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Summary

The mitochondrial genome is transcribed by a single-subunit DNA-dependent RNA polymerase
(mtRNAP) and its auxiliary factors. Structural studies have elucidated how the auxiliary factors
cooperate with mtRNAP to bring about transcription. Initiation factors TFAM and TFB2M assist
mtRNAP in promoter DNA binding and opening, respectively, whereas the elongation factor
TEFM renders mtRNAP processive, thereby enabling synthesis of the long polycistronic RNA
chains. Here we summarize a large body of structural and functional work that has accumulated on
human mitochondrial transcription, provide a molecular movie that can be used for teaching
purposes, and define open questions and future directions.
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Overview figure. Schematic representation of the human mitochondrial genome
The circular human mitochondrial genome is depicted schematically with mRNA coding

regions in blue, rRNA coding regions in green, tRNA coding regions in orange and non-
coding regions in grey. LSP: light strand promoter; HSP: heavy strand promoter; CSB:
conserved sequence block; Opy_: origin of replication of the heavy/light strand; Cytb:
cytochrome b; ND1/2/3/4/5/6: NADH dehydrogenase subunit 1/2/3/4/5/6; COXI/1I/1II:
cytochrome c oxidase subunit I/11/111; ATP6/8: ATP synthase FO subunit 6/8. The regulatory
region containing the two promoters is shown enlarged above with important elements
discussed in the text indicated. Parts of this region frequently form the D-loop, a triple
stranded region caused by the presence of a third DNA strand, the 7S DNA, annealed to the
light strand.

Mammalian mitochondria contain a small circular genome that encodes for 13 essential
proteins of the respiratory chain, 22 transfer RNAs and 2 ribosomal RNAs?. The two strands
of this genome are distinguished as the heavy and light strands based on their asymmetric
purine/pyrimidine distribution. Transcription of the mitochondrial genome is carried out by a
dedicated RNA polymerase (mtRNAP) that is related to the single-subunit RNA
polymerases in bacteriophages and chloroplasts, and the pol | family of DNA polymerases?.
Each strand of mtDNA contains a promoter, the heavy or light strand promoter (HSP or LSP,
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respectively), which are located within a non-coding regulatory region of mtDNAS3 and drive
transcription of polycistronic transcripts spanning nearly the entire genome length®. This
region also contains the origin of replication for the heavy strand and can be partially triple-
stranded due to the presence of a third DNA strand called 7S DNAS. Unlike other single-
subunit RNA polymerases, mtRNAP requires the assistance of protein factors for each step
of the transcription cycle’. To initiate transcription, mtRNAP assembles with the initiation
factors TFAM and TFB2M at the promoter to form the initiation complex. Following initial
RNA synthesis, initiation factors are lost and the elongation factor TEFM is recruited as
mMtRNAP engages in the elongation phase. The termination of transcripts initiated at LSP
involves the road block protein MTERF1, which binds at a distinct site downstream of the
rRNA genes. However, the precise mechanisms of transcription termination remain
unknown.

Introduction

Mitochondria are organelles that carry out oxidative phosphorylation to produce the energy
required by eukaryotic cells®. In addition, they are involved in numerous cellular processes
such as signaling?, ion homeostasis1?, apoptosis'! and aging2. Mitochondrial dysfunction is
associated with various pathological phenotypes in humans?3. In accordance with their
evolutionary origin from an endosymbiontic event!#, mitochondria contain a separate
genome and utilize a dedicated, nuclear-encoded molecular machinery for its expression. In
humans, the mitochondrial genome comprises 16.5 kb of circular DNA encoding for 13
essential polypeptides, 22 transfer RNAs (tRNAs) and 2 ribosomal RNAs (rRNAs) that are
required for the formation of the dedicated mitochondrial ribosome?.

Transcription of the mammalian mitochondrial genome is carried out by a single-subunit
mitochondrial RNA polymerase (mtRNAP or POLRMT) that partly resembles RNA
polymerases (RNAPs) from T7-like bacteriophages, but is not related to the multi-subunit
RNAPs found in bacteria or the eukaryotic cell nucleus2. Transcription initiates from two
promoters (light- and heavy-strand promoters or LSP and HSP, respectively) located in close
vicinity to each other within the non-coding regulatory region of the mitochondrial genome3
and results in long poly-cistronic transcripts that are processed to yield mature mRNAs and
tRNAs*1516_This regulatory region frequently contains a triple-stranded structure termed
the ‘D-loop’, which is caused by the presence of an additional DNA strand, the 7S DNA®.
Although its precise role remains obscure, this DNA stretch is thought to originate from
abortive or paused DNA replication. Remarkably, the RNA primers required for DNA
replication also originate from transcription by mtRNAPL, placing this enzyme at the heart
of both gene expression and genome maintenance in mitochondrial8-20,

In contrast to its self-sufficient bacteriophage relatives, mtRNAP requires the assistance of
additional protein factors to initiate transcription, to productively elongate the RNA chain
and to terminate transcription’. Compared to other transcription systems, the mechanistic
and structural basis of mitochondrial transcription remained poorly understood. In recent
years, however, numerous structural studies have elucidated various components and diverse
stages of the mitochondrial transcription cycle (see Table 1). This review summarizes these
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studies and our current understanding of the mechanism of mitochondrial transcription that
has resulted from them.

