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The cooperative binding of gene regulatory proteins to
DNA is a common feature of transcriptional control in
both prokaryotes and eukaryotes. It is generally viewed
as a simple energy coupling, through protein—protein
interactions, of two or more DNA-binding proteins. In
this paper, we show that the simple view does not
account for the cooperative DNA binding of al and
a2, two homeodomain proteins from budding yeast.
Rather, we show through the use of chimeric proteins
and synthetic peptides that, upon heterodimerization,
a2 instructs al to bind DNA. This change is induced
by contact with a peptide contributed by a2, and this
contact converts al from a weak to a strong DNA-
binding protein. This explains, in part, how high
DNA-binding specificity is achieved only when the two
gene regulatory proteins conjoin. We also provide
evidence that features of the ale2 interaction can
serve as a model for other examples of protein—protein
interactions, including that between the herpes virus
transcriptional activator VP16 and the mammalian
homeodomain-containing protein Oct-I.

Keywords homeodomain/protein—DNA interactions/
protein—protein interactions/VP16/yeast cell-type
determination

Introduction

In eukaryotes, proteins that regulate transcription typically
act in specific combinations. A simple example of this
principle is found in the specification of cell-types in the
yeastSaccharomyces cerevisida thea/a cell type, two
homeodomain proteins, al am®, form a heterodimer
that binds with high affinity and specificity to a DNA
sequence called the haploid-specific geheg( operator

02 are present together only in treda cell type, the
haploid-specific genes are derepressed in the other two
yeast cell typesa anda cells.

The ale?2 heterodimer has been well studied genetic-
ally, biochemically and structurally (e.g. Goutte and
Johnson, 1993; Phillipet al, 1994; Li et al, 1995;
Vershonet al,, 1995). Some of these studies have utilized
the minimal fragments of al armtR necessary to hetero-
dimerize and to bind tightly to DNA. The2 minimal
fragment includes the homeodomain (60 amino acid res-
idues which fold into threen helices linked by two turns)
and a short peptide tail (21 amino acid residues) which
extends from the C-terminus of the homeodomain. The
al minimal fragment includes only the 60-amino acid
homeodomain. NMR studies have shown that dt2etail
is unstructured in the2 monomer but folds into a short
distorteda-helix upon contact with the al homeodomain
(Phillips et al, 1991, 1994). An X-ray crystallographic
study of the al andx2 minimal fragment heterodimer
bound to DNA (Li et al, 1995) has revealed that this
helix rests on top of the al homeodomain (that is, on the
surface opposite that which contacts DNA), making a
series of hydrophobic contacts. In the crystal structure
both homeodomains contact the DNA which is strongly
bent. The only contact between the al arl minimal
fragments occurs through the? tail (Stark and Johnson,
1994; Li et al, 1995), although in the intact protein
additional protein—protein contacts are made (Goutte and
Johnson, 1993; Het al., 1994). Many additional genetic
and biochemical experiments support the biological relev-
ance of the crystal structure (reviewed by Andrews and
Donoviel, 1995).

Despite these studies, it has been difficult to account
for the high DNA-binding specificity of the heterodimer
in terms of the individual DNA-binding properties of its
two constituents. Under experimental conditions in which
the specificity of the heterodimer for tinsgoperator over
non-specific DNA was at least 3000-fold, th2 monomer
exhibited a DNA-binding specificity of ~10-fold and the
al monomer showed no reproducible sequence-specific
DNA binding (Goutte and Johnson, 1993; Phillipsal.,
1994).

In this paper, we address how the high DNA-binding
specificity of the ale2 heterodimer is generated. In

(Goutte and Johnson, 1988, 1993, 1994; Dranginis, 1990).particular, we distinguish between two hypotheses:
This operator is located upstream of many genes (collect- (i) heterodimerization is simply a coupling of the two
ively called the haploid-specific genes), and the binding monomers; and (ii) heterodimerization involves the
of al anda2 to it recruits the SSN6-TUP1 complex, instruction of one monomer by the other. Since no signi-
which represses transcription of each haploid-specific geneficant structural changes occur in t homeodomain
(Mukai et al, 1991; Keleheret al., 1992; Smith and  upon heterodimerization (Wolberget al., 1991; Phillips
Johnson, 1992; Komacht al., 1994). These genes encode et al, 1994; Liet al, 1995), the second hypothesis can
proteins required for thea and a cells to mate, and for  be reduced to the more specific proposal that, upon
regulators ofa/a cell-specific functions (for reviews see heterodimerization, tha?2 tail instructs the al homeodo-
Herskowitzet al, 1992; Johnson, 1995). Because al and main to bind specifically to DNA. Previous work (Mak
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and Johnson, 1993; Stark and Johnson, 1994) establishelA

the importance of the?2 tail for heterodimer formation,
but did not distinguish between these two models.

To test this idea, we constructed a series of chimeric
molecules consisting of the homeodomain of al linked
covalently to the tail ofa2. These two elements were
joined by linkers designed to be of sufficient length and
flexibility to permit an intramolecular interaction between
the al homeodomain and tle tail. A prediction of the
instructional hypothesis (but not of the simple coupling
model) is that such chimeric al molecules should be able
to bind tightly and specifically to DNA as monomers; we
show that this is indeed the case. In a second set of
experiments, we show that ar? tail peptide supplied in
solution can induce the al homeodomain to bind to
DNA, a result that provides additional support for the
instructional model. Finally, we provide evidence that
features of the interaction between al arlalso apply
to other combinations of gene regulatory proteins.

