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ABSTRACT

Transcription factor IIIA (TFIIIA) is specifically required
for transcription of 5S rRNA genes and is the arche-
typal C2H2 zinc finger protein. All known vertebrate
TFIIIAs have a similar organization: nine zinc fingers,
followed by a C-terminal domain of unknown structure.
The zinc fingers of Saccharomyces cerevisiae TFIIIA
are interrupted between fingers eight and nine by an
81-amino acid spacer. Aside from the amino acids
required for zinc finger folding, TFIIIAs from different
species are remarkably divergent, whereas the natural
binding site, the internal control region of the 5S rRNA
gene, is well conserved. We now describe the identi-
fication and characterization of TFIIIA from Schizosac-
charomyces pombe. This protein is organized
differently from its known homologs, in that it contains
eight closely spaced zinc fingers, a ninth zinc finger
missing a C-terminal Zn2+-coordinating histidine, a 53-
amino acid spacer, and an unprecedented tenth zinc
finger. We have confirmed the identity of this divergent
protein as TFIIIA by showing that it binds specifically
and with high affinity to the S.pombe 5S rRNA gene.
Comparison of DNase I protection patterns produced
by TFIIIA from multiple species suggests a novel mode
of DNA recognition by the S.pombe protein. Recom-
binant S.pombe TFIIIA was also shown to support
specific transcription of the 5S rRNA gene in vitro.

INTRODUCTION

Transcription of 5S rRNA genes by RNA polymerase III is
dependent upon a gene-specific transcription factor that binds to
the internal control region (ICR) (1,2) of these genes. Trans-
cription complex assembly is initiated by the binding of this
factor, transcription factor IIIA (TFIIIA), to the gene and is
completed by the binding of the multi-subunit factors TFIIIC,
TFIIIB and RNA polymerase III (3–5). The DNA-binding
moiety of TFIIIA consists of multiple consecutive C2H2 zinc
fingers, a motif originally defined on the basis of its repeated
occurrence in Xenopus laevis TFIIIA (6,7). Although it is the
archetypal example of a zinc finger protein, X.laevis TFIIIA is

atypical in that it contains an unusually large number of
tandemly repeated zinc finger domains (nine), and binds to a
particularly large segment of double-stranded DNA. TFIIIA
from X.laevis binds not only to the 5S rRNA gene, but also to
5S rRNA, the gene product. Through this mechanism, it
participates in feedback inhibition of 5S rRNA synthesis (8,9)
and participates in a network of interactions that couple 5S rRNA
synthesis to ribosomal protein accumulation (10). The structure,
nucleic acid-binding capabilities and transcriptional activity of
X.laevis TFIIIA have been studied extensively by our group
and others. In addition, Saccharomyces cerevisiae TFIIIA has
been analyzed in some detail.

Analysis of TFIIIA sequences from several vertebrate
species, including human, catfish, mouse, rat and five species
of frogs (11–17), has revealed remarkably poor conservation of
primary sequence. In fact, we have estimated a divergence rate
of 1.5–3 amino acid changes per residue per billion years for
TFIIIA during the evolution and diversification of vertebrates
(data not shown). This rate of evolutionary change is high
when compared with other zinc finger proteins, other transcrip-
tion factors or proteins in general (18,19). The rapidity of the
rate is particularly surprising given the relatively high degree
of sequence conservation observed for the TFIIIA-binding site in
5S rRNA genes (20) (∼58% identity between Schizosaccharo-
myces pombe and X.laevis), and the fact that dual recognition of
5S rRNA genes and 5S rRNA might have been expected to
place additional constraints on TFIIIA’s sequence. Despite
variation in primary sequence, however, vertebrate homologs
of TFIIIA possess a similar structural organization consisting
of nine closely spaced zinc fingers followed by a C-terminal
domain of indeterminate structure. A region within the C-terminal
domain of X.laevis TFIIIA has been shown to be required for
the support of transcription of 5S rRNA genes (21).

The organization of the X.laevis and human TFIIIA genes
suggests that the repeated zinc finger motif resulted from
duplication of exons encoding individual zinc fingers
(11,13,22) (analysis of the human gene performed using BLAT
at www.genome.ucsc.edu). In the TFIIIA genes of both
species, each of the first six zinc fingers is encoded by an
individual exon, while the seventh, eighth and first half of the
ninth finger are encoded by a seventh exon. The second half of
finger nine and the C-terminal domain are encoded by an
eighth exon. Presumably, ancestral introns separating exons
encoding individual C-terminal zinc fingers have been lost
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subsequent to motif duplication. In fact, it is possible that
additional zinc fingers present in an ancestral protein have
been lost in the vertebrate lineage. Brown et al. (23) have even
argued that remnants of three additional zinc fingers can be
identified in X.laevis TFIIIA.

TFIIIA from S.cerevisiae has diverged so significantly from
the vertebrate proteins that little sequence conservation can be
discerned other than at the seven residues in each zinc finger
that are important for maintaining the conserved zinc finger fold.
The protein contains nine zinc fingers, as do the vertebrate
proteins, but also includes a unique 81-amino acid spacer
region between fingers eight and nine (24,25). This region
includes a leucine-rich oligopeptide that is required for tran-
scription of 5S rRNA genes (26). A 40-amino acid C-terminal
region that is dispensable for transcriptional activity follows
finger nine (27).

