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Transcription of the yeast mitochondrial genome is carried
out by an RNA polymerase (Rpo41p) that is related to single
subunit bacteriophage RNA polymerases but requires an addi-
tional factor (Mtf1p) for initiation. In this work we show that
Mtf1p is involved in multiple roles during initiation including
discrimination of upstream base pairs in the promoter, initial
melting of three to four base pairs around the site of transcript
initiation, and suppression of nonspecific initiation. It, thus,
appears that Mtf1p is functionally analogous to initiation fac-
tors of multisubunit RNA polymerases, such as �. Photocross-
linking experiments reveal close proximity between Mtf1p and
the promoterDNAand show that theC-terminal domainmakes
contacts with the template strand in the vicinity of the start site.
Interestingly, Mtf1p is related to a class of RNA methyltrans-
ferases, suggesting an early evolutionary link between RNA syn-
thesis and processing.

Energy production in most eukaryotic cells depends largely
upon the function of mitochondria, and a number of human
diseases have been attributed to disruption of the activity of
these organelles. Whereas most proteins that are essential for
mitochondrial processes are encoded by nuclear genes and
imported into the organelle, a subset of critical proteins is
encoded by the mitochondrial genome (1). Expression of the
nuclear and mitochondrial genes must, therefore, be coordi-
nately regulated to ensure proper mitochondrial function.
However, little is known about how this regulation occurs.
Mitochondrial genomes are transcribed by RNA polymer-

ases (RNAPs)3 that are related to the single subunit RNAPs
encoded by T7-like phages (2–4). Unlike T7 RNAP, however,
mitochondrial RNAPs require additional factors for transcrip-
tion initiation. In the yeast Saccharomyces cerevisiae the cata-

lytic subunit of mitochondrial RNAP (Rpo41p) requires a
40-kDa protein,Mtf1p, for efficient initiation. Earlier work sug-
gested that Mtf1p might be a functional analog of the bacterial
initiation factor� (5–7). For example, as is the case for�,Mtf1p
is required for promoter binding (8) and the formation of an
open complex (9) but is lost from the complex shortly after
initiation (10). However, subsequent results revealed that
Mtf1p is structurally unrelated to � factors (11) and that
Rpo41p can initiate transcription on a pre-melted promoter in
the absence of Mtf1p (12). The latter observation led to a
revised view that promoter specificity determinants are intrin-
sic to Rpo41p and that the role ofMtf1p is limited to melting of
the promoter and/or to stabilization of an open promoter com-
plex (12).
Themanner inwhich the Rpo41p�Mtf1p complex recognizes

the promoter and initiates transcription has not yet been deter-
mined. Because of conservation among phage and mitochon-
drial RNAPs (see Fig. 1), it might be anticipated that a similar
mechanism of promoter recognition and melting would be
employed during the formation of an open promoter complex
by mitochondrial RNAP. Indeed, it has recently been shown
that, like T7 RNAP, yeast mitochondrial RNAP melts a region
of the promoter from �4 to �2 in the open complex (9). In T7
RNAP, promoter recognition and formation of the open com-
plex involve three elements that interact with the upstream
region of the promoter (13). One of these elements (the speci-
ficity loop, which establishes major groove base-specific inter-
actions in the region from �7 to �11), is readily identifiable in
Rpo41p based on sequence homology with the flanking regions
in T7 RNAP and appears to function in a similar manner (14).
However, the organization of promoters is different in the T7
andmitochondrial systems, and the distance from the start site
to the groups of residues that are required for promoter recog-
nition is not the same (Fig. 1). These considerations indicate
that a different geometry of interactions is involved in recogni-
tion and initiation in the T7 system versus the mitochondrial
system and suggest the possibility that alternative or additional
mechanisms may be involved.
The manner in which Mtf1p participates in promoter

binding and initiation is not clear. In particular, it was not
known whether Mtf1p acts through direct interactions with
the promoter DNA or by modulating Rpo41p activity in an
indirect manner. In this work we used DNA-protein cross-
linking methods to identify residues in the promoter that
contact Rpo41p and Mtf1p and mapped a region in Mtf1p
that approaches the promoter DNA in the vicinity of the
transcription start site. These results present the first dem-
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onstration of close contacts of Mtf1p with the promoter
DNA and reveal a more direct role in transcription initiation
than had previously been appreciated. In addition, we found
that Mtf1p is involved in discriminating upstream elements
of the promoter and may affect selection of the correct start
site. Taken together, the results indicate striking functional
similarities between Mtf1p and bacterial transcription initi-
ation factors, such as �, and present an intriguing evolution-
ary overlap in the initiation strategies used by single- and
multisubunit RNAPs.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—N-terminal histidine-
tagged Rpo41p and Mtf1p were expressed and purified as
described elsewhere (15).
Mutagenesis—Mtf1p mutants were generated using the