Results

Construction of the a1::a2 chimeric proteins

The design of the chimeric al homeodomains (in particular
the length of the linkers) was based on inspection of the
X-ray crystal structure of the a#2 heterodimer bound

to DNA (Li et al, 1995). They are shown schematically
in Figure 1A. For two of the chimeric molecules, th@

tail was attached via a linker to the C-terminus of the al
homeodomain. In the X-ray structure the distance between
the C-terminus of al and the N-terminus of th2 tail is

32 A. Alinker of 11 amino acids (present in the al::&P:
chimera) should, in principle, span this distance if it is
assumed that the linker is fully extended. A chimera
with a linker of 16 amino acids (al::162) was also
constructed to accommodate some degree of folding in
the linker. The linkers were composed of glycine and
serine to provide both flexibility and solubility. A third
chimeric molecule was constructed in which th2 tail
was attached via a linker to the N-terminus of the al
homeodomain. The distance between the C-terminus of
02 and the N-terminus of the al homeodomain in the
heterodimer crystal structure is only 13 A, and a glycine/
serine linker of 6 amino acids was used to span this
distance.

al::a2 chimeric proteins bind DNA as monomers

The four chimeric proteins depicted in Figure 1A were
expressed irEscherichia coli purified to >90% homo-
geneity, and tested for their binding to a synthetic operator
composed of two al half-sites (al-al in Figure 1C). In
contrast to the al homeodomain, which failed to bind
DNA (Figure 2, lanes 5-7), all three chimeras exhibited
efficient DNA binding in the 30-100 nM range (Figure 2,
lanes 11-13, 17-19, 23-25). The chimeras aloPl:
(lanes 11-13) and al::162 (lanes 17-19) each formed
two distinct protein-DNA complexes, whereag::6::al

o2 hd + tail

i

al hd

66-126 [ 128-188

189-210

al:11:02

OOH
al:16:02

al/al operator

I S o
at ail

1

hsg operator
al o2

o2:6:al

Fig. 1. Proteins (A), peptides (B) and operators (C) used in the
experiments described in this papek) (The top two diagrams depict

the minimal fragments of wild-type al am® proteins sufficient for
heterodimer formation and tight DNA binding. The additional proteins
are chimeras in which the tail @2 has been covalently linked to the
homeodomain of al. The linkers between the tail and the homeo-
domain are composed of alternating (glycinahd (serine) and are
depicted as a string of filled black circle®)(a2 tail peptides were
synthesized by California Peptide Research, Inc. All three peptides are
identical except for position 196; they are 19 amino acids in length,
beginning at residue 189 of2 and ending at residue 207. The intact

a2 protein ends with residue 210 and residues 208-210 are not
required for ala2 heterodimer formation (Mak and Johnson, 1993).
(C) The al-al operator has the same spacing and binding site
orientation as a naturally occurririgsg operator (which contains an al
and ana2 binding site), except the2 binding site of thehsgoperator

has been replaced by a second al binding site (Goutte and Johnson,
1994). The two al binding sites are separated by six base pairs and for
the experiments of Figures 2, 5 and 6 are contained within an 80-bp
DNA fragment.

al::16:02—DNA species are monomers of the al chimera
bound specifically to DNA. Consistent with this assign-
ment, DNase | footprinting of the chimeric proteins on an
hsg operator (which contains an al half-site and cgh

(lanes 23-25) produced only a single species. Based on &half-site; see Goutte and Johnson, 1994) demonstrated

comparison with previous results (Smith and Johnson,
1992; Goutte and Johnson, 1993) and with the migration of
the al-a2 fragment heterodimer bound to DNA (Figure 2,
lanes 2—4), we conclude that the::6::al-DNA species
and the faster migrating of the two al::12-DNA and
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that all three of the chimeric proteins bind only to the al
half of the operator (Figure 3). In contrast, the a2—
fragment heterodimer binds to both the al arftl sites
of the operator (Figure 3).

In addition to complexes of a monomer bound to
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Fig. 2. Binding of the aln2 chimeras to the al-al operator. TRE-labeled DNA fragment (80 nucleotide pairs) containing the al—-al operator
was incubated with the purified protein indicated for 30 min at room temperature and electrophoresed through a 5% native Tris-borate—EDTA
polyacrylamide gel (as described in Stark and Johnson, 1994). Lane 1 contains labeled DNA alone. Lanes 2—4 contedrh@ #Mail

(02108219 in addition to al hd. The al hd alone (lanes 5-7) and theaXhimera homodimer (lanes 8-10) were included along with thera1—
fragment heterodimer in order to demonstrate the different mobility shifts expected for monomers and dimers bound to the DNA2gliarfes:
11-13) and al:1&2 (lanes 17-19) both give two shifts, consistent with monomeric and dimeric DNA binding, wtee2eésal (lanes 23-25)
gives only one shift consistent with monomeric DNA binding. All three chimeras containingZhail mutation have reduced DNA binding (lanes:
14-16, al::11a2 1965 20-22, al::1602 1955 26—28,02 1965:6::a21). The al homeodomain and chimera concentrations for each set of three
reactions are 30, 100 and 300 nM.

C-terminal placements permit the binding of a second
o monomer. Another possibility is that the dimeric species
observed in this experiment arise, at least in part, from
favorable contact between two monomers, and that this
contact is suboptimal in a2::6::al. In any case, the import-
ant point is that all three atx2 chimeras are capable of
binding as monomers to specific DNA sites, whereas the
al homeodomain itself shows no DNA binding under
similar conditions.