Despite its considerable divergence in sequence and structural
organization, TFIIIA appears to function similarly in various
vertebrate species and in S.cerevisiae. Therefore, it is of
interest to determine if the rapid evolutionary divergence of
TFIIIA has resulted in additional categories of structural
organization in other distantly related eukaryotic species. To
this end, we have identified and characterized TFIIIA from
S.pombe, fission yeast, and show that it possesses a number of
interesting features that clearly distinguish it from its
homologs in vertebrates and S.cerevisiae.

MATERIALS AND METHODS

Isolation of an S.pombe TFIIIA cDNA and purification of
recombinant protein

A cDNA encoding the putative S.pombe TFIIIA homolog was
cloned for bacterial expression using PCR amplification from
an S.pombe cDNA library constructed in plasmid pGAD-GH
(provided by G. Hannon, Cold Spring Harbor Laboratory). The
oligonucleotide primers were designed based on sequences in
the S.pombe genome database. The 5′ primer (TAACCTA-
CATGTGTCATTTCAATG) included an AflIII restriction site
(A/CRYGT) surrounding the ATG start codon to permit liga-
tion to a compatible NcoI site in the expression vector. The 3′
primer (TTGCTTGGATCCTTATTATGAAGAGAAGCT)
annealed 90 nt downstream of the stop codon and introduced a
BamHI site. The complete coding sequence of TFIIIA was
obtained in a single PCR and was cloned between the NcoI and
BamHI sites of the expression vector pET-11D (Novagen). The
insert was sequenced (accession no. AY091590) and the
plasmid was named pET-SP3A.

Schizosaccharomyces pombe TFIIIA was subsequently
expressed and purified using methods established for production
of recombinant TFIIIA from X.laevis (28). In short, pET-SP3A
was transformed into Escherichia coli BL21 (DE3) cells, and
TFIIIA expression was induced with IPTG. Cells were lysed
and soluble material removed by low speed centrifugation. The
insoluble recombinant TFIIIA was solubilized from the pellet
with 5 M urea, and purified with two sequential ammonium
sulfate precipitations followed by BioRex70 (BioRad) ion-
exchange column chromatography. TFIIIA was eluted in a 1 M
NaCl step following an initial wash in a 0.25 M NaCl-containing
buffer.

Cloning of an S.pombe 5S rRNA gene

A clone of the S.pombe 5S rRNA gene, including 130 nt of
sequence upstream of +1 and 140 nt downstream of the 5S rRNA
coding sequence, was constructed using PCR amplification
from genomic DNA. Primers were designed to anneal to
sequences flanking the known 5S rRNA gene (29), adding a
HindIII site at the 5′ end (TCAATAAAGCTTCATCTC) and
including a naturally occurring EcoRI site at the 3′ end
(GTTAATAGAATTCGGGCTAA). The resulting fragment
was cloned between the HindIII and EcoRI sites of plasmid
pGP12 (30). The insert was sequenced and the plasmid was
named pGP-SP5S.

Gel mobility shift assay

The 390-bp HindIII–EcoRI fragment of plasmid pGP-SP5S
was gel purified and labeled with [α-32P]dATP using the
Klenow fragment of DNA polymerase I. DNA-binding reac-
tions were carried out as described for X.laevis TFIIIA (31).
Reactions contained fixed concentrations of recombinant TFIIIA
and labeled probe and variable concentrations of unlabeled DNA
in 20 mM Tris–HCl (pH 7.5), 70 mM KCl, 7 mM MgCl2, 10 µM
ZnCl2, 1 mM dithiotheitol, 10% glycerol, 100 µg/ml bovine
serum albumin and 10 µg/ml poly(dI–dC). Unlabeled DNA
referred to as ‘specific’ (see Fig. 2) is the HindIII–EcoRI frag-
ment of pGP-SP5S, while ‘non-specific’ refers to a 393-bp
NlaIII fragment from pGP-SP5S that does not contain 5S rDNA
sequence. Reaction mixtures were incubated for 30 min at
30°C and loaded on a pre-run (30 min, 400 V) non-denaturing
polyacrylamide gel, while running, at 4°C. Electrophoresis
was for 3 h at 400 V, and gels were dried and scanned on an
Ambis Radioanalytic Imaging System for quantification.

Determination of equilibrium binding constant

A series of reaction mixtures containing a constant concentra-
tion of TFIIIA and variable concentrations of a 390-bp DNA
fragment containing the S.pombe 5S rRNA gene were incubated
for 30 min at 30°C and analyzed by gel mobility shift assay as
described above. Concentrations of bound and free DNA in
each lane were quantified and a Kd determined using Scatchard
analysis (32). Data from multiple determinations were
combined and used to determine a best estimate of the Kd and
an associated standard error using analysis of covariance.
Details of the method of analysis are described elsewhere (31).