RNA polymerase

Before structural data on mtRNAP became available, sequence analysis suggested that it
may share structural similarity with T-odd bacteriophage RNAPs, the most well-studied of
which is T7 RNA polymerase?. Similar to the distantly related pol A family of DNA
polymerases?1:22, the C-terminal catalytic domain (CTD) of these RNAPs resembles a right
hand formed by the thumb, palm and fingers domains23. The active site is located within the
palm domain and utilizes a canonical two-metal dependent reaction mechanism for nucleic
acid polymerization?425, The fingers domain harbors the O-helix, a mobile element involved
in catalytic functions and in strand separation at the downstream edge of the transcription
bubbleZ6:27. The O-helix corresponds topologically to the bridge helix found in multi-
subunit RNAPs28, Promoter binding is mediated by the N-terminal domain (NTD), which
contains two nucleic acid-interacting elements, the AT-rich recognition loop and the
intercalating hairpin29-30, While the former is involved in promoter DNA recognition, the
latter separates the DNA strands to form the transcription bubble during initiation2®. A third
element involved in promoter binding, the specificity loop, is located within the CTD and
stabilizes the initially melted transcription bubble by binding the major groove upstream of
the point of strand separation and guiding the template strand to the active site2°.

The first structure of human mtRNAP revealed that its catalytic domain is indeed similar to
bacteriophage T7 RNAP, suggesting a conserved catalytic mechanism3! (Figure 1). As in T7
RNAP, the conserved fingers, palm and thumb domains of the CTD adopt the canonical
right-hand fold3L. In this apo mtRNAP structure, however, the fingers domain appears
rotated to a ‘clenched’ conformation3!. The N-terminal domain (NTD) is partially similar to
the promoter-binding domain of T7 RNA polymerase, but the AT-rich recognition loop
differs substantially. Whereas this element contacts the minor groove of promoter DNA in
the initiation complex of T7 RNAP2%:30 it is sequestered by intra-protein interactions in
mtRNAP and charged DNA-interacting residues are not conserved3L. In addition to the
bacteriophage-like core, mtRNAP contains an N-terminal pentatricopeptide repeat (PPR)
domain and a largely flexible N-terminal extension (NTE) which was not resolved in the apo
mtRNAP structure although the construct used for crystallization lacked only the first 104
amino acids, 43 of which constitute the mitochondrial targeting signal3. PPR domains can
be found in many mitochondrial and chloroplast proteins, where they most often mediate
protein-RNA interactions32:33, The PPR domain of mtRNAP is connected to the N-terminal
domain by a proline-rich linker, which potentially confers some degree of mobility to this
domain relative to the enzyme core31.

The other element involved in promoter recognition by T7 RNAP, the specificity loop, was
not entirely resolved in the mtRNAP structure3l. Furthermore, comparison with the T7
initiation complex structure revealed that the intercalating hairpin is positioned differently in
the mtRNAP structure3l, However, mutational analysis showed that both the intercalating
hairpin as well as the preceding sequence region (the ‘lever loop’), which is found only in
mtRNAPs, are required for promoter-specific initiation3L, This suggested that initiation
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factors may reposition the intercalating hairpin such that it could fulfill the function it has in
T7 RNA polymerase, namely to separate the DNA strands upstream of the transcription start
site3l.,

Taken together, the structure of human apo mtRNAP revealed the architecture of this
enzyme, confirmed the principal resemblance of its CTD to bacteriophage RNAPs and
provided first clues for the structural basis of factor dependence of transcription initiation.
However, it remained unclear how the polymerase would interact with nucleic acids and
what the role of its mitochondria-specific features would be.

Transcribing elongation complex

Questions on the basic mechanism of DNA-dependent RNA synthesis by mtRNAP could be
addressed with the structure of human mtRNAP in the transcribing state (Figure 2a). This
elongation complex (EC) consisted of mtRNAP and a RNA-DNA scaffold mimicking a
transcription bubble with the RNA transcript3*. The mtRNAP variant used in this study
lacked part of the N-terminal extension (residues 1-150), which was shown to be
dispensable for transcript elongation34. Compared to the apo structure, the fingers and palm
domains appear rotated, resulting in a conformation that is highly similar to that observed
for the T7 RNA polymerase EC26:27, The polymerase active center cleft tightly embeds a 9-
base pair A-form DNA-RNA hybrid, with the downstream duplex emerging at a
perpendicular angle34. This arrangement shows a striking resemblance to both T7 RNAP
and the structurally unrelated multi-subunit RNAPS in eukaryotes and bacteria3®:36, The
hybrid is stabilized by interactions with the thumb domain, which became fully visible in the
EC structure. As in T7 RNAP, separation of the downstream DNA strands is achieved by the
O-helix in the fingers domain, which wedges apart the +1 and +2 nucleotides of the template
strand26:27:34.37 (Figure 2b).

