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The cyclic interactions that occur between the subunits of the yeast mitochondrial RNA polymerase can serve
as a simple model for the more complex enzymes in prokaryotes and the eukaryotic nucleus. We have used
two-hybrid and fusion protein constructs to analyze the requirements for interaction between the single
subunit core polymerase (Rpo41p), and the o-like promoter specificity factor (Mtflp). We were unable to
define any protein truncations that retained the ability to interact, indicating that multiple regions
encompassing the entire length of the proteins are involved in interactions. We found that 9 of 15
nonfunctional (petite) point mutations in Mtflp isolated in a plasmid shuffle strategy had lost the ability to
interact. Some of the noninteracting mutations are temperature-sensitive petite (ts petite); this phenotype
correlates with a precipitous drop in mitochondrial transcript abundance when cells are shifted to the
nonpermissive temperature. One temperature-sensitive mutant demonstrated a striking pH dependence for
core binding in vitro, consistent with the physical properties of the amino acid substitution. The
noninteracting mutations fall into three widely spaced clusters of amino acids. Two of the clusters are in
regions with amino acid sequence similarity to conserved regions 2 and 3 of ¢ factors and related proteins;
these regions have been implicated in core binding by both prokaryotic and eukaryotic o-like factors. By
modeling the location of the mutations using the partial structure of Escherichia coli ¢”°, we find that two of
the clusters are potentially juxtaposed in the three-dimensional structure. Our results demonstrate that
interactions between o-like specificity factors and core RNA polymerases require multiple regions from both

components of the holoenzymes.
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The complex RNA polymerases of eukaryotes and pro-
karyotes require auxiliary factors specific for the initia-
tion phase of transcription. These factors associate with
the core polymerases to form holoenzymes competent
for promoter recognition, selective DNA binding, and
opening of the double-stranded DNA at the start site of
transcription. Shortly after initiation, the factors are re-
leased as the RNA polymerase makes the transition into
its elongating form. The factors associated with eukary-
otic nuclear RNA polymerase Il (Pol 1) before initiation,
and released shortly after transcription is initiated in-
clude TFIIB, TFIID, TFIIE, TFIIF, and TFIIH (Conaway
and Conaway 1993; Zawel and Reinberg 1995). In bacte-
rial cells, members of the family of o factors carry out
most of the functions of the many eukaryotic nuclear
factors (for review, see Helmann 1994). The interaction
of a o factor with the core polymerase alters the confor-
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mation of both the polymerase and the o factor to expose
amino acids critical for promoter recognition, and to al-
low the loading of the polymerase onto the DNA (Dom-
broski et al. 1993; Polyakov et al. 1995). Although much
has been learned about how o factors and other se-
guence-specific binding factors interact with DNA, rela-
tively little is known about the interactions of these fac-
tors with the subunits of core polymerases and how
these interactions influence conformational changes in
both components of the holoenzyme. In this work, we
have used the yeast mitochondrial RNA polymerase (mt
RNAP) as a simple model to examine the interaction
between a promoter specificity factor and a core poly-
merase.

The core mt RNAP is a single polypeptide encoded by
the nuclear gene RPO41. Rpo41p shares nine regions of
amino acid sequence similarity with the single subunit
RNA polymerases of the T7 and T3 bacteriophage (Mas-
ters et al. 1987; Jang and Jaehning 1994). These regions
include the amino acids known to be required for struc-
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ture and function of the catalytic domain of the phage
polymerases (Delarue et al. 1990; Sousa et al. 1993).
However, unlike the phage polymerases that function
independently, Rpo41p requires a specificity factor en-
coded by the nuclear MTF1 gene. Mtflp has only limited
amino acid similarity to o factors (Jang and Jaehning
1991), but functions in many ways like ¢ in that it is
required for promoter recognition and initiation of tran-
scription. Although Mtflp does not bind to its simple
nine-base promoter (consensus ATATAAGTA,; Osinga
et al. 1982) on its own, it interacts with the core poly-
merase in solution to create a holoenzyme capable of
promoter recognition (Mangus et al. 1994). Mtflp is re-
leased after a short transcript has been synthesized and is
available for interaction with a new core subunit, also
reminiscent of ¢ factors (Mangus et al. 1994). The mito-
chondrial RNA polymerase therefore undergoes the
same cycle of interactions as do the more complicated
prokaryotic and eukaryotic nuclear enzymes, but re-
quires only two polypeptides rather than the four to
more than 30 used in the more complex systems.

In this work we have investigated the requirements for
interaction between Mtflp and Rpo4lp. A comprehen-
sive deletion analysis of both proteins failed to identify a
simple interaction region, indicating that several regions
of both proteins may be involved in the protein—-protein
interactions. We have demonstrated that this is the case
for Mtflp by identifying three regions required for inter-
actions with Rpo41p. Two of these regions are similar to
regions of o-like factors shown to have a role in interac-
tions with the prokaryotic and eukaryotic core polymer-
ases. This analysis establishes the yeast mt RNAP as a
useful model for the analysis of protein—protein interac-
tions during the transcription cycle, and demonstrates
that core polymerase/accessory factor interactions in-
volve complex-binding surfaces on both components of
the holoenzyme.

Results

The interaction between Mtflp and Rpo41p can be
detected in two-hybrid constructs

The analysis of interactions between o-like factors and
core polymerases is complicated because of the number
of polypeptides in most core RNA polymerases. With the
two-component mitochondrial RNA polymerase it is
possible to use the powerful technique of two-hybrid
analysis (Bartel et al. 1993; Phizicky and Fields 1995) to
determine regions and/or specific amino acids of the
Rpo41p core and the Mtflp o-like specificity factor nec-
essary for protein—protein interactions. Although two-
hybrid analyses of proteins that normally interact in the
cytoplasm have been successful in the nuclear environ-
ment required for the technique, it was critical that we
establish that the relatively weak interactions between
the mtRNAP subunits (Mangus et al. 1994) could be de-
tected in two-hybrid constructs. Initially, full-length
polymerase subunits were tested for interaction in this
assay. Mtflp was fused to the LexA DNA-binding do-
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main, whereas Rpo41p was fused to the Vpl6 transcrip-
tional activator in vectors described by Hollenberg et al.
(1995; Materials and Methods). B-Galactosidase activity
was undetectable with the fusion constructs on their
own (except for a weak positive signal with the
LexA:Mtflp construct), or in combination with the un-
fused vector constructs. High levels of B-galactosidase
were only observed when the LexA:Mtflp construct was
present with the VP16:Rpo41p construct (see below).