Determination of rate constant for dissociation

A single large-scale binding reaction was prepared as above
and incubated for 30 min at 30°C. This equilibrated binding re-
action was then mixed with pre-incubated trap DNA, consisting
of double-stranded oligonucleotide containing the S.pombe 5S
rRNA gene ICR (SPICR-T, non-template strand from +38 to +95,
TCCGATCACTGCAGTTAAGCGTCTGAGGGCCTCGTT-
AGTACTATGGTTGGAGACAACA annealed to SPICR-B,
template strand from +44 to +100, TCCCATGTTGTCTCCA-
ACCATAGTACTAACGAGGCCCTCAGACGCTTAACT-
GCAGTG). The time at which the equilibrated binding reaction
mixture and trap were combined was defined as t = 0. A single
control reaction, including trap, was pre-incubated to ensure
that sufficient trap was included in the reaction to prevent re-
binding of TFIIIA upon dissociation from the labeled probe. At
various time intervals, aliquots of the large-scale reaction were
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loaded on to a pre-run, non-denaturing polyacrylamide gel,
while running, at 4°C. The gel was run, dried and quantified as
described above. The fraction of DNA bound at various time
points (Bt) was determined. The rate constant (koff) for complex
dissociation was obtained by fitting the data to the equation
Bt = Ae–kt + C, where Bt is the fraction of DNA bound at time t,
and A, C and k are fitted parameters. k is the dissociation rate
constant (koff). The reported koff for the S.pombe TFIIIA/5S rRNA
gene complex is the average of four independent determinations.
Half-life was calculated using the equation t1/2 = (ln 2)/koff.
Details of the method are described elsewhere (31).

DNase I protection assay (footprint)

A 5′ end-labeled PCR fragment, including 5S rDNA sequence
from –63 to +185, was generated using pGP-SP5S as template.
The 5′ oligonucleotide (ATAACATTAGAGTATCTC)
included in the reaction mixture was labeled on the 5′ end with
[γ-32P]ATP and T4 polynucleotide kinase for footprinting of
the non-template strand, while the 3′ primer (CACAAAC-
CCAATGAGTGC) was labeled similarly for footprinting of
the template strand. Saturating amounts of TFIIIA were added
to a fixed amount of probe under conditions described above.
After 30 min, an aliquot of the reaction mixture was loaded on
a non-denaturing gel at 4°C to confirm the absence of unbound
probe in the reaction mixture. The remainder of the reaction
was treated with 1.5 U DNase I (Gibco/BRL) for 5–10 s. Reac-
tions were stopped using 150 mM NaCl, 5 mM EDTA, 0.5%
SDS, 50 mM Tris pH 8.0, with 50 ng/µl tRNA as carrier
(SETS/tRNA). Nucleic acids were extracted, precipitated with
ethanol, and redissolved in 90% formamide, 20 mM EDTA,
0.05% bromphenol blue and 0.05% xylene cyanol. Samples
were analyzed on an 8% polyacrylamide, 7 M urea gel run
at 1300 V for 4 h. The gel was dried and exposed to a phosphor
storage screen overnight. The screen was scanned and the data
analyzed using Image Quant software (Molecular Dynamics).

Schizosaccharomyces pombe extract preparation

Extract was prepared using a modification of a protocol
developed by Schultz et al. (33) and described previously (36).
In short, wild-type (strain 972h–) S.pombe cells were grown to
mid-log phase in 2 l of YEL media (5 g yeast extract and 30 g
dextrose per liter), pelleted, washed twice (once without and
once with protease inhibitors) in 9 ml extraction buffer [100 mM
HEPES pH 7.9, 245 mM KCl, 5 mM EGTA, 1 mM EDTA,
2.5 mM DTT (added fresh), and 30 µl/ml Sigma protease
inhibitor cocktail (mammalian cell P8340)]. The cells were
extruded from a syringe into liquid nitrogen and then ground
extensively under liquid nitrogen with a mortar and pestle.
These broken cells were then spun at 4°C at 36 000 r.p.m. in a
Ti70 ultracentrifuge rotor for 2 h (100 000 g). The superna-
tant was removed, carefully avoiding the lipid layer floating
on the surface, and was diluted with 2 vol of 60% glycerol, 5 mM
EGTA, 0.05 mM EDTA, 2.5 mM DTT and brought to a final
KCl concentration of 100 mM. For preparation of whole cell
extract, the supernatant was dialyzed rather than diluted at this
point (see below).

To remove endogenous TFIIIA activity, the whole cell
extract was fractionated on a phosphocellulose (Whatman P11)
column. The phosphocellulose resin was equilibrated in 100 mM
KCl, 20 mM HEPES pH 7.9, 5 mM EGTA, 0.05 mM EDTA,
2.5 mM DTT. The sample was loaded, the column washed with

the same buffer, and fractions of a high salt elution (0.6 M KCl)
were collected. Peak fractions were combined and dialyzed in a
3500 MWCO slide-a-lyzer (Pierce) against 20 mM HEPES
pH 7.9, 100 mM KCl, 5 mM EGTA, 0.05 mM EDTA, 20%
glycerol, 2.5 mM DTT and 0.2 mM PMSF.

