFB2 and TFAM as discussed above.  

However, recent work has demonstrated that transcription initiation from HSP and LSP 

can occur in the absence of TFAM (49,50,67,68).  Furthermore, upon addition of a 

TFAM dosage, transcription levels are increased.  This information suggests that the 

initiation event does not absolutely require TFAM but rather, acts as an enhancer for 

transcription.  Curiously, the reproducibility of this observation varies throughout the 

mitochondrial transcription field.  Thus, whether or not TFAM is absolutely essential 

for transcription initiation is still debated (49,68-71). 

Transcription Termination at tRNALeu gene 

RNA transcripts produced from HSP1 and LSP promoters have been shown to 

terminate at a region within the tRNALeu gene. Experiments in the early 1980s have 

demonstrated that the 3’ ends of transcripts originating from HSP1 were heterogeneous 

(72).  This finding suggested that these transcripts were not a result of precise excision 

events, but rather due to premature termination of the transcripts.   Further experiments 

performed in the mid-1980s identified a factor from mitochondrial lysates promoting 

transcription termination at this site (73).  In addition, DNA foot printing and S1 

nuclease digestion assays established that the termination factor binds to a 28bp 

binding sequence within the tRNALeu gene (74,75).  This factor is referred to as 

MTERF1, which stands for mitochondrial transcription termination factor.  Strikingly, 

DNA methylation protection experiments have revealed that this site corresponds to 

one of the most protected sites of the entire genome and stresses the role of a binding 

event at this location (76).  
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Roles of MTERF1 

The location of the MTERF1 binding site is immediately downstream of the 2 

rRNA genes.  This location has implications for the role of MTERF1 in regulating the 

quantity of rRNA transcripts produced from HSP1.  An early model suggested that the 

DNA between HSP1 and the tRNALeu looped out to form a structure known as the 

rDNA loop (Figure 1.6) (77).  The rDNA loop would put the initiation (HSP1) and 

termination sites in close proximity, thus allowing the initiation machinery to be 

quickly recycled.  Therefore, the authors proposed that this loop is important for 

maintaining higher levels of rRNA transcripts. Furthermore, it was suggested that 

MTERF1 would mediate the formation of this loop by having an additional binding site 

at HSP1.  Thus the interaction of one MTERF1 molecule, one end at the canonical 

tRNALeu site and the opposite end at the HSP1 site, would stabilize this rDNA loop 

(Figure 1.6).  

Interestingly, MTERF1 exhibits termination polarity at the tRNALeu gene (78).  

Reconstituted in vitro termination assays demonstrate that when the MTERF1 DNA 

binding sequence is oriented in reverse relative to the HSP promoter, termination 

activity is 2-3 fold higher than when the sequence is oriented in the forward direction 

(79-84).  This would suggest that MTERF1 is able to terminate transcripts initiating 

from the LSP direction more strongly than from HSP.  A reason for this observation 

might be to prevent the buildup of missense transcripts, as the LS does not encode for 

any genes beyond the termination site (Figure 1.4).  More recently, an MTERF1 mouse 

knockout model has been constructed and demonstrates that in the absence of 

MTERF1 there is an increase in missense LS transcripts beyond the termination site 
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(82).   In addition, the stronger termination of LSP products may also be important to 

prevent transcriptional interference at the initiation sites. Thus, MTERF1 would act as 

a roadblock to the transcription machinery, in order to prevent the machinery from 

entering into the D-loop region. 

The role of the polar road blocking mechanism mediated by MTERF1 is not 

well understood.  To recall, the regulatory D-Loop does not only contain promoter sites 

for transcription initiation, it also contains the origin of replication for the HS.   It has 

been suggested that mtDNA replication and transcription initiation at the D-loop region 

are tightly coordinated as there is a high probability of potential collisions between the 

replication machinery and transcription machinery (85-87).  These collisions are 

detrimental to the processivity of the transcription machinery (88-90).  Interestingly, 

MTERF1 has been shown to bind multiple sites, including the regulatory D-Loop 

region.  In addition, MTERF1 has been shown to regulate mitochondrial DNA 

replication pausing at the canonical tRNALeu site and at alternative sites (91).  It is 

suggested that the role of MTERF1 in this context is necessary in order to prevent 

collisions between the replication and transcription machinery.  Although this role for 

MTERF1 in humans is not clearly understood, other systems, such as E.coli and sea 

urchin, have analogous approaches to prevent these collisions.  For the case of E.coli, a 

DNA replication terminator named Tus is responsible for preventing these collisions by 

attenuating the DNA helicase DnaB (92).  Tus is indirectly able to pause growing 

replication forks by attenuating the helicase.  As a result, the transcription machinery is 

able to continue beyond the attenuation site.  The ability of Tus to attenuate DnaB from 

one direction and allow passage of the transcription machinery from the other is 
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analogous to the MTERF1 polar termination mechanism.  Similarly, mtDBP, a protein 

found in the mitochondria of sea urchin, is homologous to MTERF1 and also exhibits 

termination polarity much like MTERF1(93).  In addition, mtDBP has been shown to 

have multiple binding sites in the sea urchin mitochondrial genome and has 

implications in regulating replication. Thus, the observation of multiple MTERF1 

binding sites in the mitochondrial genome and its ability to pause replication, further 

suggests that MTERF1 is able to take on multiple roles in the maintenance of the 

mitochondrial genome, however the mechanisms by which MTERF1 can carry out 

these roles is not well understood. 

The MTERF family of Proteins 

 Analysis of the MTERF1 protein sequence reveals significant sequence 

homology to a family of MTERFs that are shared amongst metazoans and plants (94).  

Interestingly, there can be a variable number of MTERFs found in different species 

(95).  In some plants, there are upwards of 30 different types of MTERFs that are 

found in both the plastids and mitochondria (96).  In all vertebrates, there are four 

MTERF proteins appropriately named MTERF1-4 (94,97,98).  From an evolutionary 

standpoint, MTERF1 and MTERF2 are unique to vertebrates while MTERFs 3&4 are 

found in all metazoans, suggesting that MTERFs 3&4 are the ancestral genes in 

metazoans (96).  In humans, MTERF1 was the first of the four MTERF proteins to be 

characterized (74).  Currently, the functional roles of all four human MTERFs have 

been characterized through studies in mice.  A summary of the putative roles for each 

human MTERF based on mouse knockouts have been assembled in Table 1.1. 
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Functional Roles of MTERFs 2, 3,4 

The roles of MTERFs 2&3 are implicated in transcription regulation events and 

have been found to interact with DNA in the D-loop region.  Individual mouse 

knockout studies of each MTERF reveal that they have opposite effects in the 

regulation of transcription initiation (94,99,100).  For the case of MTERF2, the overall 

level of transcripts is reduced suggesting that it is a positive regulator of transcription 

initiation.  Interestingly, a complete knockout of MTERF3 is embryonic lethal (Table 

1.1), however tissue specific knockouts of MTERF3 in mouse heart are viable and 

reveal that mitochondrial RNA transcripts are actually increased in the absence of 

MTERF3.  This suggests that MTERF3 is a repressor of transcription initiation 

(86,87,101).  Furthermore, the absence of MTERF3 reveals decreased levels of 

mitochondrial translation. The phenotype of both the MTERF2 knockout (KO) and the 

MTERF3 conditional KOs reveal significant defects in the OXPHOS system.  In the 

case of MTERF2, the observed defects in OXPHOS were only noticed in skeletal 

muscle (100).  However, laboratory mice lead very sedentary lifestyles and thus do not 

require high ATP output from OXPHOS (100).  To test for the effect of an MTERF2 

knockout on a stressed OXPHOS system, mice were fed a ketogenic (high fat, low 

carb) diet (102). Interestingly, this experiment revealed more significant myopathies in 

tissues other than skeletal muscle.  This suggests that the function of MTERF2, which 

did not have an initially severe phenotypic effect in the knockout, can present with 

severe deficiencies under conditions that mimic heavy use of the mitochondria, such as 

during exercise (100). 
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 The mouse knockout of MTERF3 provides evidence for the significance of 

MTERFs for the viability of mouse.  Interestingly another member of the MTERF 

family, MTERF4, the most divergent of the MTERFs, is the only other embryonic 

lethal KO out of the 4 human family members (103).  Conditional knockouts of 

MTERF4 have revealed decreased levels of mitochondrial translation.  This has been 

attributed to a reduction in ribosome assembly.  Furthermore, studies show that 

MTERF4 is able to bind to the 12S rRNA, 16S rRNA  and associates with a 

methyltransferase, NSUN4, found in mitochondria, that can methylate the 16S rRNA, 

which is a critical step for the assembly of the complete mitochondrial ribosome 

(103,104).  Therefore MTERF4 is largely responsible for associating with NSUN4 and 

recruiting it to the 16S rRNA in preparation for assembly. These studies suggest a new 

role for the MTERFs that does not involve transcription, but rather in ribosome 

assembly. Curiously, MTERF4 was found to associate with a 7S RNA transcript (short 

transcript produced in D-loop region complimentary to LS) and thus puts MTERF4 in 

close proximity with the LSP.  Therefore it was suggested that MTERF4 could be 

involved in crosstalk between transcription events at the D-loop and translation, 

although the molecular mechanism is not clear (103).  Strikingly, the MTERF3 KO and 

knockdown studies in flies, has recently shown that it is involved in the biogenesis of 

the large ribosomal subunit.  This may have implications for MTERF3 as not only a 

repressor of transcription initiation, as previously described, but also may mediate 

crosstalk between transcription and translation.  Furthermore, investigation of the 

mouse Mterf3 KO also reveals alterations to the ribosome assembly process.  This 
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provides a common function between MTERFs 3&4.  The dual role in both 

transcription and translation may have implications for the lethality observed (87). 

Structure of MTERF family of Proteins 

 As discussed above, the four human MTERF proteins are important for proper 

expression of the mitochondrial genome.  However, the molecular mechanisms by 

which the MTERFs carry out their function can be characterized through X-ray 

crystallography.  The structures of MTERFs 1, 3 and 4 have been solved and provide a 

wealth of structural and mechanistic information about the interactions that MTERF 

proteins mediate in humans (Figure 1.7). 

 The first members of the MTERF family to be structurally characterized were 

MTERF1 and MTERF3 (78,87,105).  Interestingly, both exhibit highly homologous 

structures and are suited for their roles as DNA binding proteins.  The crystal structure 

of MTERF1 has been solved by our lab and others, and reveals a modular protein made 

up of 8 mterf motifs that are all α helical.  The mterf motif consists of 2 α helices 

followed by a 310 helix and form a conserved triangular shape (Figure 1.7).  The 

triangular shape is maintained by hydrophobic interactions between the helices.  The 

overall MTERF fold is highly conserved amongst the family of proteins as MTERF3 

and MTERF4 have a modular architecture and contain all α helical mterf motifs 

(104,106).  The largest structural differences between MTERF1 and MTERFs 3 and 4 

are in the N and C-terminal tails, respectively.  For the case of MTERF4, the C-

terminal tail is important for mediating interactions with NSUN4, the methyltransferase 

that is critical for mitochondrial ribosome assembly.  Interestingly, the all α helical 
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folds of the MTERF proteins share structural homology to PUF domains (107).  PUF 

domains are found in proteins that bind RNA.  The domains are all α helical and form a 

crescent shape that is suited for binding RNA.  The structure of PUF domains are very 

similar to the MTERF fold as they too are all α helical and exhibit a similar crescent 

shape.  This suggests that MTERF proteins (other than MTERF 3 & 4 that have been 

biochemically shown to interact with RNA) that adopt this fold may be able to interact 

with an RNA substrate. However, the current structures of MTERF3 and MTERF4 do 

not contain nucleic acid substrates and are thus limited in providing the mechanical 

details regarding how this interaction may take place.   

Implications for MTERF in pathogenesis of mitochondrial disease 

 There are a large number of mutations in the mitochondrial genome that are 

associated with pathogenesis of mitochondrial disease. Interestingly, many pathogenic 

mutations are localized within the tRNA genes (108).  The tRNALeu gene contains a 

high concentration of pathogenic mutations and interestingly is one of the most 

protected sites of the entire genome (76,109-113).  As previously mentioned, the 

tRNALeu region plays an important role in the regulation of transcription termination 

and includes the binding site for MTERF1.  Strikingly, the binding sequence for 

MTERF1 alone contains nine pathogenic mutations.  Among these include the most 

common mitochondrial mutation, A3243G that has been associated with multiple 

mitochondrial myopathies (Mitoweb).  In addition, other mutations, such as G3249A 

result in a variant of Kearns Sayre Disease (Other mutations found in Table 4.3) (114). 

Interestingly, work done in our lab has shown that several of the pathogenic mutations 

found in this region alter MTERF1 mediated termination activity (78).  
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As mentioned above, our lab has solved the crystal structure of MTERF1 bound 

to the canonical tRNALeu termination sequence.  From this structure we discovered a 

unique DNA binding mode that involved helix unwinding and a rare three-nucleotide 

base-flipping event.  However, we lack a clear understanding of how such a rare 

binding mode works and why it is necessary for MTERF1 termination activity.  

Furthermore, the presence of pathogenic mutations within the tRNALeu gene has been 

shown to alter MTERF1 activity (78,111,115).  This information may provide a link 

between mitochondrial transcription termination and the pathogenesis of mitochondrial 

disease.  However, the molecular mechanisms that alter MTERF1 activity are not 

known. In order to learn about the unique binding mode adopted by MTERF1 and its 

link to mitochondrial pathogenesis, we approached this work in three different ways.  

