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The catalytic subunit of the mitochondrial (mt) RNA
polymerase (RNAP) is highly homologous to the bacterio-
phage T7/T3 RNAP. Unlike the phage RNAP, however, the
mtRNAP relies on accessory proteins to initiate promoter-
specific transcription. Rpo41, the catalytic subunit of the
Saccharomyces cerevisiae mtRNAP, requires Mtf1 for open-
ing the duplex promoter. To elucidate the role of Mtf1 in
promoter-specific DNA opening, we have mapped the struc-
tural organization of the mtRNAP using site-specific pro-
tein-DNA photo-cross-linking studies. Both Mtf1 and
Rpo41 cross-linked to distinct sites on the promoter DNA,
but the dominant cross-links were those of the Mtf1, which
indicates a direct role of Mtf1 in promoter-specific bind-
ing and initiation. Strikingly, Mtf1 cross-linked with a high
efficiency to the melted region of the promoter DNA, based
on which we suggest that Mtf1 facilitates DNA melting by
trapping the non-template strand in the unwound conforma-
tion. Additional strong cross-links of the Mtf1 were observed
with the �8 to �10 base-paired region of the promoter. The
cross-linking results were incorporated into a structural
model of the mtRNAP-DNA, created from a homology model
of the C-terminal domain of Rpo41 and the available struc-
ture ofMtf1. The promoter DNA is sandwiched betweenMtf1
and Rpo41 in the structural model, and Mtf1 closely associ-
ates mainly with one face of the promoter across the entire
nona-nucleotide consensus sequence. Overall, the studies
reveal that in many ways the role of Mtf1 is analogous to the
transcription factors of the multisubunit RNAPs, which pro-
vides an intriguing link between single- and multisubunit
RNAPs.

Themitochondrial (mt)2 RNA polymerase (RNAP) is closely
related to the single-subunit bacteriophage T7/T3 RNAP (1).
Their C-terminal �800 amino acids show �30% sequence
identity toT7RNAP (1–3).Despite this similarity, themtRNAP
depends on transcription factors for promoter-specific initia-
tion (4–7). The core RNAP subunit of the Saccharomyces cer-
evisiae, Rpo41, requires one major factor, Mtf1 (or sc-MtfB) (6,

8–11), whereas the human core mtRNAP requires two factors,
mtTFB1/2 and mtTFA (12–17).
Rpo41 by itself does not recognize and melt the mt pro-

moter or initiate RNA synthesis unless the promoter is pre-
melted around the transcription site (18–20). Similarly,
there is no evidence that Mtf1 by itself interacts with the
promoter (7, 18). When Mtf1 and Rpo41 are present
together, the complex (21) melts the promoter from �4 to
�2 without requiring initiating NTPs (18). Based on these
results, it has been suggested that Rpo41 lacks the mecha-
nism for melting/stabilizing the open promoter and relies on
Mtf1 for promoter-specific binding, melting, and stabilizing
of the melted promoter.
There are two general ways in which Mtf1 can facilitate

promoter opening (Fig. 1). In Model A, only the Rpo41 pro-
tein within the mtRNAP complex (Rpo41�Mtf1) interacts
with the promoter DNA, and Mtf1 acts allosterically.
Through protein-protein interactions, Mtf1 causes confor-
mational changes within some or all the components of the
ternary complex that allow Rpo41 to bind andmelt the DNA.
In Model B, the Mtf1 protein interacts directly with the pro-
moter DNA to initiate/stabilize the formation of a DNA bub-
ble in the open complex. In Model-B, both Rpo41 and Mtf1
contact the promoter DNA.
Protein-DNA photo-cross-linking approaches have been

successfully used to map the structural organization of bac-
terial, eukaryotic, and archaeal transcription complexes
(22–29). Here, we have used similar methods to investigate
the structural organization of the S. cerevisiae mtRNAP
open complex and to understand the mechanism of pro-
moter melting by Mtf1. Our results show that (a) Mtf1 is in
direct physical proximity to the promoter DNA, (b) Mtf1
contacts the �10 to �4 region of the promoter, (c) Mtf1 has
a major presence near the melted nucleotides of the non-
template strand and the �8 to �10 region in the open com-
plex, and (d) there is a small rearrangement in the transcrip-
tional bubble upon transition of the open complex to the
initially transcribing complex with ATP without changes in
the upstream contacts of Mtf1/Rpo41.