In vitro transcription assay

Transcription reactions were performed at 30°C in a total
volume of 20 µl with 200 ng (4.1 nM) pGP-SP5S as template,
with 0.6 mM CTP, 0.6 mM UTP, 0.6 mM ATP, 0.05 mM GTP,
2 µCi [α-32P]GTP (3000 Ci/mmol), in 20 mM HEPES pH 7.9,
10% glycerol, 10 µM ZnCl2, 0.1 mM BSA, 2.5 mM MgCl2,
0.4 mM DTT, and 3 µl of the 0.6 M P11 fraction (amount of
P11 fraction used was preparation specific). The monovalent
salt concentration (NaCl/KCl) was held constant in each reaction
at 100 mM (significant salt is carried over from the recombinant
TFIIIA preparation). TFIIIA was added at variable concentra-
tions. Reactions were stopped in SETS/tRNA (see above),
extracted, precipitated, and run on a denaturing gel as above.
The dried gel was analyzed on a PhosphorImager using Image
Quant software (Molecular Dynamics).

RESULTS

Periodic searching of the S.pombe genome sequence database
(37), using X.laevis or S.cerevisiae TFIIIA as a query sequence
in a TBLASTN search, resulted in the identification of an open
reading frame (ORF) encoding a multi-zinc finger protein
(accession no. AL13265). The overall sequence identity of the
protein encoded by this ORF to known TFIIIAs from verte-
brate species or S.cerevisiae was low. Nonetheless, this ORF
was the closest match for TFIIIA in the S.pombe genome.
Because of the large evolutionary distance between S.pombe
and either S.cerevisiae or vertebrates, we expected S.pombe
TFIIIA to be significantly diverged from other known TFIIIAs.
Therefore, we considered this divergent ORF a likely candidate to
encode S.pombe TFIIIA.

Sequence similarity between putative S.pombe TFIIIA and
TFIIIA from either X.laevis or S.cerevisiae is dominated by the
seven residues found in each zinc finger that are required for
proper folding (Fig. 1). These include three conserved hydro-
phobic residues, two Zn2+-coordinating cysteines and two
Zn2+-coordinating histidines. Spacing between these residues
is also conserved [consensus sequence, (F/Y-X-C-X(1–5)-C-X3-
F/Y-X5-L-X2-H-X(3–4)-H, X = any residue)]. Excluding
consensus Zn2+-coordinating and hydrophobic residues present
in all zinc fingers, however, there is only 15% sequence identity
between putative S.pombe TFIIIA and either X.laevis or
S.cerevisiae TFIIIA.

The TFIIIA homolog from S.pombe includes eight closely
spaced C2H2 zinc fingers, followed by a ninth, probable zinc
finger motif that lacks the conserved C-terminal histidine. A
cysteine is found six residues downstream of the first Zn2+-
coordinating histidine, however. This motif variation has been
noted in a small number of putative zinc fingers in the S.cerevisiae
genome (38), but has yet to be demonstrated to mediate proper
folding. A zinc finger missing the C-terminal histidine has not
been observed in any other TFIIIA for which sequence inform-
ation is available, although a likely candidate for Drosophila
TFIIIA found in the genome sequence database appears to
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have a similar variant finger (gene CG9609) (39) (data not
shown).

Following the unusual ninth finger, the S.pombe protein
contains a 53-amino acid spacer region lacking known
sequence motifs, followed by a tenth consensus zinc finger. All
other characterized TFIIIAs contain just nine zinc fingers.
Vertebrate TFIIIAs contain a variable length (49–68 amino acid)
non-zinc finger region at the C-terminus, and an 81-amino acid
spacer is located between fingers eight and nine of S.cerevisiae
TFIIIA (24,25). These regions have no primary sequence simi-
larity to one another, or to the spacer region in the S.pombe
protein. Sequences within these non-zinc finger regions,
however, have been shown to be necessary for support of
5S rRNA synthesis in both the X.laevis (21) and S.cerevisiae
(26) systems. Interestingly, the size of the S.pombe spacer plus
the non-canonical finger nine that precedes it is approximately

equal to the size of the spacer region in the S.cerevisiae
protein.

Cloning and expression of S.pombe TFIIIA

A cDNA encoding putative S.pombe TFIIIA was obtained
from a cDNA library using PCR amplification, sequenced, and
used for expression of the protein in E.coli. Annotations in the
S.pombe genome database indicated that the TFIIIA gene
includes a 42-bp intron between the sequences encoding zinc
fingers one and two. The sequence of our newly obtained
cDNA clone (accession no. AY091590) confirmed that the
predicted intron sequence was absent from the encoded
mRNA; the remainder of the coding sequence was identical to
that in the genome database. Recombinant protein was
successfully purified using methods previously developed for
the purification of X.laevis TFIIIA (see Materials and
Methods) and has an electrophoretic mobility consistent with

Figure 1. Sequence alignment of TFIIIA from X.laevis, S.pombe and S.cerevisiae. Sequences were aligned manually to show the conservation of the structural
residues in each zinc finger and to illuminate the differences in sequence and spacing in each case. Note that alignment of the S.cerevisiae sequence with finger
nine from X.laevis and S.pombe is an artificial designation, shown only for illustration. We have defined the C-terminus of a zinc finger as the second Zn2+-
coordinating histidine residue or, in the case S.pombe finger nine, the glycine residue found at the equivalent position. This differs from the convention used by
Archambault et al. (24) and results in the S.cerevisiae and S.pombe spacers being six amino acids longer here than as described previously and in the text. Residue
number is shown to the right of each line of sequence. Conserved residues that constitute the zinc finger consensus motif (see Results) are highlighted in yellow,
and residues shaded in gray are conserved in at least two of the three proteins shown here.
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the 43 kDa molecular weight predicted from the primary
sequence (data not shown).