The mitochondrial EC structure revealed the pre-translocated state of the nucleotide addition
cycle, in which the 3’ end of the nascent transcript occupies the NTP-binding site, thus
occluding this site from substrate binding3* (Figure 2b). Despite the overall similarity to T7
RNA polymerase in the catalytic domain, the mtRNAP EC structure also brought to light
tangible mechanistic differences between these enzymes. Most notably, T7 RNAP undergoes
a major refolding and re-arrangement of the N-terminal promoter-binding domain during the
transition from initiation to elongation26:27, moving the intercalating hairpin away from the
nucleic acids. MtRNAP, however, does not undergo such a conformational change. Instead,
the intercalating hairpin remains close to the nucleic acids and peels off the 5’ end of the
nascent transcript from the template strand at the upstream edge of the transcription
bubble34. Although the 5’ end of the nascent RNA was not clearly visible in the EC
structure, difference density and crosslinking experiments indicated that it runs along the
mobile specificity loop towards the PPR domain34.

In summary, the EC structure revealed how nucleic acids bind to the polymerase during
RNA chain elongation, argued for a conserved catalytic mechanism and revealed
mitochondria-specific mechanistic features. The lack of rearrangement of the NTD during
the transition from initiation to elongation suggested that initiation factors prime mtRNAP
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for initiation and elongation34. However, in the absence of structural information on the
initiation complex, the mechanism of transcription initiation in mitochondria remained
obscure.

Initiation factor TFAM

To initiate transcription, mtRNAP is recruited to the DNA by the promoter-binding protein
TFAM to form the closed pre-initiation complex (prelC)38:39, Binding of the initiation factor
TFB2M then facilitates DNA opening and formation of the open initiation complex
(1C)38-43, Due to a lack of homology to initiation factors found in other transcription
systems, it was not obvious how these proteins would facilitate transcription. This problem
was addressed by first solving structures of the two initiation factors TFAM and TFB2M and
then also of the initiation complex comprising mtRNAP, TFAM, TFB2M and promoter
DNA.

The mammalian mitochondrial transcription factor TFAM belongs to the high mobility
group box (HMG box) family of proteins and contains two HMG domains interspersed by a
linker region**. The ability of TFAM to facilitate transcription initiation is dependent on its
C-terminal tail region?%45. The binding sites of TFAM at the two promoters have been
mapped between DNA bases —10 and —35 upstream of the transcription start site (TSS)3846,
In addition to specifically binding to these sites, TFAM also binds double-stranded DNA in a
non-specific fashion*’ and this function is thought to mediate packaging of the
mitochondrial genome*8-51, Although a TFAM homolog exists in yeast (Abf2)°2:53 this
protein lacks the C-terminal tail found in TFAM and seems to function solely as a DNA
packaging factor®®.

The crystal structure of TFAM was solved in complex with a DNA segment encompassing
its binding site at the LSP promoter by two groups independently®*25 (Figure 3a). These
structures demonstrated that each of its HMG-box domains induces a ~90° bend in the
DNA, suggesting how it can compact the mitochondrial genome into higher-order structures
called nucleoids*®-51, Further structures of TFAM bound to other DNA segments revealed
that bending seems to occur independent of the bound DNA sequence®8. Notably, this study
also suggested that TFAM may bind at HSP in a reversed orientation as compared to LSP,
thus implying structurally distinct initiation complexes at the two promoters. However, the
DNA sequence used only comprised part of the TFAM binding site at the HSP and the
proposed model is inconsistent with biochemical and crosslinking studies, which indicate an
identical topology for the IC at both promoters®”.

Initiation factor TFB2M

The second mammalian initiation factor, TFB2M, and its paralog TFB1M were originally
identified based on sequence homology to the yeast mitochondrial transcription initiation
factor Mtf158:59, In yeast, transcription initiation requires only mtRNAP (Rpo41) and
Mtf180, which was initially hypothesized to resemble the bacterial sigma factor based on
partial sequence homology®!. However, mutational studies did not support a functional
homology to sigma factor proteins 2. The structure of S. cerevisiae Mtf1 demonstrated that
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it instead shows structural similarity to ErmC, a methyltransferase involved in the maturation
of ribosomal RNAS®3 (Figure 3b). This surprising finding led to the hypothesis that promoter
recognition may reside largely within mtRNAP itself and that potential RNA-binding
capabilities of Mtf1 may play a role during transcription initiation63,

Indeed, sequence and structural homology to rRNA methyltransferases appears to be
conserved across mitochondrial initiation factors from different species, as it can also be
found in the mammalian TFB-type proteins. While TFB1M appears to have retained its
function as a mitochondrial rRNA methyltransferase®*%°, TFB2M is a bona fide
transcription initiation factor®6. Recently, the structure of human TFB2M was reported,
completing the set of structures of proteins of the initiation machinery8’ (Figure 3b). As in
Mtfl, the N-terminal part of TFB2M resembles rRNA methyltransferases, whereas the C-
terminal part forms a helical domain with an extended flexible tail”. Deletion of a flexible
loop specific to mitochondrial transcriptional activator proteins showed no effect on the
activity of TFB2M®7, although residues within this loop had been implied in the Mtf1-
Rpo41 interaction®8. Comparison of TFB2M to the structure of mouse TFB1M, which had
been reported earlier®?, revealed an overall high structural similarity, but also suggested
differences which may account for their diverging functions®’. Most prominently, TFB2M
contains a loop insertion in its N-terminal domain which is absent in both TFB1M and Mtfl
and contributes to an extended positively charged surface patch on TFB2M. Moreover, a
number of positively charged residues constituting this charged groove are conserved in
TFB2M between humans and mouse, but not in TFB1M®7,

Taken together, these studies revealed the structures of the two initiation factors TFAM and

TFB2M but did not explain how these factors interact with mtRNAP and with nucleic acids

to assemble the initiation complex. Therefore, the mechanism of mitochondrial transcription
initiation remained unclear.