EXPERIMENTAL PROCEDURES

Expression and Purification of His-Rpo41 andHis-Mtf1—Ex-
pression and purification of His-Rpo41 and His-Mtf1 was car-
ried out as described (18).
Steady State RNA Synthesis—Transcription assays (22 °C)

were carried out in reaction buffer (50 mM Tris acetate, pH
7.5, 100 mM potassium glutamate, 10 mM magnesium ace-

* This work was supported, in whole or in part, by National Institutes of Health
Grant GM51966 (to S. S. P.).

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. S1–S11 and Models Rpo41_IC.pdb and Rpo41_EC.pdb.

1 To whom correspondence should be addressed. Tel.: 732-235-3372; Fax:
732-235-4783; E-mail: patelss@umdnj.edu.

2 The abbreviations used are: mt, mitochondrial; RNAP, RNA polymerase; CE,
cross-linking efficiency; nt, nucleotide(s); NT, non-template; T, template.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 6, pp. 3949 –3956, February 5, 2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

FEBRUARY 5, 2010 • VOLUME 285 • NUMBER 6 JOURNAL OF BIOLOGICAL CHEMISTRY 3949

http://www.jbc.org/cgi/content/full/M109.050732/DC1


tate, 0.05% Tween 20, 1 mM dithiothreitol) and contained
ATP, UTP, and GTP (Sigma) (50 �M each) and 0.8 �Ci of
[�-32P]ATP (6000 mCi/mmol, 10 mCi/ml from PerkinElmer
Life Sciences) and an equimolar mix of Rpo41 and Mtf1 (0.5
�M each) and promoter DNA (1 �M). Reactions were stopped
after 3 min with 100 mM EDTA and formamide dye (98%,
0.025% bromphenol blue, 10 mM EDTA), heated at 95 °C for
5 min, and loaded on an 18% sequencing gel (19:1 acrylamide
to bisacrylamide) with 7 M urea to resolve RNA products.
The gel was exposed to a phosphor screen and scanned on a
Typhoon 9410 PhosphorImager instrument (Amersham
Biosciences) to quantify RNA products.
Preparation of Derivatized Promoter DNA—Oligodeoxy-

nucleotides phosphorothioated at a single defined site (Inte-
grated DNA Technologies) were purified by urea-denatured
PAGE before use. The bold region is the nona-nucleotide
promoter sequence: 45NT, 5�-ccataatttatttattattatataagtaa-
taaataattgttttatatcc; 45T, 5�-ccggatataaaacaattatttattacttat-
ataataataaataaattat; �4 � 2JBNT, 5�-ccataatttatttattat-
tatatgcagcttaaataattgttttatatcc. The underlined nucleotides
indicate the bases that are mismatched within the promoter
region on the NT strand.
Derivatization was carried out in the dark for 3 h at 37 °C

in a 100-�l reaction volume containing 50 �M DNA strand
(phosphorothioated at a single defined site), 10 mM 4-azido-
phenacylbromide (Sigma) (dissolved initially in methanol),
and 50 mM potassium phosphate buffer, pH 7.0. The DNA
strand was ethanol-precipitated, washed with 80% ethanol,
and dried under a vacuum. The derivatized DNA was
analyzed by reverse-phase high performance liquid chroma-
tography using a C-18 column (supplemental Fig. S1). The
mobile phase consisted of a gradient from 5% acetonitrile,
0.1 M triethylammonium acetate to 30% acetonitrile, 0.1 M

triethylammonium acetate. The derivatized DNA was
annealed to the complementary strand and purified by native
PAGE.
Protein-DNA Cross-linking Reaction—In a 15-�l reaction,