QuikChange� site-directed mutagenesis kit (Stratagene).
The sequences of oligonucleotides used as mutagenesis
primers (IDT) and all other oligonucleotides are listed in
supplemental Table 1. Expression and purification of Mtf1p
mutants was performed as previously described (15). All
Mtf1p mutants used in mapping of photocross-linking sites
were fully active in transcription initiation assays.
Transcription Assays—A synthetic DNA template contain-

ing the yeast mitochondrial consensus promoter was pre-
pared by annealing together oligonucleotides MS75 (tem-
plate (T) strand) and MS63 (nontemplate (NT) strand).
Transcription reactions were performed in 10 �l of tran-
scription buffer (20 mM Tris�HCl, pH 7.9, 50 mM KCl, 10 mM

MgCl2, 0.1% Tween 20, 5 mM Tris(2-carboxyethyl)phosphine).
The reaction mixtures contained Rpo41p, Mtf1p, and DNA
template at 50 nM each. The reactions were initiated by si-
multaneous addition of substrate NTPs as indicated (300 �M each)
together with 0.3 �Ci of [�-32P]ATP, incubated for 10 min at
30 °C, and stopped by the addition of 10 �l of stop-buffer (0.05
M EDTA, 90% formamide, 0.02% bromphenol blue, and 0.02%
xylene cyanol). The products of the reactions were resolved
by electrophoresis in 20% (19:1, acrylamide:bisacrylamide)

gels in the presence of 6 M urea,
visualized by a Typhoon 9200
PhosphorImager (GE Healthcare),
and quantified using ImageQuant
5.2 software (GE Healthcare).
Photocross-linking—Templates that

incorporated 4-thio-dTMP at spe-
cific positions were prepared by
extension of unmodified DNA prim-
ers using the Klenow fragment of
DNA polymerase I as described in
Ma et al. (16) and Temiakov et al.
(17). Details are given in the supple-
mental data.
The templates were incubated

with Rpo41p and Mtf1p (50 nM
each) in 20�l of transcription buffer
(20 mM Tris�HCl, pH 7.9, 50 mM

KCl, 10 mM MgCl2, 0.1% Tween 20,
5 mM Tris(2-carboxyethyl)phos-

phine) for 5min at 30 °C, and the solutions were irradiated with
a 6-watt model 9815 UV lamp equipped with a 312-nm filter
(Cole-Parmer) from a distance of �30 mm for 10 min at 30 °C.
The products of the reactions were resolved by 4–12% Bis-Tris
PAGE usingMES running buffer (Invitrogen) and visualized by
autoradiography.
Mapping of Photocross-linking Site—The template used in

cross-linking mapping experiments, which included a radioac-
tive label adjacent to the photoreactive probe, were prepared by
a procedure similar to that described in Ma et al. (16) (see the
supplemental data for details). Cross-linking reactions were
carried out as described above, except that the concentrations
of photoreactive DNA template, Rpo41p, andMtf1p were 1 �M

each, and the reaction volume was 50 �l. After UV irradiation,
20 units of DNase I (Roche Applied Science) were added, and
the mixture was incubated for 1 h at 37 °C. The Mtf1p-DNA
photoadduct was resolved by 10% Tris-glycine PAGE and
extracted from the gel by 0.25 ml of extraction buffer (10 mM

Tris�HCl, pH 7.4, 200 mM NaCl, 6 M urea, 0.1% SDS, 5 mM

�-mercaptoethanol) overnight at 4 °C. Cleavage and analysis of
the cross-linked products was carried out as described in the
supplemental data.

RESULTS

Rpo41p Can Initiate Transcription from a Minimal 3–4-nt
Bubble—Earlier studies showed that Rpo41p can initiate tran-
scription accurately in vitro without Mtf1p if the promoter is
“premelted”; i.e. if the non-template (NT) strand of the pro-
moter is substitutedwith a sequence that is not complementary
to the template (T) strand in the region from position�4 to�2
(a “bubble” template) (12). However, it was not known whether
the entire region from �4 to �2 must be melted for Rpo41p to
initiate transcription on its own or whether a more limited
melted region might suffice. To explore this, we prepared a
series of artificiallymelted templates inwhich the bubble varied
in size from two to eight base pairs and its boundaries ranged
from �6 to �2 (Fig. 2).