Deletions of Rpo41p and Mtflp fail to identify a
discrete interaction region

Two-hybrid analyses have been used to delineate small
regions of proteins necessary and sufficient for protein—
protein interactions (Bartel et al. 1993; Phizicky and
Fields 1995). Therefore, we asked if deletion constructs
could be used to define the region of interaction between
the two proteins. As shown in Figure 1, several deletion
constructs were made for both Mtflp (Fig. 1A) and
Rpo41p (Fig. 1B) in two-hybrid vector backbones. The six
Mtflp deletions included three carboxy-terminal dele-
tions, one amino-terminal deletion, and two internal de-
letions. The two internal deletions removed amino acids
conserved with o regions 2.1 and 2.2. All constructs were
expressed in yeast cells and produced proteins of the pre-
dicted sizes (Fig. 2A; data not shown). Furthermore, the
deletion constructs were expressed at levels that were
equivalent to the full-length product (Fig. 2A). However,
none of the Mtflp deletion constructs showed any inter-
action, as measured by B-galactosidase activity, with the
core polymerase in this assay (data not shown). These
results suggest that it is not a single domain but multiple
regions of the folded structure of Mtflp whose contact
with Rpo41p is required to produce a stable interaction.

A similar analysis was conducted with Rpo4lp.
Rpo4lp is larger than its phage relatives and contains an
amino-terminal extension of (300 amino acids that has
no similarity to the phage polymerases (Masters et al.
1987). Because the phage polymerases do not require a
specificity factor, we have speculated that the amino-
terminal extension may have a role in the interaction
with the specificity factor (Jaehning 1993). To determine
if this sequence alone is capable of interacting with
Mtflp, we fused the amino-terminal sequence (amino
acids 1-311) of Rpo4lp to the Vpl6 activation region.
The amino-terminal fragment showed no interaction
with Mtflp by this analysis (data not shown). However,
this fusion construct was not detected in vivo by West-
ern blot analysis. Four additional Rpo41p constructs (Fig.
1B) were tested for interaction with Mtflp. Each of the
constructs accumulated in yeast cells (Fig. 2B), but none
was capable of interaction with Mtflp (data not shown).
Two constructs (Rpo41p1-597 and Rpo41p1-918) contain
the amino-terminal extension, but are unable to mediate
interaction with Mtflp. The carboxy-terminal polymer-
ase region, Rpo41p311-1351, is also incapable of inter-
acting with Mtflp. Mtflp may therefore interact with
amino acids in both the amino-terminal extension and
the polymerase domain.
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Figure 1. Two-hybrid deletion constructs. (A)
Mtflp deletions were fused to the LexA DNA-
binding region and tested for interaction with
a full-length Rpo41p two-hybrid construct . (B)
Rpo41p deletions were fused to the Vp16 acti-
vator region and tested for interaction with a
full-length LexA:Mtflp construct. Strains, vec-
tors, and protocols are described in Materials
and Methods. Numbers refer to amino acid po-
sitions retained in the constructs. Shaded
boxes in the full-length maps of MTF1 and
RPOA41 refer to regions conserved between o
factors and Mtflp (Jang and Jaehning 1991) or
between Rpo4lp and T7 RNA polymerase
(Masters et al. 1987; Jaehning 1993).

Isolation of point mutations in Mtflp that confer a
petite phenotype

Because deletions in Mtflp and Rpo41p failed to identify
discrete regions sufficient for interaction, we turned to
analysis of point mutations to identify specific residues
required for the interaction. Although MTF1 is not es-
sential for yeast cell growth, it is required for the stable
replication and transmission of the mitochondrial ge-
nome (Lisowsky and Michaelis 1988). Yeast strains lack-
ing functional Mtflp rapidly lose their full-length mito-
chondrial DNA, producing a petite phenotype that can-
not be complemented by the subsequent expression of
MTF1 (Jang and Jaehning 1991). Isolation of nonfunc-
tional MTF1 mutations therefore requires the use of the
plasmid shuffle technique where a plasmid bearing a
wild-type copy of the gene is used to cover a chromo-
somal mutation (Sikorski and Boeke 1991). A yeast
strain was created for this procedure as outlined in Fig-
ure 3.

For mutagenesis, MTF1 was amplified using low fidel-
ity PCR conditions to create random mutations through-
out the gene (Materials and Methods). The mutant frag-
ments were transformed into the recipient strain and
then grown on 5-fluoro-orotic acid (5FOA) to select for
cells that had lost the wild-type MTF1 plasmid with the
URA3 marker. The mtfl mutants were tested subse-
qguently for mitochondrial function by growth on a non-
fermentable carbon source. Strains that were unable to
grow on glycerol plates (petite), or unable to grow on
glycerol plates at 37°C temperature-sensitive petite (ts
petite) were collected for further analysis.

From 10,000 primary transformants, 22 petite and ts
petite mutants were identified and sequenced to deter-
mine the mutation responsible for the petite phenotype.
Six of the mutants contained nonsense codons, whereas
the other 17 mutants contained either single (6), double
(9), or triple (2) missense mutations (Table 1). Missense
mutations were identified between codons 40 and 247.
To increase the pool of single missense mutations, we

reconstructed many of the mutations as single point mu-
tations using site-directed mutagenesis. Oligonucleo-
tides based on the sequenced mutations were designed
for mutagenesis of the wild-type sequence (Materials and
Methods). The isolated single mutations were retested
using the plasmid shuffle to determine the effect of the
single mutations in vivo. Nine of the 10 reconstructed
mutations were either petite or ts petite when present as
single mutations (Table 1). Although not all of the iden-
tified mutations were reconstructed, we did isolate a
substantial pool of defective Mtflp mutations. In total,
15 petite or ts petite point mutations were identified.
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Figure 2. Confirmation of the expression of the two-hybrid
constructs. Two-hybrid fusion proteins were detected in ex-
tracts of whole-cell yeast grown at 30°C. Rpo41p fusion proteins
were visualized using an anti-Rpo41p antibody, whereas Mtflp
fusion proteins were detected with an anti-LexA antibody (Ma-
terials and Methods). Equal amounts of yeast cell extracts were
analyzed for each sample. (A) Mtflp carboxy-terminal deletion
constructs. (B) Rpo41p deletion constructs. (C) Mtflp point mu-
tations that are defective for interaction with Rpo4lp in the
two-hybrid system.
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Figure 3. Plasmid shuffle isolation of PCR-generated mtfl mu-
tants. Plasmids, strains, and protocols are described in Materials
and Methods. A haploid strain (yJH71) containing a single func-
tional copy of MTF1 on a plasmid was transformed with plas-
mids bearing mutant mtfl genes on a LEU2 selectable plasmid.
The transformants were plated onto glucose medium contain-
ing 5-FOA to select for the loss of the URAS3 plasmid bearing the
wild-type copy of MTF1. The mutant alleles were then tested for
Mtflp function by plating the cells on a nonfermentable carbon
source (YPG) . Petite and ts petite mutants were identified.

Transcription of all classes of mitochondrial genes is
reduced in ts mtfl mutants

It was possible that some of the defects in Mtflp func-
tion could be attributable to failure to recognize one or
more of the promoters in the mitochondrial genome. We
therefore analyzed patterns of mitochondrial transcrip-
tion at the permissive (30°C) and nonpermissive (36°C)
temperatures for several ts petite mtfl mutant strains
(Fig. 4; data not shown). Strains of yeast bearing the wild-
type or temperature-sensitive (L53H and 1154T) alleles of
MTF1 were grown in minimal glucose media at the per-
missive temperature and then shifted to the nonpermis-
sive temperature. Samples of yeast were collected at in-
tervals and total RNA was isolated, fractionated, and hy-
bridized with oligonucleotide probes specific for
mitochondrial 14S rRNA, mRNAs for the COB and
OLI1 genes, and the tRNAs for Glu, Serl, Trp, Thriacpy,
f-Met, and Phe, as well as the cytoplasmic 18S rRNA as
a normalization control. These genes represent 7 of the
12 known mitochondrial transcription units and include
several of the different promoter sequence variations
(Dieckmann and Staples 1994). Some of the hybridiza-
tion analyses are shown in Figure 4A and the quantita-
tion of these data are presented in Figure 4B.

