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ABSTRACT: The Swi4-Swi6 family of transcription factors confers G1/S specific transcription in budding
and fission yeast. These proteins contain four ankyrin repeats, which are present in a large number of
functionally diverse proteins and have been shown to be important for protein-protein interaction.
However, no specific sequence has been identified that is diagnostic of an ankyrin repeat-interacting
protein. To determine the function of the ankyrin repeats of Swi6, we generated both random and site-
directed mutations within the ankyrin repeat domain of Swi6 and assayed the transcriptional function of
these mutantswi6alleles. We found six single mutations, scattered within the first and the fourth repeats,
that generate a temperature-sensitive Swi6 protein. In addition, we found that alanine substitutions for
the most conserved residues in each repeat were highly deleterious and also confer temperature sensitivity.
Most of theseswi6alleles are able to form ternary complexes with Swi4 and DNA, but these complexes
display reduced mobility in band-shift gels, suggesting a dramatic conformational change. We have
modeled the ankyrin repeats of Swi6 using the coordinates derived for 53BP2 and find that, despite its
low level of sequence conservation, these modeling studies and our mutation data are consistent with
Swi6 having a structure very similar to that of 53BP2. Moreover, all but one of our single mutants and
all of the site-directed mutants disrupt critical structural features of the predicted folding pattern of these
repeats. We conclude that the ankyrin repeats play a major structural role in Swi6. Ankyrin repeats are
unlikely to have inherent protein or DNA binding properties. However, they form a characteristic and
stable structure with surfaces that may be tailored for many different macromolecular interactions.

The ankyrin-Swi6-Cdc10 repeat was first identified in
a family of yeast transcription factors (1, 2). Included within
this family are theSchizosaccharomyces pombetranscription
factors Cdc10, Res1, and Res2 and theSaccharomyces
cereVisiae transcription factors Swi6, Swi4, and Mbp1
(Figure 1). Members of these groups associate with one
another through their C termini (3, 4). The target genes for
these transcription factors are expressed at the G1/S transition
in yeast and include DNA synthesis genes (5, 6), HO
endonuclease (7), and the G1 cyclins (8, 9) that are required
for progression through the yeast mitotic cell cycle. Swi6
is one of the transcription factors that regulates gene
expression during G1/S, either as a complex with Mbp1, with
which it binds MCB [MluI cell cycle box (ACGCGTNA)]

DNA elements (5, 6, 10), or in combination with Swi4, with
which it binds SCB [SWI4/6-dependent cell cycle box
(CACGAAAA)] elements (11-13) as well as MCB-like
elements (14). Swi6 is not known to bind DNA directly;
rather, both Mbp1 and Swi4 confer the DNA binding ability
to the complex through their N termini.

A common central motif consisting of four ankyrin repeats
is present among all the known G1/S specific yeast transcrip-
tion factors. Ankyrin repeats typically occur as four or more
continuous copies of a 33-amino acid sequence characterized
by the consensus sequence ----t--G-o-LHφAφ--tt-xφφx-LLx-
t-- (Figure 1), where t indicates a residue frequently found
in turns, x a polar residue,φ a hydrophobic residue, o a serine
or threonine residue, and capital letters indicate highly
conserved amino acids (15). A further defining feature of
the yeast transcription factor ankyrin repeats is the central
core region, denoted by the consensus sequence G-T-L
(Figure 1). Ankyrin repeats are present in a large number
of functionally diverse proteins and have traditionally been
considered sites of protein-protein interaction. Circular
dichroism and NMR studies of the tumor suppressor protein
p16INK4A, which consists of four ankyrin repeats, have
confirmed the predominantlyR-helical nature of the ankyrin
repeat region (16). The crystal structure of the p53 core
domain bound to 53BP2 reveals that a single ankyrin repeat
structurally consists of oneâ-hairpin and twoR-helices (17).
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Ankyrin repeats play an important role in Swi6, Swi4, and
Cdc10 function. In Swi6, alanine substitutions of the first
and fourth ankyrin repeat core residues result in decreased
SCB binding and loss of transcriptional activation by the
Swi4-Swi6 complex (3). In cdc10, the S. pombehomo-
logue ofSWI6, a group of conditional alleles were sequenced
and the mutations clustered within the ankyrin repeat domain
(18). Many of these single mutations mapped to the highly
conserved ankyrin repeat core residues of the first and fourth
ankyrin repeats. The ankyrin repeat domain of Swi4 is
known to interact with the Clb2-Cdc28 kinase (19), and
this has been postulated to inhibit Swi4-Swi6 transcriptional
activity at SCB elements during the G2/M phase of the cell
cycle.
The original alignment of Swi6 with other ankyrin repeat-

containing proteins showed two repeats with high homology
to theNotchandlin-12 repeats, and these were used to define
this 33-amino acid repeat (1). However, the identification
of many more proteins containing ankyrin repeats, and the
alignment of the five other members of the Swi4-Swi6
family of transcription factors, makes it clear that ankyrin
repeats can be highly degenerate tandemly arranged se-
quences, and the Swi6 family may contain four full repeats
followed by the N-terminal half of a fifth repeat (Figure 1)
(20).

To determine if all of the Swi6 ankyrin repeats are
important for Swi6 transcriptional activation, we used error-
prone PCR to mutagenize the ankyrin domain of Swi6.
Mutant plasmids were then tested for the ability of altered
Swi6 proteins to activate SCB-regulated transcription. We
obtained six single mutants and many mutants with combi-
nations of double or triple amino acid residue substitutions
that inactivate Swi6 as measured by the blue-white plate
assay (21) for transcription of theHO promoter at permissive
(25°C) and nonpermissive (37°C) temperatures. In addition,
we made site-directed mutations of the most highly conserved
residues within the core regions of each of the repeats. These
also result in temperature sensitivity and confer band-shift
mobility patterns that suggest an important structural role
for each of the four repeats. To better understand the
structural consequences of these ankyrin repeat mutations,
we modeled the Swi6 ankyrin repeat region, using the
coordinates obtained from the crystal structure of the four
ankyrin repeats of 53BP2 (17), and found that Swi6 can adopt
a very similar structure. The alanine substitutions in the
conserved core leucines are likely to disrupt the regular
secondary structure of the ankyrin repeat domain. Five of
the six point mutants examined also disrupt the modeled
structure, and the sixth mutant resides on the surface of the
protein and may define a site of interaction.

