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The tetratricopeptide repeat (TPR) is a 34-aa sequence motif,
typically found in tandem clusters, that occurs in proteins of
bacteria, archea, and eukaryotes. TPRs interact with other proteins,
although few details on TPR–protein interactions are known. In
this paper we show that a portion of a loop in the homeodomain
of the DNA-binding protein a2 is required for its recognition by the
TPRs of the corepressor Ssn6. The amino acid sequence of this loop
is similar to the sequences recognized by the TPRs of an entirely
different protein, Pex5, which directs peroxisomal import. We
further show that a2 can be made to bind specifically in vitro to the
TPRs of Pex5 and that a point mutation that disrupts the a2-Ssn6
interaction also disrupts the a2-Pex5 interaction. These results
demonstrate that two different TPR proteins recognize their target
by a similar mechanism, raising the possibility that other TPR-
target interactions could occur through the same means.

W ith the completion of increasing numbers of genome
sequences, families of related proteins are expanding at a

rapid rate. In some cases, it is possible to recognize the cellular
process in which a protein participates from its sequence. For
example, the presence of a homeodomain indicates that the
protein is likely to be a regulator of transcription. However, for
other protein families, the existence of a shared motif does not
identify the cellular process in which the family members par-
ticipate. One such protein family is defined by the presence of
tetratricopeptide repeats (TPRs). The TPR is a 34-aa degener-
ate sequence motif that was first recognized 9 years ago (1, 2).
Although these tandem repeats originally were found in only five
proteins, this family has grown to contain more than 100
members, in organisms ranging from bacteria to humans. Sac-
charomyces cerevisiae alone has 26 TPR proteins, representing
nearly one half a percent of the yeast’s total gene products. TPRs
usually are found in tandem arrays of between three and 16
copies, and they function in a wide variety of cellular processes,
including transcriptional regulation, protein import into or-
ganelles, cell cycle regulation, and splicing (for review see ref. 3).
The TPR motif originally was proposed to mediate protein–
protein interactions (1) and over the past few years this has been
shown to be the case in several systems (4–8). Despite this
progress, we still do not know the common features through
which TPRs recognize their target proteins.

Two distinct biological systems in which TPRs mediate pro-
tein–protein interactions have been relatively well studied, and
these systems can be used to address whether common elements
exist among different TPR-protein interactions. Ssn6 is a tran-
scriptional repressor found in the nucleus of S. cerevisiae (9, 10).
It contains 10 TPR repeats (2, 10), and together with its
corepressor, Tup1, is responsible for the repression of more than
150 genes in yeast (9, 11). The Ssn6-Tup1 complex is not capable
of binding DNA on its own, but is brought to the promoters of
the genes it represses by interactions with sequence-specific
DNA binding proteins (9, 12, 13). In all, the Ssn6 TPRs must

interact with at least nine proteins (sequence-specific DNA
binding proteins, Tup1, and perhaps histones and downstream
components of the repression machinery), which share no gross
sequence similarity to one another. The interaction between
Ssn6 and the sequence-specific DNA binding protein a2 has
been studied in some detail. It was found that the homeodomain
of a2 could interact directly with single TPR repeats or with an
array of TPR repeats (4). The other eight proteins mentioned
above also must interact with some or all of the TPR repeats, and
these results, as well as the fact that Tup1 can interact with at
least some of the same TPRs bound by a2 (4, 6), suggest that a
particular repeat is not dedicated to binding only one target
protein. However, a given repeat may show a higher affinity for
one target protein over another (6).

The second well-studied system involving a TPR repeat
protein is the import of proteins into peroxisomes. Pex5, which
contains eight TPRs, functions as a peroxisomal import recep-
tor, and the repeats in Pex5 have been shown to bind directly to
a degenerate tripeptide sequence found at the C terminus of
proteins to be imported (for a review of peroxisomal import see
ref. 14). This tripeptide, first identified as SKL (15), is called the
peroxisomal targeting sequence 1 (PTS1), and is required for
Pex5-mediated import into peroxisomes (16). Although the
proteins that interact directly with Pex5 contain no gross overall
sequence similarity to one another, they all do contain this short
consensus sequence, which directs the interaction with the TPRs
of Pex5, and thus, import into the peroxisomes.