100 nM Rpo41 or Mtf1 or Rpo41 and Mtf1 were incubated

with excess radiolabeled deriva-
tized DNA (200 nM) at room tem-
perature for 10 min. A 50-fold
excess unmodified promoter DNA
(trap) was added to this reaction
and incubated for 5 min before UV-
irradiation for 3 min with 366 nm
light (UVP Inc. Model UVGL-25)
shone from a distance of 2 inches
(supplemental Fig. S4). After adding
the SDS containing loading buffer
(100mMTris�Cl, pH 6.8, 200mM di-
thiothreitol, 4% SDS, 0.2% brom-
phenol blue, 20% glycerol) to the
reactions, the samples were loaded
on a 6.5% SDS-PAGE gel or 4–15%
PAGE gels (Bio-Rad). After elec-
trophoresis, the gel was dried and
exposed to a phosphor screen
and scanned on Typhoon 9410

PhosphorImager instrument (Amersham Biosciences) to visu-
alize the bands. The bands were quantified, and the cross-link-
ing efficiency (CE) was calculated using Equation 1,

CE � ��R or M� � 100�/��R � M � D� � F� (Eq. 1)

where R, M, or D are the intensities of Rpo41, Mtf1, or DNA
bands on the gel, and F is fraction of derivatized DNA calcu-
lated from the percent modification (supplemental Fig. S1).
Cross-linking toRpo41 orMtf1 alone contributed less than 14%
to the signal observed with the Rpo41�Mtf1 complex (supple-
mental Fig. S4F).
Molecular Modeling—A three-dimensional model of Rpo41

was constructed using Geno3D (30) and M4T (31, 32). Rpo41
residues 416–1214 were used as the query sequence, for which
Geno3D generated a list of homologous proteins with known
three-dimensional structures. Template hits included T7
RNAP structures in their initiation (Protein Data Bank (PDB)
code 1QLN) and elongation conformations (1MSW). Among
the different templates generated, 1QLN was selected as the
target structure, based on which the three-dimensional model
of Rpo41 was constructed by Geno3D (30). Rpo41 residues
416–1214 were also submitted to M4T, a completely auto-
mated three-dimensional model building server (31, 32). M4T
automatically selected 1QLN as the target sequence and gener-
ated a three-dimensional model of Rpo41 in the initiation con-
formation. Because user-defined template selection is not
allowed on M4T, we could not obtain a model of Rpo41 in the
elongation complex (EC) using this server.
The quality of the obtained models was evaluated using

PROCHECK (33, 34), PROSA (35), VERIFY3D (36), and
ERRAT (37). The secondary structure predictions were per-
formed using PSIPred (38) and PORTER (39). The assessment
indicated that the models obtained from both servers were of a
good quality (see the supplemental data and Figs. S8–S11 for a
full report).
The three-dimensional co-ordinates of the Rpo41 model

(both the initiation complex (IC) and elongation complex

. .

-- -

+

FIGURE 1. Proposed models of Mtf1 mechanism in promoter melting. Two models of promoter melting by
Mtf1 are shown. Rpo41 (gray) and Mtf1 (brown-gray) can assemble in the absence of promoter DNA to form a
complex (mtRNAP) (21). In the presence of promoter DNA (the red strand denotes the non-template strand, and
the green strand denotes the template strand) two scenarios can be visualized. In model A, Mtf1 interacts only
with Rpo41; binding of Mtf1 to Rpo41 causes a change in the conformation of Rpo41 and/or Mtf1 to facilitate
DNA melting, where the DNA is melted from �4 to �2. In Model B, Mtf1 directly interacts with the promoter
DNA and/or Rpo41 to facilitate promoter melting.
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(EC) structures) are included in the supplemental informa-
tion (Rpo41_IC.pdb and Rpo41_EC.pdb). The model of
Rpo41 was then superimposed onto the structure of
T7RNAP (PDB code 1QLN) in the program UCSF Chimera
(40) using the command MATCHMAKER. T7RNAP (1QLN)
was selected as the reference chain, and the Rpo41 model was
selected as the query chain for structure comparison using
Smith-Waterman alignment and other default parameters.