FIGURE 1: Alignment of the ankyrin repeat regions of a family of yeast transcription factors. These threeS. cereVisiaeand threeS. pombe
transcription factors all contain a centrally located ankyrin repeat domain that consists of four full ankyrin repeats and vestiges of a fifth
that are tandemly arranged. The black boxes are situated at the most highly conserved residues within the ankyrin motif, known as the
“core” region. Each of the ankyrin repeats within the transcription factors has these regions conserved to some degree. The light gray boxes
denote residues that are conserved across more than one repeat within this family, and the white boxes highlight residues that are conserved
within only one repeat of the ankyrin domain. (b) Single residue substitutions at these sites confer a temperature-sensitive phenotype to
Swi6. (O) Mutants with residue substitutions at these locations were isolated more than once. x depicts a polar residue.φ depicts a hydrophobic
residue. t depicts a residue found in turns.
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EXPERIMENTAL PROCEDURES

PCR Mutagenesis of the Swi6 Ankyrin Repeats. Oligo-
nucleotide primers BL58 (2.5µM) (5′CCTGTAGATGAG-
CATGG3′) and BL202 (2.5µM) (5′CCAAAATCCAC-
GGGTCT3′) were used to perform mutagenic PCR in the
presence of 5.0 mM deoxynucleotide triphosphate and either
0.5 mM (screen 1), 0.25 mM (screen 2), or 0.1 mM (screen
2) manganese chloride to facilitate nucleotide misincorpo-
ration (22). A SWI6 CEN URA3+ plasmid pBD1378 (0.05
µM) (23) was the double-stranded DNA template. To
produce single-stranded templates from the double-stranded
mutagenized PCR product, 25 rounds of PCR were per-
formed using kinased primer BL202 (2.5µM) and 1µL of
the double-stranded mutagenized PCR library product in a
50 µL reaction volume. The resulting single-stranded
mutagenized product was then annealed to a single-stranded
SWI6DNA template produced in thedut- ung- Escherichia
coli strain (24). The heteroduplex plasmids were then
introduced into adut+ ung+ E. coli strain to propagate,
generating the high (0.5 mM MnCl2), middle (0.25 mM
MnCl2), and least (0.1 mM MnCl2) mutagenized libraries.
We isolated the mutagenized plasmids fromE. coli using
the alkaline plasmid prep procedure (25) and then introduced
the plasmids into theswi6 deletion strain BY600 (MATa,
ho:lacZ, swi6::TRP1-197, ura3, leu2-3,112, ade2, trp1,
his3, trp1-1, can1-100, met) using the lithium acetate
method of transformation (26) and isolated those mutants
that grew on uracil-deficient agar. Strains bearing the mutant
swi6alleles were constructed by targeted integration (27) of
the BY600 strain with linearized pRS305 plasmids carrying
theHindIII-SmaI fragments ofswi6. Both rich (YEPD) and
minimal, selective (YC) growth conditions were as described
previously (28).
Generation of Site-Directed Mutants.Mutant plasmids

pBD1819 and pBD1822 were generated from aSacI digest
of pBD1028 and pBD1029, respectively, followed by ligation
of the 1.5 kilobase fragment into theSacI-digested pRS316.
The remainder of the site-directed mutants were generated
through substitution of the indicated core residues using
oligonucleotide-directed mutagenesis of a single-stranded
SWI6 template (pBD1378) (24). The first ankyrin core
region was mutated using primer Bd1035 (mutant base pairs
are underlined) (5′GCTATTGAAGTTAACCAATGTGCTG-
GTGCGTTTGCGTGCTCATCTAC3′), the second using
primer BL86 (5′GCTTTCACTGCGCATGCCTCCGCCAT-
ATTATCACC3′), the third using primer BL87 (5′GATATG-
GTGCGCAATTGCTCTAGCCATTGAGTCTTC3′), and the
fourth using primer Bd1036 (5′GCTGCAATGTTAGCG-
CAAGCATCGGCATTCGAGTCCTGC3′).
Identification of the Temperature-SensitiVe Mutant Plas-

mids. BY600 (swi6::TRP1-197, ho:lacZ) was transformed
with the PCR-generated libraries and grown on YC-ura plates
at 25°C, then replica plated, and grown at both 25 and 37
°C. The colonies were transferred to nitrocellulose filters
and assayed forâ-galactosidase activity as described (21).
Theho:lacZreporter construct for the blue-white screen has
been described previously (21). Transformants that were
blue at 25°C and white at 37°C were selected, as well as
cells bearing null alleles, which were white at both 25 and
37 °C. Mutant plasmids were then isolated from the yeast
strain and retransformed into the BY600 (swi6::TRP1-197)

strain to confirm the dependence of the temperature-sensitive
blue-white phenotype on the plasmid-borneswi6gene.
To identify mutant plasmids that had significant defects

in Swi6 protein stability, extracts were prepared from the
temperature-sensitiveswi6mutants after incubation at 37°C
for 10-12 h. The differences in Swi6 levels are pronounced
in some cases and could be contributing to the defective
phenotype of ankyrin repeat mutants. Thus, the temperature-
sensitive mutants that were selected for further characteriza-
tion were those which maintain near wild-type levels of Swi6
protein and are likely defective due to a loss of function at
high temperatures.
Generation of Yeast Strains. Yeast strains BY2214

through BY2223 were generated by ligating the 2.8 kilobase
HindIII- and SmaI-digestedswi6 fragment from the mu-
tagenizedURA+ pRS316 construct into theLEU+ pRS305
vector (29). The pRS305 vector was then linearized by
digesting withHpaI (or NarI for BY2220, -2214, -2215,
-2216, and -2217) and transplaced into the chromosomalleu2
locus of the BY600 (swi6∆) strain using targeted integration
as described previously (27). Integrated mutants were placed
underLEU selection, and transplacement was confirmed with
both PCR and sequencing.
Immunoblotting. Yeast cell cultures were grown overnight

at 30°C in selective media to an OD660of <0.5, then diluted
to an OD660 of 0.2, and split and grown at either 25 or 37
°C for up to 10-12 h (OD660 of 0.4-0.5). Protein extracts
were made by lysing the cells with glass beads under
hypotonic conditions in extract buffer [100 mM Tris (pH
8.0), 20% glycerol, 0.1% Triton X-100, and 1 mM EDTA]
in the presence ofâ-mercaptoethanol (10 mM) and protease
inhibitors [PMSF (1 mM), leupeptin (1µg/mL), and pepstatin
A (1 µg/mL)]. The protein concentration of each extract
was measured using the Bradford assay (30), and 100-200
µg of protein from each sample was boiled in SDS buffer
[62 mM Tris-HCl (pH 6.8), 10% glycerol, 5 mMâ-mercap-
toethanol, and 3% SDS] and then run on a 10% polyacryl-
amide gel for 2.5-3 h. After semidry transfer of the protein
to a nitrocellulose filter (MSI), the filter was blocked with
TBST buffer [50 mM Tris-HCl (pH 7.5), 200 mM NaCl,
and 0.05% Tween 20] containing 5% nonfat dry milk for 2
h. The filter was then probed with a rabbit polyclonal Swi6
antibody (1:700) and a goat anti-rabbit IgG secondary
antibody conjugated with horseradish peroxidase (1:4000).
The protein bands were detected using the ECL Western
blotting detection system from Amersham.
Band Shifts.The plasmid pBD972 was used for in vitro