First, we analyzed the mechanism by which MTERF1 is able to coordinate the flipping 

of three residues and assessed how alterations to this mechanism affect termination 

activity. Second, we structurally analyzed the role of pathogenic mutations found in the 

tRNALeu gene and correlate the structural perturbations to functional defects in 

MTERF1 termination activity. Lastly, we studied the functional and structural 

alterations to the MTERF1 binding mode as a result of allelic variations found in 

MTERF1. 
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Figure 1.1 Structure of the mitochondria.  A single mitochondrion is a double membrane 
structure that consists of an inner and outer membrane.  The space between the two 
membranes is referred to as the intermembrane space.  The inner membrane is highly 
impermeable and consists of multiple invaginations known as cristae.  The folds of the cristae 
increase the surface area of the membrane to the intermembrane space and matrix (matrix 
colored blue).  The mitochondrial matrix contains the mitochondrial genome and ribosomes.  
In addition, many processes that occur in the mitochondria such as fatty acid oxidation and the 
TCA cycle take place in the matrix. 
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Figure 1.2 The Oxidative Phosphorylation System.  The OXPHOS system is made up of five 
protein complexes that are imbedded within the inner membrane of the mitochondria.  
Complexes I-IV catalyze a series of oxidation-reduction reactions that ultimately reduces 
molecular oxygen (O2) to water.  As a result of the oxidative reduction reactions, H+ ions are 
pumped from the mitochondrial matrix to the intermembrane space creating an 
electrochemical gradient.  Due to the impermeability of the inner membrane the H+ ions move 
down their concentration gradient through Complex V.  This drives a molecular motor in 
Complex V to generate energy in the form of ATP.  The protein that make up the OXPHOS 
system are largely nuclear encoded, however core proteins for each complex, except Complex 
II, contain proteins encoded in the mitochondrial genome. * Image adapted from the Kyoto 
Encyclopedia of Genes and Genomes (KEGG), by Kanehisa Laboratories. 
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Figure 1.3 Structure and organization of the human mitochondria genome.  The 
genome encodes for 22 tRNAs 2rRNAs and 13 proteins that make up the mitochondrial 
contribution to OXPHOS.  The molecule is made up of two strands referred to as the 
heavy and light strands. The genes are tightly clustered with little or no space between 
them.  There is one major noncoding region referred to as the regulatory D-Loop, 
which contains promoters for each strand and an origin of heavy strand replication 
(OH).  There are two promoters for HS transcription.  HSP1 is located within the 
regulatory D-Loop and HSP2 is located ~100bp downstream of HSP1 within the 
tRNAPhe gene. A transcription termination site is located immediately downstream of 
the 2 rRNA genes in the tRNALeu gene (TERM). 
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Figure 1.4 Mitochondrial Transcription products of the HS and LS.  Transcription of 
the mitochondrial genome produces polycistronic mRNAs that are then processed to 
produce mature mRNAs, tRNAs and rRNAs.  Transcription from LSP produces a long 
polycistronic mRNA that terminates within the tRNALeu gene.  Transcription of the HS 
produces two transcripts.  Transcription from HSP1 produces a short transcript that 
contains the 2rRNAs and terminates within the tRNALeu gene.  Initiation from HSP2 
produces a long polycistronic mRNA that encompasses the entire mitochondrial 
genome. 

 

Figure 1.5  The D-loop structure.  The formation of the D-loop is a result of a triple 
helix that forms upon replication initiation at the origin of heavy strand replication OH.  
The nascent H-strand forms a stable hybrid to the LS and results in the bubbling out of 
the HS.  This bubble is referred to as the D-loop. 
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Figure 1.6 Structure of the rDNA loop.  Transcription from the HS has been shown to 
maintain higher levels of rRNA transcripts compared to genes downstream of the 
tRNALeu gene.  Electron microscopy data has provided evidence that a looping out of 
the DNA between HSP and the tRNALeu gene forms the rDNA loop pictured above 
(116).  This loop puts the HSP (aquamarine box) in close proximity to the tRNALeu gene 
(dark brown box). Thus, POLRMT can be easily recruited back to the HSP site and 
initiate another round of transcription.  MTERF1 is thought to stabilize the rDNA loop 
by forming simultaneous interactions with the tRNALeu gene and HSP.  
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 Mouse KO 
embryonic lethal? 

X-ray Crystal 
Structure? 

Function 

MTERF1 No Yes Transcription 
terminator at tRNALeu 

MTERF2 No No Positive Regulator of 
transcription initiation 

at D-Loop 

MTERF3 Yes Yes Repressor of 
transcription initiation 
at D-Loop.  Involved 

in ribosome 
biogenesis. 

MTERF4 Yes Yes Associates with the 
methyltransferase 

NSUN4.  Ribosome 
Biogenesis. 

Table 1.1 Summary of the four human MTERF proteins 
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Figure 1.7 X-ray crystal structures of human MTERFs 1, 3 & 4.  (A) The crystal 
structure of MTERF1 (DNA not shown) reveals an all α-helical protein consisting of 8 
mterf motifs (colored and numbered).  The mterf motifs are conserved among 
MTERF1, MTERF3 and 4.  (B) Crystal structure of MTERF3.  (C) Overlay of MTERF1 
(blue) with MTERF3 (copper) reveals a highly similar structure.  The largest 
difference is at the N-terminus.  (D) Same as (C) however this view shows the major 
difference in the N-terminus.  (E) Crystal structure of the MTERF4:NSUN4 complex.  
MTERF4, highlighted in purple shares structural homology to MTERF1 as shown in 
(F).  (F) MTERF1 colored blue in an overlay with MTERF4 (purple). 
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Chapter 2 – Materials & Methods 

The MD methods and simulations were performed in collaboration with Kevin 

Hauser and the Carlos Simmerling laboratory. 

Mutagenesis 

Wild type human MTERF1 (residues 57-399) was expressed as a fusion with 

maltose binding protein (MBP) (to improve solubility during expression) and a 6X His 

tag.  The HMBP3 plasmid was used and the gene expression is controlled by binding 

of T7 polymerase to the T7 promoter upstream of the insert. MTERF1 substitution 

constructs were created using the QuikChange Site-Directed Mutagenesis protocol 

(Stratagene). PCR products were cleaned using the MinElute PCR purification cleanup 

kit (Qiagen) and successful mutagenesis was confirmed by DNA sequencing.  

Protein Expression 

MTERF1 constructs were electroporated into Arctic Express DE3 RIL cells 

using a standard protocol.  Cells were grown overnight in LB with Kanamycin 

(50µg/µl Final concentration) at 37°C with shaking.  The next day, the culture was 

scaled up 1:100 and grown at 37°C with shaking. During log growth phase, 500 µL of 

cells were mixed 1:1 with 100% glycerol and frozen at -80°C for glycerol stocks.  

Once an OD600=0.6 was reached 0.2 mM IPTG (Final concentration) was added to 

induce expression of the T7 polymerase under the control of the lac promoter.  The 

temperature was then reduced to 15°C incubated overnight.  A sample was taken 

before and after induction with IPTG and ran on an SDS-PAGE gel to confirm 

expression of the 70 kD MTERF1/MBP/6XHIS fusion construct.  Cells were harvested 

in 1L bottles at 4500 rpm using a Sorvall Evolution RC centrifuge for 7 minutes.  After 
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the cells were collected, the pellet was transferred to a 50 mL tube, gently resuspended 

in a 0.9% NaCl solution and then spun down at 7000 rpm for 20 minutes.  The 

supernatant was discarded and the pellet was frozen at -80°C. 

Protein Purification 

All steps for the purification of MTERF1 were done on ice or in the cold room 

as apo MTERF1 is highly unstable at room temperature.  Pellets were thawed on ice 

and resuspended in Lysis Buffer containing the following: 1M KCl, 20mM Hepes 

pH8.0, 20mM Imidazole, pH8.0 and 5% glycerol and 1 protease inhibitor tablet (Roche 

cOmplete Mini, EDTA-free).  After resuspension, cells were lysed by sonication using 

a microtip set at a power level of 5.  The slurry was pulsed 4X for 30 seconds with a 

one-minute rest in between for a total process time of 2 minutes. After sonication, the 

cells were spun down at 18000 X g for 30 minutes. 

The lysate was then incubated with Ni-NTA beads  (Invitrogen) for one hour 

with rotation.  After the incubation, the beads were washed with lysis buffer and then 

the protein was eluted in Elution Buffer consisting of: 0.5 M KCl, 0.5 M Imidazole, pH 

8.0, 20 mM Hepes pH 8.0 and 5% glycerol.   

The elution from the Ni-NTA column was subjected to an overnight TEV 

(tobacco etch virus) digestion at 4°C to remove the 6X His and MBP tags (1 mg of 

TEV/25 mL of elution buffer).   

After digestion, the sample was carefully diluted with Buffer A (20 mM Hepes 

pH 8.0, 5% glycerol, 1 mM EDTA, 1 mM DTT) to a final salt concentration of 0.2 M 

KCl.  The diluted MTERF1 solution was filter though a 0.45 µm filter.  Further 

purification was carried out using an Akta FPLC.  The protein was loaded on a pre-
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packed 5 mL heparin column (HiTrap Heparin HP, GE healthcare), equilibrated in 20% 

Buffer B (1 M KCl, 20 mM Hepes pH 8.0, 5% glycerol, 1 mM EDTA, 1 mM DTT) 

washed with 5 column volumes (CV) of 20% Buffer B and then eluted using a linear 

gradient (20%-80% Buffer B) over 20 CV.  Two peaks were observed, one at 30mS/cm 

corresponding to TEV and one at 50 mS/cm corresponding to MTERF1.  After elution, 

the sample was filtered through a 0.2 µm filter and subjected to size exclusion 

chromatography using a HiLoad 16/600 Superdex 200 PG (Prep Grade) column (GE 

healthcare) equilibrated in Buffer C (500 mM KCl, 5% glycerol, 1 mM DTT, 1 mM 

EDTA, 20 mM Hepes pH 8.0).  Fractions corresponding to monomeric MTERF1 were 

then concentrated using a 10 K MWCO spin concentrator (Corning) and spun down at 

4000 rpm using a Sorvall Evolution RC centrifuge in 15 minute intervals with mixing 

in between.  The samples were concentrated in a range from 15 mg/ml to 35 mg/ml 

then flash frozen and stored at -80°C.     

 

 

Transcription termination 

Transcription assays were adapted from Asin-Cayuela (83) and described in 

Yakubovskaya, et al (78).  Briefly, 290 bp of the mitochondrial genome was cloned 

into a circular template DNA plasmid (pet 22b, Novagen) containing the heavy strand 

promoter (HSP1) and the MTERF1 binding sequence 100bp downstream in reverse 

orientation with respect to HSP1.  The end of the 290 bp insert was flanked with a 

HindIII restriction site and the circular plasmid was linearized using HindIII.  After 

digestion, the template DNA was then incubated with MTERF1 (8.0 pmole, 4.0 pmoles 
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or 2.0 pmoles), rNTPs (0.4 mM ATP, 0.15 mM CTP and GTP, 0.01 mM UTP), DNA 

template (30ng, 8.0 fmoles), 0.5ul (5 µCi) of α-32P labeled UTP and the initiation 

machinery TFAM (7.5 pmoles), TFB2 (3.0 pmoles) and POLRMT (3.0 pmoles) and 

transcription buffer (150 mM KCl, 20 mM Hepes pH 8.0, 5 mM DTT, 1 mM EDTA 

and 10 mM MgCl2) in a total reaction volume of 20 µl. The reaction was carried out for 

30 minutes at 32°C and stopped using 100 µl of 1% SDS, 20 mM EDTA, 300 mM 

Sodium Acetate and 20 µg Calf thymus DNA. The samples were then ethanol 

precipitated and run on a 5% UREA-PAGE gel. The gel was dried and exposed to a 

phosphorimager (Amersham Biosciences) and scanned using the Typhoon FLA 9000 

scanner and software package (V1.2, GE).  Each experiment was repeated at least three 

times.  Densitometry analysis was performed using the ImageQuant TL (GE) software.  

For each gel a control experiment was performed that did not contain MTERF1 but 

included the DNA template, initiation machinery, rNTPs and labeled UTP.  The result 

of this control experiment reveal a large band corresponding to the runoff transcript, 

and a weak band that is similar in size to what would be the termination band and is 

proportional to the runoff band. However, since the control experiment does not 

contain any MTERF1, this weak band is not a result of MTERF1 mediated termination.  

Presumably, this band would contribute in part to the termination band observed when 

MTERF1 is present and falsely increase the signal from the actual termination band.  In 

order to eliminate the contribution of this band from MTERF1 termination, using 

densitometry, the ratio of the weaker band to runoff transcription was obtained. This 

value was then multiplied by the runoff counts in each lane to obtain a background 

value.  The background value was subtracted from the termination band in each lane.  
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In addition a correction factor was applied to account for the increased UTP 

incorporation observed (factor of 1.5) in the runoff band and the percentage 

termination was calculated.  Graphs were made using Prism 5 for Mac OS X version 

5.0c. 

X-ray Crystallography 

 

Crystallization 

The wild type 22mer DNA oligo was added to each of the MTERF1 

substitution proteins for a final ratio of 2.5:1 and diluted with buffer containing 200 

mM KCl, 20 mM Hepes pH 8.0, 1 mM DTT and 1 mM EDTA.  Crystals were grown 

using the hanging drop vapor diffusion method at room temperature in 2 µl drops 

containing a 1:1 ratio of reservoir solution (0.2 M Sodium acetate, 0.1 M Tris HCl pH 

8.0, 15.5%  Peg 4000 for R162A, Y288A, F243A and F322A, 0.1 M Bis-tris pH 5.0, 

0.2 M NaK tartrate, 18% PEG3350 for G3244A, 0.03 M Citric Acid 0.07 M Bis-Tris 

pH 4.7, 17% PEG 3350 for G3249A, 0.05 M KPO4, 16% PEG 3350 for A3243G and 

A3243T) to the protein:DNA mixture.  Crystals formed overnight. Crystals were 

cryoprotected using 25-30% ethylene glycol and flash frozen in liquid nitrogen.   