In this paper, we demonstrate, both in vivo and in vitro, that
a sequence similar to the PTS1 peroxisomal import sequence is
required for the interaction of the DNA-binding protein a2 with
TPRs of the Ssn6 corepressor. Moreover, we show that this
sequence also can mediate a nonphysiological, in vitro interac-
tion between a2 and the TPRs of Pex5. Identification of a
general TPR-targeting sequence within a2 helps explain how it
can bind to each of the TPRs in Ssn6 and suggests a common
feature of at least some TPR–protein interactions.

Materials and Methods
Plasmid Construction. Plasmids used in this study are outlined in
Table 1 and are presented in the order they are used in the paper.
All plasmids were confirmed by sequencing.

pAJ1011, the a2 R173A bacterial expression vector, was made
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by cutting a 580-bp BglII–BamHI fragment from pAJ264 and
ligating this fragment to similarly cut pAJ233b to replace the
wild-type sequence.

pAJ552 is an in-frame fusion of glutathione S-transferase
(GST) to TPRs 2–8 of Pex5 from S. cerevisiae. TPRs 2–8 of Pex5
were made by PCR using pGAD.R1 as a template and the
following primers: 59-GAATATTTTAAGGATCCTAATGCT-
TAT-39 and 39 end-59-TTTATTATTAGAATTCACTTCATG-
CAT-39; the restriction sites are underlined. The resulting PCR
product was cut with EcoRI and BamHI and ligated into
similarly cut pGEX1.

Strain Construction, Yeast Media, and Transformations. Other strains
were generated by lithium acetate transformation using standard
procedures. Yeast media used in these experiments are described
in ref. 32.

Interaction Assays. Extracts from bacteria containing 1.5 mg
partially purified a2 protein (12) were diluted in binding buffer
II (BBII) 1 the salt concentration indicated in the figure legends
to a final volume of 250 mlyassay. The diluted protein was
dialyzed on a microdialyzer (GIBCOyBRL), 15 mlyh, 1 h against
BBII 1 indicated salt concentration, spun for 459, 4°C, 14K rpm.
Glutathione agarose containing immobilized fusion proteins
(see ref. 4) was diluted with unconjugated beads, for a final
fusion protein concentration of 2.5 mM. The resin was equili-
brated by washing 3 3 750 ml elution buffer, followed by 4 3 1
ml BBII 1 indicated salt concentration. A total of 250 ml of the
appropriate extract containing a2 was added to the resin, and the
tubes were incubated at 25°C for 20 min on a Nutator platform.
The resin was pelleted at 2K rpm, 2 min, 4°C, and the superna-
tant was removed and saved. The resin was washed once in 250
ml BBII 1 indicated salt concentration, with the salt concentra-
tion being identical to that used in the loading step, and the wash
was saved. The resin was washed twice more in 250 ml BBII, and
supernatant from these washes was discarded. The resin was
resuspended in 250 ml elution buffer and incubated for 10 min,
25°C on the Nutator platform. The resin was pelleted, and the
supernatant was collected and saved as the elution fraction. The
resin was washed once in 250 ml elution buffer, and the elution
supernatants were combined. All fractions were spun at 2 K for
5 min, and the supernatant was transferred to a new tube to
remove any remaining resin. The samples were trichloroacetic
acid-precipitated and resuspended in 25 ml Laemmli buffer.
Samples were neutralized with NH4OH vapors, boiled for 5 min,
and spun for 5 min. Two microliters of each sample was loaded
on a 15% SDS-polyacrylamide gel and transferred to membrane
for Western blotting.

The experiments depicted in Fig. 3, a2 vs. Ssn6 TPR6 1–9 and
a2 vs. GST, were conducted at 175 mM final salt concentration.

a2 vs. Pas 10 TPRs 2–8 and a2 vs. Ssn6 TPR6 were conducted
at 150 mM final salt. The BBII is 20 mM Hepes, pH 7.6y1 mM
EDTAy2 mM DTTy1 mM PMSFy2 mM benzamidine. BBII 1
175 mM final salt also contains 164.5 mM potassium acetate, 7.5
mM sodium acetate, and 3 mM magnesium acetate. BBII 1 150
mM final salt also contains 141 mM potassium acetate, 6.4 mM
sodium acetate, and 2.6 mM magnesium acetate. Elution buffer
is 50 mM Hepes, pH 7.6y1 mM EDTAy1 mM EGTAy1 M
NaCly0.05% NP-40y2 mM DTTy2 mM PMSF.