translation of Swi4. It contains a 700 bp CITE (31, 32) and
myc tag sequence insertion 5′ of theSWI4ATG codon and
was constructed by inserting theSWI4gene into pBD939,
which is a pBSKS+ vector with the CITE and myc tag
sequence insertions between theApaI andEcoRI restriction
sites. To generate the wild-type Swi6 in vitro translation
construct, pBD972 was used as a template for primers BL139
(5′CTCGAGTTCCATGGTTGTGGCC3′) and the M13 re-
verse primer to generate a 700 bp fragment containing the
CITE sequence. After the PCR product was cloned into the
pCRII vector (Invitrogen) (pBD2158), the CITE fragment
was released byXhoI digestion and substituted for the 300
bp XhoI fragment of pBD1378, generating the wild-type
SWI6CITE construct, pBD2090. Mutant alleleswi6-405
(pBD2091) andswi6-406(pBD2094) CITE constructs were
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also generated through substitution of the 300 bpXhoI wild-
type fragment with the 700 bpXhoI CITE fragment of
pBD2158. The SacI-digested wild-typeSWI6 vector
(pBD2090) was ligated to theSacI fragments containing the
3′ portions of the open reading frames of the PCR-generated
and site-directedswi6mutant alleles to generate the mutant
swi6CITE constructs. In vitro translation of both proteins
was carried out as described in the general protocol for the
Promega TNT Lysate Coupled Transcription/Translation
Reactions. The lysate reaction was performed according to
the manufacturer’s recommendations. One-half of the reac-
tion mixture was incubated with nonlabeled amino acids for
2.5 h at 30°C. The other half of the reaction mixture was
labeled with [35S]methionine at 30°C for 2.5 h, then run on
a 10% polyacrylamide gel, and exposed overnight to
determine the yield of both Swi4 and Swi6. Band-shift
experiments were carried out as described previously (3)
using 20-30 µg of whole cell extract with a32PO4-labeled
130 bp fragment of theHO promoter containing four SCB
elements (-503 to -374 from the ATG). Band-shift
reactions were performed at both 25 and 37°C for 25 min.
The reaction products were run on a 4% polyacrylamide
nondenaturing gel for 3.5 h at 160 V, dried, and exposed
overnight.

â-Galactosidase ActiVity. The X-gal filter and ONPG
assays ofâ-galactosidase have been described previously
(21). â-Galactosidase activity was normalized to protein
levels using the following equation: 1000× OD420 (per
milliliter of supernatant)/protein concentration (milligrams
per milliliter of supernatant)× reaction time (minutes). To
compare SCB transcriptional activity levels to those of MCB-
driven transcription, we generatedLEU+ constructs contain-
ing three tandem repeats of either SCB (pBD2128) or MCB
(pBD2129) elements drivingCYC1:lacZ. These constructs
were generated fromURA+ plasmids pBD1390 (21) and
pBD1166 (33), respectively, through conversion toLEU+
using the “marker swap” plasmid pUL9 [procedure and
construct described elsewhere (34)]. To analyze the PCR-
generated mutants, we cotransformed pBD2128 or pBD2129
into the BY660 strain (MATa, swi6::TRP1-197, ho, his3,
ura3, leu2, trp1, can1-100, ade2, met) with theswi6mutant
allele on CENURA+ plasmids, described above. For the
site-directed mutants, theURA+ tandem repeat constructs
pBD1390 and pBD1166 were transformed into the mutant
yeast strains. After overnight growth on selective media,
the cultures were diluted to an OD of 0.1, grown for 4-7 h
to an OD of 0.5, and then handled as referenced above.
Measurements were made from at least four cultures, and
the data reported are average values. The variations between
assays were less than 20%.
Generation of Single Mutant Subclones. The two muta-

tions in plasmidsswi6-405andswi6-416were separately
subcloned as follows. Each plasmid was first linearized by
digestion with eitherHindIII or SmaI. The HindIII linear
fragment from each mutant was then digested withAlwNI
to generate a 2330 bp fragment containing the isolated
N500Y (swi6-418) mutation in the case ofswi6-405and
the A477T (swi6-417) mutation in the case ofswi6-416.
To generate the N330T (swi6-425) mutation fromswi6-
405 or the N330K (swi6-426) mutation fromswi6-416,
both mutant plasmids were digested withSmaI first and then
with AlwNI, yielding the 2270 bp fragment that contained

either the N330T (fromswi6-405) or the N330K (from
swi6-416) mutation. Gel-purified mutant fragments were
then ligated to the gel-purified complementary wild-type
fragments of theSmaI-AlwNI-digested plasmid pRS316
(BD1378). swi6-419 was created exactly as described
above for mutantsswi6-417and-418, using theHindIII-
digested fragment of the parent plasmidswi6-414.

RESULTS

Identification of Mutants in the Swi6 Ankyrin Domain
Which InactiVate Swi6. To assess the importance of the
SWI6ankyrin repeat domain for transcriptional activity, we
used mutagenic PCR to specifically target mutations to this
region. Using primers flanking the first and part of the fifth
repeat, we generated three libraries that were independently
mutagenized in the presence of 0.5, 0.25, and 0.1 mMMnCl2

(22). In all screens, the libraries were transformed into a
swi6deletion strain (BY600) carrying theho:lacZ-46fusion
at the chromosomalHO locus (7). Transformants were
screened forâ-galactosidase activity after growth at 25 and
37°C. From the first screen of the most heavily mutagenized
library (0.5 mM MnCl2), we isolated 18 different tempera-
ture-sensitive alleles and 64 nonconditional, or null, alleles
(Table 1). Of the nonconditional mutants, 51 did not express
any Swi6 protein and had therefore acquired mutations that
affected Swi6 stability or truncated the protein. We se-
quenced two of the 13 null alleles that expressed Swi6 and
found that each contained at least four substitutions in the
ankyrin repeat region. In contrast to the null alleles, all but
one of the 18 temperature-sensitive mutants expressedSWI6
at the nonpermissive temperature, although in most cells the
level of Swi6 is slightly lower than that in cells bearing wild-
type SWI6plasmids (data not shown). We know that, in
contrast to Swi4, which is undetectable by immunoblotting
and rate-limiting for G1 progression in heterozygotes (3, 35),
Swi6 is easily detected and its overproduction has no
phenotypic effect. It is therefore unlikely that the Swi6
protein is limiting for cell cycle progression or that modest
fluctuations in Swi6 levels would contribute significantly to
the phenotype of these mutants. Four of the temperature-
sensitive mutant plasmids, H323R, G347D, L474S, and
N500T, have single base pair substitutions that map to

Table 1: Summary of Screen Resultsa

PCR-generated mutants of Swi6

0.5
mM MnCl2

0.25
mM MnCl2

0.1
mM MnCl2

complexity 300 1000 1000
total mutants isolated 82 7 18
temperature-sensitive
mutants