We showed previously that a different ai2: chimera,
one that contains the tail af2 linked covalently to the
C-terminal end of the al homeodomain but that lacks a
linker, binds DNA only as a dimer (Stark and Johnson,

alhd/ o2 128210

alnol
no protein

a2::6:al
al:i16io2

al:it:

| at]
p

a2 |

1994). For comparison, the behavior of this protein is
shown in Figure 2 (lanes 8-10). According to the @2—
DNA crystal structure, this chimera (due to the absence

of a linker) should not be capable of undergoing an
intramolecular interaction to bring the2 tail in contact
with the proper surface of the al homeodomain. Thus,
= ——— the only way for this chimera to efficiently bind the
————— operator is through the interaction of the tail of one
molecule with the homeodomain of a second molecule.
; . We believe this is the explanation for the dimer requirement
Ecﬁ]?iﬁuhgrfrf;cgg gp‘grgpof %u(;l)i?g?; Sffﬁ (IJ?]?; Iggefffﬂﬁgtmg ste  Of this chimera. In contrast, the chimeras described in this
was chosen for this experiment so that monomeric binding of proteins Paper are all capable of binding DNA as monomers. The
would be revealed. Lane 1u® al hd plus 100 nMu2;25_513 lane 2, predicted structures of the chimeras, based on the crystal

50 uM al:a2; lane 3, no protein; lane 4, YM a2::6::al; lane 5, structure of the ale2 fragment heterodimer, are shown
100 uM al::16:02; lane 6, 50uM al::11:02. The ala?2 fragment in Figure 4A. B and C

heterodimer and the a@2 chimeric protein described previously as
binding as a dimer (see text) were included as controls, to show
protection of both half-sites in the operator. In contra;:6::a1, Specific point mutations in the tail reduce DNA
al:16:a2 and al::11a2 show protection only over the al half of the binding by the al::02 chimeras
operator. To rule out the possibility that the enhanced DNA-binding
of the chimeric al proteins was due to non-specific
DNA, al::11:02 and al::16a2 each form a more slowly  contributions of the linker or of the tail, a set of additional
migrating species, which is very likely to be two monomers chimeras was constructed, each of which contains a
bound to DNA. As pointed out above, the binding of specific point mutation in the tail. Leul196 in the2 tail
02::6::al appears solely monomeric. One explanation for is critical for al-e2 functionin vivo andin vitro (Strathern
this difference is that the placement of the linker on the et al, 1988; Stark and Johnson, 1994). In the X-ray crystal
N-terminus of al im2::6::al sterically blocks the binding  structure of the ale2 heterodimer, this leucine makes an
of a second molecule to the second al half-site, while the important contact with the al homeodomain @ti al.,

Fig. 3. DNA binding of al:02 chimeras to an ab2 operator.
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A

Fig. 4. Cartoons depicting interaction of the? tail with the al homeodomain. al is shown in red ardis shown in blue. The green ovals refer to
the glycine/serine linkers (see Figure 1)) (The al-«2 heterodimer fragment crystal structure @tial,, 1995). B) Inferred structure of the two
chimeras (al::11a2 and al::16a2) in which thea? tail and linker were fused to the C-terminus of at) (nferred structure of thei2::6::al
chimera, in which thex2 tail and linker were fused to the N-terminus of the a1l homeodomBininferred structure of the al homeodomain bound
by wild-type a2 tail peptide. For each of these cases, we have provided evidence that the interactiondtditevith the homeodomain of al
induces a conformational change, which stimulates the binding of the al homeodorhamojgerator DNA. The contacts between al and DNA

occur through helix 3 and the loop between helices 1 and 2{(lail., 1995).

change in al occurs in this loop.

1995). In all three chimeras, this leucine was changed to
serine, and in all three cases (Figure 2, lanes 14-16,

al::11:02 1965 lanes 20-22, al::1®&2 1965 and lanes
26-28, 02 96s:6::a1) DNA binding was significantly
reduced compared with chimeras that carried the wild-
type tail. This result demonstrates that efficient DNA
binding by the al homeodomain chimeras specifically
requires a functionad2 tail.

The 02::6::a1 chimeric protein shows sequence-
specific DNA binding

The DNase protection experiments of Figure 3 showed

As described in the text, it has been proposed that the conformational
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Fig. 5. DNA-binding specificity of then2::6::al chimera. For this
electrophoretic mobility shift experiment, an 80 nucleotide pair
32p_labeled fragment containing the al-al operator and the same
labeled fragment with the operator deleted (consisting of 51 nucleotide

that the three al chimeras specifically recognized the alpairs) were utilized. The two operators have different mobilities in the

half-site. We verified the sequence-specific DNA-binding
of one chimerap?2::6::al, using an additional technique.
Using a gel mobility assay, we directly compared its
affinity for a DNA fragment that contained the synthetic
al—al binding site with its affinity for the same fragment
lacking these sites (Figure 5). Botf2::6::al (lanes 9-11)

and the ale? fragment heterodimer, used as a control

(lanes 3-5), bind specifically to the al-al operator frag-

gel due to their size difference. Lanes 1, 3-5 and 9-11 contain the
al-al fragment while 2, 6-8 and 12—14 contain the fragment that
lacks specific al-binding sites. Lanes 1 and 2 lack protein and the
other lanes have the indicated protein or proteins added. The binding
conditions and protein concentrations were the same as those used in
Figure 2.

domain to bind specifically to DNA even if the two

ment, but not to the operator that lacks al sites (lanes 6-Polypeptides were not covalently joined. To test this

8 and 12-14). These results verify the footprinting results,
showing that thex2::6::al chimera has a marked prefer-
ence for a known al binding site over other DNA.