FIGURE 1. Comparison of Rpo41p and T7 RNAP. Regions of homology between the phage and mitochondrial
RNAPs are represented as boxes labeled A–L (4); substantial insertions in the sequences are represented by
loops. The consensus sequences of the phage T7 and S. cerevisiae (S.c.) mitochondrial promoters are aligned
relative to their start sites at �1 (bent arrows). Positions that determine specificity are underlined; single under-
line indicates positions at which substitutions reduce promoter strength by at least a factor of 3; the double
underline indicates positions at which substitutions lead to at least a 10-fold reduction (18, 19, 29, 30). Interac-
tions of the three elements in T7 RNAP that are primarily responsible for promoter recognition and melting are
shown by arrows (solid arrow, specificity loop; dashed arrow, intercalating loop; dotted arrow, AT-rich recogni-
tion loop) (13). Asterisks below the Rpo41p scheme indicate the location of residues in Rpo41p that have been
implicated in interactions with Mtf1p (31, 32).
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In the presence of Mtf1p all templates allowed efficient initi-
ation, with the exception of a template in which the bubble
extended from �6 to �2, in which case the presence of Mtf1p
resulted in a decrease in synthesis of the 5-nt initiation product
(Fig. 2B, lane 10). As will be discussed below, this apparent
inhibitory effect is due to the choice of a different start site
induced by Mtf1p on this template, which does not support
transcription with the subset of NTPs used in this experiment.
In the absence of Mtf1p, introduction of as few as two mis-

matches in the NT strand led to some increase in transcription
levels relative to that observed with the full-duplex promoter
(Fig. 2B, lower image). However, efficient initiation that was
comparable to the control lane (DS template in the presence of
Mtf1p; lane 1) was observed only when the size of the bubble
was at least 3 nt and the boundaries extended from either �2
to �1 or �1 to �2. The most efficient initiation occurred on a
template in which the bubble extended from�2 to�2 (lane 8),
in which case transcription at a greater level than the control
was observed. This result indicates that the interval from �2
to �2 is likely to be the region that Mtf1p helps to melt and/or
stabilize in the open form during transcription initiation. This
is consistent with photocross-linking data (below), which

reveal contacts between Mtf1p and promoter DNA in the
region around the start site.
Interestingly, the bubble templates that allowed efficient ini-

tiation in the absence of Mtf1p also directed the formation of
substantial amounts of aberrant transcripts (Fig. 2B). These
could originate either frommisincorporation or from initiation
at alternative start sites (or both). In the presence of Mtf1p, the
formation of the aberrant transcripts relative to the correct
message (AAUAA) was greatly reduced, indicating a role for
Mtf1p in the fidelity of initiation.
Potential Role for Mtf1p in Start-site Selection—We noted in

Fig. 2 that the presence of Mtf1p led to an inhibition of initia-
tion from template 10, which includes a bubble that extends
from �6 to �2. To examine this in more detail, we carried out
reactions under different conditions that allowed detection of
full-length run-off transcripts (Fig. 3). Although Rpo41p cor-
rectly initiated on the bubble template (template 10, lane 1),
the addition of Mtf1p led to a predominant false start at posi-
tion �2 on this template (lane 2), resulting in a longer run-off
product (36 versus 34 nt). To a lesser extent, this effect was also
seen with a gap template (template 11; lanes 3 and 4) in which
the NT strand was deleted in the region from �6 to �2. This

FIGURE 2. Initiation on partially melted promoters by Rpo41p in the presence and absence of Mtf1p. A, a T strand having the consensus promoter
sequence (underlined) was annealed with NT strands that were complementary (DS) or mismatched within the interval from �6 to �2 (bold italics) as noted in
panel C (numbers indicate the first and the last mismatched bases relative to the start site at �1). B, transcription was carried out in the presence of GTP and
�-[32P]ATP in the presence (upper panel) or absence (lower panel) of Mtf1p, and the products were resolved by electrophoresis; the positions of the expected
5-nt initiation product (AAUAA) and aberrant products are indicated. C, the number of the template, the boundaries of the bubble, and a schematic diagram
of the topology of the DNA templates are provided. Mismatched regions are represented by flipped-out bases. The efficiency of transcription relative to control
(DS template in the presence of Mtf1p) is indicated in the right columns. Average intensities from two (templates 3 and 4) or three (all other templates) are
presented along with S.D. The identities of the T and NT strand oligomers used to assemble the templates are given in parentheses (see supplemental Table 1).
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effect led to an apparent inhibition of initiation by Mtf1p on
these templates (lanes 6 and 8) because initiation at �2 would
require the presence of GTP, which is missing in the reactions
used to detect initiation products. This result explains the
apparent inhibitory effect of Mtf1p in the initiation assays
shown in Fig. 2B, lane 10.
Mtf1p Plays a Role in Recognition of the Upstream Region of