Liquid b-Galactosidase assays. Liquid b-galactosidase assays were
performed as described (33) except that cell lysis was performed
according to CLONTECH MATCHMAKER kit directions.
Comparisons of liquid b-galactosidase assays conducted by each
of the above methods did not reveal any significant differences
in the numbers achieved. The remainder of the assay was
performed as described previously.

Whole-Cell Extracts for Western Blotting. Extracts for the blots used
in Fig. 3C were prepared by using the trichloroacetic acid-
Western protocol (34) and transferred according to ref. 35. The
a2 blot was probed with anti-a2 antibody at a 1:1,000 dilution.
Anti-a2 was used at 1:1,000, and anti-rabbit-horseradish perox-
idase (HRP) was used at 1:5,000. HRP was detected by using
NEN Renaissance reagents.

Gel Mobility Shift Assays. The a2yMcm1 gel mobility shifts used a
labeled wild-type Ste6 operator fragment as probe. The probes
and shift conditions are as in ref. 17, except the following buffer
was used 25 mM Tris, pH 8.0y0.5 mM EDTAy5% glyceroly5 mM
MgCl2y0.1% NP-40y50 mg/ml polydIdC (ICN)y10 mg/ml BSA.
Purified Mcm11–96 was generously provided by S. Soisson and C.
Wolberger, Johns Hopkins University School of Medicine, Bal-
timore.

Gel mobility shifts on the assay site were performed in 60 mM
Tris, pH 8.0y0.55 mM EDTAy5 mM MgCl2y0.1% NP-40y50
mg/ml polydIdCy10 mg/ml BSAy10% glycerol. Remaining con-
ditions were described in ref. 36.

Results
a2 Contains a PTS1-Like Sequence in the Region that Interacts with
Ssn6. Previous work had demonstrated that the homeodomain of
a2 is responsible for the interaction of a2 with the TPRs of Ssn6
(4). Point mutations within the loop between helices 2 and 3 of
the homeodomain were known to affect a2’s ability to direct
repression in vivo (17). On closer inspection, we realized that the
sequence of this loop was closely related to the PTS1 sequence
that directs interactions with the TPRs of Pex5 (Fig. 1A). The
PTS1 sequence is degenerate; and among the sequences that
have been demonstrated to promote peroxisomal import are

Table 1. Plasmids

pAJ# Other name Description Source

pRS315 LEU2, Ars/CEN (37)
pAJ786 pAV116 MATa cassette in pRS315 Andrew Vershon
pAJ264 pAV115 (R173A) MATa cassette w/a2 R173A (17)
pAJ233b pAV100 a2 E. coli expression vector Andrew Vershon
pAJ1011 — Above with R173A This study
pAJ584 Ssn6 1–9 GST:Ssn6 TPR 1–9 (4)
pAJ558 Ssn6 TPR6 GST:Ssn6 TPR6 (4)

pGAD.RI Pex5 PCR template (38)
pAJ552 — GST:Pex5 TPRs 2–8 This study
pAJ705 pGEX1 GST fusion vector Amrad
pAJ21 pCK1 a2/Mcm1 operator sites (33)
pAJ331 pCG71 Asy operator sites Caroline Goutte
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SyAyC in the first position, KyHyR in the second position, and
L or M in the third position (15, 18). The PTS1-like sequence in
the loop of the a2 homeodomain is SRI. Because the structures
of the a2 homeodomain bound to DNA alone (19) and with each
of its two binding partners, a1 and Mcm1 (20, 21) are known, we
could easily determine whether this sequence was surface ex-
posed and therefore available in principle to interact with the
TPRs of Ssn6 when a2 was bound to DNA. In each of these
protein–DNA structures, the SRI is indeed surface exposed
(Fig. 1B).