18 5 12

nonconditional mutants 64 2 6
express SWI6 13 0 2
do not express SWI6 51 2 4
a Three separately generated ankyrin repeat mutant libraries, using

different concentrations of MnCl2, were screened for temperature
sensitivity of Swi6 transcriptional activity using an SCB-carryingho:
lacZ reporter. Nonconditional, or null, mutants are defined as those
that are not able to expressho:lacZat either the permissive (25°C) or
the nonpermissive (37°C) temperature. Expression of Swi6 by the
nonconditional mutants was determined by immunoblotting cell extracts
grown at 37°C. Complexity represents the number of independent
transformants obtained for each library.
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residues within the first, second, fourth, and fifth repeats,
respectively. The other 11 mutant plasmids from screen 1
all contain two to four substitutions across the ankyrin repeat
region (Figure 2).
In attempts to identify more single mutants, we sequenced

temperature-sensitive mutants out of the less mutagenized
(0.25 and 0.1 mM MnCl2) libraries (screen 2). The total
number of mutants found in these libraries was significantly
less than the number identified in the 0.5 mM MnCl2 library,
despite the fact that these libraries had a higher complexity
(Table 1). This suggests that the degree of mutagenesis was
indeed decreased compared to that of the library generated
in 0.5 mM MnCl2. Several mutations were isolated multiple
times within and across the three libraries, indicating that
the libraries were screened to completion and that hot spots
for mutation exist within this region. In particular, G347
was mutated at least 10 times, and both N330 and K441
were mutated at least four times. As observed in the first
library (0.5 mM MnCl2), the majority (six of eight) of the
null alleles isolated from the other libraries (0.1 and 0.25
mM MnCl2) did not express the Swi6 protein. In addition,
we again observed that the majority of the temperature-
sensitiveswi6alleles contained two or more mutations within
the ankyrin repeat domain.
We also screened the 0.5 mM library for partially active

SWI6mutants (screen 3), characterized as blue at 25°C and
pale blue at the nonpermissive temperature of 37°C, to
determine whether additional single mutants might confer
this less severe temperature-sensitive phenotype. With this
less stringent criterion, we isolated the previously identified
swi6-405 allele, one single mutant (R344G), one double
mutant (swi6-423), and three triple mutants (swi6-420,
-421, and -422). Therefore, even a search for weakly
defective ankyrin repeat mutants yielded a preponderance
of plasmids with multiple mutations. The only single
mutation that was obtained from this screen, R344G, has a
substitution within the same region of the ankyrin domain
as that of the G347D mutation, which was previously
identified in the screen for temperature-sensitive alleles of
this library.
The preponderance of double and triple mutations among

plasmids screened for defects in transcription suggested that
multiple mutations in the ankyrin domain might be required
to alter the structure and/or function of Swi6. Alternatively,
the multiple mutations might be an artifact of the PCR
method of mutagenesis, in which case only one of the
mutations would be responsible for the temperature-sensitive
transcription defect. To distinguish between these two
possibilities, and to analyze the potential for an additive
phenotype between two mutations in different regions of the
domain, we subcloned two single mutations into an otherwise
wild-type Swi6 from each of two double mutants:swi6-
405 andswi6-416. The double mutants had mutations in
the first and fourth (swi6-416) or the first and fifth (swi6-
405) repeats. The two single mutants generated from the
temperature-sensitive mutantswi6-405, swi6-425(N330T)
andswi6-418 (N500Y), hadâ-galactosidase levels (using
a tandem triple SCB reporter construct) of 86 and 50%,
respectively, and the original double mutant (swi6-405) had
38% activity. This indicates that the combination of both
mutations results in a more defective Swi6 than either
mutation alone and that, in the native structure, N330T has

near wild-type activity.swi6-426(N330K) andswi6-417
(A477T) were derived fromswi6-416, which originally
showed a moderately low level of activity (26%). In this
case, theswi6-426single mutant appears to have a gain of
function effect on transcriptional activity, showing 165% of
wild-type activity with the triple SCB reporter construct, and
swi6-417 is moderately defective, allowing 30% of the
transcriptional activity of Swi6. In contrast to the previous
example, the combination of the two mutations gives an
activity level approximating that of theswi6-417mutant in
isolation, suggesting that theswi6-426 gain of function
mutation is far less efficient in the mutant background.
These results show that substitution of N330 with T has little
impact on the function of Swi6 inHO transcription whereas
the substitution of K in that same position has a significant
gain of function phenotype.
Including A477T, which we obtained by separating the

two mutations found inswi6-416, we have identified six
residues (marked with arrows in Figure 2) within theSWI6
ankyrin domain that, when substituted, inactivate the SCB
transcriptional function ofSWI6. Interestingly, all six of
these mutations cluster in the N- or C-terminal quarter of
the ankyrin domain. Mutations were obtained within the
central portion of the domain, but these mutants included
additional mutations at either end or both ends of the domain.
The only exception to this isswi6-415, which has two
mutations six residues apart at the junction between the
second and third repeats. This could indicate that the middle
two repeats are less important and therefore mutationally
silent. However, an equally plausible alternative is that the
middle repeats are so crucial to Swi6 function and stability
that these mutants were among the null mutants that produced
no Swi6 protein and were not further characterized.
To test whether the inability of the Swi6 ankyrin mutant

proteins to activate SCB transcription is due to a defect in
the ability of the Swi4-Swi6 complex to bind DNA, we
compared the DNA binding activities of these mutant
proteins to that of wild-type Swi6 by band-shift analysis.
Using whole cell extracts derived from the wild-type,swi6-
405, and swi6-406 strains and a fragment of theHO
promoter as the SCB DNA probe, we find that the wild-
type complex migrates predominantly as a single lower
complex (Figure 3A). Extracts from theswi6-406 strain
contain a complex that binds DNA about as efficiently as
wild type, but the complex formed migrates more slowly
(referred to as the upper complex). Theswi6-405extract
produces both upper and lower complexes in approximately
equal amounts. These differences in mobility could be due
to differences in the protein composition of the complexes
or to modification or conformational changes within the
Swi4-Swi6 mutant complexes. The variations in steady
state levels of Swi6 in the temperature-sensitive mutants
compared with that in the wild type could also influence the
amount and type of complexes that form.
To eliminate some of these complications, we have used

in vitro translated Swi4 and Swi6 in the DNA binding
reactions. All of the ankyrin repeat mutant plasmids, as well
as the wild-typeSWI6 plasmid, were transcribed and
translated and found to yield comparable levels of Swi4 and
Swi6 protein products (Figure 3B and data not shown). DNA
binding reactions using the in vitro translation products from
swi6-406 and wild-typeSWI6plasmids were analyzed in
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FIGURE 2: Ankyrin repeat region of Swi6 showing positions of residue substitutions. (A) Eleven PCR-generated temperature-sensitive mutants were isolated from the 0.5 mM MnCl2 library after
screening forho:lacZexpression (screen 1). (B) The second group of mutants (screen 2) was isolated from both the 0.25 and the 0.1 mM MnCl2 libraries. Only one mutant containing a single
base pair substitution, G347D (swi6-407), was isolated from this screen. It was isolated four times as a single mutation and had been previously identified as a temperature-sensitive mutation in
screen 1.aThese mutations were derived from a parent plasmid that had been previously identified in either screen 1 or 2. The residues in parentheses indicate isolated substitutions that did not
reduce Swi6 function when subcloned from the additional mutations originally identified in the parent plasmid (described in the text). (C) Mutantsswi6-420, -421, -422, and-423and R344G
(swi6-424) were isolated by screening the 0.5 mM MnCl2 library for less severe temperature-sensitive mutants with the expectation that these would contain fewer mutations (screen 3). One
additional mutant allele carrying a single R344G substitution was isolated from this screen. The arrows at the top of the figure indicate single-residue substitutions that confer a temperature-
sensitive phenotype to Swi6, and the numbers at the bottom indicate the position of these mutations within the Swi6 protein sequence.
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parallel with those produced from whole cell extracts. The
resulting band-shift patterns are qualitatively similar [com-
pare lanes 1 and 3 of Figure 3A (in vitro translation products)
to lanes 4 and 5 (whole cell extracts)]. Since the in vitro
translated Swi4 and Swi6 were the only yeast proteins added
to the reaction mixtures in lanes 1-3, it is unlikely that the
tendency of theswi6-406 ankyrin repeat mutant to form
upper complexes is due to binding of additional proteins to
the DNA-protein complex. It is also unlikely that differ-
ences in protein modification are responsible, since the
proteins are translated in a rabbit reticulocyte lysate system.
The possibility that proteins in this lysate could bind or
modify the yeast protein-DNA complex cannot be excluded,
but to produce these results, the protein has to be specific
for the swi6 mutant complexes. The protein would also need
to be present in both rabbit and yeast cells, because the band
shift is identical whether the mutant protein is translated in
vitro or harvested from yeast.
To observe the extent of variation in DNA binding activity,