the Promoter—Previous work has shown that certain base pairs
in the consensus sequence are critical for promoter utilization
on a double-stranded template (18, 19). As summarized in Fig.
1, these include the base pairs at positions�2,�4,�6, and�7.
To explore whether these base pairs remain important for ini-
tiation after the open complex is formed, we used templates in
which NT strand was non-complementary from position �4
to �2, and the sequence in the region from �5 to �8 of these
promoters was either consensus or scrambled (Fig. 4A). As
expected from previous reports, substitutions in the upstream
region resulted in an �20-fold decrease in transcription (Fig.
4B, lane 8 versus lane 2). Surprisingly, however, the same sub-
stitutions allowed synthesis of the correct initiation product
with�50% efficiency on the bubble template (template 13, lane
5). From this we conclude that once the promoter has been
melted, Rpo41p does not require the correct base pairs at posi-
tions �6 and �7 for efficient initiation. Strikingly, initiation
from the scrambled bubble template (template 13) was drasti-
cally reduced in the presence of Mtf1p (lane 6), indicating that
Mtf1p helps to discriminate against promoters that are altered
in the upstream region. This could occur through direct inter-
actions of Mtf1p with the promoter or indirectly by enabling
Rpo41p to reject incorrect base pairs in that region. AsMtf1p is
required for both promoter binding and melting, these obser-
vations raise the possibility that Mtf1p may contribute to iden-

tification of base pairs at �6 and/or �7 even before promoter
melting has begun.
Mtf1pMakes Contacts with the PromoterDNA—Inprincipal,

Mtf1p may support melting of the promoter and other steps of
initiation by direct interactions with the DNA or indirectly if it
enables Rpo41p to carry out these functions. Previously, it was
not known whether Mtf1p establishes any contacts with the
DNA in the open promoter complexes or en route to its forma-
tion. To reveal potential sites of interaction between Rpo41p
and Mtf1p with the promoter, we used DNA-protein pho-
tocross-linking methods in which a photoreactive probe,
4-thio-dTMP, was incorporated into the DNA (Fig. 5). Initially,
all dTMP residues in the promoter were substituted with
4-thio-dTMP, either in the NT strand at positions �3, �1, �5,
and�7 (template 17) or in theT strand at positions�2,�1,�3,
�4, �6, and �8 (template 18). These photoreactive promoter

FIGURE 3. Mtf1p affects the start site of initiation. Templates were assem-
bled by annealing together the oligonucleotides indicated (parentheses). In
the bubble template (10) the NT strand was mismatched from �6 to �2, and
in the “gap” template (11) the NT strand was deleted from position �6 to �2.
The templates were incubated with Rpo41p and nucleotide triphosphates for
10 min at 30 °C in the presence or absence of Mtf1p as indicated, and the
products were resolved by gel electrophoresis. The positions of the expected
run-off product (34 nt) and the product of a false start at position �2 (36 nt)
synthesized in the presence of [�-32P]ATP, -CTP, -GTP, and -UTP are indicated
in the left panel. Short initiation products synthesized in the presence of only
[�-32P]ATP and UTP are shown in the right panel. The position of the correct
product, initiated at �1 (AAUAA), is indicated.

FIGURE 4. Potential role for Mtf1p in discriminating base pairs in the
upstream region of the promoter. A, templates for transcription were either
double-stranded (1 and 14) or non-complementary in the region from �2
to �4 (12 and 13) and carried either consensus (1 and 12) or modified (13 and
14) promoter sequences in the region from �5 to �8. Non-complementary
nucleotides in the NT strand are italicized; the consensus sequence in the T
strand is underlined. B, products synthesized during a 10-min incubation with
[�-32P]ATP and UTP and Rpo41p and Mtf1p (as indicated) were resolved by
gel electrophoresis; the position of the expected 5-nt initiation product
(AAUAA) is indicated. The accumulation of products generated in the
absence (white) or presence (gray) of Mtf1p was quantified by PhosphorImager
analysis and is expressed relative to the level observed in the presence of
Mtf1p on template 1 (lane 2); average intensities from five separate experi-
ments are shown along with S.D.
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templates were incubated with Rpo41p and Mtf1p, and the
complexes were subjected to UV-irradiation to induce the for-
mation of covalent linkages. The products were resolved by
SDS-PAGE, and the species that were radioactively labeled via
the attachedDNAwere visualized by autoradiography (Fig. 5B).
Both Rpo41p and Mtf1p formed cross-linked products with
promoter DNA. Whereas intense cross-linking to Rpo41p was
observed with both strands of the promoter,Mtf1p reacted pri-
marilywith photoprobes in theT strand and to a lesser extent in
theNT strand. Importantly, efficient cross-linking required the
presence of both proteins, attesting to the specificity of the
reaction.
To examine this in more detail, we utilized a set of templates