Initiation complex

The recent structure of the mitochondrial transcription initiation complex revealed the
interactions between TFAM, TFB2M, mtRNAP and DNA, showing how the two initiation
factors cooperate with the polymerase to recruit, position and melt promoter DNAS7 (Figure
4). Consistent with biochemical data3?:70, the structure demonstrated that mtRNAP utilizes
its N-terminal extension to stack against the distal HMG-Box domain of TFAM in the IC,
which is brought in position by the TFAM-induced DNA bending®’. This interaction is
mediated by a previously unresolved structural element within the N-terminal extension of
mtRNAP, the ‘tether helix’67, and seems to position the active site of mtRNAP at the region
of initial DNA melting around the TSS’L. Tethering of the N-terminal extension of mtRNAP
to TFAM explains how TFAM binding may compensate for the absence of the AT-rich
recognition loop in MtRNAP, as suggested previously3%:3L, In T7 RNAP, this element
contacts the promoter DNA region 13 —17 bp upstream of the TSS. In the mitochondrial IC,
the DNA region between bases —10 and -15 is positioned in proximity to the PPR domain,
where DNA backbone interactions may contribute to the DNA bending observed in this
region8”. The C-terminal tail of TFAM is positioned in immediate vicinity of mtRNAP,
where it mediates additional interactions with the ‘D helix” and/or parts of the N-terminal
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extension of mtRNAP#0:67_ Contrary to an earlier model based on low-resolution electron
microscopic data’? TFB2M interacts with the DNA around the point of strand separation
with its C-terminal helical domain8’. Comparison of IC structures assembled on DNA
scaffolds representing the LSP and HSP promoter sequences confirmed the identical
topology of the IC at both promoters®”:67.

The conformation of mMtRNAP in the open IC resembles that observed for T7 RNAP in its
respective initiation complex30. In particular, similarly to the T7 RNAP IC, the intercalating
hairpin is positioned to separate the DNA strands at position —4 relative to the TSS. This
conformation is stabilized by the interaction of TFB2M with the polymerase, likely locking
it in the melting-competent state®’. This seems to be achieved by an interaction between the
C-terminal helical domain of TFB2M and a mtRNAP-specific ‘lever loop’ adjacent to the
intercalating hairpin, explaining why a deletion mutant lacking this region is incapable of
promoter-specific initiation3. In addition, the flexible C-terminal tail of TFB2M buttresses
the intercalating hairpin and appears partially ordered in the IC structure®”. The rRNA
methyltransferase-like domain of TFB2M is positioned along the trajectory of the single-
stranded non-template strand, embedding it in an extensive positively charged surface®’.
Thus, it seems that the basic surface groove that binds nucleic acid in the structurally related
rRNA methyltransferases is utilized by TFB2M to stabilize the initially opened DNA.

This mechanism of non-template DNA binding by TFB2M is somewhat reminiscent to that
of bacterial sigma factor, although structural similarity is lacking. Sigma interacts with the
non-template strand both non-specifically and via a base-specific flipping mechanism to
stabilize the initially unwound DNA73-75, Whether TFB2M also interacts with the nucleic
acid in a base-specific fashion remains to be seen, as the reported resolution of the IC
structure was not sufficient to detect such interactions. This also holds true for potential
interactions of the specificity loop with promoter DNA, which are mediated by extensive
base contacts in the case of the T7 RNAP 1C2°. In the mitochondrial IC, this element is
positioned similarly along the major groove of the DNA just upstream of the point of strand
separation8”. However, the structure could not elucidate whether base-specific contacts are
formed. Thus, while it is clear that the specificity loop is required for promoter-directed
initiation by mtRNAP40.76 it remains open whether it plays a significant role in promoter
recognition.

In conclusion, the structure of the IC with open promoter DNA revealed how the initiation
factors facilitate transcription initiation and provided rationale for the factor-dependence of
mtRNAP for this step. Furthermore, it revealed the role of the N-terminal extension of
mtRNAP. In conjunction with previous studies this has led to a basic mechanistic
understanding of mammalian mitochondrial transcription initiation.