Sequence-specific DNA-binding activity

The activities of TFIIIA include specific binding to the 5S
ribosomal RNA gene (5S rDNA) and support of transcription
of the gene. Gel mobility shift assays were used to demonstrate
that the recombinant protein does indeed possess specific
5S rDNA-binding activity (Fig. 2). Binding of the protein to
the probe can be competed by the addition of unlabeled 5S
rDNA, but not by addition of non-specific DNA (see Materials
and Methods), confirming that the DNA binding observed is
sequence specific.

DNase I protection

In order to investigate the specific manner in which S.pombe
TFIIIA interacts with its binding site, a DNase I protection
assay was used (Fig. 3). Saturating amounts of protein were
added to a radioactively end-labeled DNA fragment containing
the 5S rRNA gene and the complexes were treated with DNase I.
We confirmed that virtually all of the probe molecules were
bound by protein prior to DNase I digestion by running an
aliquot of the reaction mixture on a non-denaturing gel and
observing little or no unbound probe in the mixture (data not
shown). Protection patterns on both the template and non-
template strands were assessed.

The protein protects a region of the DNA from position +45
to +95, relative to the start site for transcription (+1), on the
template strand (Fig. 3B) and from +48 to +97 on the non-
template strand (Fig. 3A). There is an unprotected region in the
center of the footprint from +63 to +73 on the template strand,
and +61, +62 and +70 to +76 are unprotected on the non-
template strand. DNase I hypersensitive sites are induced at
position +63 on the non-template strand and at +45 and +71 on
the template strand upon TFIIIA binding.

Further characterization of the protein–DNA interaction

The affinity of TFIIIA for its binding site, the 5S rRNA gene,
was assessed quantitatively. Increasing amounts of unlabeled
competitor 5S rDNA were added to reaction mixtures
containing constant amounts of TFIIIA and labeled DNA. The

Figure 2. Sequence-specific DNA binding by putative S.pombe TFIIIA. A gel
mobility shift assay was used to show specificity of DNA binding. Increasing
concentrations of unlabeled 5S rDNA (A) or non-specific competitor (B) were
added to binding reactions including labeled 5S rDNA and TFIIIA. (C) Graphical
representation of the binding data. The curves shown were generated by fitting
parameters for specific and non-specific equilibrium binding constants to the data.

Figure 3. DNase I protection analysis of the S.pombe 5S rRNA gene. Saturat-
ing concentrations of S.pombe TFIIIA were used. Lanes 1 and 4 contain A + G
Maxam–Gilbert sequencing reactions using the labeled DNA fragment. The
DNase I digestion products in the absence of protein are in lanes 2 and 5 and
the digestion products in the presence of TFIIIA are in lanes 3 and 6. Numbers
to the right of each gel designate the position of DNase I cleavage [relative to
the start of transcription (+1)] necessary to generate the indicated band. Triangles
designate positions of hypersensitivity to DNase I cleavage. (A) Non-template
strand was labeled. (B) Template strand was labeled. (C) Sequence of the
S.pombe 5S rRNA gene from +40 to +111. NT, non-template strand; T, template
strand.



Nucleic Acids Research, 2002, Vol. 30, No. 13 2777

amounts of bound and free DNA were quantified using a gel
mobility shift assay and the equilibrium binding constant (Kd)
for the interaction was determined as described in Materials
and Methods and elsewhere (31,40). We measured a Kd of
0.19 nM (SE ±0.03) for the interaction between S.pombe
TFIIIA and 5S rDNA. This value is roughly comparable with
those reported previously for the binding of X.laevis or S.cerevisiae
TFIIIA to 5S rDNA (40,41). Precise values for each of these
systems are presented in Table 1.

The kinetics of the dissociation of the TFIIIA–5S rDNA
complex was also analyzed. The rate of dissociation of the
complex was determined to be 0.00148 (±0.00021) s–1 with
a corresponding half-life of 7.8 min, compared with a half-life
of 5.9 min measured for the X.laevis TFIIIA–DNA complex
(42; M.Bumbulis, S.Ponnampalam, K.Brady and D.R.Setzer,
manuscript in preparation).