in which the photoprobe was incorporated at specific positions
in the promoter (Fig. 5C). The most efficient cross-linking to
Mtf1p was observed when the photoprobe was positioned
at �3 and �4 in the T strand. Rpo41p exhibited a broader
spectrum of contacts, and efficient cross-linking was observed
at positions�1,�2,�3, and�4 in theT strand and at positions
�7 and �3 in the NT strand.
Contacts of Mtf1p with the Template Strand Map to the

C-terminal Domain—The structure of Mtf1p has been
reported (11), and it was, therefore, of interest to determine
which regions of the protein are involved in promoter con-
tacts. In this study we focused on mapping the site in Mtf1p
that cross-links to positions �3/�4 of the T strand, as pho-
toprobes at these positions provided the highest efficiency of
cross-linking. We, therefore, constructed a template that
carried 4-thio-dTMP at positions �3 and �4 in the T strand
and a radioactive nucleotide at the adjacent position (Fig.
6A). Promoter complexes formed on this template were UV-
irradiated and treated with DNase to reduce the influence

of DNA on protein mobility dur-
ing electrophoresis, and the prod-
uct corresponding to the T strand
promoter DNA fragment cross-
linked to Mtf1p was resolved by
gel electrophoresis and isolated
from the gel.
To map the site of the photocross-

linking reaction we subjected the
photoproduct to treatment with
NTCB, which cleaves N-terminal to
cysteine residues (Fig. 6B). Cleavage
of wild type (WT) Mtf1p revealed a
pattern that was difficult to inter-
pret due to the contribution of the
remaining DNA to the mobility of
the cross-linked product. To cir-
cumvent this, we constructedMtf1p
mutants that eliminated certain
NTCB cleavage sites and examined
the effects of these changes on the
cleavage pattern. The C69S mutant
exhibited a set of cleavage products
that was identical to that of the WT
Mtf1p, which excluded the involve-
ment of regions 1–68 and 69–152

as targets of cross-linking. However, in the C302S cleavage pat-
tern, the smallest product was missing, indicating that the
cross-linking site lies between residues 220–301 or 302–341
(shaded dark gray in Fig. 6B).
Mtf1p has a two-domain structure in which a large N-termi-

nal domain (residues 1–250) is connected to a smaller four-
helix C-terminal domain (residues 257–324) through a linker
region (residues 251–256) (11). The region that was identified
in these experiments as the site of cross-linking to the T strand
bases at�3/�4 includes a fraction of theN-terminal domain of
Mtf1p, the flexible interdomain linker, and the entire C-termi-
nal domain. To refine the site of promoter contact, we con-
structed an additional Mtf1p mutant, D253C/C302S, in which
theNTCBcleavage site at 302was eliminated and anew sitewas
generated at position 253. Promoter complexes assembled
using thismutant wereUV-irradiated, and the resultingMtf1p-
DNA photoproduct was analyzed by NTCB-induced cleavage
as described above (Fig. 6C). Movement of the NTCB cleavage
site resulted in a change in the mobility of the minimal labeled
cleavage product from 11 kDa in WT Mtf1p to 15 kDa in the
mutant, indicating that the site of cross-linking lies between
residues 253–341 (shaded dark gray in Fig. 6C).
Finally, we introduced cleavage sites for hydroxylamine,

which recognizes NG pairs (which are not present in WT
Mtf1p). We constructed a series of mutants that had one NG
site each at positions 237/238, 276/277, 290/291, 308/309, and
319/320, taking advantage of native asparagines occurring at
most of these positions. Based on the formation of a series of
low molecular weight cleavage fragments that progressively
decreased in size as the hydroxylamine cleavage site wasmoved
toward the C terminus of the protein (Fig. 6D), we conclude
that the region of Mtf1p that is involved in contacts with the

FIGURE 5. Photocross-linking reveals contacts of both Rpo41p and Mtf1p with promoter DNA. A, double-
stranded templates having a 5� 32P-labeled T strand (template 15) or NT strand (template 16) and 4-thio-dTMP
at the positions indicated in bold were prepared as described under “Experimental Procedures.” The promoter
consensus sequence is underlined. B, templates were incubated with Rpo41p and Mtf1p (separately or
together) for 5 min and subjected to UV irradiation for 10 min, and the products were resolved by gel electro-
phoresis in 4 –12% Bis-Tris SDS gel. The slight variability in mobility of the photoproducts is likely due to the
presence of DNA attached to different regions of the proteins. C, the templates were similar to those shown in
panel A, but the photoactive probes were incorporated specifically at the positions indicated above each lane.
Rpo41p and Mtf1p were both present in the cross-linking reactions.
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template strand at positions �3/�4 lies between amino acids
320 and 341.