the collection of temperature-sensitive ankyrin repeat mutants
of Swi6 were translated in vitro and surveyed for DNA
binding activity at two temperatures. Most of the Swi6
mutants retained the ability to complex with Swi4 and bind
SCB elements at the nonpermissive temperature. Frequently,
however, the mobility of the ankyrin mutant complex was
noticeably altered (Figure 4) and migrated as an upper
complex that could not be distinguished from that ofswi6-

406. The wild-type (SWI6+) band-shift pattern shows the
predominant lower band at 25°C and a more dispersed
pattern, including both upper and lower complexes, at 37
°C. From the band-shift assay, theswi6 mutants can be
grouped into four categories. The first group of mutants
[swi6-406, -407 (G347D), and-401] all form the upper
complex predominantly at both the permissive (25°C) and
nonpermissive (37°C) temperatures. The second group of
mutants [swi6-405andswi6-410 (H323R),-422, -421,
-424 (R344G),-402, and-417 (A477T)] form the upper
complex at the nonpermissive temperature and both the upper
and lower complex at the permissive temperature. The third
phenotype is overall reduced binding, even at the permissive
temperature, seen with mutantsswi6-401, -417, and-422.
The fourth group of mutants [swi6-409 (N500T), -415,
-420, -423, and-418 (N500Y)] show no binding defect
at either temperature. Most of the mutants show altered
binding characteristics with a propensity to form the upper
complex, which is exacerbated by elevated temperatures. A
minority have reduced overall DNA binding. Formation of
the upper complex therefore correlates with the loss of
transcriptional activation, which is also enhanced at high
temperatures. Despite the considerable variability in the
DNA binding complexes formed, the upper complex that
most of the mutants display migrates at a very similar
position in the band-shift gel. Since this is not likely to be
due to changes in protein composition or modification states,

FIGURE 3: Band-shift comparison ofSWI6+ and mutant alleles using both in vitro translated proteins and whole cell extracts. (A) This
band-shift gel shows comparable band-shift patterns with regard to upper and lower complex formation between a whole cell extract
derived from a wild-type strain (lane 4) and in vitro translated Swi4 and Swi6 protein products (lane 1). A 130 bp fragment of theHO
promoter,-503 to-374, was used as the DNA probe for the band-shift experiment which was performed at 25°C. Lanes 1-3 contain
proteins that were translated in vitro. Lanes 4 and 5 contain proteins expressed in whole cell extracts. Lane 1: Swi4 (pBD972) and Swi6
(pBD2090). Lane 2: Swi4 andswi6-405 (pBD2091) (mutant protein showing both the upper and lower complex at 25°C). Lane 3: Swi4
andswi6-406 (pBD2094) (mutant protein showing a predominantly upper complex). Lane 4: wild type [BY600 transformed withSWI6+
(pBD1378)]. Lane 5:swi6-406 (pBD2046) expressed on a low-copy plasmid in theswi6∆ strain, BY600. (B) Both Swi4 and Swi6 are
produced at comparable levels after in vitro translation (described in Experimental Procedures) at 30°C. Lane 1:SWI6+ (pBD2090). Lane
2: swi6-405 (pBD2091). Lane 3:swi6-406 (pBD2094). All other Swi6 mutants show similar expression levels in this reaction.
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we speculate that it may be the result of a global change in
the conformational state of the Swi4-Swi6 complex which
these mutations induce to varying degrees.
Effects of Alanine Substitutions in Core Residues of the

Ankyrin Repeats of Swi6. To assess the importance and
function of the individual ankyrin repeats, and because the
significance of the middle repeats was still a question, we
created mutations at equivalent sites in each of the four
repeats. These mutations, substitution of alanines for each
of the core residues (G-T-L in repeats 1 and 4, G-S-L in

repeat 2, and N-T-L in repeat 3), eliminated the three most
conserved residues in the repeats. In so doing, we hoped to
completely disrupt the function of the conserved residues in
each repeat in a similar manner. In addition, we created
various combinations of the individual core region substitu-
tions to determine whether any of these combinations would
have additive effects. Immunoblots were performed on these
strains as described earlier. Each of these site-directed
mutants produces a detectable Swi6 protein product at 37
°C, although, like those of the PCR-generated mutants, the

FIGURE 4: Band-shift patterns of in vitro translated wild-type and temperature-sensitive mutantswi6alleles.SWI4(pBD972) and the Swi6
plasmid indicated were translated in vitro and then used in band-shift reactions that were performed at either 25°C (upper panel) or 37°C
(lower panel). The DNA target was a 130-base pair fragment of32P-labeledHO promoter containing three SCB elements. Five microliters
of in vitro translation reaction product was included in each binding reaction mixture. Lanes 1 and 16:SWI6+ (pBD2090). Lane 2:swi6-
405 (pBD2091). Lane 3:swi6-409 (pBD2092). Lane 4:swi6-410 (pBD2093). Lane 5:swi6-406 (pBD2094). Lane 6:swi6-415
(pBD2095). Lane 7:swi6-422(pBD2096). Lane 8:swi6-421(pBD2097). Lane 9:swi6-424(pBD2098). Lane 10:swi6-420(pBD2099).
Lane 11: swi6-423(pBD2100). Lane 12:swi6-417(pBD2101). Lane 13:swi6-418(pBD2102). Lane 14:swi6-419(pBD2103). Lane
15: swi6-407 (pBD2104). Lane 17:swi6-401 (pBD2105). Lane 18:swi6-402 (pBD2106).
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protein levels tend to be lower than that of the wild-type
control. One surprising observation is that the mutants
containing alanine substitutions within multiple cores attain
a higher level of Swi6 protein than those mutants in which
a single core region is alanine substituted (data not shown).
Using an integratedho:lacZ reporter construct, we per-