An o2 tail peptide is sufficient to induce the a1
homeodomain to bind DNA

idea, a wild-type and two mutarmt2 tail peptides were
synthesized. All three peptides were 19 amino acids in
length and end at residue 207 @®. The final 3 amino
acid residues in the2 tail (positions 208-210) are not
required for ale2 function (Mak and Johnson, 1993).
One mutant contains a serine at position 196 and the other

It seemed plausible, based on the results described abovean alanine, changes known to disrupt the interaction of

that the isolated tail ofi2 could induce the al homeo-
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Fig. 6. A 19 amino acida?2 tail peptide, supplieéh trans, induces al
to bind the al-al operator. Each lane contains 30 nM al hd, which
does not bind DNA on its own (lane 1). In addition to al hd, lanes
2-6 contain successive 2-fold increases of the wild-tygeail

peptide beginning with a concentration of 0.15 mM in lane 2 and
ending with 2.5 mM in lane 6. Both mutant peptides, present in the
same concentrations as the wild-type peptide, are reduced in their
ability to induce al DNA binding (L196S, lanes 7-11; L196A, lanes
12-16). The binding conditions are the same as those of Figure 2,
except that the incubations of DNA and protein were carried out at
4°C, as was the electrophoresis.
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190

S.c.02: ITIAPELADLLSGEPLAKEKKE stop
212
K.1.02: TAVSSDIRNILN stop
371
VPl6: NNYGSTIEGLLDLPDDDAP

Fig. 7. Sequence alignment of the ‘tails’ experimentally attached to
the a2 homeodomain. Amino acid sequence of fheerevisiagS.c)
andK.lactis (K.l.) a2 C-terminal tails correspond to the C-terminal

21 and 12 residues, respectively, of the two proteins. The VP16
sequence numbers correspond to residues 371-389 in the full-length
VP16 protein (1-490). The residues of tBecerevisia@?2 tail shown

in bold are those that interact with the surface of the al hd. The
corresponding residues in the other two tails are also shown in bold
for comparison.
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A
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Fig. 8. The a2 chimeric proteins containing heterologous tails bind to
an al-e2 operator cooperatively with the al homeodomain protein. A
32p.labeled DNA fragment containing an al2-operator was

incubated with the indicated proteins for 45 min on ice before being
electrophoresed through a 5% native Tris-borate—EDTA polyacryl-
amide gel. The al homeodomain protein was purified, andithe
chimeric proteins were all present in bacterial extradyy.l(ane 1
contains no protein. All lanes marked with the al hd contain 3-fold
increases of protein, beginning with 30 nM and ending withM.

The a2 hd:K.l. tail and thea2 hd:K.l. tail;;;g5 proteins are present in
the lanes indicated at a concentration of ~2 nM. Note that the extracts
containing the wild-type and mutan® hd:K.l. tail proteins both

show weak binding to the DNA in the absence of al hd protein.

(B) The lanes marked with the al hd protein contain 3-fold increases
of protein, beginning with 30 nM and ending with 300 nM. Th2
hd::VP16 andn2 hd::VP1637,sproteins are present in the lanes
indicated at a concentration of ~80 nM. The extracts containing the
wild-type and mutanti2 hd::VP16 proteins both show weak binding
to the DNA in the absence of the al hd protein.

of the S.cerevisia@ 2 tail are dispensable for its function
(see above). The four hydrophobic residues that form the

The results illustrated in Figure 6 show that the amount basis of the interaction between tecerevisiaen? tail

of DNA bound by the homeodomain increases as the and the al homeodomain are also hydrophobic in the
concentration of wild-type peptide is raised (lanes 2-6), K.lactis a2 tail, but only one of the 12 tail positions
with half-maximal stimulation reached at a peptide concen- (Leu200 in a2) contains the same amino acid in both
tration of ~0.3 mM. This value is in excellent agreement proteins.

with the Kp of 0.2—0.3 mM seen for the interaction of the The second tail we tested derives from the herpes
02 and al fragments as measured by NMR spectroscopysimplex virus transcriptional regulator, VP16. Although
(Baxteret al., 1994; Phillipset al., 1994). The two mutant  not itself a homeodomain protein, VP16 interacts with the
peptides also stimulate al binding (Figure 6, lanes 7-11 mammalian Oct-1 homeodomain to maximally activate
and 12-16), but to a significantly lesser extent. In other transcription of some of its target genes. Baxétral
experiments, the difference between the wild-type and (1994) and Liet al. (1995) have pointed out that the
mutant peptides was less pronounced, suggesting that theegion of VP16 shown to interact with Oct-1 (Werstuck
al—peptide interaction is highly sensitive to the conditions and Capone, 1989a,b; Stern and Herr, 1991; Wadkat.,
employed. The predicted structure of the al homeo- 1994; Shawet al., 1995; Lai and Herr, 1997) bears rough
domain—peptide complex, based on the crystal structureamino acid similarity to that of th&?2 tail (Figure 7).

of the al-e2 heterodimer fragment, is shown in Figure 4D. Moreover, the results of mutagenesis experiments (Lai
et al,, 1992; Pomerantet al,, 1992) have suggested that
the surface of Oct-1 contacted by VP16 is approximately
equivalent to the surface of al contactedd®