DISCUSSION

The question as to whether Mtf1p is a functional analog of
bacterial initiation factors, such as �, has been a subject of
discussion for many years (20). Similar to �, Mtf1p partici-
pates in promoter melting (9), suppresses nonspecific initi-
ation by the catalytic core RNAP (Ref. 21 and this work), and
dissociates from the complex upon transition into the elonga-
tion phase (10). On the other hand, Mtf1p is structurally unre-
lated to � factors and instead resembles rRNA methyltrans-
ferases such as Bacillus subtilis ErmC� (11) and Escherichia coli
KsgA (22). Furthermore, it was shown that Rpo41p can initiate
transcription in the absence of Mtf1p on a template in which
the initiation region is melted from �4 to �2 (12). The latter
observation led to the current view that Rpo41p carries speci-
ficity elements necessary for promoter recognition and initia-
tion and that the role of Mtf1p is limited to promoter melting
and/or stabilization of the open complex (12). Nevertheless, the
role of Mtf1p in initiation was unclear, and in particular, it was
not known whether Mtf1p contacts the promoter directly or
exerts its effect on Rpo41p in an indirect manner.
Here, we demonstrate thatMtf1pmakes direct contacts with

the promoter DNA. In addition, we find that Mtf1p supports a
number of �-like functions that include melting of an initial
3–4-bp interval around the start site, discrimination of base
pairs in the upstream region of the promoter, and suppression
of nonspecific initiation. Thus, even though Mtf1p exhibits no
sequence or structural homology to bacterial � factors, it
appears to be involved in many of the same functions. The
results suggest intriguing overlaps in the initiation strategies
used by single- and multisubunit RNAPs that have developed
during evolution.
To characterize the interactions of Mtf1p and Rpo41p with

the DNA, we carried out cross-linking experiments using DNA
templates in which the photoreactive probe 4-thio-dTMP had
been introduced into the consensus region of the promoter and
detected contacts between both of these proteins and the pro-
moter. The 4-thio-dTMP probe was chosen because it is the
least disturbing photoreactive nucleotide analog and because
cross-linking with this probe reveals intimate contacts with the
base (within chemical bond length) (23). In related work, Paratkar
and Patel (34) used a phenylazide photoreactive probe that is
attached to the DNA backbone and has a wider radius of action
(�10 Å). Despite differences in the probes, the results of the
two studies are in good agreement, and both demonstrate close
approaches of Mtf1p to the promoter (34).
Previous results demonstrated that Rpo41p can initiate tran-

scription on a template in which the initiation region is melted
from �4 to �2. In this work we found that the minimal region
that must be melted to allow efficient initiation by Rpo41p in
the absence of Mtf1p is limited to a 3–4-bp interval that sur-
rounds the start site, suggesting that a primary role forMtf1p is
to nucleate or stabilize the initial melting of this region. In addi-
tion, we found that the presence of Mtf1p suppresses nonspe-
cific initiation and may induce false starts on some templates,
suggesting a role for Mtf1p in start site selection. Consistent

FIGURE 6. The C terminus of Mtf1p contacts the template strand near
positions �3 and �4. A, the DNA template contained 4-thio-dTMP residues
at positions �3 and �4 (bold) and [32P]dCMP at position �2 (italics). The
consensus sequence is underlined. B, NTCB-induced cleavage of Mtf1p-DNA
photocross-linking products. The template shown in panel A was incubated
with Rpo41p and Mtf1p (WT or mutant as indicated), and the resulting com-
plexes were irradiated with UV. The cleavage patterns generated in the pres-
ence of either 150 (�) or 300 (��) mM NaOH were resolved by gel electro-
phoresis; the apparent molecular weights of the fragments (including
attached DNA) are indicated. The diagram to the right of the autoradiogram
indicates the positions of NTCB cleavage sites in WT Mtf1p (left side of the bar)
and the molecular masses of the expected protein fragments (without con-
tribution of the attached DNA; in kDa, right side). The Mtf1p protein used in
these experiments contained an N-terminal His tag (MAHHHHHH), indicated
in light gray. The results of this experiment indicate that the region that is
involved in cross-linking extends from residues 220 to 341 (dark gray). C, this
panel is the same as panel B except using Mtf1p mutant D253C/C302S, in
which the NTCB cleavage site at position 302 was eliminated, and a new site
was introduced at position 253. The region that is involved in cross-linking is
indicated in dark gray. D, hydroxylamine-induced cleavage of Mtf1p-DNA
photocross-linking products. Mtf1p mutants having hydroxylamine cleavage
sites (NG) at the positions indicated were constructed and used to prepare
complexes as above. The cross-linking products were subjected to hydroxyl-
amine-induced cleavage (NH2OH) and resolved by gel electrophoresis. As the
NG sites were moved incrementally toward the C terminus of the protein, the
sizes of the labeled products became correspondingly smaller. The results
indicate that the site of cross-linking lies in the interval from 320 to 341 (dark
gray).
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with a direct role for Mtf1p in promoter melting and initiation,
we observed cross-links between Mtf1p and bases in the T and
NT strands in the initiation region.
Results from transcription initiation on various bubble tem-