formed â-galactosidase assays to determine the transcrip-
tional activity of these site-directed mutants. All of the core
mutants displayed a temperature-sensitive phenotype in our
most sensitive X-gal filter assay (21) of ho:lacZexpression
(data not shown), and these results were confirmed by
quantitative assays (Table 2). The four mutants that contain
only one alanine-substituted core were all defective inho:
lacZ expression at the nonpermissive temperature. In the
context of the nativeHO promoter, the fourth repeat appears
to be the most critical forHO, or SCB-driven, transcription,
showing severely defective transcriptional activity at both
permissive and nonpermissive temperatures. There is no
suggestion that any one of these repeats performs a function
that is redundant. In addition, the fact that all of these
mutants are temperature-sensitive suggests that the conserved
residues within each repeat play critical roles in stabilizing
the native structure of the Swi6 protein.
Another surprising property, revealed by combining these

core substitution mutants, is that theswi6-1234allele, which
contains mutations within the core residues of all four ankyrin
repeats and was expected to be the most defective, has the
highest level ofâ-galactosidase activity when compared with
the other site-directed mutants (70% at 25°C and 21% at
37 °C) using theho:lacZ reporter construct. In contrast,
substitutions within only the fourth core produce a highly
defective protein, with no discernibleâ-galactosidase activity
at the same temperatures. Apparently, substitutions within
the three additional core regions produce a stabilizing or
compensatory effect. The addition of substitutions within
the first, second, and third core regions in varying combina-
tions with the fourth also appears to increase activity
compared to that seen with the single fourth core substitution
at the permissive temperature, but not to the same extent as
swi6-1234. One plausible explanation of this high level of
activity could be that the ankyrin repeats are targets of
negative regulation. In that case, loss of all four repeats
would eliminate all targets of this repressive activity and

would result in increasedho:lacZ expression. We cannot
exclude this possibility, but we have monitoredho:lacZ
transcription through the cell cycle in theswi6-1234strain
and have found it to be cell cycle-regulated (data not shown).
This indicates that negative regulation during the cell cycle
still persists.
To measure the DNA binding defect associated with the

core substitution mutants, we employed in vitro translation
and band-shift assays as before, incubating the reaction
mixtures at both 25 and 37°C. As stated above, the wild-
type Swi4-Swi6 complex exists as a combination of upper
and lower complexes on SCB DNA, with a predominant
lower complex at 25°C. The core mutants all form the upper
complex exclusively at both temperatures (Figure 5, 25°C
experiment shown). The ability to form the upper band-
shift complex did not localize to mutations within a particular
core region. Thus, even more so than with the PCR-
generated repeat mutants, we see a dramatic but uniform shift
in mobility of the DNA binding complex in the core mutants
of Swi6. This, and the temperature sensitivity of all these
mutants, suggests that the conserved core residues of all four
repeats are important for maintaining the native structure of
Swi6 and/or the Swi4-Swi6 complex.
Differential Effects upon SCB-Versus MCB-Directed

Transcription. We originally isolated the PCR-generated
mutants because they were defective in transcription from
the predominantly SCB-drivenho:lacZpromoter, so it was

Table 2: â-Galactosidase Activities for Swi6 Mutant Yeast Strainsa

units ofho:lacZactiviity as a
percentage of wild-type activity

(strain)SWI6allele

repeats with
core residues
substituted 25°C 37°C

(BY1379)SWI6+ - 34.0 (100) 23.0 (100)
(BY2220)swi6-1000 1 34.0 (100) 4.2 (18)
(BY2221)swi6-200 2 5.0 (15) <0.15 (0)
(BY2222)swi6-30 3 1.5 (5) <0.15 (0)
(BY2223)swi6-4 4 <0.15 (0) <0.15 (0)
(BY2214)swi6-1234 1, 2, 3, 4 23.0 (70) 4.9 (21)
(BY2215)swi6-123 1, 2, 3 4.5 (14) <0.15 (0)
(BY2216)swi6-124 1, 2, 4 4.6 (14) <0.15 (0)
(BY2217)swi6-134 1, 3, 4 2.0 (6) <0.15 (0)
(BY2218)swi6-234 2, 3, 4 4.2 (13) <0.15 (0)
(BY2219)swi6-23 2, 3 5.8 (18) 1.6 (7)
(BY600)swi6∆ - <0.15 (0) <0.15(0)

a â-Galactosidase levels for the site-directed mutants were determined
using theho:lacZreporter construct. Each mutant was analyzed at least
twice in duplicate, and results were calculated as a percentage of wild-
type activity.

FIGURE5: All Swi6 site-directed mutants bind SCB DNA elements
in complex with Swi4 and form an exclusively upper band-shift
complex. Band-shift experiments with in vitro translated Swi4 and
Swi6 reveal the typical wild-type (WT) complex (lane 1), which
shows the predominant lower complexes at 25°C as indicated by
the bracketed region. PCR-generated mutantswi6-406 (lane 2)
confers only the upper complex, as do all of the Swi6 site-directed
mutants. The band-shift results shown are from a 25°C binding
experiment carried out as described in Figure 4. While the wild-
type complex reveals a more distinct lower band at 25°C, there
was no difference in the Swi6 mutant band-shift results between
the permissive and nonpermissive temperatures. Lane 1:SWI6+
(pBD2090). Lane 2:swi6-406 (pBD2094). Lane 3:swi6-1000
(pBD2159). Lane 4:swi6-200 (pBD2160). Lane 5:swi6-30
(pBD2161). Lane 6:swi6-4 (pBD2162). Lane 7:swi6-1234
(pBD2163). Lane 8:swi6-123 (pBD2164). Lane 9:swi6-124
(pBD2165). Lane 10:swi6-134(pBD2166). Lane 11:swi6-234
(pBD2167). Lane 12:swi6-23 (pBD2168).
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of interest to measure the activities of these mutant proteins
in MCB-driven transcription, which is activated by Swi6
bound to another partner, Mbp1 (5, 6, 10). To allow a direct
comparison between SCB and MCB activation, we intro-
duced a high-copy reporter construct carrying three tandem
repeats of either MCB or SCB elements into the BY660 (ho,
swi6::TRP1-197) strain carrying the mutantswi6allele on
a low-copy plasmid (Figure 6). This enabled us to compare
SCB and MCB activation within an equivalent context.
Figure 6 shows that most of the PCR-derived and site-
directed mutants cause a more severe MCB transcriptional
defect when compared with SCB transcriptional activity. The
most notable differences are seen withswi6-1234, which
has 44% activity on SCBs and 0% on MCBs,swi4-124,
which has 40% SCB activity and 0% MCB activity, and
swi6-421, which has 48% of the wild-type SCB activity
compared with 14% of the wild-type MCB activity. In