 

Data collection, processing and refinement 

Diffraction data was collected using the x25 and x29 beamlines at the National 

Synchrotron Light Source (NSLS, Upton, NY).  Data were then processed using XDS 

(117) and Scala, carried out within the autoPROC toolbox (118).  Molecular 

replacement (MR) and refinement was then performed using MOLREP (119) and 
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REFMAC5 (120,121) in the ccp4 software suite (122) and manual model building was 

done using COOT (123).  Figures were made using pymol (The PyMOL Molecular 

Graphics System, Version 1.5.0.4 Schrödinger, LLC). 

MD simulations 

System Preparation 

We prepared chemical topologies and coordinates for the WT MTERF1-DNA 

complex. Coordinates of the MTERF1-DNA complex used those deposited in the PDB, 

3MVA (78). N-terminal Glu and Asp residue sidechains were absent in the model. 

MOLPROBITY (124) was used to analyze all rotamers. His98 and His227 were 

assigned ε-H, neutral state, informed by preliminary simulations. Selecting the A 

conformation of Ser292, the 3499 solute and waters were built using standard 

procedures in AMBER (125).We used a truncated octahedron solvent container with a 

minimum 10Å buffer from any solute atom to the surface of container. This fully 

solvated system was 61341 atoms and its dimensions were used to calculate how many 

ions to add to mimic the in vitro 0.2 M concentration; neutralizing K+ ions were also 

added. Ion placements were randomized. 

Equilibration and production MD 

We equilibrated the system: (1) Minimize the model with complete force evaluations, 

periodic boundary conditions, and non-bonded interaction cutoff of 8.0 Å, for 10000 

0.01 kcal/mol Å steepest descent steps; atomic coordinates from the crystallographic 

model, excluding crystallographic waters, were restrained positionally with a force of 

100.0 kcal/mol Å2. (2) Ramp the temperature from 100.0 K to 300.0 K smoothly over 

200 ps, with SHAKE (126), Berendsen thermostat, (127) positional restraint force of 
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100.0 kcal/mol Å2 to the minimized structure, constant volume with bath coupling 

constants of 0.1 ps-1, and 1 fs timestep while initializing velocities. (3) Resume the 

second stage velocities, at 300.0 K, constant pressure conditions with 0.5 ps-1 bath 

coupling constants, and a 100.0 kcal/mol Å2 positional restraints to the final structure 

from (2), for 100 ps. (4) Resume conditions from (3) but with weaker positional 

restraint force of 10.0 kcal/mol Å2 to final structure from (3), for 250 ps. (5) Change to 

restraining only MTERF1 backbone (CA, N, C) or DNA backbone (O5', C5', C4', C3', 

O3', O2P, O1P, P, O4', C2', C1') atoms to (4), with a force of 10 kcal/mol Å2, otherwise 

identical to the initial minimization. (6) Use identical conditions as (4), with 10 

kcal/mol Å2 restraints (5), for 100 ps. (7) Resumed velocities and conditions, with 1 

kcal/mol Å2 restraints (6), for 100 ps. (8) Resume from (7) restraining to it with 0.1 

kcal/mol Å2, for 100 ps. (9) Resume for 250 ps free of restraints.  Production dynamics 

resume (9), except the integration timestep was 2 fs, for 1 ns. Equilibration and 

production calculations utilized the single precision-double precision PMEMD 

implementation of SANDER, release 14 by Le Grand et al. (128) except for the initial 

minimization, which utilized pmemd-CPU.  Four independent trajectories were 

generated by utilizing different random seeds for velocity initialization in stage (2) 

during equilibration. 

Energy decomposition 

For each of the four independent 1 ns production trajectories only the 6718 

solute atomic coordinates were used. We used our in-house energy decomposition 

program (equivalent to AMBER idecomp=4) (129) to calculate the pairwise per-

residue non-bonded interaction energy van der Waals plus electrostatics. For each of 



	  

31 
	  

the four residues R162, F243, Y288, and F322, we calculated the interaction energy of 

all the atoms within the residue to all the atoms in each of the nucleotides, leading to 

44 residue-nucleotide energies for each of the 1 ns simulations. Each residue-

nucleotide interaction was averaged over all four 500 MD frame trajectories. If the 

magnitude of these average energies was less than 1 kcal/mol, the value was 

automatically considered below the chemical limit and set to zero. Standard deviations 

were calculated to estimate data precision. 

Identification of MTERF1 Allelic Variants 

 A search of the dbSNP (short genetic variations) database through NCBI 

(National Center for bioinformatics information) for human MTERF1 reveals ~121 

SNPs at the time of this writing.  We made mutant constructs for 6 missense mutations 

listed in Table 5.1.  The reference SNP cluster report for each mutation reveals the 

frequency of the variant.  All the variants, except R202H, have been validated in larger 

population cohorts such as the 1000 Genomes or Hap Map projects.  The cohort 

population size is 4532 chromosomes. 
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Chapter 3 - The unique Binding Mode of MTERF1 

 

The original wtMTERF1 crystal structure, ITC experiments and 

termination assays for the WT, RFY and Arginine substitution proteins were 

performed in collaboration with other members of the Garcia-Diaz lab and 

previously published by Yakubovskaya E, Mejia E, Byrnes J, Hambardjieva E, 

Garcia-Diaz M, published in Cell 141, 982-993, June 11, 2010.  The MD 

simulations were conducted in collaboration with Kevin Hauser and the Carlos 

Simmerling laboratory. 

 As discussed in Chapter 1, the MTERF1 crystal structure bound to its 

recognition sequence was solved in our lab to 2.2Å.  The structure reveals a modular 

architecture that is composed of 8 all α-helical mterf motifs.  The MTERF1 fold is 

consistent with that observed for other MTERF proteins (see Figure 1.7) The 

superhelical MTERF1 fold is suited for binding dsDNA as the structure reveals 

positively charged grooves that interact nonspecifically with the negatively charged 

DNA backbone. However, the crystal structure demonstrates that MTERF1 can also 

form sequence specific contacts.  As a result of specific binding, MTERF1 is able to 

elicit unwinding of the DNA duplex and the eversion of three nucleotides.  The everted 

bases are stabilized by MTERF1 through π stacking interactions with three residues. 

This base-flipping event is important for stabilizing MTERF1 at its canonical binding 

site within the tRNALeu gene.  Furthermore, base flipping has been demonstrated to be 

important for the ability of MTERF1 to terminate at this site.  However, the mechanism 

by which the flipping (or eversion) of three nucleotides takes place is not well 
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understood.  Given the rarity and importance of base flipping for MTERF1 function, 

we decided to further investigate this mechanism.  In this chapter, I will demonstrate, 

through structural and biochemical experiments that the flipping of three nucleotides is 

a complex multi-step process, yet occurs in an ordered stepwise fashion.  First, we will 

begin by analyzing the details of the MTERF1 crystal structure.  

DNA bending, helix unwinding and base flipping 

 The crystal structure reveals that MTERF1 is able to bind as a monomer to the 

major groove of double stranded DNA and can induce a slight bend (25°) in the duplex 

(Figure 3.1).  Interestingly, the protein-DNA complex reveals that MTERF1 maintains 

a large footprint on the binding sequence as it covers twenty of the twenty-two bases 

present in the crystallization substrate.  Importantly, the ends of the DNA duplex are 

found to be in a B-DNA conformation. However, at the center of the duplex a non B-

DNA conformation is observed along with partial duplex melting (Figure 3.2).  

 At the site of duplex melting, a rare base flipping mechanism is observed that 

involves the eversion of three nucleotides: T3243, C3242 and A3243 (Figure 3.3).  The 

flipped bases form π-stacking interactions with Arg162, Phe243 and Tyr288 of the 

protein (Figure 3.3).  To assess the importance of the stacking interactions for base 

flipping, we have solved the crystal structure of a triple RFY to alanine (R162A, 

F243A, Y288A) substitution that eliminates the π-stacking interactions.  This structure 

has been solved to 2.8Å and reveals that the overall structure of MTERF1 remains the 

same.  However the base flipped nucleotides are in altered conformations (Figure 3.4).  

Interestingly, the conformations of A3243 and T3243 are intrahelical and no longer 

stabilized outside the DNA duplex.  In addition, C3242 is still flipped out of the helix, 
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but in a completely different conformation and occupies the space where the Arg162 

side chain was located.  The RFY substitution structure stresses the importance of 

stacking interactions for stabilizing each nucleotide in the flipped conformation and 

that the absence of proper base flipping does not affect the overall MTERF1 fold.  

However, the mechanism through which the bases arrive to their final wild type 

conformation cannot be well understood based on the RFY substitution structure alone. 

MTERF1 maintains non-specific contacts with DNA 

 MTERF1 forms a large number of interactions with the DNA backbone.  The 

majority of interactions are electrostatic and nonspecific between the positively 

charged grooves in MTERF1 and the negatively charged phosphate backbone of the 

DNA (Figure 3.5).  Interestingly, MTERF1 preferentially forms more electrostatic 

contacts with the LS than with the HS (78,130) .  Since the majority of interactions 

with the DNA are nonspecific and electrostatic, it is possible that MTERF1 could form 

interactions with any DNA sequence.  To test this, we performed isothermal 

calorimetry studies (ITC) to measure the affinity of MTERF1 for the wild type 

sequence and for an arbitrary sequence.  The ITC experiments demonstrated that 

MTERF1 binds to wtDNA with 1:1 (DNA: protein) stoichiometry and a binding 

constant (Kd) of 1 µM.  MTERF1 has a reduced affinity and lower DNA to protein 

ratio of binding in the presence of the arbitrary sequence (Table 3.1).  This information 

suggests that in the absence of sequence specificity, as demonstrated by using the 

arbitrary sequence, binding of MTERF1 can still occur.  However, the lower 

stoichiometry demonstrates that multiple MTERF1 molecules can associate with a 

single unspecific DNA sequence.  In addition, the reduced stoichiometry also indicates 
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that MTERF1 does not associate with the DNA in any preferential conformation, 

further suggesting that MTERF1 can bind to multiple regions of the nonspecific DNA.  

Base flipping is important for MTERF1 stability. 

 In the presence of the wild type binding sequence, MTERF1 is able to elicit 

DNA bending, helix unwinding and base flipping stabilized by the aforementioned 

stacking interactions. However, since we have demonstrated that MTERF1 has an 

alternative binding mode in the presence of a nonspecific DNA sequence.  Thus we 

wanted to investigate if the base-flipping event is adopted upon stable specific binding. 

To further investigate this, we performed ITC experiments with the RFY triple 

substitution in the presence of wild type DNA and the arbitrary sequence previously 

mentioned (Table 3.1).  Not surprisingly, the affinity of the RFY substitution for the 

WT DNA sequence is reduced, indicating that base flipping is indeed critical for 

specific stable binding.  Moreover, the affinity loss is even greater in the presence of 

the arbitrary sequence.  Interestingly, the RFY substitution maintains very similar 

stoichiometric ratios for both the WT and arbitrary sequences as wtMTERF1, 

indicating that the binding modes are similar.  Again, this suggests that MTERF1 and 

the RFY substitution are able to adopt alternate conformations in the presence of an 

unspecific sequence.  In addition, the crystal structure of the RFY substitution confirms 

that the binding mode is identical to wtMTERF1 except that the flipped bases are in 

altered conformations.  This strongly suggests that base flipping is a consequence of 

sequence specific recognition and increases affinity for the binding site.   

 

The binding mechanism of MTERF1 involves 5 specific contacts 
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 Although the RFY substitution reveals a decreased affinity for the WT 

sequence, the stoichiometry is very similar to that of wtMTERF1.  In addition, the 

crystal structure of the RFY triple substitution reveals that the binding mode is largely 

the same as wild type, suggesting that the role of base flipping has little to do with 

sequence recognition.  Moreover, most interactions are electrostatic, established with 

the major groove of the DNA backbone and therefore cannot distinguish between 

different DNA bases. However, among the many protein-DNA contacts made, there are 

five conserved arginine residues that make specific contacts with bases in the WT 

DNA (Figure 3.6).  This suggests a mechanism by which MTERF1 is able to exhibit 

sequence specificity.  The sequence specific contacts are mediated by hydrogen bonds 

established between arginine side chains and guanine bases. As shown in Figure 3.6 

three of the 5-arginine residues (Arg169, Arg251 and Arg387) make exclusive contacts 

with bases of the LS and one (Arg350) makes an exclusive contact with the HS.  

Interestingly, Arg202 mediates contacts between guanine bases on both strands while 

Arg387 and Arg251, in addition to their interactions with guanine, make contacts with 

the adjacent thymine and adenine bases respectively. 

 In order to investigate the importance of each arginine residue in the 

mechanism of MTERF1 sequence recognition, we constructed five, individual, 

arginine to alanine substitutions and using ITC determined the effect on MTERF1 

stoichiometry and binding affinity for the WT DNA sequence.  The results, shown in 

Table 3.1 show that with the exception of R350A, binding affinity is largely lost. 