Three conclusions can be drawn from the results in
Figure 4. First, mitochondrial gene expression is reduced
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significantly in the ts mutants relative to wild-type ex-
pression, even at the permissive temperature (Fig. 4A).
Because the strains bearing the mutant alleles of Mtflp
grow almost as well as wild type on glycerol medium,
mitochondrial function can be maintained apparently
with only 10%-20% of the wild-type level of mitochon-
drial transcripts. Second, there is a rapid decrease in mi-
tochondrial RNA abundance in both the wild-type and
mutant strains after the shift to the nonpermissive tem-
perature, but the mutants do not recover and RNA levels
decrease to almost undetectable levels (Fig. 4B).

Finally, the abundance of all mitochondrial transcripts
that we analyzed was reduced to a similar extent (Fig.
4A,B; data not shown). These mtfl mutations therefore
affect the transcription of all mitochondrial genes and
are not specifically defective for recognition of a subset
of mitochondrial promoters. Under the conditions used
in these assays, petites do not start to accumulate in the
mutant strains until about 24 hr after the shift to the
nonpermissive temperature (data not shown). During
this period the mutants maintained levels of mitochon-
drial DNA similar to those found in the wild-type strain
(data not shown). Therefore, the petite phenotype caused
by the mtfl mutations is caused by a defect in transcrip-
tion of mitochondrial genes, not by a rapid loss of mito-
chondrial DNA. This defect could be caused by failure to
interact with the core polymerase, inability to recognize
or bind to the mitochondrial promoter, or loss-of-func-
tion in other steps in initiation. In the following sections
we have tested these mutations for the first of these pos-
sible defects.

Some of the mtfl mutations no longer interact with
Rpo41lp in the two-hybrid assay

We introduced each of the point mutations into the two-
hybrid LexA fusion vector (Materials and Methods). Un-
like the deletion mutations described above, most (10 of
15) of the mutants retained the ability to interact with
Rpo4lp, as determined by qualitative production of -
galactosidase in filter assays (data not shown). However,
five of the 15 mutations (L53H, V135A, 1154T, S218R,
and D225G; see Fig. 5) were negative for B-galactosidase
production, indicating that they had lost the ability to
interact with Rpo41p. The inability of these mutants to
interact was not attributable to lowered or abolished ex-
pression of the fusion constructs, as all of the noninter-
acting mutants are expressed at levels equivalent to
wild-type (Fig. 2C). Because many of the petite MTF1
mutants were isolated as temperature-sensitive muta-
tions, we repeated the filter assays after growing cells at
37°C (data not shown). Two additional mutations (Y42C
and K157E) fail to interact at the nonpermissive tem-
perature.

When the qualitative assays were followed by quanti-
tative measurement of p-galactosidase activity, we
found that many of the petite mutations associate with
Rpo4lp at levels that are indistinguishable from the
wild-type protein (Fig. 5). However, consistent with the
filter assays the noninteracting mutants L53H, V135A,



Mapping interaction regions in Mtflp

Table 1. Petite and ts petite mutations identified by PCR mutagenesis of MTF1

Mutations Phenotype Mutations Phenotype
Nonsense single amino acid
K35Stop petite Y42C ts petite
Q60Stop petite L53H ts petite
K71Stop petite 1154T ts petite
R189Stop petite K157E ts petite
K203Stop petite S218R ts petite
1221K petite

Multiple amino acid

H44P/V135A petite
Y54F/E114V petite
R79H/M247T petite
159V/K71E/S81N petite
C192F/E233D ts petite
Q219R/D225G petite
S190P/L228S petite
K40R/Q60R ts petite
K67E/Y108N ts petite
Y68H/D104G/T134S ts petite
L82P/E141V ts petite

single amino acid
isolated from multiple

H44P ts petite
Y54F petite
R79H wild type
S81N petite
E114V ts petite
V135A ts petite
C192F ts petite
Q219R ts petite
D225G petite
L228S petite

Twenty-two petite or ts petite mtfl mutants were identified by a plasmid shuffle technique (Materials and Methods). Mutants
containing nonsense, missense, and multiple missense mutations were identified. Many of the multiple missense mutations were
isolated so that single mutations (shown in bold) could be analyzed separately.

1154T, S218R, and D225G produce no B-galactosidase
activity above background levels. We also identified two
mutants that have intermediate levels of interaction.
Mutant 1221K generates <50% and mutant H44P pro-
duces <25% of the B-galactosidase activity of the wild-

type construct. The two temperature-sensitive muta-
tions Y42C and K157E produce B-galactosidase at levels
that are equivalent to the wild-type protein at their per-
missive temperatures (30°C and 23°C, respectively), but
are reduced severely in interaction at their nonpermis-
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Figure 4. Ts mtfl mutants are defective
in all classes of mitochondrial gene tran-
scription. Wild-type (wt) and ts petite
strains bearing mtfl mutations L53H and
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1154T were grown in minimal glucose
medium at 30°C and shifted to 37°C. Total
RNA was harvested from cells immedi-
ately before and at the indicated time in-
tervals after the shift to the nonpermissive
temperature. (A) Blots of the isolated
RNAs were hybridized with labeled 14S
rRNA, COB, or tRNATHRACN) gligonucleo-
tide probes to analyze the abundance of mi-
tochondrial transcripts. (B) Hybridization to
the blots was quantitated by Phosphorim-
ager analysis to directly compare levels of
transcripts. The blots were hybridized to an
18S rRNA oligonucleotide probe to normal-
ize for loading and transfer. Strains, plas-

10 15 #  mids, and protocols are described in Mate-
Time (hrs) at 35° C rials and Methods.
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Figure 5. Identification of point mutations
in Mtflp that fail to interact with Rpo4lp.
B-Galactosidase activity is shown for the
LexA:Mtflp construct alone and the
LexA:Mtflp construct with the VP16:Rpo41lp
construct. Interaction between the Mtf1p mu-
tants and Rpo4lp was determined for cells
grown at 30°C (shaded bar). Activity for ts mu-
tants Y42C and K157E is also shown for cells
grown at 37°C (hatched bar) or 23°C (cross-
hatched bar), respectively, to demonstrate the
temperature-sensitive nature of the interac-
tion. B-Galactosidase activity is expressed in
Miller units (Miller 1972).
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sive temperatures (36°C and 30°C, respectively). In all,
nine mtfl mutations are fully, partially, or conditionally
defective for interaction with the core polymerase.