The 2SRI in the Homeodomain of a2 Is Required for the Interaction
with the TPRs of Ssn6. We addressed the relevance of the SRI
sequence in the homeodomain of a2 by mutating its sequence
and testing the ability of the resulting proteins to interact with
the TPRs of Ssn6. Wild-type a2 and a2 containing a mutation
in the SRI sequence (R173A, in the second position) were
overexpressed in bacteria. Partially purified extracts containing
either wild-type or mutant a2 were incubated with two GST-
TPR fusion proteins, each of which contained a different set of
TPRs from Ssn6, immobilized on glutathione agarose. The beads
were washed and the bound protein was eluted. Fig. 2A dem-
onstrates that wild-type a2 binds efficiently to the fusion protein
containing TPRs 1–9 of Ssn6: the wild-type a2 was almost
completely depleted from the supernatant fraction, and it reap-
peared in the bound or pellet fraction. Many other proteins
present in the extract were not bound by the beads, showing the
specificity of the a2-TPR interaction (not shown, see ref. 4). In
contrast, a2 containing the R173A mutation was only minimally
depleted from the supernatant fraction, and only minimally
detectable amounts reappeared in the eluate fraction. These
results indicate that the PTS1-like sequence in the homeodo-
main of a2 (SRI) is required for the efficient interaction of a2
with the TPRs of Ssn6. We repeated this experiment by using a
single TPR (TPR6) immobilized on the beads, instead of the
tandem array. As seen in Fig. 2B, wild-type protein was retained
by the beads, whereas the a2 R173A was not. This result

indicates that a single TPR repeat recognizes the same deter-
minant on a2 as does the tandem array.

A trivial explanation for the effect of the R173A mutation on
the interaction of a2 with the TPRs of Ssn6 is that the substi-
tution affects the structure of the a2 homeodomain and thereby
nonspecifically disrupts the interaction. To rule out this possi-
bility, we tested whether the mutation affected the ability of the
mutant a2 to bind DNA and to interact with two of its partner
proteins, a1 and Mcm1. Fig. 3A shows that a2 R173A is able to
bind an a-specific gene operator cooperatively with Mcm1, and
Fig. 3B shows that a2 R173A binds cooperatively with a1 to a
haploid specific gene operator. In both cases the affinities were
indistinguishable from wild type. These results indicate that the
mutation does not affect the local structure of the homeodo-
main, which is required to bind DNA, and also does not affect
the structure of the remaining portions of the protein required
to interact with Mcm1 and a1 (17, 22–24). In addition to the
R173A mutation, a triple alanine mutation (S172A; R173A;
I174A) which changed the entire PTS1-like sequence in the loop
was constructed. As expected, this mutant a2 also failed to bind
the TPRs of Ssn6; however it showed a decreased binding
affinity to DNA in combination with Mcm1, suggesting that the
mutant a2 had a structural defect. For this reason we limited
our interpretation to experiments performed with the R173A
mutant.

The 2SRI in the Homeodomain of a2 Is Required for Repression in
Vivo. We next tested whether the SRI in the homeodomain of a2
disrupted the interaction with Ssn6 in vivo. A library of muta-
tions in the homeodomain of a2 previously had been constructed
and analyzed (17). A number of these mutations altered the
DNA-binding surface of a2 and, predictably, disrupted DNA
binding and therefore biological function. In contrast, most
mutations on the non-DNA binding surface of the homeodo-
main seemed to have little or no effect on the biological activity
of a2. One of the few mutations located outside the DNA-
binding surface (see ref. 19, and above) that did disrupt biolog-

Fig. 1. a2 contains a surface exposed PTS1-like sequence in the homeodo-
main. (A) A schematic diagram of a2 illustrating its domain structure. Inter-
acting proteins are placed above the domain where they are known to make
contacts. The homeodomain is shown in more detail in the Inset. The PTS1-like
sequence is placed below its position in the linear sequence of the homeodo-
main. (B) The PTS1-like sequence in the homeodomain of a2 is surface ex-
posed. (Left) The structure of the a2 homeodomain (purple) is shown bound
as a trimeric complex with the homeodomain of a1 (green) and DNA (brown)
(21). (Right) The a2 homeodomain (purple) is shown bound to DNA (brown)
and a dimer of Mcm1 (green) (20). In each of the structures the PTS1 sequence
in the homeodomain of a2 is shown in blue.