Can heterologous ‘tails’ also mediate cooperative
binding of a1 and o2 to DNA?
We have presented evidence that iz tail, in addition

to joining al anda2 together to form the heterodimer,

Analysis of the K.lactis o2 tail

acts as a ligand to convert the al homeodomain to a high-We substituted the C-terminal tail of tle2 protein from

affinity DNA-binding form. In this section, we test the
generality of the tailchomeodomain interaction by testing
whether a heterologous tail can substitute for dt®etail

in bringing about the cooperative binding of al amal.
We tested two heterologous tails for this activity. The first
was from thea2 protein ofKluyveromyces lactisa yeast
closely related toS.cerevisiae As judged by sequence
comparison, theK.lactis a2 tail is slightly shorter than
that of S.cerevisiagFigure 7), but the last several residues

S.cerevisiaawith that of theK.lactis a2 to give ana2
hd:K.l. tail chimera. We expressed this chimeric protein
in E.coli and showed that it was capable of binding
DNA cooperatively with théS.cerevisia@l homeodomain
protein (Figure 8A). In this DNA-binding experiment, the
al homeodomain on its own shows no detectable DNA
binding, but in the presence of the2 hd:K.1. tail
chimeric protein, significant DNA binding is observed. The
migration of the complex is consistent with a heterodimer
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bound to DNA. Approximately 10-fold more2 hd:K.1.
tail protein thanS.cerevisiae2 homeodomain protein is
required to bind an equivalent amount of DNA in the

Johnson, 1995). In the DNA-bound state, the homeo-
domains of al andi2 both make extensive contacts with
the hsgoperator (Liet al, 1995).

presence of the same concentration of al (data not shown), The work presented in this paper shows that heterodimer

indicating that the interaction between tkdactis a2 tail
and theS.cerevisiaeal homeodomain is less favorable
than that between the tw®.cerevisiagroteins.

To determine whether th€lactisa?2 tail was interacting

formation is not simply the joining together of the al
and a2 homeodomains. Heterodimerization also induces
changes in each monomer, and the change in al is crucial
for the DNA binding specificity of the heterodimer. A key

with the a1l homeodomain in a manner analogous to that contact in the heterodimer is formed by a flexible tail that

of the S.cerevisiaea2 tail, we changed one of the
hydrophobic residues in thi€.lactis tail, isoleucine 218,

to serine. InS.cerevisiagthe equivalent mutation (L196S)
disrupts the interaction between al am# (see above).
The chimeran2 hd: K.l. tail;»,g5fails to bind cooperatively
with the a1l homeodomain (Figure 8A). From these results,
we conclude that the C-terminal tail &flactis a2 can at
least partially substitute for th®.cerevisia@ 2 tail. Thus,
the interaction with the al homeodomain is maintained
even though the two tails are identical at only a single
position.

Analysis of the VP16 ‘tail’

To test further the generality of the al homeodomah—
tail interaction model, we grafted a region of the herpes
virus activator protein, VP16, onto tlee2 homeodomain,

in place ofa2’s own tail @2 hd::VP16). This region of
VP16 is predicted to form an amphipathic helix and to
interact with the exposed surface of the Oct-1 homeo-
domain protein (Hayes and O’'Hare, 1993; Lai and Herr,
1997). In the VP16 tail, four hydrophobic residues corre-
spond to the hydrophobic residues in the tail that
form the surface with which it interacts with the al
homeodomain; only two of these four residues are identical
between the two proteins. Overall, this region of VP16 is
identical to then2 tail at these two positions out of a total
length of 19.

The DNA-binding experiment of Figure 8B shows that
this a2 hd::VP16 chimera is also capable of binding to
DNA cooperatively with the al homeodomain. However,
the binding is ~50-fold weaker than that observed for the
wild-type a2 protein. As discussed above, the VP16 and
o2 tails differ considerably in amino acid sequence, and

extends from thea2 homeodomain and that becomes
ordered upon contact with an exposed surface of al
(Phillips et al.,, 1994; Liet al., 1995). This conformational
change in thex2 tail has been well studied by NMR and
X-ray crystallographic methods. In the2 monomer, this
tail is unstructured, but it assumes a distortedhelix
upon contact with al (Phillipst al., 1991, 1994; Wolberger

et al, 1991; Liet al, 1995). However, this change in
02 has no apparent consequence on the DNA-binding
properties ofi2 (Mak and Johnson, 1993), and the overall
structure of then2 homeodomain (excluding the tail) is
the same whether or not it is complexed with al.

In this paper, we have provided evidence that contact
with the a2 tail induces a change in the al homeodomain
which renders it competent to bind tightly and specifically
to DNA; without this instructional change, the al homeo-
domain binds DNA only weakly, if at all. We propose
that the change in the DNA-binding properties of al
induced by contact witlx2 results from a conformational
change in al. What might this conformational change be?
Baxter et al. (1994) showed by applying isotope-edited
NMR spectroscopy td°N-labeled al homeodomain and
14N-labeleda2 homeodomain plus tail that the resonances
of many positions in the al homeodomain changed upon
addition ofa2. Some of these changes can be accounted
for by direct contact by th&?2 tail; however, others lie
in positions more distant from the sites of direct contact.
A cluster ofa2-induced changes lies in the loop between
helix 1 and helix 2 of the al homeodomain. As seen in
the heterodimer crystal structure, this loop makes contact
with both the DNA (via a water molecule) and with the
a2 tail, and it is plausible that contact with the2 tail
repositions this loop to maximize the affinity of al for

this difference may account for the poorer interaction seen DNA (Li et al., 1995). A network of protein—-DNA contacts

with this chimera when compared with tb@ hd: K.l. tail.