RESULTS

The structural organization of the Rpo41 and Mtf1 proteins
within the mtRNAP-DNA complex was characterized using a
series of phenyl azide-derivatized promoters in which the pho-
toactivable probewas attached to the phosphodiester backbone
of the promoterDNA (27). The phenyl azide probe on theDNA
is unreactive in the dark, but when exposed to UV irradiation it
forms a highly reactive nitrene species that is capable of form-
ing covalent bonds with nucleophiles on the protein within its
van derWaals contact distance. Each of the 24 derivatized dou-
ble-stranded DNAs contained the probe at a single defined site
on the non-template (NT) or the template (T) strandwithin and
flanking the nona-nucleotide promoter sequence of the natural
14S rRNA promoter (Fig. 2a). The derivatized strands were
annealed to the complementary strands, and the double-
strandedDNAswere purified using native PAGE to remove any
extra single-stranded DNA that might cross-link to the pro-
teins (supplemental Fig. S1). The derivatized double-stranded
DNAs were analyzed by transcription reactions ( supplemental
Fig. S2), which showed that, except for T(�1/�2) and T(�3/
�4), most were effective substrates of mtRNAP and supported
synthesis of abortive products (2–7/8 nt) and a specific 20-nt
run-off product. All the unmodified phosphorothioated DNAs
supported the transcription reaction (supplemental Fig. S3).
Rpo41 and Mtf1 Cross-link to the Nona-nucleotide Promoter

Region—Rpo41�Mtf1 complex was assembled on the photoac-
tivable promoter DNA in the dark, treated with excess trap
DNA (underivatized promoter DNA of the same length) for 5
min, and cross-linked using 366 nmUV light for 3 min at 22 °C
(supplemental Fig. S4). Under these conditions, the underivati-
zed DNA forms a stable open complex where the bases from
�4 to �2 are in the single-stranded conformation (18). The
cross-linking experiments show that both Rpo41 and Mtf1
get cross-linked to the promoter DNA (Fig. 2b), but the major
cross-links are those of the Mtf1. Visual inspection reveals dif-
ferential cross-links of the two proteins to the various positions
on the promoter. At some locations on the promoter, Mtf1
cross-links are dominant at some Rpo41s and at some both.
Two closely spaced protein-DNA cross-link bands for Rpo41
and three forMtf1 are observed at some positions. The origin of
the multiple cross-linked species is discussed below.
To quantify the relative presence of the two proteins at each

of the positions on the promoter, we calculated the cross-link-
ing efficiency of each protein using Equation 1. Because the
intensity of free DNA varies slightly from one lane to another,
the cross-linking efficiency is a better representation of reactiv-
ity than visual inspection alone. However, for most lanes the
cross-linking efficiency agrees well with the conclusions made

from visual inspection of band intensities (Fig. 2, b and c). The
CE of Mtf1 and Rpo41 are summarized in Fig. 4a.
Cross-linking ofMtf1—Themost striking result we notedwas

the strong Mtf1 cross-links to the NT strand, specifically with
the positions (�4/�5 to �1/�2) that have been shown to be
melted in the open complex (18).Within this region, three posi-
tions, NT(�4/�5), NT(�3/�4), and NT(�2/�3), showed a
very high (6–8%) cross-linking efficiency to Mtf1 (Fig. 2b,
�ATP panel, lanes 7–9). Another strong cross-link ofMtf1 was
observed to the upstream end of the nona-nucleotide sequence
at T(�8/�9) and T(�9/�10) (Fig. 2c,�ATP panel, lanes 2 and
3). Additionally, Mtf1 cross-links were found near the tran-
scription start site at T(�1/�2) and as far downstream as
T(�4/�5) (Fig. 2c,�ATP panel, lanes 11 and 12). These results
indicate that Mtf1 is in direct physical proximity to the pro-
moter and likely interacts with the entire promoter region from
�10 to �4. Additionally, Mtf1 has a major presence near the
unwound region of the NT strand of the promoter.
Cross-linking of Rpo41—In general, Rpo41 cross-links were

weaker than those of Mtf1. In the melted region of the pro-
moter, Rpo41 cross-links mirrored those of the Mtf1 cross-
links. Whereas Mtf1 cross-links within this region were domi-
nant on the NT strand, Rpo41 cross-links dominated on the T
strand from T(�4/�5) to T(�1/�2) (Fig. 2c, �ATP panel). A
strong Rpo41 cross-link was observed at NT(�5/�6), which is
the upstream edge of the initial transcription bubble, and there
was negligible Rpo41 cross-linking at the corresponding posi-
tion on the T strand (compare Fig. 2, b and c, lanes 6). Rpo41
like Mtf1 cross-linked efficiently to the upstream end of the
nona-nucleotide sequence at T(�9/�10), but its contacts
extended further up to �14.
The 4–15% SDS-PAG allowed us to resolve the closely