Confirmation of the two-hybrid analyses with
biochemical association assays

To confirm the two-hybrid data we used a biochemical
affinity assay (Mangus et al. 1994) to demonstrate that
Rpo41p and Mtflp interact in solution in the absence of
DNA. For this assay the mtfl mutants were fused to
glutathione S-transferase (GST) and mutant and wild-
type Mtflp-GST fusions were bound to a glutathione
agarose column (Materials and Methods). A whole-cell
yeast extract containing Rpo41p was loaded onto the fu-
sion protein columns that were washed subsequently
and step-eluted to release any Rpo41p that had bound to
the Mtflp fusions on the columns (Materials and Meth-
ods). Rpo41p that was bound to and eluted from the col-
umns was detected by an anti-Rpo41p antibody (Mangus
et al. 1994).

As shown in Figure 6, the column chromatography
results confirm the two-hybrid observations. As con-
trols, the wild-type fusion and two interacting mutants,
S81N and E114V (Fig. 6; data not shown) were tested for
interaction. Rpo41p bound efficiently to all three fusion
constructs. Consistent with the two-hybrid results,
Rpo41p showed little ability to bind to the noninteract-
ing mutants V135A and S218R (Fig. 6). Noninteracting
mutants L53H, 1154T, and D225G also show no Rpo41p
binding in this assay (data not shown). Mutants H44P
(Fig. 6) and 1221K (data not shown) show intermediate
levels of interaction with Rpo41p in this assay, consis-
tent with the intermediate interaction observed in the
two-hybrid assay (note B-galactosidase units in parenthe-
ses in Fig. 6). Additionally, mutant K157E, which is tem-
perature-sensitive for interaction in the two-hybrid sys-
tem, exhibited intermediate binding in this assay (data
not shown).
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In contrast to the results with the other conditional
and partially defective mutants, the Y42C fusion protein
did not interact at all with Rpo41p under the conditions
of this assay (Fig. 7, top). The buffers used in all of the
binding assays shown in Figure 6 contain Tris and are
buffered to a pH of 7.9 at room temperature, which is pH
8.3 at the 4°C temperature used for the binding assay.
Although the pH of the yeast mitochondrion has not
been reported, it seemed likely that the in vivo pH ex-
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Figure 6. Biochemical confirmation of the noninteracting
Mtflp mutations. GST fusion constructs of wild-type and the
indicated mutant Mtflps were isolated by glutathione agarose
chromatography. Whole-cell yeast extracts containing Rpo41p
were loaded onto the GST-Mtflp columns. The columns were
washed to eliminate nonspecific binding, then step-eluted to
release Rpo4lp bound to the column. Rpo4lp in the input,
wash, and elution column fractions was detected by Western
blot analysis using an anti-Rpo41p antibody. Protocols are de-
scribed in Materials and Methods. The percentage of two-hybrid
interaction relative to wild-type Mtflp (from Fig. 5) is shown in
parentheses for each mutant.
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Figure 7. High pH inhibits the interaction of ts petite mutant
Y42C with Rpo41lp. The GST-Mtflp fusion construct bearing
mutation Y42C was isolated and tested for interaction with
Rpo41p as outlined in the legend to Fig. 6. The columns and the
whole-cell yeast extract containing Rpo41lp were equilibrated
with buffers of either pH 8.3 (as shown in Fig. 6) or pH 7.3.
Protocols for the detection of Rpo41p in the eluted fractions are
described in Materials and Methods.

perienced by the Y42C mutation in the nucleus for the
two-hybrid assay or in the mitochondrion for the
complementation assay could be significantly lower
than pH 8.3. In addition, the change from tyrosine to
cysteine alters the residue from hydrophobic to a poten-
tially charged amino acid; the pK of cysteine is in the
range of 8-9 depending on context (Walsh 1979). We
therefore repeated the binding assay at pH 7.3 to deter-
mine if partial deprotonation of the cysteine residue had
reduced binding to Rpo41p at the higher pH. As shown in
Figure 7 (bottom), at pH 7.3 the Y42C mutant interacts
with Rpo41p at levels equivalent to wild type. Further-
more, when this mutant is isolated at the nonbinding pH
(pH 8.3) it still retains the ability to interact with Rpo41p
when it is shifted to pH 7.3 (data not shown). Binding of
the wild type and other mutant Mtflp constructs is in-
distinguishable at the two different pHs (data not
shown). The simplest explanation of these data is that
partial negative charge on the deprotonated cysteine resi-
due directly reduces the affinity of the mutant Mtflp for
Rpo41lp. The reversible nature of the interaction is fur-
ther support of the fact that these point mutations are
not unfolded or unstable proteins—they have simply lost
the ability to bind to Rpo41lp at levels detectable in our
assays or sufficient for transcription in vivo.

Discussion

In this work, we have confirmed further the functional
homology of the mitochondrial RNA polymerase speci-
ficity factor, Mtflp, with the large family of prokaryotic

Cluster A Cluster B Cluster C
L53H x K157E x x D225G
H44P x I154T x x I221K
Y42C x V135A x X S218R
2.1 2.2 23 24 3

Y54F x Cl92F x
S81N x Q219R x
E114V x L228S x

I

Petite Mutations that
Interact with Rpo41p
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and eukaryotic nuclear o-like factors. Despite the lim-
ited amino acid sequence similarity between many of
the members of this family, there are many shared func-
tions (for review, see Helmann and Chamberlin 1988;
Helmann 1994) including roles in suppression of nonspe-
cific interactions with DNA, selective promoter se-
guence recognition, promoter melting, and, as described
in this work, interactions with the core RNA polymer-
ase. The mutational strategy (PCR mutagenesis and plas-
mid shuffle screening) used in our studies resulted in the
identification of a large number of petite and ts petite
mutations useful for delineating the functional regions
of Mtflp. As shown in Figure 8, these mutations span
much of the length of the MTF1 gene. The mutations
that affect interactions with Rpo4lp are shown above
the linear map of the gene; the nine mutations fall in
three discrete clusters that we have designated A, B, and
C. Below the map are the six petite mutations that retain
the ability to interact with Rpo41p. In several cases, the
two classes of mutants are closely apposed.

Additional mutations in Mtflp have been identified
using a site-directed mutagenesis approach (Shadel and
Clayton 1995). Although only three of the 14 mutations
created in that study resulted in a petite phenotype, the
position of the nonfunctional alterations confirmed that
the regions of similarity with o factor were essential for
Mtflp function. Our collection of 15 point mutations
serves to establish further the importance of these con-
served regions. Ten of the 15 petite mutations lie in the
conserved regions identified previously (Fig. 8). The five
mutations not localized to the conserved regions lie in
the areas between regions 2.1/2.2 and 2.3/2.4, and be-
tween regions 2 and 3 (Fig. 8). Although we did not iden-
tify point mutations in the region carboxy-terminal to
conserved region 3, there are likely to be additional es-
sential residues in this part of the protein based on the
deletion analysis reported by Shadel and Clayton (1995).
They found that an additional 30 or more amino acids
carboxy-terminal of region 3 were required for full func-
tion of Mtflp.