plates indicate that Mtf1p may also play a role in recognition
ofupstreampromoterelements (Fig.4).Weobservedthatwhereas
some base pairs in the upstream region of the promoter are crit-
ical for initiation before melting (on a double-stranded pro-
moter), they are not essential afterward, as Rpo41p tolerates
substitutions in this region on a bubble template. Strikingly, the
presence ofMtf1p resulted in discrimination against these sub-
stitutions on the bubble template. This effect does not seem to
be related to the mechanism of inhibition of initiation from
template 10 byMtf1 (as shown in Fig. 3), as template 13 directed
the formation of correct run-off products (34 nt) in the pres-
ence of Mtf1 (not shown). As Mtf1p is associated with Rpo41p
during both promoter binding and melting, we cannot distin-
guish the role of the initiation factor during these stages using
the methods described here. The observation that the presence
of Mtf1p results in discrimination against substitutions in the
upstream region even when promoter melting has already
occurred (on a bubble template) indicates that Mtf1p may be
involved in recognition of upstream base pairs during the initial
stages of promoter recognition beforemelting. These findings are
consistent with the cross-linking results presented here and

obtained independently by Paratkar
and Patel (34), which reveal con-
tacts between Mtf1p and upstream
promoter elements.
In the absence of structural infor-

mation about the Rpo41p�Mtf1p
complex, it is not known how the
two proteins bind to one another
or to the promoter. As an initial
approach toward this question, we
mapped the site of cross-linking
between Mtf1p and the bases at
�3/�4 in the T strand (which lie at
the upstream edge of the melted
region in the open complex (9)).We
found that the contacts involve a
C-terminal region of Mtf1p from
residue 320 to 341 (Fig. 6). Previous
data concerning the importance of
the C-terminal portion ofMtf1p are
somewhat controversial. Shadel and
Clayton (20) had indicated that a
deletion in the C-terminal region
that extended from residues 292 to
341 (�292–341) behaved normally
in vivo at permissive temperatures
but exhibited a petite phenotype
at 37 °C. However, Cliften et al.
(6) reported severe defects in bind-
ing to Rpo41p even when substan-
tially smaller regions (�297–341
and �316–341) were deleted. More
biochemical and genetic studies are

needed to elucidate the function of the C-terminal domain.
Genetic studies concerning interactions between Rpo41p

and Mtf1p identified a number of mutants of Mtf1p that are
deficient in either binding to Rpo41p or stimulating its ability to
initiate (6, 20). Most of the identified amino acids were later
found to be buried inside the protein (11), diminishing the sig-
nificance of these observations for prediction of a binding sur-
face. However, mapping the positions of only the surface-ex-
posed substitutions that affect binding suggests a face of Mtf1p
that is likely to be involved in interactionwith Rpo41p (Fig. 7A).
A schematic summarizing the interactions of Mtf1p and
Rpo41p with the promoter is presented in Fig. 7B.