Fig. 2. An intact PTS1 sequence in the homeodomain of a2 is required for
TPR binding. Wild-type or mutant (R173A) a2 extracts (Load) were incubated
with resin containing immobilized GST-TPRs. After the incubation, the super-
natant (Sup) contains unbound protein, and bound protein is pelleted with
the resin and later eluted (Pellet). Equivalent volumes of sample were loaded
in all lanes of a SDSyPAGE gel. Shown are Western blots of these gels probed
with anti-a2 antibody. (A) This blot shows the result of incubating bacterial
extracts containing either partially purified wild-type a2 or a2 R173A with
resin containing immobilized GST:Ssn6 TPRs 1–9. (B) The resin contained
immobilized GST:Ssn6 TPR6. The experiment of A was conducted at a final salt
concentration of 175 mM, whereas the experiment in B was conducted at 150
mM final salt. The band of larger molecular weight present in the lanes
containing a2 R173A is a covalent dimer of a2. The fraction of covalent dimer
present in wild-type preparations is known to vary (39) and because the R173A
protein behaves like the wild-type with respect to DNA binding and protein–
protein interactions with a1 and Mcm1 (see below) we do not believe the
presence of this dimer affects the interpretation of these experiments.
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ical function was the R173A substitution, and, as described
below, we carefully reexamined its effect in vivo.

In a cells, Ssn6 and Tup1 are brought to the promoters of
a-specific genes by association with DNA-bound a2 and Mcm1
(9, 25). To test the ability of the mutant a2 protein to bring about
repression of the a-specific gene set, we transformed a plasmid
that expresses either wild-type or mutant a2 into a yeast strain
whose MAT locus had been deleted. This strain also carries an
a-specific gene reporter, and b-galactosidase assays thereby
provide a quantitative readout of the ability of a2 to direct
repression (17). As seen in Fig. 4A, matD cells that express
wild-type a2 show strong repression of the reporter, whereas
matD cells expressing a2 R173A are defective, but not com-
pletely inactive, in repression. We know that Tup1 interacts with

the N terminus of a2 (12) and we believe that the residual
repression observed for the mutant a2 activity results from the
recruitment of Ssn6-Tup1 through the Tup1 interaction.

A trivial explanation for this result is that the mutant protein
is present at lower intracellular levels than the wild-type protein.
However, the result of Fig. 4B demonstrates that a2 containing
the R173A mutation is present at levels approximately the same
as those of the wild-type protein. Thus, these results demonstrate
that the R173A is defective in repression of a reporter construct

Fig. 3. a2 R173A binds to DNA cooperatively and with wild-type (wt) affinity
with its partners, Mcm1 and a1. (A) Gel mobility-shift assay using a Ste6
(a-specific gene) operator as probe. The gel mobility shifts shown here were
produced by using decreasing amounts of either wild-type a2 or a2 R173A in
combination with constant levels of purified Mcm11–96. Lane 1 contains free
probe, and lane 2 contains added Mcm11–96 (2.3 3 10-9 M). All other lanes with
added Mcm11–96 contain 4.6 3 10-10 M Mcm1 (lanes 3, 5–7, and 9–11). In
addition to Mcm1, lane 3 contains purified a2 (1 3 10-8M). Lanes 5–7 and 9–11
contain 10-fold serial dilutions of either wild-type a2 or a2 R173A, respec-
tively. The dilution series begins at 5 3 10-8 M and ends at 5 3 10-10 M, as
indicated by the gradient above the lanes. Lanes 4 and 8 each contain 5 3 10-8

M a2 or a2 R173A, respectively, in the absence of any added Mcm11–96. (B) Gel
mobility-shift assay using a haploid-specific gene operator as probe. The gel
mobility shifts shown here were produced by using decreasing amounts of
either wild-type a2 or a2 R173A in combination with constant levels of
purified a1. Lane 1 contains free probe, lane 2 contains added purified a1
(8.4 3 10-8 M) in the absence of a2, and lane 3 contains purified a2 (1 3 10-9

M) in the absence of added a1. Lane 4 contains both purified a1 (8.4 3 10-8 M)
and purified a2 (2 3 10-9 M). All other lanes with added a1 contain 8.4 3 10-8

M a1. Lanes 6–9 and 11–14 contain 2-fold serial dilutions of either wild-type
a2 or a2 R173A, respectively. The dilution series begins at 1.6 3 10-9 M and
concludes at 2.1 3 10-10 M, as indicated by the gradient above the lanes. Lanes
5 and 10 each contain 1.6 3 10-9 M wild-type a2 or a2 R173A, respectively, in
the absence of added a1. Extract dilutions for each of the above gel mobility
shifts were compared by Western blot to ensure that roughly equivalent levels
of protein were used for each set of matched lanes (data not shown).