One of our point mutations (Y42C) is in the same po-
sition identified as important by Shadel and Clayton
(1995); another (L53H) is immediately adjacent to a mu-
tation identified in that study (D52A). The fact that the
adjacent ts petite mutant Y54F still interacts with the
core (Fig. 5) means that we cannot predict whether the
D52A mutation is defective for interaction or another
step in the transcription reaction. This region of the pro-

Mutations Affecting
Rpo41p Interaction

Figure 8. Position of Mtflp mutations that af-
fect interactions with Rpo41p. Noninteracting
Mtflp mutations cluster in three regions desig-
nated A, B, and C. Regions with amino acid
sequence similarity to o factors are shaded
(Jang and Jaehning 1991).
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tein therefore appears to have two distinct functions
closely interdigitated in the folded structure. It is inter-
esting that both mutations at amino acid 42 (Y42C and
Y42R) result in a ts phenotype in vivo (Table 1; Shadel
and Clayton 1995). Because we have shown that the
Y42C mutation affects core interactions, this is probably
also the defect for the Y42R mutation. In an in vitro
binding assay we can correct the defect of the Y42C mu-
tation by lowering the pH to create the uncharged form
of cysteine (Fig. 7). The fact that both mutations are ts in
vivo may therefore reflect alterations in pH or ionic en-
vironment in the mitochondrion that occur at elevated
temperature. Under these altered conditions, a charged
residue (cysteine or arginine) at position 42 does not sup-
port interactions with the core.

We found that the temperature shift dramatically de-
creases mitochondrial transcription even when wild-
type Mtflp is present. When Mtflp is replaced by a ts
noninteracting mutation (I1154T or L53H), abundance of
all classes of transcripts drops rapidly at the elevated
temperature and does not recover to levels that support
mitochondrial function. The fact that the reduction was
similar for all the promoters we examined is consistent
with the idea that the subunits of the holoenzyme could
no longer interact in the altered conditions of the mito-
chondrion at the nonpermissive temperature.

We have not confirmed directly that RNA synthesis
shuts off at the nonpermissive temperature. However,
our observation that mitochondrial DNA levels do not
change during the several cell generations represented by
the extended time course of the experiment indicates
that the decrease in transcript abundance is not attrib-
utable to a loss of template. This observation also calls

Figure 9. Alignment of the cluster A muta- A
tions with known core interaction regions of o
and o-like factors, and location of this region on

7P 1
the structure of ¢’°. (A) Core-binding regions ;-9 e
identified in o’ [amino acids 361-417 (Lesley GE  Egvic

and Burgess 1989)], ¢°2 [amino acids 35-91 (Joo
et al. 1997)], o€ [amino acids 44-100 (Schuler et Mitp
al. 1995)], Rap30 [amino acids 105-160 (Mc-

Cracken and Greenblatt 1991)], Mtflp [amino

acids 9-66 (this work)] and ¢°* [amino acids B
175-193 (Tintut and Gralla 1995)] are shown. A
30-amino-acid peptide from ¢’° with affinity for

core polymerase (Lesley and Burgess 1989) is

shown by a broken line above the ¢”° sequence.

The position of mutations that reduce interac-

tion with core polymerase are shown in green

for of, 02, and ¢4, and in red for Mtflp. Col-

ored shading is used to indicate similarity be-

tween the amino acid sequences. (B) The loca-

tions of the noninteracting mutations shown in

A are highlighted on the structure of region 2 of

o’° as determined by Malhotra et al. (1996) us-

ing Insightll (Biosym, San Diego, CA). The

Mtflp noninteracting cluster A mutations are

RAP30) siec:

into question the hypothesized role of the mtRNAP in
replication of mitochondrial DNA (Clayton 1991). If, as
we have shown, the mutated enzyme is nonfunctional
for the synthesis of all classes of transcripts, how can it
still be active for primer synthesis? This view is consis-
tent with the work of Fangman et al. (1990), who have
shown that mitochondrial DNA can be replicated in the
absence of functional Rpo41p.

Comparison to the core interaction regions of o
factors: cluster A mutations/conserved region 2

Previous studies of the core interaction regions of bacte-
rial ¢ factors have demonstrated clearly that amino acids
in conserved regions 2.1 and 2.2 are of critical impor-
tance (Shuler et al. 1995; Tintut and Gralla 1995; Joo et
al. 1997). The amino acid sequences of these regions of
Escherichia coli ¢”° and ¢*2, and Bacillus subtilis o< are
shown in Figure 9A aligned with Mtflp. Also included
are a region of the human RAP30 subunit of RNA Pol Il
factor TFIIF shown to be protected when in a complex
with the bacterial core RNA polymerase (McCracken
and Greenblatt 1991), and a short region of E. coli o°*
demonstrated to be important for core interactions (Tin-
tut and Gralla 1995).

Although no point mutations of ¢’° have been re-
ported that abolish core interactions, Lesley and Burgess
(1989) identified several deletions that decreased core
binding. A deletion that encompassed region 2.1 had the
most deleterious effect, and a synthetic peptide spanning
this region (indicated by the broken line in Fig. 9A) was
found to bind to core polymerase (Lesley and Burgess
1989). However, this peptide also bound with similar

2.1 L 22
_______________ |
ATGEE FAAARA HEENY ERNLE LYVIAT AFKEYT WR.GL QFLOL IQEGH IGHLE AYD
FidTHE GDLEA AETLE LAHLR FUVWHE RESIYA OF.(E: PFOAOL TOREGH IJLHE AVR
KELIH SDORA BALLI ERMLA EVYE AKEFE WT. 0 RIEDL IALOT JTGLTE AV

EQFA ECAPA ASERY MALER LOTEE SSK.I' YA.LS OQLOE YWITH YEIMFVA HHOD
LEFFY GFEYL WEFTY YHEIF DELDL TETYE IFEEL FVLOL YPOVGE IQSRI FEN
a™ v BMTE AICEF TPFVOYV AAN

shown in red. Positions required for interaction in ¢, 032, and o> are shown in green. Note that the carboxyl terminus of region 2.4
(marked with an arrow) is brought close to the position of the noninteracting mutations in regions 2.1 and 2.2 in the three-dimensional

structure.
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affinities to the holoenzyme form of E. coli RNA poly-
merase and to ¢’° (Lesley and Burgess 1989). Severinova
et al. (1996) have extended these observations using a
tryptic fragment of ¢’°. They found that a fragment en-
compassing part of region 1 and most of conserved region
2 (amino acids 114-448) bound to the core polymerase.
Binding by this fragment is specific, as full-length ¢°
was able to compete with the fragment for core binding.
However, the fragment binds core with an affinity 30-
fold lower than full-length ¢”°, suggesting that other re-
gions also make important contributions to core binding.