Interestingly, with the exception of R387A, the substitutions exhibit a similar 

stoichiometry to that of wtMTERF1.  This suggests that Arg387 is more critical for 
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establishing the proper bind mode and that the other arginine residues play a role in 

maintaining affinity for the sequence.  Thus the contributions of each arginine to 

binding and sequence recognition are not equal. However, at this point, we lack a clear 

understating of how these residues affect MTERF1 termination activity.   

Sequence recognition and base flipping are important for MTERF1 termination 

activity. 

  To assess termination activity mediated by MTERF1, a reconstituted in vitro 

transcription termination assay was performed (83).  Briefly, the assays (described in 

detail in chapter 2) utilize a linear template containing the HSP and the 22 bp MTERF1 

binding sequence inserted 100bp downstream.  The DNA template is incubated with 

MTERF1 and then the transcription reaction is initiated upon addition of the 

transcription machinery (POLRMT, TFAM and TFB2).  After the reaction is stopped, 

the transcripts are run on a gel, resulting in two bands corresponding to runoff 

transcripts that are full length (FL) and a distinct termination band (T) as a result of 

MTERF1 activity (Figure 3.7).  Interestingly, others have shown that MTERF1 

terminates more strongly from LSP than HSP.  To simulate this, we inserted the 

termination sequence in reverse orientation with respect to HSP and observe much 

stronger termination, confirming previous results that suggest MTERF1 exhibits 

termination polarity.  As an interesting aside, although the reason for polar termination 

is not entirely clear, the mechanism for this observation may involve the greater 

amount of contacts established between MTERF1 and the LS compared to the HS. 

 After establishing that purified MTERF1 is able to mediate termination, we 

then tested the roles of base flipping and the five-arginine residues for MTERF1 
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function.  The results demonstrated that the RFY triple substitution is unable to 

mediate any termination activity.  Similarly, all the arginine to alanine substitutions 

were unable to terminate transcription, with only residual activity found at high 

concentrations of the R350A substitution (Figure 3.8).  These data confirm the 

importance of sequence recognition, the binding mode and base flipping for the ability 

of MTERF1 to mediate termination.  

Model of MTERF1 termination 

 The structural, thermodynamic and biochemical assays performed with 

MTERF1 and the various substitution constructs have revealed mechanistic 

information about the protein-DNA binding mode.  From these observations we have 

proposed a model by which MTERF1 is able to bind and stabilize itself to DNA.  Since 

we have shown that MTERF1 is capable of interacting with DNA in an unspecific 

fashion, we suggest that MTERF1 initially samples arbitrary DNA sequences and 

adopts an alternative binding mode at these sites.  Secondly, we have demonstrated that 

the arginine-guanine interactions are able to identify the sequence specific site and are 

critical for termination activity.  Furthermore, the contribution of each arginine residue 

varies, whereas some contribute to establishing the correct binding mode and others 

increase affinity for the binding site.  Lastly, base flipping is suggested to exclusively 

occur upon recognition of the specific binding sequence and serves to increase the 

affinity for the specific DNA sequence.  Thus, we suggest that the final base-flipping 

step is important to anchor MTERF1 to the DNA, which serves as a roadblock to 

prevent transcription from continuing past the site. 

The eversion of three nucleotides is a rare and complex event 
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 As demonstrated above, the eversion of three bases from the DNA duplex is 

important for increasing the affinity of MTERF1 to the specific DNA sequence.  

However, the mechanism through which this unique mode of base flipping occurs is 

not well understood (80). Since there are three nucleotides involved, that would 

suggest that the flipping mechanism is a complex and highly ordered process.  

Therefore, we sought to understand the mechanical steps involved in nucleotide 

eversion. In order to investigate this, we decided to break down the process of base 

flipping and created individual substitutions that disrupt the stacking interactions one at 

a time. We have evaluated the structural and functional consequences of these 

substitutions and show that individual stacking interactions do not contribute equally to 

function. We have identified additional residues important for base flipping and 

propose a model for the base-flipping process. Our data also demonstrate the existence 

of alternate base flipped conformations, some of which are still compatible with 

termination activity. This could have implications for the ability of MTERF1 to 

perform specific functional roles at other sites in the mitochondrial genome.  

Functional differences among Y288A, R162A and F243A substitutions.    

 As previously described, eliminating the three stacking interactions by an RFY 

to AAA triple substitution results in a severe functional loss (Figure 3.7) (78). However 

this does not provide information on the specific role of base flipping or the 

mechanism of eversion.  To further investigate base-flipping in MTERF1 we created, 

expressed and purified R162A, Y288A and F243A individual substitutions, and 

performed termination assays to assess their function on a model substrate as 

previously reported (78).  The resulting UREA –PAGE gels for each substitution is 
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shown in Figure 3.9.  Surprisingly, the termination defect for each mutant is not equal. 

Whereas both R162A and F243A have a severe functional defect, the Y288A 

substitution results in a protein that is deficient at low concentrations, but closer to wild 

type at higher concentrations. Interestingly, R162A displays the strongest effect, with 

only residual termination activity. Thus, unexpectedly, the termination assays 

demonstrate that the functional contribution of each stacking residue is clearly not 

equal with respect to function.  

Energy decomposition explains the importance of R162 

 Analysis of the MTERF1 crystal structure does not immediately explain the 

reason for the inequality in the functional differences amongst Arg162, Phe243 and 

Tyr288 substitutions. We reasoned that these differences could be explained by the 

presence of additional interactions between Arg162, Phe243, Tyr288 and the DNA 

backbone. To test this hypothesis and evaluate the strength of these interactions, we 

conducted MD simulations with wild type MTERF1 bound to wild type DNA. 

Consistent with our expectations based on the crystal structure, the analysis of 

our MD simulations identified interactions expected to be favorable between Tyr288, 

Phe243, and Arg162, with the everted nucleotides (Figure 3.10). Thus, we analyzed the 

remaining interactions to better understand how Tyr288, Phe243, and Arg162 support 

the everted bases and stabilize the altered backbone conformation observed in the 

crystal structure. 

Our analysis identifies a weaker interaction not obvious in the crystal structure 

between Phe243 and T3243 (Figure 3.10 B). Thus, together with the Arg162-T3243 

interaction, this interaction might compensate partially for duplex destacking. 



	  

41 
	  

Interestingly, this analysis also reveals the importance of the nonspecific ionic 

interactions established between Arg162 and the DNA backbone (Figure 3.10 D).  In 

addition to cation π- stacking with T3243, Arg162 forms an ionic interaction between 

its guanidinium group and the phosphate group of T3241 (2.6Å; Figure 3.11). Thus, in 

addition to stacking with one of the everted residues, like Phe243 or Tyr288, Arg162 

also interacts with the DNA through electrostatic interactions, providing a potential 

explanation for the severity of the phenotype in the R162A substitution. Because they 

are nonspecific, these interactions might be important to define the conformation of the 

DNA backbone during the initial stages of DNA binding. Furthermore, the Arg162-

T3241 interaction might be key to stabilizing the severe kink in the HS backbone that 

takes place in the base-flipping region (arrow in Figure 3.11). This kink is essential to 

facilitate the conformation observed in the crystal structure. 

X-ray crystal structures of R162A, Y288A and F243A substitutions.  

 While explaining the importance of the Arg162 side chain, the MD analysis 

does very little to explain the drastic functional differences observed between Phe243 

and Tyr288. In fact, the energetic contribution of the interactions established by both 

residues in the final state of base flipping appears to be very similar. This suggests that 

the nature of the difference might result from differential contributions of these 

residues to the base-flipping process. Indeed, base-flipping of three residues, combined 

with duplex unwinding, is likely to be a complex, multi-step process, and the 

importance of specific residues during the base-flipping mechanism is yet unknown. 

 We decided to crystallize each individual substitution in order to assess any 

conformational changes that would provide insight into the base flipping mechanism. 
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Each structure was solved using the wild type (PDB: 3MVA) structure as a search 

model for molecular replacement. The structures were solved to a resolution of 2.6Å, 

2.6Å and 2.5Å for R162A, Y288A and F243A, respectively. Crystallographic and 

refinement statistics are shown in Table 3.2.  The overlay of R162A (yellow) on wild 

type (gray) shows an altered conformation of the HS in the R162A substitution. As 

expected (since Arg162 stacks with T3243 in the wild-type crystal structure) the 

conformation of T3243 is altered and this residue is now located within the double-

helix (Figure 3.12 A). This residue now interacts with Arg195 through a hydrogen 

bond and Phe243 through overlapping pi orbitals in a t-stacking conformation (Figure 

3.13). Surprisingly, C3242 also swings out of the helix and occupies the space where 

the arginine side chain would normally be located (gradient arrows, Figure 3.12 A).  

Interestingly, the conformation of this residue is identical to that seen in the triple RFY 

mutant that is devoid of termination activity. Furthermore, we observe that A3243 in 

the light strand (LS) is stacked with Tyr288 in the same fashion as observed in the wild 

type structure (Figure 3.12 A).  

 By contrast, the loss of the stacking interaction with A3243 in the Y288A 

structure results in an altered conformation of the A3243 on the LS (Figure 3.12 B). 

The overlay of Y288A (cyan) and wild type (gray) shows that the A3243 is only 

partially flipped out from the helix.  Moreover, the conformation of the HS in the 

Y288A structure is also altered, but not as drastically compared with what was 

observed in R162A.  Whereas the conformations of Arg162 and C3242 are similar to 

those observed in the wild type structure, T3243 is located within the helix as in the 

R162A substitution (Figure 3.12 B, gradient arrow). The conformation of T3243 is 
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very similar to that observed in the R162A substitution, forming a t-stacking 

interaction with Phe243 (Figure 3.13 A). However, the hydrogen bond with Arg195 is 

not observed, but instead T3243 interacts with its neighboring nucleotide through a 

hydrogen bond between O2 of T3243 and N4 of C3244 (3.4Å; Figure 3.13 B). 

Interestingly, the perturbation of the HS conformation resulting from a substitution that 

only directly affects the LS implies a coupling between the conformations of the LS 

and the HS. 

 Not unexpectedly given the severe termination defect, the structure of F243A 

reveals multiple alterations of both the LS and HS (Figure 3.12 C). Phe243 forms a 

stacking interaction with C3242 in the wild-type structure and importantly, this residue 

is the only one of the three everted residues that is not fully extrahelical. As could be 

expected, in the F243A structure, the conformation of C3242 is severely altered. It is 

now in a position where it is still forming Watson-Crick hydrogen bonds with its G pair 

(Figure 3.12 D). Interestingly, the conformation of T3243 is very close to that in the 

wild type structure, stabilized by stacking with Arg162. However, further stressing the 

coupling between HS and LS conformations, A3243 is located in a helical position.  

 Overall, these structures reveal that the conformation of C3242 closely 

correlates with termination activity, suggesting that the conformation of this base is 

critical to stabilize the transcriptionally active conformation of the protein. The 

structures also suggest that some of the aberrant conformations adopted by MTERF1 

can be stabilized by compensatory interactions, which presumably stabilize the final 

state sufficiently to enable close to wild-type termination activity in the case of Y288A.  

One of the most striking observations that result from the structures corresponds to the 
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conformation of C3242 in the F243A structure. As stated above, C3242 in this 

structure is still base-paired with its partner G (although the base pair is clearly 

perturbed; Figure 3.12 D). This structure therefore reveals a conformation that 

represents an intermediate in the base-flipping mechanism, and suggests a pathway for 

the movement of C3242 from its G-C base pair to the everted conformation observed 

in the wild type structure. An overlay between the F243A and wild-type structures 

suggests that this transition is mediated by a conformational change of the side chain of 

Asp283 (Figure 3.12 E). This residue interacts with the N4 of C3242 and appears to 

facilitate breaking the G/C pair and follow the movement of C3242 from its original 

position to its final position where it stacks with Phe243 and hydrogen-bonds to 

Glu280 (Figure 3.12 E).  

Phe322 and Phe243 stabilize base-flipping intermediates 

As mentioned above, the F243A structure represents an intermediate in the 

base-flipping mechanism where A3243 is still located in a helical conformation. 

Importantly, A3243 in this conformation is stabilized by a t-stacking interaction with a 

phenylalanine residue, Phe322 (Figure 3.12 F). This residue is not involved in any 

interactions with the DNA of the final state captured in the wild-type crystal structure 

and this is confirmed through MD simulations (Figure 3.14).  This suggests that 

Phe322 might be important to stabilize intermediate steps during base flipping. 

Interestingly, in the R162A and Y288A structures, T3243 is located within the 

helix, adopting conformations that are likely intermediate in the base-flipping process. 

Observing the environment of T3243 in those structures reveals a striking parallelism 

with the Phe322-A3243 interaction seen in the F322A structure: Phe243 forms an 
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analogous t-stacking interaction with T3243 (Figure 3.13 A). Similar to what is 

observed with Phe322, no interactions are observed between Phe243 and T3243 in the 

wild-type crystal structure. 

This suggests that both Phe243 and Phe322 play an important role in the base-

flipping process, helping stabilize base-flipping intermediates before the bases are 

flipped-out of the helix. Interestingly, an overlay between the Y288A and F243A 

structures reveals a hypothetical intermediate during base flipping where both T3243 

and A3243 are still within the helix (Figure 3.15 A). This suggests a model where 

Phe243 and Phe322 intercalate between adjacent bases in the HS and LS, respectively, 

and stabilize their intrahelical conformations. Importantly, given the position of both 

phenylalanines, Phe322 and Phe243 appear to be important to help break the 

A3243/T3243 base pair (dashed arrow, Figure 3.15 A).  