Elongation factor TEFM

Following initiation of RNA synthesis, the initiation factors are released during promoter
escape and the elongation factor TEFM must be recruited. This factor was originally
identified by its sequence homology with RuvC-like Holliday junction resolvases and a
limited sequence relationship with the eukaryotic nuclear transcription factor Spt6’’. TEFM
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is required for processive synthesis of the near genome-length mitochondrial
transcripts’7="9. In the absence of this factor, mtRNAP prematurely terminates at a
conserved G-quadruplex-forming sequence downstream of the LSP (the conserved sequence
block Il, CSBII; see also 2YHUYLHZ.) This yields the short transcripts that were suggested
to serve as primers for replication of the heavy strand of mtDNA1718.80.81 Thys, it appears
that transcription and replication primer formation are mutually exclusive processes and that
TEFM may be involved in switching between the two20:78,

The structure of TEFM confirmed the predicted combination of a C-terminal Holliday
junction resolvase-like homo-dimerisation domain with a N-terminal helix-hairpin-helix
domain® (Figure 5a). However, it also revealed that TEFM is a pseudonuclease, as it does
not possess endonucleolytic activity and the active site appears to be degenerate®2. Thus, the
Holliday junction resolvase fold seems to be utilized for a function in mitochondrial
transcription. Interestingly, the closest structural homolog of TEFM, the mitochondrial
Holliday junction resolvase Ccel in yeast, is a functional nuclease required for replication of
mitochondrial genomes83:84, Biochemical characterization of TEFM demonstrated that the
C-terminal pseudonuclease domain and a short, basic linker connecting it to the N-terminal
domain are sufficient to prevent termination at the CSBII-site and to enhance mtRNAP
processivity82. Thus, the N-terminal domain seems dispensable for all observed activities of
TEFM in vitro®?.,

The structure of TEFM revealed that this protein forms a homodimer via its C-terminal
pseudonuclease domains, whereas the two N-terminal domains are connected to it via a
flexible, basic linker. However, these structural data could not explain how TEFM exerts its
profound effect on the transcriptional activity of mtRNAP.

Processive elongation complex

The crystal structure of the processive elongation complex, also called anti-termination
complex, consists of MtRNAP and the transcriptionally active core of TEFM82, The
structure revealed that TEFM forms extensive contacts with the nucleic acids in the
transcription bubble8? (Figure 5b). Notably, these interactions distantly resemble those
observed between Holliday junction resolvases and their cruciform substrates8®, suggesting
that this fold was re-purposed to bind the transcription bubble. Recruitment of TEFM to the
EC encloses the downstream DNA duplex in a sliding clamp between TEFM and the
polymerase and stabilizes the single-stranded non-template strand, reminiscent of elongation
factors from other transcription systems such as NusG (bacteria)® or Spt4/5 and DSIF
(RNA polymerase Il system in yeast and human, respectively)87-88. This explains how
TEFM enhances general processivity of the polymerase. Notably, mtRNAP was found to be
in the post-translocated state in the processive EC structure, further suggesting that TEFM
may stabilize this conformation (Figure 5¢)82.

In addition, TEFM binds to the intercalating hairpin of mtRNAP82, which separates the
nascent RNA from the template strand in the EC34, and cross-linking indicated that it may
also interact with the specificity loop82 (Figure 5d). This suggests how TEFM can exert its
striking effect on transcription through the CSBII sequence. By ensuring maintenance of the
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upstream edge of the transcription bubble and creating a narrow RNA exit path along
mtRNAP, binding of TEFM is likely to prevent formation of bulky secondary structures,
such as G-quadruplexes, in the nascent RNA, which would otherwise disrupt the EC and
lead to termination of transcription82,

In summary, the structures of TEFM and of the anti-termination complex provided the
structural and mechanistic basis for processive transcription elongation. Furthermore, they
illustrated how TEFM enables mtRNAP to transcribe through the CSBII region, driving
gene expression over replication primer formation.

The transition from initiation to elongation

The availability of structures of the IC and the processive EC provided insights into the
structural changes that must occur during the initiation-elongation transition. First, the
initiation factor TFB2M and the elongation factor TEFM occupy overlapping binding sites
on mtRNAP, and thus TFB2M must dissociate before TEFM can bind®7:82, Second, the
upstream DNA duplex must undergo a substantial repositioning from its location in the IC to
the position observed in the EC3467. This is likely to occur with concurrent loss of TFB2M,
thus liberating the binding site for TEFM. Third, the interaction of TFAM with the tether
helix must be broken, but it remains unclear when this occurs. Taken together, the initiation-
elongation transition involves an exchange of factors that use overlapping binding sites on
the polymerase, resembling the situation in multi-subunit polymerase systems88-91,

Transcription termination

At the end of each transcription cycle, mtRNAP is expected to cease RNA synthesis and
dissociate from mtDNA. One termination site has been identified within the tRNALeU
gene2, which serves as a binding site for the 39 kDa protein MTERF193, This factor
exhibits strong polarity in terminating transcription initiated at the LSP but not at the HSP
promoter®-97_ Indeed, the light strand does not encode any genes downstream of the
MTERF1 binding site. Moreover, knockout of MTERFL1 results in impaired transcription
from LSP but not from HSP 9. This suggests that MTERF1 may act to prevent interference
of the transcribing complexes with initiation within the control region®. In addition,
MTERF1 also seems to affect mtDNA replication, as it has been shown to act as a
‘contrahelicase’ causing the mitochondrial replisome to pause®. This may help to avoid
collisions between the transcription and replication machineries®.