Recent work has focused on regions 2.1 and 2.2 of o
factors to identify individual residues critical for core
interactions. Shuler et al. (1995) screened site-directed
mutations in regions 2.1 and 2.2 of B. subtilis ¢ and
identified two point mutations (highlighted in Fig. 9A)
that interfered with core interactions. Tintut and Gralla
(1995) noted that although ¢®* and o”° share very little
amino acid sequence similarity, a short motif can be
found in both proteins. Mutagenesis of this region of ¢>*
resulted in the identification of the residues highlighted
in Figure 9A as critical for core interactions (Tintut and
Gralla 1995). Joo et al. (1997) found that a mutation in
region 2.2 in o2 reduces affinity for the core polymerase.
Note that the mutations identified in these screens
(shown in green) flank the highlighted mutations in clus-
ter A of Mtflp (shown in red), and in one case, identify
the same position in the alignment. Although some of
the noninteracting mutations do overlap the original
synthetic peptide of Lesley and Burgess (1989), it is clear
from this comparison that core interaction requires
many amino acids in regions 2.1 and 2.2 in addition to
those included in the peptide. This conclusion is consis-
tent with predictions made by Gribskov and Burgess
(1986) and Helmann and Chamberlin (1988) based on the
high level of amino acid sequence conservation in these
regions of the bacterial o factors.

The bacterial o factors and the eukaryotic nuclear fac-
tor RAP30 (McCracken and Greenblatt 1991) all form
complexes with the bacterial core polymerase. As shown
in Figure 9A, the amino acid sequence of this region of
the different proteins has not been highly conserved. It is
possible, however, that structural elements of the inter-
action region are similar. We have used the recently re-
ported structure of a portion of ¢’° (Malhotra et al. 1996)
to model the position of the cluster A noninteracting
mutations from Mtflp as well as the region 2.1 and 2.2
mutations of ¢33, ¢F, and ¢®*. As shown in Figure 9B, the
highlighted positions define a structural domain includ-
ing the helical region of 2.1 and a turn or bend connect-
ing this element to helical region 2.2.

It is of course difficult to predict the structure of these
other o-like factors accurately, especially as there are
some single amino acid insertions and deletions in the
region to be modeled (Fig. 9A). It is however of interest to
note the location of the tyrosine residue at an accessible
position near the beginning of the turn. We have shown
that in Mtflp, the ionization state of this residue in the
Y42C mutation is critical for interaction. Most ¢ factors
have a bulky hydrophobic residue in this position (Lon-
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etto et al. 1992). The fact that ¢>* and RAP30 do not
share this residue (Fig. 9A) indicates that the determi-
nants for binding are more complex than simple inter-
actions between single amino acids.

Cluster B mutations

The reported structure of o’° only extends to the car-
boxyl terminus of region 2 (Malhotra et al. 1996), so the
additional noninteracting mutations in clusters B and C
(Fig. 8) cannot be modeled relative to the cluster A mu-
tations in region 2. However, as indicated by the arrow in
Figure 9B, the folded structure does bring the carboxyl
terminus of the region 2.4 helix into close juxtaposition
with the region 2.1/2.2 interaction domain. This means
that the noninteracting mutations that we identified in
cluster B are probably very close to those in cluster A in
the folded structure. Although there is no obvious amino
acid sequence similarity between this region of Mtflp
and the o factors (Jang and Jaehning 1991), common
structures may exist. The amino acid differences may be
important for the selective interactions with different
types of core polymerases. Because none of the original
deletion mutations tested by Lesley and Burgess (1989)
selectively removed this part of the protein between re-
gions 2 and 3, this question has not yet been addressed.

Cluster C mutations/conserved region 3

The third cluster of mutations identified in our screen lie
in conserved region 3. All of these mutations (S218R,
1221K, and D225G) are interposed very closely with pe-
tite mutations that retain the ability to interact with the
core (Q219R and L228S). The spacing between these mu-
tations indicates that they may define two important
surfaces (potentially faces of a helical or sheet structure),
one of which is critical for core interactions and the
other required for another essential function. There is
precedent for amino acids in region 3 also having a role
in core interactions. Lesley and Burgess (1989) described
one deletion that removed region 3 and reduced core in-
teractions by a factor of 5 in vitro. In addition, Zhou et al.
(1992) reported that a small deletion in o2 reduced sig-
nificantly the affinity for the core polymerase. Com-
bined with the fact that we were unable to define dele-
tions of either Rpo41p or Mtflp that retained the ability
to interact in vivo, all of these observations strongly sup-
port a model of a complex interaction surface created by
distant regions in the amino acid sequence brought to-
gether in the folded structure. Because our mutagenesis
was not exhaustive, it is possible that even more than
the three regions that we have identified are important
for interactions.

Interaction regions in the core polymerase

There is currently no information on the particular resi-
dues or regions of any core polymerase required for factor
interactions. ¢”° has been shown to make contacts with
all of the subunits of the core [B, B’, and « (Coggins et al.
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1977; McMahan and Burgess 1994; Greiner et al. 1996)].
It is probable that the eukaryotic nuclear o-like factors
also make contacts with more than one subunit of the
core. The RAP30 and RAP74 subunits of TFIIF each con-
tain core interaction regions in support of this idea (Mc-
Cracken and Greenblatt 1991; Wang and Burton 1995).
Although the analysis of interaction elements of the
single subunit Rpo41p core should be simpler than for
the multisubunit enzymes, our analysis of deletion mu-
tations in Rpo4lp (Fig. 2) support the idea that these
interaction elements will encompass several widely
spaced regions in the RPOA41 gene. It will be interesting
to ultimately determine if these elements share any
amino acid sequence or structural similarity with ele-
ments in the multisubunit prokaryotic and eukaryotic
core polymerases. These studies could help to elucidate
the origins of this unusual RNA polymerase.

Although there are as yet no identified homologs of
the yeast MTF1 gene, it appears that most eukaryotes do
possess an Rpo41p-type mitochondrial core polymerase
(Cermakian et al. 1996; Chen et al. 1996; Tiranti et al.
1997). The analysis of the interaction regions in the
single polypeptide enzymes could therefore eventually
explain the alterations that caused the phage-related pro-
teins to lose the ability to recognize a promoter on their
own and to substitute a required accessory factor. The
conservation of structures and functions among the
RNA polymerases of phage, bacteria, and the eukaryotic
nucleus and mitochondrion will allow observations of
the relatively simple mitochondrial RNA polymerase to
guide further experiments with the multisubunit as well
as the single polypeptide enzymes.

Materials and methods
Media and genetic methods

Standard media such as YP medium containing 2% of either
glucose (YPD) or glycerol (YPG), synthetic complete medium
(SC) lacking the appropriate amino acids, and sporulation me-
dium were prepared as described by Guthrie and Fink (1991).
5-FOA medium was prepared by adding 5-FOA to synthetic me-
dium at a concentration of 500 mg/liter (Sikorski and Boeke
1991). Yeast cells were transformed using the lithium acetate
method (Ito et al. 1983). Mating, sporulation, and dissection
were carried out by standard methods (Guthrie and Fink 1991).

Two-hybrid plasmid constructs and assays

MTF1 was cloned as a 1.0-kb EcoRI fragment from pJi525 (Man-
gus et al. 1994) into the corresponding site of pBTM116 (Bartel
et al. 1993) to create plasmid pJi832. Insert orientation was con-
firmed by restriction enzyme analysis. For mutant mtfl con-
structions, pJi832 was digested with Nsil and religated to pro-
duce an internal deletion of 101 bp. The resulting plasmid was
digested with either Aflll and Mscl or Aflll and Pstl. The frag-
ments were treated with shrimp alkaline phosphatase. mtfl
mutations created by site-directed mutagenesis in pBluescript
SK(+) were digested with Aflll and Pstl (vector sequence) and
ligated to pJi832. mtfl mutants isolated as single point muta-
tions (1221K, L53H, 1154T, and S218R) were digested with Aflll
and Mscl, and ligated to the corresponding digest of pJi832. Re-
sulting plasmids were tested by restriction analysis to confirm
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the replacement of the mtfl deletion with the point mutation
constructs. Mutants Y42C and K157E were first cloned into
pBluescript SK(+), then the Aflll to Pstl fragments were cloned
into pJi832.