To test this hypothesis, we constructed an F322A substitution and tested its 

biochemical effect on MTERF1 function using a termination assay as above. As can be 

seen (Figure 3.15 B), F322A results in a large functional defect, almost of a similar 

magnitude to that observed with an F243A substitution. Given the analogous role that 

appears to be played by both residues, we then constructed a double F243A/F322A 

substitution.  The resulting gels show that both substitutions have additive effects, as 

the double mutant results in a protein severely impaired in its ability to mediate 

termination activity (Figure 3.15 B).    
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Phe322 and Phe243 play an important role in coordinating the base-flipping 

mechanism. 

To further investigate the importance of Phe322 for the base-flipping process, 

we decided to determine the structure of the F322A substitution.  The structure was 

solved to 2.6Å resolution (Table 3.2). Interestingly, despite the fact that Phe322 

stabilizes LS intermediate conformations, the F322A structure (Figure 3.15 C) reveals 

that the substitution results in a perturbed final state in which the LS is in a wild-type 

conformation, but where C3242 is located in an aberrant conformation outside the 

helix. Since Phe322 does not play any role stabilizing the final conformation, this result 

further supports that the function of this residue is important during the base-flipping 

process. Moreover, the fact that the F322A substitution results in alterations in the HS 

conformation implies that intermediate LS conformations affect the base-flipping 

process in the HS, further supporting that the mechanisms of base-flipping in the HS 

and LS are coupled.  

Base flipping is an ordered stepwise process. 

In this study we have biochemically and structurally characterized the 

importance of several residues in the mechanism of base flipping by MTERF1. 

Consistent with the fact that sequence recognition is mostly mediated by major groove 

interactions, base flipping is not strictly required for DNA binding by MTERF1. 

However, it is important for its transcriptional termination activity, presumably 

because it allows MTERF1 to anchor itself to the termination sequence, preventing the 

transcription machinery from moving past the termination site.  The fact that this 

mechanism involves the eversion of three nucleotides implies that the base-flipping 
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mechanism is likely complex. We have discovered that residues Tyr288, Arg162 and 

Phe243 that interact with each of the everted nucleotides are all important to stabilize 

the final state of base flipping.  Eliminating these side chains results in alterations to 

the final conformation not observed in the wild-type crystal structure, highlighting the 

importance of pi-stacking interactions to stabilize the flipped-out bases. However, our 

results also show that the three side chains are not equally critical for function.  

Importantly, in the absence of some of the key interactions observed in the wild-type 

conformation, MTERF1 is able to adopt alternative binding modes that while not to the 

same extent as the wild-type protein, still maintain an appreciable amount of activity. 

This suggests that the MTERF1 binding mode is sufficiently flexible to support 

binding and at least partial termination activity in different sequence contexts. This 

might have implications for the alternative MTERF1 binding sites that have been 

characterized in the mitochondrial genome (91), where the full consensus sequence 

required for the binding mode observed in the wild-type structure is not present. 

In addition, our crystal structures reveal altered conformations that are 

representative of intermediate base flipping states, and thus provide information on the 

MTERF1 base-flipping mechanism. The structures reveal interactions not present in 

the final state of base flipping, and have allowed us to identify additional residues 

important for base flipping. Furthermore, the structures provide evidence that a high 

degree of coordination exists between base flipping events in the heavy and light 

strands.   

A key mechanism that appears to be at the core of this coordination is related to 

the role of two phenylalanine side chains, Phe243 and Phe322. In addition to the role of 
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Phe243 stabilizing C3243 in the final state, these residues help stabilize intermediate 

conformations during base flipping. As we have shown, alterations to this mechanism 

lead to perturbations in the conformation of the final state, and reveal alterations in the 

coupling between HS and LS conformations. Furthermore, the structures provide 

details on the nature of this mechanism. For instance, Phe243 appears to be able to 

stabilize the intrahelical conformation of T3243. Once T3243 is flipped out of the 

helix, Phe243 interacts exclusively with C3242. However, Phe243 is able to 

simultaneously interact with both residues, as shown in the Y288A structure (Figure 

3.13 B), implying that base flipping in the HS follows a stepwise mechanism. Thus, 

C3242 is first delivered to its final position through a network of interactions involving 

Asp283 (Figure 3.12 D), while F243 stabilizes the intrahelical conformation of T3243. 

Similarly, Phe322 stabilizes the intrahelical conformation of A3243, preceding base 

flipping of this residue. Given the importance of Phe322 for events taking place in the 

HS, this suggests that this conformation must be transiently maintained in order to 

properly coordinate the steps in HS base flipping. Although the exact mechanisms by 

which this coordination happens is still unclear, our data stress the importance of a 

network of hydrogen bonds and sequential t-stacking and π-stacking interactions 

between Phe243, Phe322, T3243 and C3242. 

We demonstrate that the absence of Phe322 leads to perturbed base-flipping 

suggesting that this residue is important for coordinating the base flipping steps and in 

conjunction with Phe243 seem to be important in separating the A3243/T3243 base 

pair.   
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Based on our observations we are able to propose an ordered step-wise model 

for the base flipping mechanism. Helped by the helix unwinding that occurs upon 

MTERF1 binding to its target sequence, the first crucial step is the intercalation of 

Phe322 and Phe243, which stabilize the intrahelical conformations of A3243 and 

T3243 and presumably facilitate breaking this base pair. The formation of a hydrogen 

bond network between Asp283 and C3242 might help break the 3242 base pair and is 

important for delivering the C to its final conformation.  Since the final conformation 

of C3242 is incompatible with the intrahelical conformation of A3242, it is likely that 

the motion of C3242 towards Phe243, is coupled with A3243 flipping.  Lastly, the 

interaction between Phe243 and C3242 is likely coupled to the movement of T3243 

outside the helix (Figure 3.16). 

Our structural observations recapitulate our step-wise mode for the mechanism 

of MTERF1 base flipping. For example, the coupling of the C3243 motion to A3243 

flipping is consistent with the conformations observed in the F243A structure, where in 

the absence of the motion of C3242 towards Phe243, A3243 is located within the helix 

and stabilized by Phe322.  Furthermore, any alteration to this mechanism results in an 

altered final conformation. For instance, decoupling C3242 from flipping of A3243, 

like in the F322A, or premature base flipping of C3242 because of the absence of the 

Arg162 side chain results in an aberrant conformation of C3242 that prevents T3243 

from flipping out of the helix. Moreover, incomplete base flipping of A3243 due to the 

absence of the Tyr288 side chain is coupled to T3243 base flipping through a yet 

unclear mechanism.  
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In summary, we have shown that the eversion of three nucleotides by MTERF1 

is a complex multi-step process that is important for transcriptional termination. 

However, we have demonstrated that this process is relatively flexible, and that some 

conformations are consistent with a certain degree of termination activity. This might 

explain the residual termination activity observed in pathogenic mtDNA mutations like 

A3243T (78,131),expected to affect base-flipping. Importantly, base flipping involves 

not only residues that stabilize the final base flipped state but also residues responsible 

for establishing intermediate interactions that are important in coordinating this tightly 

coupled process but not evident from an MTERF1 crystal structure.  Our work begins 

to elucidate the complex mechanism underlying the process of base flipping that takes 

place in MTERF1 and is essential for its transcriptional termination activity. Since the 

base flipping process might be more tolerant of sequence alterations than previously 

thought, it also has implications for the ability of MTERF1 to perform putative 

additional roles at alternative binding sites as has been previously suggested. 
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Figure 3.1 MTERF1 binding to its recognition sequence induces a 25° bend in the 
DNA duplex. 
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Figure 3.2 MTERF1 induces duplex melting at the center of the binding sequence. 
The wild DNA binding sequence from the crystal structure (colored gray) shows duplex 
melting in the center and a B-DNA conformation at each end outlined with boxes.  The 
copper colored DNA sequence is the same as the gray, however is entirely B-form 
DNA.  Notice how the gray colored DNA is  distorted at the center (black arrow). 
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Figure	  3.3	  MTERF1	  base	  flipping	  is	  stabilized	  by	  π	  stacking	  interactions.	  	  (A)	  Schematic	  
representation	  of	  the	  MTERF1	  binding	  sequence.	  	  The	  three	  everted	  nucleotide	  A3243	  on	  the	  
LS,	  T3243	  and	  C3242	  on	  the	  HS	  are	  stabilized	  outside	  the	  DNA	  helix	  through	  stacking	  
interactions	  with	  Y288,	  R162	  and	  F243.	  	  (B)	  Crystal	  structure	  of	  wtMTERF1	  (PDB:3MVA)	  shows	  
the	  stacking	  interactions	  that	  stabilize	  the	  three	  flipped	  bases.	  
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Figure 3.4 Overlay of wtMTERF1 and the RFY triple substitution.  The top panel 
shows an overlay of the RFY triple substitution solved to 2.8Å (colored red) with 
wtMTERF1 (transparent, colored grey).  The overall fold of the RFY substitution is the 
same as wtMTERF1.  The bottom panel is an overlay of wtMTERF1 (colored gray) 
with the RFY substitution (protein colored purple, DNA colored cyan).  Gradient 
arrows represent the altered conformations of the flipped bases from their wild type 
positions to that observed in the RFY structure.	  
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Figure 3.5 Electrostatic Surface potential of MTERF1.  The electrostatic potential 
surface map was calculated using the APBS Tools plugin with pymol.  The protein 
surface is colored from       -5kT/e (red, negatively charged) to +5kT/e (blue, positively 
charged).  The negatively charged DNA backbone interacts nonspecifically with 
positively charged grooves located within the MTERF1 fold. 
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Protein Stoichiometry (N) Kd (µM) 

WT (WT sequence) 1.06 ± 0.08 1.05 ± 0.18 

RFY (WT sequence) 0.80 ± 0.09 13.04 ± 1.31 

WT (arbitrary sequence) 0.47 ± 0.20 12.03 ± 2.02 

RFY (arbitrary sequence) 0.67 ± 0.04 21.18 ± 2.43 

R169A 1.05 ± 0.15 24.75 ± 2.83 

R202A 0.95 ± 0.14 11.52 ± 1.65 

R251A 1.03 ± 0.01 3.90 ± 0.32 

R350A 1.09 ± 0.01 2.23 ± 0.15 

R387A 0.26 ± 0.12 25.64 ± 1.11 

Table 3.1 Isothermal Calorimetry (ITC) experiments for WT, RFY and arginine 
substitution proteins.  The double stranded WT and arbitrary sequences (LS shown 
only) used in the ITC experiments are displayed in the top panel.  The differences 
between the sequences are highlighted in red.  The arbitrary sequence alters the bases 
involved in sequence recognition and base-flipping region.  The results of the ITC 
experiments are shown in the table.  ITC experiments with the arginine substitutions 
were tested with WT DNA sequence.  The stoichiometry represents the ratio of 
DNA:protein.  
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Figure 3.6 Location of the specific arginine-guanine contacts within the MTERF1 
binding site.  The five arginine-guanine contacts are shown in the figure above.  R202 
hydrogen bonds with guanines on both strands, while R387 and R251 in addition to 
their interactions with guanines, also form hydrogen bonds with the adjacent 
nucleotides. 
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Figure	  3.7	  In	  vitro	  termination	  activity	  mediated	  by	  MTERF1.	  	  Runoff	  transcription	  
termination	  assays	  were	  conducted	  and	  result	  in	  two	  distinct	  bands	  of	  a	  5%	  UREA-‐PAGE	  gel.	  	  
The	  top	  band	  corresponds	  to	  full-‐length	  runoff	  transcripts	  (FL)	  and	  the	  lower	  band	  corresponds	  
to	  the	  termination	  (T)	  transcript.	  	  The	  control	  lane	  C,	  does	  not	  contain	  MTERF1.	  	  Transcription	  
termination	  was	  assessed	  with	  the	  termination	  sequence	  oriented	  in	  a	  forward	  direction	  with	  
respect	  to	  HSP	  (2	  gels	  in	  left	  panel)	  and	  with	  the	  sequence	  oriented	  in	  the	  reverse	  direction	  (2	  
gels	  in	  right	  panel).	  	  Stronger	  termination	  activity	  is	  observed	  with	  the	  termination	  sequence	  
oriented	  in	  the	  reverse	  orientation	  as	  seen	  in	  the	  WT	  gel	  (top	  right	  panel).	  	  Thus,	  MTERF1	  
exhibits	  termination	  polarity.	  	  The	  ability	  of	  MTERF1	  to	  terminate	  is	  lost	  in	  a	  triple	  RFY	  
substitution	  that	  eliminates	  stacking	  interactions	  important	  for	  stabilizing	  the	  three	  everted	  
nucleotides.	  

	  

	  

Figure	  3.8	  Termination	  activity	  for	  five	  arginine	  to	  alanine	  substitution	  constructs.	  	  All	  assays	  
were	  performed	  with	  the	  termination	  sequence	  oriented	  in	  reverse	  with	  respect	  to	  the	  HSP	  
promoter.	  	  All	  constructs	  demonstrate	  severely	  impaired	  MTERF1	  termination	  activity.	  
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Figure 3.9 Termination assays for WT, F243A, Y288A and R162A substitutions.  
Panel (A) shows the termination activity for each substitution at 3 concentrations of 
MTERF1 (0.1uM, 0.2uM and 0.4uM) as exemplified by the gradient triangle.  Panel 
(B) shows the percentage termination for each substitution as determined by 
densitometry.  Error bars represent the standard error of the mean (SEM) for at least 3 
independent experiments. 
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Figure 3.10 Energy Decomposition diagrams showing the interaction energies between 
Tyr288 (A), Phe243 (B) or Arg162 (C) and the DNA in the wild type structure.  Red triangles 
represent an interaction between the residue and the light strand (L) DNA or with heavy strand 
(H) DNA, represented by gray triangles. (D) Color gradient showing the strongest electrostatic 
interactions (red) of Arg162 with the DNA backbone. 