involving the backbone of this loop is clearly observed in

When the residue in VP16 that corresponds to Leu196 the heterodimer—DNA crystal structure, and even a subtle

in the a2 tail is mutated to serine (1377S), the interaction
of the mutant chimeric protein with the al homeodomain
is reduced by more than a factor of 10 (Figure 8B),
indicating that this residue plays a crucial role in the
interaction with al and suggesting that the VP16 tail
interacts with the al homeodomain in a manner similar
to that of thea?2 tail.

Discussion

al anda2 are homeodomain proteins that regulate cell
identity in the budding yeasS.cerevisiae Like other
proteins that bind DNA through homeodomains, al and
a2 each lack the specificity and affinity to select target
DNA efficiently on their own. However, they form a
heterodimer in solution which can then bind tightly and
specifically to thehsg operators, thereby turning off
transcription of the haploid-specific genes (for review see
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change in the conformation of this loop (predicted to
occur upon dissociation of the2 tail) could disrupt this
network of contacts and significantly weaken the affinity
of al for DNA.

We have also provided evidence that the principles
underlying the ale? interaction apply to the association
of other homeodomain proteins. In particular, we have
shown that two other tails can substitute for thati@fin
promoting heterodimer formation and DNA binding of al
anda2. All three tails used in this study (fro®.cerevisiae
a2, from K.lactis a2 and from herpes virus VP16) are
predicted (or in the case d.cerevisiaan2, known) to
form amphipathic helices. The VP16 region contains only
two residue positions identical to thoseSicerevisiaa2
and the K.actis tail only a single identical residue.
However, the overall conservation of residue type across
the entire tail region is higher in thi€.lactis tail than in
VP16, and this difference may explain why, of the two,
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Fig. 9. Comparison of the exposed surface of the al homeodomain and the Oct-1 homeodomain. Helices 1 and 2 of the al homeodomain are shown
in red (left), and helices 1 and 2 of the Oct-1 homeodomain are shown in yellow (right). This surface is exposed when the homeodomain is bound to
DNA. Residue numbering follows the standard convention established in previous studies of homeodomaias 4Qia889). The labeled residues

on al have been shown to interact with ti tail (Li et al., 1995). These residues form a hydrophobic depression, flanked on one end by F15 and

on the other by a salt bridge (indicated by green dots), in which the hydrophobic face @2 tiaél helix rests. The surface of Oct-1 shows

similarities to that of al. Residues shown in blue, when mutated, affect the ability of Oct-1 to interact with VP&6 §Lal992; Pomerantet al.,

1992). Of these, S19 and E30 correspond to important interaction residues on the surface of al. Residues shown in yellow have not been
mutagenized, so their roles in the interaction with VP16 are unknown. However, these residues (in addition to S19 and E30) could form a
hydrophobic patch and salt bridge, providing an interaction interface for the hydrophobic face of the proposed VP16 helix.

the K.lactis tail is more efficient at cooperating with al. 1993; Wu et al, 1994). Moreover, the surface of the
Despite its lower efficiency, we believe that this short Oct-1 homeodomain that contacts VP16 has been mapped
region of VP16 is able to interact with the al homeodomain through mutagenesis studies, and it corresponds to the
in a manner similar to that of tha?2 tail. This idea is same region of the al homeodomain that is contacted by
based in part on the observation that a specific point a2 (Figure 9; Laiet al,, 1992; Pomerantet al.,, 1992).
mutation in the VP16 tail, located at a position correspond- The observations presented in this paper support the
ing to one crucial for the ab?2 interaction, destroys hypothesis that the principles underlying the @2-inter-

the cooperative binding with al. Two possibilities, not action are conserved among other homeodomain proteins.
mutually exclusive, could account for the observation that There are now numerous examples of cooperative inter-
the heterologous tails do not function as well in mediating actions involving homeodomain proteins, some of which
al-a2 cooperative DNA binding as does tRecerevisiae might also be mediated by these same types of interactions,
a2 tail. First, the affinity between the heterologous tail specifically by an amphipathic helix binding to the surface
and the surface of the al homeodomain may differ, of its parther homeodomain. Only a limited number of
with the S.cerevisiaan2 tail having the highest affinity.  solvent-exposed residues are available on a homeodomain
Secondly, the appropriate instructional change in al may bound to DNA, so it is plausible that the interaction
be induced only by the?2 tail; the two other tails may  between al and2 (ana-helix resting on helices 1 and 2)
effectively link al anda2 together, but may not fully = may have appeared early during the evolution and diversi-
induce the correct change in al. fication of homeodomain proteins.