addition, there are a number of mutants (swi6-1000, -200,
-123, -405, -417, and -424) that show comparably
decreased levels of both SCB and MCB activity when
measured from these analogous promoter constructs. The
fact that the vast majority of ankyrin repeat mutants are not
equivalently defective with respect to MCB and SCB
activation indicates there are differential effects upon the
Swi4-Swi6 and Mbp1-Swi6 transcription complexes. This
is somewhat surprising since the C termini, and not the
ankyrin repeats of these proteins, are sufficient for the
interaction between Swi6 and Swi4 (3, 4) and between Swi6
and Mbp1 (9). Interestingly, all of the mutants are more
defective in MCB activation than in SCB activation, despite
the fact that they were selected for their inability to act at
theHO promoter, which is activated by SCB elements. This
suggests that the Swi6-Mbp1 interaction or activity has a
stronger dependence either upon the ankyrin domain itself
or upon other residues that are brought into proper position
by the ankyrin domain structure.
Modeling Studies of the Ankyrin Repeat Mutations. The

recent publication of the crystal structure of a p53 binding
protein, 53BP2, which contains four ankyrin repeats (17),
has enabled us to estimate the positions of the ankyrin repeat
mutations of Swi6 that we have generated. First, the four
ankyrin repeats of Swi6 and 53BP2 were aligned with 24
other ankyrin repeat domains using CLUSTAL-W (36). This
multiple alignment provided a reliable means of aligning the
two proteins’ ankyrin repeats despite their low sequence
identity (21%). Then, the coordinates for the 53BP2
structure, generously provided by N. P. Pavletich, were used
in conjunction with the MODELLER program (37) to
generate and refine a model of the Swi6 ankyrin domain.
This model was strikingly similar to the 53BP2 structure. It
was validated by three independent methods [PROCHECK,
VERIFY-3D, and ERRAT (see the Figure 7 legend)], and
all three indicated a high degree of reliability. The structure
that 53BP2 adopts, and the one that the modeled Swi6
conforms to, resembles an “L” in profile, with continuous,
tightly packedR-helices perpendicular to and connected by
short â-hairpins. A ribbon diagram of the Swi6 ankyrin
model structure is provided in Figure 7. The locations of
the core residues and five single-point mutants are labeled.
The regularity of this repeat structure is apparent in this view,
as is the conserved positioning of the core residues in each
repeat.
Alanine substitutions were made in the three most

conserved core residues of the Swi6 ankyrin repeats in an
effort to completely eliminate whatever function this repeat-
ing and conserved structure might have. These substitutions
clearly disrupt Swi6 function, but because there are three
changes in the structure in each repeat, it is not possible to
be certain which of these substitutions is the most disruptive.
However, sequence comparison with other ankyrin repeat-
containing proteins, as well as inspection of the model of
the Swi6 structure, suggests that the third substitution within
the cores, which substitutes alanine for leucine at positions
L322, L355, L392, and L474, is the most disruptive. First,
while the glycine and threonine are conserved within the
Swi6 family, these specific residues are not conserved in
the ankyrin repeat family as a whole. In contrast, the leucine
is highly conserved among the hundreds of ankyrin repeats
that have been identified (15). In addition, inspection of the

FIGURE 6: ONPG assay results for SCB and MCB reporter
constructs. Using three tandem SCB (CACGAAAA) or MCB
(ACGCGT) DNA binding elements driving theLacZ reporter, we
measured the transcriptional activity (details in Experimental
Procedures) of selected temperature-sensitive mutants. The activity
is reported as a percent of the wild-type activity. The wild-type
SWI6gene and each of the mutant alleles were on a low-copy
plasmid in the presence of the reporter construct, which was
expressed from a 2µm plasmid.
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Swi6 model shows that these leucines are part of a
hydrophobic core which is likely to play a critical role in
stabilizing the fourR-helix bundles that are the predominant
feature of the Swi6 ankyrin domain. The first of these three
core leucines, L322, lies at the interface of fourR-helices
and is spaced appropriately to form tight hydrophobic
interactions with three other hydrophobic residues in the
adjacent helices (V334, V338, and L373). Leucine is often
found to be a preferred residue in leucine zippers, coiled
coils, and other structures in whichR-helices are tightly
packed (38), and in ankyrin repeats, they may also play a
critical role in stabilizing the helix bundles.
Four ankyrin repeats occur in tandem within the yeast

transcription factor family, and the four full repeats have
been modeled on the basis of the structure of another protein
which also contains four repeats. N500, one of the residues
shown to be critical for Swi6 function in this analysis, is
adjacent and C-terminal to the four-repeat structure. This

asparagine, and the glycine that follows three residues
downstream, are the residues that would be expected to begin
a fifth repeat. However, the residues that follow do not
conform to the consensus sequence. The significance of this
partial fifth repeat is unclear, but the fact that it maintains
appropriate spacing and sequence conservation within this
family suggests that it may be important in the overall
domain structure. This is corroborated by the fact that point
mutations in N500 have been found which disrupt Swi6
function. In addition, there is another ankyrin repeat
containing protein in yeast, Yar1, which also ends its ankyrin
repeat sequence in the same manner (39).
Among the PCR-generated ankyrin repeat mutants, the

most commonly identified mutation, isolated 10 times from
three independent screens, was at the glycine G347 position
and all were substitutions of glycine for aspartate (D). G347,
as pictured in Figure 7, lies on the back surface of the
modeled structure, in theâ-hairpin connecting ankyrin

FIGURE 7: Ribbon diagram of the Swi6 ankyrin domain model. The model consists of three and one-half ankyrin repeats with theâ-L-
â-L-R-L-R motif. HereR-helix, â-strand, and loop (L) are color coded with blue, red, and green, respectively. The highly conserved core
residues in the ankyrin repeats, G318, T320, L322, G351, S353, L355, N388, T390, L392, G470, and T472, and the single-site mutants
generated in this study, H323, R344, G347, L474, and A477, are highlighted with ball-and-stick models. The single-site mutants are labeled
in cyan, and the core residues are labeled in black, except for L474, which is a core residue that was also identified as a single mutant in
our temperature-sensitivity screen. The color coding of the atoms is as follows: carbon, black; nitrogen, blue; and oxygen, red. Only the
side chain atoms for each residue are shown in the ball-and-stick model except glycine where the main chain atoms are shown for easy
identification. The model of the Swi6 ankyrin domain was derived from the crystal structure of a homologous ankyrin domain in the
p53-binding protein (17) by the homology modeling method (37). Twenty-four sequences of ankyrin repeat domains were aligned by
CLUSTAL-W (36) to achieve a reliable alignment of the Swi6 ankyrin domain with that of the p53-binding protein. The multiple alignment
was required due to the low sequence homology between the ankyrin domains in Swi6 and the p53-binding protein. The initial model was
generated and subsequently refined by MODELLER (37). The final model presented here was validated by PROCHECK (45), VERIFY_3D
(46), and ERRAT (47). The result of PROCHECK showed that 99.1% of the main chain dihedral angles are within allowed regions. The
rmsd bond length and angle are 0.02 Å and 2.47°, respectively. The average 3D_1D profile score for each residue is 0.34, with the lowest
score of 0.24 for the N- and C-terminal residues as calculated from VERIFY_3D. ERRAT showed that 96.0% of the residues are within
the 95% confidence limit. There are no residues above the 99% confidence limit level. These three independent validation methods suggest
that the model is reliable. The long insertion between repeats 3 and 4 (residues 418-462) was excluded in the model, and a yellow triangle
denotes the position of that undefined stretch in the structure.
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repeats 1 and 2. As such, changes at that position are
unlikely to destabilize the structure itself. Rather, the loss
of function that this mutation causes suggests that this residue
may be part of a surface on which there is a critical
interaction with another protein, or with another domain of
the Swi6 protein. This is also likely to be the case for the
gain of function mutation, N330K, which does not confer a
conformational change to the modeled Swi6 ankyrin repeat.
The four other single mutations generated in this study