Transcriptional activity of putative S.pombe TFIIIA

To test the ability of putative S.pombe TFIIIA to support tran-
scription of the 5S rRNA gene, an in vitro transcription system
from S.pombe was developed. A whole cell extract was
prepared from S.pombe, based upon a method developed for the
analysis of the S.pombe RNA polymerase I machinery (33–35)
and used previously to study the transcription of the S.pombe
7S L gene (36). This extract is capable of transcribing a
plasmid-borne 5S ribosomal RNA gene in vitro, with or
without added recombinant TFIIIA (Fig. 4), at an efficiency of
approximately 0.5 transcripts per template per 2 h. The tran-
script generated migrates close to the position of authentic
X.laevis 5S rRNA, which is 120 nt long. The additional band
generated in these reactions is likely to be a post-transcriptionally
labeled tRNA molecule (R. Maraia, personal communication).

We further confirmed that the 120-nt transcript is in fact
5S rRNA using oligonucleotide-directed RNase H cleavage
(Fig. 5A). An oligonucleotide was designed to anneal to 5S rRNA
within structurally conserved loop C (positions +33 to +44)
and was expected to direct cleavage of the transcript by RNase
H into fragments of ∼30 and ∼70 nt. The RNA was specifically
cleaved to generate the expected two fragments only in the
presence of the oligonucleotide and RNase H. The transcript
was also shown to be generated only when a 5S rRNA gene
sequence was present in the plasmid template (Fig. 5B). In
addition, we demonstrated that generation of the transcript is
sensitive to the transcriptional inhibitor α-amanitin at concen-
trations previously observed to inhibit synthesis of S.pombe

tRNA in a differently prepared in vitro transcription system
(50% inhibition at ∼0.5 mg/ml) (43) (data not shown).

Analysis of 5S rRNA synthesis in the extract as a function of
time revealed the existence of a lag of ∼1 h before any appreciable
product accumulation could be detected. Similar, though not as
lengthy, lags in activity have been described for in vitro tran-
scription by RNA polymerase III in crude extracts from
X.laevis (4,44). Products accumulated almost linearly for at
least 3 h after the initial lag, from approximately 0.03 tran-
scripts per template at 1 h to 1.5 transcripts per template at 4 h

Table 1. Equilibrium and kinetic constants for DNA binding by TFIIIA

aAverage and SE were determined by analysis of covariance.
bDel Rio et al. (40).
cThe errors presented are the SEM (S.pombe, N = 4; X.laevis, N = 11).
dM.Bumbulis, S.Ponnampalam, K.Brady and D.R.Setzer (manuscript in preparation).
eRowland and Segall (41).

Species Kd (nM) ∆G (kcal/mol) Temperature (°C) koff (s–1) t1/2 (min)

Xenopus laevis 0.42 (±0.03)a,b –12.8 25 0.00197 (±0.00018)c,d 5.9

Schizosaccharomyces
pombe

0.19 (±0.03)a –13.5 30 0.00148 (±0.00021)c 7.8

Saccharomyces
cerevisiae

0.11 (±0.03)e –13.6 25 ND ND

Figure 4. Schizosaccharomyces pombe 5S rRNA gene transcription in whole
cell extract. Reactions were performed without (lanes 1 and 2) or with (lanes
3–7) added plasmid-borne 5S rDNA template and without (lanes 1 and 3) or
with (lanes 2, 4–7) added recombinant TFIIIA. The reactions in lanes 4–7
included increasing concentrations (5.6, 11.2, 22.3 and 33.5 nM, respectively)
of TFIIIA. Lane M contains Xenopus 5S rRNA as a marker.
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(data not shown). Further experiments were done at a fixed
incubation time of 2 h.

In order to assay the activity of recombinant TFIIIA in this
system, it was necessary to remove endogenous TFIIIA
activity from the whole cell extract. To this end, the extract
was fractionated on phosphocellulose, using conditions similar
to those used previously to fractionate factors involved in RNA
polymerase III-dependent transcription in other systems (45–47).
The transcriptional activity of the 0.6 M P11 fraction was
tested for 5S rDNA- and TFIIIA-dependence. We showed that the
120 nt RNA was produced only in the presence of recombinant
TFIIIA (Fig. 6) and of a plasmid containing an S.pombe 5S rRNA
gene (data not shown).

Conditions for transcription were optimized with respect to
monovalent salt and magnesium concentration. Optimal
activity was observed at 2.5 mM MgCl2 and 100 mM monovalent
salt. Activity is quite sensitive to deviations from these optimal
salt concentrations. At 5 mM MgCl2, activity was reduced by
∼30% and by ∼85% at 7.5 mM. Similarly, transcriptional
activity exhibits a surprisingly narrow monovalent salt
optimum, with a decrease in activity of ∼90% at salt concentra-
tions of either 50 or 150 mM (data not shown).

Reactions were performed at a range of TFIIIA concentra-
tions with a fixed amount of 0.6 M P11 fraction to determine if
transcriptional activity is sensitive to increasing amounts of
added TFIIIA. The results were quantified and the number of
transcripts per input template molecule was determined. At
high concentrations of recombinant protein, transcriptional
activity reached a plateau, corresponding to an efficiency of
approximately 0.2 transcripts per template per 2 h. Thus, in
these reactions, a component of the transcriptional apparatus
other than TFIIIA is limiting. This component is unlikely to be
the template, as adding additional template beyond the 4.1 nM
concentration used in these experiments did not increase the
transcriptional activity (data not shown). Rather, it is likely
that one of the protein components of the transcription
complex or RNA polymerase III, included in the extract, is
entirely sequestered in complexes in the presence of high
concentrations of TFIIIA.