	  

	  

	  



	  

61 
	  

	  

Figure 3.11 Arg162 stabilizes a kink in the DNA backbone at the site of base 
flipping.  At the site of base flipping in wild type MTERF1, Arg162 forms a hydrogen 
bond with the backbone phosphate of T3242.  This interaction may be key to stabilizing 
the severe kink in the DNA backbone as a result of duplex melting and base flipping 
(black arrow).  DNA backbone carbon atoms are colored magenta and the protein 
backbone carbon atoms are colored yellow. 
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 R162A Y288A F243A F322A 

Data Collection     

PDB Code     

Rmerge 0.066 (0.807) 0.054 (0.786) 0.037 (0.708) 0.042 (0.825) 

Rmeas 0.073 (0.873) 0.060 (0.840) 0.041 (0.773) 0.047 (0.89) 

Rpim 0.037 (0.444) 0.031 (0.437) 0.021 (0.388) 0.024 (0.452) 

No. of total 
observations 

143906 
(1384) 

137707 (1338) 166530 (1592) 149721 (1562) 

I/σI 25.4 (2.8) 27.3 (2.6) 34.1 (2.9) 29.1 (2.5) 

CC1/2 0.999 (0.823) 1.0 (0.793) 0.999 (0.851) 1.0 (0.787) 

Completeness % 99.9 (100) 99.8 (100) 99.3 (100) 100 (100) 

Multiplicity 7.3 (7.4) 7.2 (7.2) 7.3 (7.5) 7.2 (7.4) 

Cell Dimensions 
(a,b,c) 

88.22, 91.6, 
159.10  

87.53, 90.43, 
169.50 

89.25, 90.14, 
161.43 

89.15, 90.19, 
160.85 

α,β,γ 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90 

Space Group C2221 C2221 C2221 C2221 

Resolution Å 2.62 2.59 2.48 2.59 

Refinement     

Rwork/Rfree 0.21/0.26 0.21/0.27 0.24/0.27 0.21/0.28 

R.m.s.d Bond 
Angles Å 

1.698 1.588 1.692 1.580 

R.m.s.d. Bond 
Lengths Å 

0.012 0.012 0.013 0.011 

Average B-factor 53.18 60.866 69.086 72.032 
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Table 3.2 X-ray crystallography Data collection and refinement statistics.  Data in 
parentheses is for highest resolution shell.  

Figure 3.12 X	  ray	  crystal	  structures	  of	  the	  R162A,	  Y288A	  and	  F243A	  substitutions.	  	  An 
overlay of wild type (gray) with (A) R162A (yellow and orange), (B) Y288A (cyan and 
blue) and (C) F243A (green and magenta). Alterations of the base-flipped nucleotides 
from their wild type conformations are highlighted with gradient arrows.  (D) The 
F243A structure demonstrates the inability of C3243 to form a stacking interaction 
with Phe243 and reveals C3242 in a perturbed conformation yet, still associating with 
its G base pair as denoted by the hydrogen bond distances.  In addition, a new contact 
with Asp283 and C3242 forms as the G/C base pair is being broken.  (E) An overlay of 
wild type (gray) with the F243A structure (green and magenta) demonstrates a 
pathway for the movement of C3242 from its G/C base pair to its wild type 
conformation stacked with Phe243 and hydrogen bonded to Glu280.  Note the 
alteration of the Asp283 side chain in the F243A structure (magenta, gradient arrow) 
that follows the movement of C3242, indicating its role to help break its G/C base pair.  
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(F) An overlay of wild type (gray) with the F243A structure that demonstrates the 
intrahelical conformation of A3243 (green gradient arrow) that is stabilized by an 
altered, intrahelical conformation of Phe322 (magenta gradient arrow). 

 

	  

 

Figure 3.13 (A) An overlay of wild type (gray) and the R162A substitution (yellow and 
orange), demonstrating a t-stacking interaction between Phe243 and T3243 that is 
absent in the wild type structure and the formation of a hydrogen bond between O2 of 
T3243 and N4 of Arg195.  (B) The Y288A substitution structure show that Phe243 
stacks with both C3242 and T3243 simultaneously in the heavy strand.  
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Figure 3.14 Energy Decomposition Diagram showing that Phe322 has no interactions 
with the light strand (red triangles) or heavy strand (gray triangles) DNA in the wild 
type MTERF1 structure. 

	  

Figure	  3.15	  (A) A composite structure of the F243A light strand DNA (green) with the 
Y288A heavy strand DNA (yellow) demonstrates that both Phe322 and Phe243 play a 
role in A/T base pair separation. (B) Termination assays for the F322A substitution 
and the double F243A/F322A substitutions. The bar graph values correspond the mean 
+/- SEM percentage termination from three independent experiments. (C) X-ray crystal 
structure of the F322A substitution (orange and magenta) with wild type (gray).  The 
perturbed base flipping observed in this structure (gradient arrows) suggests Phe322 
plays a role in coordinating proper flipping of the heavy strand nucleotides.  
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Figure 3.16 Proposed model for the stepwise order of base flipping by MTERF1. 
Assisted by MTERF1 mediated binding and helix unwinding, the first step involves the 
breaking of the A/T base pair mediated by Phe322 and Phe243.  This is a result of the 
structural conformation observed in both the F243A and Y288A structures (see Figure 
3.15A).  In addition, the first step also involves the movement of C3242 away from its 
G3242 partner on the LS.  This is observed in the F243A structure (see Figure 3.12 
D&E), which is an intermediate conformation to base flipping.  In Step 2, we propose 
that A3243 moves out as C3242 moves to its wild type position stacked with Phe243.  
The movement of A3243 is coupled to the movement of C3242 as shown by the 
intrahelical conformation of both A3243 and C3242 in the F243A structure (see Figure 
3.12 C&D).  Finally, Step 3 is the movement of T3243 to its position stacked with 
Arg162.  This final step is a result of the observations from the Y288A and R162A 
crystal structures that show an intrahelical conformation of T3243, suggesting that the 
orientation of C3242 and A3243 must occur before T3243 is able to flip out of the 
helix.   
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Chapter 4 – Pathogenic Mutations alter the MTERF1 binding mode 

 

In this chapter, the termination assays and ITC experiments for each of the 

pathogenic mutations were done in collaboration with Yakubovskaya E, Mejia E, 

Byrnes J, Hambardjieva E, Garcia-Diaz M, published in Cell 141, 982-993, June 

11, 2010. 

 

The crystal structures, thermodynamic and biochemical assays discussed so far 

have demonstrated that MTERF1 function is dependent on recognition of the specific 

tRNALeu sequence and base flipping. Recall from Chapter 1, the mitochondrial 

tRNALeu gene contains a very high concentration of pathogenic mutations.  

Interestingly, several of the pathogenic mutations are found within the 22mer MTERF1 

binding site (Figure 4.2A).  Based on our knowledge of the wtMTERF1 crystal 

structure, several of these mutations occur at locations involved in sequence 

recognition or base flipping.  In fact, one of the most common mitochondrial 

mutations, A3243G present in ~0.02% of the adult population (16.3/100000 people) 

(110), corresponds to one of the bases that is flipped out of the helix.  Although 

evidence suggests that the pathogenic effects of the A3243G mutation are likely a 

result of perturbations to the tRNALeu structure, it has also been demonstrated that 

MTERF1 has a reduced affinity for the A3243G binding site (115,132).  Thus, to 

investigate the roles by which these mutations may alter the thermodynamic and 

biochemical properties of MTERF1, we conducted ITC experiments and termination 
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assays with several of the mutations predicted to alter either sequence recognition or 

base flipping. 

 

Pathogenic mutations within the MTERF1 binding site alter binding affinity and 

termination activity.  

 The results of the ITC experiments demonstrate that wtMTERF1 has only a 

small reduction in affinity for all of the mutations except G3249A (Table 4.1). For the 

case of A3243G, our data confirms other work demonstrating that MTERF1 only has a 

small decrease in affinity (115) for the sequence. Interestingly, MTERF1 shows the 

greatest decrease in affinity for G3249A (14uM) compared to WT (1uM).  The 

stoichiometry for the G3249A mutation is much lower than the 1:1 (DNA:protein) ratio 

of binding observed for the WT sequence.  These data suggests that in the presence of 

the G3249A mutation, more than one MTERF1 molecule can associate with the single 

DNA substrate.  Thus, MTERF1 can adopt a binding mode that is different from WT, 

which only has one MTERF1 molecule bound to the single DNA substrate.  Moreover, 

these data suggest that nucleotide 3249 is important for the ability of MTERF1 to adopt 

the wild type binding mode.   

To investigate the functional consequences of the DNA mutations on MTERF1 

activity, we conducted termination assays.  Overall, the MTERF1 termination activity 

is reduced in the presence of each mutation.  Not surprisingly, the largest defect was 

present for G3249A suggesting that the reduction in affinity and altered binding mode 

is important for function.  In addition, MTERF1 was able to mediate some termination 

activity in the presence of the A3243G and G3244A mutations, while termination 
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defects were only apparent at low concentrations of MTERF1 with A3243T (Figure 

4.1). 

 Curiously, the reasons for the termination defects are not obvious based on the 

biochemical and structural data thus far.  For instance, the affinity and binding modes 

of MTERF1 for A3243T and A3243G is similar, however the ability of MTERF1 to 

terminate in the presence of these mutations is quite different.  The wtMTERF1 crystal 

structure provides clues that we can use to predict what part of the MTERF1 binding 

mode is affected as a consequence of these mutations (Figure 4.2A).  In the case of the 

G3249A mutant, the functional defect observed may be a result of a perturbation to a 

sequence specific contact between Arg387 and G3249.  Similarly, for A3243G and 

A3243T, we can surmise that somehow, base flipping is perturbed as these residues are 

directly involved in the flipping event.  However, the G3244A mutation has been 

shown to decrease termination activity but the location of the mutation does not 

directly involve specific contacts with MTERF1 or base flipping.  Therefore, in order 

to understand the structural perturbations that result in the functional defects, we 

decided to crystalize wtMTERF1 bound to four pathogenic mutations: A3243G, 

A3243T, G3249A and G3244A. 

 

A3243G and A3243T alter the base-flipped state. 

 In addition to A3243G being one of the most frequent mitochondrial mutations 

(109), its location within the MTERF1 binding sequence corresponds to two of the 

nucleotides that are everted from the DNA double helix.  Due to its high frequency in 



	  

70 
	  

the population and key location at the site of base flipping, we decided to crystallize 

wild type MTERF1 bound to its binding sequence containing the A3243G mutation. 

 The crystal structure was solved to 2.9Å (Table 4.2) and reveals altered 

conformations of the flipped bases (Figure 4.3A).  Interestingly, the most significant 

conformational change is the intrahelical conformation of C3243 on the HS.  In, wild 

type position 3243 on the HS is a thymine and forms a cation π- stacking interaction 

with Arg162, however, the mutation results in the loss of this interaction (gradient 

arrow, Figure 4.3A). The intrahelical conformation of C3243 does not affect the 

conformation of the adjacent C3242 nucleotide on the HS.  C3242 remains stacked 

with Phe243 in a conformation similar to that found in wild type.  The conformation of 

G3243 on the LS is very similar to wild type and maintains the stacking interaction 

with Tyr288 (Figure 4.3A).   

 In the wild type structure, the flipped bases form hydrogen bonds with 

MTERF1 residues that act to stabilize the base in a binding pocket.  This suggests 

selectivity of the binding pocket for specific types of nucleotide bases. Although the 

A3243G mutation alters base flipping, the mutation from an adenine to guanine is a 

transition mutation, which maintains the purine ring of the base.  Oppositely, a 

transversion mutation would alter the ring structure from a purine to a pyrimidine. 

Thus, a transversion mutation such as A3243T drastically alters the size of the ring 

structure.  To assess the structural changes as a result of the pathogenic A3243T 

transversion mutation we crystallized the mutated DNA sequence with wtMTERF1 and 

solved it to 2.3Å (Table 4.2).  The structure demonstrates a severe alteration to the 

conformations of all three everted nucleotides (gradient arrows, Figure 4.3B).  On the 
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HS, T3243A shows an intrahelical conformation that no longer interacts with Arg162. 

The intrahelical conformation of T3243A on the HS is stabilized by a t-stacking 

interaction with Phe243 that is not observed in the wild type structure.  Furthermore, 

Phe243 simultaneously forms another t-stacking interaction with C3242 of the HS.  In 

wild type, C3242 forms a π-stacking interaction with Phe243 (Figure 4.2D).  However, 

even though the identity of this base has not been altered, the conformation of C3242 

has changed.  In this structure, C3242 forms simultaneous interactions with its G/C 

base pair and with Phe243. In the LS, we observe that T3243 (gradient arrows, Figure 

4.3B) is located intrahelically (or within the helix) and no longer forms a stacking 

interaction with Tyr288.  In addition, T3243 is stabilized by an altered conformation of 

Phe322.  In the wild type structure, Phe322 is buried within the protein.  In the A3243T 

structure, it now intercalates the LS between nucleotides T3243 and G3244  (gradient 

arrow, Figure 4.3C).   