The fact that the VP16 tail can interact with the al  There are also indications that additional pairs of
homeodomain strongly supports the view that this region homeodomain proteins undergo conformational changes
of VP16 interacts with the Oct-I homeodomain in a similar upon heterodimerization. Chan and co-workers (1996)
manner. A number of additional observations also support have proposed that the YPWM hexapeptide of the fly
this view. Mutations in this region of VP16 disrupt labial protein, a homolog of the mouse Hoxbl protein,
cooperative binding to the DNA with Oct-1 without inhibits its DNA binding and that interaction with Exd
affecting the ability of VP16 to interact with another removes this inhibition. A second example is found in the
factor, HCF (Werstuck and Capone, 1989a,b; Stern and mammalian Pbx1 protein. The affinity of the Pbx1 protein
Herr, 1991; Walkeret al., 1994; Shawet al,, 1995; Lai is enhanced by YPWM-containing peptides derived from
and Herr, 1997). Peptides corresponding to this region of several of the partners of Pbx1, and one of several
VP16 can affect the DNA-binding specificity of the Oct-l models that could explain this result is a peptide-induced
homeodomain, as does the intact VP16 protein (Stern andconformational change in the Pbx1 protein (Knoepfler and
Herr, 1991). Similar peptides can inhibit formation of the Kamps, 1995; Peltenburg and Murre, 1996; Sanchez
Oct-1-VP16 complex, presumably by binding to the same et al, 1997). Conformational changes induced by the
surface of Oct-l as is normally bound by the full-length heterodimerization of Hoxb8 and Pbx1 have been deter-
VP16 protein (Haighet al, 1990; Hayes and O’Hare, mined by circular dichroism spectroscopy (Sancétal.,
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1997), although the exact nature of these changes and theithe a2 tail (pMS22). TheSal-BarrHI fragment containing ther2 tail
consequences for DNA binding remain to be determined was removed from pMS22 and replaced with either the wild-type or

. . . . . mutant K.lactis a2 tail or VP16 ‘tail’ (pMS104, pMS105, pMS85,
Finally, the idea thabi2 carries a ligand that increases ;15103 " respectively). The2 hd versions of these chimeras were

the affinity of al for DNA is similar in principle to the  generated by PCR using pMS104, 105, 85 and 103 as templates. The
many cases of small molecules that directly activate the 5’ primer for all of these PCR reactions introducesNud site at the
binding of proteins to DNA. Examples include such beginning of the a2 hd (014039 SGATAAACAAACATATG-

. . : . AAACCTTACAGAG). The 3 primers contain éBanmHI site and are
ligands as cAMP forE.coli CAP (Beckwith, 1987, (o tor each tail: K.lactis a2 tail-MRS128 5GCCGGAT-

Reznikoff, 1992; Ebright, 1993) and tryptophan for the ccTTAATTAAGAATGTTTC; VP16 ‘tail~-MRS106 3-GCCGGAT-
E.coli trp repressor (Yanofsky and Crawford, 1987; CCTTAGGGGGCGTC. The resuling PCR fragments were cut with
Somerville, 1992). In the case of al, the small molecule Ndd andBanHI and cloned into these sites in the bacterial expression

o i ; ; _ vector, pHB40P, under the control of the T7 promoter (Studier and
!S'd'” a dser;]se, carried by the F]z]:’?“F”er proteﬂ}A ligand hagMofiatt, 1086), ‘resulting in pMSL0%2 hd:Kl. tail, pMS110a2
Induced change seems an efficient way of ensuring thatyg.x | tailgss, pMS89-a2 hd::VP16, pMS10862 hd::VP163775

al is inactive in cells that lac&?2 (a cells), but becomes

activated only whem?2 is also present, the condition that peptides

determines the/a cell-type. a2 tail peptides were synthesized by California Peptide Research, Inc.
All three peptides are identical except for position 196; they are 19 amino
acids in length, beginning at residue 189adt and ending at residue
207. The amino acid sequence of the wild-typ tail peptide is

Materials and methods TITIAPELADLLSGEPLAK. Residue 196 is shown in bold. Peptides
3 3 3 were HPLC-purified, resuspended iny® and concentrations were
Construction of expression plasmids determined by the quantitative Ninhydrin assay (Satiml, 1981).

The DNA encoding the glycine/serine linkers was synthesized as
complementary oligonucleotides, annealed, and ligated between DNA
encoding the al hd and DNA encoding the tailo# (pMS5; see Stark
and Johnson, 1994). The linkers are composed of alternating (glycine)
and (serine) The oligonucleotides that made up the linkers in thece?l::
chimeras are as follows: al::142-GATCTAAAGGTGGTTCTTCT-
GGCGGCTCCTCCG; al:1&2—-GATCTAAAGGTGGTTCTTCTGG-
CGGCTCCTCCGGTGGCTCTTCCGGCG;n2::6::al1-GGTGGTTCT-
TCTGGT. The first two oligonucleotides have an overhanging GATC at
the B end of each oligonucleotide of the pair, and were cloned into the
Bglll site at the junction of the al homeodomain anddt2etail, yielding
pMS74 and pMS87. The third linker oligonucleotide was part of a larger
oligonucleotide which contains the2 tail sequence (aa 189-210)
immediately upstream of the linker. This oligonucleotide pair has an

Operators

The al-al operator has the same spacing and binding site orientation
as a naturally occurringisg operator (which contains an al awo@
binding site), except the2 binding site of thehsg operator has been
replaced by a second al binding site (Goutte and Johnson, 1994). The
two al binding sites are separated by six base pairs and, for the
experiments shown in Figures 2, 5 and 6, are contained within an 80-bp
DNA fragment. A second DNA fragment, identical in sequence to the
al-al operator-containing fragment except that it contains no specific
al-binding sites, was used in the experiment of Figure 5. The removal
of the al-binding sites results in a 51 nucleotide pair DNA fragment.