Two-hybrid deletion constructs

For carboxy-terminal deletions, plasmid pBTM116 was digested
with EcoRI and Smal. The vector was dephosphorylated with
shrimp alkaline phosphatase (U.S. Biochemical), then separated
by electrophoresis on an agarose gel and extracted from the gel
using Qiaex beads (Qiagen). The vector was ligated to the fol-
lowing MTF1 fragments of pJi525. For the Mtflpl-224 con-
struct, the EcoRI to BamHI fragment of MTF1 from pJi525 was
used as the insert. The EcoRI to Bglll fragment of this same
vector was used for the Mtf1p1-296 construct. And finally, the
EcoRI to Xmnl fragment was used to clone the Mtflp1-315
construct. Inserts were prepared as follows. pJJ525 was digested
with either BamHI, Bglll, or Xmnl. Blunt ends were then cre-
ated by filling in the overhang with Klenow (New England Bio-
labs) followed by digestion with EcoRI. Fragments were sepa-
rated by electrophoresis through 0.8% agarose gels and purified
using Qiaex beads (Qiagen). For the amino-terminal deletion
(Mtf1p52-341) a Scal to Pstl (partial Scal digest) fragment from
pJJ525 was inserted into the Smal and Pstl sites of pPBTM116.
Vector and insert were prepared as described above.

Rpo41p two-hybrid constructs were prepared using RPO41
fragments generated from the following PCR primers. Restriction
sites in the primers are underscored: NOTI-5', 5'-CAGGCC-
TGCGCGGCCGCAGATGCTGAGACCGGCCTATAAATC-3;
NOTI-3’, 5'-GCGGATCCGGGCGGCCGCGAAAAAATATTG-
ACTGTTTCTCAATAC-3’; 5'-318, 5-GCCGCCGCGGATC-
CACGGTTCAACAGAAGTCTTG-3'; BAM-HI-5', 5'-CGCGG-
GATCCTGATGCTGAGACCGGCCTATAAATCGC-3'; 3'-311,
5'-CGAAGAGGATCCAAGGAAGG-3'; 3'-597, 5'-GCGCGGA-
TCCTAATACTCTGAGGC-3'.

The PCR fragments were cloned into TA cloning vectors
(PGEMT, Promega; pCRII, Invitrogen) and then digested with
the appropriate enzymes for cloning. Insert fragments as well as
vector fragments were separated by electrophoresis and purified
as described above. The Rpo41p1-1351 insert was prepared by
the amplification of an RPOA41 plasmid using the NOTI-5’ and
NOTI-3’ primers. The insert was created by a Notl digest and
cloned into the corresponding site of pVP16 (Hollenberg et al.
1995). The Rpo41p1-311 insert was prepared using the BAMHI-
5" and 3'-311 primers. The insert was created by a BamHI di-
gestion and ligated into the BamHI site of pVP16. Primers 5'-
318 and NOTI-3' were used to amplify the Rpo41p318-1351
insert. The insert was cloned into the BamHI and Notl sites of
pVP16 after digestion with the same enzymes. The Rpo41pl-
918 insert was created by digesting the Rpo41p1-1351 clone
with Notl and Mscl. The fragment was ligated to pVP16 that had
been digested with EcoRl, filled in with Klenow to make blunt
ends, then digested with Notl. The Rpo41p318-597 insert was
created with the 5'-318 and 3’-597 primers. The insert was
cloned into the BamHI site of pVP16. The Rpo41pl-597 frag-
ment was amplified with the BAMHI-5" and 3'-597 primers. The
insert was created by partial digestion with BamHI (there is a
BamHI site in the Rpo41p sequence) and ligated to the corre-
sponding site of pVP16. Two-hybrid constructs containing LexA
and VP16 fusions were transformed into yeast strains AMR70
and L40, respectively (Hollenberg et al. 1995). To test the con-
structs for interactions, the haploid strains were mated and dip-
loids were selected on Ura-, Trp-, Leu— medium. The strains
were tested initially for -galactosidase production by filter lift
assays (Breeden and Nasmyth 1985), and for growth on plates




lacking histidine and containing 5 mm 3-aminotriazole (Phi-
zicky and Fields 1995). For quantitative assays, strains were
grown to mid-log phase in selective medium and B-galactosi-
dase activity was assayed in permeabilized cells (Miller 1972).

Plasmid and strain construction for the MTF1
plasmid shuffle

Plasmids pJH118, pJH121, and pJH124 were constructed by in-
serting a 1.5-kb EcoRI fragment containing the promoter and
entire coding sequence of MTF1 (Mangus et al. 1994) into the
EcoRI site of pUC18, pUC7, and pBLUESCRIPT SK(+). Plasmids
pJH119 and pJH142 were made by cloning this EcoRI fragment
into the URA3" vector YCplac33, and LEU2* vector YCplacl111
(Gietz and Sugino 1988), respectively. To construct plasmid
pJH133, a 3.8-kb Bglll-BamHI fragment bearing a 3.8-kb hisG-
URAZ3-hisG cassette was isolated from plasmid pNKY51 (Alani
et al. 1987), and was inserted into the Bglll site of plasmid
pJH121, disrupting the MTF1-coding sequence.

The isogenic diploid yJH60 was made by crossing yJH58
(MATa his4A309 ura3-52 ino01-13 leu2-3,112) and yJH59 (MAT«
his4A309 ura3-52 inol1-13 leu2-3,112). The heterozygous MTF1/
mtfl::hisG-URA3-hisG strain yJH61 was made from yJH60 by
one step gene replacement (Rothstein 1983) of the 5.3-kb EcoRl
fragment from pJH133. Strain yJH64 was made by selecting for
loss of the URA3 gene from the heterozygous MTF1/mtfl
yJH61 on 5-FOA medium. To construct recipient strain yJH71,
strain yJH64 was transformed with pJH119 containing a func-
tional MTF1 gene and the resulting transformants were sporu-
lated to generate mtfl:hisG (pJH119) haploid progeny whose
genotype was tested on both YPG and 5-FOA media. All strain
constructions were confirmed using a 1-kb EcoRI fragment of
pJH117 (pJJ517) as an MTF1 probe.