DISCUSSION

Despite considerable sequence divergence when compared
with TFIIIAs from vertebrates or S.cerevisiae, it is clear from the
results presented here that the protein we have characterized is
indeed S.pombe TFIIIA. We have shown that the protein has
specific 5S rDNA-binding activity, with an affinity and DNase I-
protection pattern similar to those exhibited by previously
characterized TFIIIAs from distantly related species. Additionally,
we have shown that the recombinant form of the protein is
capable of supporting 5S rDNA transcription in vitro.

Several novel features of TFIIIA from S.pombe add additional
complexity to considerations of TFIIIA’s evolutionary
ancestry. Most notably, S.pombe TFIIIA is unique among
characterized homologs in that it contains 10, rather than nine,
zinc finger motifs. Putative TFIIIA homologs have also been
identified from genome sequencing efforts in the fungi
Neurospora crassa [Neurospora Sequencing Project, White-
head Institute/MIT Center for Genome Research (www-
genome.wi.mit.edu)] and Aspergillus fumigatus (The Institute
for Genomic Research website at http://www.tigr.org).
Interestingly, a potential tenth zinc finger can be identified in
both cases, although there are multiple deviations from
consensus in several fingers. Thus, S.pombe TFIIIA may be
representative of a larger sub-family of 10-finger-containing
TFIIIA homologs. An interesting possibility is that the
common ancestor of vertebrates, S.cerevisiae and S.pombe
possessed a 10-finger version of TFIIIA similar in overall
organization to that now observed in S.pombe. In this scenario,
ancestral finger nine would have diverged extensively in the
S.cerevisiae lineage, resulting in an extended spacer between
ancestral fingers eight and 10, now considered to be fingers
eight and nine. Similarly, finger 10 would have diverged in the
vertebrate lineage to become part of the C-terminal non-finger
region; alternatively, it may have been deleted entirely. Thus,
S.pombe finger nine would be orthologous to vertebrate finger
nine and to the first 30 or so amino acids of the S.cerevisiae
spacer, although no vestige of sequence similarity remains to
validate this hypothesis. Similarly, S.cerevisiae finger nine
would be the ortholog of S.pombe finger 10 and the last part of
the C-terminal tail of the vertebrate protein. Again, however, no
remaining sequence similarity between the vertebrate C-terminal
tail and any zinc finger can be discerned.

Figure 5. Authenticity of the in vitro S.pombe 5S rRNA gene transcription
product. (A) Lane M, size markers. Lanes 1–4, 5S rRNA was synthesized in
TFIIIA-supplemented 0.6 M P11 fraction and incubated without (lanes 1 and
3), or with (lanes 2 and 4) a 5S rRNA-specific oligonucleotide and without
(lanes 1 and 2), or with (lanes 3 an 4) RNase H treatment. Triangles designate
positions of RNase H cleavage products. (B) Transcription reactions performed in
TFIIIA-supplemented extract with vector only (lane 5) or with vector including
the 5S rRNA gene (lane 6).
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In principle, the evolutionary relationships between the zinc
fingers in vertebrate, S.pombe and S.cerevisiae TFIIIAs might
be revealed by inter-finger sequence comparisons. Unfortu-
nately, the sequence divergence is so great that we have been
unable to detect any convincing patterns of similarity when all
possible pair-wise comparisons among the zinc fingers of the
three proteins are made. Thus, the evolutionary scenario
presented remains speculative, and establishing which of the
10 S.pombe zinc fingers is the ‘extra’ one in comparison with
the nine fingers found in other species is likely to be difficult.

Schizosaccharomyces pombe TFIIIA includes several other
deviations from the typical zinc finger consensus. Most signifi-
cant among these is the absence of a C-terminal Zn2+-coordi-
nating histidine residue in finger nine. We have shown
previously that replacement of the C-terminal histidine with
other residues in at least some zinc fingers of X.laevis TFIIIA
produces adverse effects on DNA binding (48). Furthermore,
one might expect that the absence of a C-terminal histidine
would interfere with stable folding of the putative zinc finger
domain, and that S.pombe finger nine would therefore not form
a functional zinc finger. Although this may very well be the
case, other considerations suggest that the C-terminal histidine
might not be essential. Merkle et al. (49) have shown that
model zinc finger peptides can fold even in the absence of a
C-terminal histidine, presumably using a water molecule as the
fourth Zn2+ ligand. It is also noteworthy that a cysteine residue
is found six positions C-terminal to the first putative Zn2+-
coordinating histidine, and Bohm et al. (38) have described the
existence of a small number of such variant putative zinc finger
motifs in the genome of S.cerevisiae. Although no variant zinc
finger of this type has yet been studied biochemically, it is
certainly possible that zinc finger nine of S.pombe TFIIIA is a
functional member of this zinc finger domain subfamily.