 The structure of the A3243T mutation has revealed that all three nucleotides 

that are normally flipped out of the double helix are located intrahelically.  This 

observation appears to represent an intermediate conformation before the bases are 

flipped out of the helix.  Furthermore, the intrahelical conformations of the bases form 

simultaneous interactions with Phe322 and Phe243 (Figure 4.3D). This suggests that 

the phenylalanines, working in concert, may act to stabilize the intermediate 

conformation observed in this structure and may play a role in coordinating the flipping 

event.   Additionally, we observe that the A3243T transversion mutation perturbs the 

base-flipping region more severely when compared to the transitional A3243G 

mutation mentioned above. This suggests that altering the bases perturbs the 
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interactions that would allow for normal base flipping.  Moreover, altering the ring 

structure changes the size of the base and as a result, can no longer be accommodated 

in the binding pocket. 

 

G3249A disrupts a key arginine-guanine interaction. 

We have demonstrated that both the A3243G and A3243T mutations perturb 

the conformation of the base-flipping region.  However, our ITC work shown in 

Chapter 3 has demonstrated that base flipping is most likely dependent upon 

recognition of the specific tRNALeu sequence.  Thus, sequence recognition is a critical 

first step before base flipping.  Five arginine residues that make specific contacts with 

five guanine nucleotides within the MTERF1 binding site mediate the process of 

sequence recognition. (Figure 4.2A)  Importantly, one such interaction is established 

between Arg387 and G3249.  Previous work has shown that an R387A substitution 

severely alters function and changes the affinity and binding mode of MTERF1 for the 

WT DNA sequence (Table 3.1) Furthermore, the pathogenic G3249A is present at this 

location and has been shown to alter the affinity and binding mode of MTERF1 for the 

mutated DNA sequence (Table 4.1 and Figure 4.1) To establish the structural 

consequences that would result from this mutation, we crystallized the G3249A mutant 

sequence with wild type MTERF1 and solved it to 2.6Å (see Chapter 2 and Table 4.2).   

The structure reveals that the interaction between Arg387 and G3249A is lost (Figure 

4.4A).  In fact, the interaction of the Arg387 side chain with the base is so unfavorable, 

presumably due to the clashing of hydrogen atoms, that the side chain is bent away 

from all contact with the DNA (cyan sticks, Figure 4.4A).  Interestingly, MTERF1 is 
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able to elicit normal base flipping in the presence of the G3249A mutation (Figure 

4.4B).  Therefore, the only alteration observed in this structure is the absence of the 

arginine-guanine interaction.  Furthermore, the loss of this interaction does not 

preclude MTERF1 from adopting a presumably functional conformation of the DNA.  

This suggests that the altered binding mode observed (Table 4.1) and the functional 

defect is strictly due to the decrease in affinity of MTERF1 for the G3249A sequence. 

 

G3244A does not affect base flipping or sequence specificity. 

 Thus far the pathogenic mutations we have examined played a role in altering 

either the base flipping mechanism or specific interactions formed between MTERF1 

and the DNA.  Interestingly, the G3244A mutation does not seem to be involved in 

either base flipping or sequence recognition based on the wtMTERF1 crystal structure.  

Yet, MTERF1 termination activity is reduced in the presence of this mutation.  In 

addition, ITC experiments have shown that the stoichiometry and affinity are relatively 

similar to that of wild type (Table 4.1).  Since the wild type crystal structure does not 

directly explain the possible role of G3244, we crystallized and solved the G3244A 

structure to 2.6Å (Table 4.2).  The structure confirms that there are no alterations to the 

base flipping event (overlay, Figure 4.5A) or any sequence specific contacts between 

the DNA and MTERF1.  At the site of the transversion mutation, however, an altered 

conformation of the 3244 base pair can be observed (gradient arrow, Figure 4.5A).  

The LS A3244 is in a normal helical conformation, however, T3244 on the HS has two 

conformations.  One conformation forms a partial Watson-Crick base pair with A3244 

on the LS and the other is located extrahelically (Figure 4.5B).  However, the melting 
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of the DNA duplex as a result of the G3244A mutation does not change any of the 

expected base flipped conformations.  Thus, this structure reveals that DNA distortion 

due to the unwinding imposed by MTERF1 extends beyond the two base pairs that are 

affected in the wild type structure.  Hence, the presence of a G:C base pair at this 

position is presumably crucial to constrain the distortion to the preceding base pairs. 

In summary, the presence of pathogenic mutations within the MTERF1 binding 

site results in functional and structural perturbations that alter sequence specificity or 

base flipping.  We have identified both Phe322 and Phe243 as important intermediates 

in the steps that lead to base flipping and we have demonstrated that the G/C base pairs 

around the base-flipping region play an important role in preventing further DNA 

melting of the binding sequence.   This information suggests the high dependence of 

MTERF1 on the specific tRNALeu sequence environment for function. 

 

Pathogenic mtDNA mutations affect MTERF1 binding and function. 

The underlying molecular mechanisms of mitochondrial gene expression are 

poorly understood.  However, different alterations to this process are linked to the 

pathogenesis of mitochondrial disorders.  Although transcription is a critical event that 

is absolutely necessary for the production of the 13 proteins necessary for OXPHOS, 

no direct association have been found between alterations to the transcription process 

and mitochondrial disease.  Nevertheless, as others and we have demonstrated, 

numerous pathogenic mtDNA mutations affect the capacity of MTERF1 to bind to its 

target site and mediate transcriptional termination (132).  This suggests that defects in 

the ability of MTERF1 to terminate might play a role in pathogenesis. 
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We have thoroughly characterized the structural and functional consequence of 

pathogenic mutations found within the tRNALeu gene.  Binding of MTERF1 to its 

target sequence relies on sequence recognition, which relies on sequence specific 

contacts formed between MTERF1 and the DNA. Binding then results in the eversion 

of 3 nucleotides outside the helix.  This event relies on sequence specific contacts 

formed between MTERF1 and the DNA sequence.  In this work, we observed that 

different pathogenic mutations affect different aspects of this mechanism.  For 

instance, A3243G and A3243T alter the base-flipping region, but do not seem to affect 

the initial sequence recognition step.  G3244A, on the other hand, seems to affect the 

thermodynamic characteristics of the binding sequence, altering the bound 

conformation of MTERF1.  Finally, G3249A directly affects one of the key sequence-

specific interactions established by MTERF1 for initial sequence recognition.  

Interestingly, this mutation does not prevent MTERF1 from adopting a functional 

conformation on the target sequence, but reduces the affinity of MTERF1 for the 

binding site (and therefore its binding specificity).   Furthermore, our work has also 

demonstrated that these mutations severely alter the termination ability of MTERF1 in 

vitro.  These severe termination defects suggest that MTERF1 function is affected in 

carriers of these mutations and argue that this defect might play a role in pathogenesis 

of mitochondrial disease.  

 

Relevance of alterations of MTERF1 function for pathogenesis. 

 Since the MTERF1 binding site contains the most common A3243G mutation, 

the association between MTERF1 activity and the clinical presentations of the mutation 
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have been thoroughly investigated.  In vivo studies have suggested that the clinical 

presentations of the A3243G mutation may be a result of alteration to the tRNALeu 

structure (115).  However, previous work suggests that the binding affinity of 

MTERF1 for the A3243G mutated sequence is reduced (132).  Our ITC work in this 

study has confirmed this result.  One of the observations that supported the hypothesis 

that MTERF1 effects played no pathogenic role in A3243G mutation carriers was the 

fact that the level of upstream and downstream transcripts produced from HSP does not 

change in the presence of A3243G.  While this indeed suggests that the mutation has 

no effect on MTERF1 termination ability on HSP transcription, our work, and others, 

has shown that termination activity mediated by MTERF1 occurs in a polar fashion and 

acts preferentially on LSP transcription.  In support of this, a mouse knockout model of 

MTERF1 shows that transcription termination events from LSP are altered and that 

HSP termination is not affected.  Furthermore, in the presence of the A3243G 

mutation, the ability of MTERF1 to terminate when the sequence is oriented in reverse 

to HSP is severely decreased.  Thus it is possible that the main consequence of the 

A3243G mutation is the alteration of LSP termination events.  To the extent that these 

alterations might have deleterious effects, our biochemical work suggests that the 

alterations to MTERF1 function caused by several pathogenic mtDNA mutations may 

play a role in the pathogenesis of mitochondrial disease.  
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Table 4.1 ITC data reveals the stoichiometry and binding constants (Kd) of wtMTERF1 
for the WT DNA sequence and four pathogenic mutations found within the MTERF1 
binding sequence. *Table adapted from figure 6 of Yakubovskaya E, Mejia E, Byrnes J, 
Hambardjieva E, Garcia-Diaz M published in Cell 141, 982-993, June 11, 2010 
	  

	  

	  

	  

	  

	  

	  

 

 

 

Figure 4.1 Termination ability of wtMTERF1 in the presence of 4 pathogenic 
mutations found within the binding site.  All assays were carried out with 0.1uM, 
0.2uM and 0.4uM of wtMTERF1 with the termination sequence oriented in reverse 
with respect to the HSP.  The control lane, C, contains the DNA template, POLRMT, 
TFAM and TFB2 but does not contain MTERF1. *Figure adapted from figure 6 of 
Yakubovskaya E, Mejia E, Byrnes J, Hambardjieva E, Garcia-Diaz M published in 
Cell 141, 982-993, June 11, 2010 
 

DNA Stoichiometry (N) Kd (µM) 

WT 1.06 ± 0.08 1.05 ± 0.18 

A3243G 1.04 ± 0.08 3.02 ± 0.39 

A3243T 0.98 ± 0.06 3.12 ± 0.33 

G3244A 1.06 ± 0.04 1.91 ± 0.13 

G3249A 0.20 ± 0.12 14.04 ± 2.32 
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Figure 4.2 Pathogenic mutations located within the MTERF1 DNA binding site.  (A) 
The 22mer DNA binding site for MTERF1.  Highlighted in blue is the location of four 
pathogenic mutations.  Furthermore, the five arginine-guanine interactions are 
labeled, which are critical for sequence recognition.  (B) Zoomed in view of the 
Arg387/G3249 hydrogen bond interaction.  (C) Schematic showing the 3 flipped bases 
stabilized by stacking interactions.  (D) View of the base-flipping region in the 
wtMTERF1 crystal structure.  
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Figure 4.3 The crystal structures of wtMTERF1 bound to the A3243G and A3243T 
mutations.  In the overlays (A-C) wtMTERF1 is colored gray and transparent. (A) 
Structure of the A3243G mutation (protein colored green and DNA colored salmon).  
The base-flipping region reveals that T3243C is now located intrahelical (gradient 
arrow) as a result of the transition mutation.  (B) Crystal structure of the A3243T 
mutation (DNA colored green, protein colored orange). As a result of the transition 
mutation, A3243T and T3242A are now located intrahelical (gradient arrows).  The C 
no longer forms a stacking interaction with F243 and is now in a conformation more 
closely associated with its Watson-Crick base pair.  (C) The A3243T structure reveals 
an altered conformation of F322, a residue that is not involved in stabilizing the final 
base flipped state (Chapter 3).  In this structure F322 intercalates the LS and stabilizes 
the intrahelical T3243. (D) The base-flipping region of the A3243T structure shows the 
simultaneous intercalation of F243 and F322 into the HS and LS respectively.  The 
role of these two phenylalanines is critical for coordinating the flipping mechanism 
(Chapter3). 
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Figure 4.4 The G3249A structure perturbs MTERF1 sequence recognition.  (A) An 
overlay of the wild type DNA and wild type MTERF1 (backbone carbon atoms colored 
yellow) with the G3249A mutation and wild type MTERF1 (backbone carbon atoms 
colored cyan).  Arg387 normally makes contacts with G3249A and T3250 in wild type.  
However, in the G3249A structure, the Arg387 side chain no longer forms contacts 
with the DNA.  (B) Interestingly, the G3249A structure is able to elicit wild type base 
flipping.  This structural information along with the ITC data (Table 4.1) suggest that 
the sequence recognition mechanism is perturbed as a result of the G3249A mutation.  
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Table 4.2 X-ray crystallography data collection and statistics. 

 G3244A	   G3249A	   A3243G	   A3243T	  

Data Collection 	   	   	   	  

PDB Code 	   	   	   	  

Rmerge 0.054	  (0.843)	   0.044	  (0.828)	   0.072	  (0.972)	   0.033	  (0.513)	  

Rmeas 0.062	  (0.910)	   0.049	  (0.870)	   0.079	  (1.087)	   0.038	  (0.586)	  

Rpim 0.033	  (0.509)	   0.026	  (0.454)	   0.043	  (0.589)	   0.026	  (0.392)	  

No. of total 
observations 

128009	  (1159)	   143694	  (1474)	   183048	  (1940)	   67339	  (654)	  

I/σI 20.2	  (	  2.2)	   22.1	  (2.3)	   19.7	  (2.1)	   20.6	  (2.3)	  

CC1/2 0.999	  (0.798)	   1	  (0.744)	   0.999	  (0.741)	   0.999	  (0.758)	  

Completeness % 100	  (100)	   99.8	  (100)	   99.8	  (100)	   92.6	  (91.9)	  

Multiplicity 6.3	  (5.8)	   6.5	  (6.9)	   6.4	  (6.3)	   2.8	  (2.7)	  

Cell Dimensions (a, b, 
c) 

89.1,	  89.6,	  
164.8	  

88.4,	  90.8,	  
163.3	  

55.0,	  83.4,	  
133.6	  

88.3,	  89.3,	  
161.9	  

α, β, γ 90,	  90,	  90	   90,	  90,	  90	   90,	  99.7,	  90	   90,	  90,	  90	  

Space Group C2221	   C2221	   P21	   C2221	  

Resolution Å 2.6	   2.5	   2.8	   2.3	  

Refinement 	   	   	   	  

Rwork/Rfree 0.20/0.27	   0.23/0.27	   0.21/0.26	   0.22/0.27	  

R.m.s.d. Bond Length 
Å 

0.013	   0.012	   0.01	   0.014	  

R.m.s.d. bond Angle 1.6	   1.6	   1.5	   1.7	  

Average B-factor 76.3	   50.3	   77.0	   63.3	  



	  

82 
	  

 
Figure 4.5 G3244 is important to prevent further duplex melting.  G3244 is not 
directly involved in base flipping or the formation of specific contacts with MTERF1. 
The crystal structure of G3244A overlaid with wild type (A) shows that the flipped 
bases are in a wild type conformation however, C3244T has two occupancies (cyan 
double arrow).  (B) An overlay of the 3244 base pair with wild type (backbone carbon 
atoms colored yellow) with the G3244A structure (backbone carbon atoms colored 
cyan).  The mutation eliminates the stronger G/C base pair to the weaker A/T base 
pair, which results in duplex melting beyond the base flipping site. 
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Chapter 5 – MTERF1 allelic variation has deleterious effects on transcription 

termination 

 

Identification of MTERF1 allelic variants within sample populations. 