We attempted to dock Rpo41p andMtf1p with the promoter
using the known structure of the T7 RNAP initiation complex
(IC), taking into account the genetic data on Rpo41p/Mtf1p
interactions noted above as well as the proximity of the C-ter-
minal region of Mtf1p with the �3/�4 region of the promoter
(this work). However, these modeling attempts resulted in
major steric clashes betweenMtf1p and elements in the N-ter-
minal domain of T7RNAP, including the intercalating loop and
possibly the AT-rich recognition loop (data not shown). We
propose that if these elements are present in Rpo41p, their ori-
entation and function in promoter recognitionmay be different
than in the T7 RNAP IC. Such a situation has recently been
observed in promoter recognition by the T7-like N4 virion

FIGURE 7. Interactions of Rpo41p and Mtf1p with the promoter. A, potential interface of Mtf1p involved in
interaction with Rpo41p. The positions of surface-exposed amino acids that were demonstrated to be critical
(dark blue) or important (light blue) for binding to Rpo41p (6) are superimposed on the structure of Mtf1p (PDB
code 1I4W). Two residues in this potential interface, Asp-248 and -251, that were shown to be important for
transcription activity in vitro are shown in red (20). A two-helix loop element that has been previously impli-
cated as the Rpo41p binding determinant (11) is shown in orange. The N-terminal and C-terminal domains are
highlighted in white and yellow, respectively, and the C-terminal fragment involved in contacts with the �3/�4
region of the promoter is shown in green. B, a diagram is shown of interactions of Rpo41p and Mtf1p with the
promoter. Rpo41p is indicated in pink; the interaction of the specificity loop (purple) with the �7 bp is indicated
(14). Mtf1p is indicated in green and brown; green denotes the C-terminal region that is involved in cross-linking
to the bases at �3 and �4 in the T strand. The figure is not to scale. The promoter DNA is drawn to depict the
melted region in the open complex from �4 to �2 (9) and a bent conformation consistent with previous
biochemical data (33). The colored dots indicate positions where 4-thio-dTMP residues cross-link with the
corresponding protein; blue indicates contacts with Rpo41p, and yellow indicates contacts with Mtf1p. The
sizes of the dots indicate the relative intensities of the cross-links.
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RNAP (24). There is also the possibility that additional mecha-
nisms are involved in promoter recognition and/or that these
elements are missing from Rpo41p and that their functions are
carried out by Mtf1p. Further cross-linking and mapping stud-
ies will be required to resolve this issue.
The results presented here indicate significant functional

similarities between Mtf1p and bacterial transcription initia-
tion factors and present an intriguing overlap in the initiation
strategies used by single- and multisubunit RNAPs. It is
thought that mitochondria evolved from an ancient bacterial
endosymbiont and that over timemany of the genes involved in
mitochondrial function were transferred to the cell nucleus,
leaving a small genome that encodes proteins with specialized
functions. Mtf1p is structurally related to a class of bacterial
rRNA methyltransferases such as B. subtilis ErmC� (11) and
E. coliKsgA (22).Othermitochondrial RNAPs also use proteins
that are related to methyltransferases as initiation factors. For
example, initiation by the human mitochondrial RNAP
requires eithermtTFB1ormtTFB2, both ofwhich are related to
KsgA (25, 26). Similar to the results reported here, it has
recently been found that the humanmtTFB2 also cross-links to
the mitochondrial promoter in an in vitro system (35), yet sur-
prisingly, it is the N terminus of mtTFB2 that cross-links to the
promoter versus the C terminus of Mtf1p (this work). Thus,
even though a methyltransferase-like protein has been
recruited as an initiation factor in both systems, the nature of
the protein and its interactions with the promoter are different.
The use of this class of proteins as initiation factors may reflect
a need to couple RNA synthesis and processing. Proteins with
dual functions are not unknown inmitochondrial transcription
systems and may reflect pressure to reduce the size of the
genome during evolution. For example, it has been shown that
the human mitochondrial RNAP is associated with mitochon-
drial ribosomal protein MRPL12 and that this protein modu-
lates the activity of the RNAP in vitro, suggesting a coupling of
transcription and translation (27). And it has recently been
found that the yeastmitochondrial DEADbox helicaseMss116,
which is involved in RNA processing and splicing, is associated
with the yeast transcription complex andmodulates the activity
of Rpo41p in vitro (15).
T7 and mitochondrial RNAPs are members of a structur-

ally related family of nucleotide polymerases that includes
DNA polymerase I and human immunodeficiency virus
reverse transcriptase. Members of the family share a con-
served catalytic core domain and mechanism of nucleotide
incorporation yet have distinct properties with regard to
template specificity. Although T7 RNAP is considered to be
the prototype of the RNAPs that are members of this family,
it is clear that there are multiple strategies for transcript
initiation within this group, some of which involve the use of
auxiliary factors, as observed in the unrelated multisubunit
RNAPs. The capture and use of other proteins to perform
auxiliary functions is also observed in other members of the
family; for example, T7 DNA polymerase (which is related to
polymerase I) uses the host protein thioredoxin to enhance
processivity (28). The evolution of this family of enzymes,
therefore, represents an intriguing example of adaptation
and differentiation at the molecular level.
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