MTERF1 belongs to a highly conserved family of proteins that localize to mitochondria and
have been implicated in DNA binding%°. The structure of MTERF1 bound to the tRNALeY
termination sequence revealed a modular structure of this protein, which harbors 8 motifs,
each composed of two a-helices followed by a 31 helix®*101 (Figure 6). MTERF1 binds
along the major groove of DNA, unwinds and partially melts it by flipping out three
nucleotides. Base flipping is essential for stable binding and sequence-specific recognition
of DNA and explains how MTERF1 acts as a roadblock for the transcribing polymerase,
thereby mediating transcription termination®*101, The structure of MTERF1 bound to DNA
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also provided a structural rational for two known pathogenic mutations in the mitochondrial
genome, which apparently impair transcription termination%4.

In contrast to the well-defined mechanism of LSP transcript termination by MTERFL1, the
mechanism of heavy strand transcription termination remains unknown. It has been
suggested that, similar to the case with LSP, termination involves a roadblock protein that
binds near the 3’ end of the 7S DNA192, This region, termed coreTAS, does not form a
secondary structure but shares sequence similarity with a conserved sequence in the
regulatory D-loop region called CSBI. As of today, no protein factors that would mediate
termination of H-strand transcription have been identified.

In mammals, several other MTERF proteins (MTERF2-4) exist which are all involved in

mitochondrial gene expression1%, but do not appear to play a direct role in transcription
terminationt03,104,105,106,

A movie of mitochondrial transcription

Over the last decade, the structural basis of mitochondrial transcription has emerged.
Together with biochemical data3:38-43:45-47,57,58,62,70,71,76,77,79,80,93,94,107-110 the structural
studies reviewed here have led to a model of the mammalian mitochondrial transcription
cycle (Figure 7). Based on these insights we prepared a molecular movie that illustrates the
key known steps in the mitochondrial transcription cycle (Supplemental Movie 1). To initiate
transcription, TFAM binds to the promoter upstream of the TSS, which may involve sliding
of TFAM along the mitochondrial genome, scanning for promoter DNAL, MtRNAP is then
recruited to form the closed promoter pre-initiation complex, which, with the help of
TFB2M, transitions to the open promoter complex3°. Following initial RNA synthesis, the
initiation factors are released and TEFM is recruited to the transcribing polymerase. With
the help of TEFM, mtRNAP can then synthesize complete RNA transcripts. Termination of
transcription is mediated by MTERF1 and potentially other, yet unidentified factors. The
fact that mtRNAP has evolved to depend on these factors likely reflects the need to regulate
mitochondrial gene expression. The recent structural studies provide a framework to analyze
such factor-dependent regulation.

Comparison with other single-subunit RNA polymerase systems

The available structures also shed light on the mechanistic differences between mtRNAP and
the related single-subunit phage RNA polymerases. In conjunction with biochemical data, it
becomes evident that promoter recognition in the mitochondrial system is not based on the
structural elements shared with T7 RNAP but instead relies on recognition of a ~50-55 bp
promoter region by cooperative interaction of initiation factors and mtRNAP. The structures
of the initiation factors and of the initiation complex demonstrate how these factors
substitute for the lack of T7 RNAP-like elements in mtRNAP and how mitochondria-
specific elements such as the lever loop and the N-terminal region are involved in this
process®’.

Unlike T7 RNAP, which undergoes significant refolding during the transition from initiation
to elongation, progression of mtRNAP to elongation involves loss of initiation factors and a
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rearrangement of the upstream DNA duplex to the position occupied by TFB2M in the
initiation complex87. The identification and characterization of the elongation factor
TEFM77-79.82 revealed another striking difference between mtRNAP and T7 RNAP, which
does not rely on processivity factors. The structure of the processive elongation complex
suggests that TEFM renders the EC more stable by stabilizing the RNA exit path82, which
may be particularly crucial for transcription of the mitochondrial genome because it encodes
highly structured tRNAs and rRNAs. This may also in part explain the dependence of
mtRNAP on roadblock termination factors, as it tolerates less bulky secondary structures
such as hairpin terminators 82,

Evolutionary considerations

Taken together, a picture has emerged that illuminates how a single-subunit RNAP has
evolved to depend on protein factors for its function, many of which show some degree of
similarity in their mode of action to transcription factors from the multi-subunit RNAP
transcription systems. However, these mitochondrial factors do not share sequence
homology with their functional counterparts in other transcription systems. Instead, they
appear to utilize originally unrelated protein folds, which may have evolved for a role in
transcription through gene duplication events'12, Thus, the mitochondrial transcription
system appears to have evolutionarily converged on mechanistic principles conserved in all
DNA-dependent RNA synthesizing machineries.

The presence of a phage-like mitochondrial RNAP is virtually ubiquitous among eukaryotic
organisms, suggesting that this transcription system was adopted very early in eukaryotic
evolution113114_ However, whether this happened before or after the endosymbiotic event
remains enigmaticl15. Strikingly, the mitochondrial genomes of some jakobids encode all
four core subunits of a eubacterial multi-subunit RNAP16.117 It is unclear, however,
whether this eubacterial RNAP is employed to transcribe the mtDNALL’. Chloroplasts
contain both a phage-like polymerase and a eubacterial-like RNAP, which both seem to be
utilized in organellar gene expression18, Notably, the replicative apparatus in mitochondria
is also related to the corresponding machinery from T-odd bacteriophages!19-121,

Open guestions & future directions

Despite the structural advances described here, our understanding of the mitochondrial
transcription system remains incomplete. Further structural and biochemical studies will be
necessary to obtain a detailed mechanistic view of this evolutionarily unique system.