Other unusual features of the zinc fingers of S.pombe TFIIIA
include the absence of a highly conserved hydrophobic residue
two residues before the first Zn2+-coordinating cysteine of
finger seven, non-consensus spacing between the Zn2+-
coordinating cysteines and histidines in finger six, and a very
short spacer between fingers six and seven. Interestingly, the
sixth zinc finger in S.cerevisiae and S.pombe share an identical
heptapeptide (WSQLQ) preceding the first Zn2+-coordinating
histidine. In fact, the initial tryptophan residue of this sequence is
conserved in all characterized TFIIIAs and has been implicated in
5S rRNA recognition (50,51).

Comparison of the DNase I protection patterns produced on
5S rRNA genes by TFIIIAs from X.laevis, S.cerevisiae and
S.pombe reveals another distinctive feature of S.pombe TFIIIA
(Fig. 7). The overall size of the region protected by the
S.pombe protein is similar to that protected by X.laevis TFIIIA
(40,46), but larger than that observed in S.cerevisiae (41,52).
There is, however, a striking difference in the pattern of protection
within the putative ICRs of the X.laevis and S.pombe 5S rRNA
genes. Whereas the X.laevis protein completely protects the
template strand from residues +45 to +96, a region of ∼11 bp,
from +63 to +73, remains unprotected by S.pombe TFIIIA. The
differences in the protection patterns observed with these three
proteins suggest that DNA recognition occurs differently in
each case. In S.cerevisiae, the lack of protection at the 5′ end of
the binding site is consistent with results from Rowland and
Segall (41) showing that the four C-terminal zinc fingers of
TFIIIA can be deleted without affecting the pattern of DNase
protection. Thus, the C-terminal zinc fingers of S.cerevisiae
TFIIIA are unlikely to be intimately associated with the 5S
rRNA gene, even though cross-linking results suggest that
some extended association of TFIIIA with the 5′ end of the
ICR does occur (53). In X.laevis, individual DNA subsites

Figure 6. Activity of recombinant S.pombe TFIIIA in in vitro transcription assay. (A) Transcription reactions were performed with the 0.6 M P11 fraction, supple-
mented with recombinant TFIIIA. All reactions included plasmid-borne 5S rDNA template. The reaction in lane 1 contained no added TFIIIA and those in lanes
2–10 contained increasing amounts of TFIIIA. (B) Quantification and graphical presentation of the data from several experiments similar to that shown in (A).
Error bars represent the standard error of the mean for measurements of transcriptional activity made in multiple independent experiments. The curve presented
was generated using non-linear curve-fitting methods that will be described in detail elsewhere (D.R.Setzer and D.B.Schulman, manuscript in preparation).



2780 Nucleic Acids Research, 2002, Vol. 30, No. 13

across the length of the control region can be associated with
almost every zinc finger in TFIIIA (40,54–56), even though
fingers four and six have been proposed to span successive
minor grooves with little or no direct DNA contact (40,56–58).
The extended region of non-protection in the middle of the
S.pombe TFIIIA footprint suggests that contacts made by
X.laevis TFIIIA to the intermediate element of the 5S rRNA
gene ICR (58) may not occur in S.pombe, and that DNA
contacts are restricted to the 5′ and 3′ ends of the control
region. It seems likely, therefore, that binding of S.pombe
TFIIIA to the 5S rRNA gene is mediated by some combination of
N- and C-terminal zinc fingers only. Additional investigation of
this issue is clearly merited.

Others have identified short oligopeptide sequences in both
S.cerevisiae (26) and X.laevis TFIIIA (21) that are important
for transcription of 5S rRNA genes but that play no role in
DNA recognition. Presumably, structures involving these
sequences play a role in higher order interactions that are
important for transcription complex assembly and/or function.
Interestingly, the relevant sequences from the two species
exhibit no similarity to each other, although the X.laevis
sequence is conserved among tetrapod vertebrates. We can
find no peptide sequence in S.pombe TFIIIA that resembles
either of the sequences specifically important for transcrip-
tional activity in S.cerevisiae or X.laevis. It will be important to
determine just what region of the S.pombe protein, if any, is
dispensable for DNA binding but important for transcriptional
activity, and that therefore may be functionally analogous to
the characterized sequences in S.cerevisiae and X.laevis
TFIIIA. It should be noted that there is also striking sequence
diversity among the homologous polypeptide subunits of
TFIIIC and TFIIIB from humans, S.cerevisiae and S.pombe
(reviewed in 5,59). It is reasonable to hypothesize that the
divergent regions of TFIIIA found to be specifically important
for transcription may interact with similarly divergent surfaces
on one or more subunits of TFIIIC or TFIIIB.

It is intriguing that different structural organizations
characterize TFIIIAs in the three evolutionary lineages repre-
sented by X.laevis, S.cerevisiae and S.pombe, even though the
same ultimate function, recognition of 5S rRNA genes and
nucleation of transcription complex assembly, is served in each
case. The use of different mechanisms to satisfy the same

biological requirement—synthesis of 5S rRNA—affords an
opportunity to gain insight into fundamental biochemical
processes through comparative analysis of the 5S rRNA
synthetic machinery in these three species.
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