spaced 2 bands for Rpo41 cross-links and 3 bands for Mtf1
cross-links. The multiple bands were position-specific and
reproducible. They varied in intensity and showed clustering
around certain positions (supplemental Fig. S5).We concluded
after further analysis of the cross-linked complexes, which
included DNase I treatment and relabeling of the protein-
shortened DNA complex, that the multiple bands arise from
cross-linking of the relatively long derivatized DNA (45 bp)
perhaps to different amino acid positions on the protein that
confers slightly different mobilities of the cross-linked species
on the SDS-polyacrylamide gel (supplemental Fig. S6). The
phenyl azide photoreactive probe when fully extended has a
maximum reach of 11 Å (from backbone phosphate phospho-
rus atom to the cross-linking target) (27). The photochemical
probe potentially could cross-link to a number of amino acids
on the protein within its vicinity.
Interactions of Rpo41 and Mtf1 with the Promoter in the Ini-

tially Transcribing Complex with ATP—To determine whether
Mtf1 cross-links are altered in the initially transcribing com-
plex, we carried out protein-DNA cross-linking studies in the
presence ofATP,which serves as the�1 and�2nucleotides for
2-nt RNA synthesis. We used a high concentration of ATP (1
mM), which assured that the nucleotide was not exhausted
within the time span of the cross-linking reaction. The cross-
linking efficiencies of Rpo41 and Mtf1 with the promoter were
comparedwith andwithoutATP (Fig. 2, b and c,�ATPpanels).
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Notable changes were observed within the unwound region of
the promoter at NT(�3/�4) with ATP. At this position, the
cross-linking efficiency of Rpo41 increased substantially with
ATP, and that of Mtf1 decreased (compare Fig. 2b, lane 8,
�ATP and �ATP panels). A small decrease inMtf1 cross-link-
ing efficiency was observed also at NT(�4/�5) and NT(�2/
�3) without any change in the band pattern. The results indi-
cate that whereas the upstream contacts of Mtf1/Rpo41 are
unaltered in the presence of ATP, there is rearrangement of the
transcription bubble upon transition of the open complex to
the initially transcribing complex. This is consistent with
2-aminopurine fluorescence studies (18), which indicated that

the size of the bubble does not change in the presence of ATP,
but that specific bases are more unstacked.
Interactions of Rpo41 andMtf1 with the Pre-melted Promoter—

Rpo41 carries out promoter-specific transcription initiation
from a pre-melted promoter without requiring Mtf1 (19). We
derivatized the pre-melted promoter (mismatches from �4 to
�2 in theNT strand, Fig. 3a) at the following positions to inves-
tigate its interactionswithMtf1 andRpo41: T(�4/�5)B, T(�3/
�4)B, T(�1/�2)B, T(�3/�4)B, T(�4/�5)B, and NT(�2/
�3)B. The modifications at T(�1/�2) and T(�3/�4)
positions, which were transcriptionally inactive in the duplex
promoter, were active in the pre-melted promoter (Fig. 3b).