Fig. 4. The PTS1 in the homeodomain of a2 is required for repression of
a-specific genes. (A) (Upper) A schematic diagram illustrating the reporter
gene system used in this experiment to quantitate repression. A matD strain
contains a reporter gene construct integrated into the chromosome. In the
reporter, upstream regulatory sequences control the activity of the LacZ gene.
Here, these regulatory sequences contain an a2yMcm1 operator. For repres-
sion to occur, a2 must bind its operator with Mcm1. In the absence of
repression, the strain expresses high levels of b-galactosidase (vector). (Lower)
Data from liquid b-galactosidase assays, effectively quantitating the amount
of repression. In these experiments, we have conducted liquid b-galactosidase
assays, in triplicate, on three unique transformants. Our data agrees with that
previously published in ref. 17. (B) a2 and a2 R173A are expressed at compa-
rable levels within the cells. Western blots of whole-cell extracts from the
strains used in the liquid b-galactosidase assays above were probed with
anti-a2 antibody. wt, wild type.
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and is consistent with the biochemical observation that the
R173A mutation disrupts the interaction of a2 with Ssn6.

The library of a2 mutations mentioned above also included a
mutation in the isoleucine in the third position of the PTS1-like
sequence, I174A. This mutation, not retested here, showed a
defect in repression significantly smaller than that of the R173A
mutation. These results suggest that although both mutations
affect the interaction the arginine (R173) has the more pro-
nounced effect.

Peptides Containing the PTS1-like Sequence Are Not Sufficient to
Direct the TPR-Target Interaction. The above results demonstrate
that a PTS1-like sequence is necessary for the interaction
between a2 and the TPRs of Ssn6. To address whether this
sequence is sufficient for the interaction, we constructed syn-
thetic peptides. The peptides were 7 aa long and contained either
the SRI sequence or this PTS1-like sequence reversed (IRS), as
a control (see ref. 5), and we performed two types of experi-
ments. In the first, we attempted to block by competition a2
binding to GST:TPRs with the peptides, and in the second we
directly measured the binding of radiolabeled peptides to
GST:Ssn6. In neither case could it be shown conclusively that the
peptide bound specifically to the TPRs of Ssn6 or Pex5. Finally,
we crosslinked the peptides to a solid affinity resin and deter-
mined whether a purified TPR construct selectively interacted
with the immobilized peptides. Again, we could not demonstrate
a conclusive interaction between the peptides and the TPRs.
Several scenarios could explain these negative results, including
the possibilities that the peptides failed to fold into the proper
conformation and that additional Ssn6-contact points on a2 lie
outside this sequence.

Mutation of the PTS1-Like Sequence in a2 Disrupts an Interaction with
the TPRs of Pex5. TPRs constitute a highly degenerate repeated
sequence motif. Because a2 can interact with a number of
different TPRs from Ssn6, we were interested to determine
whether the PTS1-like sequence in a2 could bind to the TPRs
from a completely different protein in vitro. In the experiment of
Fig. 5, extracts containing wild-type or mutant a2 were passed
over an affinity column containing immobilized TPRs 2–8 of
Pex5 (the contiguous block of Pex5 TPRs). The results show that
a2 is indeed capable of binding an affinity column containing the
array of Pex5 TPRs. Furthermore, the R173A mutation in a2
disrupts this interaction. These experiments indicate that the
PTS1-like sequence on a2 is recognized by the TPRs from both
Ssn6 (a natural interaction) and Pex5 (a presumed nonphysi-

ological interaction) and support the idea that different TPR-
target protein interactions can occur by a common mechanism.

Discussion
In this paper we have demonstrated both in vivo and in vitro that
the TPRs of Ssn6 recognize a loop in the homeodomain of a2.
The amino acid sequence of this loop is very similar to the
tripeptide signal (known as PTS1) that directs the interaction of
peroxisomal proteins with the TPRs of the peroxisomal import
receptor, Pex5. The similarity between the way that a2 interacts
with the TPRs of Ssn6 and the way the peroxisomal proteins
interact with the TPRs of Pex5 is underscored by the demon-
stration that wild-type a2 can be made to interact in vitro with
the TPRs of Pex5. Moreover, a mutation in a2 (R173A) that
disrupts the a2-Ssn6 interaction also disrupts the a2-Pex5 in-
teraction. These experiments support the idea that different
TPRs, either from the same protein or from different proteins,
can recognize the same short amino acid sequences.