One open question regards the precise mechanism of promoter recognition and melting. The
open initiation complex structure revealed substantial distortions in the DNA87, which may
facilitate initial duplex melting as in multi-subunit RNAPs122.123 byt it is unclear at what
stage they are induced. It further remains unclear whether the interaction of TFAM with
promoter DNA is the sole determinant of promoter recognition. Biochemical data suggest
that mtRNAP may engage in sequence-specific interactions within the initially unwound
DNA region38 and that the N-terminus of TFB2M interacts with the priming nucleotide?3,
but these interactions were not resolved in the I1C structure. Higher resolution structures of
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the closed pre-initiation complex and of an initially transcribing complex (ITC) will be
necessary to elucidate all details of transcription initiation.

It also remains open how the unique PPR domain of mtRNAP functions. During initiation,
this domain is involved in upstream promoter contacts, albeit likely non-specifically®’.
During elongation, it has been suggested that the growing RNA chain may interact with the
PPR domain34. However, no direct structural evidence has been obtained for such an
interaction. Another interesting possibility is that the PPR domain may be involved in
protein-protein rather than in protein-RNA contacts, as suggested recently for the
mitochondrial protein LRPPRC and its interaction partner SLIRP124. Thus, the PPR domain
of mtRNAP may serve as a platform to recruit factors involved in co-transcriptional
processes.

Whereas the structure of MTERF1 suggests how this protein facilitates termination of L-
strand transcription, the mechanism of H-strand termination remains elusive. Future efforts
should be directed at identifying the factors involved in H-strand termination and developing
a unified model for transcription termination in mammalian mitochondria.

Finally, it will be necessary to investigate how transcription is coordinated with RNA
processing and translation. Mitochondrial ribosome biogenesis, for example, has recently
been shown to occur co-transcriptionallyl25, Likewise, we need to study how transcription
relates to mtDNA replication. The finding that mtRNAP acts as the primase at both origins
of replication1718:81 syggests that some sort of crosstalk exists between the transcription and
replication machineries. Although transcription termination at CSBII seems to be
responsible for replication primer formation80:126 and TEFM efficiently prevents such
termination /7 vitro’® 79127 it remains unclear how the primer is processed and handed over
to the replication machinery /n vivo. Further, it remains open how TEFM is regulated and
whether additional proteins are involved in the transcription-replication switch /in vivo.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structure of mitochondrial RNA polymerase (mtRNAP).
Ribbon depiction of human mitochondrial RNA polymerase (PDB ID: 3SPA) colored

according to domains: PPR domain: deepteal; N-terminal domain: grey; Palm: green;
Fingers: pink; intercalating hairpin: purple, Thumb: orange. Important structural elements
are indicated. Below is a schematic depiction of mtRNAP and T7 RNAP domains and
important structural elements. Structurally homologous regions between mtRNAP and T7
RNAP are aligned.
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Figure 2. Structure of transcribing mtRNAP (elongation complex)
(a) Ribbon depiction of the human mitochondrial transcription elongation complex (PDB

ID: 4BOC). MtRNAP is colored according to domains as in Figure 1. Important structural
elements are indicated. Non-template DNA is depicted in cyan, template DNA in blue and
RNA in red. The upstream DNA duplex is located close to the thumb domain and the fingers
domain is involved in separation of the downstream DNA duplex, as in phage RNAPs. The
nascent RNA is separated from template DNA by the intercalating hairpin and runs toward
the PPR domain. (b) Close-up view of the active site in the mtRNAP elongation complex.
The active site Magnesium is shown modeled and functional helices conserved between
mtRNAP and phage RNAPs are indicated. The elongation complex is in the pre-translocated
state, with the next templating base still base-paired to the non-template strand in the
downstream DNA duplex.
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Figure 3. Structures of initiation factors TFAM and TFB2M
(a) Ribbon depiction of human TFAM bound to the LSP promoter sequence (PDB ID:

3TMM) colored in red. DNA coloring as in Figure 2. Important structural elements are
indicated. A schematic depiction of the domain architecture of TFAM is shown below. MTS:
Mitochondrial targeting sequence. Each of the HMG box domains of TFAM induces an
approximately 90° bend to the duplex DNA by intercalating a hydrophobic residue, resulting
in a 180° turn. (b) Ribbon depiction of human TFB2M (PDB ID: 6ERO) colored in marine
blue with the structure of the yeast mitochondrial transcription initiation factor Mtf1 (PDB
ID: 114W) overlaid transparently in cyan. A schematic depiction of the domain architecture
of TFB2M is shown below. MTS: Mitochondrial targeting sequence. The N-terminal part of
TFB2M and Mtf1 adopt a rRNA methyltransferase-like fold, while the C-terminal part is a
globular, all-helical domain. TFB2M has a flexible tail which is important for its function in
transcription.
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Figure 4. Structure of the mitochondrial transcription initiation complex
Ribbon depiction of the human mitochondrial transcription initiation complex (PDB 1D