overhanging TA at each’®nd and was cloned into thédd site at the Protein purification o _
5’ end of the al homeodomain (pMS4; see Phitipal., 1994), resulting The al hd protein and all a2 chimeric proteins were overexpressed
in pMS76. in E.coli strain BL21(DE3)pLysS. Protein purification from cell lysates

The L196S mutants of the al:1d2 and al:16a2 chimeras were ~ Was by adhesion to a cation-exchange resin (Sephadex SP-C50, Pharma-
made by inserting the original oligos into tiBglll site at the junction cia) followed by elution with a NaCl gradient (Phillipst al, 1994).

of the al homeodomain and the2,;q¢s tail (PMS18), resulting in The a2 hd+ tail fragment was a gift from A.Vershon.
pMS91 and pMS92. Tha2, 1465:6::a1 was generated by incorporating All a2 hd chimeric proteins were present in bacterial extracts. These
the codon change into the oligonucleotide pair and cloning into pMS4 extracts were made from the protease-deficiwbli strain CAG597D
(PMST7). overexpressing plasmids pMS109, pMS110, pMS89 and pMS108. Cells
All a2 chimeric constructs were made by replacing the wild-tyge were grown overnight to saturation at 30°C, harvested, resuspended in
tail with an oligo duplex consisting of either th.lactis a2 tail 7 ml/g lysis buffer {100 mM Tris—HCI, pH 8.0, 1 mM EDTA, 10 mM
(nucleotides corresponding to residues 212-223, MRS12#C&- B-mercaptoethanol, 500 mM NaCl and 0.1 mM [4-(2-aminoethyl)ben-
ACGAAAAGAAAAAACAACTGCCGTTTCGTCAGATATAAGAAA- zenesulfonyl fluoride] (AEBSF) (Calbiochem)}, sonicated to lyse the
CATTCTTAATTAAG, MRS125 53-GATCCTTAATTAAGAATGTTTC- cells, and centrifuged at 30 0@dfor 40 min. The supernatant was used
TTATATCTGACGAAACGGCAGTTGTTTTTTCTTTTCG), a mutant in the gel shift assays after quantitating the amountt®thd chimeric
Klactis 02 tail, 12185 (MRS126 5TCGACGAAAAGAAAAA- protein in each extract by SDS gel followed by Coomassie Blue staining.
ACAACTGCCGTTTCGTCAGATTCGTCAGATTCTAGAAACATTC-
TTAATTAAG, MRS 127 B5-GATCCTTAATTAAGAATGTTTCT- DNA-binding assays

AGAATCTGACGAAACGGCAGTTGTTTTTTCTTTTCG), the VP16 For the electrophoretic mobility shifts containing only purified proteins
‘tail' (nucleotides corresponding to residues 371-389, MRS100 (al:m2 chimeric proteins), proteins were incubated witi%R-labeled
5'-TCGACGAAAAGAAAAAACAAACAATTACGGGTCTACCATC- DNA fragment for 30 min at room temperature and electrophoresed
GAGGGCCTGCTCGAGGGCCTGCTCGATCTCCCGGACGACGAC-  through a 5% native Tris-borate—EDTA polyacrylamide gel as described
GCCCCCTAAG, MRS101 5GATCCTTAGGGGGCGTCGTCGTCC- previously (Stark and Johnson, 1994). For the electrophoretic mobility
GGGAGATCGAGCAGGCCCTCGAGCAGGCCCTCGATGGTAGAC- shifts containing overexpressex? hd chimeric proteins in bacterial
CCGTAATTGTTTGTTTTTTCTTTTCG), or a mutant VP16 ‘tail’, 1377S extracts, the extracts were incubated, either in the presence or absence

(MRS118 B-TCGACGAAAAGAAAAAACAAACAATTACGGGTC- of purified al hd protein, with labeled DNA for 45 min on ice before
TACCTCTGAGGGCCTGCTCGAGGGCCTGCTCGATCTCCCGGA-  electrophoresis. The binding conditions for th@ tail peptides and
CGACGACGCCCCCTAAG, MRS119 'SGATCCTTAGGGGGCGT- labeled al-al operator were the same as in the otherzadxperiments

CGTCGTCCGGGAGATCGAGCAGGCCCTCGAGCAGGCCCTCAG-  except that the incubations of DNA and protein were carried out at 4°C,
AGGTAGACCCGTAATTGTTTGTTTTTTCTTTTCG). The tail oligo as was the electrophoresis.

duplexes contain &al overhang on the 5end and a@BarrH| overhang The DNase | protection experiment was carried out under the same
on the 3 end, with the first 19 nucleotides correspondingi®sequence conditions as the mobility shift assays using purified proteins, except
upstream of the tail. that 10-50 times more DNA was used {@-labeled DNA fragment

A Sal site was introduced inta2 19 bp upstream of the tail by site- containing arhsgoperator), and the binding buffer contained no glycerol
directed mutagenesis (pMS20). Tisal site was removed from the or E.coli genomic DNA, but was supplemented with 10 mM Caé&hd

yeast CEN ARS vector pAV115 containing the Mé&Tocus (pMS21). 2.5 mg/ml calf thymus DNA. Reactions were cleaved for 10 min at
pMS21 was cut withBglll and BanHI to remove the majority of the room temperature with 1.5 mg DNase | (Worthington) and then stopped
a2 gene. This was replaced with the correspondBgjll-BanHl and precipitated with 1.6 M ammonium acetate. Samples were elec-

fragment from pMS20 that contaire2 with the Sal site upstream of trophoresed through a 10% denaturing TBE gel.
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