Where Does the Specificity Come From? If the TPRs of Pex5 can
recognize a2 why doesn’t a2 end up in the peroxisome? The
likely answer is that the PTS1-like sequence is only one of a
number of factors that provide specificity to the a2-Ssn6 inter-
action. At the most fundamental level, cellular localization could
be an important determinant of specificity. For example, a2 is a
nuclear protein; except for the brief moments after its translation
and before its import into the nucleus, it is not in the appropriate
part of the cell to be recognized by Pex5 and imported into the
peroxisome. Additionally, it is possible that the nuclear local-
ization signals on a2 simply could override those potentially
directing peroxisomal import. An example of this type of signal
prioritization is seen for the protein carnitine-acetyltransferase,
the Cat2 gene product in S. cerevisiae, which contains signals for
both mitochondrial and peroxisomal import. Only when Cat2 is
missing the mitochondrial-targeting signal, generated through
the use of an alternative initiation codon, is it imported into the
peroxisome (26).

Separation of function by cellular compartmentalization can-
not readily explain all instances of TPR-mediated specificity, as
there are many TPR proteins that reside in the same compart-
ment. It seems likely that features of the target proteins in
addition to the PTS1-like sequence are involved. Thus interac-
tions with the TPR through additional sequence determinants,
with other parts of the TPR protein or with other proteins
complexed with the TPR protein may be required for a produc-
tive interaction to occur. For example, Ssn6 is always found
complexed with Tup1 (27) and we know that a2 interacts with
both Ssn6 and Tup1 (4, 12). As shown in this paper, a loop in the
homeodomain of a2 interacts with Ssn6; previous work has
shown that a determinant at the other end of the protein (the
amino terminus) interacts with Tup1 (12). The successful inter-
action of a2 with Ssn6-Tup1 requires both sets of interactions,
because mutations in either binding determinant are defective in
repression (ref. 12, this work). Finally, it has been shown that the
attachment of a PTS1 to the end of a heterologous protein is not
always sufficient to direct import into the peroxisome; additional
sequences present on the target protein sometimes are required
(28, 29). These additional sequences might either contribute to
the interaction with Pex5 or mediate interactions with other
components of the import machinery. Just as multiple recogni-
tion events might contribute to specificity in the systems de-
scribed above, this second recognition step might provide a
specificity check on proteins delivered to the peroxisome by
Pex5; the resident peroxisomal membrane proteins could con-
firm that the peroxisome is the intended destination of the
protein by checking for other determinants on its surface.

Fig. 5. The PTS1-like sequence in a2 is required for the interaction with the
TPRs of Pex5. The experiment was conducted as those in Fig. 2 with the
exception that in A the resin contained immobilized GST:Pex5 TPRs 2–8,
schematized by shading the TPRs. (B) This experiment serves as a binding
control. In this experiment the resin contained only immobilized GST. The
experiment of B was conducted at a final salt concentration of 175 mM,
whereas the experiment in A was conducted at 150 mM final salt.
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Can Other Signals Direct TPR Target Interactions? The structure of a
TPR protein, PP5, recently has been solved, and it reveals that
each TPR has two distinct faces (30). The tandem array of TPRs
in the structure resembles a cupped hand with an inner and an
outer surface, and the authors suggest that the inside of the hand
could provide an interaction surface for an a-helix. Recent work
on Hsp90 has demonstrated that it binds this inner TPR groove,
by using a non-PTS1 based signal (31). Given the size of this
groove, it seems unlikely that multiple proteins fit into it
simultaneously. It is plausible that the PTS1-mediated interac-
tions might occur along the outer face of the TPR structure.
Because of the curvature of the TPR array, it should be possible
for several PTS1-containing targets to interact simultaneously
with different TPRs along the outside of the array.

The experiments reported here, in combination with work
using other TPR systems, suggests that there are at least two
mechanisms by which TPRs recognize target proteins. One
mechanism, that exemplified by Hsp90, requires interactions

across a whole array of TPRs and so is fairly rigid in its assembly.
The other, exemplified by a2 and the PTS1 sequence, is directed,
at least in part by a consensus sequence on the target protein that
allow it to occupy any one repeat in the array. This latter mode
of binding would allow for considerable flexibility in the assem-
bly to TPR-target complexes a feature that has been proposed
to contribute to tight transcriptional repression by Ssn6 (4).
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