FIGURE 2. Photo-cross-linking of Rpo41�Mtf1 in the initial open complex and initial transcribing complex with ATP. a, a 45-bp DNA with the 14 S rRNA
promoter consensus promoter (in bold) was used in the cross-linking studies. The melted region in the initial open complex is highlighted in gray, and the
arrows indicate the sites of derivatization. The nomenclature NT(�8/�9) indicates that the backbone phosphate between positions �8 and �9 on the NT was
phosphorothioated and derivatized with 4-azidophenacylbromide. The nomenclature T(�8/�9) indicates a DNA in which the complementary position of
NT(�8/�9) on the T was phosphorothioated and derivatized with 4-azido-phenacylbromide. b, cross-linking reactions were carried out with an equimolar
mixture of Rpo41 and Mtf1 (100 nM each) and 300 nM radiolabeled DNA (derivatized at a single defined site) in the absence of ATP (�ATP panel) or in the
presence of 1 mM ATP (�ATP panel). Cross-linked protein-DNA complexes were resolved on a 4 –15% SDS-PAGE gel. Protein-DNA cross-linked products of
Rpo41�Mtf1 complex with each of the derivatized DNAs on the non-template (NT) strand (lanes 1–12). Lanes CR and CM are control reactions with Rpo41 alone
on NT(�5/�6) or Mtf1 alone on (NT �1/�2), respectively. The CE of Rpo41 and Mtf1 was determined using Equation 1 and plotted using the same y scale for
better comparison. Error bars were calculated from three independent experiments. c, protein-DNA cross-linked products of Rpo41�Mtf1 to the T strand (lanes
1–12). The calculations are similar to those of the NT strand. Dashed lines within c (�ATP and �ATP panels) indicate the incorporation of additional lanes.
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Rpo41 and Mtf1 cross-linked to the pre-melted DNA (Fig. 3c)
with efficiencies similar to the duplex DNA, except for NT(�2/
�3)B, which showed a lower cross-linking efficiency to both
proteins as compared with NT(�2/�3) in the duplex pro-
moter. The cross-linking efficiency of Rpo41 to the pre-melted
promoters in the absence of Mtf1 was very low (supplemental
Fig. S4). This indicates that Rpo41 alone, although active on the
pre-melted promoters, forms a weaker complex that is chased
away by the trap added before UV irradiation. In the absence of
Mtf1, we observed longer than the expected 20-nt runoff RNA
products (Fig. 3b, lanes 2 and 6). These products could arise
from transcription initiating from alternative start sites or by
the nontemplated addition of NTPs.

DISCUSSION

Mtf1 Contacts the Promoter DNA and the Unwound Non-
template Strand—The most striking observation from the
protein-DNA cross-linking studies reported here is that
Mtf1 is closely associated with the unwound region of the
promoter (Fig. 4a). The results clearly support Model B of
Mtf1 action (Fig. 1). Mtf1 by itself does not interact stably

with the promoter (7, 18). Thus,
Mtf1-promoter interactions are ac-
tivated or stabilized by its binding
to Rpo41 or to the Rpo41-pro-
moter complex. The close proxim-
ity of Mtf1 to the unwound region
of the promoter indicates that
Mtf1 may stabilize/drive open
complex formation by binding to
and trapping the unwound non-
template strand. In addition to the
cross-links within the melted
region of the DNA, Mtf1 also cross-
linked strongly to the upstream end
of the nona-nucleotide promoter
sequence at T(�9/�10) and T(�8/
�9), which are in the duplexed con-
formation (18). These upstream
interactions may provide an anchor
to efficiently open the promoter.
Mtf1 cross-links were found down-
stream of the nona-nucleotide
sequence at the transcription start
sites, indicating that Mtf1 may be
involved in transcription start selec-
tion (41). A related work has
reported 4-thio-dTMP-derivatized
promoter cross-linking to the yeast
mtRNAP (42). These cross-linking
studies showed that the C-terminal
region of Mtf1 (amino acids 319–
341), which is disordered in the
crystal structure (8), is closely asso-
ciated with T(�3) and T(�4).
Structural Model of mtRNAP-

DNA Open Complex—The C-ter-
minal domain residues (416–1214)

of the Rpo41 show significant sequence similarity to T7 RNAP
(supplemental information). This similarity allowed us to cre-
ate a homologymodel of theC-terminal domain of Rpo41 using
the initiation conformation of T7 RNAP (PDB code 1QLN) as
the template (43). A structuralmodel of Rpo41�Mtf1�DNAopen
complex (Fig. 4b) was created by positioning the crystal struc-
ture of Mtf1(8) on the structural model of Rpo41-DNA using
the following criteria: (a) Mtf1 is close to the unwound non-
template strand of the promoter, (b) Mtf1 is close to the �8 to
�9 template strand, and (c) the C-terminal amino acids ofMtf1
are close to the�3/�4 template strand (42). This simple place-
ment showed that Mtf1 protein is large enough to span the
entire length of the nona-nucleotide consensus sequence from
the upstream end of the promoter to the downstream tran-
scription start site.
In T7 RNAP, three elements, namely the AT-rich recogni-

tion loop, specificity loop, and �-hairpin are involved in pro-
moter binding/melting (43, 44). The homology modeling
suggests the presence of similar elements in Rpo41 (Fig. 4c,
supplemental Figs. S8–S11). Based on homology modeling
to the initiation conformation of T7 RNAP, we propose that