PCR-based mutagenesis and isolation of mtfl mutants

Mutagenic PCR was performed essentially as described previ-
ously (Leung et al. 1989) to generate in vitro random mutations
of MTF1. Plasmid pJH118 containing a 1.5-kb EcoRI fragment of
MTF1 was used as a DNA template. A 17-mer of universal se-
guencing primer and a 23-mer oligonucleotide, 5-CACAG-
GAAACAGCTATGACCATG-3’, encompassing the reverse se-
guencing primer were used as primers. The PCR reactions con-
tained 30 mm Tricine at pH 8.4, 10 ng of pJH118, 0.2 mm dNTPs,
7 mm MgCl,, 0.5 mm MnCl,, 20 pmoles of each primer, 5 mm
B-mercaptoethanol, 0.01% gelatin, 1 unit of Taq polymerase
(the gift of N. Pace, Indiana University). Reactions were done in
100 pl and preheated to 92°C for an initial denaturation step
followed by 30 cycles. The PCR-amplified fragment was puri-
fied by electrophoresis on a 0.7% agarose gel and used for the
introduction of mutations into yeast with the plasmid pJH142
gapped with BamHI. The gap-duplex recombinant mutagenesis
was performed as described by Muhlrad et al. (1992). Yeast
strain yJH71 was transformed to Leu® with 500 ng of PCR-am-
plified fragment and 100 ng of gapped pJH142. Approximately
10,000 individual Leu* transformants were plated on 5-FOA
plates to select those that lost pJH119 containing the functional
MTF1 gene. 5-FOA resistant Leu® transformants were screened
for loss of mitochondrial function caused by mtfl mutations in
plasmid pJH142 by plating them on both YPD and YPG media.
The replica plates were subsequently incubated at 30°C and
37°C for 3-6 days. Strains that did not grow on YPG medium at
30°C were isolated as mtfl mutants, and those that grew on
YPG medium at 30°C but not 37°C were also isolated and re-
tested for the conditional phenotype. Mutated plasmids were
recovered, passaged through E. coli, and sequenced by the
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Sanger dideoxy method (Sanger et al. 1977). To ensure that the
mtfl mutant alleles were responsible for the observed pheno-
types, the recovered plasmids were transformed into yJH71 fol-
lowed by 5-FOA selection. When the recovered alleles con-
tained multiple point mutations, oligonucleotide-directed mu-
tagenesis reactions were performed to isolate the corresponding
single point mutations. The mutagenic oligonucleotides were
designed so that each alteration in coding sequence was accom-
panied by a silent mutation altering a restriction site: H44P,
5'-ATAAACCTCCAGAAGAATTGAAGGTACT-3', delete Scal;
V135A, 5'-TTTCTAACAGCTGCTAATGT-3', add Pvull; L228S,
5'-ATGGGACCCCATTTCATTTAG-3', delete BamH]I; S81N,
5'-GAAAAACGATCGAATCTCTACAA-3', add Pvul; E114V,
5-ATCTAATCGATGTAGAGCGA-3', add Clal; Y54F, 5'-GA-
AAGTGCTTGACCTCTTCCCTGG-3', delete Scal; D225G,
5-AAGAATGGGGTCCCATTTT-3', delete BamHI; C192F,
5'-CTAGATCTAAATTTTCAGTA-3’, add Bglll; Q219R, 5'-
GATAGTCGATGTATAGAAG-3', delete Nsil; R79H, 5'-AGA-
AAAACACTCGAGTCTCT-3', add Xhol; D2.1, 5'-CAATA-
AAATCTTTAAACATCCAGAAGAA-3', delete 34-42, add
Dral; D2.2, 5'-CCAGAAGAATTGAAGATCTTTTATAATAAA-
3’, delete 50-62, add Bglll.

Uracil-containing single-stranded DNA was produced from
plasmid pJH124 in E. coli strain CJ236 [dut ung (Kunkel et al.
1987)]. Each mutagenic oligonucleotide was phosphorylated
with T4 polynucleotide kinase and used separately in in vitro
mutagenesis reactions. The resulting mutated DNAs were used
to transform E. coli strain NM522 [dut ung (Kunkel et al. 1987)]
to select for the mutated plasmids. Each mtfl mutation was
confirmed by sequencing and subcloned into the EcoRlI site of
YCplacll1l to give individual constructs and retested in yJH71
as noted above.

RNA isolation and analysis

Yeast were grown to mid-log phase, collected by centrifugation
and frozen as pellets in liquid nitrogen. Yeast total RNA was
isolated and purified as described by Elder et al. (1983). Yeast
total RNA (10-20 pg) was electrophoresed through agarose gels
containing formaldehyde and blotted by capillary action to
Zetaprobe nylon membranes (BioRad). Oligonucleotide probes
specific for mitochondrial 14S, COB, and tRNAT"" and cytoplas-
mic 18S RNAs (Ulery et al. 1994) were end-labeled with [y-
32P]ATP (Amersham) and hybridized at 40°C in 0.5 m sodium
phosphate buffer (pH 7.5) and 7% SDS. An oligonucleotide spe-
cific for 18S rRNA was used to normalize for differences in RNA
samples on the blot. Signal intensity was quantitated with a
Phosphorimager (Molecular Dynamics).

Western blots

Yeast cell extracts were prepared by growing cells to an ODgg5
of 0.6. Cells (10 ml) were harvested and resuspended in 1 ml of
ice-cold Z buffer (60 mm Na,HPO,, 40 mm NaHPO,, 10 mm
KCI, 1 mm MgSO,, and 50 mm B-mercaptoethanol at pH 7.0).
Cells were pelleted in a microfuge and resuspended in 200 pul of
ice-cold Z buffer. Glass beads (300 pl) were added and the cells
were vortexed for 5 min at 4°C. The extract was cleared by a
5-min centrifugation (maximum speed) and the supernatant was
collected. Protein concentrations were determined by the Brad-
ford method (Bradford 1976) using BSA as a standard. Total pro-
tein (50-100 pg) were separated by SDS-PAGE and blotted to
Immobilon-P (Millipore). Rpo4lp was detected by polyclonal
antibodies as described previously (Mangus et al. 1994). Two-
hybrid Mtflp constructs were detected using anti-LexA anti-
body generously provided by Dr. Roger Brent (Harvard Univer-
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sity, Cambridge, MA). Hybridization conditions were as de-
scribed by Harlow and Lane (1988). Detection was by
chemiluminescence using ECL kits from Amersham Corp.

GST-fusion plasmid constructs and GST-Mtflp
affinity chromatography

The internal AfllI-Bglll fragment from the mtfl mutants was
used to replace the wild-type sequence of MTF1 in pGEX-1 [plas-
mid pli526 (Mangus et al. 1994)]. pJi526 was digested with Nsil
and religated to produce a deletion of 101 bp. The resulting
plasmid was digested with Aflll and Bglll followed by dephos-
phorylation of ends by shrimp alkaline phosphatase (U.S. Bio-
chemical). The vector was isolated by gel electrophoresis and
ligated to AfllI-Bglll fragments from the MTF1 mutants. The
resulting plasmids were tested by restriction enzyme analysis to
confirm insertion of the full-length mutant fragments. Interac-
tion studies with GST-Mtflp constructs were performed as de-
scribed previously (Mangus et al. 1994) with the following ad-
justments. Proteins were eluted with a 5-column volume step of
T(500) buffer. The pH of the T(50) and T(500) solutions was 7.9
at 25°C and 8.3 at 4°C. When chromatography was performed at
pH 7.3, MOPS buffer was used instead of Tris-HCI in the solu-
tions.
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