The presence of known pathogenic mutations within the DNA binding 

sequence has been shown to alter several mechanical and functional aspects mediated 

by wild type MTERF1 as discussed in Chapter 4.  We have also shown that 

synthetically engineered substitution constructs of the MTERF1 protein, such as the 

R162A substitution that destabilizes the base-flipping region, has functional 

consequences in the presence of wild type DNA (Chapter 3).  However, unlike the 

pathogenic mutations located within the DNA binding sequence, the MTERF1 

substitution constructs do not represent mutations that may exist in the population.  

Therefore, we decided to investigate point mutations present in MTERF1 by searching 

for single nucleotide polymorphisms (SNPs) within the human MTERF1 gene that 

have been reported in a sample human population. 

A search of the dbSNP database (NCBI) for MTERF1 resulted in ~138 SNPs.  

To focus our search, we decided to look for non-synonymous missense mutations that 

alter the amino acid sequence and had the potential to interfere with DNA binding, 

base-flipping, or protein folding, or presented with an unusually high allelic frequency.  

The missense mutations that met these criteria are shown in Table 5.1 along with their 

associated allelic frequencies from the sample populations (see Table 5.1 legend).  

Most interestingly, the highest frequency (~40%) observed within the sample 

populations correspond to A294T, a residue that does not immediately appear to be 
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involved in the sequence recognition or base-flipping processes mediated by MTERF1.  

In addition, one rare (~0.1%) non-sense mutation was found that results in a premature 

stop codon at Leu79.  Furthermore, the locations of R202H, R169G/Q, R251Q and 

P242A, indicate that they may interfere with the base-flipping or binding event.  The 

strategic locations of each variant and the fact that they are found in the population, 

motivated us to investigate and characterize the structural and functional consequences 

of each mutation.  Termination assays were performed to gauge the functional ability 

of the mutation in the presence of the wild type DNA binding sequence.  In addition, 

we predicted the structural consequences for each variant, by modeling the amino acid 

mutation in the wild type crystal structure    

 

Functional consequences of Allelic variants within MTERF1 are dependent on 

their location. 

 

A294T 

 The high frequency of the A294T (~40%, Table 5.1) mutation motivated us to 

investigate the consequences of this variant on the overall structure of MTERF1 and its 

termination activity.  The position of A294 is found within an α - helix on the outer 

surface of the protein that is solvent exposed (Figure 5.1).   To determine the possible 

environmental changes on the local and global structure, we modeled A294T in the 

wild type structure and the predicted conformation suggests that the threonine would 

not perturb the structure of the α helix.  In addition, since it is located far away from 

any protein-DNA contacts or the base-flipping region, the mutation should not alter 
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any of these critical mechanisms (overlay, threonine colored white, Figure 5.1A).  

Thus, we hypothesized that A294T should terminate in a similar fashion as 

wtMTERF1.  To verify this, we performed a termination assay and confirmed that 

indeed the functional ability of A294T to terminate is the same as wild type (Figure 5.2 

A&B) and indicates that the variant has no functional consequences for MTERF1. 

 

P242A 

 The location of Pro242 is in close proximity to the base-flipping region and 

mediates a sharp turn between two α helices (gradient arrow, Figure 5.1B).  The turn is 

important for orienting Phe243 in order to form a key stacking interaction with C3242 

(Figure 5.1B), which stabilizes base flipping.  The P242A variant would most likely 

disrupt this turn and locally alter the base-flipping region.  However the disruption of 

this turn would compromise the triangular structure of the mterf motif.  In fact, all the 

proline residues in MTERF1 mediate turns that maintain the triangular shape for each 

of the eight MTERF1 motifs (Chapter 1).  Not surprisingly, purification of the P242A 

variant has failed, as it co-purifies with the chaperone used in the expression system.  

Since chaperones are important in protein folding, co-purification of the P242A mutant 

with the chaperone suggests that the mutant is unable to fold properly.  

 

R251Q, R169Q, R169G and R202H 

 The next four variants are found at locations that involve specific protein-DNA 

contacts that are important for MTERF1 binding and function (Chapter 3) and present 

at much lower frequencies than A294T.  In the case of R251, a hydrogen bond is 
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formed between the amine group of R251 and O6 of G3242.  The predicted orientation 

of R251Q reveals an increased distance of  ~1.5Å between the two residues due to the 

shorter glutamine side chain, that eliminates the hydrogen bond interaction (white 

overlay, Figure 5.1C).  Similarly, the model for R169Q suggests that the shorter 

glutamine side chain may interfere with the ability of MTERF1 in making a sequence 

specific contact with G3238 (Figure 5.1D).   The functional consequences verify the 

importance of these arginine-guanine interactions, as both R251Q and R169Q are 

severely impaired of their ability to terminate (Figure 5.2 A&B).  Although the R169G 

and R202H variants have not been tested in vitro yet, our current data strongly suggests 

that these variants will exhibit functional defects.  Hence, a mutation to a glycine or 

histidine might prevent MTERF1 from being able to form specific interactions with the 

DNA at these locations. 

 

Functional Implications for allelic frequency 

It is interesting to note that the allelic variant frequencies for mutations that 

affect key MTERF1 mechanisms (e.g., R169Q) are very rare (Table 5.1). As we have 

demonstrated, alterations in key processes as a result of these variants, suggest that 

their low frequency in the sample populations reflect the importance of selecting 

against them throughout the evolution of MTERF1.  Oppositely, the frequency of 

A294T is very high (40%) and there is no functional difference from wild type, 

indicating that the high frequency of the A294T allele is most likely tolerable and thus 

is not selected against in evolutionary terms.  Although this is highly speculative, more 

work is needed to understand the in vivo role and clinical presentations of the variants 
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in order to associate an evolutionary selective advantage for or against a particular 

MTERF1 variant. Moreover, since the MTERF1 DNA binding site is a frequent site of 

mutations associated with disease, it would be interesting to look for compounding 

effects between individuals that might express both an allelic variant and a pathogenic 

mitochondrial DNA mutation in the MTERF1 binding site. 

 

 

 

Missense Mutation 
(MTERF coding strand) 

Amino Acid Change Allelic Frequency (%)* 

C/G P242A 0.20 

G/A R202H 0.00** 

G/A R169Q NA 

C/G R169G 0.02 

C/T A294T 40.2 

G/A R251Q 2.50 

A/C L79Ter (nonsense) 0.1 

Table 5.1 List of Allelic Variants within MTERF1 that alter key mechanisms. Allelic 
Frequencies reported have been validated by 1000 Genomes or Hap Map (See 
Chapter2). 
*Reported from NCBI dbSNP database 
**Reported in dbSNP but not validated in larger population cohorts such as 1000 
Genomes or Hap Map. 
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Figure 5.1   Location of four allelic variants within the MTERF1 structure.  (A) An 
overlay of Ala294, colored green, with the most probable side chain rotamer of Thr294 
(backbone atoms colored white).  (B) The location of P242 mediates a turn between 
two helices (gradient arrow) and orients Phe243 to stack with C, which stabilizes base 
flipping.  (C) Interaction between R251 and G3242 (backbone atoms colored green) in 
an overlay with R251Q (white). The mutation to Gln increases the distance between the 
side chain and G3242 and is thought to no longer be able to mediate a critical 
sequence specific contact.  (D) Same as (C) except for the R169Q variant. 

Figure 5.2  Termination ability of MTERF1 allelic variants.  (A) Termination assays 
for WT MTERF1 and three variants reveal a band corresponding to full-length 
transcripts (FL) or a termination transcript (T).  The control lane, C, contains no 
MTERF1. (B) Percentage of termination activity determined from densitometry 
analysis of the gels in (A). 
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Chapter 6 – Conclusions & Future Directions   

The work contained herein describes the mechanical underpinnings of 

MTERF1, which are ultimately responsible for proper termination activity at the 

tRNALeu site.  The information obtained has broadened our knowledge regarding the 

rare 3-nucleotide base flipping mechanism and the role of MTERF1 in pathogenesis of 

mitochondrial diseases.  

Base-Flipping Mechanism 

We have determined that MTERF1 utilizes a base-flipping mechanism for 

stable specific binding to its location within the tRNALeu gene. In this work, we 

demonstrate that the eversion of 3 nucleotides from the DNA duplex to pockets outside 

the DNA duplex is a complex mechanism that involves the coordination of several 

steps.  We have demonstrated that the coordination of these steps involves two specific 

phenylalanine residues. Moreover, perturbations to the stepwise mechanism result in 

aberrant conformations of the everted nucleotides.  Not surprisingly, aberrant base 

flipping has consequences for MTERF1 termination activity.  Our biochemical work 

has assessed the functional contribution of each stacking interaction to the ability of 

MTERF1 to terminate.  Strikingly, we have identified that each interaction does not 

contribute equally to function. Hence, in addition to the fact that alterations to the 

stacking interactions result in aberrant base flipping, MTERF1 is able to accommodate 

an altered base flipped state and maintain residual activity.  This suggests that 

MTERF1 might be able to bind to alternate sequences that vary from the consensus.  

Although termination activity is not as strong as wild type, this has implications for the 

role of alternate MTERF1 activities at other sites in the mitochondrial genome, such as 
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replication pausing or regulating events at the HSP. However, structural and 

biochemical studies are needed to determine the ability of MTERF1 to bind alternate 

sites such as HSP.  

 

Implications for the MTERF Family of Proteins 

 As previously discussed, the fold of MTERF1 is conserved amongst other 

members of the MTERF family.  The crystal structures of MTERF1 and MTERF3 are 

highly similar and maintain the same mterf motif and overall shape indicative of DNA 

binding. Importantly, biochemical evidence suggests that MTERF3 interacts with DNA 

within the regulatory D-Loop (86).  Interestingly, Phe243, the residue that is important 

for stabilizing one of the flipped bases in MTERF1, is conserved in MTERF3 (and 

MTERF2).  This, in addition to the fact that MTERF3 interacts with DNA and shares 

structural homology with MTERF1 suggests that other MTERF family members may 

be able to adopt a similar binding mode as MTERF1. Moreover, we have established 

the importance of arginine-guanine contacts for the ability of MTERF1 to recognize its 

specific DNA binding sequence and elicit base flipping.  It is plausible that different 

locations of the arginine residues in MTERF3 (or 2) could result in alternative binding 

sites that may elicit a base flipping mechanism.   

  Interestingly, the MTERF1 fold shares structural homology to PUF domains 

that are found in proteins that bind RNA.  Much like the mterf motifs found in 

MTERFs 1, 3 and 4, PUF domains are all α-helical and triangular in shape.  In 

addition, MTERF 3 and 4 have been shown biochemically to interact with 

mitochondrial rRNAs.  Hence it is plausible that MTERF1 and other MTERF proteins 
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could interact with an RNA substrate and may not be strictly limited to binding dsDNA 

duplexes.  Future biochemical and structural studies would be necessary to establish 

the possibility of alternative MTERF1 substrates. 

 

 

MTERF1 has implications for Pathogenesis of Mitochondrial Disease 

 The molecular mechanisms of mitochondrial gene expression are poorly 

understood.  Perturbations of mitochondrial gene expression have been shown to be 

associated with certain mitochondrial diseases.  However, transcription of the 

mitochondrial genome is absolutely critical for OXPHOS. Yet, currently, deficiencies 

in the transcription process have not been associated with mitochondrial disease.  We 

have shown that the presence of pathogenic mutations within the tRNALeu gene have 

altered the ability of MTERF1 to bind, elicit normal base-flipping and terminate 

transcription at this site.  Thus, our observations suggest an association between 

transcription defects at the tRNALeu site and the pathogenesis of mitochondrial disease.

  

Interestingly, we and others have shown that MTERF1 terminates in a polar 

fashion and acts preferentially upon LSP transcripts. However, there is a lack of in vivo 

evidence regarding how pathogenic mutations present in the tRNALeu gene may alter 

MTERF1 termination activity on LSP transcripts.   

Finally, we have observed that allelic variants present within the MTERF1 

protein can have deleterious effects on the ability of MTERF1 to mediate transcription 

termination.  We have also shown that some of these variants occur at locations that 
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prevent the ability of MTERF1 to form sequence specific contacts with the DNA.  

However, more structural work is needed in order to correlate the structural alterations 

with the termination defects observed.  The severe termination deficiencies observed 

for some of the MTERF1 allelic variants suggests a possible role in the pathogenesis of 

mitochondrial disease.  
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