that resulted in temperature-sensitive Swi6 proteins are all
predicted to result in unfavorable interactions within the
ankyrin repeat itself when modeled onto the structure. These
findings help to validate the model and give us new insight
into the key intramolecular interactions that occur in this
structure. The core leucine (L) at position 474 changed to
serine (S), and alanine (A) 477 changed to threonine (T)
(Figure 8A); both disrupt the tight hydrophobic packing that
is predicted to occur within neighboring residues. In the
case of histidine (H) 323 (Figure 8B), which is replaced with
arginine (R), the hydrogen bonds predicted to be formed by
the histidine with aspartate (D) 348 are disrupted and the
larger arginine side chain would be expected to perturb the
local structure due to steric hindrance. Finally, the space
filling models depicted in panels A and B of Figure 9 clearly
show the effect predicted by substitution of R344 for glycine
(G). In the model, the loss of the bulky side chain of the
arginine creates a cavity on the surface of the structure which
exposes the hydrophobic side chains of L322 and L373. This
cavity is large enough to make this region accessible to water
and would be expected to destabilize the structure.

DISCUSSION

Within the four ankyrin repeats in this family of transcrip-
tion factors, three levels of conservation are observed. There
are “core” residues, which are identical, as well as residues
with chemical similarities that are conserved throughout all
four of the repeats. Second, there are specific residues which
are shared by repeats 1 and 4, making them much more
similar to each other than the other repeats in these or any
other set of ankyrin repeat proteins. Third, there are residues
which are conserved within the individual repeats of all of
the family members, but which differ widely between repeats.
This study provides evidence that the core residues of all
four of the repeats are important, but whether this is due to
a structural requirement for a four-repeat domain or whether
these repeats actually have different roles is unclear. The
fact that the mutations in the core residues all result in
temperature sensitivity and all cause what appears to be a
dramatic conformational change in the Swi4-Swi6 DNA
binding complex is evidence that the role of these residues
may be structural.
Modeling studies of our single-point mutants also show

that all but one of these mutations are likely to disrupt the
structure of the ankyrin repeat domain. The one exception
is G347D, which may define a surface on which there is a
critical interaction. This interaction is most likely to be
between Swi6 and Swi4, or with another part of Swi6, as
this mutant also causes a dramatic shift in the ternary
complex between Swi4, Swi6, and DNA on band-shift gels.
Our transcript measurements show that all of the ankyrin
repeat mutants, which were initially selected for defects in

FIGURE 8: (A, top) Superposition of the two models of the L474S
and A477T mutants where L474 and A477 in the wild type are
substituted by Ser and Thr, respectively. The positions of mutant
residues S474 and T477 were generated by MODELLER and subse-
quently refined. L474 and A477 and their neighboring residues, I396,
I485, V486, L489, and L490 in the wild type as well as S474 and
T477 in the mutant, are represented with ball-and-stick models. L474
and A477 in the wild type are indicated with a cyan bond color. Their
neighboring residues in the wild type are indicated with a green bond
color. L474 forms tight hydrophobic packing with the side chains of
V486, L489, and L490, whereas A477 forms tight hydrophobic packing
with I396, I485, and V486. In both mutants, the substitution of L474
by S474 and of A477 by T477 inserts a hydrophilic residue in the
hydrophobic pocket, which will destabilize the four-R-helix bundle.
(B, bottom) Model of the H323R mutant where H323 is substituted by
Arg. The position of mutant residue R323 was generated by MOD-
ELLER and subsequently refined. Residue 323 and the neighboring
D348 in the wild type and the mutant Swi6 are represented with ball-
and-stick models and coded by their bond color of cyan and purple,
respectively. The Nε2 of H323 forms two hydrogen bonds indicated by
yellow dashed lines with Oδ1 and Oδ2 of D348 in the wild type, whereas
the guanidinium group of R323 in the mutant clashes with D348,
although the side chain of D348 was pushed away from its wild-type
position. This steric hindrance may lead to thermal instability of the
mutant.
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SCB-driven transcription in the context of the nativeHO
promoter, have an even more severe defect in MCB-driven
transcription. This greater dependence upon the ankyrin
repeat domain for Mbp1-Swi6- than that for Swi4-Swi6-
dependent transcription indicates differences in the contacts
within the two complexes. These residues may be identifi-
able with more exhaustive genetic screens.
Ankyrin repeats were initially identified as statistically

significant homologies between the repeats of Swi6 and its
nearestS. pomberelative, Cdc10. Ankyrin repeats were also
found in the Notch protein ofDrosophila and theCae-
norhabditis eleganslin-12 protein, both of which are also
highly related (1). Since then, ankyrin repeats have been
identified in more than 100 proteins with highly diverse
functions (15). The sequence consensus has been relaxed
considerably over that time, and the discovery of new
members of the family is aided as much by the fact that
they are nearly always present as tandem repeats as by their
sequence similarities.
The function of the ankyrin repeat has been investigated

in many different systems, and several key protein-protein
interactions have been shown to depend on them (40-44).
However, the repeats do not appear to interact with each
other, nor has any other “signature” sequence been identified
that is diagnostic of an ankyrin repeat-interacting protein.
This, coupled with the fact that the proteins in which these
ankyrin repeats are found have highly diverse functions and
are located in a myriad of different cellular compartments
(spider venoms, membrane transport proteins, and transcrip-
tion factors), suggests that these repeats do not have a
common function or binding partner. Rather, they should
be viewed as structural units, which confer a particular type
of protein fold. Gorina and Pavletich (17) have noted that
ankyrin repeats form a novel L-shaped structure. Our study
provides evidence that the conserved residues within each
repeat are required to produce this structure, and as such,

they provide a scaffold upon which different residues can
be displayed. It is most likely that the nonconserved
residues, which are unique to the different classes of ankyrin
repeat-containing proteins, are responsible for specific
interactions with other proteins and for providing the
biological specificity and function to the ankyrin repeat
proteins. The conserved residues, which are the defining
feature of an ankyrin repeat, may play a strictly conforma-
tional function. Thus, the ankyrin repeat may be more
appropriately viewed as a novel type of protein fold which
provides a stable structure with surfaces that can be tailored
for many different macromolecular interactions. Our data
indicate that the ankyrin repeats of Swi6 are critical for the
thermostability of Swi6 and for maintaining the proper
conformation of the ternary complex between Swi4, Swi6,
and DNA. It is still possible that the unique faces of the
Swi6 ankyrin repeat domain form a binding site for another
protein that has not yet been identified. However, it is more
likely that these repeats provide a rigid structure that holds
the Swi4-Swi6 complex in a precise and functional spatial
arrangement with respect to the DNA.
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