FIGURE 3. Photo-cross-linking of Rpo41�Mtf1 with the pre-melted promoters. a, the sequence of the pre-
melted promoter is shown with a non-consensus NT sequence from �4 to �2 to create mismatches in that
region. The arrow indicates the location and direction of transcription initiation. b, shown is RNA synthesis from
derivatized pre-melted DNAs. The suffix B (bubble) after each position indicates derivatization of that position
in the pre-melted DNA. 500 nM Rpo41 (lanes 2, 4, and 6) or an equimolar mixture of Rpo41 and Mtf1 (500 nM

each) (lanes 1, 3, and 5) were mixed with derivatized pre-melted DNA (1 �M), ATP, UTP, and GTP (250 �M each)
spiked with [�-32P]ATP for 3 min at 22 °C. The RNA products were resolved on an 18% polyacrylamide sequenc-
ing gel containing 7 M urea. The first C base in the DNA sequence is encountered at �21. Exclusion of CTP,
therefore, results in a runoff product of 20 nt. c, a 4 –15% PAGE gel show the results of the cross-linking reaction
with each of the derivatized DNAs. The cross-linking efficiencies for duplex DNA and pre-melted DNA are
shown for comparison.
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the amino acids 481–497 in Rpo41 are analogous to the AT-
rich recognition loop of T7 RNAP that interacts with the
�14 region of the T7 promoter. Amino acids 1127–1149 are
analogous to the specificity loop that interacts with the pro-
moter from �9 to �1. The 630–660 residues are analogous
to the intercalating �-hairpin of T7 RNAP that interacts with
the upstream edge of the bubble at �5/�6 in the T7 pro-
moter.We propose that the above-mentioned amino acids in
Rpo41 serve a similar function of promoter binding in the
mtRNAP. Although there is no experimental proof for the
AT-rich recognition and intercalating �-hairpin-like ele-
ments in Rpo41, a recent study has shown the presence of a
specificity loop-like element in Rpo41 that contacts the pro-
moter from �8 to �6 (45). We also obtained a reasonable fit
of the C-terminal domain of Rpo41 to the elongation confor-
mation of T7 RNAP (supplemental Fig. S9), suggesting that
perhaps Rpo41 undergoes protein conformational changes
during transition from initiation to elongation analogous to
T7 RNAP (46, 47).

Possible Mechanism of DNA
Melting by Rpo41�Mtf1—It is in-
triguing that the Rpo41 protein,
although highly homologous to T7
RNAP, is unable to melt the pro-
moter on its own. One possible
explanation could be that the large
N-terminal domain of Rpo41,
absent in T7 RNAP, represses the
promoter-specific melting activity
of the catalytic domain. Alterna-
tively, Rpo41 may be lacking critical
residues or elements for promoter
melting, which are then provided
by the closely associated Mtf1 pro-
tein. The homology model (Fig. 4c)
reveals one noticeable difference
between T7 RNAP and the Rpo41-
modeled structure and that is the
absence of the fingers-flap domain
(residues 593–610 in T7 RNAP) in
Rpo41. The exact role of the fingers
flap is not known, but these residues
in the T7 RNAP contact the pro-
moter DNA downstream of the
transcription bubble (48, 49) and
have been speculated to aid in stabi-
lizing the downstream end of the
transcription bubble.
T7 RNAP by itself is not efficient

at melting the promoter and re-
quires GTP, the �1 and �2 nucleo-
tides, for efficient open complex
formation (50).Mtf1may play a role
similar to the initiating GTPs with
regard to stabilizing the open com-
plex. T7 RNAP uses the binding
energy of GTPs to stabilize the open
complex. ThemtRNAPmay use the

binding energy ofMtf1-DNA to stabilize the initially open com-
plex. The Mtf1-DNA binding energy may be used to nucleate
bubble formation or optimally bend the promoter to initiate
melting, as observed with the GTPs in T7 RNAP (51, 52).
Once formed, the initiation bubble may be further stabilized by
the proposed intercalating �-hairpin motif of Rpo41, as in T7
RNAP (53, 54).
Similarity to the Transcription Factors of the Multisubunit