6ERP). The RNA polymerase is colored according to domains as in Figure 1. TFAM binds
and bends the DNA upstream of the transcription start site. MtRNAP binds to TFAM via the
tether helix located in the N-terminal extension and TFB2M binds around the site of DNA
strand separation. The melted non-template strand runs along the positively charged surface
of TFB2M. The intercalating hairpin of mtRNAP separates the DNA strands and TFB2M
interacts with the adjacent lever loop, apparently stabilizing this conformation. Parts of the
PPR domain of mtRNAP are in close vicinity to the DNA duplex upstream of the point of
strand separation. The downstream DNA duplex emerges at a sharp angle.
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Figure 5. Structure of elongation factor TEFM and the processive antitermination complex
(a) Ribbon depiction of the human mitochondrial transcription elongation factor TEFM. The

CTD (PDB ID: 50L38) is colored in raspberry and the NTD (PDB ID: 50L9) in orange. The
unresolved linker region is shown as dashed line. A schematic depiction of the domain
architecture of TEFM is shown below. MTS: Mitochondrial targeting sequence. The C-
terminal domain of TEFM forms a homodimer in solution and resembles RuvC-like
endonucleases involved in resolution of Holliday Junctions. (b) Ribbon depiction of the
human mitochondrial processive anti-termination complex consisting of an elongation
complex with the TEFM C-terminal domain and interdomain linker bound (PDB ID 50LA).
Coloring as in (a) and Figure 1. TEFM interacts with the nucleic acid in the transcription
bubble and stabilizes the downstream DNA duplex. In addition, it interacts with the
intercalating hairpin and specificity loop of mtRNAP and may stabilize the post-translocated
state. (c) Close-up view of the active site of the anti-termination complex. The active site
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Magnesium is shown modeled and functional helices conserved between mtRNAP and
phage RNAPs are indicated. The anti-termination complex is in the post-translocated state,
as evident by the next templating base flipped out towards the O-helix. (d) Close-up view of
the RNA exit path in the anti-termination complex as viewed from the back of the
orientation depicted in (b). Proteins are shown in surface representation with coloring as in
(b). TEFM stabilizes the intercalating hairpin, which separates the nascent RNA from the
template DNA and forms a tight RNA exit channel that is thought to prevent formation of
disruptive secondary structures within the EC.
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Figure 6. Structure of MTERF1
Ribbon depiction of human MTERF1 (PDB 1D: 3MVA) in purple bound to the tRNALeU

termination sequence. DNA coloring as in Figure 2. A schematic depiction of MTERF1
domains is shown below. MTS: Mitochondrial targeting sequence. MTERF1 binds to a
specific site in the mitochondrial genome and flips out multiple bases from the double
stranded DNA. This binding is thought to act as a roadblock for the transcribing RNA
polymerase, thus causing transcription termination.
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Figure 7. A structural view of the human mitochondrial transcription cycle
Schematic depiction of the human mitochondrial transcription cycle with known factors

involved. Structures discussed in this review are depicted as ribbon representation with
transparent surface overlaid. Coloring as in Figures 1-6. PDB IDs used: mtRNAP: 3SPA;
TFAM: 3TMM; TFB2M: 6ERO; Initiation complex: 6ERP, Elongation complex: 4BOC;
TEFM C-terminal domain: 50L8; Processive anti-termination complex: 50LA; MTERF1:
3MVA.
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Structures of proteins involved in human mitochondrial transcription
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Protein or Complex Nucleic acid type Resolution (A) | PDB code Reference
TFAM TFAM binding site at LSP -39 to —12 25 3TMM Ngo et al., 201155
TFAM TFAM binding site at LSP promoter 2.45 3TQ6 Rubio-Cosials et al., 201154
-39to -12
TFAM random sequence 2.81 4NNU Ngo et al., 20146
TFAM Partial TFAM bi?ding site at HSP -29 2.9 4NOD Ngo et al., 20146
0-—
TFAM |-|2MG Box - 1.35 3FGH Gangelhoff et al., 2009128
TFB2M - 1.75 6ERO Hillen et al., 201757
TEFM (N-terminal domain) - 1.3 50L9 Hillen et al., 201782
TEFM (C-terminal domain) - 1.9 50L8 Hillen et al., 201782
Apo mtRNAP - 25 3SPA Ringel et al., 20113
Open initiation complex (OC) LSP promoter —39 to +11 45 6ERP Hillen et al., 201767
Open initiation complex (OC) HSP promoter =39 to +11 45 6ERQ Hillen et al., 201767
Elongation complex (EC) DNA/RNA hybrid scaffold 2.65 4BOC Schwinghammer et al., 201334
Processive EC with TEFM DNA/RNA hybrid scaffold 3.9 50LA Hillen et al., 201782
(Antitermination complex)
mTERF1 MTERF1 binding site in tRNALY 22 3MVA Yakubovskaya et al., 2010%
DNA
mMTERF1 RFY mutant MTERF1 binding site in tRNALe 2.79 3MVB Yakubovskaya et al., 2010%
DNA
mMTERF1 12-mer tRNALY(UUR) binding 2.4 3N7Q Jimenez-Menendez et al,
sequence 2010101,
mMTERF1 15-mer tRNALU(UUR) binding 31 3N6S Jimenez-Menendez et al,
sequence 2010101,
mMTERF3 - 16 3M66 Spahr et al., 2010129
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