RNAP—Mtf1 has no sequence or structural homology to the
initiation factors of the multi-subunit RNAP, yet it appears to
be functionally similar to those initiation factors. Like the gen-
eral transcription factors of the eukaryotes (23–26, 55),
archaeal (28, 29), or the � factors of bacteria (22, 56), Mtf1
action involves contacting the promoter DNA and stabilizing
the melted DNA. Several aromatic and basic residues in the �
region 2.3, for instance, interact with the promoter on the NT
strand and are implicated in the nucleation and propagation of
the transcription bubble (56–59), and mutant proteins with
changes in these residues require supercoiled templates for

FIGURE 4. A structural model of the S. cerevisiae mitochondrial RNAP open complex. a, a summary of the
protein-DNA cross-linking results is shown. The purple spheres represent Mtf1 cross-links, and the yellow ones
represent those of the Rpo41 (Fig. 2). The size of the sphere is proportional to the CE (supplemental Fig. S7). b, a
structural model of the mtRNAP open complex is shown. The Rpo41 (416 –1214) structure is based on homol-
ogy modeling to T7 RNAP (PDB code 1QLN) (supplemental information). This region of Rpo41 represents just
over half of the protein and shows the highest sequence similarity to T7 RNAP. The DNA is in the same confor-
mation as in 1QLN. The non-template strand (NT) is shown in red, and the template strand (T) is in green.
The orientation of Mtf1 is speculative. The placement of Mtf1 (PDB code 1I4W, shown in purple) is based on the
cross-linking results from our studies and the proximity of the C-terminal tail of Mtf1 (in dark blue) to the
promoter (42). The model shows the promoter sandwiched between Rpo41 and Mtf1 and Mtf1 contacting
mainly one face of the promoter at �8/�10, the unwound NT strand, and the transcription start site region.
c, shown is comparison of the T7 RNAP structure with the homology model of Rpo41. The three-dimensional
structure of Rpo41, 416 –1214 (in gray) is aligned with the three-dimensional structure of T7 RNAP, 6 – 883
residues (PDB code 1QLN) (light blue). The superimposition highlights the model-predicted DNA binding struc-
tural elements in Rpo41 that are homologous to the structural elements of T7 RNAP, namely the AT-rich
recognition loop (yellow), the specificity loop (brown), and the intercalating hairpin (pink).
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transcription (60, 61). Similarly, mutations within a basic
region of Mtf1 (region encompassing residues 178–192) were
shown to have a similar effect (62, 63), suggesting that these
residues may contribute to the promoter melting function of
Mtf1 either by direct physical interaction with the promoter
and/or by interacting with Rpo41.
Does Mtf1 have functions other than helping in DNA melt-

ing? We were surprised to see Mtf1 cross-links near the tran-
scription start site on the T strand. Although an unexpected
result, it is not unprecedented in transcription factor studies.
General transcription factors have been observed to be near the
transcription start site in eukaryotic and archaeal initiation
complexes. Cross-linking studies of the bacterial transcription
open-complex have implicated� factor region 3.2 in direct con-
tact with the initiating nucleotide near the RNAP active center
(64). Similarly, TFIIB in S. cerevisiae nuclear RNAP II preinitia-
tion complex (26) and its archaeal homolog TFB1 (from Pyro-
coccus furiosus RNAP) (29) also cross-link close to the tran-
scription start site. In our work cross-linking of Mtf1 close to
the transcription start site on the T strand points to a potential
function of Mtf1 in the transcription initiation process, such as
nucleotide binding (64, 65). Thus, the dependence of T7 phage-
like single-subunit RNAP on transcription factors for initiation
represents an added level of complexity that might be required
for regulating the efficiency of transcription initiation and
hence gene expression in mitochondria.
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